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Preface

Induction machines are used more extensively than any other form of electrical
machines. Low voltage machines are often used in domestic applications. How-
ever, larger induction machines with higher power and voltage ratings are widely
launched in industrial environment such as pumps, mines, petrochemical and
electrical power generators in order to provide motive force for major services.
Nowadays, the responsibilities of induction machines are continuously growing,
and the reliable operation of induction machines is strategically very important for
providing essential services.

There are many faults which can prevent smooth operation of induction
machines. Generally, any fault starts as a small declination from the healthy normal
operation. Then, it may lead to a catastrophic failure if the fault is not detected and
treated at its early stages. Therefore, a concept called ‘‘condition monitoring’’ of
induction motors is introduced. Condition monitoring is a process of detecting and
diagnosing fault-related changes of an essential motor quantity. Such action allows
to schedule a proper maintenance, prevents failure, avoid significant damages,
avoid economic lost, stop outages, optimizes the performance and enhances the
quality control.

This book originated from the experience of the authors during researching
fault diagnosis of induction machines at University of Tehran, Iran and University
of Montenegro, Podgorica, Montenegro. Our research has led to many publications
in induction machine fault detection, some have been referred in the book. This
book is intended to help electrical engineers in industries and postgraduate/graduate
students who would like to do research in this area or similar topics. Moreover, this
book in an endeavor to collect recent attempts in the field of diagnosis of induction
motors and sort them in a meaningful way so that potential readers can find a
hierarchical discussion on different types of faults. This includes basics, develop-
ments, simulation approaches and experimental measurement of three important
type of faults, namely the broken bars, eccentricity and interturn faults.

The book has been managed to cover fundamental and advanced aspects of the
previously mentioned types of faults by providing step-by-step theoretical, analy-
tical, numerical and experimental implementations. Basically, there are ten chap-
ters as follows:

Chapter 1 provides a preliminary discussion on different types of faults and the
corresponding influential factors in induction machines. Then, the necessity of the
fault diagnosis procedures and their importance in maintaining a safe industrial
environment are highlighted.



Chapter 2 explains the fundamentals of motor-drive operations in different
supply modes including the line-start and inverter-fed applications in order to
prepare readers for the next chapters.

Chapter 3 is probably the heart of this book since it provides a fundamental to
advance knowledge of different types of faults, namely the broken bars, eccen-
tricity and short-circuit faults. Moreover, a useful implementation technique of
different faults and the corresponding measurement are discussed.

Chapter 4 addresses detailed analytical analysis of healthy induction motors.
This chapter is considered as the basis for analyzing the time and space harmonics
of induction motors, which will be used to extract fault indicators in the next parts
of the book.

Chapter 5: The winding function theory is one of the most useful analytical
modeling approaches of different types of faults in induction motors, which is
explained in this chapter. The broken bars, eccentricity and short-circuit faults will
be formulated using the winding function theory and some typical results of the
corresponding simulation process are introduced.

Chapter 6: As the most reliable simulation process of electrical machines and
their defects, the finite element method is targeted in Chapter 6. The mathematical
implementation of the approach is provided first. Then, the way to implement
different types of faults is discussed.

Chapter 7: Time, frequency and time-frequency signal processing techniques
are explained and the corresponding MATLAB codes are provided in Chapter 7 so
that one can easily use the programs to conduct further signal processing applied to
different signals of faulty motor.

Chapter 8: The broken bars fault is the main focus of Chapter 8. In this chapter,
various aspects of the corresponding diagnosis process are provided in order to get
a better realization of how the broken bars fault is detected and diagnosed in dif-
ferent operating conditions. Different drive systems, various load levels, various
speed levels and different indicators are addressed.

Chapter 9: The same process as that of Chapter 8 is followed in Chapter 9 in
order to address the issues related to the eccentricity fault. Two main types of faults
including the static and dynamic eccentricity faults are investigated by means of
time and frequency analysis.

Chapter 10: The short-circuit fault will be studied in Chapter 10. Different time
and frequency domain techniques will be used to address the challenges related to
diagnosis of the short-circuit fault. Two types of machines, namely the wound and
squirrel-cage induction motors, are investigated.

So many postgraduate/graduate students have helped with the preparation of
the present book that we cannot properly acknowledge them all and this book
would never have been possible without their excellent research over the last
15 years. We would specially like to thank University of Tehran for its previous
financial supports of the projects whose outcome has been gathered here as a book.

We would like to thank Mrs. Rana Hassanpour Bradaran (M.Sc. in English
language translation) for her efforts to edit and improve the language of the book,
Dr. Iman Tabatabaei Ardekani, previous M.Sc. student in the University of Tehran
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and now senior lecturer in Unitec Institute of Technology, Auckland, New Zealand,
Dr. Bashir Mahdi Ebrahimi the previous Ph.D. student in the University of Tehran
and now the director in Pars Generator Company in Iran, Dr. Mansour Ojaghi the
previous Ph.D. student in the University of Tehran and now Associate Professor in
University of Zanjan, Iran, the previous M.Sc. students Amir Masoud Takbash,
Mr. Mahmoud Ghasemi-Bijan and Mr. Mehran Keravand in the University of
Tehran.
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Chapter 1

Condition monitoring and fault diagnosis
of induction motors

1.1 Introduction

Electrical machines are one of the most growingly manufactured devices which are
widely used not only in industries but also in domestic applications. Due to their
higher efficiency level, they are common sources of electromechanical energy
conversion. Various applications including control, automotive and power gen-
eration applications are served by means of these devices, and no one can deny
their ability in being precisely controlled in terms of position, speed and torque
which are some of the essential quantities in electromechanical devices.

Among all kinds of electrical machines, induction motor has been more widely
used since the beginning stage of industrial development. However, permanent
magnet-assisted motors are probably going to be a good substitute for induction
motors due to their higher power densities and efficiencies. Nevertheless, induction
motors are still one of the most reliable machines used in both line-start and inverter-
fed applications. A very good example of a latest application of this machine is
doubly fed induction generator utilized in wind turbines in conjunction with inver-
ters. High-speed induction motor for low- and medium-voltage powertrains is
another example. Due to the rapidly increasing demand of energy consumption in the
world, induction motors are required to operate in different environments which
might apply electrical, magnetic, thermal and mechanical transients and stresses to
the motor [1–11]. Therefore, the motor likely encounters undesirable operating
conditions which in turn makes maintenance procedure an inseparable part of any
industrial development. Equally important, maintenance could not be precisely done
unless a proper monitoring and diagnosis process is devised. Induction motors
are of great robustness against the mentioned stressful factors caused by any
unpredictable reason. However, situation changes and sever internal or external
tensions can probably affect not only the motor structure, material and smooth
healthy operation [1,12–21]. Stress-causing factors interrupt the smooth and reliable
operation of motors, and induction motors, although very reliable, are not an
exception. In this situation, the motor becomes out of order if unhealthy conditions
are not diagnosed and treated well. This undesirable condition is usually referred to
as ‘‘fault,’’ and the procedure of diagnosis is called ‘‘fault diagnosis procedure’’
which is the outcome of a condition monitoring system [22–35]. Fault-producing



factors are divided into two general categories of external or internal, depending on
the motor component they impact on. A general overview of different motor
components is shown in Figure 1.1 in which the main components are highlighted
as follows:

● stator core,
● stator winding,
● rotor core,
● rotor bars [36],
● rotor end ring,
● bearings [37] and
● shaft.

First, let us generally describe different components and take a glance at cor-
responding possible stressful conditions. Figure 1.1 shows a squirrel cage induction
motor in which rotor consists of the bars which are connected to each other through
end rings at two ends. The end rings have the same material as the bars which are
usually made of aluminum. The stator windings are made of copper and carry the
stator current which flows into the motor and the network connected to the motor
terminals. Depending on the number of motor phases, there should be the same
number of network phases to supply the motor. On the basis of the governing rules
of induction motors, the stator current produces electromotive force across the rotor
bars; hence, the rotor bar currents are produced as the result of this phenomenon
which is called ‘‘induction.’’ This is the reason why these types of machines are
called induction motors. The interaction between the stator and rotor magnetic
fields produces the electromagnetic torque which is the main reason of the
mechanical rotation of the rotor. The stator winding is located inside the stator slots

Stator winding Stator core

Rotor end ring Bearing Shaft

Rotor core Rotor bar

Figure 1.1 Induction motor crosscut along its length
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which are surrounded by the stator core made of silicon–steel material. Normally,
the rotor and stator cores are of the same material unless a specific application is
targeted. The motor shaft is concentric with the rotor core and fixed at the two ends
of the motor housing by means of the bearings. There is another type of induction
motor in which the rotor consists of windings instead of bars, and this topology is
called ‘‘wound-rotor’’ induction motor. Any winding inside the motor consists of
insulation layers which separate the conductors electrically to prevent short-circuit
faults.

Any magnetic, thermal, electrical and mechanical asymmetry in the stator, the
rotor, the shaft or the bearing disrupts the smooth operation of the motor. The
asymmetry can be inherent or fault dependent. In the former case, which is nor-
mally of a mechanical nature, the motor structure is made inherently asymmetrical
during manufacturing process. This is somewhat inevitable as the cause is usually
unknown or irreducible. Sometimes, the asymmetry in motor quantities is caused
by the impure sinusoidal nature of induction motors. For example, it is ideally
preferred to have a totally sinusoidal winding or bars distribution; however, it is
impossible in practice. Therefore, some sort of undesirable harmonic components is
produced. On the other hand, these harmonic components are some of the best tools
for monitoring the motor behavior during faulty states; hence, they are not thor-
oughly undesirable or useless. Another type of inherent asymmetry of induction
motors is the presence of eccentric rotor or shaft which is not concentric with the
stator center. This is caused by improper manufacturing process due to the fact that
assembling apparatus is not ideally accurate.

Unlike the inherent asymmetries or faulty conditions, there are some cases
where an additional factor, besides the improper manufacturing process, causes
some components to fail to operate correctly. One of the very well-known situa-
tions is the insulation failure of the stator or rotor winding [32]. As a result, two or
more turns of the stator or rotor windings are short circuited. This is usually caused
by aging or wearing of insulation due to thermal or electrical stresses applied to the
insulation. The presence of the short-circuit fault is a reason for a highly unba-
lanced current distribution in the stator and/or the rotor, causing an asymmetrical
operation of motor quantities including torque, speed, magnetic flux, current and
voltage if an inverter-fed application is studied. This kind of failure necessitates a
regular condition monitoring and quality investigation of motor components. The
short-circuit fault is a very good example of electrical faults. As amplitude of motor
current might dramatically increase depending on the location of the fault, over-
saturated core and consequent hot spots are generated in motor core material as
well. The harmonic distortion is another obvious result of this type of fault. As an
initial tool used for the diagnostic purposes, zero sequence current might be used to
detect and determine the short-circuit fault and its level. However, the short-circuit
fault is still one of the hot topics in the field of condition monitoring of electrical
machines. In the wound rotor motors, the rotor can also be subjected to the short-
circuit fault as there are turns and coils separated from each other by means of
insulations. Therefore, both the rotor and the stator should be monitored for
addressing possible short-circuit faults in wound-rotor motors.

Condition monitoring and fault diagnosis of induction motors 3



The other type of unhealthy conditions caused by mechanical stresses is the
deficiency of the rotor bars, end rings and bearings [38–40]. Mechanical stresses are
mostly observed in the form of disconnected joints, unaligned centers and corrosion.
The broken bars, the eccentric rotor and the bearing wear are the best examples of
the mentioned mechanical defects. As the broken bar fault directly affects the rotor
bars current, it is sometimes considered as an electrical type of fault. However, the
eccentricity fault is always of a mechanical nature. Any undesirable friction force or
aging is the major reason of improper operation of bearings leading to an eccentric
rotor if suitable maintenance is not performed. As a result of bearing deficiency, the
eccentricity fault might occur. In the case of eccentricity fault, the air gap length
becomes asymmetrical around the rotor circumference. Hence, the rotor is subjected
to an unbalanced magnetic pull which in turn affects the motor current, torque,
speed or any other quantity. If the air gap length varies in time at different positions
around the rotor circumference, a dynamic type of the eccentricity fault exists. In
fact, the rotor center rotates about the stator center. On the other hand, if the rotor
center is fixed at a point close to the stator center and does not change position, it is
called the static eccentricity. Both the static and dynamic types produce time- or
frequency-domain variations in mechanical, electric and magnetic variables of the
motor. One of the very significant variations is that of the motor torque and speed
which lead to a highly unsmooth operation. This is not a desirable situation in
industrial environment. Besides, it causes the other motor components such as
bearings or housing to have defects if higher fault levels exist or lower levels of
faults are not detected and treated properly. Therefore, many efforts are made to
address the issues associated with monitoring and diagnosis of induction motors and
their fault levels and types. Under some major fault levels, typically a static
eccentricity of 50% or above, the rotor might rub the stator in high-speed levels due
to centrifugal force, and the whole motor operation fails. This can be a catastrophe
for industries. Thus, diagnosing faults in their initial levels should be an inseparable
part of the diagnosis procedure.

Sometimes, due to inappropriate manufacturing and casting process, joints
between bars and end rings are not tight enough to stay connected. In other words,
the joint between rotor bars and end rings is broken and no current passes through
broken joints. This phenomenon is called broken bars fault and is generally con-
sidered as an electrical fault while it can also be assumed a mechanical fault as well
as it is initially caused by a mechanical deficiency. Although the broken bar fault is
considered as the less probable fault compared to the eccentricity and short-circuit
faults, it is of a great interest not only in industries but also in academia. Therefore,
many researches have devoted themselves to addressing the pros and cons of this
type of fault along with those related to other types of faults. The reason for holding
a condition monitoring process is actually the safety and maintenance-related costs
which might be unbearable if a fault takes place and is not diagnosed afterward. The
motor quantities are considerably affected by the broken bars fault in both the time
and frequency domains. What happens is the production or magnification of unde-
sirable backward magnetic fields caused by asymmetrical current distribution in the
rotor. It means that additional torque-producing harmonic components are generated.
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Many efforts have been carried out since 30 or 40 years ago, to carefully find
the main reasons and also practically possible diagnostic procedures to detect the
fault. However, none of them could come up with a comprehensive approach which
can be referred to in terms of diagnosing the fault in every possible situation. The
reason is that the number of influential parameters affecting the motor behavior
under fault conditions is very large, and almost none of the researchers could have
gathered and organized existing information in a significant way by means of
which one can select a proper procedure to diagnose the fault. The following are
some of the main influential factors in broken bars fault diagnosis procedure:

● fault level [18],
● fault location [19],
● motor load level [10],
● motor speed which can be a function of motor load or be separately changed by

means of drives [40] and
● supply mode including

* line-start mode
* open-loop speed control mode
* closed-loop speed control mode.

In addition to the mentioned factors, internal adjustments of any control-loop such
as the cutoff frequency of regulators, along with the bandwidth of controller of any
motor–drive system, are the other significant reasons for writing the present book in
which all the mentioned parameters will be carefully discussed. Moreover, the
drives capability in separately controlling the motor speed and torque levels will be
investigated. The increasing number of influential factors necessitates the presence
of a generalized approach which enables the user to deal with different types of
faults. The idea is to discriminate the concepts of detecting, determining, locating
and diagnosing through analyzing various supply modes and operating conditions.
The ‘‘detection’’ is to find an incipient fault during the motor operation. The
‘‘determination’’ is to find the fault severity, and ‘‘fault-location’’ deals with finding
the fault location. The combination of detection, determination and fault-location
detection processes is called ‘‘diagnosis procedure’’ which is a very important
concept and will be defined in the next chapters.

To prepare the readers’ minds and make them interested and aware of various
aspects of the diagnosis procedure, let us discuss in more detail. Induction motors
are electromechanical devices which generally consist of the following inputs and
outputs:

● input electric variables (voltage and current) and
● output mechanical variables (torque and speed).

The aforementioned variables are measurable outside the motor by means of
electrical and mechanical sensors. Depending on the sensor type and how it is
installed to measure motor performance, two concepts of invasive and noninvasive
sampling techniques are introduced. Generally, mechanical signals measurement
requires invasive types of sensors while electrical signals measurement is usually
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handled in a noninvasive way. Sometimes, the motor torque is measured by means
of dynamometers whose inertia is relatively larger than that of the motor shaft. This
is an undesirable situation in which some of potential fault-related harmonic
components might be filtered out. Motor torque might not be a good medium for
the diagnosis purposes at some points. Thus, proper signal selection depending on
the type of available sensors and even the supply mode should be considered. This
is another major focus of this book. It is also possible to measure magnetic quan-
tities such as the motor flux variations. The flux, if measured properly, would be
the most promising signal to analyze any kind of fault as both the stator and the
rotor deficiencies are reflected directly by this quantity. The flux is measured in
both invasive and noninvasive ways by means of flux estimation techniques or
search coils. Furthermore, measurements, either offline or online, depend on the
sensor type, measured signal and signal processing technique. Of course, online
approaches are mostly preferred while there are several offline methods applicable
to inverter-fed motors.

As another significant factor, the motor supply mode might widely change the
motor behavior, depending on the operating condition. Unlike the line-start
operation in which the motor speed is a function of the motor torque, the torque and
the speed are controlled independently in inverter-fed motors. On the other hand,
the voltage and the current are not smooth sinusoidal signals anymore. Instead, a
PWM-type voltage, along with a ripple-included current, is applied to motors in
inverter-fed applications. This means that any diagnosis procedure which is based
on motor torque, speed, voltage and current is indeed affected by inverters and also
control strategies. Sometimes, proper ideas might be taken from conventional
diagnosis approaches applied to the line-start mode, but they are not generally
applicable to any kind of inverter-fed system.

On the other hand, induction motors generally operate in two modes including
the transient and steady state. Analyzing different faults in these two modes of
operation requires a very deep knowledge of various processing tools including time,
frequency and time-frequency domains. Besides, extracting a proper fault indicator
is achievable only if an inclusive behavioral study is conducted. The chapters of the
book are organized in a way to provide such a knowledge based on which the final
goal which is helping readers to understand and get familiar with fault diagnosis
tools is achieved. It is worth noting that no one can claim a single diagnosis approach
is applicable to all fault types and conditions; and the main goal of this book is to
address practical diagnosis techniques, conditions and procedures. To achieve this
goal, mathematical, simulation-based and experimental analysis of faulty induction
motors in different operating conditions is provided by means of the following tools:

● analytical formulation of healthy and faulty induction motors,
● winding function-based modeling and analysis of healthy and faulty motors,
● finite element-based modeling and analysis of healthy and faulty motors and
● experimental implementation and analysis of healthy and faulty motors.

As this book is organized to discuss fault-related materials, it is expected that
potential readers would have the primary knowledge of line-start and inverter-fed
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induction motors, although the book includes a useful chapter addressing the line-
start and inverter-fed applications and their effects on induction motors behavior.

To deal with this, a general routine is proposed in order to gather required
information and knowledge. As the starting point, a proper analysis tool should be
provided. This is handled by mathematical, experimental and simulation-based
materials included in the Chapters 2, 3 and 5. In practice, it is hard or sometimes
impossible to measure a signal inside the motor. For example, the air gap flux
density requires a highly invasive technique to be measured. In this case, the
quantities will be obtained by means of the finite element or winding function
package. Electrical, magnetic and mechanical quantities are investigated in differ-
ent operating conditions including various faults, load and speed levels. During the
experimental implementation of faults, conventional and new sensor types are
discussed, and the way they are used during the process is explained. In the case of
simulation processes, interesting and practical implementing techniques and details
are addressed and provided for readers.

Having measured or sampled signals, signal processing techniques including
time, frequency and time-frequency domains are explained in Chapter 7. The fast
Fourier, wavelet and the Hilbert–Huang transforms are discussed and the corre-
sponding codes are provided.

A comprehensive database of induction motors operating in the line-start or
inverter-fed modes are gathered in the Chapters 8–10. The chapters include dif-
ferent aspects of a diagnosis procedure as follows:

● online or offline methods,
● line-start motors,
● inverter-fed motors including the open-loop and closed-loop schemes,
● invasive or noninvasive methods,
● different fault types,
● experimental implementation of different faults,
● simulation process of faulty motors,
● time, frequency and time-frequency analysis of faulty motors,
● different fault features,
● different fault severities,
● the impact of different load levels on fault features,
● the impact of speed variation on fault features,
● the impact of drive parameters including proportional and integral gains as

well as bandwidth of controller on fault features,
● fault diagnosis in transient and steady-state modes and
● loss characterization of faulty motors.
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[17] CusidÓCusido J., Romeral L., Ortega J.A., Rosero J.A. and GarcÍaGarcia
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Chapter 2

Theory of line-start and inverter-fed
induction motors

2.1 Introduction

Induction motors, which hire fundamental rules of electromagnetism in order to
produce rotational or translational mechanical movement when supplied by an
input electric power, are energy conversion apparatus [1–6]. These electro-
mechanical devices are very well known for their smoothly run capability if a
balanced input power supply, along with a symmetric motor structure, is used
simultaneously. This is the reason why a balanced and symmetric three-phase
motor supply system is usually preferred in industry due to its gentle and low noise.
However, a higher number of phases, despite its rather higher topological com-
plexity, are also possible. Notably, the underlying idea of the operation of this kind
of motor is basically not related to different possible structures used in various
applications. It quite depends on the nature of the induction phenomenon which
couples the stator and rotor magnetic fields. Regardless of the stator geometry,
there are generally two types of induction motors as the following:

● wound rotor [3]
● squirrel cage rotor [6].

The first type usually presents a less reliable structure in terms of mechanical stresses
as well as the electrical deterioration of the brushes connecting rotor windings to the
output terminals. The wound-rotor structure is relatively fragile compared to the
second type, i.e. the squirrel cage rotor, while revealing a more complex topology
that requires a relatively greater challenge for placing windings than casting rotor
bars into the slots. On the other hand, the cage rotor presents an easy-to-build
topology which merely requires a casting process to build complete bar and end-ring
connections playing exactly the same role as brushes in a wound-rotor induction
motor. Due to the robustness of a cage rotor, it is mostly utilized as a medium not
only in industrial but also in domestic environment since the corresponding main-
tenance process is somehow less demanding regardless of the corresponding types of
faults introduced by the presence of the cage. In addition, absence of brushes is a
very important factor in choosing a cage rotor against a wound rotor.

The stator can be the same for both types of the rotors. It is generally a
symmetric winding topology that encloses the supply current applied by the supply



voltage with the goal of generating a rotating or translational magnetic field that
induces currents into rotor windings or bars. On the other hand, thanks to the
advances in power electronics devices, supply voltage can be precisely controlled
in terms of both amplitude and frequency. As a result, many distinct operations of
induction motors are observed and different electrical, magnetic and mechanical
characteristics and motor profiles are obtained by means of controlling the fre-
quency and amplitude of the supply. Moreover, any motor signature is subjected to
change due to a fault occurrence. Thus, understanding the signatures of a healthy
motor should be the very beginning step of any fault diagnosis process since faults
introduce their own signatures which might be totally different. Three approaches
including mathematical developments, simulation-based analysis and experimental
measurements are used to comprehensively address induction motors behavior in
terms of electrical, magnetic and mechanical quantities in the healthy case, but
before moving forward, a structural analysis of a real induction motor is provided
in the next section of this chapter to help beginners of the field to understand and
find out how different parts are assembled. Then, we will step toward developing
fundamental mathematical formulations. It should be noted that this chapter only
focuses on the healthy motor operations, and further discussions in terms of dif-
ferent kinds of fault and the corresponding consequences are discussed in the next
chapters. Therefore, this chapter focuses on the analysis of the operating principals
of healthy induction motors and addressing electrical and mechanical aspects of the
motor by means of a preliminary linear analytical model. Then, the model is
improved with the goal of incorporating a more comprehensive magnetic aspect by
considering the winding distributions. Finally, a detailed harmonic analysis of the
healthy induction motor which is a turning point of the study from a conventional
one to an advanced investigation of the motor behavior is proposed.

Generally speaking, the healthy motor behavior in the ‘‘line-start’’ supply
mode is targeted. Therefore, readers could potentially follow up future details in
terms of more complex operations such as inverter-fed applications.

Otherwise, the advanced topics might be of a little bit vague if one does not
have the proper background knowledge. All the motor-drive principles required for
a better realization of motor behavior are investigated as well. As the starting point,
the physical structure of the motor is first illustrated and analyzed in the following
section.

2.2 Induction motor structure

This section provides a brief explanation of the main parts in Figure 2.1 which illus-
trates a complete induction motor structure with two different wound and cage rotor.

The stator, as the combination of the nonmoving (stationary) parts supporting
the motor, basically includes the magnetic circuit parts, and it carries the windings
located inside the slots in a symmetric manner with the goal of generating the
initial magneto-motive force (MMF) of the motor at its air gap level [7]. The stator
is usually made of insulated steel laminations sorted side by side to navigate the
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magnetic flux density produced by the windings through proper paths while redu-
cing the magnetic losses inside the core material. Magnetic losses are generally
divided into two distinct categories: the hysteresis and eddy losses which are
related to the nonlinear magnetization phenomenon of laminations and the
magnetically induced electrical currents in separate laminations, respectively. The
three-phase stator windings are inserted into the slots of the stator and cover
the inner circumference of the stator by a quasisinusoidal spatial distribution that
guarantees a less spatial harmonic distortion of the motor quantities such as current,
flux and electromagnetic torque (see Figure 2.2(a)). Each winding consists of
several series-connected coils, and each coil can be a solid wire or parallel stranded
wires. Increasing the number of coils, as well as the number of turns, started in slot
i and ended in slot j (see Figure 2.2(b)), improves the torque of the motor while

Stator winding Stator core

Rotor end-ring Bearing Shaft

Rotor core Rotor bar

(a)

Cage Rotor

Wound Rotor

(b)

Figure 2.1 (a) Cut-view of an induction motor and (b) different rotor types
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there should be a trade-off between the amount of the output torque and the increase
in the winding resistance which, in turn, reduces the motor efficiency. It is noted that
the standard routines ask to assign the letters (U, V and W) or (A, B and C) for the
starting points of the three phases/windings and the letters (U0, V0 and W0) or (A0, B0

and C0) for the end point of the corresponding windings. The terms ‘‘phase’’ and
‘‘winding’’ might be used interchangeably. The windings present a similar distribution
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Figure 2.2 (a) A 48-slot stator1 and (b) stator-winding layout, a three-phase
D-connected stator with 36 slots

1http://www.edisontechcenter.org (access date: October 2016)
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but with a spatial shift in the neighboring slots. Each winding has two ends called
‘‘terminal’’ to which the supply voltage which produces the magnetic field is applied.
The three-phase stator windings can be Y or delta connected. The type of connection
can be changed by changing the configuration of the connection of the six available
terminals shown in Figure 2.2. The amount of voltage which can be applied to the
windings highly depends on the torque production capability of the motor as well as
the quality of insulations. 230VD–400VY or 400VD–690VY are some of the most
common voltage standards in industrial zones.

As shown in Figure 2.1(b), the main difference between two types of the rotors,
the wound and cage rotors, is related to the apparatus which carries the electrical
current induced from the stator to the rotor. What plays this role in a wound rotor is
a three-phase winding which is inserted symmetrically into the slots of the rotor
while it is handled by the bars, normally made of aluminum, in a cage-rotor motor.
Figure 2.3 illustrates the structure of a wound rotor along with the electrical con-
nections of its terminals with the brushes. In fact, there would be no current flowing
inside the rotor windings unless the rotor consists of an electrically short-circuited
system. If the current is entirely zero in the rotor, the motor operation fails. Gen-
erally, the rotor windings possess a Y (star) connection, and only one terminal of
each winding is available for purpose of resistance adjustment. This is a major task
which is held to control the start-up torque by means of an adjustable resistor bank.
The resistor bank is connected to the rotor windings and changes the total resistance
of the rotor. By increasing the resistance, the start-up torque increases as well. The
symbols Ur, Vr and Wr represent the rotor phases/windings. Due to the weakness of
the brushes and also presence of an additional electrical connection between the
rotor and the equipment outside the motor, the wound rotor is not usually preferred
in ordinary application. Instead, a squirrel cage rotor is mostly selected due to its
solid structure and connection-free nature (Figure 2.4). In fact, the wound rotor is
very fragile while the cage rotor reveals interesting robustness in a real-world
application. However, the new technologies are beneficial of specific types of
wound-rotor motors that are called doubly fed induction motor with the goal of
controlling both the stator and rotor circuit currents by means of inverters. The only
shortcoming of a cage rotor is its inability to provide an adjustable terminal resis-
tance required for a strong start-up of the motor. Once a cage rotor is casted and

Brushes

Rotor shaft

Rotor 
winding

Skewed rotor
slots

Phase Ur or
Ar

Phase vr or
Br

Brushes

Rotor shaft

Adjustable resistor bank

Phase Wr or
Cr

Figure 2.3 Structure of a wound rotor and its connections with the brushes
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built, its structure is totally enclosed inside the motor, and there is no access to it.
However, it makes the structure more robust against stresses.

The common feature of two types of rotors shown in Figures 2.3 and 2.4 is the
skewed rotor slots which are intended to reduce the total harmonic distortion (THD)
of the motor. Although the skew reduces also the fundamental motor torque com-
ponent, it is always proposed to keep a specific level of skewing in order to have a
smooth operation of the motor. Otherwise, the torque ripple increases. The torque
ripple highly depends on the configuration of the windings, the number of slots and
the number of poles. The number of poles is indeed an influential factor in deter-
mining the motor characteristics, particularly the supply frequency and also the
output speed. This topic will be further discussed in the next sections of the current
chapter. Like the stator, the rotor also consists of laminations (see Figure 2.4) to
reduce the magnetic (iron) losses. The end-rings shown in Figure 2.4 play the same
role as the brushes in a wound rotor. During the manufacturing process, both the
bars and the end-rings which are located at the two ends of the rotor are casted
together simultaneously to have an integrated unit of rotor electric circuit. There are
also some other components, shown in Figure 2.1, which deal with holding the
entire motor and cooling it. These components are as follows:

● motor housing
● chassis
● bearings
● fans
● cooling fins.

The motor housing is the outer part which is electrically grounded by means of an
electrical connection in order to prevent injuries. Mostly, the housing consists of the
cooling blades, so-called cooling fins, through which the air generated by the cooling
fan flows. Bearings are located at the two ends of the housing which holds the rotor.
They consist of inner and outer races in the middle of which the balls rotate while the

Skew angle

Fans

Rotor slot

Lamination

End-ring

Figure 2.4 Structure of a squirrel cage rotor
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rotor rotates. The bearings are the main sources of mechanical types of faults in
induction motors. The eccentricity fault is a very good example of this kind of fault
which is the result of an improper placement of the bearings or defect of balls. So the
bearings must be monitored all the time to avoid future mechanical faults.

In order to provide a better demonstration of a rotor, an equivalent electric
circuit that looks like a resistance network, as shown in Figure 2.5, is used for a
rotor with 28 slots/bars. The horizontal and vertical resistors represent the equiva-
lent circuit of the end-ring and the bars, respectively. There are also inductances
connected in series to each resistor. Therefore, the resistor must be replaced by
resistive-inductive impedances. However, for the sake of conciseness, the resistors
are used as the candidates to represent the impedances. The number of the vertical
elements is the same as the number of bars and that of the horizontal elements
should be equal to number of bars � 1ð Þ. The horizontal elements take care of
short-circuiting the rotor bars so that the rotor current can be built-up. Any elec-
trical disconnection of joints of the elements shown in Figure 2.5 results in a rotor
fault. For example, if the joint of one bar and one end-ring is broken, the bar current
is zero. Consequently, the balanced operation of the motor is violated.

The discussed short-circuited equivalent network rotates around the inner
surface of the stator with the same speed as that of the rotor. The movement across
the stator windings induces electro-motive forces (EMF) in every bar or winding
inserted inside the rotor slots. Consequently, an electric current is induced into the
rotor conductors, so the electromagnetic torque is developed as a result of the
interaction between the stator and rotor MMFs. This is the fundamental principle of
the operation of induction motors and will be fully described mathematically in this
chapter. The most critical part of the rotor circuit is the joint between the rotor bars
and the end-rings which is produced during the casting process. This is exactly
where the broken bar fault occurs. As there is no such connection in the wound-
rotor motor, the broken bar fault has no meaning in wound rotor case. Table 2.1
characterizes the differences between the two types of induction motors.

Getting familiar with the fundamentals of the operation of induction motors is
indeed a must-do step since any fault-related analysis will be useless unless readers
have the idea of how motor quantities are in the healthy and normal condition.
Therefore, to conduct the analysis, a single-harmonic motor model is investigated
here in this chapter. Then, a more advanced study on the principal slot harmonics of
the motor is introduced. These two steps prepare the reader’s mind for our future
efforts in terms of how motor quantities might be affected by various faults.
The only required background is the concept of the electromagnetism.
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Figure 2.5 Equivalent resistive network of the rotor
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2.3 Line-start induction motor: linear and single
harmonic model of a healthy motor

Analytical representation of induction motors is fundamentally initiated by
assuming that the motor consists of the spatial harmonic components that are the
result of an entirely sinusoidal winding distribution across the stator and rotor
circumferences. Therefore, for a three-phase motor, one can assume that the rotor
conductors, whether the wound rotor or the cage rotor, act as a balanced three-
phase configuration demonstrating three similar field vectors (see Figure 2.6)
[8–15]. The stator and the rotor are each identified by three identical windings
(phases) which must be practically located 120� mechanically away from each
other. This situation is shown in Figure 2.6. With this intention in mind, one
concentrated-at-one-point winding is ideally assigned to each stator and rotor
winding. In the case of a cage rotor, it is for now assumed that the behavior can be
equivalently modeled by the three-phase windings of the rotor (see Figure 2.6).
The stator phase axes are fixed with respect to the origin of the rotation which is
mostly assigned to the direction of the stator winding/phase A. However, the
rotor windings rotate during the motor operations. Therefore, its corresponding
angle is measured by means of the rotor mechanical angle (qm) which is equal to
1=pð Þ(qe), where p is the number of motor pole pairs and qe is the electrical angle

of the rotor.
The next step is to make a couple of assumptions to eliminate the dependency

on nonlinearity of the core material, thermal variations as well as the geometry.

● Motor is healthy.
● Nonlinearity of the stator and rotor core materials is neglected. Moreover, the

core losses including the hysteresis and eddy losses are ignored.
● Every side of the windings and bars of each phase can be modeled as a con-

centrated-at-one-point winding. Therefore, the slotting effect is neglected. As a
result, the air gap is smooth and uniform.

● Thermal variation is neglected.

Table 2.1 Characteristics of wound- and cage-induction motors

Wound-rotor-induction motor Cage-rotor-induction motor

Slip ring and brushes make the
construction much more complicated

Possess a very simple construction

Windings are the same in the stator
and rotor sides

Instead of windings, solid bars are replaced
inside the rotor slots

Rotor resistance is adjustable Rotor resistance is fixed
Starting torque is improvable Starting torque is fixed
It is rarely used Due to its simple structure and less maintenance

requirements, it is mostly preferred
Lower efficiency due to the larger

rotor copper losses
Higher efficiency due to smaller rotor

copper losses
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● End-windings are the two ends of the coils outside the stator or rotor cores and
their effects are neglected.

● Skewing effect is neglected. Otherwise, a 3D model must be developed.
Nevertheless, developing an analytical 3D model is a very advanced topic that
cannot managed in a simple way in this chapter.

These are the essential in producing a perfectly formulated analytical model of an
induction motor which has been greatly used to analyze the healthy motor behavior
in time domain. This also provides us with a promising tool for describing how
an inverter-fed motor is and should be controlled.

The line-start motor model is the starting point of developing the analytical
solutions to the analysis of motor operation. Therefore, a common line-start config-
uration is presented in Figure 2.7. The line-start mode is the conventional approach of
starting up and supplying an induction motor in industry. This network supplies a
three-phase voltage system, shown in Figure 2.8, which is formulated as follows.

Vs Vð Þ½ � ¼
vsa

vsb

vsc

2
4

3
5 ¼

Vm sin 2pfstð Þ
Vm sin 2pfst � 2p=3ð Þ
Vm sin 2pfst � 4p=3ð Þ

2
64

3
75;

where

Vs ! Stator voltage vector

Vm ! Amplitude of the stator voltage

fs ! Electrical supply frequency Synchronous frequencyð Þ
t ! Time in seconds

V ! Voltage unit in Volts

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

(2.1)
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Figure 2.6 Three-phase equivalent circuit of an induction motor
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vsa, vsb and vsc are the stator phase voltages as shown in Figure 2.6. In a symmetric
and balanced voltage system, all the phases exhibit the same amplitude but dif-
ferent zero-crossing points. The zero crossings determine the electrical phase shift
of the three phases. 2pfs is the electrical angular frequency of the supply voltage,
the so-called ws: fs is fixed for any line-start application while the amplitude of the

Three-phase
network

Autotransformer

Start–stop switch

Stator

Rotor

Load

Figure 2.7 Configuration of a line-start supply mode of an induction motor
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Figure 2.8 Balanced three-phase voltage system
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voltages might be easily adjusted by means of an autotransformer which applies
minor regulations to the voltages. An autotransformer, seen in Figure 2.7, is the
only interfering device that might be used to stabilize the supply voltage in order to
make sure that all the phases have the same amplitudes (magnitude). It has nothing
to do with the frequency of the supply network and only changes the voltage
magnitude. Most of the time, transformers consist of an adjusting bottom by means
of which all the three-phase voltages are changed simultaneously. According to
this discussion, it is quite clear that why this kind of motor supply is called a ‘‘line-
start’’ supply mode. In fact, the motor is directly connected to a three-phase
network (line) without any interconnection such as drives. Together with (2.1), the
other stator quantities including the current and flux vectors are formulated as the
following:

Is Að Þ½ � ¼
isa

isb

isc

2
4

3
5; Ls Wbð Þ½ � ¼

lsa

lsb

lsc

2
4

3
5

where

Is ! Stator current vector

isa; isb and isc ! Stator phase currents

Ls ! Stator flux vector

lsa; lsb and lsc ! Stator phase fluxes

A ! Current unit in Amperes

Wb ! Flux unit in Webers

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

(2.2)

Likewise, a balanced three-phase system is assigned to the rotor windings
(phases) (see (2.3)). The rotor currents and voltages are illustrated in Figure 2.6. If a
cage-rotor motor is investigated, the rotor voltages should be set to zero since the
rotor circuit is always short-circuited by means of the end-rings. In the case of a
wound rotor, the rotor voltage vector is equal to the voltage drop across the external
resistance connected through the brushes to the rotor windings (see Figure 2.3).

Vr½ � ¼
vra

vrb

vrc

2
4

3
5; Ir½ � ¼

ira

irb

irc

2
4

3
5; Lr½ � ¼

lra

lrb

lrc

2
4

3
5

where

Vr ! Rotor voltage vector

vra; vrb and vrb ! Rotor phase voltages

Ir ! Rotor current vector

ira; irb and irc ! Rotor phase currents

Lr ! Rotor flux vector

lra; lrb and lrc ! Rotorphasefluxes

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

(2.3)
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2.3.1 Flux equation
This section intends to deal with the linear electrical equations of an induction
motor considering some assumptions related to the nonlinearity and thermal var-
iation of the motor’s materials. Focusing on the two main parts of the motor, the
stator and the rotor, the input energy variation provided by the input three-phase
network is split as follows:

dWeiðJÞ ¼ dWesðJÞ þ dWerðJÞ

where

dWei ! Input electrical energy change

dWes ! Stator electrical energy change

dWer ! Rotor electrical energy change

d ! Differential operator

J ! Energy unit in Joules

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

(2.4)

In this section, the focus is on the electrical energy since the magnetic energy losses
of the motor components, the stator and the rotor, are assumed to be zero. This is an
acceptable assumption in the event that one does not look for a precise loss char-
acterization of an electromagnetic system such as induction motors. On the other
hand, the electrical qualities, the voltage and the current, are the mediums to
develop any electrical energy in an induction motor. In view of the electrical
energy, the time-dependent variation of the product of the voltage and current
signals should be integrated over time.

dWes ¼ Is½ �T Vs½ �dt

dWer ¼ Ir½ �T Vr½ �dt
(2.5)

Then the matrix form of the energy equation is used to express the total energy
variation caused by all the windings of the stator and the rotor. Therefore, all the
phases play a role in developing the energy of the system. On the other hand, the
electrical energy losses, considering that the magnetic losses are equal to zero, are
formulated as follows:

dWelossðJÞ ¼ Is½ �T Rs½ � Is½ �dt þ Ir½ �T Rr½ � Ir½ �dt

RsðWÞ½ � ¼
Rs 0 0
0 Rs 0
0 0 Rs

2
4

3
5; RrðWÞ½ � ¼

Rr 0 0
0 Rr 0
0 0 Rr

2
4

3
5

where

Rs ! Stator winding resistance

Rr ! Rotor winding resistance

W ! Resistance unit in Ohms

8<
:

9=
;

(2.6)

In the case of any rotor bar breakage or open-circuit fault of the rotor windings, the
corresponding equivalent resistance increases leading to an unbalanced resistance
matrix which, in turn, produces undesirable harmonic components. For now, assume
that all the phases possess a similar resistance value. Having ignored the magnetic
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losses, the electrical energy converted into the active electromagnetic energy, which
contains both the required magnetizing and mechanical energy of the motor, is
obtained as (2.7).

dWelectrical Jð Þ ¼ dWei � dWeloss

where dWelectrical ! Loss � less electromagnetic energy changef g
(2.7)

By integrating (2.4–2.7), one can easily end up with the following equation
representing the differential form of the Faraday’s law:

dWelectrical ¼ Is½ �T d Ls½ � þ Ir½ �T d Lr½ �
d Ls½ �

dt
¼ Vs½ � � Rs½ � Is½ �jflux linkage variation of stator

d Lr½ �
dt

¼ Vr½ � � Rr½ � Ir½ �jflux linkage variation of rotor

(2.8)

By integrating the differential forms of the flux linkages expressed by (2.8), the
total fluxes which cover the stator or rotor windings all over their circumferences
are calculated. As a well-known fact, the total stator or rotor fluxes are made of two
distinct types of flux lines, i.e. the mutual and leakage fluxes shown in Figure 2.9.
The mutual flux is the part enclosing both the rotor and stator windings, and the
leakage flux encloses only one side, whether the stator or the rotor. The underlying
idea of the aforementioned definition is the way that the flux lines contribute to the
stator–rotor magnetic coupling leading to the electromagnetic torque production of
the motor. In other words, the mutual flux is the unique part of the flux that guar-
antees the coupling of stator and rotor components while the leakage flux serves as

Stator

Current
-holding
windings

Rotor

Air gap

Stator leakage

flux lines

M
utual f lux lines

R
otor leakage
flux line

Figure 2.9 Representation of mutual and leakage fluxes
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additional magnetic and electrical losses that lead to a higher temperature rise of
the motor components. Therefore, it should be pointed out that

● The mutual flux: A flux that transforms power or energy from the primary
winding (the stator) to the secondary winding (the rotor) and is produced by the
coupled MMF of the stator and rotor windings. The concept of MMF will be
discussed later in this chapter. This type of the flux should definitely pass
across the motor air gap from the stator to reach the rotor and vice versa. In an
aligned position of the two windings, the maximum mutual flux is achieved.

● The leakage flux: A flux that is confined to one of the current-holding wind-
ings. It might also partly pass into the air gap. However, it is inclined to the
corresponding core to make a close path around its own source of production,
one of the windings.

With this in mind, one realizes that each current-holding winding possess
two flux components, namely the leakage flux and the mutual flux. The mutual
fluxes are generally divided into two categories: the self-magnetizing and mutual-
magnetizing fluxes. The former one corresponds to the flux produced by one of the
windings and encapsulated by the same winding. The latter corresponds to the
encapsulated by two different windings.

A magnetic flux is defined as a combination of a current passing through a coil
and a geometry-dependent quantity so-called inductance. The combination is
normally in a form a product of the mentioned quantities, the current and the
inductance, if a linear magnetic system is investigated. Moreover, the flux that
crosses a winding might be composed of components built by different windings.
Therefore, depending on the number of windings, contributing to the flux linkage
of a specific winding, different combinations of current-inductance are introduced.
For example, for an induction motor with three stator and three rotor windings, the
flux linkage of one of the stator windings consist of six terms (see (2.10)) including
the one related to the self-magnetizing and self-leakage inductance, and the
remaining five terms that are related to the mutual magnetizing fluxes produced by
the other windings. Flashing back to the main assumptions made at the beginning
of this subsection, a linear model of the motor, as a result of which the magnetic
flux can be written as the superposition of its governing terms (the leakage and
mutual parts), is intended. If a nonlinear system is analyzed, the principle of
superposition is not valid anymore. For a linear case, we can simply formulate the
self-inductances as follows:

ls ¼ lss þ lsm

lr ¼ lrs þ lrm

where

ls ! Stator total inductance

lss ! Stator leakage inductance

lsm ! Stator mutual inductance magnitude

lrs ! Rotor leakage inductance

lrm ! Rotor mutual inductance magnitude

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

(2.9)
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Considering a linear characteristic for the silicon steel material, the motor induc-
tances would only depend on the physical geometry of the motor. In (2.9), the term
‘‘magnitude’’ has been used to denote that the real values of the mutual inductance
vary as a function of the position of the two windings whose mutual inductances are
calculated. Considering all these, the magnetic flux linkage of the stator winding
‘‘A’’ or ‘‘a’’ is formulated as follows:

lsa ¼ lssisa þ lsmisa þ Ms cos
2p
3

� �
isb þ Ms cos

4p
3

� �
isc

þ Msr ira cos qeð Þ þ irb cos qe � 2p
3

� �
þ irc cos qe � 4p

3

� �� �
(2.10)

where Ms ¼ lsm and Msr is a function of the configuration of the stator–rotor
windings. It is noted that considering the inductance variations of the motor and its
different possible compositions is a key point to understand the behavior of an
eccentric motor since the inductance change is a kind of signature for this type of
fault. Therefore, it is important to clearly understand the initial step in introducing the
motor fundamentals. All the details provided in this chapter are sorted in a way that
leads to a meaningful step-by-step realization of the characteristics of an induction
motor which are highly significant in view of transition from healthy to faulty motors.

Going back to our main discussion, the mutual inductance of the winding
(phase) A with itself is called ‘‘self-magnetizing inductance’’ and is equal to ‘‘lsm’’
while the magnitude of the mutual inductance of the phase A and other stator
windings is a function of the position of the windings and equal to

Ms ¼ lsm ! Ms cos
2p
3

� �
¼ lsm cos

2p
3

� �
¼ �1

2
lsm (2.11)

If the slotting effects and nonsinusoidal distribution of the windings come into play,
the (2.11) is not valid anymore. Similarly, the terms which relate the stator wind-
ings to the rotor windings will be invalidated. All we have had so far is the con-
sequence of the sinusoidal distribution of the concentrated-at-one-point windings.
The rotation of the rotor is the compelling reason for the presence of the qe

dependency of the stator–rotor mutual inductances. In this case, if the rotor rotates,
the stator–rotor mutual inductances follow a sinusoidal alternation. Moreover, it is
the electrical rotor angle which is incorporated into the formulations, not the
mechanical one. However, wherever mechanical quantities are dealt with, the
mechanical angle should be used correspondingly. Given the three-phase stator and
rotor winding system, the matrix representation of the stator fluxes, i.e. (2.2), can
be further extended as (2.12). Noticeably, the mutual and self-inductance matrices
relate the stator and rotor current vectors to the fluxes such that the stator flux
vector is a linear function of the stator currents while the dependency on the rotor
current vectors exhibit a qe-associated function. Given a zero-stator current vector,
the maximum flux enclosing the stator flux takes place when the stator and rotor
windings are completely aligned. Additionally, the coupling is zero when they are
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located 90� mechanical or equivalently 180� electrical degrees away from each
other. When a faulty condition such as the eccentricity or misalignment fault takes
place, the M matrix (see (2.12)) which is the representation of the mutual induc-
tance of the stator and the rotor should be modified according to the change in the
length of motor air gap which is not a smooth and fixed quantity anymore.

Ls½ � ¼
lsa

lsb

lsc

2
4

3
5 ¼

lss þ lsm �1
2

lsm �1
2

lsm

�1
2

lsm lss þ lsm �1
2

lsm

�1
2

lsm �1
2

lsm lss þ lsm

2
6666664

3
7777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Ls½ �

isa

isb

isc

2
4

3
5

þ Msr

cos qeð Þ cos qe � 2p
3

� �
cos qe � 4p

3

� �

cos qe � 4p
3

� �
cos qeð Þ cos qe � 2p

3

� �

cos qe � 2p
3

� �
cos qe � 4p

3

� �
cos qeð Þ

2
666666664

3
777777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
M½ �

ira

irb

irc

2
4

3
5 (2.12)

As a result of mechanical deformations, the motor-inductance matrices, either Ls or
M, will contain multi-harmonic sinusoidal components. Thus, a nonsmooth varia-
tion of the motor fluxes should be expected. The saturation profile represented and
modeled by nonlinear B–H curves of silicon steel materials is another factor that
changes the inductance matrices. Thus, any factor that affect the motor saturation
level brings up a nonlinear behavior of not only the inductance matrices but also all
the resultant quantities such as the motor flux or current vectors. As another
example, although broken rotor bars do not change the air gap length, they intro-
duce a highly saturated region close to the breakage. This leads to an unbalanced
magnetic flux distribution that creates a nonsinusoidal inductance matrix. The
concepts discussed above are only some of the hints to relate the motor funda-
mental parameters such as inductances to the fault diagnosis applications, and the
corresponding detailed investigations will be discussed in the next chapters. Cor-
respondingly, the rotor flux equations are obtained as follows:

Lr½ � ¼
lra

lrb

lrc

2
4

3
5 ¼

lrs þ lrm �1
2

lrm �1
2

lrm

�1
2

lrm lrs þ lrm �1
2

lrm

�1
2

lrm �1
2

lrm lrs þ lrm

2
6666664

3
7777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
½Lr�

ira

irb
irc

2
64

3
75
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þ Mrs

cos qeð Þ cos qe � 2p
3

� �
cos qe � 4p

3

� �

cos qe � 4p
3

� �
cos qeð Þ cos qe � 2p

3

� �

cos qe � 2p
3

� �
cos qe � 4p

3

� �
cos qeð Þ

2
666666664

3
777777775

T

isa

isb

isc

2
64

3
75

where fMrs ¼Msrg (2.13)

What is significant is the importance of the mutual inductances in studying the
eccentricity fault while the self- and leakage inductances are not usually an
appropriate index to realize the effect of the eccentric rotor. It is also interesting
that depending on the topology of the winding connections, delta (D) or star (Y)
connections, the stator–stator and rotor–rotor mutual inductances might be or might
not be present in the motor flux. As a matter of fact, if a star (Y) connected and
ground node-free stator and rotor-winding system are considered, the stator–stator
mutual inductances will be zero. In the case where the three-phase currents of the
stator and the rotor do not allow to have nonzero summation in a Y-connected
system, one of the phase currents can be written as the negative of the sum of the
other two currents, either in the stator or the rotor. Applying this situation to (2.10)
and (2.13) causes the stator–stator and rotor–rotor matrices to have zero non-
diagonal components. In contrast, the stator–rotor inductance matrix remains intact.
This conveys the idea of using the mutual inductances as the tools for a consistent
and connection-type free approach to analyze the motor behavior. Therefore, not
only is it proposed to thoroughly understand the materials of this chapter, but it is
also beneficial to become familiar with the advanced harmonic-included motor-
inductance analysis.

So far, the flux-inductance relevance has been demonstrated by means of a
single harmonic approximation of the motor geometry and quantities. Now, it is
time to propose a closed-form equation for the electromagnetic torque which takes
care of rotating the motor shaft. This is exactly where several mechanical defects
are imposed to the motor, especially to the moving parts such as the rotor shaft and
bearings which hold the entire weight of the rotor. Bearing wear and shaft mis-
alignment which are all caused by mechanical deficiencies in the rotor are exam-
ples of the mentioned defects. It is also important to know that the movement can
obviously worsen the situation. On the other hand, motor transients highly depend
on the way that the electromagnetic torque is developed. In the first place, it is the
motor geometry that affects the developed torque. Then, it is the input values and
subsequently the resultant electrical and magnetic quantities, which are functions of
the material characteristics and also the motor geometry that affects the electro-
magnetic torque. Therefore, it seems so much information can be extracted from
the motor torque signal as well as the flux and the current. As a matter of fact, in
Chapter 3, it is going to be mathematically proved that the electromagnetic torque
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contains unbelievably helpful information on the faults such as the broken bar and
end-ring faults. Taking this brief discussion on the gravity of the torque signal into
account, we try to present the single harmonic representation of the motor torque.

2.3.2 Electromagnetic torque equation
The torque is developed from the position-dependent variation of the mechanical
energy and is applied to the rotor through the air gap. Therefore, the hint to cal-
culate the torque is to find the variations of the mechanical energy in time. To this
end, recall and combine (2.8), (2.12) and (2.13):

dWelectrical ¼ Is½ �T Ls½ �d Is½ � þ Ir½ �T Lr½ �d Ir½ � þ Is½ �TMsrdð M½ � Ir½ �Þ þ Ir½ �TMsrdð M½ �T Is½ �Þ
¼ Is½ �T Ls½ �d Is½ � þ Ir½ �T Lr½ �d Ir½ � þ Is½ �T Msrdð M½ �Þ Ir½ � þ Is½ �T Msr M½ �dð Ir½ �Þ

þ Ir½ �T Msrdð M½ �Þ Is½ � þ Ir½ �T Msr M½ �dð Is½ �Þ
¼ Is½ �T Ls½ �d Is½ � þ Ir½ �T Lr½ �d Ir½ � þ 2 Is½ �TMsrdð M½ �Þ Ir½ � þ Is½ �TMsr M½ �dð Ir½ �Þ

þ Ir½ �T Msr M½ �dð Is½ �Þ:
(2.14)

On the other hand, in a magnetically loss-less system, the stored magnetic energy
variation is expressed as (2.15).

dWmagnetic ¼ Is½ �T Ls½ �d Is½ � þ Ir½ �T Lr½ �d Ir½ � þ Is½ �T Msrd M½ �ð Þ Ir½ �

þ Is½ �T Msr M½ �d Ir½ �ð Þ þ Ir½ �T Msr M½ �d Is½ �ð Þ (2.15)

Coupled with

dWmechanical ¼ dWelectrical � dWmagnetic (2.16)

The mechanical energy variation, dWmechanical, is equal to

dWmechanical ¼ Is½ �T Msrd M½ �ð Þ Ir½ � (2.17)

In addition, the electromagnetic torque is equal to the variations of the mechanical
energy with respect to the angular position of the rotor.

TemðN :mÞ ¼ p
dWmechanical

dqm
¼ p Is½ �T Msr

d M½ �ð Þ
dqm

Ir½ �
� �

¼ p Ir½ �T Msr
d M½ �ð Þ

dqm
Is½ �

� �

¼ p

2
Is½ �T Msr

d M½ �ð Þ
dqm

Ir½ � þ Ir½ �T Msr
d M½ �ð Þ

dqm
Is½ �

� �
where Tem ! Electromagnetic torque in a loss � less systemf g (2.18)
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There should also be a way to relate the developed electromagnetic torque to the
motor speed, and the first-order mechanical differential equation of the motor
handles this task.

Telectromagnetic � Tload ¼ J
dwm

dqm
� Bvwm

where

wm ! Mechanical angular frequency

J ! Rotor Inertia ðkgm2Þ
Bv ! Viscosity coefficient ðkg=ðsmÞÞ

8><
>:

9>=
>; (2.19)

Tload is the load torque that can be a constant or an oscillating load expressed in N m.
Oscillating load torques introduce a new challenge to the field of fault diagnosis of
induction motors because the motor-harmonic components amplified by oscillating
loads sometimes overlap the fault-related components. This leads to a mis-
understanding in terms of the severity of faults. The best example of the kind is the
broken bar motor connected to an oscillating load with the oscillation frequency of 2sfs
where s is the motor ‘‘slip.’’ In particular, broken bars or broken end-rings amplify the
magnetic backward fields which have the same frequency pattern as that of the
oscillating load presenting the same fashion of harmonic change in the motor quan-
tities, specifically the motor current signal. Therefore, devising a strategy to dis-
criminate between the fault and oscillating loads should be an inseparable part of the
diagnosis process. However, a better understanding of the healthy motor behavior is
still the best suggestion to tackle more complicated fault-related problems. Therefore,
a helpful temporal study of the healthy motor quantities is provided herein. Through
the following investigation, the requirements and concepts, such as the synchronous
frequency or speed, the slip, the transient operation and the steady-state operation, etc.,
are fully discussed. To do so, a line-start supply mode of an induction motor with the
data listed in Table 2.2 is simulated, and the results are illustrated in Figure 2.10.

Three motor signals are illustrated in detail in Figure 2.10. The first signal is
the motor current at three different load levels. It is important to note that whenever

Table 2.2 Simulated motor data

Power 11 kW
Line voltage 460 V
Frequency 50 Hz
Line current 25 A
Number of poles 4
Rs 0.087
Rr 0.187
Msr 26.7 mH
ls 15.8 mH
lr 16.1 mH
J 1.662 kg m2

Bv 0.01 kg/(s m)
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Figure 2.10 Impact of load variation in a line-start motor (a) current,
(b) electromagnetic torque and (c) speed
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we talk about the motor load in this book, we mean the motor torque, expressed in
N m, connected to the motor shaft unless it is specified otherwise. If the mechanical
losses are zero, this value should be equal to the electromagnetic torque. According
to Figure 2.10(a), the time required for the motor current to reach a steady-state
point, beyond which the current magnitude does not change, greatly increases with
the increase in the load level. Moreover, the amplitude of the motor steady-state
current also increases by the load. The terms ‘‘steady-state operation’’ or sometimes
called ‘‘stationary operation’’ is one of the key terms of this book.

The fact that most of the fault indices are defined, formulated and extracted
for the steady-state operating regime of the motor signals. Contrary to the
steady-state operation, there is the ‘‘transient operation,’’ mostly defined as the
start-up period of the motor from a zero speed to the steady-state point (see
Figure 2.10(b) and (c)). The transient period is exactly the same period in which
the motor current possesses a larger speed value along with a swinging ampli-
tude while the current amplitude becomes constant for a fixed load level (see
Figure 2.10(a)).

Since a single-harmonic model of the induction motor has been used so far, the
fundamental frequency of the motor current is equal to that of the source, 50 Hz in
this study. Accordingly, there should be a balanced three-phase current system with
an electrical phase shift of 120� with respect to each other. Of course, the phase
angles are different from that of the voltages because induction motors serve as
highly inductive loads that produce a lagging phase angle. Given a healthy motor
and that the higher order harmonic components are absent, the speed and the
electromagnetic torque always follow a very smooth and nonoscillating trend
which is simply expected from a linear and single harmonic model (see Figure 2.10
and Figure 2.10c). However, the transient operation is totally different. That is
usually why most of the recent efforts in the field of diagnosis merely focus on the
steady-state operation in which a well-behaved behavior is followed. The transient
operation is somehow challenging specifically in the case of ‘‘inverter-fed’’ motors
with a wholly nonsinusoidal supply voltage. Likewise, there is another strong
excuse for not incorporating the transient which is the short-time period of the
motor signal presence. In fact, the period in which the transient signals are present
greatly affects the processing quality of the extracted signals such as the motor
current. Besides, the diminishing nature of the fault-related components during the
transient operation makes the process of extracting fault information a complex
procedure. This is the compelling reason for insufficiency of the existing literature
in terms of the diagnosis tools in the transient operations. Companies and
researchers are markedly focused on the steady-state operation unless the under-
investigation motor is to perform in a highly stressful start–stop application. In
high-power industrial applications, motors usually operate in a nonstop way unless
a maintenance procedure is undertaken. Therefore, it is proposed to diagnose faults
during start-up and prior to any aggressively growing fault level that normally
happens in a lone-term steady-state operation.
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Having focused on the discussion provided so far, the following guidelines are
extracted.

● Any motor signal including the current, the flux, the electromagnetic torque
and the speed consists of two main regimes, the transient and the steady-state
operations.

● The transient operation reveals relatively large amplitude but a short-time
presence of the motor signals.

● The motor signals possess a highly nonlinear time-varying behavior in the
transient operation.

● In the steady-state operation, a smooth and favorably nonoscillating motor signal
is observed in the case of a healthy motor. If faults occur, the situation becomes
totally different, and a highly oscillating and nonsmooth motor quantity should be
detected depending on the fault type, the location and the severity.

● The smoothness of the healthy signals depends on the number of slots, the
number of bars, the skewing angle, the saturation profile, etc.

● Increasing the load level increases the motor rise-time, the time that motor
speed comes to a stable point.

● Increasing the load increases the developed electromagnetic torque. This
makes sense because the equilibrium of (2.19) should be always valid.

● The transient torque and current levels are considerably larger than that of the
steady-state one. This is why the motor starts up very fast. Sometimes, the
start-up period is typically less than a second, depending on the motor size, but
it is not larger than a couple of seconds in general.

● The steady-state current amplitude increases by increasing the load level.
● There are undershoots associated with the electromagnetic torque right before

the rise-time of the motor speed.
● There are overshoots associated with the motor speed right before the rise-time.
● In line-start applications, the motor speed increases almost exponentially while

it is linearly controlled in the inverter-fed applications.
● Undershoots and overshoots are easily controlled and eliminated if a well-

tuned drive is connected to the motor. If so, the amplitude of the transient parts
of the motor current is constant in time. As a result, an almost constant elec-
tromagnetic torque is developed in the motor. This reduces the motor stresses,
but it challenges the diagnosis process.

● Overload applications, larger than 100% of the full load are also possible.
● Note that the no-load operation does not mean a zero-current level. Normally, the

no-load current possesses one-third, more or less, of the full-load current. This
part of the motor current is called magnetizing current. Usually, it is very difficult,
sometimes impossible, to diagnose the broken bar fault in no-load operation.

● Sometimes, the motor speed or load level changes from a value other than
zero. Actually, the operation is not a zero-starting one, and the speed has a
predetermined value, below or over the rated speed. The rated speed is the
level at which the motor load is equal to the rated value. The term ‘‘rated’’
means that all the motor quantities including the voltage, the current, the
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torque and the speed are set at their nominal values. Therefore, the output
power is equal to the rated value on the motor nomenclature plate. In this case,
the voltage is definitely equal to the rated value.

It is important to note that the steady-state speed level decreases by increasing
the load/torque level (see Figure 2.10(c)). This arises from the fact that the rotor
speed is NOT equal to the synchronous speed. This concept which is called the
‘‘motor slip’’ is thoroughly discussed below (see (2.20)–(2.27)).

Electrical synchronous angular frequency or ws ¼ 2pfs ¼ 15pns

p
rad
s

� �
(2.20)

p: Number of motor poles; f s: Electrical synchronous frequency Hzð Þ (2.21)

Mechanical synchronous speed or ns ¼ 120fs

p
rpmð Þ (2.22)

Rotor mechanical speed or nm ¼ 1 � sð Þns rpmð Þ (2.23)

Rotor mechanical angular speed or wm ¼ 1 � sð Þws rad=sð Þ (2.24)

Slip or s ¼ ws � wm

ws
¼ fs � fm

fs
¼ ns � nm

ns
(2.25)

Rotor electrical frequency or fr ¼ sf s Hzð Þ (2.26)

fs ¼ fr þ fm (2.27)

The motor slip is, in fact, the most noticeable factor in induction motor operation
such that in zero slip, there is no induced voltage in the rotor bars, and the cor-
responding currents are zero. As a result, there will be no field produced by the
rotor for developing the electromagnetic torque. This is indeed why these kinds of
machines are called ‘‘induction motors’’ since the main operating principle is
based on the induced currents. Increasing the slip means decreasing the rotor
mechanical speed and therefore increasing the induced voltage and current quan-
tities in the rotor side. On the other hand, increasing the motor load increases the
motor current which in turn causes an increase in the rotor bar currents. Hence, it
is expected to have a larger slip value upon increasing the motor load and this is
crucial for developing a higher developed electromagnetic torque. As a result of
increasing the slip, according to (2.23) and assuming that the motor synchronous
frequency is fixed, the rotor speed, nm, should decrease, and the same trend is
observable in Figure 2.10(c). A better realization of the mentioned points could be
achieved by monitoring the steady-state operation of the motor quantities. The
transient operation is a little bit challenging due to the fact that the frequency
components of the motor quantities expect those which are related to the source
increase gradually during the motor start-up from a zero speed to the steady-state
mode. If the motor is subjected to a de-acceleration mode, the frequency compo-
nents, specifically those of the rotor would represent a totally opposite behavior
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compared to the acceleration mode. It should be noted that as long as the supplied
synchronous frequency is fixed (the case in any line-start application), the only
load-dependent quantities would be those of the rotor only if an ideal single har-
monic motor is tested or analyzed. Such kind of motors does not exist and all types
of existing induction machines, whether operating in the motoring or generating
modes, reveal some sort of undesirable harmonic components producing load- and
so slip-dependent frequency components even in the stator side. All the claims
provided in this chapter will be shortly addressed quantitatively or by means of the
analytical solutions. However, since the main focus of this chapter is to provide
the essential healthy motor information, it is preferred to skip the details of the
harmonic components which might be used in fault diagnosis applications and
switch to the main discussion on the principles of the motor operation. Hence,
looking back at Figure 2.6 in which the stator and rotor coils have been demon-
strated as a set of concentrated-at-one-point windings, and assuming that the
supply or synchronous electrical frequency is fs, and the rotor bars or windings
electrical frequency is fr, the back-EMF equations in a single harmonic system can
be expressed as follows:

Esa ¼ 4:44Nslsam fs
Era ¼ 4:44Nrlram fr ¼ 4:44Nrlrbmsfs ¼ sEra0

where

Esa ! rmsvalueofstatorback � emf
Era ! rms value of rotor back � emf
Era0 ! rms value of rotor slip � free back � emf
lsam ! Amplitude of stator flux linkage
lram ! Amplitude of rotor flux linkage

8>>>><
>>>>:

9>>>>=
>>>>;

(2.28)

According to the theory of rotating fields, the three-phase stator currents with the
electrical and spatial phase angle of 120� away from each other generate a rotating
magnetic field with a fixed magnitude, but a changing position in space. The
electrical frequency of rotation is equal to fs. Based on the Faraday’s law,
the rotating field passes across the rotor coils or bars and induces an EMF which
is the main source of generating currents of the rotor conductors. Subsequently, the
magnetic field of the rotor is generated. If the motor starts up from a zero speed, fr

gradually decreases, so the corresponding EMF decreases also decreases. The flux
linkage shown by l in (2.28) is the replacement for the pole cross section area
multiplied by the air gap flux density. The magnetic quantities including the flux
and the flux density will be further analyzed since these are actually the main
driving forces of induction motors. For now, we assume that all the mentioned
quantities including the voltage, the current, the flux-linkage, the back-EMF and
the magnetic flux density are pure sinusoidal function of time and position of the
rotor. The only difference is between the magnitudes as well as the phase angles
compared to a common measure which is the voltage phase angle. Bearing this in
mind and considering Figure 2.6, every stator and rotor windings are modeled as
series-connected inductances and resistances which represent the inductivity and
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the resistivity of the windings, respectively (see Figure 2.11). For as much as the
inherent operating principle of induction motor is based on induced magnetic
fields, it is usually modeled as a rotating transformer in which the rotor side
parameters depend on the motor slip.

In Figure 2.11, Rc and Xm are the equivalent resistance of the core losses and
the magnetizing inductance, respectively. Lr and Ls are the leakage part of the rotor
and stator winding inductances. If the ratio of the effective number of turns
neff ¼ Ns

Nr
is applied to the rotor circuit with the goal of referring the elements to the

stator side, we will end up with the electrical circuit shown in Figure 2.12 in which
R

0
r ¼ n2

eff Rr, X
0
r0 ¼ n2

eff Xr0.
In Figure 2.12, Vth and Zth are the Thevenin equivalents of the voltage source

and the impedances on the stator side, respectively. By incorporating the Thevenin
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–
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Figure 2.11 Electrical equivalent circuit of (a) stator and (b) rotor
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Figure 2.12 Electrical equivalent circuit for an induction motor
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equivalents and solving the circuit for I1, (2.29) is obtained:

I1 ¼ Vthffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rth þ R0

r
s

� �2
þ X

0
r0 þ Xth

� 	2

r (2.29)

So the absolute value of the active power transferred to the rotating mechanical
parts of the motor can be calculated by the following equation:

Pm ¼ 1
s
� 1

� �
R

0
rI

2
1 ¼ 1 � sð ÞR0

rnV 2
th

s Rth þ R
0
r

s

� �2

þ X
0
r0 þ Xth

� 	2

 !

Pm ¼ Tewm

8>>>><
>>>>:

¼¼¼¼¼¼¼¼¼¼¼¼¼¼)Equality of the two Pm equations

Te ¼ R
0
rnV 2

th

sws Rth þ R
0
r

s

� �2

þ X
0
r0 þ Xth

� 	2

 ! (2.30)

The number of phases, n, also contributes to the development of electromagnetic
torque (see (2.30)). The only rotor component consuming the active power is R

0
r

s .
However, not all of its portion is transferable to the motion parts, and a part of it
disappears through the copper losses consumed in R

0
r. Therefore, the active part of

the rotor resistance would be equal to 1
s � 1
� 	

R
0
r.

When it comes to the motor torque–speed profile analysis, (2.30) is exactly
what is usually referred to. As seen, the above equation relates the torque to the
voltage and the slip which together determine the operating point of the machine, of
course in the steady-state operation, in both generating and motoring mode.
Figure 2.13 illustrates the torque–speed profile of a line-start induction motor in the
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Figure 2.13 Steady-state torque–speed profile of an induction motor
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steady-state operation. The maximum torque and the points behind the maximum
torque, the speed values ranging from zero to the corresponding point of the
maximum torque, are called ‘‘Unstable operating regions’’ in which the motor does
not usually operate unless transient operations are dealt with. On the other hand, the
‘‘linear stable operating region’’ is the most probable operating point of an induc-
tion motor. There is no shortage of agreement that an increasing motor load leads
to a decrease in the motor speed and consequently the slip value. If the motor slip
is equal to 1, the starting torque is obtained at the speed of zero. Moreover, the
developed torque is zero at the synchronous speed.

Different from the demonstrated steady-state torque–speed profile in which the
motor comes to a stable operating condition for every single pair of torque and
speed, the transient behavior is somehow distinct particularly for the lower speed
ranges (see Figure 2.14). Although Figures 2.13 and 2.14 are similar in many ways,
they are totally different representations of the motor behaviors. In Figure 2.13, the
effect of time has not been included while the second figure is obtained by sampling
the torque and the speed at different time steps during a constant load of 50 N m.
However, the load is changed and the corresponding steady-state speeds are mea-
sured to obtain Figure 2.13. A highly fluctuating torque component is observed
at the very beginning instances of Figure 2.14, i.e. a wide range of [�500,500] N m
is detected. This part of the torque profile, along with the following torque curve,
forms the transient mode of the motor. Finally, the motor torque–speed profile
comes to a stable point at around 50 N m (Figure 2.14) which is equal to the motor
average torque in the steady-state operation. The corresponding speed is a little bit
away from the synchronous speed and demonstrates the slip phenomenon. During
the steady-state operation, the torque–speed profile is completely focused on one
single point. There would only be a minor discrepancy caused by the inherent
oscillations of the motor torque and speed components. The situation gets worse in
case of the fault occurrence in which a bunch of undesirable fluctuations are added
not only to the end-point of Figure 2.14, shown as the ‘‘Final steady-state torque’’
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Figure 2.14 Transient torque–speed profile of an induction motor
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but also to the transient operation. This issue will be further discussed when the
fault diagnosis concepts are initiated in the next chapters. The transient profile
illustrated in Figure 2.14 is obtained by simulating the single-harmonic motor
model described in (2.1)–(2.19).

A very small part of the motor speed goes over the synchronous speed,
1,500 rpm, in Figure 2.14. This is related to the speed overshoot, also visible in
Figure 2.10, during the transition through the steady-state operation. The highly
fluctuating transient regime makes it difficult, sometimes impossible, to extract
proper fault indicators and that is why the fault diagnosis during the start-ups/stops
is a rather new and intact field of study. However, this regime only matters when a
large-scale machine with a considerably large start-up period, for example a couple
of seconds, is under investigation. In the case of low- or medium-power applications
or the applications in which the motor mostly operates in the steady-state mode, the
transient analysis in not worth being analyzed. It is also interesting to know that
incorporating the drive circuits into the fault diagnosis process brings up new
challenges, specifically in the transient mode, since the motor behavior is not
merely a function of the load any more. It is besides affected by other factors such as
the variation of the voltage and frequency which in turn introduce new burdens to
the problem. For instance, changing the motor frequency changes the magnitude,
and the speed of the magnetic rotating field of the motor, and consequently all the
quantities are affected. As a result, an extremely different motor behavior should
be expected for inverter-fed applications. Nowadays, all the change in the motor
voltage and frequency is handled by a control device which is called ‘‘drive.’’ This
so-called drive device generally contains two main parts, namely the control unit
and the inverter shown in Figure 2.15. The control unit is somehow straightforward
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Figure 2.15 General configuration of a closed-loop motor-drive system [16–23]
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and takes care of translating the input commands in terms of the motor speed,
torque or flux into the electrically applicable waveforms. The major responsibility
of the control unit is to find an appropriate switching pattern applied to the inverter
switches which modulate the DC bus voltage into the motor terminal voltages with a
specific fundamental frequency component. Generally speaking, the whole drive
circuit operates as a translator from a reference or command value to real supply
voltages applied to the motor terminals. By means of this configuration, both the
supply voltage and the frequency can be finely controlled and adjusted. There can
be a speed feedback loop as well. If so, the corresponding configuration is called
‘‘closed-loop control strategy.’’ Otherwise, the strategy would be an ‘‘open-loop’’ one.
Both the methods are shown and discussed in the next subsection. It is noteworthy
that the torque, the speed, the voltage, the current and also the flux could be controlled
by drives. A closed-loop configuration operates better than an open-loop one since
there is a direct control on the speed or even the torque. In Figure 2.15, the terms wref

and fluxref are the reference values of the speed and the flux, respectively.
Now, let us take a brief look at different drive types. Then, we will move

toward the detailed analysis of their operating principles. The following strategies
are essentially the most traceable techniques existing in the literature:

● Scalar Constant Voltage per Frequency Control (CV/F)
● Field-Oriented Control (FOC)
● Direct Torque Control (DTC).

Although the closed-loop implementation is also available, the first type is
usually preferred for open-loop applications in which several motors should operate
in parallel at the same time. The other two options are used in a closed-loop form in
which a single motor is connected to the drive circuit. The CV/F strategy is more
often used as a part of the other two general types in order to handle the accel-
eration or de-acceleration of the motor. The underlying idea of all the methods is
based on controlling the torque and flux commands applied to the motor separately
like what is done in DC motor control. Since quantities of induction machines are
highly inter-related, unlike the DC machines, it is tried to first isolate the flux and
torque components by any means, for example a mathematical transformation from
a time-dependent to a time-independent space, and then control the quantities
separately. After generating proper torque and flux commands, the values should be
translated into the voltage signals and this is exactly where the switching pattern
plays its role in the motor-drive system operation. In practice, there are many
existing patterns each of which has its own advantages and disadvantages while the
most frequent one is the space vector modulation (SVM) technique regardless of its
different extensions. The switching pattern outputs the signals applied to the
switches connecting the DC bus voltage to the motor terminal voltages. By means
of the briefly discussed configuration, the speed and the torque can be indepen-
dently controlled and adjusted depending on operating point characterized by
application requirements.
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There is a wide range of operating conditions in inverter-fed induction motors
compared with the line-start one and this is the main difference between the line-
start and inverter-fed applications. In a line-start mode, the only controllable
quantity is the amplitude of the motor voltage while the supply frequency, the
speed and the motor torque can be easily controlled in the inverter-fed mode as
well. This, in fact, makes the diagnosis process more troublesome since the number
of factors influencing the fault indicators definitely increases. This is indeed the
state of the art nowadays, and many researchers are trying to first realize how
faulty motor quantities are affected if drives are incorporated and then find a novel
solution or at least a complement for previous line-start-related diagnosis techni-
que in order to outline the fault diagnosis of inverter-fed machines. Although
attempts have been initiated couple of years ago, the idea is still new and worth
dealing with.

Having discussed the major idea behind using drives and their applications in
electrical motor industries, now it is time to go in depth of its principles, not very
technical rules in terms of the structures or the design process of the drives, but a
more comprehensive behavioral study of its effect on the motor quantities and how
they should be translated into the drive circuit signals. In view of fault diagnosis
procedures of electrical machines, what really matters is to process the motor sig-
nals, either the original or transformed signals, and extract the fault information out
of the analysis. So we do not aim at working around different type of switches,
various inverter topologies or switching techniques which might not be directly
related to the condition monitoring of electrical machines. However, no one can
deny that any of the mentioned factors might also have an impact on the quality of
the process, but this is an absolutely uninvestigated problem, and there is no
information on it.

2.4 Inverter-fed induction motors

2.4.1 Constant voltage per frequency strategy (CV/F)
The CV/F is one of the popular scalar methods of control in induction motors.
There are generally both the open-loop and closed-loop modes of this control
strategy. It is preferred to start the discussion by targeting the open-loop regime.
The corresponding closed-loop strategy differs in only one feedback loop which is
used to stabilize the motor speed at a reference value. The underlying idea comes
from a very basic relationship as Motorflux Lð Þ / Voltage=frequency (see (2.28)).
If the number of turns and also the motor geometry is fixed, the flux is proportional
to the supply voltage and inverse-proportional to the supply frequency. Figure 2.16
shows the real variation trend of the motor voltage versus its frequency. There is a
nonlinear initial curve located in [0�fcutt-off] Hz related to the part of the voltage
which should be added to the minimum voltage applied to the motor to compensate
for the voltage drop across the stator winding resistance. The typical value should
be around 10% of the rated voltage where the reference frequency or speed is zero.
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Then the voltage or rather equivalently and more technically the EMF should fol-
low a linear direction toward the rated values with a constant voltage/frequency
which represents the line slope. Practically speaking, when the voltage comes
across the rated value, the rated frequency should also be satisfied. This is an
extremely important requirement ensuring a rated flux at this point. Along the
linear region, there is a perfectly tuned rated flux. Otherwise, the motor power
density falls below its maximum capability if the slope is less than the rated. On the
other hand, if the slope is larger than enough, the magnetic flux and consequently
the magnetic losses increase dramatically. This is the reason that all the electrical
machines are designed in a way to operate around the knee point of the magnetic
saturation profile.

Beyond the rated frequency, a very well-known operation, the so-called Flux
weakening is present. Although the frequency can be freely increased up to a cer-
tain high value, there is a limitation on the motor voltage which should be restricted
to the tolerable insulation limit. Otherwise, insulations would fail. Therefore, the
voltage/frequency decreases by increasing the frequency beyond the rated value. In
this operating mode, the motor definitely possesses a speed higher than that of a
normal line-start mode. However, the speed or frequency cannot be raised infinitely
due to the mechanical and magnetic losses limits. So there should always be trade-
off between the speed and the efficiency of the motor.

This simple but practical curve (see Figure 2.16) determines the possible range
of variation of the torque–speed of the induction motors controlled by inverters.
This curve includes the constant flux and flux weakening regions which are basi-
cally brought up by the primary torque–speed profile shown in Figure 2.13 by
assigning various voltage and frequency to (2.30) concerning the voltage limits of
the motor. The same is done by changing the frequency and the voltage from very

Constant flux

Linear region

Fixed slope

Vs

Vrated

Flux weakening

fcut-off frated fs

Figure 2.16 Stator voltage versus supply frequency
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small values up to their rated and even larger values in the case of supply fre-
quency. Then the torque–speed curves are plotted in Figure 2.17(b). In addition, the
effect of a variable voltage and fixed frequency in line–start mode is observed
Figure 2.17(a). As long as the synchronous frequency is fixed, the curves are not
shifted toward the positive frequencies, and the change is only applied to the
torque-axis which is proportional to voltage squared. This means that if the voltage
becomes half of the rated value, the motor torque productivity is reduced by a
factor of 4. This considerably affects the motor start-up quality due to the fact that
the starting torque decreases as well. Decreasing the motor voltage in the line-start
mode is also a reason for increasing the slip losses and this can undeniably be
understood from the decreasing slope of the stable linear region of the profile (see
Figure 2.17(a)).
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Figure 2.17 (a) Torque–speed profile for different voltages in line-start mode
and (b) torque–speed profile for different voltages and
frequency in inverter-fed mode
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In the same manner, a comprehensive judgment in terms of the inverter-fed
induction motor could be held herein as follows:

● The vertical line of the rated frequency defines two distinct operating modes,
namely the constant flux (constant torque) and flux weakening (constant
power) regions.

● Below the rated frequency, the maximum torque (breakdown torque) is fixed
upon keeping the voltage/frequency ratio fixed. In fact, the voltage is kept
increasing linearly as a function of the frequency up to the rated value which is
required in the rated frequency point. In this case, the curves look like each
other but with a specific frequency shift.

● The slope of the linear region of the curves is the same; hence, it is expected to
have a close to similar slip losses in the constant torque region.

● Increasing the supply frequency beyond the rated values demands a decrease in
the terminal voltage in order to follow the insulation safety. Accordingly, the
motor flux and the torque productivity of the motor are reduced. An almost
exponential reduction rate is normally observed for regular motors.

● Not only is there a frequency shift of the curves, but also the break-down
torques gradually decrease by increasing the frequency.

● The variation observed in Figure 2.17(b) explicitly explains the claim that tor-
que and the speed can be adjusted independently if an inverter-fed application is
targeted. Specifically, the constant flux region clearly reveals this fact.

As seen, the reference torque and speed can also play a role in determining the
motor behavior based on which any fault diagnosis procedure is performed.
Therefore, it is not only the motor load affecting the detection process, but several
other factors including the control strategy, the reference speed, the torque and the
DC bus voltage might also have an impact on the process. This is the reason why
we insist on getting familiar with the behavior of the motor quantities in both the
line-start and inverter-fed cases and discriminating between them if needed.
Sometimes, instead of the motor original signals such as the current, their trans-
formations used in drive circuits are utilized for the fault diagnosis purposes. On
the other hand, these transformations are simply available in the most industrial
drives such as ABB ACS800.

The CV/F control strategy is implemented based on intentionally following the
inherent curves of the motor in terms of the voltage, the frequency, the torque and
the flux with the goal of pertaining the safe and also possible motor limits. This is
handled by means of the control strategy shown in Figure 2.18. This is a demon-
stration of an open-loop strategy while a close-loop one is also possible and will be
discussed soon.

The references could be the speed in RPM or the frequency in Hz. No matter
which one is selected, the frequency control unit takes care of transforming the
input into the electrical frequency, using (2.20)–(2.22). The voltage regulator keeps
following the V/F curve illustrated in Figure 2.16. What it does is to define the
maximum terminal voltage, Vm, based on the voltage limits forced by the V/F curve.
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To do so, the rated values should be definitely assigned to the drive. This is the first
step that an operator needs to do when dealing with a drive. In the next step, the
reference voltage commands are generated based on the reference frequency/
speed and are passed through the switching topology to generate the switching
pulses. Finally, the terminal voltages of the inverter connected to a DC bus the
motor runs. Since there is no feedback loop applied to the electrical or mechanical
motor signals, this topology is inherently an open-loop control mode. It is not
guaranteed to have a very small current or torque ripples in practice. Moreover, the
motor speed is always smaller than the applied reference due to the fact that
induction motor operates based on the slip phenomenon which causes a speed
reduction in the rotor compared to the synchronous speed.

There is also a combination of an inductance and a capacitor between the
converter and the inverter (see Figure 2.18). This combination acts as a perfect
filter as well as the DC bus maintaining an almost constant DC voltage on the bus.
The DC current flowing into this filter is sometimes referred to as a proper index of
the broken bars fault in inverter-fed applications. Therefore, any part of the drive
ranging from the control circuit to the DC bus might be affected by faults.

Like what has been mentioned before, there are several topologies to be hired
at this point. However, just in the case of introducing the fundamentals and also
providing industrial points of view, we will try to go through the SVM technique
which is dominantly used in industry.

2.4.2 Space vector modulation
SVM technique is the most popular switching topology in industry. The most inter-
esting advantage of this technique is its capability to simply control the amplitude
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Figure 2.18 Open-loop constant voltage per frequency drive
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of higher-order harmonic components of the motor voltage, so the THD is some-
how controllable. It is normally based on determining the exact period in which
switches should be on or off. Before going through analyzing SVM, we will have a
look at a typical two-level three-phase inverter shown in Figure 2.19.

Assuming that not both switches in one leg become on or off at the same time,
there can be eight possible switching states for this circuit (see Table 2.3). The DC
bus voltage is often divided into two parts between the capacitors each containing
half the total voltage, and the middle point of the capacitors is assigned as the

O

C

S1 S3 S5

S6S4

Winding b

Winding c

Winding a

S2

+

O

Figure 2.19 A two-level three-phase inverter

Table 2.3 SVM switching states

Vector S1 S3 S5 S2 S4 S6 VAB VBC VCA

V0 ¼ {000} OFF OFF OFF ON ON ON 0 0 0 Zero vector
V1 ¼ {100} ON OFF OFF OFF ON ON þVdc 0 �Vdc Active vector
V2 ¼ {110} ON ON OFF OFF OFF ON 0 þVdc �Vdc Active vector
V3 ¼ {010} OFF ON OFF ON OFF ON �Vdc þVdc 0 Active vector
V4 ¼ {011} OFF ON ON ON OFF OFF �Vdc 0 þVdc Active vector
V5 ¼ {001} OFF OFF ON ON ON OFF 0 �Vdc þVdc Active vector
V6 ¼ {101} ON OFF ON OFF ON OFF þVdc �Vdc 0 Active vector
V7 ¼ {111} ON ON ON OFF OFF OFF 0 0 0 Zero vector
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neutral point. Based on this convention, the maximum and minimum phase-neutral
voltages are þVdc/2 and �Vdc/2, respectively.

According to the definitions, when all upper or lower switches of all the legs are
off or on, the state is called ‘‘zero vector.’’ Otherwise, it is called ‘‘active vector.’’
The underlying idea is brought up by a vector representation of the voltage in the
stationary reference frame. Given a group of switch states and phase voltages (see
Figure 2.19), the vector components of the vector representation are derived as
follows:

~V ¼ Va þ jVb ¼ 2
3

VA0~a
0 þ VB0~a

1 þ VC0~a
2� 	

where ~a ¼ e j2p3 (2.31)
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~V
�� �� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V 2
a þ V 2

b

q
; a ¼ tan�1 Vb

Va

� �
¼ wst ¼ 2pfst (2.33)

As a well-known fact, there is a space vector of constant magnitude but rotating in
real-imaginary plane if a set balanced three-phase network voltages is considered.
The angular frequency of the rotation is equal to ws ¼ 2pfs. The vector repre-
sentation of (2.31) turns into zero if the zero vector states described in Table 2.3 are
met. Generally, the zero along with the nonzero vectors are demonstrated in a a–b
plane illustrated in Figure 2.20.

Assuming a voltage vector located in the first slice of Figure 2.20, between V1

and V2, the voltage vector V can be modulated into the V1 and V2. This means that
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Figure 2.20 Vector representation of the stator reference voltages
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the vector V, the reference voltage, can be obtained by sum of two adjacent vectors,
V1 and V2 each presenting a specific period of time, T1 and T2, within the switching
period, Ts. ‘‘T’’ defines the duty cycles of the switches. If T1 þ T2 is less than half
the switching cycle, the remaining period is handled by one of the zero vectors
close to the vector V. The choice depends on the fact that transition from one state
to the other one should be performed by changing only one leg of the inverter.
In the next half cycle, the switching order is reversed.

Ts~V ¼ T1V1 þ T2V2 (2.34)

T1 þ T2 þ T0 ¼ Ts

2
(2.35)

As a result of this modulation of the voltage, the terminal voltage would be
constant for very short-time periods which in turn defines the concept of the pulse
width modulation (PWM). Hence, the voltage consists of positive, negative and
zero pulses and not a pure sinusoidal form any more. It is also possible to produce
the pulses by adding nonadjacent voltage vectors which often produce a higher
THD level, so it is not proposed in high-power applications.

SVMs are centered on calculating the correct duty cycles of the switches and
this can be handled by taking the average value of the reference voltage in one
cycle and setting it equal to the sum of the average of the vectorized voltages
(see (2.36)). The calculations are done for the first sector including V1 and V2 and
then extended to a general case. Symmetrically averaging during the switching
period is the simplest continuous form of the SVM technique while other options
also exist.

ZTs

0

~V dt ¼
ZT1

0

V1dt þ
ZT1þT2

T1

V2dt þ
ZTs

T1þT2

V0dt

¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼)if the voltages are constant in one duty cycle
Ts~V ¼ T1V1 ¼ T2V2 ! Ts ~V

�� �� cos að Þ
sin að Þ

" #

¼ 2
3

T1Vdc

1

0

" #
þ 2

3
T2Vdc

cos
p
3

� �
sin

p
3

� �
2
664

3
775¼¼)yields

T1 ¼ Ts : a :
sin p=3 � að Þ

sin p=3ð Þ

T2 ¼ Ts : a :
sin að Þ

sin p=3ð Þ
T0 ¼ Ts � T1 þ Tsð Þ

8>>>>>>><
>>>>>>>:

where Ts ¼ 1
fswitching

and a ¼
~V
�� ��

2
3

Vdc

(2.36)
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Switching time during any sector

T1 ¼
ffiffiffi
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where n ¼ 1 : 6 defining the sector numbers

(2.37)

Ultimately, the gate timings are shown in Figure 2.21. All the curves are the same
except in the phase shifts which obviously show different on/off periods of the
switches. The x-axis represents the period of the reference voltage which is equal to
1/fref or s.

2.4.3 Analysis of motor behavior in open-loop CV/F mode
Having acquired the gate timings and applied them to the transistors (the switches),
the line voltage is obtained. It is a PWM signal whose fundamental harmonic
component is the same as the reference voltage calculated by the frequency
control module implemented in the CV/F diagram (see Figure 2.18). Compare
Figure 2.22 to one of the phase voltages in Figure 2.8 which corresponds to a line-
start application. Assuming that the periods are the same, the two signals are
totally different in shape and harmony. The aim of any PWM technique is to satisfy
the possibility of different reference frequencies and fundamental voltages.
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Figure 2.21 Gate timings (duty cycles) of six switches
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However, it ruins the quality of the signal in terms of the THD which is certainly
larger in the case of an inverter-fed machine. In fact, higher-order harmonic com-
ponents, which produce the spike-like signals and are present in the supply voltage
introduce considerably higher saturation and loss levels. Furthermore, they are
mostly a source of elimination of the fault components, especially those located in
higher frequency bands, for example higher than twice or triple the fundamental
component. This is one of the trickiest but sometimes useful parts of the inverter-
fed motor which facilitates the diagnosis process if utilized correctly. The discus-
sion on harmonic components necessitates another important argument in terms
of the Fourier Transform (FT) of the signals. It grounds some of the significant
aspects of any diagnosis procedures based on which the harmonic components of
the signals are analyzed and explored with the goal of finding proper fault indi-
cators. A guideline on implementation and analysis of a Fourier Transform will be
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Figure 2.22 (a) Time-domain line voltage in a symmetric SVM technique and
(b) frequency-domain line voltage in a symmetric SVM technique

Theory of line-start and inverter-fed induction motors 49



provided in chapter 7. For now, assuming an existing implemented algorithm, the
FT of the line voltage is taken and provided in Figure 2.22(b) within the range
[0–10,000] Hz.

Accordingly, the following specifications are observed:

● There is an almost decreasing trend of amplitudes of the harmonic components
upon increasing the frequency. This claims that the original time-domain sig-
nal contains a wide range of various-frequency sub-signals added to each
other. However, the higher the component order toward the higher frequencies
is, the smaller the amplitude will be.

● The largest amplitude corresponds to the fundamental component equal to
50 Hz in this study. This means that the frequency of the reference voltage
applied as the input of the CV/F approach is equal to 50 Hz.

● The normalized amplitude of the largest component is equal to one, and the
rest are less than 1. The spectrum has been normalized with respect to the
fundamental frequency, 50 Hz.

● Although higher-order components exit in the supply voltage, they are not able
to pass through the electromagnetic cycle of the motor because induction
motors normally act as a low-pass filter which filters out the components with
the order of larger than 20 to 25 times the fundamental component. This is due
to the presence of a relatively large inductance produced by the windings.
Depending on the winding inductance, different harmonic orders might pass
into the motor operation and can be observed by means of monitoring the
signals other than the motor voltage. Let us focus on the fault-related compo-
nents. They are usually low-frequency components detectable around the
fundamental one. Therefore, it is expected that a group of strong signals exist
in the motor magnetic, electrical and may be mechanical components. This
conveys the idea of exploring and monitoring the motor frequency signature
and check which components are sensitive or insensitive to the fault, the load
and the speed, etc. Almost all the fault diagnosis approaches utilize the har-
monic components and their variations as a tool to detect, determine and locate
different faults.

● Figure 2.22 includes a carrier/switching frequency ( fcarrier) equal to 1 kHz. The
corresponding period, Ts, used in (2.36), is equal to 1/fcarrier. The larger the fcarrier

is, the larger the number of pulses in Figure 2.22(a) is. A higher-frequency
resolution would also be achieved by increasing the carrier frequency.

● The amplitude of the voltage signal and the corresponding harmonic compo-
nents directly depend on the DC bus voltage. Some researchers have claimed
that changing the supply voltage amplitude or even the current does not change
the normalized values; hence, they always rely on this normalized diagram in
the diagnosis applications. We are going to show that this is a totally incorrect
claim since the motor saturation level is definitely changed if the voltage
or current are changed. Therefore, the fault components which are highly
saturation-dependent undoubtedly change. This is a very demanding and at the
same time challenging aspects being dealt with in this book in detail.
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So far, we have explained the route to a proper voltage extraction out of the
applied reference value which is regularly the motor synchronous speed or fre-
quency. Following the CV/F diagram, the line voltages are generated out of the DC
bus voltage and then applied to the motor terminals. The synchronous frequency is
equal to the reference frequency, so the rotor should rotate with a frequency smaller
than the synchronous one in order to satisfy the motor slip. The motor quantities
including the current, the torque and the speed are shown in Figure 2.23. An
acceleration unit can also be implemented prior to the reference value to control the
motor transient start-up and make it a smoothly increasing regime. So the observed
rattle behavior at the beginning of the curves shown in Figure 2.23 will become
smoother. This is actually the case in industrial drives, although herein a harsh
start-up such as what happens in the line-start mode is practiced just in the case of
preparing fair comparisons. Moreover, the speed overshoot can be completely
eliminated if a proper start-up curve, usually a linear one, is applied to the system.
It is also important to note that a motor with different characteristics listed in
Table 2.2 is used here. This is a 11 kW#, 4-pole, 400 V induction motor which has
36 stator slots and 28 rotor bars. The complete list of specifications will be further
provided in the Chapter 6 related to the finite element-based modeling of this
motor. The simulated model used in this case is not a single harmonic model, but a
more comprehensive one in which the higher-order spatial harmonics are incor-
porated as well. The model is based on the winding function theory (WTA) and will
be discussed in the chapter corresponding to the simulation process of faulty
motors. However, introducing new components to the model, a more nonsmooth
and/or nonsinusoidal signal is observed in Figure 2.23. The electromagnetic torque
and the speed do not reveal a smooth steady-state performance and some obvious
periodic oscillations are present which coupled with the previous discussion prove
the existence of higher-order harmonic components in the motor-drive system. The
components related to the switching phenomenon could be detected in the motor
current, i.e. Figure 2.23(a), in which the ripples are carried by the main signal. Not
to mention that the positive slopes of the ripples are relevant to the positive voltage
pulses and vice versa. The switching-related ripples are barely detectable in the
speed or the torque since the high-frequency components are usually filtered out of
the mechanical signals due to the low-pass nature of the mechanical loop of the
induction motor. This concept will be further proved mathematically. If the afore-
mentioned acceleration block is added to the control strategy, the motor rise time is
even controllable. As a technical issue, the amplitude of the ripples and so their
improper effects on the motor operation can be reduced by increasing the switching
frequency. Nevertheless, there should always be a trade-off between the switching
frequency and the motor losses.

In the case where a single harmonic model is used for simulating the CV/F
mode, the torque and the speed would be smooth enough even if the switching
frequency is very small. This statement brings up the significant effect of the addi-
tional spatial harmonic components used in the winding function theory by means of
which the components produced by the nonsinusoidal winding distributions and also
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Figure 2.23 (a) Current, (b) electromagnetic torque and (c) speed in CV/F mode
without acceleration unit
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the slotting effects are taken into account. Therefore, it is claimed that the low-
frequency torque and speed periodic oscillations are not because of the switching
phenomenon. The reason is the use of the accurate motor model. These low-
frequency components are so highly fault-sensitive that even a small level of
the fault such as the bar breakage can change the amplitude of the oscillations.
Surprisingly, the fault-related components already exist in the motor natural fre-
quencies and the fault occurrence merely changes their amplitude. However, some
of the researchers claim, of course by mistake, that the fault occurrence is a reason
to introduce new harmonic components. Maybe, in some particular and rare cases,
they are right.

Previously, it was noted that the fault-related components possess a variable
trend in any transient mode, and hence any factor influencing the transient opera-
tion certainly affects the fault-related components. Therefore, a new challenge is
developed and that is the infinite possibility of the transient profiles if a user-
defined acceleration or de-acceleration adjustment is allowed. This matter has not
so far been investigated deeply since the number of situations is not identifiable. So
we highly recommend switching this case if a new research work is to be done. The
analysis of steady-state analysis has been turned into a technology today and only
minor improvements are suggested.

A closed-loop implementation of the CV/F control strategy is also possible by
adding a closed speed loop and comparing it with the reference value. Doing so, the
rotor speed approaches the reference value, and the synchronous speed goes beyond
that due to the motor slip. This is handled by the very well-known slip compen-
sation technique usually applied by a simple sum-loop to the system. It might also
be noted that since there are more referable closed-loop strategies like the FOC and
DTC modes, it is preferred to switch the discussion to analyzing them instead of
working on the CV/F mode. The CV/F mode can also be a part of the strategies
discussed later.

2.4.4 Reference frame theory of induction motors
In an FOC method, some transformations are always applied to the three-phase
motor quantities including the voltage, the current and the flux in order to eliminate
the time-dependency and simply to control them as separate values like what is
done in DC motors in terms of the torque and the flux [24–28]. Actually, an abstract
concept called the ‘‘reference frame theory’’ is introduced. In this theory, a three-
phase system is mapped onto a two-phase time-dependent or independent system.
Conventionally, the two phases are highlighted by D and Q notations. A general
DQ representation of an induction motor is provided in Figure 2.24. Instead of Wa,
Wb and Wc which represent the three-phase system windings, Wqs, Wqr, Wds and Wdr

are used to demonstrate the DQ-related windings/coils through the analysis. D and
Q windings are fixed with respect to each other and the relative speed between the
axes is zero. However, the DQ axis might or might not rotate depending on the
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user’s choice. The speed of rotation can be chosen as zero, the synchronous speed,
the rotor speed as well as a user-defined speed. Likewise, different reference frames
called the stationary, synchronously rotating and rotor frames are achieved,
respectively. By definition, the D-axis leads the Q-axis in a counter clockwise
direction.

All motor variables must be projected to the DQ reference frame, using a
mathematical transformation matrix, the so-called ‘‘the Park’s transformation
matrix’’ formulated as (2.38). The idea can also be extended to a system with larger
number of phases.
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Transformed motor variables: xdq0 ¼ Kxabc (2.39)
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Figure 2.24 DQ reference frame of an induction motor
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Applying the transformation and replacing the results into (2.1)–(2.19) leads to the
following voltage balance equations with an arbitrary rotation speed of the DQ
frame.

vds ¼ Rsids þ pLds þ Lqspq

vqs ¼ Rsiqs þ pLqs � Ldspq

vdr ¼ Rridr þ pLdr þ Lqrpb

vqr ¼ Rriqr þ pLqr � Ldrpb

where

Lds

Lqs

Ldr

Lqr

2
6666664

3
7777775 ¼

lss þ lsm �0:5lsm 0 0

�0:5lsm lss þ lsm 0 0

0 0 lrs þ lrm �0:5lrm

0 0 �0:5lrm lrs þ lrm

2
6666664

3
7777775

ids

iqs

idr

iqr

2
6666664

3
7777775

(2.40)

Certain simplifications in (2.40) are achieved if the term ‘‘q’’ is predefined. Here,
the stationary reference frame for which pq ¼ 0, is discussed. The other two
important cases including the rotor frame and also the synchronous frame are
obtained by simply replacing the pq ¼ wr and ¼ ws, respectively.

w¼ pq¼ 0!D b¼ q� qr ¼�qr; pb¼�wr

Results in

vds ¼ Rsids þ pLds

vqs ¼ Rsiqs þ pLqs

vdr ¼ Rridr þ pLdr �wrLqr

vqr ¼ Rriqr þ pLqr þwrLdr

�!yields
v½ � ¼ R½ � i½ � þ L½ �p i½ � þwr G½ � i½ � where ½ � is a matrix representation of variables

(2.41)

The following features are valid in terms of the reference frames:

● In the stationary frame, all the DQ variables are time-dependent in both the
transient and the steady-state modes. Therefore, the complexity of the analysis
is somehow maintained.

● In the synchronous frame, any stator quantities such as voltage or current
possess a constant value for the steady-state operation while the transient
operation still reveals a fluctuating trend. The rotor quantities are also varied
since they are projected to a frame with different rotating speed. The frequency
of the electrical variables of the rotor should ideally be equal to that of the rotor
in real world, sfs, of course in steady-state operation.
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● In the rotor reference frame, the stator variables are also of an oscillating
nature in both the transient and steady-state operations since they are projected
to a frame whose rotating speed is equal to wr which is definitely different
from the synchronous speed. In other words, the complexity of the analysis and
also the level of time-dependency increases in the following order: the sta-
tionary frame, the rotor frame and the synchronous frame. Due to the varia-
bility of the existing alternatives, various control strategies are also available.
However, a competent industrial drive should be able to control the motor with
any possible topology.

Together with the FOC strategy, the reference frame theory helps control the
motor flux and the speed separately. This is what really required in terms of a wide
speed range control of induction motors. The flux must be independent of the motor
speed in the constant flux region while it should be controlled as an exponential
function of the speed for the flux weakening region. On the other hand, the vari-
ables of a three-phase motor are totally interrelated. So changing one parameter
would change the others. The reference frame theory aims at decoupling the flux
and speed control loops of the motor in a way that they are controlled somehow
independently. The decoupling is not 100% accurate. However, it works well at
least in terms of ordinary applications. The idea comes from the fact that D and Q
components are literally independent proved by the inductance matrix shown in
(2.40). However, there is always a cross saturation effect between the D and Q axes
caused by the saturation of the silicon steel material. Thus, a saturation-based
decoupling approach is sometimes applied to the control circuit to eliminate this
effect as much as possible.

2.4.5 Field-oriented control of induction motors
The FOC of induction motors is fundamentally based on measuring the speed
and the position of the motor by means of the equipment such as the encoder or
by estimating analytically (see Figure 2.25). This is the critical part of any closed
loop application. If the speed and position estimation is handled analytically as
describing the motor state space, the method would be called ‘‘sensor-less closed
loop control.’’ Otherwise, it is a with-sensor solution. Normally, the sensor-less
applications are less accurate in terms of control goals. Regardless of the type of
the speed estimation, having measured the motor speed, it is compared to the
reference speed value which is actually the input of the control process. This is
the value which should be met by the control strategy. In fact, the rotor speed
should precisely follow the reference value. Consequently, the synchronous
speed should be a little bit larger than the reference speed in compensation for the
slip. The other input is the reference value of id in the stator side. So it is likewise
noted as ids in some papers. This parameter can be fixed or adjusted depending on
the required flux level forced by the flux control block shown in Figure 2.18. To
do so, another block shown in Figure 2.26, is usually added to the very beginning
of the FOC circuit. The acceleration block takes care of smoothly increasing or
decreasing the speed reference so that a very smooth start-up is obtained. This is
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finalized within the time period 0 to tacc. Then, a constant reference value equal
to the desired one is applied to the motor. During the transient operation, the
CV/F concept is utilized to maintain a constant rated flux if the motor speed
should be kept below the rated value. Otherwise, by means of the exponential
part of the flux controller, a flux value proportional to the motor speed is cal-
culated and applied to the block which determines the value of id. It is obvious
that the D-axis component of the motor current and consequently its voltage is
related to the flux level. Indeed, it is the id which controls the flux level required
for various operating speeds. This is where the CV/F concept contributes to the
close-loop applications.

On the other hand, there is a speed control loop separate from the flux control
loop in any FOC control strategy. The input value is compared to the real rotor speed
estimated or measured by the feedback and then passed through a linear PI controller
to generate the reference iq value which is in relation with the motor torque.
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Figure 2.25 Field-oriented control of induction motors
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Actually, iq is called the torque component of the DQ frame. In this level of control,
the reference id and iq pass through a set of PI controller to generate the vd and vq

(2.41) simply verify the applicability of the PI controllers. Basically, since the
relation between (id, iq) and (vd, vq) is linear during the steady-state operation,
a linear controller could be used to relate the voltages to the currents. The only
challenging part is to find the appropriate proportional and integral coefficients
(gains). The typical strategy is to choose the proportional gain 10 times larger than
that of the integral one. The difference between the real and reference values of the
currents producing the reference voltages, not the reference currents themselves.

vdref and vqref are the D and Q components of the required voltages for the
requested speed and flux values. There is always a third voltage component, i.e. v0,
as one of the outputs of the Park’s transform. Meanwhile, this value should be
ideally set to zero if a balanced three-phase system is desired. Then, according to
the three-phase voltages, appropriate switching signals are forced to the inverter,
and the motor terminal voltages are ready.

Now it is time to provide some clues in terms of the contribution of the FOC
strategy in fault diagnosis procedures. As mentioned before, one of the biggest
objections in the time-domain analysis of the faulty motor signals is the closeness
of some of the fault indicators to the fundamental harmonic component of the
motor variables such as the current. While applying the projection from the three-
phase system to a DQ frame, the dependency on the fundamental frequency will be
eliminated if a proper reference frame is selected. Therefore, a useful alternative is
to analyze the DQ components instead of the components in an ABC reference
frame. This really matters in the case of a broken bar motor. Sometimes, the effect
of the proportional and integral gains on the components of the ABC frame is not
tractable. Nevertheless, the DQ components reveal a very well-behaved variation
with respect to a change in the gain levels. The change in the gain levels is another
significantly influential factor in any diagnosis process. Unfortunately, a few works
has been reported in this field, so it is still an open area of research.

The other objection is the negative effect of the closed-loop control strategies
on the fault indicators. For example, if an eccentric motor under an FOC drive is
investigated, the torque or speed fluctuations caused by the fault will not be visible
anymore if a very well-tuned drive is utilized. In case the fault goes beyond a
specific level, the diagnosis process will be able to detect a mal-operation. This
phenomenon makes the detection, determination and finally the diagnosis process
way difficult and probably impossible at least in the case of a lower fault level.

The third and probably the most important challenge is the presence of two
control loops each acting like a low-pass filter eliminating some of the fault-related
components. This fact will be analyzed deeply by mathematical and experimental
methods in the next chapters. Moreover, different drive types and technologies
reveal different band passes and also various effects on the variation rates of the
fault indicators. This is an unaddressed issue in the literature, and there should
be a proper investigation of the commonly used inverters and their impact on the
diagnosis process. This is suggested as a new field of research for potential
researchers in academia and even research and development centers of industries.
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At this point, it is preferred to move toward investigating the next well-known
closed-loop strategy called ‘‘direct torque control (DTC)’’ prior to providing the
behavioral study of the motor quantities. The reason is that the corresponding
behavior of both FOC and DTC approaches really look similar. Of course, there are
differences which might not be considered as problems in fault diagnosis proce-
dures. The main difference is the type of variables used to control the motor torque
and the flux. Otherwise, the whole concept is the same. Depending on the control
strategy, the type of variables which must be chosen for the diagnosis purposes
should also be different because not all variables contributed in a FOC drive are
simply available in a DTC drive. Therefore, in the fault analysis, the variable
selection process might be the most demanding aspect instead of the major dif-
ference in how these two types of drives might operate on the motor.

Acknowledging the aforementioned points, the DTC strategy is studied; then a
detailed behavioral analysis of the motor quantities in both ABC and DQ frames is
provided.

2.4.6 Direct torque control of induction motors
Figure 2.27 shows a generalized DTC strategy along with its fundamental elements
including a PI controller, two hysteresis controllers, the torque/flux estimator, etc.
In DTC approach, there is no transformation of the motor variables from the ABC
to DQ frame. It is basically grounded on the comparison of the real torque and flux
values with the corresponding reference values. The reference values of the speed
and the flux are obtained in the same way as that of the FOC drive. Then, the values
are assigned to the inputs of the drive system. The inputs are compared to the real
values estimated by the ‘‘torque/flux estimator block’’ in which the Park’s trans-
form is implemented.
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The estimated torque and flux functions are formulated as follows:

Stator flux magnitude Ls ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2

ds þ L2
qs

q
Stator flux angle < Ls ¼ tan�1 Lqs

Lds

� �
8>><
>>: (2.42)

Electromagnetic torque Te ¼ 2
3

P Ldsiqs � Lqsids

� 	
(2.43)

The differences between the real and reference values, i.e. DTe and DLs, enters the
hysteresis controllers which directly manage the torque and flux magnitudes. The
controller corresponding to the flux and torque loops is a two-level and a three-
level controller, respectively represented as follows:

dL ¼

�1; if DLs � �DLsmax

2

1; if DLs � DLsmax

2

1 or �1; if � DLsmax

2
� DLs � DLsmax

2

8>>>>>><
>>>>>>:

(2.44)

dTe ¼

�1; if DTe � �DTmax

1; if DTe � DTemax

0; if DTe ¼ 0

0 or �1; if � DTemax � DTe < 0

0 or 1; if 0 < DTe � DTemax

8>>>>>>><
>>>>>>>:

(2.45)

dL and dTe are the maximum allowed range of variations of the flux and the torque,
respectively. These two parameters are the maximum and minimum limits of the
hysteresis controllers. The value of 1 in the torque controller means that the motor
torque should increase. Similarly, the value of �1 corresponds to the torque
reduction region, meaning that the real torque is larger than that of the reference
value. If the real and the reference values are the same, there is no need to change
the torque command and the corresponding voltage vector, so the output must be
zero. Likewise, the flux controller consists of two states, 1 and �1. The state 1 is
related to the case where the stator real flux is smaller than the reference value and
vice versa. The combinations of two states of the flux controller and three states of
the torque controller generate six different switching arrangements listed in
Table 2.4. ‘‘N’’ is the number of voltage sectors similar to that discussed in the
SVM technique. The states are shown by a three-digit number ‘‘xxx.’’ If the first x
from the left is equal to 1, then it means the upper switch of the first leg of the
inverter must be turned on. If it is zero, the lower switch should be turned on. The
second and third digits correspond to the second and third legs, respectively.
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The switch states directly depend on the torque, the flux and the switching
frequency cannot be controlled by the DTC method. The switching pattern used in
this technology is not based on the SVM or even the sinusoidal PWM techniques.
These are the values in Table 2.4 which define the switching pattern, and switching
frequency is somehow random. This is one of the drawbacks of the DTC method.
Hence, it is sometimes combined by a FOC-based technique to satisfy the fixed
switching frequency requirement. Generally, the FOC and DTC strategies are dif-
ferent in the ways listed in Table 2.5.

Following the description of the FOC and DTC strategies, a behavioral study
of the motor quantities is offered herein to see how a closed-loop approach affects
the motor variables. The simulated motor specifications are listed in Table 2.6. A
single harmonic model of the motor like what was previously discussed in this
chapter is utilized. Here a very large motor of 150 kW is considered. The rated
frequency is 60 Hz, and the number of poles is 2. Therefore, the rated synchronous
speed is 3,600 rpm. However, the attempt is made to simulate the motor in a speed
other than the synchronous speed in order to show the capability of the drive in
controlling the motor.

Here are the features and characteristics of the motor variables for a given
speed and torque command applied to a FOC drive. The speed command is set at
2,000 rpm while the required torque at 0.

● For all closed-loop applications, maximum current and torque are applied to
the motor in order to achieve as fast-speed response as possible. So even
though the torque command is set at 0, the electromagnetic torque is a con-
siderably large during the start-up (see Figure 2.28(b)). The acceleration rate
has been set at 2,000 rpm/s. It is usually an adjustable term in any industrial
drive. It should not be essentially a linear curve like what is shown in
Figure 2.28(c). It can take any user-defined curve, of course if the inverter has
enough potential to produce the required voltage and current. Actually, this is
always the inverter limits which restrict the integrated motor-drive system
operation. Therefore, beyond the inverter limits, no operation is available.

● The motor current and torque at start-up is easily adjustable by means of the
current limiters implemented inside the PI controllers. The larger the limits are,
the faster the response can be.

Table 2.4 States of the switches in DTC strategy

l T N ¼ 1 N ¼ 2 N ¼ 3 N ¼ 4 N ¼ 5 N ¼ 6

110 010 011 001 101 100
111 000 111 000 111 000

�1 101 100 110 010 011 001
1 010 011 001 101 100 110

000 111 000 111 000 111
�1 001 101 100 110 010 011

Theory of line-start and inverter-fed induction motors 61



● The ripples caused by the switching are obviously seen in all the motor signals.
As far as the motor model is a single harmonic one, there should not be any
ripple in the motor quantities. However, it is not the case here, and there exist
ripples. Generally, the amplitude of the ripples can be reduced by increasing
the switching frequency, but it cannot be reduced below a certain point due to
the limits on the switching frequency. For normal applications, a maximum
value of 20 kHz is assigned.

● Unlike the line-start mode, any other mode has an open-loop nature, the cur-
rent and torque magnitudes are fixed during the transient operation of the
motor. This is the astounding feature of any closed-loop operation which
allows the motor to start up as quickly as possible.

Table 2.5 Comparison of DTC and FOC control strategies2

Comparison property DTC FOC

Dynamic response to torque Very fast Fast
Coordinates reference frame alpha, beta (stator) d, q (rotor)
Low speed (<5% of nominal)

behavior
Requires speed sensor for

continuous braking
Good with position

or speed sensor
Controlled variables torque and stator flux rotor flux, torque current

iq and rotor flux current
id vector components

Steady-state torque/current/flux
ripple and distortion

Low (requires high quality
current sensors)

Low

Parameter sensitivity, sensorless Stator resistance d, q inductances, rotor
resistance

Parameter sensitivity,
closed-loop

d, q inductances, flux
(near zero speed only)

d, q inductances, rotor
resistance

Rotor position measurement Not required Required (either sensor
or estimation)

Current control Not required Required
PWM modulator Not required Required
Coordinate transformations Not required Required
Switching frequency Varies widely around

average frequency
Constant

Switching losses Lower (requires high-quality
current sensors)

Low

Audible noise Spread spectrum
sizzling noise

Constant frequency
whistling noise

Control tuning loops Speed (PID control) Speed (PID control), rotor
flux control (PI), id and
iq current controls (PI)

Complexity/processing require-
ments

Lower Higher

Typical control cycle time 10–30 ms 100–500 ms

2https://en.wikipedia.org/wiki/Direct_torque_control (access date: October 2016)
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● The right subplot of Figure 2.28(a) is a DQ representation of the stator current.
There are two semi-circle shapes demonstrating the transient and steady-state
operations. The circle with the larger radius is of a transient nature, and the
smaller one corresponds to the steady-state operation. Always, the DQ com-
ponents of the motor variables produce circle-like locus assuming a balanced
and healthy three-phase system. If faults occur, the locus will reshape depend-
ing on the fault level and type. So this is one of the great potentials of drive
circuits in providing fault-friendly signals. It is noted that the system has been
simulated in a rotor reference frame.

● In Figure 2.28(c), the overshoot is also very small compared to the line-start
mode. This value could be zero if a very well-tuned drive is used.

● During the transient operation, the variables, those of either the stator or the
rotor, have sinusoidal nature. However, the rotor variables become constant
during the steady-state operation since the motor was modeled in the rotor
frame. The stator variables are still sinusoidal.

● The rotor voltages are set to zero deliberately (see Figure 2.28(e)). In practice,
there is a close to zero induced voltage on the bars.

● When the broken bar fault occurs, the voltage across the broken bar is not zero
anymore and this can be considered as a fault indicator. However, measuring
the bar voltage is not a generally applicable task in the industry.

● Depending on the drive and inverter types, different motor variables are
directly controlled. For example, in simple DTC drive, there is closed loop
applied to the motor speed and consequently the torque. Therefore, the torque
and speed will finally come to a very smooth operation even in case a fault
occurs. This is why the proper signal selection should be a part of the fault
diagnosis process. Likewise, if a current source control inverter is used, the
motor current would be stabilized regardless of the fault presence. In this case,
the motor torque and speed might be fluctuating because of the fault. In the
line-start mode, none of the mentioned challenges exists and all the motor
quantities including the magnetic, electrical and mechanical ones are simply
affected even with a very small fault level. So if an inverter-fed motor is

Table 2.6 Simulated motor data

Power 150 kW

Line voltage 460 V
Frequency 60 Hz
Number of poles 2
Rs 14.85 mW
Rr 9.29 mW
Msr 10.46 mH
ls 0.3027 mH
lr 0.3027 mH
J 3.1 kg m2

Bv 0.08 kg/(s m)
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investigated, more fault-sensitive processors should be hired. Otherwise, it is
almost impossible to diagnose the fault.

● Due to the importance of the topic, it is noted again that the transient mode of
faulty inverter-fed motors has not been addressed yet and more efforts are
needed in the field. The point is that the transients matter only if a considerably
high-power motor with the corresponding start-up of around a couple of sec-
onds is under investigation.

So far in this chapter, an essentially required insight of the induction motor
and its operation has been provided. Then, through mathematical and simula-
tion-based developments, the challenges in terms of the behavioral study of a
healthy and sometime the faulty motor were addressed. According to the dis-
cussion, the following are highlights of this chapter and the guidelines for the
next chapters as well, in terms of the fault diagnosis procedures.

● Distinct parts of an induction motor are subjected to different types of fault.
For example, the short-circuit fault occurs in the motor windings consisting of
the insulation while the broken bar fault occurs in the rotor bars. Therefore, a
comprehensive study on the types of fault and their target places should be done
in the next chapters. This is a must-do before going through the advanced topics.

● Equally important, the motor signals including the voltage, the current, the
flux, the flux density, the torque, the speed and also the vibration might be
affected in different ways upon the fault occurrence. Furthermore, the type of
effect differs with the type of fault as well as the operating mode. Therefore,
the process of selecting proper signals should be discussed deeply in order to
get familiar with various practical situations and their requirements.

● So far, the type of the processor used to extract the fault information has been
discussed. Depending on the fault features in time, frequency or even time-
frequency domains, various processors each revealing specifically useful
aspects must be utilized. For example, for a given faulty steady-state operation,
the FT and sometimes the time-domain processors are the most popular.
However, they lose accuracy when it comes to the transient analysis.

● Extracting proper indices, the fault indicators, is for sure an important step to
take. So far, a lot of indices each dealing with a specific aspect of fault has
been proposed. None of the existing indices is completely able to detect,
determine and diagnose the fault. For example, assuming that the motor
operates in a light- or no-load condition, the conventional FT processors might
not be able to diagnose the fault unless a super high resolution of the spectrum
is set. Instead, the Hilbert–Huang transform (HHT) which is of a time-fre-
quency type easily detects the fault even in light loads. So being aware of
different fault indicators and their pros and cons will be useful in introducing a
competent fault diagnosis procedure.

● Unlike the researcher’s claim based on which one single index or process is
able to cover all the faulty detection conditions, it will be shown that an
accurate diagnosis procedure is a matter of operating conditions, and the pro-
cess should be updated for any major change in the conditions. For instance, if
the number of the rotor bars changes, one broken bar fault would have a
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different effect in terms of magnitude and variation rate of the corresponding
fault indicators. Therefore, it is not a straightforward task as simply mentioned
in the literature. In addition, any change in the shape of slots affects the pro-
cess. Even any change in the manufacturer of the drive might change the fault
indicator which makes the detection a trickier problem. This aspect of the
diagnosis task will be further addressed.

● If a research and development center intends to practice the fault diagnosis
process, the experiments related to different types of faults come to mind first.
Thus, a correct implementation of the faults should be considered. This is the
reason why we will devote a part of a chapter to this topic. Meanwhile, proper
sensor selection, sampling process and finally index extraction are proposed.

● Sometimes, it is impossible to examine all the fault types and conditions, spe-
cifically in academic environments. Therefore, accurate motor and fault models
become important. In this case, the finite element method (FEM), as well as the
WFA, will be deeply challenged and analyzed. So a very useful basis will be
provided for the academic researchers who suffer from lack of test rigs.

These are some significant aspects of this book which differentiate it from the
existing references. Actually, the goal is to merely focus on one single type of
motors, i.e. the induction motor, and develop really useful and engineering ideas for
the diagnosis process, instead of wandering around general topics of all types of
motors without going through the details of materials.
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Chapter 3

Induction motor faults: basics, developments
and laboratory-scale implementation

3.1 Introduction

In the previous chapters, we devoted ourselves to the analysis of behavior of the
healthy induction motor in different possible operating modes including transient
and rated operations each having their own effects on the electrical, magnetic and
mechanical quantities of the motor. In this chapter, we deal with an easy and
comprehensible way of formulating and describing motor quantities by means of
very useful mathematical equations. The goal is initially to see how motor quan-
tities might vary in time and partly in frequency domains. However, the frequency
domain is only mentioned as a black box while there would be a sufficient dis-
cussion in the next chapter corresponding to various time, frequency and time-
frequency processors. The materials provided earlier in the previous chapters were
interesting and, of course an essential step through understanding the induction
motor faults and the corresponding fundamentals. By ‘‘fundamentals,’’ the causes,
the effects and also any development related to the faults are targeted. Moreover,
various types of the supply modes including the line-start, open-loop and closed-
loop applications were discussed in the previous chapter to wrap up what happens in
industry in terms of the motor control strategies. So, a potential reader of this book
will get used to the terminologies and possible motor–drive interactions [1–6].
A general guideline based on which the motor operations are justified in different
modes were provided as well. As the goal of this book is not to discuss every single
aspect of drive circuits and also the control strategies, they were explained in a way
to cover a great portion of existing operations.

On the other hand, drive circuits are not directly related to the fault diagnosis
procedure of induction motors. They mostly apply a kind of impact on the quantities
of the faulty motor. It means that the drive and the inverter are not usually involved
in the diagnosis procedure. However, they definitely affect the process in compar-
ison to a line-start application. Having discussed and investigated the behavior of
the healthy induction motor, now it is time to go through the theoretical and
practical aspects of the faulty induction motor. This is a step-by-step process which
illustrates and formulates various faults and their effects on the magnetic, electrical,
mechanical and also thermal, of course if possible, quantities. Unfortunately, the
fault diagnosis of electrical machines really suffers from lack of knowledge in terms



of thermal analysis of induction motors. Therefore, the main focus will be on the
analysis of other types of physics. In the meanwhile, you will sometimes find a
subsection related to some specific aspects of thermal modeling or analysis of a
faulty motor.

According to the early materials of Chapter 2, any induction motor, regardless
of the type and the configuration, consists of two main parts, the stator and the rotor
each having their own particular components. Depending on the location and the
type of the component, various faults might occur. The magnetic, thermal, elec-
trical and also mechanical stresses are the major causes of faults in induction
motors. Generally, there are two types of faults as follows:

● Electrical faults: Any type of fault which has an electrical source is called an
‘‘electrical fault.’’ The most important and well-known kind of this type of
fault is the ‘‘short-circuit’’ or ‘‘interturn’’ fault. This fault is common for all
types of machines which include windings and coils. The main cause of the
interturn fault is the deterioration or damage of winding insulations. Over-
voltages or over-currents are the main causes. In fact, if the voltage applied to
the turns of windings goes over the tolerable thresholds of insulations, insu-
lations fail. Over-current, which is the main cause of heat-up in the machine
core and winding materials, is another factor in damaging insulations. As a
result of this phenomenon, two or more coils in a winding or even between two
windings are short-circuited, and an uncontrollable large current circulates
through the windings without contributing to the main torque component of the
motor. Therefore, it is only considered as a source of losses, unbalanced
operation and failure in the symmetrical operation of the motor. This is why,
this kind of unbalanced/asymmetrical operation is called ‘‘fault.’’

There are also other causes which lead to an unbalanced electrical operation
of the motor quantities, mainly the magnetic flux density. The best examples
are an unbalanced supply voltage, reversed-phase voltages as well as the
gearbox fault. However, they have nothing to do with the internal structure of
the motor. Therefore, they should not be considered as a type of fault assigned
to the motor because the source is not located inside the motor. Unfortunately,
some of research works take them as a kind of motor fault by mistake. In this
book, the term ‘‘fault’’ refers to a phenomenon which directly affects an
interior motor component so that a change in the shape, the material or the
motor operation takes place. Basically, if an external factor leads to a harsh
motor operation, it does not necessarily damage the motor components. con-
sequently, if the factor is removed, the motor will be back to its normal,
symmetrical and balanced operation. Nonetheless, if the harsh conditions go on
for a while, the external factor might lead to a destruction of the building
blocks of the motor. This is exactly what we call the ‘‘fault.’’ Therefore, all the
materials of this book are valid as internal faults take place. This discussion
necessitates the presence of an early fault diagnosis procedure usually called
an ‘‘incipient fault diagnosis’’ which should be an essential part of any diag-
nosis task. Incipient diagnosis is an extremely important condition monitoring
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process existing in high-power applications. In fact, diagnosing the transition
from a healthy state to a faulty one is always appreciate in industry.

● Mechanical faults: In this case, the main cause of the fault has a mechanical
nature. The ‘‘broken bar,’’ ‘‘broken end-ring’’ and ‘‘eccentricity’’ faults are
the best examples of the kind. There is no shortage of agreement that all the
mechanical faults are caused by a corrosion, improper casting or unsuitable
placement of the components. Sometimes, an internal defect of the motor
materials also produces a mechanical fault. For instance, the bearing fault
sometimes is a result of a partial breakage of the interior balls. The broken bar
fault is generally assigned to the event of dis-joining the end-rings and the bars
in the rotor. As the bars are connected to the rings through a molded or casted
area, they are likely subjected to a breakage if an overwhelming tension is
applied to the joints. Unbalanced magnetic pulls (UMP) are mostly the main
reasons. The UMP itself can be an output of a misaligned or eccentric rotor.
When a rotor center is not aligned with that of the stator, the motor air-gap
experiences an UMP around the outer circumference of the rotor. As a result,
the bars and the rings are impacted. When a broken bar motor comes across an
eccentric rotor, it is expected to observe a higher level of the broken bar
indicators. It is worth noting that any mechanical or even electrical fault
eventually contributes to an improper magnetic and/or thermal tension and
imbalance. Undoubtedly, the UMP is the best example of the magnetic
imbalance. In terms of the thermal stress, the short-circuited turns or windings
reveal a hot spot adjacent to the fault area and introduce the possibility of a
molded silicon steel material due to the high temperatures around the faulty
region. Hence, some specific types of fault faults might create another type of
fault. Thus, any methodology leading to a fast, reliable and most importantly
early detection of the fault is much respected.

In general, three major types of defects, namely the broken bars/end-rings,
the eccentricity/misalignment and the short-circuit faults are going to be investi-
gated in this book in details. The materials of this chapter are sort in the way
described below:

● the broken bars/end-ring fault
● the eccentricity/misalignment fault
● the short-circuit fault.

Each type will be analytically and experimentally dealt with. The broken bars fault
is practically the most tackled and analytically addressed one, and the other two
types somehow contain fewer databases in terms of analytical extensions and also
the drive-connected problems. Nevertheless, the authors try to gather up every
required detail for the purpose of providing the fundamentals of advanced knowl-
edge of the field. To this end, it is preferred to first discuss the basics of all types of
fault and then move toward some of the analytical demonstrations of the faulty
motor behavior. Then, the experimental approaches corresponding to the labora-
tory-scale implementation of various faults, along with the required sampling and
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processing tools and equipment, are studied. Hence, this chapter seems to be
interesting and, for sure, indispensable for almost all of the readers who are ama-
teurs. If the readers already have the idea of how faults are examined, the current
chapter might be skipped. Here are the main outlines of this chapter:

● to investigate the fundamental concepts of fault occurrence
● to study the time-domain effects of the faults on the motor quantities
● to provide some important analytical descriptions of the faulty motor behavior
● to provide the guidelines of the experimental implementation of various faults

in a laboratory
● to explain how the faulty motor signals are measured and then processed

experimentally
● to discuss various type of sensors such as the wireless apparatus which could

be used during the sampling and measurement task
● to go through the advantages and disadvantages of the measurement techniques

provided in this chapter and then introduce the most competent one.

As the starting point of the discussion, the broken bar fault is targeted as follows.

3.2 Broken bar/end-ring fault in induction motors

Bars breakage usually takes place in applications which specifically require
high-power motors, and a highly stressful environment normally exists [7–10].
In such conditions, oscillating loads, improper motor assembly, mechanical
stresses, as well as the hysteresis stresses, might weaken the joints connecting
the bars and the end-rings. Consequently, weakly connected bars might be dis-
connected from end-rings in one or both of the motor ends. This phenomenon,
which partially or fully eliminates the current in the broken bar or bars, is known
as the ‘‘broken bars/end-rings’’ (see Figure 3.1). Sometimes, there can also be a
crack or breakage in the end-ring, not in the location of the bar/end-ring joint, but
somewhere between two bars. This type is usually caused by improper casting
process during the motor construction. Equally important, the air bubbles located
inside the joints or the materials could be a decisive factor in increasing the
breakage likelihood. As it is conveyed by the name of this type of fault, it only
affects the motors with a squirrel-cage rotor, and because the squirrel-cage
motors are widely and prominently used in industry, the broken bars fault is very
common.

The term ‘‘partially’’ which was assigned to the broken bar fault in the pre-
vious statements reinforces the idea that there might be a partial or full broken bar
or bars. What happens in the case of partial broken bar is that the connection
between the bar and the end-ring still exists, although the breakage has already
happened and caused to disconnect a part of the joint. As a result, the partial broken
bars fault is introduced. Likewise, when there is a fully disconnected joint from
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which the bar current is not able to flow, the full broken bars fault is introduced.
Depending on the severity of the breakage, different levels of the partial broken bar
are addressed and investigated in the literature. Moreover, more than one breakage
might also be present at the same time. However, increasing the number of broken
bars, whether partial or full breakage, does not necessarily mean that the effect of
the fault on the motor quantities increases as well. It sometimes depends on another
factor which is the location of the bars in the rotor across the rotor circumference.
So, a new influential factor is introduced as well; that is the fault location. It should
be noted that increasing the severity of the breakage in the case of partial broken
bar always amplifies the fault effect, while it is not always the case where the
number of broken bars increases.

In Chapter 2, the rotor circuit was modeled and represented by an impedance
network containing one impedance per bar or one end-ring (see Figure 2.5). In the
same fashion, the broken bar rotor is modeled in a way that the bar subjected to a
full breakage is totally removed from the network. Instead, the current previously
flowing in the broken bar finds a pathway through the adjacent bars leading to an
increase in the bar currents close to the breakage, and the removed current is
modeled by a current source in Figure 3.2. The amount of the current source should
be ideally equal to the bar current removed from the circuit. The main reason for

Broken bar

Figure 3.1 Broken bar fault in a squirrel-cage induction motor
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the increase in the current level of the adjacent bars is the elimination of the
armature reaction generated by the broken bar in a healthy case. The voltages
applied to the adjacent bars increase; hence, their total current increases as well.
The amount of divergence forming a symmetric and healthy motor depends on the
severity of the breakage. The more sever the joint is broken, the larger the asym-
metry of the motor variables will be.

The first variable affected by the broken bar is the current space distribution.
Then, the corresponding magnetic field pattern is distorted. The development
process of the broken bars fault is as follows:

Mechanical asymmetry ? Electrical distortion? Magnetic distortion?
Thermal stress

At the final stage of this fault, due to the dramatically increased magnetic saturation
caused by the over-current phenomenon, the local losses and subsequently the local
temperature increase as well. This is the general qualitative flow observed in any
broken bar event.

Now, it is time to take a bit distance from the philosophical aspects of the
broken bars fault and move along with the real-world happenings in terms of
formulating this kind of fault. Without exception, if a symmetric, healthy and
single harmonic motor is under investigation, the ideal magnitude of the back-
ward field should be zero. The term ‘‘backward’’ is assigned to a field which
rotates in the opposite direction to that of the synchronous speed or frequency.
When an inherent asymmetry such as the nonsinusoidal spatial distribution of the
bars exists, a very well-known backward field whose frequency is equal to sfs is
produced (see Figure 3.3, the clock-wise rotating sfs components). The other sfs
component always exists in a motor.

Bs

Rotor

Bs: Stator field
Br: Rotor field
Br_fault: Rotor field caused by the fault
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Figure 3.3 Schematic field distribution in an induction motor with rotor
broken bar
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According to the fundamentals of induction motor, the following relations
hold [11–15]:

Stator electrical frequency: fs

Rotor rotating electrical frequency: fr ¼ 1 � sð Þfs
Motor slip: s ¼ fs � fr

fs
Rotor bar electrical frequency: sfs

(3.1)

Two magnetic fields, Bs and Br, which are spatially placed with a specific angle, q,
with respect to each other produce the electromagnetic torque. In fact, in electrical
motors, the electromagnetic torque is produced by cross product of two fields
generated by the stator and the rotor. Like Bs, the forward magnetic field produced
by the rotor rotates with the electrical frequency of

fs ¼ fr þ sfs (3.2)

There is another backward field, Br_fault, which rotates in the direction opposite to
the main rotor and stator fields. Therefore, the resultant electrical frequency in the
stator reference frame is equal to fr � sfs ¼ (1 � 2s) fs which is an indication of the
armature reaction of the clock-wise rotating backward field on the stator variables
including its current and back-EMF. This is actually the basis of investigating an
asymmetry in the rotor. Not only the fault, but also the rotor inherent asymmetries
produce a backward field causing additional harmonic components of the motor.
Thus, it is expected to observe the backward field in the case of a healthy motor as
manufacturing process does not guarantee a hundred percent ideal rotor design.

Given the fact that even healthy motors consist of the backward fields, the fault
occurrence only amplifies the magnitude of the corresponding field and has nothing
to do with creating the frequency component. Most of the time, researchers make
this big mistake that the broken bar/end-ring fault generates the backward sfs
component, while this is a totally wrong notion. In reality, the broken bars fault
only impacts the magnitudes of some existing harmonic components which are
normally the outcomes of the motor structure.

By means of the overviewed concept and also the one related to the single
harmonic motor model investigated in Chapter 2, one can develop the fundamental
formulas of the induction motor with broken bars assuming a linear silicon steel
material with a constant permeability of both the stator and the rotor. This makes
the process of relating the magnetic field to their producing currents a simple one.
The fundamental component of the model reveals a synchronous frequency of fs in
the stator. Therefore, the fundamental harmonic component of the air-gap flux
density produced by the stator current is

Bfundamental ¼ Bmsin wstð Þ (3.3)

where Bm is the magnitude of the fundamental component of the flux density at the
air gap. On the other hand, there is a flux density component with the frequency
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of (1�2s)fs produced by the rotor backward field [16]. Hence, the corresponding
flux density is formulated as the following:

Bbackward ¼ Bmbsin 1 � 2sð Þwst � aBbackwardð Þ (3.4)

where aB_backward is the electrical phase angle of the backward field. Bmb is the
magnitude of backward magnetic flux density caused by rotor asymmetry. The
assumption of a linear magnetic material leads to

NI ¼ kB ¼ yR (3.5)

where I, N, k, y and R are the current, number of turns, constant coefficient and
reluctance of the flux path, respectively. So the motor current is related to the
magnetic flux density as follows:

I ¼ k

N
B ¼ k

0
B (3.6)

As far as the material is linear, the superposition is applicable. Taking advantage of
the superposition rule, each component of the magnetic flux density, the synchro-
nous and fault-related components, could be separately substituted in (3.4). If it is
applied to the fault component, the following equation is achieved.

Isideband ¼ k0Bbackward ¼ k0Bmbsin 1 � 2sð Þwt � aBbackwardð Þ
¼ Imsideband sin 1 � 2sð Þwt � aIbackwardð Þ (3.7)

where Isideband is a current component with the frequency and magnitude of (1�2s)
fs and Imsideband, respectively. This component is the outcome of the backward
rotating field. The term ‘‘Sideband’’ is assigned to this component because it is
located within a specific frequency range around the fundamental component if the
current spectrum is analyzed. For the moment, we do not intend to talk about the
frequency-domain analysis and will only stick to the time-domain variations for
justifications.

Suppose, there was an asymmetry in the rotor, whether a fault or inherent
casting problem. Then, we ended up with the fact that describes the reason for the
existence of a backward field and subsequently the corresponding (1�2s)fs com-
ponents of the flux density and the current. This clearly proves that the sideband
components are always present in a motor with asymmetries, regardless of the rotor
fault occurrence. Nevertheless, the broken bar/end-ring fault, a kind of asymmetry
in the rotor, helps the component get stronger compared to a healthy motor. Again,
it should be noted that a healthy motor is different from an ideal motor in which the
forward rotating fields are only observable.

Let us now flash back to the main discussion. Phase angle of faulty current
component should be different from that of the flux density as nonlinear relation-
ship always holds in reality instead of a linear correspondence. This claim can be
further discussed by the FFT analysis of both the current and the flux density and
will be done in Chapter 4. For now, we do not miss the chance to continue with the
analytical formulations which have been provided so far. Considering the fact that
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the electromagnetic torque is the main motive force to produce rotation, it is used
here. The fundamental and fault-related components of the electromagnetic torque
are expressed as follows:

Lfundamental ¼ Lmsin wst � aLfundamentalð Þ
I ¼ Ifundamental þ Isideband

Ifundamental ¼ Imsin wst � aIfundamentalð Þ
Isideband ¼ Imsideband sin 1 � 2sð Þwst � aIbackwardð Þ

T ¼ 3p

2
LfundamentalI

����!yields

8>>>>>>>><
>>>>>>>>:
T ¼ 3p

2
Lmsin wst � aLfundamentalð Þ½ Imsin wst � aIfundamentalð Þ½

þ Imsideband sin 1 � 2sð Þwst � aIbackwardð Þ��

¼ 3p

4
LmIm cos aIfundamental � aLfundamentalð Þ � cos 2wst � aLfundamental � aIfundamentalð Þ½ �½

þ LmImsideband cos 2swst þaIbackward � aLfundamentalð Þ½

� cos 1 � sð Þ2wst � aLfundamental � aIbackwardð Þ�� (3.8)

where Lfundamental, Lm, aLfundamental , Ifundamental, Im, aIfundamental , T and p are the funda-
mental components of flux linkage, the amplitude of flux linkage, the phase angle
of flux linkage, the fundamental current component, the amplitude of fundamental
current component, the phase angle of fundamental current component, the devel-
oped electromagnetic torque and the number of poles, respectively. Here, the
coupling between the fundamental flux linkage component and the stator current
variables including the fundamental and sideband components are dealt with. The
resultant torque consists of DC, 2wst, 2swst and 1 � sð Þ2wst components. The DC
component produces the average torque required for the main rotor operation. The
terms 2wst, 1 � sð Þ2wst are higher frequency components which are located around
twice the fundamental synchronous frequency and are mostly subjected to being
filtered out from the motor operating cycle due to the fact that the rotor plus load
inertia is so high that the only the low-frequency components with the order of a
couple of Hertz would remain in the torque. As a result, the remaining part which
comes into considerations and might produce ripples in the motor torque is 2swst.
This is exactly the component which is the consequence of a rotor asymmetry such
as the broken bar fault. As it is a linear function of the motor slip, it is located at
very small frequencies, typically below 10 Hz, depending on the motor supply
frequency and the slip level.

As a very interesting point, the motor torque and its harmonic components are
controlled directly by means of a drive circuit. Therefore, any low-frequency fault-
related component which is located inside the pass band of the PI regulators is
normally affected by the closed loop of the drive circuit. As a result, it is not likely
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to have a lower torque oscillation even in case of higher fault levels. In Chapter 8
which is related to the fault diagnosis of the broken bar motors, this issue will be
discussed in details.

Now, consider the torque fluctuations caused by the 2swst component as
follows:

DT ¼ 3p

4
LmImsideband cos 2swst þ aIbackward � aLfundamentalð Þ (3.9)

On the other hand, the motor torque and speed are related to each other by the
following equation given that the viscosity of the shaft is zero. Then, one comes up
with the following equation which is demonstration of speed fluctuations caused by
rotor fault.

DT ¼ J
dwr

dt
����!yields

Dwr ¼ 1
J

Z
DTdt

¼ 3pLmImsideband

4J

Z
cos 2swst þ aIbackward � aLfundamentalð Þdt

¼ 3pLmImsideband

8Jsws
sin 2swst þ aIbackward � aLfundamentalð Þ ¼ Dwr

(3.10)

J is the motor inertia and Dwr is the illustration of the motor speed fluctuations
caused by the broken bars fault. It is obviously seen that the asymmetry in the rotor,
for example the broken bar fault, brings the speed to oscillate with the frequency of
2sfs. This fluctuation happens over the average value of the speed. As the next step
of the analysis, electromotive force (EMF) produced by the speed fluctuations is
calculated and added to the fundamental component as follows:

EMF ¼ wrLfundamental ¼ wraverage þ Dwr

� �
ym sin wst � aLfundamentalð Þ

¼ wraverage þ
3pLmImsideband

8Jsws
sin 2swst þ aIbackward � aLfundamentalð Þ

� �
Lm sin wst � aLfundamentalð Þ ¼ wraverageLm sin wst � aLfundamentalð Þ

þ 3pL2
mImsideband

16Jsws
cos 1 � 2sð Þwst þ aIbackwardð Þ½

� cosð 1 þ 2sð Þwst þ aIbackward � 2aLfundamentalÞ� (3.11)

where wraverage is the average speed of the motor. Equation (3.11) reveals a very
interesting and significant aspect of the broken bars fault which is actually the
production of a sideband component with the frequency of (1 þ 2s)fs. It means that
not only does a left sideband component of the fundamental current harmonic exist,
but a right sideband component is also produced as a result of the motor-speed
fluctuations. Both are the functions of the motor slip. These harmonic components
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are generally called the sideband components of the motor current shown by the
pattern (1 � 2s) fs. Accordingly, if the speed is fixed by any means, for example, if
it is connected to a closed-loop drive with a very well-refined speed control loop,
there is no right sideband component, (1 þ 2s) fs or it exists with a considerably
small magnitude compared to the left sideband. In practice, eliminating speed
fluctuations is impossible. Hence, the right sideband component always exists
while its amplitudes would be so much sensitive.

Each sideband component appears as a current component in the stator wind-
ings with the same frequency of the mentioned pattern. In turn, the corresponding
magnetic flux densities are produced at the air gap (see (3.12)). The corresponding
magnetic flux density terms are named the fault component of the flux density as
the source could be related to an asymmetry such as the broken bar phenomenon.
Taking this along with the Biot Savart law into account, two terms defining the
right and left sideband components of the magnetic flux density are formulated as
(3.12). In fact, hereafter, the terms ‘‘right’’ and ‘‘left’’ sideband components are
used to address (1 þ 2s) fs and (1�2s) fs elements in any motor variable, respec-
tively. Accordingly, the left and right sideband components of the magnetic flux
density are as follows:

Bfault ¼ Bmleft sin 1 � 2sð Þwst � aBleftð Þ þ Bmright sin 1 þ 2sð Þwst � aBright

� �
(3.12)

where Bfault, Bmleft , Bmright , aBleft and aBright are the fault component of flux density, the
amplitude of left sideband component, the amplitude of right sideband component,
the phase angle of left sideband component and the phase angle of right sideband
component, respectively. In a similar fashion the current components are for-
mulated as follows:

Ifault ¼ Imleft sin 1 � 2sð Þwst � aIleftð Þ þ Imright sin 1 þ 2sð Þwst � aIright

� �
(3.13)

where Ifault, Imleft , Imright , aIleft and aIright are the fault components of motor current, the
amplitude of left sideband component, the amplitude of right sideband component,
the phase angle of left sideband component and the phase angle of right sideband
component, respectively. So the total motor current containing the fundamental and
faulty components is as follows:

Imotor ¼ Imsin wst � aIfundamentalð Þ þ Imleft sin 1 � 2sð Þwst � aIleftð Þ

þ Imright sin 1 þ 2sð Þwst � aIright

� �
(3.14)

On the basis of the fact that the motor flux has been affected by the sideband
components, (3.15) is conducted. It is the output of a fundamental electromagnetic
rule based on which the product of a flux and flux-producing current results in
an electromagnetic torque if the corresponding flux vectors make a specific
angle. Therefore, as both the flux and the current are affected by the fault, the
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left and right sideband components contribute to the motor torque production as
follows:

T ¼ 3p

2
LmotorImotor

¼ 3p

2
Lm sin wst � aLfundamental

� �h
þ Lmleft sin 1 � 2s

� �
wst � ayleft

� �
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�
1 þ 2s
� �

wst � ayright

�i
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� ��
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� �
wst � aIleft
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� �
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(3.15)

The above demonstration of the electromagnetic torque is the more comprehensive
case compared to the simple representation in which all the flux and current signals
were ideal and healthy. In the last illustration of the electromagnetic torque, (3.15),
there are nine terms added up. By means of (3.16), the mentioned terms are sepa-
rated into their fundamental terms expressing the corresponding frequencies.

Term 1: LmIm sin wst�aLfundamentalð Þsin wst�aIfundamentalð Þ

¼LmIm

2
cos aIfundamental �aLfundamentalð Þ� cos 2wst�aLfundamental�aIfundamentalð Þ½ �

Term 2: LmImleft sin wst�aLfundamentalð Þsin 1�2sð Þwst�aIleftð Þ

¼LmImleft

2
cos 2swstþaIleft �aLfundamentalð Þ� cos 1�sð Þ2wst�aLfundamental �aIleftð Þ½ �

Term 3: LmImright sin wst�aLfundamentalð Þsin 1þ2s
� �

wst�aIright

� �
¼LmImright

2
cos �2swstþaIright �aLfundamental

� �� cos 1þs
� �

2wst�aLfundamental �aIright

� �� �
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Term 4: Lmleft Im sin 1�2sð Þwst�aLleftð Þsin wst�aIfundamentalð Þ

¼Lmleft Im

2
cos �2swstþaIfundamental �aLleftð Þ� cosðð1� sÞ2wst�aLleft �aIfundamentalÞ½ �

Term 5: Lmleft Imleft sin 1�2sð Þwst�aLleftð Þsin 1�2sð Þwst�aIleftð Þ

¼Lmleft Imleft

2
cos aIleft �aLleftð Þ� cosðð1�2sÞ2wst�aLleft �aIleftÞ½ �

Term 6:Lmleft Imright sin 1�2sð Þwst�aLleftð Þsin 1þ2sð Þwst�aIright

� �
¼Lmleft Imright

2
cosð�4swstþaIright �aLleftÞ� cosð2wst�aLleft �aIrightÞ
� �

Term 7:Lmright Im sinð 1þ2sð Þwst�aLrightÞsin wst�aIfundamentalð Þ

¼Lmright Im

2
cosð2swstþaIfundamental �aLrightÞ� cosð 1þ sð Þ2wst�aLright �aIfundamentalÞ
� �

Term 8:Lmright Imleft sinð 1þ2sð Þwst�aLrightÞsin 1�2sð Þwst�aIleftð Þ

¼Lmright Imleft

2
cosð4swstþaIleft �aLrightÞ� cosð2wst�aLright �aIleftÞ
� �

Term 9:Lmright Imright sinð 1þ2sð Þwst�aLrightÞsinð 1þ2sð Þwst�aIrightÞ

¼Lmright Imright

2
cosðaIright �aLrightÞ� cosðð1þ2sÞ2wst�aLright �aIrightÞ
� �

(3.16)

Table 3.1 lists the included frequency components in the electromagnetic
torque equations.

DC component corresponds to the average motor torque. The higher order
harmonic components present themselves in the shape of fluctuations carried by the
average value. The amplitude of fluctuations increases with the increase in fault
level. As mentioned before and what will be proved in Chapter 4, the high-order
harmonic components of the motor torque including 2fs, (1 � s)2fs and (1 � 2s)2fs
are usually filtered by the motor transfer function which is in practice a low-pass
filter. So the only remaining components are those which are the product of the
motor slip. If one takes electromagnetic torque spectrum, s/he will notice the higher

Table 3.1 Frequency components of the motor torque caused
by the faulty current and flux signals

DC Defines the average value of the torque
2fs High-frequency component
2sfs Low-frequency component
(1 � 2s)2fs High-frequency component
(1 � s)2fs High-frequency component
4sfs Low-frequency component
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harmonic components as well. The reason is that usually the motor mechanical
torque is measured in which high-order harmonic components eliminate, depending
on rotor and coupling inertias. The calculated electromagnetic torque will, of
course, contain the high-order components.

Finally, the active power of the motor could be calculated mathematically by
multiplying the torque and speed equations. There should certainly be an average
value providing the motor with an active power to run. The active or sometimes the
reactive power of the motor gives us the opportunity to discriminate between the
fault-related 2sfs component and the one produced by an oscillating load. In fact,
any load oscillating with the frequency of 2ksfs introduces some levels of change of
the sideband components. Thus, they might be mistaken as the real broken bar fault
if simply the motor current signature analysis (MCSA) is used. In this case, the
motor power spectrum is usually preferred, of course in the steady-state regime, to
find the principle source of sideband components change.

As shown in (3.11), the backward field whose frequency is equal to (1 � 2s)fs
generates the right sideband component with the frequency of (1 þ 2s)fs. This was
revealed by substituting speed fluctuations caused by 2sfs component with the EMF
equation (see (3.11)). If such a trend is repeated for the 4sfs component existing in
motor torque equation, the corresponding torque and EMF will contain new com-
ponents with the frequency of 4sfs and (1 � 4s)fs, respectively. On closer inspec-
tion, if one continues the process of mutation of the sideband components
repeatedly, the following pattern is introduced and could be extracted by the fre-
quency analysis of motor current and EMF.

Frequency pattern of the sideband components: 1 � 2ksð Þfs (3.17)

where k is an integer starting from 1. This pattern exists in the vicinity of the
fundamental component of the current and the flux. However, it might be seen
around the products of the fundamental components including the third, fifth,
seventh product and so forth [17–28]. Equation (3.17) prepares a very significant
engineering basis for the starting point of the fault diagnosis procedure in terms of
the broken bars fault. Actually, the amplitudes of these components are the key
feature in the fault diagnosis procedure. The point is that the amplitudes are func-
tions of so many influential factors including the fault severity, the fault location,
the load level, the speed level, the supply mode, the motor voltage and the motor
structure. Therefore, so many efforts have been made so far to find a meaningful
trend of variations between the influential factors and the corresponding amplitude
of indicator. The studies include the time, frequency and time-frequency processors
which deal with stationary and nonstationary operations.

3.2.1 Time-domain behavior of induction motors with broken
bar/end-ring faults

A very useful analytical approach has been already provided for understanding
what theoretically happens to the motor quantities due to the broken bar/end-ring
fault occurrence. The statements should be completed by additional schematic
illustration of the motor quantities such as current. Figure 3.4 presents the cur-
rent, torque, speed and flux signals for an induction motor with one broken bar.
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Figure 3.4 Line-start motor variables (a) current, (b) torque, (c) speed and
(d) flux in full-load condition, one broken bar case
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Figure 3.5 Line-start motor variables (a) current, (b) torque, (c) speed and
(d) flux in no-load condition, one broken bar case
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The investigated motor is the same as the one with the power of 11 kW used in
Chapter 2. This motor consists of 28 rotor bars along with 36 stator slots. The
broken bar characteristics reflected in the motor variables are listed below.

Transient operation is always a tricky and challenging mode of diagnosis in every
type of fault as the corresponding faulty signals are only present for a very short
period of time. As a result, it is often impossible to track the frequency components
dealing with the fault. Besides, the fault components have no fixed amplitude and
frequency wise, and they reveal a dramatically changing trend. Thus, diagnosing the
faults in the transient regime is still one of the trending aspects of the field. This is not
merely restricted to the broken bars fault and is a matter of all the types.

On the other hand, although no/light-load operating condition might be very
helpful in diagnosing the faults such as the eccentricity, it diminishes or at least
reduces the possibility of detecting the broken bars fault. It is generally because of the
masking effects of the fundamental harmonic component which is very close to the
fault-related patterns, specifically if the motor current is the signal which is used for
the diagnosis purposes. In the no/light-load condition, the slip value is so small that
the sideband components almost stick to the fundamental component and they are
hopelessly undetectable unless a frequency-domain analysis is hired (Figure 3.5).

The hints are provided here in terms of the theoretical and schematic beha-
vioral study of an induction motor with one full broken bar. There are several other
aspects associated with this problem such as:

● the location of multiple broken bars
● the partial broken bar fault
● the effect of various supply modes including the open- or closed-loop modes
● the effect of the drive reference parameters on the diagnosis procedure.

Having provided the fashion based on which the motor faults could be studied, let
us move on to the next type of faults which corresponds to the rotor shaft and its
displacement from the stator center. This is called the ‘‘misalignment fault’’ or
generally the ‘‘eccentricity fault.’’ First, a set of mathematical developments are
addressed; then a couple of illustrations are provided in terms of the behavioral
study of the faulty motor.

3.3 Eccentric/misaligned and bearing faults in induction motors

In induction motors, there are three physical dimensions x, y and z indicating the
Cartesian axes in 3D space (see Figure 3.6(a)). In addition, the 2D demonstration is
also provided in Figure 3.6(b) which illustrates the rotor symmetry center (Ar), the
stator symmetry center (As) and the rotor rotation/whirling center (Aw). Besides, the
Cartesian axes are highlighted in the following fashion:

● The x-axis is aligned with the spatial axis of the phase ‘‘a’’ of the stator.
● The y-axis is located exactly 90 mechanical degrees away, in a counter clock-

wise direction, from the x-axis.
● The z-axis is perpendicular to both of the x and y axes in the direction of the

motor shaft.
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In healthy motors all the three centers perfectly coincide with the spatial center of
the stator, i.e., As, which is fixed in one point. This point is the origin of any
mechanical displacement analysis. So the air-gap length, highlighted in Figure 3.6(a),
would be the same all over across the stator circumference and equals to g0.
The rotational movement of the rotor does not disturb this uniformity while a
hundred percent match between the mentioned centers is impractical due to several
imperfections such as the improper assembly or placement of the bearings. This is

Stator

ρsg0

ρg0

ρdg0

As

Ar

Aw

Rotor

θ

ϕm

ϕs

(b)

X

Y

Z

(a)

Rotor

Rotor
center

Air gap

Figure 3.6 Induction motor schematic (a) 3D space and (b) 2D considering
possible rotor displacements
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the reason that the bearing fault could also be a potential source of eccentricity fault.
This phenomenon could be easily detected even in the case of healthy and new
brand motors. This type of eccentricity is called the inherent eccentricity. Other
factors including the misalignment of the load and the shaft axes, as well as the
mechanical stresses and imbalances, fortify the situation. Consequently, the eccen-
tricity fault takes place, and the uniformity of the flux distribution in the air gap is
distorted. This literally means that the air-gap length is not uniform across the stator
circumference. Using a very acceptable approximation of the air-gap length varia-
tion, the following representation should always hold correctly [29–35]:

g j;jm; rð Þ ¼ g0 1 � rcos j� jmð Þ½ � (3.18)

where g0, r, j and jm are the uniform air-gap length in healthy condition, the ratio
of the distance of the rotor and stator centers over g0 (the severity of the eccentricity
fault), the mechanical angle of the rotating and nonrotating point is the stator
reference frame and the angle separating the stator and rotor centers in the direction
of the rotation, respectively (see Figure 3.6(b)). It is obvious that the distance
between the stator and rotor center could not exceed g0. As a result, r should
geometrically remain within the range [0–1] if the rotor is locked. However, while
the rotor rotates, the UMP, along with the centrifugal force, leads to the increase in
the fault severity, so r might not go beyond 0.72 (proved by the experiments). In
such situation, the rotor touches the inner surface of the stator at both ends while
the motor operates.

The center of rotation of the rotor has not been taken into account yet and it has
only been assumed that Aw is fixed. In fact, it is the position of Aw which defines the
type of the eccentricity fault. If the center of rotation remains concentric with As, it
is called the ‘‘static eccentricity.’’ The term static conveys the idea that although the
air-gap length is nonuniform across the stator circumference, it is fixed and does
not change with time. However, if the center of rotation is aligned with the stator
center during any eccentric condition, it is called ‘‘dynamic eccentricity’’ fault. In
this case, the rotor center rotates about the stator center with the same frequency as
that of the rotor. As a result, the nonuniform air-gap length rotates by rotating the
rotor, and the air-gap length is not fixed anymore. For example, jm which is the
position of the minimum air-gap length, increases by the rotor speed as follows:

jm ¼ ad þ q (3.19)

where ad is the angle in the rotor reference frame along which Ar and As diverge
and q is the angular position of the rotor with respect to the stator. As ad does not
have any considerable change in the quantities expressed in the stator reference
frame, it is neglected due to the sake of simplicity. In general, when the eccentricity
fault occurs, both static and dynamic eccentricities could be detected, and a new
type called ‘‘mixed eccentricity fault’’ is introduced. This means that the air-gap
status changes regarding two aspects:

● the level of the eccentricity fault (r)
● the spatial distribution of the nonuniform air gap.
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Considering this point, r and jm are generally formulated as follows [36–38]:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

s þ r2
d þ 2rsrdcos q� jsð Þ

q
(3.20)

jm ¼ js þ tan�1 rdsin q� jsð Þ
rs þ rdcos q� jsð Þ

	 

(3.21)

where rs is the ratio of the distances of Aw and As from g0. rd and js are the ratio of
the distances of Aw and Ar from g0 and the angle along which Aw and As diverge,
respectively. The static and dynamic eccentricities are only some simpler forms of
the mixed eccentricity fault where rd or rs are equal to zero. Therefore, rs defines the
severity of the static eccentricity fault. Likewise, rd defines the severity of the
dynamic eccentricity fault. If (3.20) and (3.21) are substituted with (3.18), the real
value of the air-gap length is obtained as a function of the rotor position, the static
eccentricity severity and also the dynamic eccentricity severity. The inverse function
of (3.18) is called the inverse air-gap function or the permeance function which plays
a vital role in analyzing the eccentricity fault as well as the misalignment fault which
is a rather complex version of the eccentricity fault in which the motor shaft bends
toward the z-axis shown in Figure 3.6(a). This issue will be further investigated.

Depending on the values of rs and rd, one of the following three cases is
possible:

(a) rd > rs

In this case, the dynamic eccentricity dominates the static one. Using the
equations represented so far, the air-gap function, along with its position, can
be calculated upon changing the rotor position (see Figure 3.7). This
figure illustrates such calculation according to which the minimum air-gap
length oscillates between two extreme points including g0(1 � rd � rs ) and g0

(1 � rd þ rs) with respect to the rotor rotation. The frequency of jm is the
same as that of the rotor rotation.

(b) rd ¼ rs

This situation is usually called a balanced mixed eccentricity fault. The cor-
responding variations of gmin and jm are shown in Figure 3.8. As seen, gmin

oscillates within the range g0(1 � rd � rs), and g0 and jm are limited to the
[�p/2, p/2] period. Therefore, the minimum air-gap length is eliminated
where the rotor position equals one of the odd factors of p. Again, the fre-
quency of jm is the same as that of the rotor rotation.

(c) rd < rs

In the above situations, the static component of the eccentricity dominates the
dynamic one, and the corresponding air-gap length looks like Figure 3.9.
Accordingly, the minimum air-gap length oscillates between two extreme
points including g0(1þ rd � rs) and g0(1 � rd � rs) with respect to the rotor
rotation. The range of variations of jm is relatively small and it oscillates very
close to js. The movement looks like a pendulous oscillation, and the corre-
sponding frequency is again equal to the rotor frequency.
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Three general cases, namely a dominant dynamic, a dominant static, as well
as a balanced mixed eccentricity fault, were discussed. Considering the dis-
cussed cases, the air-gap length affected by the eccentricity fault could have
several different shapes each having its own effect on the motor quantities.

0 1 2 3 4 5 60

0.5

1
g m

in
/g

0

0 1 2 3

q / p

F
m

 / 
p

4 5 6
–1

0

1

Figure 3.7 Variation of the minimum air-gap length (up) and its position (down)
with respect to the rotor position in mixed eccentricity fault (rd ¼ 0.4,
rs ¼ 0.2 and js ¼ 0)
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Figure 3.8 Variation of the minimum air-gap length (up) and its position (down)
with respect to the rotor position in balanced mixed eccentricity fault
(rd ¼ 0.3, rs ¼ 0.3 and js ¼ 0)
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It should be mentioned that many assumptions are associated with the analysis
such as:

● ignoring saturation effect
● ignoring slotting effect
● ignoring end winding effect
● the static or dynamic eccentricity level is applied to the rotor along the z-axis,

and the rotor should be displaced from the origin. This means there is still
symmetry in z-direction, and all the 2D analyses are still valid in 3D if the
thermal issues are not of interest.

3.3.1 Misalignment inclined rotor
The main focus has been already on a symmetric z-directional eccentricity fault
which guarantees the symmetry in the third dimension of the motor. However, in a
specific situation, an asymmetric distribution of the motor air-gap length along the
z-axis might also be dealt with (see Figure 3.10). Although Figure 3.10 is a kind of
exaggerated representation of the mentioned defect, it easily and clearly conveys
the issue according to which the rotor axis Ar, inclines and takes a distance from As.
b is the amount of divergence from the concentric point, but it is totally different
from a simple static eccentricity as the rotor ends move in the opposite directions,
i.e., one goes up and the other falls down. So along the z-axis, the eccentricity
severity of the fault is not constant anymore. In this case, we only refer to a static
misaligned/inclined rotor to make sure that the analytical descriptions are easily
extractable while a mixed misalignment fault should always take place in reality.
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Figure 3.9 Variation of the minimum air-gap length (up) and its position (down)
with respect to the rotor position in mixed eccentricity fault (rd ¼ 0.2,
rs ¼ 0.4 and js ¼ 0)
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Some of the most important causes are as follows:

● bearings wear caused by aging
● bent shafts
● swinging mechanical loads
● inherent assembly and manufacturing defects.

After a long motor operation, these factors result in a mechanical failure of the
motor if a proper diagnostic and maintenance process is not held. The misaligned
rotor not only harms the motor itself, but also produces an extensively fluctuating
movement of loads leading to an improper operation outside the motor as well. This
might be the most compelling evidence which necessitates the fault diagnosis
procedures. Now, we would like to formulate the air-gap length in a misaligned
motor, using the assumption that only the static form of the fault exists and there is
no additional swing caused by a dynamic movement of the rotor center. In this case,
there is an air-gap length distribution similar to (3.18) but with a variable r along
the third dimension (z) of the motor. The air-gap length and consequently the
corresponding permeance are the functions of b.

g j;jm; rð Þ ¼ g0 1 � r zð Þcos j� jmð Þ½ � (3.22)

r zð Þ ¼ 2rs0 � Ls sin bð Þ=g0ð Þ
2

þ z
tan bð Þ

g0
(3.23)

where rs0 is the static eccentricity fault severity right in the middle of the rotor. Ls

is the motor stack length, and z is the distance from the origin shown in Figure 3.10.
According to the above equations, the air-gap length is not fixed in different motor
crosssections. For the future analysis, if the permeance function is required, (3.22)
should be used but in an inverse form. Incorporating the dynamic eccentricity into
the misalignment formulations should be so sufficient that you might not be able to
find a suitable theoretical resource in this field. Therefore, it is preferred to skip the
philosophical discussion of the eccentricity/misalignment fault at this point and
switch to the mathematical and physical descriptions of the phenomenon by
working on the impacted motor quantities including the magnetic flux density and
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Figure 3.10 Statically misaligned/ inclined rotor
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the current. Then, we will end up with a pretty closed-form formula associated with
the UMP existing in an eccentric induction motor. What is provided there is an
intensive analytical representation of the eccentricity fault and its resultant com-
ponents; then a few motor signals are illustrated to justify the effects in the time
domain.

3.3.2 Theoretical analysis of eccentric induction motor
The basis for providing the materials is introduced by the Ampere’s law [38–43].
The main assumption here is the presence of a single-harmonic motor model based
on which all the healthy motor signals only contain a single sinusoidal distribution.
So the stator current density should also follow the same rule. It is noted that the
statement is true if the discussion is held in the steady-state mode. Considering this,
the current density of the stator windings can be formulated as (3.24).

Js j;jmð Þ ¼ Jsm sin j� jmð Þ (3.24)

where Jsm and j are the stator current density (in A/mm2), the synchronous field
position (in wst, t is time). jm is equal to pky where k is the inverse air-gap function,
and y is the linear distance around the stator circumference. Using the Ampere’s
circuital law and also neglecting the angular component of the air-gap flux density
which is practically a correct assumption, one will end up with the following
equation.

Bs y; tð Þ ¼ } y; tð Þ
Z

m0 js y; tð Þ � dy (3. 25)

where } y; tð Þ is the permeance function described previously in this chapter. As
seen, the magnetic flux density is related to the current density by an integral
operator over the stator circumference. Reforming (3.18)–(3.21) returns, the fol-
lowing representation of the air-gap length demonstrating the components corre-
sponding to the static and dynamic eccentricities:

g y; tð Þ ¼ g0 1 � rscos kyð Þ � rdcos wrt � kyð Þ½ � (3.26)

It is assumed that the air-gap variation is a sinusoidal function if the stator and rotor
slotting effects are not taken into account. Otherwise, the air-gap length must be
equal to sum of many sinusoidal terms expressing the Fourier transform of the air-
gap function. This matter will be discussed later. It might also be noted that
experiments and investigations show that the above assumption is correct in the
case of a nonsalient pole machine. wr, rs, rd and g0 are rotor rotational speed, static
eccentricity severity, dynamic eccentricity severity and average air-gap length in
healthy condition, respectively. To avoid stator-rotor rub term (rs þ rd) < 1 must
hold. Under small values of eccentricity fault, inverse air-gap function is approxi-
mated as follows:

} y; tð Þ ¼ 1
g0

1 þ rscos kyð Þ þ rdcos wrt � kyð Þ½ � (3.27)
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In practice, if the eccentricity fault severity goes beyond 30%, rotor may rub the
stator and probably fail to operate appropriately. By combining (3.24)–(3.27), one
obtains:

Bs y; tð Þ ¼ m0Jsm

kpg0
cos wst � pkyð Þ 1 þ rs cos kyð Þ þ rd cos wrt � kyð Þð Þ (3.28)

Bs is the stator magnetic field observed at the air-gap level considering the presence
of a mixed dynamic eccentricity fault. Multiplying the left cosine term by the terms
residing inside the righter parentheses leads to an almost straightforward formula-
tion of the magnetic flux density produced by the stator as follows:

Bs y; tð Þ ¼ Bp
sm cos wst � pkyð Þ þ Bp�1

sm sð Þ cos wst � p � 1ð Þkyð Þ

þ Bpþ1
sm sð Þ cos wst � p þ 1ð Þkyð Þ

þ Bp�1
sm dð Þ cos ws � wrð Þt � p � 1ð Þkyð Þ

þ Bpþ1
sm dð Þ cos ws þ wrð Þt � p þ 1ð Þkyð Þ (3.29)

where

Bp
sm ¼ m0Jsm

kpg0

Bp�1
sm sð Þ ¼

m0Jsm

2kpg0
rs

Bp�1
sm dð Þ ¼

m0Jsm

2kpg0
rd

(3.30)

There are five components associated with the calculated eccentricity-related
magnetic flux density. From left to right of the left-hand side term, they are
accordingly produced by the fundamental component, the static eccentricity and the
dynamic eccentricity fault, respectively. It is clearly observable that the static
eccentricity components, the ones with the magnitude of Bp�1

sm sð Þ ¼ m0Jsm

2kpg0
rs, merely

depend on the functions of the synchronous frequency and have nothing to do with
the rotor speed or position. On the other hand, the dynamic eccentricity fault-
related components, the ones with the magnitude of Bp�1

sm dð Þ ¼ m0Jsm

2kpg0
rd , are imposed

to be the functions of the rotor position as well as the synchronous speed of the
stator. This is another proof of the dependency of the motor quantities on the rotor
rotation in the case of dynamic eccentricity fault. The developed and discussed
formulation is a pure analytical practice with a lot of imprecise assumptions made
just to allow us to extract a closed-form relationship. Therefore, although the
magnitudes (see (3.30)) provide a useful common basis to compare the healthy and
fault-related components, are not accurate in terms of the absolute values. How-
ever, the Bp�1

sm sð Þ and Bp�1
sm dð Þ are smaller than Bp

sm ¼ m0Jsm

kpg0
, proving the fact that the
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fundamental component still possesses the largest magnitude among the motor
frequency components. As another perceivable fact, the fault-related components
are indeed number-of-poles dependent. In fact, two faulty terms are separately
assigned to each of the static and dynamic eccentricities. In the case of dynamic
eccentricity, these terms are located within a specific frequency range, scaled by
(ws � wr), of the fundamental component.

So far, the air-gap field produced by the stator current, which in turn applies a
specific level of the EMF to the rotor bars, has been evaluated. Inspecting a short-
circuited rotor circuit, the voltages induced by the mentioned EMF produce the bar
currents flowing into the rotor circuits. The same principle is valid for a wound
rotor. The point is that the calculations provided so far are based on a stator
reference frame while the rotor-related calculations require to transfer the quan-
tities from the stator to the rotor side. As a result, (3.29) should be mapped on the
rotor reference frame using a wise substitution of ky ¼ wrt þ ky0 and wr ¼ 1� sð Þ

p ws

with (3.29). The stator magnetic flux density formulated in the stator reference
frame is converted to (3.31).

Bs y0; tð Þ ¼ Bp
smcos swst � p ky 0 � a1ð Þð Þ

þ Bp�1
sm sð Þcos

1 þ p � 1ð Þs
p

wst � p � 1ð Þky 0 � pa2

	 


þ Bpþ1
sm sð Þcos

�1 þ p þ 1ð Þs
p

wst � p þ 1ð Þky 0 � pa3

	 


þ Bp�1
sm dð Þcos swst � p � 1ð Þky 0 � pa4ð Þ

þ Bpþ1
sm dð Þcos swst � p þ 1ð Þky 0 � pa5ð Þ (3.31)

A very clear interpretation of (3.31) is that the rotating frequency corresponding to
the magnetic flux density is of course slip-dependent. This arises from the previous
transformation from the stator to rotor reference frame. The induced EMF is
derived by taking derivative of (3.31) with respect to time.

EMFs y0; tð Þ ¼ EMFp
smcos swst � p ky 0 � a1ð Þð Þ

þ EMFp�1
sm sð Þcos

1 þ p � 1ð Þs
p

wst � p � 1ð Þky 0 � pa2

	 


þ EMFpþ1
sm sð Þcos

�1 þ p þ 1ð Þs
p

wst � p þ 1ð Þky 0 � pa3

	 


þ EMFp�1
sm dð Þcos swst � p � 1ð Þky 0 � pa4ð Þ

þ EMFpþ1
sm dð Þcos swst � p þ 1ð Þky 0 � pa5ð Þ (3.32)
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where

EMFp
sm ¼ �swsBp

sm

pk

EMFp�1
sm sð Þ ¼

� p � 1ð Þs � 1½ �wsB
p�1
sm sð Þ

p � 1ð Þk

EMFp�1
sm dð Þ ¼

�swsB
p�1
sm dð Þ

p � 1ð Þk

(3.33)

It is really important to realize that unlike the magnetic flux density, the amplitude
of the induced EMF is the function of the motor slip, so increasing the motor slip
should practically lead to an increase in the magnitude of the induced EMFs
regardless of the fault type [44–46]. Thus, the rotor current must increase as well.
This is consistent with the fact that increasing the motor load requires a larger
current flowing into the windings and bars as a larger slip is needed. Following the
explanations, the rotor bar or winding currents are simply calculated by dividing
the EMFs with a factor of rotor bar or winding resistance while neglecting the
phase shift between the EMF and the current caused by the inductive nature of the
rotor. Then, rotor bar current densities would be obtained as follows:

Jr y0; tð Þ ¼ Jp
rmsin swst � p ky 0 � a1ð Þð Þ

þ Jp�1
rm sð Þsin

1 þ p � 1ð Þs
p

wst � p � 1ð Þky 0 � pa2

	 


þ Jpþ1
rm sð Þsin

�1 þ p þ 1ð Þs
p

wst � p þ 1ð Þky 0 � pa3

	 


þ Jp�1
rm dð Þsin swst � p � 1ð Þky 0 � pa4ð Þ

þ Jpþ1
rm dð Þsin swst � p þ 1ð Þky 0 � pa5ð Þ (3.34)

Equation (3.34) has been developed in rotor reference frame based on the stator
supply frequency. a1, a2, a3, a4 and a5 are the phase angle of the rotor bar currents
with respect to the induced EMF from the stator side. If it is assumed that the rotor
inductance is very smaller than its resistance as rotor electric frequency is a fraction
of rated frequency, the amplitude of harmonic components of bar current, i.e., Jrm

p,
Jrm(s)

p�1, Jrm(s)
pþ1, Jrm(d)

p�1, Jrm(d)
pþ1, could be simply obtained by dividing the

induced EMFs by rotor bar resistance as follows:

Jp
rm ¼ �swsBp

sm

pkRbar

Jp�1
rm sð Þ ¼

� p � 1ð Þs � 1½ �wsB
p�1
sm sð Þ

p � 1ð ÞkRbar

Jp�1
rm dð Þ ¼

�swsB
p�1
sm dð Þ

p � 1ð ÞkRbar

(3.35)
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where Rbar is the rotor bar resistance in the rotor reference frame. Generally, there
are three current components rotating with the frequency of sws,

1þ p�1ð Þs
p ws and

�1þ pþ1ð Þs
p ws. Although this is a very rough approximation, it could be insightful.

The last two frequencies correspond to the static eccentricity fault while the
dynamic eccentricity is of the same nature of the fundamental frequency. Rotor bar
currents produce their own magnetic fields in the motor air gap and then induce the
corresponding MMFs into the stator winding through being modulated by the air-
gap permeance similar to what has been previously done in (3.28). Working on the
formulations and extracting the terms related to the nonsupply-frequency compo-
nents and also the p pole-pair components, we will end up with the following
equations:

Br y; tð Þj 6¼wð Þ
6¼p�1ð Þ ¼

Jp�1
rm sð Þ

k p � 1ð Þg0
cos wst � p � 1ð Þky � pa2ð Þ

"

þ
Jpþ1

rm sð Þ
k p þ 1ð Þg0

cos wst � p þ 1ð Þky � pa3ð Þ
#

cos wrt � kyð Þ

þ
Jp�1

rm dð Þ
k p � 1ð Þg0

cos ws � wrð Þ � p � 1ð Þky � pa4ð Þ
"

þ
J pþ1

rm dð Þ
k p þ 1ð Þg0

cos ws þ wrð Þ � p þ 1ð Þky � pa5ð Þ
#

cos kyð Þ (3.36)

Br y; tð Þj 6¼wð Þ
p ¼

Jp�1
rm sð Þ

2k p � 1ð Þg0
cos ws þ wrð Þt � pky � pa2ð Þ

"

þ
Jpþ1

rm sð Þ
2k p þ 1ð Þg0

cos ws � wrð Þt � pky � pa3ð Þ
#

þ
Jp�1

rm dð Þ
2k p � 1ð Þg0

cos ws � wrð Þ � pky � pa4ð Þ
"

þ
Jpþ1

rm dð Þ
2k p þ 1ð Þg0

cos ws þ wrð Þ � pky � pa5ð Þ
#

(3.37)

From (3.36), it is seen that the rotor magnetic flux density waves caused by the
static eccentricity are regulated with the dynamic component of the eccentricity and
produce the sideband current components with the frequency pattern of ( fs � fr).
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The point is that the components listed in (3.36) do not contribute to the torque-
developing process as the number of poles is not equal to that of the stator, whereas
(3.37) illustrates the torque-generating fault components containing the same fre-
quency pattern as that of (3.36).

The ( fs � fr) pattern is the very well-known index to diagnose the eccen-
tricity fault; of course, in the case of a mixed eccentricity fault, both the static
and dynamic types have some level of correlation with the mentioned pattern.
This pattern is also a function of the motor slip revealing a nonconstant fre-
quency position if the motor slip is changed by any means. Moreover, the cor-
responding magnitudes are load-dependent deduced from the rotor current
densities in (3.37).

It should also be remembered that an UMP which results in additional noise or
vibration is an output of any eccentricity fault. Nowadays, due to the lack of
engineering importance, very little is known about the subject of noise in electrical
machines. All motor designers treated noise mitigation as an art-like cookery. For
example, they had a list of low-noise empirical rules and some forbidden combi-
nations of stator and rotor slots. All that was perfectly clear. However, these are
some general laws that do not aim at explicitly describing the faulty motor behavior
which is the main focus of the book. Therefore, due to the significance of the
predrawn topic, we are seeking to provide a satisfactory on the vibration and
probably noise analysis throughout this book. The starting point is to calculate the
magnetic force between rotor and stator by means of the following commonly used
approximation of the magnetic force.

Forceradial ¼ B2
radial

2m0
(3.38)

where Bradial is the radial component of the air-gap flux density all over the stator
inner circumference. Considering a mixed eccentric rotor, 4 main flux components
other than the fundamental one are present as the spatial harmonics of the flux
density according to (3.29). It is worth noting that it is the interaction between the
rotor and the stator flux densities which finally produces the net flux density at the
air gap. So on the basis of the existing components shown in (3.29), the net flux
density should also contain the same harmonics, but with different values of the
magnitude and the phase angles. The general formulation should be as follows:

Bn y; tð Þ ¼ Bp
nmcos wst � pky � q1ð Þ þ Bp�1

nm sð Þcos wst � p � 1ð Þky�q2ð Þ

þ Bpþ1
nm sð Þcos wst � p þ 1ð Þky � q3ð Þ

þ Bp�1
nm dð Þcos ws � wrð Þt � p � 1ð Þky � q4ð Þ

þ Bpþ1
nm dð Þcos ws þ wrð Þt � p þ 1ð Þky � q5ð Þ (3.39)
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By replacing (3.39) with (3.38) and simplifying the equation, a closed-form
expression of the radial forces at the motor air gap is obtained where the fault is
present.

Forceradial ¼ 1
2m0

Bp
nm

� �2

2
cos 2wst � 2pky � 2q1ð Þ

"

þ Bp
nm Bp�1

nm sð Þcos 2wst � 2p � 1ð Þky � q1 � q2ð Þ
h i

þ Bpþ1
nm sð Þcos 2wst � 2p þ 1ð Þky � q1 � q3ð Þ

þ Bp�1
nm dð Þ cos 2ws � wrð Þt � 2p � 1ð Þky � q1 � q4ð Þð

þ cos wrt � ky � q1 � q4ð ÞÞ

þ Bpþ1
nm dð Þ cos 2ws þ wrð Þt � 2p þ 1ð Þky � q1 � q5ð Þð

þ cos wrt � ky þ q1 þ q4ð ÞÞ

þ Bp�1
nm dð ÞB

pþ1
nm dð Þcos 2wrt � 2ky þ q4 � q5ð Þ

þ
Bp�1

nm dð Þ
� �2

2
cos 2 ws � wrð Þt � 2 p � 1ð Þky � 2q4ð Þ

þ
Bpþ1

nm dð Þ
� �2

2
cos 2 ws þ wrð Þt � 2 p þ 1ð Þky � 2q5ð Þ

3
75 (3.40)

The most significant aspects in terms of the above expression are as follows:

● The minimum frequency included in the magnetic force is the same as that of
the rotor mechanical quantities, i.e., fr.

● The maximum available frequency is equal to twice the synchronous fre-
quency, for example if there is a supply frequency of 50 Hz, the largest
observable frequency will be 100 Hz.

● There are also some medium frequency components including 2fs þ frð Þ,
2fs � frð Þ, 2 fs þ frð Þ, 2 fs � frð Þ and 2fr.

● Not all the frequency components would probably be detected in the vibration
signal analysis of induction motors, and it actually depends on the motor
structure, the mechanical damping factors, etc.

● Practically, relying on 2fs component to detect the fault is somehow a wrong
technique as it cannot be clearly diagnosed most of the time.

According to the literature, the vibration signal is usually considered as one of the
most interesting signals available throughout the sensors mounted in the motor body.
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This is not only the case in induction motors; and vibration and subsequently
noise analysis have been a matter of various investigations in terms of different
types of machines. However, we do not aim at discussing the diagnosis procedures
in this chapter; they will be dealt with in the next chapters. For the time being, it
seems terrific to have an insight into the real motor quantities including the current,
the torque, the speed and even the motor flux when the eccentricity fault exists.
Therefore, we aim at providing finite element (FE) results of 28-bar, 36-slot and
delta-connected induction motor to which 30% dynamic eccentricity fault is
applied. A 2D FE analysis is conducted as a complete 3D one will be so time-
consuming that it might not be handled by means of low-power computational
devices. A quasi-2D model in which several slices of one single motor in
z-direction are modeled, paralleled and simulated at the same time is also an
appropriate alternative of a 3D operation. However, there is still a high computa-
tional demand compared to 2D simulations. Considering these points, the motor is
modeled in 2D. This is an acceptable approximation as long as the stack length is
not small compared to the stator diameter. If so, the z-axis component of the motor
quantities would be symmetric to that of the 2D simulations to a great extent.
Otherwise, the z-axis should be definitely modeled due to the fact that z-axis
components play a vital role in motor operation. With this in mind, a group of
results illustrated in Figure 3.11 in terms of an eccentric motor are provided.

Figure 3.11 shows the motor quantities in the no-load and full-load conditions.
The simulated motor has already been discussed in Figure 3.4. The difference is
that the skewing effect resulting in a smoother response as well as a larger motor
rise time has not been considered in the FE-based represented plots in Figure 3.11.
Therefore, it is expected to observe more fluctuations in terms of the variables
illustrated in Figure 3.11 compared to Figures 3.4 and 3.5. Significantly, skew
effect is always used to reduce the magnitude of undesirable higher order spatial
harmonic components caused by the slotting and nonsinusoidal distribution of
winding effects while the magnitude of the fundamental component is reduced
accordingly as well. So it is obvious that the motor torque production capability
degrades by decreasing the fundamental magnetic field which leads to an increase
in the motor rise time. These comments are made here to prepare minds for the next
chapters in which a comprehensive discussion on the analytical and FE-based
modeling of the healthy and faulty induction motors is going to be included. So
different aspects including the winding topology, the skewing effect, the material
modeling, and the fault modeling will be further discussed. Now, take a look at the
following features extracted from Figure 3.11.

● Then again, the current decreases considerably by reducing the load. It gets
more and more small up to the no-load current in which the steady-state cur-
rent signal diverges from a pure sinusoidal curve and turns into a flat top
signal. The situation gets worse if the phase current of the motor is investi-
gated. If a 3D model is used, the shape will be certainly more sinusoidal due to
the fact that the skewing effect is incorporated. Otherwise, the uncomplicated
model should always reveal higher signal ripple. However, a flat top no-load
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signal is expected even in practice. This is caused due to the presence of the
harmonic components, which are powerful enough to change the shape of the
signal other than the fundamental one. In view of the fault-related oscillations,
the current envelope is not a good medium for reflecting the eccentricity fault
as the effect is not clearly distinguishable. It, of course, leads to some sort of
fluctuations, not very useful to follow up the fault.

● The motor rise-time is considerably larger than that of Figures 3.4 and 3.5.
This evidently proves the claim based on which the fundamental component of
the magnetic flux is weakened if the skewing effect is applied. In Figure 3.11,
the skewing effect has been completely ignored.

● The time-domain representation of the motor signals, except that of the flux,
clearly conducts the distinction of the no- and full-load condition in terms of
the eccentricity fault and its effect on the motor. In contrast to the broken bar
fault, connecting a larger load to the motor shaft lowers the impact of the
eccentricity fault on the time-domain signals. In other words, increasing the
load damps the oscillations caused by the eccentricity fault.

● The effect of the sideband components produced by the eccentric rotor and
discussed throughout (3.24)–(3.39) is not properly distinguishable in time-
domain signals. This might be because of the smaller magnitude of the
eccentricity fault compared to that of the broken bar fault. Notably, the side-
band components associated with the eccentricity fault are not generated or
produced by the fault. They are already there in the motor structure while their
magnitude is changed if a fault takes place.

● The transient mode is apparently the best candidate for demonstrating the
differences between the no- and full-load conditions. The differences are less
observable in the steady-state operation. According to the transient parts of the
signals, the amplitude of the fluctuations in the no-load condition is more than
that of the full-load condition. This conveys the fact that the motor load acts as
a damping factor in terms of the mechanical faults. This is also true in terms of
the steady-state analysis. However, the simulated FE model, due to the absence
of the skewing effect, does not represent the idea.

● A very interesting plot is the one related to the magnetic force applied to the
inner surface of the stator as shown in Figure 3.11(e). The applied force of
the no-load motor is obviously more fluctuating than that of the stator in the
transient mode of operation. This is the net value of the applied force to the
stator surface.

Generally, time-domain signals do not provide a reliable fault detection approach in
terms of the dynamic eccentricity fault. They can only be considered as tools to
detect a defection or improper operation. Nevertheless, some esoteric fault indica-
tors such as the Gyration Radius (GR) address some unknown time-domain aspects
of the eccentricity fault. However, these kinds of indicators are not popular anymore
nowadays. A more reliable frequency-based diagnosis is usually preferred.

Having discussed and explained the eccentricity fault’s commitment to the
unsafe and unreliable performance of the motor, we now prefer to concisely talk
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about one of the major causes of eccentricity which is called ‘‘bearing fault.’’
Bearing fault itself produces additional noise and consequently vibration in the
motor body. Depending on the location of fault, inner or outer race, various fre-
quency patterns are provoked and used to detect the fault, but what is interesting is
the contribution of this fault to the future eccentricity fault, and this is exactly what
has been greatly focused in the literature.

3.3.3 Bearing faults in induction motor
Bearings are indeed one of the most important parts of an induction motor in
maintaining the reliability and safety of the machine performance. They should be
checked constantly to make sure if the motor operation will not fail. What makes
them highly significant is their mechanical operation and being subjected to higher
levels of friction leading to wear and tear of their internal and external part. In fact,
no rotation exits unless something holds the rotor concentric with respect to the
stator and this crucial task is handled by bearings which not only take care of
maintenance of a symmetrical operation but also tolerate the rotor weight which
might run over hundreds of kilograms. The studies show a considerably high per-
centage, almost 40%, of contribution of bearing fault to induction motor failures.

Figure 3.12 shows a general bearing structure which consists of the following
main parts:

● the outer raceway
● the inner raceway
● the balls
● the cage.

Outer raceway

Inner raceway

Balls

D
c

D
b

β

Figure 3.12 Bearing structure
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More often, three types of faults are associated with bearings as follows:

● outer raceway defect
● inner raceway defect
● ball defect.

Noticeably, any bearing defect is of a mechanical nature which makes the motor
vibrate due to the presence of a radially unbalanced force caused by the defect. This
statement reminds the term UMP which was previously discussed in terms of an
eccentric motor. So the final result of any bearing defect is somehow converted to
an eccentricity type of fault based on which some principle harmonic components
are used to detect the fault. Resulting from an eccentric-like fault, it is expected to
observe a general frequency pattern of

fbearing ¼ fs � m � fi;o

  (3.41)

where m ¼ 1, 2, 3, . . . and fi,o is a frequency characterizing and modulating bearing
dimension into the motor variables. As a very well-known practice, the corre-
sponding value is obtained as follows:

fi;o ¼ Nb

2
fr 1 � Db

Dc
cos bð Þ

	 

(3.42)

where Nb, fr, Db, Dc and b are the number of bearing balls, the mechanical rotor
speed in Hz, the ball diameter, the bearing pitch diameter and the contact angle of
the balls, respectively. The mentioned frequencies are the so-called ‘‘characteristic
frequencies.’’ Although different bearings produce different characteristic fre-
quencies, depending on the number of ball and their dimensions, as a rule of thumb,
the corresponding values can be calculated as follows if the number of balls is
between six and twelve.

fo ¼ 0:4Nbfr

fi ¼ 0:6Nbfr
(3.43)

Although the simplification is brief, it is certainly convincing and no more dis-
cussion seems to be necessary at this point. Just as a hint, vibration and noise
analysis is one of the best approaches to detect this kind of fault.

3.4 Short-circuit fault in induction motors

One of the phenomenon which has been carefully addressed so far is the problem of
short-circuit fault in induction motors [47–50]. Due to the dramatically wide
application of induction motors in industry and also bring up the safety features
among which the short-circuit fault relays or indicators are the most significant
ones, we also aim at including this topic in the book. This type of fault is interesting
enough due to the fact that it might similarly happen in both rotor and stator if a
wound rotor is targeted. Otherwise, it is restricted to stator side if a cage induction
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motor is analyzed. Although the wound-rotor motors are less requested, they are
promising apparatuses to provide a higher starting torque respecting to a minimum
starting current. However, in addition to the stator, the short-circuit fault can also
take place in the rotor. The literature shows that the effect of the short-circuit fault
in the stator is very higher than that of the rotor.

According to the investigations, almost 37% of the induction motor faults are
related to its insulation failure leading to a short-circuit fault [51–54]. As a result of
this kind of failure, the current density of coils/windings runs over the rated values
dangerously causing a hot spot area around and through the faulty coil/winding.
This is one of the major sources of degradation and also aging of motor coils/
windings.

In general, there are specific types of this fault including:

● turn-to-turn
● turn-to-ground
● phase-to-phase
● phase-to-ground.

Regardless of the type, the nature of the abovementioned faults is the same.
Actually, a considerably high current level circulates inside the windings without
contributing to the torque production capability of the motor. So, it is considered as
a kind of loss. The only difference is the severity of the fault which increases with
the increase in the number of short-circuited turns as well as the decrease in the
short-circuiting path resistance. Ignoring the fault and letting it progress might also
cause an irreversible damage to the motor tank and bearings. Therefore, diagnosis
of the short-circuit fault is of great importance.

The following are some of the main reasons of generating the fault [55–60].

● Thermal stresses: These are produced by thermal aging or over-loading.
Respecting to a 10�C of increase in temperature, insulation lifetime reduced by
a factor of two. A better class insulation is recommended if the motor is going
to be used in a highly stressful environment.

● Electrical stresses: This type of stress is usually classified into two general
categories, namely the insulation breakdown and the partial discharge. When a
relatively large voltage variation rate, i.e., dv=dt, is applied, insulations are
subjected to a breakdown and destruction. This is usually the case where the
voltage goes beyond 5 kV.

● Mechanical stresses: This kind of stress is predominantly caused by several
start–stop operations of the motor causing frequent warm-up and cool-down of
insulations. As a result, cracks are produced and become larger if start–stop
operations are not avoided.

● Environmental stresses: External and polluting substances can also disturb
the motor operation. For example, pollution might cause an improper thermal
exchange between motor and surrounding environment and consequently it
leads to motor temperature rise. This in turn increases the risk of electrical
failure of coils/windings.
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Many efforts have been already undertaken just in case of analyzing different
aspects of short-circuit fault. We are going to focus more on the original fault-
related harmonic components which are the results of the short-circuit fault. like
all the other types of faults, the natural frequencies which are used for detecting
the short-circuit fault are present in the motor structure and are the functions of
the number of poles, the number of slots as well as the saturation profile of the
machine. The presence of the short-circuit fault only changes the amplitude of the
harmonic components and it has nothing to do with creating new components.
This was also the case in previous types of faults including the broken bar and
eccentricity faults. So, it is time to address a part of principle harmonics generated
by geometrical placement of the rotor and stator slots and windings. These har-
monic components are called principle slot harmonics (PSH) which are some-
times used to detect a specific type of fault. Both stator and rotor introduce their
own PSHs.

It is very well known that induction machines, of course in healthy case,
consists of a sort of MMF components formulated as (3.44):

Fs t; qð Þ ¼
X
m

Fmcos wst � mpqð Þ (3.44)

where p is the number of pole pairs, ws is the fundamental angular frequency and
m¼ 6g þ 1, g ¼ 0, �1, �2, . . . . Assuming that the number of rotor loops is n, the
MMF component corresponding to the first rotor loop is obtained in the rotor
reference frame as follows:

Floop1 t; qrð Þ ¼
X1
u¼1

kucos uqr þ swstð Þ þ kJcos uqr � swstð Þ½ �

where

ku ¼ 2
up

1 � 1
n

	 

sin u

p
n

� �
Irmax (3.45)

where Irmax is the magnitude of the rotor bar current. Following the same fashion,
the MMF component of the neighboring rotor loop is analytically derived as
follows:

Floop2 t; qrð Þ ¼
X1
u¼1

kucos uqr þ swst � uþ pð Þ 2p
n

	 
�

þ kucos uqr � swst � u� pð Þ 2p
n

	 
� (3.46)

It is worth noting that the upper index of the summation is set at infinity due to the
fact that the rotor loop MMFs looks like a spike which can only be modeled
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accurately by incorporating infinite terms of its Fourier transform. The total MMF
produced by rotor is calculated by adding up the loop MMF.

Fr t; qrð Þ ¼
Xn�1

i¼0

X1
u¼1

ku cos uqr þ swst � uþ pð Þ 2p
n

i

	 
�

þ ku cos uqr � swst � u� pð Þ 2p
n

i

	 
� (3.47)

On the basis of the derived closed-form representation of the rotor MMF waves, it
is clearly observed that MMF waves are only present for the cases
u ¼ p; uþ p ¼ �ln and u� p ¼ �ln; l ¼ 1; 2; 3; . . .. As u can only take positive
integers, it follows that only for u ¼ p and J ¼ ln � p the MMF waves exist.
Therefore, in addition to the fundamental rotor harmonic component for u ¼ p
which deals with the armature reaction of the fundamental component of the stator,
the rest obtained by u ¼ ln � p demonstrate the rotor slot harmonics (RSH).
Regarding the stator reference frame, the RSH is expressed as follows:

Fr t; qð Þ ¼ Fr1 cos 1 � l
n

p
1 � sð Þ

	 

wst þ ln � pð Þq

	 


þ Fr2 cos 1 þ l
n

p
1 � sð Þ

	 

wst � ln þ pð Þq

	 

(3.48)

Coupled with previous formulation, the higher frequency MMF waves produced by
higher order components are given by:

Frm t; qð Þ ¼ Frm1 cos 1 � l
n

p
1 � sð Þ

	 

wst þ ln � mpð Þq

	 


þ Frm2 cos 1 þ l
n

p
1 � sð Þ

	 

wst � ln þ mpð Þq

	 

(3.49)

The corresponding frequency is the same, but the number of effective pole pairs
differ. Multiplying the MMF components by the air-gap permeance, which is a con-
tent term in a healthy idea motor, returns the magnetic flux density wave which
produces the EMFs and subsequently the currents in the stator. From (3.48) and
(3.49), it is comprehensible that the stator EMFs and currents will only contain the
additional slot frequencies ð1 � l n

p ð1 � sÞÞfs which are now the time harmonic
components extractable using a Fourier transform. As seen, the spatial components
introduced by the slotting effect are eventually reflected into the time-domain signals.

Under short-circuited turns or phases, a new set of waves will apply changes to
the stator MMFs described as:

Fadd t; qð Þ ¼
X1

k¼�1
k 6¼0

Faddkcos wst � kqð Þ (3.50)
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Accordingly, there exist the MMF waves at all numbers of pole pairs and direction
of rotations. One of the waves rotates with the same frequency of the fundamental
component but in an opposite direction. If a normalized Fourier transform is used,
no change will be observed in the current spectrum as it is always normalized
to zero. However, there should be a change in the magnitude of the RSH. No new
frequency should be added to the current spectrum if the short-circuit fault takes
place in the stator. The fault only contributes to an increase in the RSHs.

In the first instance, consideration is given to the simplest case where the coil
has only one turn from which it is possible to draw some important conclusions.
Figure 3.13, however, shows one-phase group of three coils. It is assumed that
interturn short-circuit arises between points a and b, as illustrated. It is clear
that the circulating current has a closed path. From simple theory, it is clear that
the path A–X can be expanded to two independent circuits. From Figure 3.13,
we can say that the phase current and the current which flows through the short-
circuited coil, produce opposite MMF. Therefore, interturn short-circuits have a
cumulative effect in decreasing the MMF in the vicinity of the short-circuited
turn(s). First, when a short-circuit occurs, the phase winding has less turns and less
MMF. Second, the MMF of short-circuited part is opposite to the MMF of the
phase winding. Clearly, interturn shorts with more turns can be analyzed in a
similar manner.

In most commercially available induction motors, coils are insulated from one
another in slots as well as in the end winding region. Therefore, the highest
probability for the occurrence of interturn fault is between turns in the same coil.

e1 e2 e3 e10

I
e11 e12

b

a

Figure 3.13 Short circuit between turns a and b
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Here, it is assumed that the interturn short-circuit is between two turns in the same
coil, and that one-half of the coil is short-circuited; this means that approximately
8% of turns of one phase are short-circuited. Simulation was carried out for this
condition.

As a consequence of the interturn short-circuit, the MMF of the phase winding
in which interturn short circuit exists changes, as does the mutual inductance
between that phase and all other circuits in the machine. In addition, a new
‘‘phase,’’ which we call the short-circuited phase D is introduced. It should be
assumed that for modeling, this phase has no conductive contact with other phases,
but it is mutually coupled with all other circuits on both the stator and rotor sides.
The currents in stator circuits and rotor loops are assumed independent.

The machine with the following specifications is analyzed using the numerical
model based on multiple coupled circuit approach and winding function analysis.

3kW; 415V;D; 50Hz; p ¼ 3 six poles machineð Þ
S ¼ 36 stator slots
R ¼ 32 rotor bars

Stator phase winding consists of 6 coils, 1 coil per pole with 77 turns in one coil,
i.e., N ¼ 462 series turns per pole per phase. Stator phase A winding scheme is:

A � 1 � 60 � 12 � 70 � 13 � 180 � 24 � 190 � 25 � 300 � 36 � 310

The connection diagram of the stator windings of the experimental machine is
additionally shown in Figure 3.14.

1

Short-circuit
resistance

2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 20 1 2 3 4 5 6 7 8 9 30 1 2 3 4 5 6

Figure 3.14 Stator winding scheme of experimental motor. Interturn short-circuit
occurs in coil placed in slots 1 and 6
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The machine parameter:

Rating power Pr ¼ 3 kW
Rated voltage Ur ¼ 415 V
Rated frequency f ¼ 50 Hz
Number of pole pairs p ¼ 3
Number of phases q ¼ 3
Rated speed nr ¼ 950 rev/min
Full-load current Ir ¼ 6.4 A
Stator winding connection Delta
Turns per coil N ¼ 77
Turns per slot Nslot ¼ 77
Number of stator slots S ¼ 36
Number of rotor bars R ¼ 32
Rotor inertia J ¼ 0.0258 kg m2

Average radius of air gap r ¼ 0.0681 m
Length of stator stack l ¼ 0.115 m
Air-gap length g0 ¼ 0.58 mm
Phase resistance Rph ¼ 5.7 W
Rotor bar resistance Rb ¼ 72.8 mW
Rotor end-ring resistance Re ¼ 438 nW
Rotor bar leakage inductance Lb ¼ 30 nH
Rotor end-ring leakage inductance Le ¼ 6 nH
Resistance of short-circuit ‘‘phase’’ Rd ¼ (38/462) � Rph ¼ 0.469W

Motor is loaded with 30 N m under the steady-state condition. Fault is made on
such manner that 38 out of 77 turns is short-circuited in one stator phase coil, under
one pole. We provide an interesting illustration of the healthy and faulty motors for
different load (see Figure 3.15)

By referring to Figure 3.15, it is observed that

● Increasing the load level leads to an increase in the motor current regardless of
the short-circuit fault.

● The current reveals an increasing trend in both the transient and steady-state
region upon the fault occurrence.

● The average developed electromagnetic torque is almost the same for the
faulty and healthy conditions. However, the faulty motor contains some sort of
low frequency harmonic components carried by the average value. This clear
illustration of harmonic components in time domain is only achievable by the
analytical models such as the winding function theory or the magnetic
equivalent circuit. If an FE model shown in Figure 3.11 is used for simulations,
the torque ripple caused by slotting and saturation usually dominates the fault
component unless the fault severity becomes very high.

● Similar oscillations are observed in the speed. Surprisingly, the average steady-
state speed decreases by the fault. This increases the power losses caused by
the slip.
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Figure 3.15 Line-start motor variables (a) current, (b) torque, (c) speed, (d) flux and (e) phase D current in full- and no-load
condition, healthy and faulty motor signals
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● The phase D (short-circuited phase) current is considerably more than that of
the rest of the windings. The current circulates and makes the thermal stress so
worse that the other healthy insulations also fail to operate well.

● Not all the motor signals get larger by the fault. The phase D current marks
down probably due to the increase in the armature reaction in the rotor side.

So far, a lot of contexts have been mentioned in terms of the motor harmonic
components, the PSH, the fault-related harmonic components etc., without directly
addressing how these frequency-domain signals might be observed or studied. A
couple of spectra regarding the motor current signal are put forward without going
in depth of how they are calculated to explain first what a spectrum is and second
how different frequency analyses are performed by means of a frequency spectrum.
To this end, refer to Figure 3.16.
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Figure 3.16 The line current spectrum (a) healthy and (b) faulty motor
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The output of a Fourier transform is usually demonstrated by frequency and
magnitude planes. Normally, the horizontal axis is an indication of frequency
contents of the processed signal, for example the current and the vertical axis shows
the corresponding power or the magnitude. Therefore,

● The synchronous frequency, i.e., 50 Hz for the tested motor, possesses the
largest magnitude in the spectrum. That is why it is called the fundamental
component (see Figure 3.16(a)).

● The rest of the spectrum drops down the mentioned fundamental component in
terms of the magnitude. This distinctly explains the lower interest of higher order
components in forming the shape of the current which is the processed signal.

● The entire spectrum is an almost featureless curve representing negligible
information in terms of the higher order components. This arises from the fact
that the number of rotor bars and pole pairs are equal to 32 and 3, respectively.
So none of the principal RSH could be expected. In order that lower rotor slot
harmonic exists in stator current spectrum, the following condition should be
fulfilled:

RL RSH ¼ 6n þ 2ð Þp; n ¼ 0; 1; 2; . . . : (3.51)

● For p ¼ 3 and n ¼ 1, 2, . . . , the lower RSH (RL_RSH) is equal to 24, 42, . . . . On
the other hand, the condition for the existence of the upper RSH is satisfied for
rotors with the following number of bars.

RU RSH ¼ 6n � 2ð Þp; n ¼ 0; 1; 2; . . . : (3.52)

● This leads to RU_PSH ¼ 12, 30, 48, . . . for a six-pole machine.

However, in a faulty motor, as a consequence of interturn short circuit, there
are all harmonics of ‘‘phase’’ D MMF. In other words, in the following magnetic
flux density waves,

B2 ¼ B2mcos 1 � lR

p
1 � sð Þ

	 

wst þ lR

p
� u

	 

pqs

	 


B3 ¼ B3mcos 1 þ lR

p
1 � sð Þ

	 

wst þ lR

p
þ u

	 

pqs

	 
 (3.53)

The order of space harmonic n could be u¼�1/3, �2/3, �1, �4/3, . . . So in
general, the RSH could arise in current spectrum (Figure 3.17).

For u¼�1/3 and l¼ 1 lower rotor slot harmonic exists:

R

p
� u ¼ 32

3
þ 1

3
¼ 33

3
¼ 11 (3.54)

while for u¼ 1/3 and l¼ 1 it is true for upper slot harmonic:

R

p
þ u ¼ 32

3
þ 1

3
¼ 33

3
¼ 11 (3.55)
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In addition, for u¼ 11/3

R

p
� u ¼ 32

3
� 11

3
¼ 21

3
¼ 7 (3.56)

while for u¼�11/3 and l¼ 1, it is true for upper slot harmonic:

R

p
þ u ¼ 32

3
� 11

3
¼ 21

3
¼ 7 (3.57)

Therefore, in healthy machine with S ¼ 36, R ¼ 32 and p ¼ 3, none of RSHs exists,
as it could be seen in Figure 3.16(a). However, in case of interturn short-circuit,
both of RSHs exist in the line current spectrum, i.e., Figure 3.16(b), and they are
very prominent. This effect could be additionally amplified by permeance harmo-
nics waves:

Bsv3 t; qsð Þ ¼ Bsv3maxcos 1 � R

p
1 � sð Þ

	 

wst þ S � R

p
þ u

	 

pqs

	 


Bsv4 t; qsð Þ ¼ Bsv4maxcos 1 þ R

p
1 � sð Þ

	 

wst þ S � R

p
� u

	 

pqs

	 
 (3.58)

The lower slot harmonic will appear for u¼ 11/3,

S � R

p
þ u ¼ 36 � 32

3
þ 11

3
¼ 5 (3.59)

while the upper exists for u¼ 1/3:

S � R

p
� u ¼ 36 � 32

3
� 1

3
¼ 1 (3.60)
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Figure 3.17 MMF of ‘‘phase’’ D – as analyzed motor is motor with p ¼ 3,
fundamental harmonic n ¼ 1 means six poles. In case of short circuit
in one coil, it means that phase D also produces subharmonics
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In addition, new harmonic component in current spectrum appears due to the
saturation phenomenon.

Bsat ¼ Bsatm cos 3wst � uþ 2ð Þpqsð Þ (3.61)

now could attain 1 for u¼�1,

uþ 2 ¼ �1 þ 2 ¼ 1 (3.62)

which means that new harmonic component at 150 Hz could appear as a result of
the fault due to the following flux density wave:

Bsat ¼ Bsatm cos 3wst � pqsð Þ (3.63)

However, this component does not exist in models in which the saturation is
neglected. To validate the results from the dynamic model, an experimental
investigation was conducted. The experiment was performed in the following
manner. A standard commercially available motor was dismantled and isolation
of the few turns from the same coil (in the end region) was mechanically injured,
i.e., scratched. These spots were soldered conductors which were taken out from
the motor. Short circuit was made between these conductors. Therefore, turns were
shorted externally. By measuring EMF between conductors and having known
winding details, we were able to conclude how many turns in one coil were shorted.
In the case of inrush current which was experienced particularly when two turns
which are in the neighborhood (in the electrical sense) were shorted, the short-
circuit current was reduced by means of an externally placed resistor. In these
cases, current was limited to the value of double-rated current for a short time
during the experiment.

Figure 3.18 shows the spectra of line current for a loaded machine for a healthy
and a faulty condition, respectively. Figure 3.18(a) shows that in a healthy machine,
frequency components, the result of the saturation of magnetic material (150, 250,
350 Hz, etc.), exist. In the healthy condition, only the upper rotor slot harmonic is
visible at 568 Hz (s ¼ 2.8%). From Figure 3.18(b), it is clear that as it is predicted
in the simulation model, the most significant changes arise at harmonic components
of (1 � lR(1 � s)/p)fs. Now, the lower rotor slot harmonic (at 469 Hz) is prominent
and the upper harmonic has risen. Moreover, the 150-Hz harmonic component is
considerably higher under the fault condition.

What has been already proposed in terms of PSHs existing in induction
motors is actually the basis for future analysis not only in the case of short-circuit
fault but also in the case of other types of faults. Furthermore, the appreciable
practice of the frequency-domain analysis of the motor current was extracted and
analyzed. What is not really deductible about faults in a time-domain analysis can
be somehow easily detected, followed and analyzed by means of a frequency
domain. The PSHs related to the short-circuit fault are the best examples of this
kind and in the same fashion, the broken bar and eccentricity fault will be addressed
shortly in the next chapters. Considering the mentioned points, three apparently
distinct but inherently correlated processing domains including time, frequency and
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time-frequency ones are going to be discussed in Chapters 8–10. In the current
chapter, the time-domain variations are emphasized more while the frequency
analysis will be further studied and combined with the time-domain information to
introduce a generalized solution to fault diagnosis challenges.

Measuring the magnetic, electrical, mechanical and partly thermal quantities of
the motor, we will also go directly through the property of time and frequency
components of every single motor variable to see how different faults apply
changes to motor variables, how the fault information could probably be extracted
and how the extracted information is used for a precise detection, determination
and diagnosis procedure.
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Figure 3.18 Current spectrum of a line start motor at slip ¼ 2.8% (a) healthy and
(b) short-circuit fault
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3.5 Laboratory-sale implementation of induction motor faults

Any fault diagnosis procedure will be nonsense if experimental investigations and
validations are not included in the procedure. In fact, after all the theoretical and
simulation-based analysis, what really matters in industry is measurements
reflecting the real motor behavior in faulty conditions. Moreover, although devel-
oping the basic ideas mathematically or even by means of simulations, whether
accurate FE or analytical models, helps researchers and industries investigate
practically the impossible number of situations, models still suffer from some sort
of inaccuracy depending on the number of assumptions made to build models.
Therefore, experimental study of what happens in reality should be an inseparable
part of any diagnosis procedure of electrical machines. More importantly, some of
the real world influential factors such as the thermal stresses, the nonhomogenous
magnetic materials and also every single multiphysics-related problem cannot be
analyzed accurately unless a real motor and drive system is incorporated. This
discussion necessitates presence of a straightforward implementation of the motor–
drive systems along with the corresponding faulty conditions including all three
major types of fault discussed in this chapter.

There are some prerequisites which should be considered prior to any setup
preparation for the experimental test rig. The prerequisites are as follows:

● The motor should not be so small that implementing the fault is difficult or
practically impossible. This really makes sense as motors in which the faults
take place are of a large power, for instance hundreds of kilowatts.

● The motor should not be very large because of two main reasons. First, as the
focus is on preparing a logical laboratory-scale setup, dealing with a relatively
large motor during the fault implementation will be a very tricky and over-
whelming task. Second, the larger the motor is, the higher the investment will
be. Most of the time, academic research budgets are limited, and having a solid
investment plan is essential.

● Peak a motor for which an industrial drive could be easily found. Do not go
through specifically dedicated motors built for special applications such as
ultrahigh speed ones. Catching a drive for this kind of applications is not easy;
moreover, research output will not probably be general enough to be used in
other applications.

● Sometimes, more than one rotor is required if the goal is to study the effect of
various broken bar positions. Therefore, include the corresponding prices in
the investment plan.

● Keep in mind to apply reversible faults such as eccentricity prior to applying
an irreversible defect like bar breakage if more than one type of fault should be
investigated.

● Take the safe side and start from the low fault levels. Even if a reversible fault
such as eccentricity of the rotor is studied, the reassembled healthy motor
might not be as the same as it was initially right after the factory production.
If a higher fault level is applied, the motor might be subjected to unrepairable
damage and not be able to be used later.
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● Again, choosing a medium or not very small power motor is usually preferred
as it is also robust enough against the environment noise which might affect the
faulty motor signals and consequently the diagnosis procedure.

● Try to prepare a general application drive such ABB ACS800 which can be
applied to all types of motors regardless of their specifications. The only
restricting factor in choosing general application drives is their power limits
which should be matched with the motor power.

● Try to prepare a drive consisting of both the open- and closed-loop control
strategies. Unfortunately, there is only a DTC or FOC strategy implemented in
one single drive. If one looks for a wider range of useful strategies, s/he should
go through providing more than one drive. It is not recommended to build the
drive on your own. If you wish so, make sure to implement every influential
factor which might be included in an industrial drive. Otherwise, the results
might not be convincing.

● In the case of a line-start application, make sure to have balanced three-phase
network. Otherwise, the diagnosis results achieved from one phase might be
different from the one obtained from another phase. To deal with an unba-
lanced network, using an autotransformer is a good solution. In the case of
inverter-fed applications, it is not a requirement as the drive itself outputs
balanced three-phase signals unless a switch fault or problem occurs.

● Prepare safe data acquisition instruments.
● Prepare a processor such as a computer or digital signal processors (DSP) to

process the measured data to extract the fault indicators. A very useful and
comprehensive discussion on this topic will be shortly provided in this chapter.

3.5.1 Three-phase induction motor
The key element of any test rig built for the diagnosis purposes targeted in this book
is an induction motor. The discussion is continued by considering a three-phase
induction motor with the following specifications (see Table 3.2):

The real motor is shown in Figure 3.19. This is exactly the same motor as what
was previously simulated using the FE approach. So it consists of 28 rotor bars and
36 stator slots. The stator and rotor are both made of silicon steel. The rotor bars are
made of aluminum. The rotor consists of two cages facilitating the motor start-up

Table 3.2 Induction motor specifications

Rated power 11 kW
Rated frequency 50 Hz
Number of poles 4
Rated line voltage (rms) (D-connected) 380 V
Rated line current 24 A
Rated power factor 0.83
Rated torque 70 N � m
Rated slip 3%
Number of turns 27
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by increasing the start-up resistance of the rotor. The number of slots per pole per
phase is equal to 3, so the winding layout should be the same as Figure 3.19(b) as it
consists of a concentric single layer winding topology. In high-power applications,
double layer winding topology is more popular. By ‘‘layer,’’ we mean the number of
separate layers of phases placed inside one single stator slot. The available network
to supply the motor contains three phases with an effective value of 380 V. There-
fore, the peak value of the supply voltage is equal to 538 V. The network should be
connected to the motor terminals with a delta connection (see Figure 3.19(a)). For a
star connection, the motor operation will be degraded due to the lack of supply
voltage. Coupled with the mentioned points, presence of a rigid bench to which the
motor is hanged firmly is another crucial requirement which reduces the unwanted
vibrations caused by improper or loose motor placement. The more the degree of
freedom of the bench is, the more flexible the motor assembling and disassembling
would be.
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Figure 3.19 (a) Tested induction motor and (b) corresponding winding layout
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3.5.2 Autotransformer
Figure 3.20 shows a typical autotransformer used in this study. There is one input
and one output set containing four terminals three of which is related to phases, and
the remaining one is the ground terminal if required. The adjusting wheel is used to
control the voltage level. An autotransformer is an electrical device with only one
single coil per phase and one or more terminals at the secondary to provide various
voltage levels for the user. The utilized autotransformer consists of the adjusting
wheel instead of the output terminals to make it possible to obtain smoothly vari-
able voltage range. The network voltage is applied to the primary winding(s) and
the secondary winding(s) returns the required voltage(s). The scale of the voltage
change applied by the transformer is not considerably large in fault diagnosis
procedures. The main responsibility of this device is to stabilize the voltage
amplitude partly different from the rated one. This apparatus has nothing to do with
the supply frequency and is simply used to control the voltage level.

SAFETY NOTE: Before turning on the setup, ascertain that the adjusting
wheel is located in a fair position in terms of the ratio of turns. Autotransformers
are normally capable of increasing the voltage up to three times the rated one and
this might cause life-threatening risk if it is not taken into account.

3.5.3 Drive
Another key point to be considered is how the motor is managed to be used in
inverter-fed applications. To do so, a very famous drive, i.e., ABB ACS800 is used
in this study (see Figure 3.21).

ACS800 is an industrial drive including the following features:

● controlling the time-domain characteristics of the motor speed and torque
● regenerative Braking mode
● DC magnetization to obtain the maximum torque capabilities of the motor
● flux weakening mode
● parallel motor control mode.

Primary
side

Secondary
side

Figure 3.20 Autotransformer
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One of the most incredible advantages of this inverter is its ability to control motor
speed in sensor-less method. In fact, there is no resolver or encoder connected to
the motor shaft to measure its mechanical speed, although it is also applicable using
this inverter. Mechanical speed is estimated by measuring electrical variables with
a very high precision. The operating mode can also be selected among SCALAR
and DTC. The main circuit of the drive is shown in Figure 3.22. The significant
parts are listed as follows:

● the control panel
● the start-up prevention switch (X41)
● the I/O board
● the input, output, DC bus and external braking resistor connections
● the six-step inverter.

The starting point of any motor–drive operation is to define the motor parameters
including the rated values as well as its electrical quantities, namely the resistance
and inductance of the drive, using the control panel. This is a must-do step prior to
any other progress. The entered values facile the torque and speed estimation per-
formed internally by the drive if a sensor-less control strategy is used. Otherwise,
the speed and torque signals can be passed to the drive through the I/O board using
sensors which are going to be discussed shortly. Moreover, the estimated torque
and speed signals are likewise available in the I/O board. So the I/O board is really
helpful in case if an advanced data acquisition hardware is not accessible. Different
drives provide different numbers and types of I/Os. Therefore, it is proposed to
refer to the user manual to be informed of details. Furthermore, input and output
power cables should be connected to the embedded ports shown in Figure 3.21.
There are also three other output ports allowing users to access the DC bus voltage
and also connect the external braking resistor to the drive. The latter is used to

Control panel

Heat sink

Input Output

Front cover

Connection box

Figure 3.21 ABB ACS800
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consume large regenerated braking power with the goal avoiding higher thermal
tensions applied to the drive.

It is very important to know that there are some safety rules to follow. For
example, the drive should always be installed inside a grounded metal frame (see
Figure 3.23) to prevent the external noise which might affect the control-level
measurements. In addition, the life-threatening risk is reduced due to the fact that
the frame voltage is deliberately brought to zero by connecting a ground wire to the
body. A very important practical aspect is that if you use a computer to analyze the
sampled motor signals, computer supply plug must be different from that of drive.
Otherwise, you will observe a very undesirable signal to noise ratio in your sampled
signals. Another alternative is to use three-phase chock.

Generally, the installation steps are as follows:

● Identify the frame size based on the user’s manual.
● Select the required cables including the power and control cables depending on

the motor–drive ratings the environmental conditions.

1https://library.e.abb.com/public/0cb03a89ae71bba5c1257b97004fdb01/EN_%20ACS800_01_HW_K_A4.
pdf (access date: October 2016).
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Figure 3.22 Main circuit of ACS800 drive1
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● Check for the availability of the entire necessary module in the drive box.
● Prepare a chock to prevent intercircuital interference between the drive and the

data acquisition power supplies.
● Install the drive inside the metal frame.
● Connect the grounding cable of the frame.
● Connect and shield power cables. It is essential to use shielded power cables

specifically where a long cable should be placed between the motor and the
drive. This is the major requirement to surpass the radio frequency emissions
radiated from the drive signals.

● Follow the cabling instruction to avoid improper installing angle of the cables
at joints.

● Connect an external braking resistor if you might have a regenerative braking
operation. This mostly happens when another drive which acts as the motor
load is connected in parallel to the main drive. In this case, two drives share the
DC bus voltage.

Finally, the motor is connected to the drive as shown in Figure 3.24. A set of fuses
should be necessarily utilized as an electric safe guard in case if any undesirable
over-currents take place (see Figure 3.24). The positive terminal of the braking
resistor is regularly connected to the positive terminal of the DC bus, and a built-in
terminal is embedded into the drive for the negative terminal. Both the motor and
the drive bodies must be grounded together.

Usually two types of reference values are implemented in every drive, speed
and torque reference values. Depending on the application in which the motor–
drive system is used, different reference values might be chosen. Then, the rest of
the operation is handled by the drive for controlling the motor speed or torque. It
should be noted that precise determination of the motor quantities such as the stator
inductance and the resistance are the essential task for presetting the drive.

Figure 3.23 Drive-shielded frame

124 Fault diagnosis of induction motors

www.ebook3000.com

http://www.ebook3000.org


Otherwise, the drive might fail to estimate the motor flux, torque and speed accu-
rately. As a result, all the control process should be questioned.

Another must-remember point is the acceleration profile adjustment which
takes place at the very beginning step of parameter determination for the drive.
Usually two general choices are available, linear and user-defined curves. The state
of the art is to use a linear acceleration or even deacceleration profile. However,
various control strategies certainly lead to a different profile of the motor quan-
tities. This makes the diagnosis procedure a very complex task. Investigating the
motor–drive behavior in the faulty modes is still an open area of research and
readers are referred to the author’s publications to find the potential research areas.

3.5.4 Motor load
This is one of the most demanding aspects required to be as precise as possible if an
accurate diagnosis investigation is really needed. First, it is the motor load level
which affects all the motor quantities, so the necessity of presence of an accurate
equipment for applying loads is one of the concerns. In addition, there are several
types of equipment functioning as a load for any type of motors including:

● DC machines
● AC machines controlled by a drive
● advanced programable dynamometers.

These are the general types of loads functioning in different ways but fulfilling the
same goal which is fixing the motor load level at a specific value or changing the

2https://library.e.abb.com/public/0cb03a89ae71bba5c1257b97004fdb01/EN_%20ACS800_01_HW_K_
A4.pdf (access date: October 2016).
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load based on a specific requirement such as oscillating load. Now, we are going to
discuss each of the available options one by one from the simplest to the most
advanced one sorted above.

3.5.4.1 DC machines
This type of loads includes DC generators which are mechanically coupled to the
shaft of induction motors, using a coupling device as shown in Figure 3.25. The
more reliable the coupler is, the less the amount of unwanted oscillations caused by
improper placement of the motor or the generator on the bench will be. It is highly
recommended that the motor and the generator be aligned along their shaft.
Otherwise, not only do undesirable oscillations harm the diagnosis procedure, but
they also cause future mechanical defects if the system is used for a long time. DC
machines are probably the simplest apparatus by means of which the motor load
can be controlled. The underlying idea is to make the machine operate as a gen-
erator while it supplies a resistive load like what is shown in Figure 3.26.
Significantly, the field and armature windings of the unitized DC machine should
have a shunt nature as a series-connected topology suffers from the lack of field
strength during the full-load operation. As a result, increasing the load, which is in
turn achievable by adding a parallel resistive branch illustrated in Figure 3.26, leads
to a dramatic reduction of the field of a series-connected topology; hence, the
generator starts to be demagnetized. This means that the DC machine would not be
able to compensate for the increased load level, and the total system load drops
down the desired value. This only happens if the rated power of the DC machine is
almost close to that of the motor. To come up with a solution, a considerably larger
DC machine is recommended. Otherwise, a shunt topology should be used.

One of the drawbacks associated with the mentioned approach of load control
is that the load level indicator is the induction motor current or speed while what
really matters in fault diagnosis applications is the motor slip. Nevertheless, the
proposed system seems to be very simple and straightforward while some precau-
tions in terms of the appropriate load-level control should be always kept in mind.
The shaft speed can also be measured by a tachometer.

Figure 3.25 Motor-generator mechanical connection using a coupler
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The proposed scheme is considered as of the unsafe approaches if an amateur
practitioner uses the equipment. The reasons are the naked terminals of both the
induction and DC motor along with the fact that the load should be changed
manually by switching the resistors. Therefore, the user should be alert enough to
avoid undesirable risks.

3.5.4.2 AC machines controlled by a drive
This scheme of loading the induction motor is very straightforward, useful, safe
enough, but a little costly (see Figure 3.27). The required ingredients of the scheme
are as follows:

● tested induction motor as the main machine
● another AC machine, preferably a synchronous one, as the generator acting as

a load
● two drives
● fuses.

The whole system is supplied by only one three-phase network connected to the
machines and the drives through a set of fuses preventing the electrical stresses in the
network side if any over currents happen in the system. Note that the fuses are
supposed to be there any time. The three-phase fuse set should be used; moreover,
two other fuses should connect the positive and the negative terminals of the DC
buses of two drives. A choke is also required to prevent high-frequency PWM signals
from circulating through the network. Drive#1 controls the induction motor while
Drive#2 is connected to the AC machine, acting as the load, whether synchronous or
asynchronous. The second motor–drive system should be set at torque control mode
while the first system can be used in either torque or speed control mode depending
on the test requirement. Preferably, the power, speed and torque ratings of the second
motor–drive system which is used to act as the load should be similar to that of the
induction motor. Otherwise, the AC machine power should be necessarily larger than
that of the induction motor. Moreover, if there is so much difference of speed
between the machines, a gearbox whose main operation is to change the speed while
ideally transferring the same power is used to couple the shafts mechanically.

S1

DC +–

R1 R2 R4R3 R5

S1 S1 S1 S1

Figure 3.26 Resistive load
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Due to its unique capability in accurate control of the torque or speed quan-
tities, the closed-loop strategy should be hired in the load side. Otherwise, it is not
guaranteed that a constant load is applied to the shaft if an open-loop strategy is
used. So make sure to prepare a drive which is capable of handling closed-loop
strategies, no matter if it is of a DTC or FOC nature, both work well. To reduce the
budget, look for a drive with a sensor-less control included. Otherwise, a resolver or
encoder should be prepared as well.

Whenever a single drive is connected to the network and the load is provided
by the first scheme, the DC machine, all the required currents including the tran-
sient one come from the network and if a large power motor is utilized, other
network-connected utilities might be affected harmfully due to the loading effect of
the motor test setup. However, the second scheme, two motor–drive systems, is as
demanding as the first scheme as the induction motor current is partly supplied by
the AC machine which operates as a generator. So the current is circulated among
two machines, and the network is only responsible for the power supply of drives.
The situation is somewhat different in transient start-ups while once the system
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Figure 3.27 Machine-drive systems with a common DC bus
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comes to a stable point, the network normally operates with a minimum current
defined by the drives.

A programable drive#2 which facilitates applying a nonconstant load to the
system is recommended. This kind of drive is useful when phenomena such as
oscillating loads are studied. Otherwise, studies should be limited to a constant but
altering load level which means a part of actual operations are neglected. So the
generality of the investigations directly depends on the capability of drives. This is
an important feature which we are aiming at in this book. With the use of the DC
machine scheme, it is almost impossible to apply an oscillating load. This is
another shortcoming of the first scheme highlighting it as an inefficient way of
tackling fault diagnosis matters. To put it differently, it is not mainly proposed to
go through the first scheme of motor loading.

On the other hand, the second scheme does not essentially ask for an auto-
transformer connecting the network to drive systems. The reason is that the drive
itself takes care of stabilization of its own terminal voltages and eliminates the need
for an extra stabilizing tool. This is another advantage of the mentioned motor–
drive systems in use. Furthermore, the braking resistor is not required anymore if
the motor and AC machines powers are properly matched, or in the best case, the
AC machine power exceeds that of the induction motor.

There is one important question ‘‘Is it possible to test a line-start induction
motor, using the second scheme?’’ The answer is ‘‘YES.’’ By removing the drive#1
and separately supplying the induction motor and the drive#2 to the network, a very
fantastic line-start setup by means of which a pure constant load level can be easily
applied is achieved. Do not forget to set the drive#2 at the torque control mode.

3.5.4.3 Advanced programable dynamometers
This is certainly the most accurate and appealing way of applying various load
levels to an induction motor under the test. Dynamometers generally operate on the
basis of absorbing the energy of the motor shaft and acting as a load. There are able
to operate at various torque–speed profiles providing the commanded mechanical
load for motors. Sometimes, there are measurement devices implemented to mea-
sure speed and torque to provide a proper command while some of the types of
dynamometers do not necessarily require a speed measure (Figure 3.28).

Regardless of what is connected to the dynamometer shaft, it operates as a
load-producing equipment guaranteeing a specific torque on the shaft. On the basis
of what structure or material produces the braking force acting as a load connected
to the shaft, various dynamometers are available. Three important ones are as
follows:

● Hysteresis brake dynamometers
This is a perfect choice for experimenting motors ranging from fractions of a
kilowatt to medium-power applications. A full range of motor speed including
the free-run to locked rotor can be easily controlled by means of a hysteresis
dynamometer. This is possible just because hysteresis dynamometers do not
generally need a speed measurement to precisely output a torque. They are
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indeed accurate, and the maximum error, depending on the size and accuracy
of the configuration, does not go beyond 1%. Considering the nature of hys-
teresis dynamometers, they can be programed to be even used in varying load
applications.

● Eddy-current brake dynamometer
The main feature of this type is the dependency of its torque to speed of
rotation. It is something like fans in which the developed load is proportional
to square of speed. So not all range of torque–speed profiles might be covered
by this means. However, if a high-speed application should be tested, eddy-
current dynamometers are the best.

● Powder brake dynamometers
This type is usually recommended for a considerably high torque application
such as traction motors while the corresponding speed level should not be so
much high. Again, a very well-designed dynamometer of this type might reach
a maximum error of 1% in the worst-case scenario.

Dynamometers usually come with a comprehensive measurement and analysis
package called power and spectrum analyzers by means of which all the ordinary
motor signals including the voltage, the current, the active and reactive power, the
inductance and also the corresponding frequency and time-domain variations are
explored. This gives users the opportunity to access the essential mediums of fault
diagnosis procedure straightforwardly. However, such a measurement and loading
equipment is supposed to be very expensive. An example will be provided later in
this chapter.

3.5.5 Implementation of broken bar fault
Initially, let us provide a complete 2D view of an induction motor crosssection
shown in Figure 3.29(a). The stator and the rotor consist of 36 slots and 28 bars,
respectively. Every 9 slots and 7 bars form pole out of 4 poles of the motor. Due to

3https://en.wikipedia.org/wiki/Dynamometer (access date: October 2016).
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the symmetry of the rotor, it is not important which bar is assigned as the first bar of
the rotor. Then, the other bars are numbered clockwise or counter clockwise from
2 to 28. The air-gap length of the motor is equal to 0.45 mm (Figure 3. 29(b)), and
the bars possess one upper and one lower parts dealing with the motor start-up
and steady-state operation, respectively.

The air gap is normally so small that even a very negligible amount of bearing
defect or eccentricity fault leads to a considerable percentage of air-gap distortion
causing an unbalanced motor operation. A very promising way of doing this is to
fix the motor housing on the working bench and clamp the shaft from both ends and
then try to loosen and open the plates. To perform it more smoothly, preheat the
plates close to the bearing area to make sure the bearing nests are loose enough.

Prior to any fault implementation, the first step is to disassemble the motor by
opening the two end plates. Preferably, start with the load-end plate. Make sure to
clamp the rotor shaft and not to release it while opening two end plates. Even if you
intend to release the shaft and put it on inner surface of the stator, do it safely to
prevent the stator material from being damaged or rubbed. If not so, the stator
would be apparently useless for future fault diagnosis attempts. Finally, take the
entire rotor body out and put it somewhere safe. Make sure to do it gently with the
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Figure 3.29 (a) Squirrel-cage induction motor and (b) magnified stator-rotor
teeth
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goal of protecting the rotor material. By ‘‘material,’’ we mean the silicon steel
material, not the bar material because the bars are often intact and inaccessible
while the outer layers of the silicon steel materials are of course in contact. The
bearings are mainly attached and fixed to the two shaft ends. So leave them the
same unless an eccentric rotor should be investigated (see Figure 3.30).

In this specific rotor, the bars are in the shape of a deep bar which consists of
two parts, the upper and the lower cages, as shown in Figure 3.31. This makes the
fault implementation somewhat tricky as there is not a uniform distribution of the
bar crosssection across the rotor bar depth. So while applying the partial broken
bar, it is not a 100% accurate practice. Nevertheless, applying a full broken bar is
easy and precise. The main aspect of implementing the breakage is to know the
exact dimension and shape of bars, as it is visible from outside of the rotor.
Therefore, having the structural map of the motor in hand is essential.

Considering the double cage rotor bars shown in Figure 3.31, the maximum
diameters of the upper and lower cages are equal to 6.2 and 5.4 mm, respectively.
So, it is obvious that a full broken bar requires an elimination of a crosssection
covered by a width 6.2 mm, while the partial broken bar only asks for a smaller
portion of the mentioned value. The question is that how the removal of the
crosssection is done. Actually, the goal is to partially or fully eliminate the bar
current and prevent the corresponding bar from contributing to the magnetic field
generation. How is it handled?

To apply broken bars fault to the rotor, the rotor bar should be drilled to pre-
vent the current from passing through the bar from one end to the other end. In
general, there are two main locations to make the desired hole (Figure 3.32):

● somewhere between two end-rings along the bar length
● right at the connection of bar and end-rings joints.

The latter is the most probable location of the fault in real motors (Figure 3.32(a)).
The joint between bar and end-ring is not always as strong as it should be due to
some internal cracks or bad welding or casting process. When the motor is subject
to undesirable thermal or mechanical stress, the joint is broken and it is literally
said that the bar is broken. It is not proposed to drill the hole at the joint of bar and
end-ring as it probably damages the end-ring which leads to a worse fault level.
First of all, it is better to make a very small hole on the rotor bar, somewhere
between two end-rings, using a very thin drill. Do not put so much pressure on the

Figure 3.30 Cage rotor
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drill because the bar is made of aluminum which is a really soft and easily drilled
material. Keep in mind to use fixture to prevent the rotor from moving when it is
drilled. Otherwise, the silicon steel material might be damaged. If so, not only the
core losses but also the flux distribution will dramatically be increased. To make
sure that you are just drilling the bar not the core, you have to keep eye on color of
swarf coming out of the drill. If the color is bright, it is the aluminum which is
drilled. Otherwise, if it is dark gray, you are drilling the core material. So you have
to stop immediately. Be careful to drill the bar with a very high speed and low force
level to guarantee that the drill would not brake and stick into the bar.

Depending on the diameter of drilling area, different levels of the breakage is
applied. Figure 3.31 clearly illustrates four different possibilities, namely the 25%,
50%, 75% and 100% breakage.

The formal course of drilling action is to utilize a stand-up drill like what is
shown in Figure 3.33. Do not lose the sight of the fact that the rotor should be
certainly fixed by means of a fixture. Act very gently and smoothly! If you are
going to investigate different fault levels ranging from partial to several full
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Figure 3.31 Rotor bar slot and different degree of broken bar fault in one slot
including partial and full broken bar
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broken bars, go ahead with the smallest fault level, for example 25% partial
breakage. Then, move toward the higher levels to keep the tested rotor less
damaged. Note that the broken bars fault is an irreversible kind of fault leading to a
permanent damage.

A very critical point is to get more than one rotor ready for experiments as you
might also intend to study more than one breakage at different poles. So one single
rotor is not enough to fulfill the requirements.

Partial and full breakages are two types of broken bars. If it is a partial
breakage, it is called partial broken bar in which a fraction of healthy current passes
through the bar. By increasing the level of partial breakage, the bar resistance is
increased up to almost infinity. Sometimes, there is full broken bar. This is simply
known as broken bar fault. It is mostly considered that the resistance of a broken
bar is infinite and no current passes through it, although it is not infinite when the
bar is partially broken. What really happens is a bit different due to the existence of
interbar currents. Although the current might not be able to pass through one bar in
full breakage case, it might enclose its pass through cracks existing in core between

(a)

(b)

Broken bar

Figure 3.32 Drilling the bar (a) joint of bar and end-ring and (b) between the two
end-rings
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two or more bars. This phenomenon has not yet been studied deeply, but the effects
of interbar currents have been observed in different tests. On the basis of this claim,
the resistance of a broken bar is not infinite at all. If you need to simulate the
broken bar fault, you might choose a larger value compared to that of the healthy
motor. This value will be discussed in the next chapters. Sometimes, more than one
broken bar, for example 2, 3 or more, might exist or happen in a rotor. The broken
bars could be in adjacent or nonadjacent locations. So the broken bars fault is
categorized into three main groups as follows:

● partial
● adjacent
● nonadjacent.

Figure 3.34 shows partial, 1, 2, 3, 4 adjacent broken bars. As the entire rotor cir-
cumference cannot be shown in 3D figures, the nonadjacent broken bars located at
different poles are shown in Figure 3.35 by means of a 2D representation. P1, P2,
P3 and P4 stand for first, second, third and fourth poles, respectively. Each small
gray circle is the symbol of one bar. Red color means that the bar is broken.
The number of nonadjacent broken bars might vary from 2 to larger numbers.

Figure 3.33 Stand-up drill
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(Instead of color, special signs must be used to have clear figures in the black and
white hard copy of the book.)

As you notice, there could be various degrees, numbers and locations of the
broken bars. So three totally different concepts, briefly addressed before, are
introduced as follows:

● Detection: Monitoring incipient broken bars fault occurrence
● Determination: Monitoring number of broken bars
● Fault-location: Monitoring location of the broken bars.

Combination of ‘‘detection,’’ ‘‘determination’’ and ‘‘fault-location’’ procedures
builds a very comprehensive advanced industrial concept which is called ‘‘Diag-
nosis.’’ The same is valid for the other types of motor faults. Diagnosis is not a
specific process of monitoring for electric machines. It is a very complicated process
which is required in all engineering and medical applications to provide a safe and
reliable operating condition not only for devices but also for technicians.

Taking the possibility of having different levels and locations of the fault into
account, one can easily understand the struggling of the diagnosis procedures based
on which users, researchers and technicians are trying to detect, determine and even
locate the fault. It is a really overwhelming task unless a clear interpretation of
faults and their effects on the motor signals is prepared. That is why a very basic to
advanced discussion of every influential factor of motors, drives and faults have
been and will be discussed in this book. Ignoring one important aspect, something

Figure 3.34 Different types of broken bars
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(a) (b)

(c) (d)

(e) (f)

Pole1 Pole2

Pole4 Pole3

Pole1 Pole2

Pole4 Pole3

Pole1 Pole2

Pole4 Pole3

Pole1 Pole2

Pole4 Pole3

Pole1 Pole2

Pole4 Pole3

Pole1 Pole2

Pole4 Pole3

Figure 3.35 Broken bar (bb) locations (a) healthy, (b) 1 bb, (c) 2 adjacent bbs
(case 1), (d) 2 bbs at half pole-pitch distance (case 2), (e) 2 bbs at
one pole-pitch distance (case 3) and ( f) 2 bbs at two pole-pitch
distance (case 4). (bb: Broken Bar)
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like the location of the fault, would probably result in unsatisfactory outputs lead-
ing to an incorrect maintenance process.

Having provided the experimental details in terms of the setup preparation and
also the broken bar implementations, now it is time to tackle the eccentricity fault
and its experimental sides. To learn more, have a look at the next subsection.

3.5.6 Implementation of eccentricity fault
So far, different ways of producing eccentricity fault in a laboratory scale have
been proposed in the literature. For example, static eccentricity can be the output of
the following approaches:

● to use a faulty bearing
● to design and build specific plates enabling us to change the vertical position of

the bearings
● to replace the bearing cage by an eccentric one and then use concentric rings

around the cage to fill the empty spaces
● to place the concentric bearing cage between the eccentric rings inside and

outside the cage
● to remove the plates, fix the rotor on stands and the stator on adjustable stand

In addition, the following approaches can be used to apply a dynamic eccentricity:

● to couple an unbalanced load to motor
● to chisel the bearings housing and fill the empty spaces by means of eccentric

rings
● to chisel the bearings housing and make an eccentric space and fill the empty

spaces by means of noneccentric rings
● to replace the bearing by bearings with a larger inner race diameter and fill the

empty space by means of eccentric rings.

Using one static and one dynamic approach simultaneously introduces a mixed
eccentricity fault. Some of the mentioned approaches are destructive. This means
that the motor structure is damaged permanently after applying the fault. In the case
of destructive approaches, returning the motor to its healthy state will be almost
impossible. Moreover, the fault level cannot even be changed if a destructive
approach is used. Some of the approaches require a sophisticated measurement tool
to measure the level of eccentricity applied to bearings.

We decide to stick to an approach which reduces the number of disadvantages
mentioned above. Mainly, the approach should not be destructive and not require a
specific measurement tool. So various types and levels of eccentricity can be
applied and eventually removed from the motor to get it back to a healthy opera-
tion. It is an extension of the forth dynamic approach. For this purpose, instead of
the main bearing with the code 6309, another bearing called 6011 whose inner race
diameter is 10 mm larger and outer race diameter is 10 mm smaller than that of
6309 is utilized. Placing the new bearing helps us with two empty spaces inside and
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outside it and allows us to fill both spaces by means of rings leading to the possi-
bility of both the static and dynamic eccentricities. So the steps are as follows:

● to install a concentric ring inside and an eccentric ring outside the bearing to
produce a static eccentricity. The fault severity is controlled by means of the
level the eccentricity of the outer ring.

● to install an eccentric ring inside and a concentric ring outside the bearing to
produce a dynamic eccentricity. The fault level is controlled by means of the
level of eccentricity of the inner ring.

● to combine the previous two approaches to apply a mixed eccentricity fault.

Finally, the initial healthy motor can be assembled again using the replacement of
faulty bearings by the healthy one. A very clear illustration of the mentioned steps
is provided in Figure 3.36. The challenging part of the implementation is to
appropriately prepare the eccentric rings with an exact level of eccentricity. As the

(a)

(b)

Figure 3.36 Experimental implementation of eccentricity fault
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air-gap length is very small, a very accurate tool such as a computerized numeric
control machine might be required. This is probably an expensive but appreciable
practice.

Now, let us switch to bearing fault and a very simple but intuitive ways of
applying defects to it (see Figure 3.37). Simply drill the inner or outer race to
produce the inner race or outer race fault. To apply a ball defect, it is better to apply
a crack or breakage to one of the balls. So it requires disassembling the bearing.

3.5.7 Implementation of interturn short-circuit fault
In a healthy condition, the only accessible parts of the turns or coils are the end
terminals allowing us to connect them to the supply while a short-circuit fault
stands in need of new electrical connections as shown in Figure 3.38. These new
connections are definitely different from the terminals and provide a current pass
through somewhere in the middle of one of the windings, a, b or c to the same
winding, another winding or even the ground (motor housing). Respectively, they
are called interturn, phase-to-phase and phase-to-ground fault. Therefore, to apply a
short-circuit fault, the insolation of at least two turns should be partly removed to
access the turns. So it is certainly a destructive task and needs a careful attention.
Even after removing the insolation, an additional resistance shown by Rf should be
used to limit the circulating fault current to a safe value. Actually, if the fault
connections are attached to each other, using a low resistance wire, the fault current
in the new phase might go beyond control, and the phase winding(s) burns com-
pletely. In this case, the motor will be useless.

Depending on the fault severity, location and type, different values of Rf are
demanded. For example, when dealing with phase-to-ground short-circuit fault,
probably the larger Rf should be used as it is often the electric path with the smallest

Outer raceway scratch

Outer raceway hole. 3 mm diameter.
Inner raceway scratch

Figure 3.37 Experimental implementation of bearing fault
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resistance. Hence, a larger circulating current will flow for a given path voltage.
However, the interturn fault, which is usually the most possible case, is of the
smallest current, so the corresponding Rf might also be equal to zero, depending on
the insulation quality. This is actually the insulation and partly the copper quality
which define the maximum allowable circulating current and subsequently the Rf

value. In fact, the more the insulation and copper endurance is against the tem-
perature rise caused by a large circulating current, the smaller the value of Rf needs
to be. Therefore, higher levels of fault might also be studied. High-quality insula-
tion also makes it possible to sample a larger time period giving the opportunity
to have a better spectral resolution. Rf should be a high-power resistance which
is capable of tolerating large power dissipation. Then, Rf is to be electrically

a

Rf

Rf

b

c

Rf

Ground

End winding

Phase-to-phase
fault

Phase-to-ground

fault

Interturn Fault

(a)

(b)

Figure 3.38 (a) Schematic implementation of short-circuit fault and (b) motor end
winding
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connected to the turns which are planned to be short-circuited. As the turns are not
accessible through the stator stack length, the only part facilitating the process is
the end-winding areas coming out from the stack.

In practice, as investigating real large current faults is impossible due to the
fact that the motor will be permanently destructed, the trend is to only analyze
lower levels of fault to first find proper indicators and then check how the proposed
indicator depends on the fault increase or the other influential factors. The other
faults are treated the same while some of them such as eccentricity fault are of a
reversible nature pointing it as a motor friendly type of fault.

The aim of this section is to deliver the real sense of fault diagnosis and their
laboratory-scale implementations. On the other hand, as the very beginning step of
the diagnosis procedure, signals should be prepared for processing step. This is why
measuring, or in other words, sampling motor signals including thermal, magnetic,
electrical and mechanical signals are of a great interest as they are the mediums
reflecting the possible faulty behavior. Motor signals such as voltage and current
and their corresponding temporal and spectral variations are kind of signatures for
any motor and differ depending on the motor type, the fault type, the processed
signal and also the utilized processor.

Basically, an accurate measurement of proper motor signals is the most
important concern of any diagnosis procedure. Therefore, we decide to establish a
useful and comprehensive analysis of various types of sensing and sampling motor
signals. To this end, move toward the next section which discusses signals and the
corresponding sensor implementation.

3.5.8 Signals and sensors
3.5.8.1 Voltage
One of the most well-known and significant motor signals is probably the voltage
which is responsible for providing the amount of torque required for rotation.
Although in line-start applications, there is no point of generally using the voltage as
a signal for the diagnosis purposes, in inverter-fed applications it plays a vital role in
defining some specific aspects of faults such as justifying the possible differences
between various supply modes. However, the voltage might also be useful in a line-
start application if calculation of quantities such as winding inductances is the main
goal. Moreover, the time-domain samples of the line voltage are simply available in
the I/O port of drives or by means of built-in packages or interfaces developed for a
drive. Therefore, in drive-fed motors, using additional instruments is not recom-
mended, but in case a line-start application is under the test or there is no access to
drive interfaces, one might use a ‘‘Voltage Transducer (VT)’’ specifically developed
for this kind of applications (see Figure 3.39). VTs are promising tools to measure
and output a scale voltage exactly similar to their inputs which is the motor terminal
voltage. A common structure of VTs is illustrated in Figure 3.39(a).

Any VT consists of a transformer used for isolating the primary and the sec-
ondary windings to increase the safety and also possibility of the measurement,
using a small output voltage. The input voltage might be very high. A restricting
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resistance connects the terminals to the VT and it should have a considerably large
value to avoid the loading effect of the VT. Then, the output of transformer is
connected to an op-amp for outputting a scaled voltage measured in the M
(measurement) terminal. There is also a series-connected measurement resistance
to prevent the output current from running above fractions of an ampere. If the
output of voltages of transformer becomes larger than the supply voltage of the
OP-AMP, the output is saturated and will represent a flat-topped signal. So, make
sure the maximum terminal voltage does not go beyond the rated limits of the VT.

Using VTs is very simple and straightforward, and the only necessary addi-
tional thing is a DC voltage source to supply the OP-AMP. It is worth noting that
the supply provides a positive–negative polarity voltage. Otherwise, one side of the
signal, either the positive or negative side, is cut off in the output. The LEM
company sells a wide variety of VTs as well as current transducers (CT) ranging
from very small to medium ratings (see Figure 3.39(b)). Every single product of
this company has its own specific datasheet in which the proper usage is provided.

Transformer

Op-Amp

Input

RMeasurement

+Vsupply

–Vsupply

Measurement
terminal

Is

(a)

(b)

Figure 3.39 (a) VT circuit and (b) LEM VT
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3.5.8.2 Current
As a principle ingredient of diagnosis procedure, the current should be considered
as the most tackled and useful signal in any procedure. Both the time and the
frequency analysis of this practically appreciated signal have been matter of var-
ious investigations, so an abbreviated term called MCSA which stands for ‘‘motor
current signature analysis’’ is usually assigned to the process of investigating the
fault, using the motor current. The widespread use of the motor current is under-
lined by the fact that it reflects almost all the essential fault behavior and also it is
the easiest and safest signal in terms of sampling. Unlike the motor voltage which
might be very dangerous if precautions are not taken into account, the current
sampling is painless. The only required instrument is a CT, especially a Hall-effect
sensor (see Figure 3.40). The connections look similar to that of a VT except the

Op-Amp

(a)

CT

Input current

+Vsupply

–Vsupply

RMeasurement Measurement
terminal

Is

(b)

Figure 3.40 (a) CT circuit and (b) LEM CT
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input connections. Instead of a simple isolated transformer, a Hall-effect sensor,
which does not require an electric connection in the primary, is implemented. The
primary is the motor terminal wires passing through the middle open space of the
CT shown in Figure 3.40(b). Using the magnetic induction on the secondary
winding of the sensor, the transformer output is passed to the OP-AMP and then
scaled to the output which is the same as that of VT.

3.5.8.3 Torque
In general, there are two types of torque-measurement sensors as the following:

● invasive
● noninvasive.

Invasive type of measurements is normally coupled to the motor shaft mechani-
cally; hence, there is always a mechanical coupling which might affect the motor
behavior in a bad way. In fact, there is the possibility of the signals used for the
diagnosis being affected. Therefore, it is called ‘‘invasive.’’ The terminology of
‘‘invasive measurement’’ used in this book is way broader than what is usually
referred to in the literature. In fact, any device or even device placement revealing
any kind of potentially harmful or disturbing effect might be included in this
category. Otherwise, it is called a ‘‘noninvasive’’ technique. Definitely, a non-
invasive method should be practically preferred to an invasive one. However, the
corresponding noninvasive sensors (see Figure 3.41(b)) which are principally based
on the Hall-effect do not cover a wide range of applications. So it is recommended
to prepare a mechanically coupled sensor (see Figure 3.41(a)) if a larger range of
torque and speed variations should be investigated.

One of the disadvantages of the mechanically coupled sensors is the presence
of a mechanical connection between the motor and the sensor shafts. Thus, if
eccentricity is investigated, there is a possibility of a bended sensor shaft as well.
This not only applies asymmetry in a long-term use, but also might reduce the
accuracy of the sensor. However, both types are usually robust enough to withstand
sever applications up a certain point. Regardless of the type, the associated error of
torque sensors today does not usually surpass 1% which is an acceptable range for
the diagnosis purposes.

Both types consist of a scaled electrical output to hand in the motor torque
instances mostly in an analogue regime. Actually, as they mostly use analogue
devices, the output torque has a continuous nature while digital torque sensors
providing described signals are also available. Close attention should be paid to the
selection of a digital torque sensor in terms of the sampling rate. The higher the
sampling rate is, the higher the resolution and the number of observable harmonic
orders will be in the torque spectrum.

3.5.8.4 Speed
Encoders and tachometers are two mediums of measuring the motor speed,
each having its own advantages and disadvantages (see Figure 3.42). Encoders
are mechanically coupled devices while tachometer should not necessarily be
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connected mechanically. What makes a difference between these two types is the
way they are used to measure the speed. The following are the main differences:

● Encoders are mechanically connected to the motor shaft; hence, are considered
as an invasive method of measurement. On the other hand, tachometers work
on the basis of laser light which sends and receives high-frequency waves
reflected from the shaft. Normally, unlike encoders, tachometers do not pro-
vide us with an output port of speed measurement, and they only consist of a
digital indicator indicating an average value of speed.

● Encoders are of course capable of sampling the speed variation while tach-
ometers often return one single number in average. So if the goal is to merely
define the steady-state speed of the motor shaft, tachometers are the best
choices. Otherwise, in case of a need for an accurate time-dependent step-by-
step speed development of the shaft, encoders should be used undoubtedly.

(a)

(b)

Figure 3.41 Torque sensors (a) invasive method and (b) noninvasive method
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Discussing the details of operating principles of sensors is not a part of this book,
and the only focus is on their application in accurate signal measurement. For more
information about the principles, readers are referred to datasheets distributed by
companies.

3.5.8.5 Flux
Magnetic flux density is the key agent of transferring power from the stator to the
rotor. Without a magnetic coupling through the motor air gap, electromagnetic
energy conversion is stopped and the motor operation fails. This is why it is some-
times considered as the heart of any electrical machine. On the other hand, although
the original signal of supplying the motor power is the terminal voltage, what handles
the rotation is the magnetic force or torque developed by the magnetic flux density.
Moreover, previous mathematical and simulation-based developments proved that
any fault behavior, either in the stator or the rotor, is somehow transferred to the rotor
or the stator only by means of the air-gap magnetic flux. The mentioned point
necessitates the utilization of an approach to access the magnetic flux at least at air-
gap level. To this end, two approaches, namely an FE-based simulation and an
experimental sensor, are available. The first approach is the subject of the next
chapters while here we are going to introduce the second approach.

Observing an induction motor structure, whether wound or cage rotor, one will
simply understand that in an ordinary motor, there is no way of accessing the air gap
as motors are totally encapsulated by the housing and there is no access inside. So the
trick to access the air-gap quantities is to use an invasive technique called ‘‘search
coil’’ shown in Figure 3.43. The approach is called invasive as the motor plates
should be opened, and then the search coil is placed around one of the stator teeth.

(a) (b)

Figure 3.42 Speed sensors (a) encoder and (b) tachometer
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The larger the number of coils is, the larger the output voltage will be. However, even
one turn works very well. Be careful not to increase the number of turns so much that
it impacts the flux distribution of the main coils. The search coil provides two open
terminals whose differentiated voltages should be equal to its induced voltage on it.
As the search coil is installed as close as possible to the air gap, the most dominant
neighboring magnetic field is that of the air gap. According to the Faraday’s law,
while the magnetic field rotates and passes through the coil, a specific level of EMF
is induced and measured at the terminals. This is a highly invasive but very useful
technique. The magnetic flux density of the other parts of the motor including the
stator tooth, the stator yoke, the rotor tooth and also the rotor yoke is not measurable
at least by means of ordinary approaches. It is not also possible to implement such a
device in a laboratory scale. This is why researchers rely on 2D or 3D FE simulations
to study behavior of faulty motors. Furthermore, in the case of a cage rotor, rotor
quantities are actually beyond reach, so the mentioned sensors will be useless unless
a preimplemented sensor, manufactured by factories, is used.

A very important point is to get familiar with the issues associated with mag-
netic characteristics of faulty induction motors. This is not achievable unless a very
comprehensive FE model of motor is investigated. In fact, any posterior analysis
including thermal or loss characterization highly depends on an accurate magnetic
flux distribution prediction and FE approach makes this possible. Therefore, one
complete chapter will be devoted to basics, formulations, implementation and
postprocessing the FE analysis of healthy and faulty induction motors. Along with
the other chapters, the chapter related to the FE analysis definitely discriminates
this book from similar books in which a shallow study of the motor quantities is
addressed without providing justifications.

3.5.8.6 Vibration
Practically, vibration analysis is the core diagnosis approach of induction motors.
Vibration in vertical, horizontal and axial directions returns astounding information
on the motor behavior. Most of the time, it is by mistake assumed that vibration
analysis only deals with mechanical defects and has nothing to with electrical
faults. However, any type of fault, as what was previously mentioned, produce a
specific oscillating trend causing monotonic mechanical pulsation of the motor
body. Even the short-circuit fault which is a kind of naturally electrical fault also

Phase
winding

Stator yoke

Search
coil

Figure 3.43 Search coil
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produces a pulsating air-gap flux density leading to a mechanical vibration. This is
exactly what is sensed by a vibration sensor and returned as an electrical signal.
A typical vibration sensor, along with the possible installation locations, is shown
in Figure 3.44. Accelerometer is the conventional name of vibration sensors. They

4http://www.imi-sensors.com/ (access date: October 2016).
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Figure 3.44 (a) Vibration sensor and (b) possible installation locations4
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are magnetically mounted devices which can be rotated by user around the motor to
capture vibration patterns of different parts of the motor.

There are types of two implementations of accelerometers, temporary and
permanently located sensors, which are used in easily accessible and totally inac-
cessible operating areas, respectively. In other words, if the motor should be
installed once and not accessed easily later on, it is usually preferred to install a
permanently mounted wired sensor instead of a rotating accelerometer. If more
than one accelerometer is mounted or used to monitor the vibration, data from all
sensors is passed to a switch which is connected to a monitor or any kind of indi-
cator. Then, sensors data is monitored one by one by switching between the sen-
sors. Depending on the location of sensors on the motor housing, shaft, plates or
even bearings, different patterns each revealing an aspect of faulty motor are
achieved. It should be noted that it is also possible to mount a sensor internally
inside the motor housing. Nevertheless, this might be considered an invasive
technique and is not recommended. Having said that, the placement and location of
sensors itself is a cause of decision change of a condition monitoring procedure.
If so, vibration analysis should be included in the category of invasive approaches
as the way it is implemented affects the diagnosis procedure. However, once the
sensors are implemented and fixed, outputs should be the same for a given faulty
condition. So in this sense, it is a noninvasive technique. Equally important,
vibration sensors are always mechanically connected to the motor.

Vibration sensors are comparably more expensive than VTs or CTs. Therefore,
it might not be affordable by academic research centers whose budgets are limited.
In this case, it is proposed to use a search coil and measure the air-gap flux density.
Then, the radial force can be calculated and assigned as a vibration producing
component, using (3.38). As the tangential component of the air-gap flux density is
almost zero, this leads to an acceptable approximation of the radial force which is
the main reason of the vibration. The other option is to use an accurate FE approach
to simulate the vibration signals. However, vibration analysis has been used for
several decades and is still of a great interest in industries.

Sound (noise) is a direct consequence of any kind of vibration. So in an
environment that there is no additional noise or sound-producing factor except the
tested motor, it is a premium approach to the analysis of the fault as it certainly has
a noninvasive nature. The corresponding sound or noise sensors are in the form of
antenna absorbing the noise or any sound disturbance produced by the fault. The
significant requirement of any sound sensing is the presence of a noise-free room
(antenna room) in which the motor should be tested. Although the required room
should not be very large, it is a very dedicated and expensive facility not found
easily everywhere (see Figure 3.45). Sound analysis technique is a very promising
way of diagnosing motor faults.

3.5.8.7 Temperature
Temperature sensing is one of the common monitoring techniques of electrical
machines including motors and generator. Depending on the machine and fault
type, different parts of the machine are subjected to a thermal tension requesting for
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a precaution in terms of possible future defects. In a healthy induction motor, end
windings are the highly heated parts due to the higher leakage inductance while in a
faulty motor, every part experiencing a dramatically increasing saturation level is
the target of thermal tensions. For example, when a broken bar or short-circuit fault
occurs, the area neighboring the fault reveals a considerably high temperature
leading to an unbalanced temperature distribution of the machine. An eccentricity
fault introducing a rotating saturated region called UMP point applies a total tem-
perature rise of the motor. However, the other types of fault are also factors for
generally increasing the motor temperature compared to a healthy operation.
Temperature monitoring is not usually performed as a sole-task, and it is combined
with some other techniques such as the vibration analysis to return helpful infor-
mation on motor operation. Moreover, the operating mode and the motor load level
should be first defined in any thermal analysis as these are the principle factors in
determining the temperature.

There are two basic monitoring approaches dealing with the thermal analysis
of an induction motor:

● measuring local temperatures
● measuring a bulk image or motor temperature.

The first approach, which is a kind of invasive technique, requires several ther-
mocouples (see Figure 3.46) connected or installed at target part of the motor body
including end windings, stator core, rotor core, housing and bearings, etc. This
approach is based on a well-known effect called Seebeck which is the direct con-
version of a difference in temperature between to materials to an electric signal. It
literally means that an electrical equivalent value is assigned to heat existing at a
joint of two wires with different materials (Figure 3.46(a)). Two metals face the
same heat source while the rate of temperature increase is totally different as the
materials are not the same. Considering that any temperature change leads to a flow

Figure 3.45 Antenna room
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of electrons and assuming two materials with a great difference in their heat
transfer capability, an electric voltage difference between two terminals in the
measurement side takes place. This is what should be equivalently measured
instead of real temperature difference. As thermocouples are very handy and small
devices, they can be easily bonded on every part of motors body. This makes them
one of the interesting ways of exact temperature monitoring.

Although thermocouples are very easy to use, their life time is somehow short
compared to the other types of sensors discussed so far. The accuracy of the device

5http://www.kalkaheater.com/product/thermocouples (access date: October 2016).
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Figure 3.46 Thermocouple (a) circuit and (b) real one5
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might be affected by thermal tensions existing in the test environment. So cali-
brating the device and making sure if the device works very well should be one of
the ongoing steps of using them.

Unlike the local thermal analysis, a global value indicating a total temperature
change is sometimes assigned to the motor. The best candidate to reflect the change
is the coolant temperature which is usually the air flowing in the air gap or close to
it. So one can use a thermometer, regardless of type, to measure the time-dependent
change of the motor temperature. This technique has nothing to do with an exact
diagnosis procedure as the global temperature variation might be the product of any
other unknown reason. Therefore, it is not proposed to go this way. Instead, uti-
lizing a thermography camera is highly recommended (see Figure 3.47). It is a
potential device to return a very discriminative temperature distribution of motors.
In the case of stationary faults including the stator short circuit and also static
eccentricity, it is expected to have a very clear representation of the fault location,
and the detection is performed very well. However, if a rotating fault exists, it will
not be easily detectable. As the thermal time constant is always larger than the
magnetic time constant, incipient faults might not be detected by thermal analysis.

Considering the comments in terms of the motor signals and the corresponding
sensing devices, all the sensors return electrical values which are relevant to the
measured quantity. The products are electrical signals which should analyzed to
conduct a diagnostic task. Therefore, another significantly important step is the so-
called ‘‘data acquisition’’ which is introduced below. This step comes ahead of any
signal processing and fault diagnosis step as the latter cases are impossible to be
done unless a signal is in hand.

3.5.9 Data acquisition
We prefer to introduce a very useful general application data acquisition (DAQ)
device called ‘‘AdvanTech PCI-1710 HG’’ which enables us to sample several
signals at the same time with difference qualities. A typical device is shown in
Figure 3.48.

The specifications of the mentioned DAQ device are as follows:

● 16 single-ended or 8 differential or a combination of analog inputs
● 12-bit A/D converter, with up to 100-kHz sampling rate
● programable gain
● automatic channel/gain scanning
● onboard FIFO memory (4,096 samples)
● two 12-bit analog output channels (PCI-1710/1710HG only)
● 16 digital inputs and 16 digital outputs
● onboard programable counter
● board IDTM switch.

A very compelling aspect of the device is the number of input channels which is
equal to 16 if a single-ended topology is used. On the other hand, if a noisy envir-
onment exists, the differential topology consisting of 8 channels is recommended.
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The analogue to digital convertor implemented in this device is capable of
sampling at a maximum rate of 100 kHz indicating that a maximum sampling
frequency of 6,250 Hz can be assigned to every channel in a single-ended topology.
In the case of differential inputs, 12,500 Hz is the target. The corresponding
sampling frequencies cannot be increased over the mentioned values unless

6http://www.conrad-electronic.co.uk/ce/en/product/100926/Fluke-Ti32-Infrared-Thermal-Imaging-
Camera (access date: October 2016).
7http://iactthermography.org/ (access date: October 2016).

(a)

(b)

Figure 3.47 (a) Thermography camera6 and (b) motor temperature distribution7
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some of the channels are free and not used. Then, the sampling frequency of
used channels may increase if needed. The more the sampling frequency is, the
more information preserved in a sampled signal will be. According to the Nyquist’s
law, the sampling frequency should be at least equal to twice the maximum fre-
quency which should be included in the spectrum. Considering this fact and also
taking the spectral resolution into account, it is suggested to take the safe side and
go beyond the Nyquist’s law and increase the sampling frequency as much as
possible. The upper limit is usually forced by the data storage and also real-time
analysis capability. Most of the time, it is favorable to have an online diagnosis
technique which is able to detect incipient fault. In this case, there should be a

(a)

(b)

Figure 3.48 AdvanTech PCI-1710 HG (a) main board and (b) terminal box
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trade-off between the accuracy and the required sampled data. In an offline case,
users might even sample tons of data to increase the accuracy of the future
investigations.

3.5.9.1 MATLAB� code for an AdvanTech device
AdvanTech boards always come with a terminal box allowing us to connect the
sensors outputs to the AdvanTech board installed inside a personal computer. The
interface between the terminal box and the board is implemented by a 68-pin par-
allel connector shown in Figure 3.48(b). The whole system is controlled by the
interfaces developed by the company or simply using MATLAB. Fortunately,
MATLAB provides a fantastic DAQ interface not only for the AdvanTech products
but also for a variety of other DAQ devices. Below is the routine which is used by
MATLAB to input or output signals (see Figure 3.49). The interfaces taking care of
MATLAB/AdvanTech interactions include m-files, data acquisition engines and
hardware-driver adaptors. The last two aspects are themselves controlled by m-files
or even SIMULINK� files.

MATLAB

M-file functions

Data acquisition engine

Hardware driver adaptors

Hardware driver

Hardware

Sensors

Disk file

Actuators

Property values, data and events

Property values, data and events

Interactive functions and data

Data acquisition toolbox

Figure 3.49 MATLAB data acquisition routine
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This routine represents the possibility of inputting and outputting data while
the focus of our work is on the inputting process. Assuming an inputting process,
the steps are as follows:

● connect the sensors outputs to the terminal box
● connect the 68-pin parallel connector to the main AdvanTech board
● before going through defining a DAQ hardware, check if the hardware is

available or not using the following command in the command line:

% show and save list of available and installed vendors
vendor=daq.getVendors

● open an m-file in a MATLAB environment and start typing the following code:

% Create a session for the required vendor
session = daq.createSession(‘advnatech’)
% Add an input digital channel
ch1=addDigitalChannel(session,‘DeviceID’,

‘ChannelID’, ‘InputOnly’);
% Specify channel specifications
ch1.TerminalConfig = ‘Differential’;
ch1.Range =[-10.0 10.0];
% Specify duration of acquisition
session.DurationInSeconds = 2;
% Specify the sampling frequency or rate per second
session.Rate = 10000;
% Inquire about the limit of sampling rate determined by

hardware
session.RateLimit
% start session
data = startForeground(s);

The steps have been explained as comments shown by percent symbols. Simply,
one can call an AdvanTech Package and set the options according to the require-
ments and then start sampling input signals, using MATLAB. A real-time practice of
data acquisition toolbox is also implementable by means of MATLAB/SIMULINK
blocks. Moreover, the above-mentioned process shows a digital input scheme while
the analogue one is also applicable if needed. For more details, readers are referred
to the Mathwork website (https://www.mathworks.com/help/daq/functionlist.html
(access date: October 2016)).

Some technical points while using any acquisition hardware or device should
be taken into account:

● Do not touch the input terminals with a bare hand. Static electricity might
decalibrate the device.
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● Calibrate the device before using it.
● Scale the input signals applied to the terminal box to a measurable range of the

DAQ device, i.e., [�10, 10] V for AdvanTech PCI-1710 HG. In the situation
that inputs run over the mentioned range, the sampled signal’s top will be cut
off and look like a flat-topped curve. Furthermore, relatively large inputs, those
which are higher than the tolerable range of the device, might lead to a com-
plete device failure by introducing insulation failure.

● When connecting more than one input, if the number of inputs does not surpass
the number of channels, assign distanced channels to inputs to reduce the
possibility of loading effects of channels onto each other’s signals. However,
all the channels should be isolated in the manufacturing process.

What has been already discussed in terms of the DAQ devices is focused on a
multitask hardware built by the AdvanTech Corporation. This device does not come
with a set of sensors such as VTs or CTs, and one should first prepare the required
sensors and then integrate them with a DAQ board. This means that although the
provided measurement and acquisition setup components are very handy and useful,
they might not perfectly match each other in terms of impedances, calibration, input/
output ranges and so forth. So another comparable option is to use an integrated
digital oscilloscope accompanied by a matched set of current and voltage probes.
Tektronix is the best example of manufacturer of this kind. It provides high reso-
lution multichannel digital oscilloscopes; moreover, very accurate current and vol-
tage probes at different ratings are also available. The only drawback is related to
the variety of type of probes (sensors) which does not cover the mechanical, mag-
netic and thermal sensors. So if one looks for a full control of the DAQ devices, the
first approach is recommended while the second one is probably easier to use.

After being sampled, all the required motor signals are passed to a processor
which can be a simple personal computer or a separate DSP such as those devel-
oped by the Texas Instruments company. The diagnosis procedure normally ends
with the signal processing and fault indicator extraction step. This is a major step
through the final goal of the fault diagnosis. Thus, it will be deeply discussed in
Chapter 7. For now, it is assumed that the corresponding prerequisites are ready to
go further through introducing an integrated fault diagnosis scheme below in the
next subsection.

3.5.10 Overall scheme of the conventional cabled diagnosis
system implementation

Taking all the mentioned aspects of a practical implementation of fault diagnosis
procedure into account, a general scheme shown in Figure 3.1 is introduced as the
final solution for the experimental setup. In a few words, the following step-by-step
procedure should be followed up to the end point which is extracting fault infor-
mation, using a time, frequency or time-frequency analysis (Figure 3.50).

● If the motor is a wound rotor topology, short circuit the rotor windings.
● Connect the tested induction motor to the three-phase network/Drive, using a

switch to take care of both the line-start and inverter-fed modes.
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● The switch is used to switch between the line-start and inverter-fed modes.
● Connect the drive input to the three-phase network. One might also connect a

three-phase choke to reduce the noise applied to the network.
● Connect the drives output terminals to the switch input terminals.
● Use shielded cables.
● Connect the switch output terminals to the motor terminals.
● Determine one of the phases as the diagnosis phase and then pass it through

the CT. It is proposed to roll it several times around one leg of the CT to make
sure the best primary coupling is made between the phase cable and the CT.

● Connect the test phase to the VT.
● Prior to connecting the electrical inputs of the motor, mechanical parts should

be handled very well. It means that the encoder, the torque meter, the coupling
and the load should all be connected and checked for being safe first.

● Prior to connecting the drive to the circuit, make sure to adjust the required
initial parameters including the rise-time, the motor resistance, the motor
inductance and most importantly the operating mode.

● Apply the temperature, flux and also vibration sensors as desired and then
route all the sensing signals to the DAQ devices.

● Connect the DAQ devices outputs to a processing hardware which includes an
ordinary CPU or a DSP.

● Obviously, the fault should be already applied to the motor. Furthermore, the
speed and torque adjustments are supposed to be done.

● Finally, run the system and start sampling and analyzing the motor signals with
the goal of extracting proper fault indicators. This step is the main focus of
this book and will be further analyzed, discussed and explained in the next
chapters.

One of the major aspects of the discussed scheme is the presence of a bunch of
probably cumbersome wiring as all the signaling route is handled by means of
cables. So if a long-distance analyzing center should be incorporated into the
diagnosis procedure, this scheme, although provides a promising infrastructure,
it will be somehow challenging in terms of signal routing. Instead, a wireless
implementation of a condition monitoring system proposes a very tangible sub-
stitute for the conventional approach. The wireless condition monitoring is an
almost new topic in the field, and not all researchers or even manufacturers
have tried to address this approach. However, the existing literature clearly explains
the idea.

3.5.11 Wireless condition monitoring setup
Due to the recent developments achieved in the field of low-cost wireless sensors
revealing a great ability in processing and communicating processed data, a couple
of research attempts have been devoted to wireless implementation of a diagnosis
setup. Consequently, online wired-monitoring systems, which indeed work well,
might be totally replaced by wireless network alternatives. The main reason is
probably the higher cost of shielded and isolated cable implementation while a
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wireless system does not require cabling at all. The only cost normally corre-
sponds to the transmitters, receivers and likely the on-sensor processors if utilized.
Another disadvantage associated with the conventional monitoring system is its
inability to provide an opportunity for temporary or specialized condition mon-
itoring practices.

Wireless sensor networks (WSN) commonly provide a cheaper system imple-
mentation along with a more flexible and relocatable monitoring system which
does not restrict the location of system-utilizing technician. Nevertheless, no one
can deny the existing shortcomings such as the potentially short range of operation
and also possible electromagnetic interferences. On the other hand, WSNs have
considerably constrained resources the significant of which is the associated battery
life time. Regardless of its drawbacks, WSNs could definitely play a vital role in
simplifying the diagnosis procedure.

In general, there are two kinds of topology for benefiting from a WSN:

● on-sensor processing
● off-sensor processing.

In the first topology, the signal processing, feature extraction and likely final fault
diagnosis step are performed in the sensor itself. Therefore, sensors should provide
an internally implemented microprocessor/microcontroller allowing processing the
signals and then transmitting them to the monitoring unit. In the second topology,
the sensor is just sensing and transmitting unprocessed signals to the receivers.
Finally, the processing and feature extraction are handled by the monitoring unit
which consists of a processing device such as DSPs. What is usually preferred is the
first topology due to the fact that the processing unit is fixed and located close to
the motor while the monitoring unit can be easily moving around the operating
environment. If an off-sensor processing topology is used, the monitoring unit
would probably be larger and more difficult to be flexibly moved. Besides, elec-
tromagnetic interference, if not dealt with properly, might harm the unprocessed
signals and lead to a loss of valuable information during transmission of the signal.
So the first topology is selected and shown in Figure 3.51.

For each sensor, one processing and transmitting unit is assigned while there
can be only one receiver receiving all the data simultaneously by multiplexing
among the inputs. The DAQ, signal processing and feature extraction is handled by
a microcontroller or microprocessor, and the extracted features are sent to the
transmitter. There are some types of microcontrollers such as Jennic JN5139 which
is capable of multitasking. This means that they conduct all the tasks ranging from
receiving sensor data to transmitting extracted features at the same time. So not
only do they lead to a considerable save in the implementation space, but they also
reduce the price of integrating devices. The proposed scheme in Figure 3.51 is
applied to a line-start motor, but an inverter-fed application is also possible. To
understand perfectly how a WSN works and is managed, a knowledge of micro-
controller programing is also required. At this point, we do not aim at going
through the details as it is not the main topic of this book, and it is assumed that
readers have the required knowledge.
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A brief overview of the current chapter reveals the attempts to understand the
fundamentals of fault occurrence and the way how fault affects the motor time-
domain behavior. The attempts were totally devoted to explain the theoretical fault
basis and consequently address the most significant time-domain variations by
means of which a fault might probably be detected. Nevertheless, not all faults
introduce a specifically detectable behavior, at least in a time domain. A step-by-
step laboratory-scale implementation of various types of faults, along with the
required details, was provided. By means of this knowledge, a simple but very
useful setup of fault diagnosis based on which one can study different fault aspects
is indeed achieved.

Bearing this in mind, in the next three chapters, we are going to target the best
existing simulation approaches used for accurately modeling faults in induction
machines. Not only the fundamental time harmonic components, but also all the
possible spatial harmonic components are included and incorporated into the
modeling process. The goal is actually to help researchers understand better how
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internal motor behaves, and it is not easily accessible by means of the existing
experimental setups. For example, magnetic flux density at different parts of the
motor or even the UMP is not the thing available at a cheap price in any laboratory
or industry. Sometimes, it is even impossible unless an accurate modeling and
simulation approach is hired. We believe no one’s knowledge will get improved
unless the upcoming information is studied and kept in mind. Therefore, it is highly
proposed to study the following chapters first before attempting to read and
understand the chapters coming after.
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Chapter 4

Magneto-motive force waves in healthy
three-phase induction motors

Alternating current (ac) windings in electrical machines basically have a twofold
purpose. In electrical generators ac windings are place where electromotive force
(EMF) should be induced. In electrical motors, primarily ac windings goal is to
produce rotating magneto-motive force (MMF) wave. In any case, ac windings
should be designed in such a manner that induced EMF or generated rotating MMF
wave consists predominantly of the fundamental sinusoidal component. Therefore,
the starting point of an induction machine study is the analysis of MMF waves in
the air gap of such machines. This assumes knowledge of winding distribution
along the air gap from stator as well as from rotor side.

The magnetic flux is analogous to the electric current. The MMF which sets up
the magnetic flux is analogous to the EMF. The MMF is equivalent to a number of
turns of wire carrying an electric current. If either the current through a coil (as in
an electromagnet) or the number of turns of wire in the coil is increased, the MMF
will be higher; and if the rest of the magnetic circuit remains the same, the mag-
netic flux increases proportionally [1].

At least two different approaches exist for describing winding distribution.

4.1 Current sheet concept

Suppose that exact winding distribution in stator and rotor slots can be taken into
account and current sheet is defined. Let us analyze the simplest case where just
one full-pitch coil with N turns exists on the stator as shown in Figure 4.1(a). A
full-pitch coil has pitch that is equal to the pole pitch, y ¼ t. Let us assume that
current I flows through the coil. MMF in one slot is the product of number of
conductors in that slot and current that is equal in all conductors. A current sheet, as
the name implies, is a plane current flowing in one direction of the plane. By
definition, current sheet A is the ratio of the MMF of one slot, FS ¼ NSI, and slot
mouth opening b:

A ¼ FS

b
¼ NSI

b
A=m½ � (4.1)

where NS is the number of conductors in a slot (NS ¼ N in this case). Current sheet
distribution is depicted in Figure 4.1(b), as two rectangles of different signs as the



current in two slots is of different direction. The height of these two rectangles is
given by (4.1). The MMF in the air gap due to the space distribution of windings (or
current sheet) is also space-dependent. By definition, MMF on the place x along the
circumference of the machine is

F xð Þ ¼
Z x

0
A xð Þdx (4.2)

where position x ¼ 0 is defined as a place where current sheet distribution has
maximal value. Previous expression was directly extracted from Ampere’s circuital
law. Trapezoidal MMF waveform along the machine circumference is also given in
Figure 4.1(b). The peak value of MMF is obtained by substituting x ¼ b/2 in (4.2):

F ¼ NI

2
(4.3)

In the case where three series-connected identical coils (one of the phase
windings) are placed in neighboring slots as illustrated in Figure 4.2(a), the current

Rotor

D

g

Stator

11’

θ, x

x

0

A(x), F(x)

2ττ

(a)

(b)

Figure 4.1 (a) Cross-section view and (b) current sheet and MMF waveform
around stator circumference in case of on full-pitch coil
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sheet and MMF waves have somehow more complex shape (Figure 4.2(b)). Now,
N is the total number of turns per phase connected in series.

Current sheet could be alternatively defined as a ratio of slot MMF and slot
pitch, and not slot mouth width. In this case, current sheet is

A ¼ 3NSI

3tS
¼ NSI

tS
¼ SNSI

pD
A=m½ � (4.4)

where S is the number of stator slots and tS is the slot pitch or tooth pitch which are
the same as displayed in Figure 4.3. Now the peak value of MMF wave for a
machine with p poles pair is as follows:

F ¼
Z StS=2

0
A xð Þdx ¼ SNSI

pD

Z StS=2

0
dx ¼ SNSI

pD

StS

2
¼ SNSI

pD

1
2

S

2pm

pD

S

¼ SNS

2m

� �
I

2p
¼ NI

2p
(4.5)
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(b)

Figure 4.2 (a) Cross-section view and (b) current sheet and MMF waveform
along stator circumference for three full-pitch coils (one of the
phase windings) connected in series
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This is identical with (4.3), for p ¼ 1, N in (4.5) is the number of series turns
per phase.

Obviously, current sheet and MMF waveform in Figure 4.3 are periodical.
So, these functions can be expressed as the sum of a Fourier series elements.
The fundamental harmonic approximation of both functions is given in Figure 4.3.
These two harmonics are always shifted in space—MMF wave always leads
one-half of pole pitch. Therefore, in general case, for fundamental harmonic,
we have

A xð Þ ¼ A1 cos
p
t

x
� �

(4.6)

F xð Þ ¼
Z x

0
A xð Þdx ¼ A1

t
p

Z x

0
cos

p
t

x
� �

d
p
t

x
� �

¼ A1
t
p

sin
p
t

x
� �

¼ F1 sin
p
t

x
� �

(4.7)

where

F1 ¼ t
p

A1 (4.8)

Based on the following proportion,

x :2t ¼ qel :2p (4.9)

qel ¼ p
t

x (4.10)

x

A(x)

F(x)

2τ

1 2 3

1' 2' 3'

A(x), F(x)

Figure 4.3 Current sheet and MMF waveform along the stator circumference
for three full-pitch coils connected in series (one of the phase
windings)
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equation (4.6) can be given as a function of angular coordinate, electrical angle
qel ¼ pqmeh:

A qelð Þ ¼ A1 cos qelð Þ (4.11)

F qelð Þ ¼ F1 sin qelð Þ (4.12)

Remark 1: Fourier series consists of the sum of harmonic functions with different
amplitudes, periods and phase positions. Amplitudes of those harmonic functions
are coefficients of Fourier series. For functions that are periodic with fundamental
period 2p and integrable over the range of [�p,p] that coefficients are (n is
harmonic order; for n¼ 0 DC offset or mean value of function on that range is
obtained):

an ¼ 1
p

Z p

�p
f qð Þcos nqð Þdq; n � 0

bn ¼ 1
p

Z p

�p
f qð Þsin nqð Þdq; n � 1

The original f(q) is as follows:

f qð Þ ¼ a0

2
þ
X1
n¼1

an cos nqð Þ þ bn sin nqð Þ½ �

Often the exponential form of Fourier series is used which has a more concise form.
Bearing in mind Euler’s identity,

ejnq ¼ cos nqð Þ þ j sin nqð Þ
Fourier series can be displayed in the following form,

f qð Þ ¼
X1
n¼�1

cne
jnq

where complex coefficient is:

cn ¼ 1
2p

Z p

�p
f qð Þe�jnqdq

The correlation between the previously introduced coefficients are given as
follows:

an ¼ cn þ c�n for n ¼ 0; 1; 2; . . .

bn ¼ j cn � c�nð Þ for n ¼ 1; 2; . . .

In this chapter, the Fourier coefficients are obtained by utilizing the discrete
Fourier transformation—FFT (Fast Fourier Transform) operator incorporated in
software packet MATLAB�.
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Example 4.1. Find Fourier series of periodic function described graphically in
Figure E4.1.1. This periodic function is often found in electrical machines.

Coefficient an is

an ¼ 1
p

Z p

�p
k qð Þcos nqð Þdq ¼ 2

p

Z p=2

�p=2
k qð Þcos nqð Þdq

¼ 2K

np

Z xp=2

�xp=2
cos nqð Þd nqð Þ ¼ 4K

np
sin nx

p
2

� �
Coefficient bn is identically equal to zero.

Here, two different cases could be recognized regarding the value of coeffi-
cient x:

● For x¼ 1, coefficient an is nonzero for odd-order harmonics, while for even-
order, it is zero:

an¼1 ¼ 4
p

K

an¼3 ¼ � 4K

3p
¼ � 1

3
4
p

K

an¼5 ¼ 4K

5p
¼ 1

5
4
p

K

In addition, the function has no DC offset:

an¼0 ¼ 0

Hence, the original function could be described in the following manner,

k qð Þ ¼ 4
p

K cos qð Þ � 1
3

4
p

K cos 3qð Þ þ 1
5

4
p

K cos 5qð Þ � 1
7

4
p

K cos 7qð Þ þ � � �

and its development in Fourier series is depicted by Figure E4.1.2.

θ

K

k(θ)

�
ξ�/2

–�/2–� 0 �/2

Figure E4.1.1 Original function
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● For x< 1, an coefficient has the following form:

an¼1 ¼ 4
p

sin x
p
2

� �
K

an¼3 ¼ 4
p

1
3

sin 3x
p
2

� �
K

an¼5 ¼ 4
p

1
5

sin 5x
p
2

� �
K

Moreover, the function has no DC offset:

an¼0 ¼ 0

So the original function could be described as follows:

k qð Þ ¼ 4
p

sin x
p
2

� �
K cos qð Þ þ 4

p
1
3

sin 3x
p
2

� �
K cos 3qð Þ

þ 4
p

1
5

sin 5x
p
2

� �
K cos 5qð Þ þ � � �

A factor occurred, along with the nth harmonic amplitude, is the so-called
pitch factor (x is equivalent to the shortening of the coil span):

kpn ¼ sin nx
p
2

� �
¼ sin n

y

t
p
2

� �
Therefore, in general, the harmonic content for x< 1 is identical with that of x¼ 1.
However, for some specific value of x, some of the higher odd-order harmonics
could be even totally eliminated. For example, for x¼ 2/3, the third, as well as
all higher odd harmonics divisible by three (the so-called triplen harmonics), is
identically equal to zero as the pitch factor for those harmonic components is equal
to zero:

kp;n¼triplen ¼ sin 3
2
3
p
2

� �
¼ sin 9

2
3
p
2

� �
¼ sin 15

2
3
p
2

� �
¼ ::: ¼ 0

k(θ)

θ
�

K

0

Figure E4.1.2 Development of function in Fourier series for x¼ 1—fundamental,
third and fifth harmonics
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4.2 Winding function concept

The winding function theory can be traced back to [2]. Contrary to the classical d-q
model, this theory can take into account all winding MMF space harmonics in
machines with small and uniform air gap. Now consider the simplest form of the
stator phase winding which is a single concentrated coil with N turns. Positions of
coil’s sides along the stator circumference are described by mechanical angles q1

and q2, i.e., a¼ q2 � q1 which is coil pitch in mechanical radians as depicted in
Figure 4.4. Assuming uniform small air gap length, neglecting the stator and rotor
slots, assuming infinitely permeable iron as well as adopting point conductor
approximation, Ampere’s circuital law in common shape is as the following:I

C
H � dl ¼

Z
S

J � dS (4.13)

and it’s much simpler form is

H qð Þ � g � H 0ð Þ � g ¼ n qð Þ � i (4.14)

where H(q) is the radial component of magnetic field intensity in the air gap at
position described by angle q, g is the air gap length, i is the coil current and n(q) is
the turn function [3]. The assumption of small air gap length means that the rotor
radius is significantly larger than air gap length. On the other hand, this also means
that tangential component of the magnetic field strength in the air gap is negligible
compared with its radial component [4,5]. In expression (4.13), C is contour 1-2-3-4
and S is the area spanned by that contour.

θ

θ1

θ2

A

1

2

2’

3
4

C

A’

Figure 4.4 Turn function definition
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From Figure 4.4, it is clear that by continuously changing the position q of side
2 of the closed-loop C, turn function could be defined as follows:

n qð Þ ¼ N q1 < q � q2

0 for other q

�
(4.15)

By employing the Gauss law, we haveI
S

B � dS ¼ 0 (4.16)

and analyzing only electromagnetic processes in the air gap yields,

m0

I
S

H � dS ¼ 0 (4.17)

or Z l

0

Z 2p

0
H � rdqdz ¼ 0 (4.18)

Assuming that H does not depend on the axial coordinate z, (4.18) leads to:Z 2p

0
H � dq ¼ 0 (4.19)

Considering of (4.14) and (4.19) gives:Z 2p

0
H 0ð Þ þ n qð Þ � i

g

� �
dq ¼ 0 (4.20)

H 0ð Þ � 2pþ 2p
i

2pg

Z 2p

0
n qð Þdq ¼ 0 (4.21)

H 0ð Þ ¼ �hn qð Þi � i

g
(4.22)

where hn qð Þi is the mean value of the turn function. (4.14) and (4.22) yield,

H qð Þ � g ¼ n qð Þ � hn qð Þi½ � � i (4.23)

where H(q) � g is MMF, and the last equation can be written as follows,

mmf ¼ F qð Þ ¼ n qð Þ � hn qð Þi½ � � i ¼ N qð Þ � i (4.24)

where

N qð Þ ¼ n qð Þ � hn qð Þi (4.25)
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is winding function [3]. Obviously, winding function is MMF per unit current.
Henceforth, the terms ‘‘winding function’’ and ‘‘MMF per unit current’’ will
be used interchangeably. Winding function could be alternatively written as
follows:

N qð Þ ¼
N 1 � a

2p

� �
q1 < q � q2

�N
a
2p

for rest of q

8><
>: (4.26)

Since infinite permeable iron is assumed, the principle of superposition could be
adopted. So turn function or winding function of one-phase winding is simply the
sum of adequate functions of coils that are constituents of the phase winding.

4.2.1 Concentrated full-pitch coil MMF
For an N-turns full-pitch coil in a two-pole machine (p ¼ 1) and for the adopted
system of reference, based on Figure 4.5(a), turns and winding functions are as the
following:

nA qð Þ ¼ N 0 < q � p
0 for other q

�
(4.27)

NA qð Þ ¼
N

2
0 < q � p

�N

2
for other q

8>><
>>: (4.28)

Figure 4.5 illustrates the placement of the coil along the stator circumference, turn
function profile, winding function profile as well as coefficients of the Fourier’s
series of winding function that are amplitudes of constituent space harmonics.
Obviously, only odd higher space-harmonics are present in Fourier series of
winding function. The fundamental space-harmonic amplitude is 6.37 turns
(Figure 4.5(b)), i.e., 4/p higher than the winding function value, so the fundamental
MMF wave amplitude is as follows:

FA max 1 ¼ 4
p

N

2
Imax (4.29)

where Imax is the amplitude of current passing the coil. Higher space-harmonic of
order n has n times smaller amplitude than the fundamental one:

FA max n ¼ 4
p

1
n

N

2
Imax (4.30)
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Figure 4.5 (a) Crosssection view and (b) turn function, winding function and
Fourier coefficients of winding function for a full-pitch coil in
a two-pole machine (p ¼ 1). Coil has N ¼ 10 turns
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Turns and winding function for full-pitch coil as well as Fourier transform of
winding function given in Figure 4.5 could be easily defined using the following
short MATLAB script:

H=1024; % number of samples in 2*pi
dx=2*pi/H; % discretization step
nn=10; % number of turns in a coil
% na—turns function of phase (coil) A
i=1;
for teta=0:dx:2*pi-dx,
if((teta>0)&(teta<=pi)),
na(i)=nn;
else
na(i)=0;
end;
i=i+1;
end;
clear i

% Na—winding function of phase (coil) A

Na=na-mean(na);

% Fourier expansion

F_series=2*abs(fft(Na)/H);
stem(F_series(2:30),’filled’)

In this section, the following two facts should be considered: (1) in order to
obtain the exact discrete Fourier transform, the number of samples in 2p rad
must be H ¼ 2n where n is an integer and (2) the first element in Fourier trans-
form is the coefficient equal to the mean value of the winding function. However,
in this case, the number is already equal to zero, this element is not shown in
Figure 4.1(b).

From Figures 4.1(b) and 4.5(b), it is apparent that the waveforms of MMF that
are the result of the integration of current sheet and winding function are similar.
The main difference is in the fact that the winding function has step rise in the
center of the slot which is the result of earlier adopted point conductor approx-
imation. On the other hand, the MMF has linear rise across the slot. However,
definition of winding function could be easily adopted in order to take the linear
rise of the MMF across the slot into account [6].

Figure 4.6(a) displays the crosssection view of the four-pole machine as well
as turns and winding function for a full-pitch coil winding. Two full-pitched
coils (in a four-pole machine, the full-pitch coil has a pitch amech ¼ p/2 rad) are
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connected in series. The total turns and winding function of phase winding is simply
the sum of turns and winding functions of every single coil in the winding. Now, the
fundamental harmonic is second-order harmonic (p), the third harmonic is sixth-
order harmonic (3p), etc. The amplitude of the fundamental MMF wave now is

FA max1 ¼ 4
p

N

2p
Imax (4.31)
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Figure 4.6 (a) Cross-section view and (b) turns function, winding function and
Fourier expansion of winding function of two series-connected full-
pitch coils (1-10 and 2-20) in a four-pole machine (p ¼ 2). Every single
coil has 10 turns
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where N is the total number of turns in the phase winding. The amplitude of the
higher order space harmonic components of n is

FA max n ¼ 4
p

1
n

N

2p
Imax (4.32)

In the above cases, turn and winding functions have been dealt with for the stator
windings. All derived conclusions, however, are valid for the coils or windings in
the rotor slots.

4.2.2 Distributed full-pitch phase winding
Fourier analysis showed that the air gap MMF produced by a full-pitch coil(s)
consists of fundamental space-harmonic components as well as a series of all odd
higher order space harmonic components. In the design of the ac windings, serious
attempts are made to distribute the coils of the windings in such a manner as to
minimize the higher order harmonic components and to produce an air-gap MMF
wave consisting predominantly of the space-fundamental sinusoidal component.
In this way, the machine is better utilized. Therefore, in practice, ac winding of
induction machine is always designed as a distributed winding. Distributed phase
winding of a three-phase machine occupies one-third of the stator slots along the
circumference of the machine.

Figure 4.7(a) depicts such a one-phase winding in a two-pole machine when
the stator has S ¼ 18 slots. It means that one-phase winding (three series-connected
full-pitch coils) occupies six slots, three under one and three under the other pole.
The turn and winding function of phase A winding could be easily obtained by
summing turns and winding functions of individual coils. As Figure 4.7(b) illus-
trates, the resultant MMF profile of the distributed full-pitch winding has trapezoid
shape which is much closer to the sinusoid than before (compare Figures 4.5(b)
and 4.7(b)). This can also be concluded from the ratio of space harmonics ampli-
tudes and fundamental harmonic amplitude. However, the amplitude of the
resultant winding function is not three times greater than before, but somewhat
smaller as it could be easily concluded observing the coefficients of the Fourier
series. The reason for that is in the space displacement of individual coils.
The winding distribution factor kd, also known as a breadth factor, is ratio of the
resultant MMF space-harmonic amplitude and sum of the MMF space-harmonics
amplitudes of the constituent coils (ratio of vector and algebraic sum of constituent
coil’s MMFs):

kdn ¼ FA max n

FA1A
0
1 max n þ FA2A

0
2 max n þ � � � þ FAnA0

n max n
¼ FA max n

n � Fcoil max n
(4.33)

Referring to Figures 4.5(b) and 4.7(b), this factor for the fundamental space
harmonic (n¼ 1) is

kd1 ¼ FA max 1

3 � Fcoil max 1
¼ 18:3344

3 � 6:3662
¼ 0:96
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This is in good agreement with the factor obtained from the well-known
equation for distribution factor [7]:

kd ¼
sin

zqel

2

z sin
qel

2

(4.34)
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Figure 4.7 (a) Cross-section view and (b) turns function, winding function and the
Fourier expansion of distributed winding consist of three series-
connected full-pitch coils (1-10, 2-20 and 3-30) in a two-pole (p ¼ 1)
machine. Every single coil has Ncoil ¼ 10 turns, so N ¼ 30
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where z is the number of slots per pole per phase and qel is the electrical angle
between two slots, qel ¼ pqmech. For the analyzed phase winding, kd is as follows:

kd ¼
sin

zqel

2

z sin
qel

2

¼
sin

3 � 20
�

2

3 sin
20

�

2

¼ sin 30
�

3 sin 10
� ¼ 0:9598

For higher space harmonic of order n, the distribution factor is

kdn ¼
sin

znqel

2

z sin
nqel

2

(4.35)

Considering the distribution factor, the distributed phase winding MMF amplitude
for nth space harmonic could be defined as follows:

FA max n ¼ 4
p

1
n

kdnN

2p
Imax (4.36)

From Figures 4.7(b) and 4.2(b), it can be seen that the waveforms of MMF cal-
culated by integration of current sheet and winding function are similar. Again,
the main difference is that winding function has step rise in the center of the slot
which is the result of earlier adopted point conductor approximation. On the other
hand, MMF obtained from the integration of current sheet has linear rise across
the slot.

4.2.3 Pulsating MMF
Winding function of N turns full-pitch coil in two-pole machine p ¼ 1 shown in
Figure 4.5(b), could be resolved in Fourier series. As it is illustrated before, Fourier
series is a sum of all odd harmonics

N qð Þ ¼
X

n¼1;3;5;:::

Nn max sin nqð Þ (4.37)

where

Nn max ¼ 4
p

1
n

N

2
(4.38)

Neglecting all higher harmonics, this winding function could be approximated with
the following expression:

N qð Þ ¼ N1 max sin q (4.39)

where N1 max is the amplitude of the fundamental harmonic:

N1 max ¼ 4
p

N

2
(4.40)
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The same is true for Figure 4.7(b), namely (4.37) is valid also for this case, but
the amplitudes of the constituent harmonics are something different,

Nn max ¼ 4
p

1
n

kdnN

2
(4.41)

where N is the series turns number per phase (in all three coils) and kdn is the
distribution factor. As it has been already mentioned, the winding function is
MMF per unit current. So the waveforms of winding function in Figures 4.5(b),
4.6(b) and 4.7(b) is simultaneously the waveforms of MMFs if a dc of 1A passes
the winding. If the dc rises to 2 A, MMF waveforms will be the same as winding
function waveforms, but with double higher stairs. If ac with amplitude of 2A and
frequency of 50 Hz passes the winding, the MMF will pulsate. When the current is
maximal, MMF has the shape as sketched for winding functions. When the current
is zero, MMF is also zero. If the current is maximal in other direction, MMF
waveform is the mirror image of winding function. From the above explanation, it is
clear that MMF in this case is pulsating. Figure 4.8 illustrates the waveforms of
the pulsating MMF for the case of 3 turns full-pitch winding and ac of 2A ampli-
tude. Therefore, MMF depends on two variables: angular coordinate and time.
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Figure 4.8 Pulsating MMF: N ¼ 3 turns full-pitch coil with ac of 2A
amplitude
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Taking only the fundamental harmonic of winding function into account, pulsating
MMF is as follows:

F1 t; qð Þ ¼ N qð Þ � i tð Þ ¼ N1 max sin q � Imax sin wtð Þ (4.42)

Using trigonometric transformation (4.42) can be written as sum of two sinusoidal
functions:

F1 t; qð Þ ¼ N1 maxImax

2
sin wt � qð Þ þ N1 maxImax

2
sin wt þ qð Þ (4.43)

F1 t; qð Þ ¼ F1 max

2
sin wt � qð Þ þ F1 max

2
sin wt þ qð Þ ¼ Fd t; qð Þ þ Fi t; qð Þ

(4.44)

It means that the pulsating MMF can be resolved into two rotating MMF
waves. One of them, called forward wave or direct wave (index d), rotates in
anticlockwise direction and the other one, called backward or inverse wave
(index i), rotates in opposite direction, as illustrated in Figures 4.9 and 4.10.

What is the speed of these waves in space? Let us look at forward wave. In
different times, this wave will have fixed maximal value in different points along
the stator circumference:

Fd t; qð Þ ¼ F1 max

2
sin wt � qð Þ ¼ F1 max

2
sin wt � wmehtð Þ ¼ const

) w� wmehð Þt ¼ const (4.45)

Therefore, the mechanical angular speed of direct MMF wave, also known as
synchronous speed, is:

wmeh ¼ ws ¼ w ¼ 2pf
rad
s

� �
(4.46)

That is also true of the speed of backward wave. In general case, for a machine with
p pair of poles, the synchronous speed is:

ws ¼ 2pf

p

rad
s

� �
(4.47)

Fi(t,θ) Fd (t,θ)

F(t,θ)

θ
0–� �

Figure 4.9 Pulsating MMF at any point in space and any time is the sum of
two rotating MMF waves with equal amplitudes: forward and
backward rotating MMF waves
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or

ns ¼ 60f

p

rev
min

h i
(4.48)

where f is the frequency of ac through the phase winding, i.e., frequency of the
voltage supply.

F

FdFi
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FdFi

F=0

FdFi
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F

FdFi

ω ω

(a) (b)

(c) (d)

(e)

Figure 4.10 Alternative view on pulsating MMF: pulsating MMF as a vector sum
of two rotating waves also given in vector notation
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4.2.4 Three-phase full-pitch (single-layer) winding
A three-phase machine has three distributed windings on the stator. Phase windings
are identical, but shifted in space by 2p/3p mechanical radians (2p/3 electrical
radians). One-phase winding in a three-phase machine occupies one-third of the
stator slots under one pole as shown in Figure 4.11(a). Winding functions for such a
machine are provided in Figure 4.11(b). In order to obtain the resultant MMF
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Figure 4.11 (a) Cross-section view and (b) winding functions of phase windings.
Every phase winding consists of three series-connected full-pitch
coils. Two-pole machine, p ¼ 1. Every single coil has 10 turns
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waveform, instantaneous value of phase currents must be taken into account. The
phase-shifted current passes through the three-phase windings. At any time, for
example t1 ¼ 5 ms (Figure 4.12), the phase current a is ia ¼ 1 A, while the other
two-phase currents are ib ¼ ic ¼�0.5 A. The resultant MMF waveform could be
obtained by multiplying phase winding functions with adequate instant values of
the phase currents:

FS t1¼5 ms ¼ Na � ia t1 ¼ 5 msð Þ þ Nb � ib t1 ¼ 5 msð Þ þ Nc � ic t1 ¼ 5 msð Þ
(4.49)

i.e.,

FS t1¼5 ms ¼ Na � 0:5 � Nb � 0:5 � Nc (4.50)

Similarly, for another time instance t2 ¼ 10 ms:

FS t2¼10 ms ¼ Na � ia t2 ¼ 10 msð Þ þ Nb � ib t2 ¼ 10 msð Þ
þNc � ic t2 ¼ 10 msð Þ (4.51)

i.e.,

FS t2¼10 ms ¼
ffiffiffi
3

p

2
Nb � Ncð Þ (4.52)

because ia(t2 ¼ 10 ms) ¼ 0, ib(t2 ¼ 10 ms) ¼p
3/2 and ic(t2 ¼ 10 ms)¼�p

3/2,
Figure 4.12.

Figure 4.13 displays the resultant MMF waveforms at these time instances.
Obviously, the positions of the maximal values of resultant MMFs are shifted in space,
i.e., the resultant MMF waveform is not fixed in space; actually it is rotating MMF.
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Figure 4.12 Three-phase, 50Hz, unit currents: rms value of phase current are
1/
p

2 ¼ 0.707A

Magneto-motive force waves in healthy three-phase induction motors 189



The rotating speed could be easily found from the following considerations: at
t1 ¼ 5 ms maximal value of the rotating MMF is in a position described by the
axes of phase winding A, i.e., qt1 ¼ 20�. At t2 ¼ 10 ms, the maximal value of the
rotating MMF is at position qt2 ¼ 110�. Rotating MMF speed, i.e., synchronous
speed, is:

ns ¼ angle
time

¼ 110
� � 20

�

t2 � t1
¼ 90

�

T

4
s½ �
¼

p
2

rad½ �
T

4
s½ �

¼ 2pf
rad
s

� �
¼ 60f

rev
min

h i
(4.53)

More generally, in case of machine with p pole pairs, the synchronous speed is as
the following:

ns ¼ 2pf

p

rad
s

� �
¼ 60f

p

rev
min

h i
(4.54)

Hence, the resultant MMF wave rotates with the synchronous speed, having dif-
ferent waveforms in different times. However, regardless of the shape of MMF
waveform in different times, Fourier transform of the MMF is always the same.
Spectral content of the presented MMF waveforms is also shown in Figure 4.13.

The main difference in comparison with the phase windings MMF is that the
resultant rotating MMF wave does not contain harmonic components with the order
of three, six, nine, . . . times the fundamental one. In other words, all MMF space-
harmonics belong to the following series:

n ¼ 6k þ 1 (4.55)
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Figure 4.13 Resultant rotating MMF wave in two different times, t1 ¼ 5 ms and
t2 ¼ 10 ms and Fourier transform of MMF wave. Two-pole machine
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where k ¼ 0, �1, �2, . . . . It can be seen from (4.55) that the symmetrical three-
phase winding supplied with the symmetrical three-phase voltage supply contains
fundamental n¼ 1, fifth n¼�5, seventh n¼ 7, eleventh n¼�11, etc., space har-
monics. The minus sign means inverse rotating MMF wave. The synchronous
speed of nth space-harmonic is n times smaller than the synchronous speed of the
fundamental one:

nsn ¼ 2pf

np

rad
s

� �
¼ 60f

np

rev
min

h i
(4.56)

As seen in Figure 4.13, the higher space harmonics are fifth and seventh, the
so-called phase belt harmonics, which are direct consequences of trapezoidal shape
of the phase-winding MMF. However, the most significant higher space harmonics
are slot harmonics of order S/p � 1. In the analyzed case, it is 17th and 19th space
harmonics. They are direct consequences of the discrete nature of the winding, i.e.,
conductor placement in the slots. These harmonics in the best manner fill the
‘‘gaps’’ in the stepwise shape of the resultant MMF wave. Additionally, the rotating
MMF space-harmonic amplitude is 1.5 times higher than the amplitude of the
phase-winding MMF space harmonics:

FS max n ¼ 3
2

Fphase max n ¼ 3
2

4
p

1
n

kdnN

2p
Imax ¼ 3

p
1
n

kdnN

p
I

ffiffiffi
2

p
(4.57)

More generally, for a m-phase symmetrical winding distribution:

FS max n ¼ m

2
Fphase max n ¼ m

p
1
n

kdnN

p
I

ffiffiffi
2

p
(4.58)

4.2.5 Three-phase shorted-pitch coil (double-layer) winding
An additional measure taken in order to further upgrade the rotating MMF wave-
form closer to the sinusoidal shape is the use of the short-pitch coils. However, in
order to use short-pitch coils, the stator phase winding must be placed in two layers
along the stator circumference, i.e., short-pitch coil must have one of its sides placed
in the bottom layer in one slot but the other side should be placed in the top layer of
other slot. In this way, double-layer winding is obtained. Using short-pitched coils,
with adequate coil pitch, some of the higher space-harmonics in the resultant
rotating MMF waveform could be canceled out or significantly attenuated.

Let us look at the following example. Figure 4.14 depicts double-layer three-
phase stator winding. Every single coil in the phase windings is a short-pitch coil.
Shortening the coil is one stator slot pitch. Now, instead of three coils in one-phase
winding as shown in Figure 4.11(a), six shorted-pitch coils make one-phase
winding. To compare with the previously analyzed case, every single coil should
have one-half of the number of turns as before.
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From phase winding in Figure 4.14 one could observe the following manner:
the phase winding is organized in two layers, and every layer, observed individu-
ally, is a layer with full-pitch coils, but the two layers are shifted in space for one
stator slot pitch—shortening the coil. Therefore, the resultant phase MMF, on the
harmonic basis, could be seen as a vector sum of the layer’s MMF. It is easy to
introduce the other winding factor, chord or pitch factor, as ratio of vector and
algebraic sum of layer’s fundamental MMF wave [7]:

kp1 ¼ sin
y

t
p
2

(4.59)

or for any other higher space-harmonic n:

kpn ¼ sin n
y

t
p
2

(4.60)

In previous expressions, y is the coil pitch and t is the pole pitch, both commonly
given in the number of slots. By taking just the defined pitch factor into account,
the amplitude of the rotating MMF space-harmonic in a distributed double-layer
three-phase winding is as follows:

FS max n ¼ 3
2

4
p

1
n

kpnkdnNphase

2p
Imax ¼ 3

p
1
n

knNphase

p
I

ffiffiffi
2

p
(4.61)
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Figure 4.14 Double-layer three-phase winding. Two-pole machine, p ¼ 1.
Coils are shortened for one stator slot pitch
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where kn is the winding factor which includes distribution and pitch factor, kn¼
kpn � kdn. In many textbooks of electrical machines, the above expression is given in
the following form:

FS max n ¼ 1:35
Neff I

np
(4.62)

where Neff ¼ kn � Nphase is the so-called number of effective turns per phase and
where I is the rms value of phase current. As kp1 < 1 for the shorted-pitch winding,
it is implied that this measure has an impact on the fundamental MMF wave
amplitude in such a way that this amplitude is somehow smaller than in full-pitch
winding. However, the main result of the use of short-pitch coils is the attenuation
of fifth and seventh space harmonics in the rotating MMF wave [8]. In fact, in order
to cancel fifth harmonic the rotating MMF wave, the following condition must be
satisfied:

kp5 ¼ sin 5
y

t
p
2
¼ 0 ) 5

y

t
p
2
¼ kp ) y ¼ 2

5
kt (4.63)

where k is an integer, k¼ 0,1,2, . . . and k must be chosen in order that the coil
pitch y will be smaller than and close to the pole pitch expressed in the number of
stator slots. For analyzed winding, t¼ 9 slots, so the reasonable solution for y for
k¼ 2 is

y ¼ 2
5
� k � 9��������������!k¼2 36

5
¼ 7:2

As the coil-pitch must be an integer, possible solutions are y ¼ 7 or y ¼ 8.
Obviously, for any choice, fifth space harmonic could not be eliminated, but for
y ¼ 7 it will be significantly reduced. Similarly, for canceling out seventh space
harmonic, the following condition must be satisfied:

kp7 ¼ sin 7
y

t
p
2
¼ 0 ) 7

y

t
p
2
¼ kp ) y ¼ 2

7
kt (4.64)

y ¼ 2
7
� k � 9��������������!k¼3 54

7
¼ 7:71

Again, y could be 7 or 8, and seventh space harmonic could be only attenuated,
especially for y ¼ 8, but not absolutely eliminated from the MMF waveform. If
coils with 7 stator slot pitch are chosen, fifth harmonic will be attenuated more than
seventh. Inversely, if coils with 8 stator slot pitch are chosen, seventh space har-
monic will be attenuated more than fifth. In the analyzed case study, coils with 8
stator slot pitch are used (one stator slot pitch shortening), so seventh space har-
monic will be attenuated much more than fifth, as could be easily concluded by
comparison of the rotating MMF wave spectrum from Figures 4.13 and 4.15, which
is given again in Figure 4.16. Usually, the coil pitch is chosen in order to attenuate
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Figure 4.15 Rotating MMF wave in two different instants of time and the
corresponding Fourier’s coefficients for machine from Figure 4.14.
Two-pole machine. Every single coil has 5 turns
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simultaneously fifth and seventh space harmonic as much as possible, and the aim
is fulfilled for the following coil pitch:

y ¼ 2
6
kt ¼ 1

3
kt (4.65)

Along with the additional condition that k must be chosen in such a way that coil
pitch y is slightly shorter than the pole pitch, condition (4.65) could be alternatively
defined as follows:

y ¼ t� t
6
¼ 5

6
t (4.66)

As illustrated in Figure 4.16, shortening the coils has also positive impact on 11th
and 13th harmonics. However, from Figure 4.16 it is observed that shortening the
coils has no impact on the intensity of the slot harmonics. Why? Coil, regardless of
its pitch, must begin in one slot and end in the other; therefore, the coil’s pitch is an
integral multiple of the slot pitch causing slot harmonics in the first place. It can be
easily concluded from pitch factor for slot harmonics:

kp; S
p�1ð Þ ¼ sin

S

p
� 1

� �
y

t
p
2

� �
¼ sin

S

p

y

t
p
2
� y

t
p
2

� �
¼ sin

S

p

y
S

2p

p
2
� y

t
p
2

0
BB@

1
CCA

¼ sin yp� y

t
p
2

� �
(4.67)

kp; S
p�1ð Þ ¼ �sin

y

t
p
2

(4.68)

Obviously, this factor is the same as for the fundamental harmonic

Example 4.2. For an analyzed three-phase (m ¼ 3) two-pole (p ¼ 1) machine with
S ¼ 18 stator slots, calculate amplitudes of fundamental, phase belt and stator slot
rotating MMF space harmonics for two different cases: (a) when it has full-pitch
stator winding and (b) when it has stator winding with one slot shortening pitch.
In both cases number of series turns per phase is the same, N ¼ 30. Assume in both
cases the amplitude of ac through the phase winding is 1A. Amplitude of nth MMF
space harmonic is

FS max n ¼ 3
2

4
p

1
n

kpnkdnNphase

2p
Imax

where

kpn ¼ sin n
y

t
p
2

kdn ¼
sin

znqel

2

z sin
nqel

2
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Number of slots per pole per phase is z ¼ S/(2pm) ¼ 3. Since machine has two
poles, qel ¼ qmeh ¼ 360�/S ¼ 20�.

(a) Stator winding is made of full-pitch coils, y ¼ t. A simple calculation leads
to the following results:

n ¼ 1

kp1 ¼ 1

kd1 ¼ 0:96

FS max 1 ¼ 27:50

n ¼ 5

kp5 ¼ 1

kd5 ¼ 0:22

FS max 5 ¼ 1:25

n ¼ 7

kp7 ¼ �1

kd7 ¼ �0:18

FS max 7 ¼ 0:73

n ¼ 17

kp17 ¼ 1

kd17 ¼ 0:96

FS max 17 ¼ 1:62

n ¼ 19

kp19 ¼ �1

kd19 ¼ 0:96

FS max 19 ¼ 1:45

(b) Now coils are with shorted pitch. As shortening is one slot, y ¼ 8 and y/t¼ 8/9.
In this case, the following results are obtained:

n ¼ 1

kp1 ¼ 0:98

kd1 ¼ 0:96

FS max 1 ¼ 27:08

n ¼ 5

kp5 ¼ 0:64

kd5 ¼ 0:22

FS max 5 ¼ 0:80

n ¼ 7

kp7 ¼ �0:34

kd7 ¼ �0:18

FS max 7 ¼ 0:25

n ¼ 17

kp17 ¼ �0:98

kd17 ¼ 0:96

FS max 17 ¼ 1:59

n ¼ 19

kp19 ¼ 0:98

kd19 ¼ 0:96

FS max 19 ¼ 1:43

Comparing the obtained results, it is apparent that shortening pitch for one slot
results in small attenuation of fundamental MMF; however, the main result is in the
significant attenuation of fifth and especially seventh MMF space harmonic. On the
other hand, slot harmonics are almost intact in this way. All obtained results are in a
very good correlation with the results obtained from the Fourier transform, of the
rotating MMF waveforms shown in Figure 4.16. If shortening pitch is two stator
slots, the following results are achieved:

n ¼ 1

kp1 ¼ 0:94

kd1 ¼ 0:96

FS max 1 ¼ 25:84

n ¼ 5

kp5 ¼ �0:17

kd5 ¼ 0:22

FS max 5 ¼ 0:22

n ¼ 7

kp7 ¼ 0:77

kd7 ¼ �0:18

FS max 7 ¼ 0:56

n ¼ 17

kp17 ¼ 0:94

kd17 ¼ 0:96

FS max 17 ¼ 1:52

n ¼ 19

kp19 ¼ �0:94

kd19 ¼ 0:96

FS max 19 ¼ 1:36

where the fundamental harmonic is even smaller, but now fifth harmonic is atte-
nuated much more than seventh. The smaller values of the slot harmonics are result
of smaller value of fundamental one.

196 Fault diagnosis of induction motors

www.ebook3000.com

http://www.ebook3000.org


4.3 Rotating MMF wave—analytical approach

A general term for the rotational MMF of symmetrical three-phase machine fed by
symmetrical three-phase voltage supply is easily reached also by following analy-
tical procedures. Ac flowing through the phase A winding produces the following
nth pulsating MMF harmonic:

FAn t;qð Þ ¼ NAn qð ÞiA tð Þ ¼ 4
p

1
n

N

2p

ffiffiffi
2

p
I cos npqð Þcos wtð Þ ¼ Fmax n cos npqð Þ cos wtð Þ

(4.69)

that could be separated into the forward and backward MMF waveforms:

FAn t; qð Þ ¼ Fmax n

2
cos wt � npqð Þ þ Fmax n

2
cos wt þ npqð Þ (4.70)

Phase winding B is space shifted for 2p/3p mechanical radians. Ac flows which is
time shifted by 2p/3 radians. Therefore,

FBn t; qð Þ ¼ NBn qð ÞiB tð Þ ¼ Fmax n cos np q� 2p
3p

� �� �
cos wt � 2p

3

� �
(4.71)

FBn t;qð Þ ¼Fmax n

2
cos wt�2p

3
�npqþn

2p
3

� �
þFmax n

2
cos wt�2p

3
þnpq�n

2p
3

� �
(4.72)

For the third-phase winding (phase C):

FCn t; qð Þ ¼ NCn qð ÞiC tð Þ ¼ Fmax n cos np qþ 2p
3p

� �� �
cos wt þ 2p

3

� �
(4.73)

FCn t;qð Þ ¼Fmax n

2
cos wtþ2p

3
�npq�n

2p
3

� �
þFmax n

2
cos wtþ2p

3
þnpqþn

2p
3

� �
(4.74)

The sum of three forward waveforms gives the forward waveform of the rotating
MMF:

Fdn t; qð Þ ¼ Fmax n

2
cos wt � npqð Þ þ cos wt � npqþ n� 1ð Þ 2p

3

� ��

þ cos wt � npq� n� 1ð Þ 2p
3

� ��
(4.75)
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while the sum of backward waveforms gives the backward waveform of the
rotating MMF:

Fin t; qð Þ ¼ Fmax n

2
cos wt þ npqð Þ þ cos wt þ npq� nþ 1ð Þ 2p

3

� ��

þ cos wt þ npqþ nþ 1ð Þ 2p
3

� ��
(4.76)

The fundamental MMF harmonic of phase windings, i.e., n¼ 1, results in forward
rotating MMF waveform in which its amplitude is 3/2 times higher than the
amplitude of constituent MMF waves while backward rotating MMF waveform
does not exist:

Fd;n¼1 t; qð Þ ¼ 3
2

Fmax 1 cos wt � pqð Þ (4.77)

Fi;n¼1 t; qð Þ ¼ 0 (4.78)

A similar situation could be analyzed for higher space harmonics. For example, for
n¼ 3, there is no forward or backward MMF waveform.

Fd;n¼3 t; qð Þ ¼ Fmax n

2
cos wt � 3pqð Þ þ cos wt � 3pqþ 4p

3

� ��

þ cos wt � 3pq� 4p
3

� ��
¼ 0 (4.79)

Fi;n¼3 t; qð Þ ¼ Fmax n

2
cos wt þ 3pqð Þ þ cos wt þ 3pq� 8p

3

� ��

þ cos wt þ 3pqþ 8p
3

� ��
¼ 0 (4.80)

For n¼ 5, there is no forward rotating MMF waveform:

Fd;n¼5 t; qð Þ ¼ Fmax 5

2
cos wt � 5pqð Þ þ cos wt � 5pqþ 4

2p
3

� ��

þ cos wt � 5pq� 4
2p
3

� ��
¼ 0 (4.81)

while backward rotating MMF exists:

Fi;n¼5 t;qð Þ ¼ Fmax 5

2
cos wt þ 5pqð Þ þ cos wt þ 5pq� 4pð Þ þ cos wt þ 5pqþ 4pð Þ½ �

(4.82)

Fi;n¼5 t;qð Þ ¼ 3
2

Fmax 5 cos wt þ 5pqð Þ (4.83)
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For n¼ 7, there is forward rotating MMF as follows:

Fd;n¼7 t;qð Þ ¼ Fmax 7

2
cos wt � 7pqð Þ þ cos wt � 7pqþ 4pð Þ þ cos wt � 7pq� 4pð Þ½ �

(4.84)

Fd;n¼7 t;qð Þ ¼ 3
2

Fmax 7 cos wt � 7pqð Þ (4.85)

There is no backward rotating MMF waveform:

Fi;n¼7 t; qð Þ ¼ Fmax 7

2
cos wt þ 7pqð Þ þ cos wt þ 7pq� 16p

3

� ��

þ cos wt þ 7pqþ 16p
3

� ��
¼ 0 (4.86)

Remark 2: The current in phase A is given by iA(t) ¼ Imsin(wt). If the current in
phase B lags by 2p/3 and the current in phase C lags by 4p/3, there is a direct
system of three-phase ac:

iA ¼ Im sin wtð Þ; iB ¼ Im sin wt � 2p
3

� �
; iC ¼ Im sin wt � 4p

3

� �
:

It should be noted that lagging of currents is described by minus sign in analytical
expressions of currents. On the other hand, phase A MMF in p pair poles machine
is NA(qmeh) ¼ Nmsin(pqmeh). If phase B winding leads to space by 2p/3p mechanical
radians and phase C winding leads to space by 4p/3p mechanical radians; then
analytical expressions for MMFs are:

NA ¼Nm sin pqmehð Þ; NB ¼Nm sin p qmeh �2p
3p

� �� �
; NC ¼Nm sin p qmeh �4p

3

� �� �
:

Now, the negative sign corresponds to leading of phases in space.
Described order of currents and windings gives forward rotating MMF wave.

So the conclusion is as follows:

The symmetrically constructed (identical phase windings with identical
series number of turns per phase) and the symmetrically distributed three-
phase winding (phase windings space shifted by 2p/3 electrical radians)
fed by symmetrical system of three-phase ac voltages (ac phase currents
phase shifted by 2p/3) produce symmetrical rotating MMF waves. The
angular speed of this wave is known as synchronous speed.

The described rotating MMF wave is not the result of mechanical
rotation of any part of the electrical machine; rather, it is produced by the
stationary phase windings powered by ac.
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In addition to the fundamental MMF wave, there exist higher space
harmonics of MMF that rotate forward or backward by angular speed
which is nth times smaller than the synchronous speed. The order of har-
monics are given by:

n ¼ 6k þ 1

where k ¼ 0, �1, �2, . . . Noteworthy higher space harmonics are phase
belt harmonics, i.e., fifth and seventh, as well as slot harmonics of order
S/p � 1.

In case of any asymmetry in the machine as different number of turns in phase
windings, different phase shift of phase windings, asymmetry in phase currents in
magnitude or in phase shift, in addition to the direct rotating MMF wave, the
backward rotating MMF wave always exists, i.e., n could have value n¼�1. As a
result, a resultant elliptical MMF wave exists in the air gap as shown in Figure 4.17.

4.4 Fractional slot winding

The case in which only winding is embedded in the whole number of slots per pole
per phase has been already analyzed. This winding is known as integral slot
winding. However, there is also fractional slot winding. This is the case where the
number of slots per pole per phase is not an integer. The manner of embodiment of
this type of winding is numerous and so complex that it is beyond the scope of this
book. Their common characteristics are unsymmetrical phase as well as rotating
MMF wave, so the MMF spectral content could not be described by introduced rule
n¼ 6k þ 1, where k ¼ 0, �1, �2, . . .

F

F

Fd

Fd
Fi

Fi

Figure 4.17 The result of summing the forward and backward MMF waveforms of
the same order is the rotational MMF wave of elliptical shape
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As an example of such fractional slot winding in a three-phase four-pole
machine inserted in S ¼ 30 stator slots in a single layer is provided in Figure 4.18.
Here, the number of slots per pole per phase is obviously a fractional number:

z ¼ S

2pm
¼ 30

2 � 2 � 3
¼ 2:5

The waveform of the rotating MMF at instant of time when ia ¼ 1A and ib ¼
�ic ¼ 0.5A is given in Figure 4.19, and it is asymmetrical. The same figure displays
the spectral content of the MMF wave.

The noteworthy point is the existence of one sub-harmonic. Namely, the fun-
damental harmonic is second one of circa 24 A-turns amplitude. However, the first
harmonic now exists with the amplitude of circa 5 A-turns. Additionally, there are

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

A B C X

Figure 4.18 Single-layer fractional slot winding (p ¼ 2, S ¼ 30, q ¼ 2.5)
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Figure 4.19 Fractional slot winding rotational MMF waveform at any time and
the corresponding spectral content
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now some even harmonics. However, the slot harmonics of order S � p, i.e., 28th
and 32nd harmonics, which are rather prominent, exist in this case, too.

4.5 Wound rotor MMF space harmonics

In wound-rotor induction motor, the rotor carries three-phase winding with identical
number of pole pairs as stator winding. Therefore, all the previously derived con-
clusions for the three-phase stator winding are also true for rotor winding. The main
difference is in the fact that rotor currents are induced currents of frequency that is
different from voltage supply frequency. Fundamental rotor current frequency is,

f2 ¼ s � f1 (4.87)

where slip for fundamental MMF wave from stator side is,

s ¼ ws � wr

ws
(4.88)

or in general case

sn ¼ 1 � n 1 � sð Þ (4.89)

if of interest are rotor currents induced by nth MMF space harmonic wave from
stator side. Hence, as it was the case for three-phase stator winding, rotor winding
produces MMF waves of the same order,

m ¼ 6q þ 1 (4.90)

where q ¼ 0, �1, �2, . . . The most significant harmonics are phase belt harmonics
and slot harmonics. The rotor slot harmonics of order R/p � 1 exist where R is the
number of rotor slots. If rotor winding is of fractional slot type then some additional
harmonics could appear as it was explained previously.

4.6 Cage rotor MMF space harmonics

The MMF waves of symmetrical, integral slot three-phase stator winding of an
induction machine has been already derived as follows:

Fs t; qð Þ ¼
X
m

Fsm cos w1t � mpqð Þ; m ¼ 6k þ 1; k ¼ 0;�1;�2; ::: (4.91)

where p is the number of pole pairs and Fsm is the amplitude of the mth space
harmonic. It is clear that besides the fundamental MMF wave (k ¼ 0, m¼ 1), there
exist waves with 5p, 7p, 11p, . . . pair of poles even in the case of symmetrical
machine. By assuming uniform air gap length, the flux density waves in the air gap
produced by the stator windings have the same waveforms.
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The winding function of multi-turn coil in slots described by angular coordi-
nates q1 and q2 has been already defined by

N qð Þ ¼
N 1 � a

2p

� �
; q1 � q � q2

�N
a
2p

; for rest of q

8><
>: (4.92)

where N is the number of turns and a is a coil pitch, a¼ q2 � q1. In case of cage
rotor, two nearby bars and ring segments between them form the rotor loop.
Therefore, the rotor loop can be observed as a one-turn coil with pitch a¼ 2p/R,
where R is the number of rotor bars. Hence, the winding function of the rotor
loop 1, whose magnetic axis is in the center of the reference frame fixed to the
rotor, is given by:

Nloop1 qrð Þ ¼
1 � 1

R
; �p

R
� qr � p

R

� 1
R
; for rest of qr

8>><
>>: (4.93)

This function could be resolved by Fourier series as follows:

Nloop1 qrð Þ ¼
X1
n¼1

2
np

sin n
p
R

� �
cos nqrð Þ (4.94)

The rotor current, which flows in this loop as a result of mth stator flux density
space harmonic, produces the following MMF:

Floop1 t; qrð Þ ¼
X1
n¼1

2
np

sin n
p
R

� �
Irmm cos smw1t


 �
cos nqrð Þ (4.95)

where

sm ¼ 1 � m 1 � sð Þ (4.96)

and s is the slip. The last equation could be resolved as

Floop1 t; qrð Þ ¼
X1
n¼1

Kmn cos smw1t þ nqr


 �þ cos smw1t � nqr


 �� 
(4.97)

In the next rotor loop, with space displaced by 2p/R, flows the same current and
frequency, but shifted in phase by 2pmp/R. This rotor loop produces the following
MMF:

Floop2 t; qrð Þ ¼
X1
n¼1

Kmn cos smw1t þ nqr � nþ mpð Þ 2p
R

� ��

þ cos smw1t � nqr þ n� mpð Þ 2p
R

� ��
(4.98)
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Summing the MMFs of all rotor loops, the resultant MMF of the cage rotor is [9]:

Fr t; qrð Þ ¼
XR�1

i¼0

X1
n¼1

Kmn cos smw1t þ nqr � i � nþ mpð Þ 2p
R

� ��

þ cos smw1t � nqr þ i � n� mpð Þ 2p
R

� ��
(4.99)

Let us analyze the last expression in the case where rotor currents are due to the mth
stator flux density harmonic. By inspection of (4.99), the following rotor MMF
waves exist:

for n¼�mp, the first member of the sum is different from zero;
for n¼ mp, the second member of the sum is different from zero;

In the healthy induction machine, there are only stator MMF waves of order m¼
6k þ 1, k ¼ 0, �1, �2, . . . . It means that the rotor cage produces MMF waves that
are armature reaction to these MMF waves from the stator side. It should be noted
that n can be only positive integer, n¼ 1, 2, 3, . . . .

However, there are cage rotor MMF waves in the following two cases:

for nþ mp ¼� lR or n¼�lR�mp, where l¼ 1, 2, 3 . . . the first member of
the sum is nonzero.

for n� mp ¼� lR or n¼�lR þ mp, where l¼ 1, 2, 3 . . . the second member
of the sum is nonzero.

Therefore, in addition to the fundamental cage rotor MMF wave which is the
armature reaction to the stator MMF wave, there is also the so-called rotor slot
harmonics of order lR � mp, l¼ 1, 2, 3, . . . . These harmonics are the direct con-
sequences of the space distribution of rotor bars, i.e., placement of rotor cage in
slots. Consequently, the rotor currents caused by the mth stator flux density space
harmonics generate the following MMF waves:

Frm t; qrð Þ ¼ Frm1 t; qrð Þ þ Frmsh1 t; qrð Þ þ Frmsh2 t; qrð Þ (4.100)

where

Frm1 t; qrð Þ ¼ Frm1 cos smw1t � mpqr


 �
(4.101)

Frmsh1 t; qrð Þ ¼ Frmsh1 cos smw1t þ lR � mpð Þqr


 �
(4.102)

Frmsh2 t; qrð Þ ¼ Frmsh2 cos smw1t � lR þ mpð Þqr


 �
(4.103)

Using angular transformation,

q ¼ qr þ wrt ¼ qr þ 1 � s

p

� �
w1t (4.104)
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these MMF waves, now observed from the stator side are

Frm1 t; qð Þ ¼ Frm1 cos w1t � mpqð Þ (4.105)

Frmsh1 t; qð Þ ¼ Frmsh1 cos 1 � lR

p
1 � sð Þ

� �
w1t þ lR � mpð Þq

� �
(4.106)

Frmsh2 t; qð Þ ¼ Frmsh2 cos 1 þ lR

p
1 � sð Þ

� �
w1t � lR þ mpð Þq

� �
(4.107)

Figure 4.20 shows the waveform of the fundamental cage rotor MMF wave (m¼ 1)
at an instant of time assuming that the amplitude of the rotor loop current is 1 A.
The rotor has R ¼ 40 bars and the machine has one pair of poles, p ¼ 1.

Figure 4.21 illustrates the spectral contents of MMF wave extracted from
Figure 4.20. It is obvious that besides fundamental harmonic (mp ¼ 1st), there exist
first-order rotor slot harmonics, for l¼ 1, R � p and R þ p, second-order rotor slot
harmonics, for l¼ 2, 2R � p and 2R þ p, etc. (i.e., 39th, 41st, 79th, 81st). This
directly follows from (4.106) and (4.107).

Figure 4.22 displays the waveform of the cage rotor MMF, produced by rotor
currents that are the result of m¼�5 under the assumption that the amplitude of
rotor loop current is 1 A. In this case, the number of rotor bars per one pole of
harmonic field is less than before; as a result, more rugged waveform is obtained.

The spectral content of the waveform in Figure 4.22 is shown in Figure 4.23.
It is obvious that in addition to the ‘‘fundamental’’ harmonic (now, mp ¼ fifth),
the first-order rotor slot harmonics of the order (R � 5p), (R þ 5p), (2R � 5p),
(2R þ 5p), i.e., 35th, 45th, 75th, 85th will appear. This result is consistent with
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Figure 4.20 Cage rotor MMF at an instant of time (p ¼ 1, R ¼ 40, m¼ 1)
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(4.106) and (4.107) as well. It is now clear that the amplitude of rotor slot har-
monics is more pronounced in relation to the ‘‘fundamental’’ harmonic when
compared to the situation in Figure 4.21.

However, the main conclusion can be derived from (4.105)–(4.107):

The cage rotor of induction machine reflects all MMF space har-
monics from stator side at the fundamental frequency f1 and at
frequencies (1 � lR(1 � s)/p)f1.
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Figure 4.22 Cage rotor MMF in an instant of time (p ¼ 1, R ¼ 40, m¼�5)
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Figure 4.21 Spectral content of cage rotor MMF given in Figure 4.20
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Chapter 5

Multiple-coupled circuit model
of induction motors

There are a lot of different mathematical models which enable the analysis of an
induction machine. Generally, they could be divided into static and dynamic
models. Static models allow the analysis of static characteristics of induction
motors. This model, for example, is the well-known single-phase equivalent circuit
of induction motor. Dynamic models can provide time variations of motor currents,
developed electromagnetic torque and rotor speed as outputs. Such models enable
the analysis of induction machines in transient modes.

By appearance of static frequency converters, induction motor became very
interesting for analysis from different point of views what is the result of its use as
the most robust, reliable and simple ac motor type in different applications. On the
other hand, condition monitoring as a discipline that has been widely used in
the last two decades was an important incentive for the development of new motor
models which enable the analysis of the motor in the time domain as well as its
static characteristics of the asymmetrical operating modes caused by both external
factors (complex periodic voltages) and internal factors (as a result of different
faults or a design specific motor).

As regards the static models, in addition to the equivalent circuit of the motor,
often a model based on rotating field theory is employed [1,2]. This model allows
the analysis of static characteristics of the induction motor for any system of power
supply and any stator winding configuration. The second model which is based on
the theory of spatial vector allows the analysis of the magnetic field in the air gap at
any asymmetrical configuration of stator windings [3,4]. The method introduced in
[5] is a combination of the theory of rotating field and the theory of symmetrical
components; however, it can only analyze star-connected induction motors.

In dynamic models, the most widely used model enabling the analysis of
symmetrical induction motors is the well-known d–q model [6]. This model is
based on the assumption of sinusoidal distributed windings in the rotor and stator so
that it is impossible to directly analyze the operation of the motor with arbitrary
distribution of windings. However, it is possible to apply d–q model for asymmetric
modes analysis, through appropriate changes in parameters, in order to analyze the
operation of the machine with a broken rotor bar, static and dynamic rotor eccen-
tricity faults [7]. The results obtained in this way, however, show significant
deviations from the experimental ones.



The second model which allows the dynamic analysis of the induction motor is
slightly older and is based on the principle of mutually coupled electrical circuits. It
enables the analysis of the motor by taking all the spatial harmonics of MMF in the
machine into account, on the harmonic basis. This model is also primarily intended
for the analysis of motor with symmetrical windings on the stator and rotor [8].

The model that enables the analysis of general machine with m stator circuits
(not windings) and n rotor bars and allows dynamic analysis of the transient
regimes of induction machine with any configuration of windings on the stator and
the rotor, as with any profile of air-gap, is presented in [9]. This model is based on
multiple-coupled circuit model, but with one distinct difference. The difference is
the use of winding function theory that enables us to account for all spatial har-
monics of MMFs in machine simultaneously. It means exact winding distribution
and exact stepwise MMF distribution could be taken into account. In this chapter,
the above-mentioned model is presented with some modifications in order to have
more real picture of the machine. On the first place, skewed rotor bars are included
into the model.

5.1 Model description

This model is based on the following assumptions which are common in analysis of
induction motors:

● permeability of stator and rotor core is infinite;
● iron losses are ignored;
● concentrated parameters are used;
● rotor bars are electrically isolated from rotor core;
● windage and friction losses are neglected.

5.1.1 Electrical subsystem equations
Cage rotor can be viewed as n identical and evenly distributed rotor loops. The
equations describing the general electric machine can be written as follows:

U½ � ¼ R½ � I½ � þ d Y½ �
dt

(5.1)

Y½ � ¼ L½ � I½ � (5.2)

For induction machines with squirrel-cage rotor (5.1) and (5.2) can be broken down
as follows:

Us½ �
0½ �

" #
¼ Rs½ � 0½ �

0½ � Rr½ �

" #
Is½ �
Ir½ �

" #
þ d

dt

Ys½ �
Yr½ �

" #
(5.3)

Ys½ �
Yr½ �

" #
¼ Lss½ � Lsr½ �

Lrs½ � Lrr½ �

" #
Is½ �
Ir½ �

" #
(5.4)
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Then, they could be written as the following:

Us½ � ¼ Rs½ � Is½ � þ d Ys½ �
dt

(5.5)

0½ � ¼ Rr½ � Ir½ � þ d Yr½ �
dt

(5.6)

Ys½ � ¼ Lss½ � Is½ � þ Lsr½ � Ir½ � (5.7)

Yr½ � ¼ Lrs½ � Is½ � þ Lrr½ � Ir½ � (5.8)

5.1.2 Mechanical subsystem equations
Rotor rotation depends on the load characteristics; therefore, the governing equa-
tions differ in various applications. It is assumed that the load torque which opposes
the developed electromagnetic torque consists of an internal moment inertia of
rotor and load, whose characteristics are known in advance explicitly. The well-
known equation describing the rotor motion is:

Tem � TL ¼ J
dw
dt

¼ J
d2q
dt2

(5.9)

where Tem is the developed electromagnetic torque of the motor, TL is the load
torque, J is the rotor and load inertia referred to the rotor side, w is the angular speed
of the rotor and q is mechanical angle in radians. Electromagnetic torque of the motor
developed in the electromechanical conversion process is derivative of the magnetic
coenergy regarding the spatial coordinate at constant stator and rotor currents:

Tem ¼ @Wco

@q

� �����
Is;Ir¼const

(5.10)

For the proposed linear magnetic circuit, i.e., infinite magnetic permeability of
stator and rotor core, the magnetic coenergy is equal to the stored magnetic energy
in the air gap as follows:

Wco ¼ 1
2

Is½ �T Ir½ �T
h i Lss½ � Lsr½ �

Lrs½ � Lrr½ �

� �
Is½ �
Ir½ �

� �
(5.11)

i.e.,

Wco ¼ 1
2

Is½ �T Lss½ � Is½ � þ 1
2

Is½ �T Lsr½ � Ir½ � þ 1
2

Ir½ �T Lrs½ � Is½ � þ 1
2

Ir½ �T Lrr½ � Ir½ � (5.12)

In case of uniform air gap for symmetrical machines, it is obvious that matrices
[Lss] and [Lrr] are constant and [Lrs] ¼ [Lsr]

T. By substituting (5.12) into the equa-
tion for Tem , (5.10), we have

Tem ¼ 1
2

Is½ �T @ Lsr½ �
@q

Ir½ � þ 1
2

Ir½ �T @ Lsr½ �T
@q

Is½ � (5.13)
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As Tem is a scalar, the two terms of the right-hand side of (5.13) should be also
scalars. On the other hand, transposition of the scalar is the scalar itself, and the
following equation can be written:

Ir½ �T @ Lsr½ �T
@q

Is½ � ¼ Ir½ �T @ Lsr½ �T
@q

Is½ �
" #T

(5.14)

From matrix algebra, it is well known that

AT BT C
� �T ¼ CT B A

� �
(5.15)

so

Ir½ �T @ Lsr½ �T
@q

Is½ � ¼ Is½ �T @ Lsr½ �
@q

Ir½ � (5.16)

i.e., both members on the right-hand side of (5.13) are equal. Finally

Tem ¼ Is½ �T @ Lsr½ �
@q

Ir½ � (5.17)

In an induction motor with mechanical asymmetries, which is the case in static or
dynamic eccentricities, inductances of stator and/or rotor windings depend on rotor
angular position, and the developed electromagnetic torque is calculated by taking
the derivative of general equation for magnetic coenergy into account (5.12).

5.1.3 Model parameters
5.1.3.1 Inductances
The key parameters in any mathematical model of an electrical machine are
inductances. In this model, the inductance of the windings in the machine, self or
mutual, will be calculated using winding functions [10]. As shown in Chapter 4,
winding A having NA turns and carrying the current iA generates the MMF wave:

FA qð Þ ¼ NA qð Þ � iA (5.18)

where NA(q) is the winding function of winding A. This winding is shown as one
coil in Figure 5.1. Assume that there is another winding, winding B with NB turns,
that is placed along the machine circumference on the totally arbitrary fashion.
Considering stationary rotor, these windings are on the stator or on the rotor. In
order to calculate mutual inductance between these two windings, magnetic flux-
linkage of winding B due to winding A current should be calculated. The rela-
tionship between the magnetic flux, MMF and magnetic permeance is as follows:

Y ¼ F � L (5.19)

The elementary magnetic flux passing through the air gap is

dY ¼ FA qð Þm0rl
dq
g0

(5.20)
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All coils forming winding B are shown and labeled in accordance with direction
that is chosen as positive, Figure 5.1. It should be noted that it is necessary to have
the same number of conductors that are labeled with � or with �. The magnetic flux
linkage of coil 1–10 is as the following:

Y1�10 ¼
m0rl

g0

Z q
0
1

q1

FA qð Þdq (5.21)

As turns function of coil 1–10 has unit value on the angle range of q1� q� q01,
while for all other angles it has zero value, previous expression could be given
alternatively as:

Y1�10 ¼
m0rl

g0

Z 2p

0
nB1 qð ÞFA qð Þdq (5.22)

Similarly, flux-linkage of other coils in winding B could be defined. If winding B
consists of NB coils, the total magnetic flux linkage of winding B, due to winding A
current is:

YBA ¼
XNB

i¼1

Yi�i0 ¼ m0rl

g0

XNB

i¼1

Z 2p

0
nBi qð ÞFA qð Þdq

 !
¼ m0rl

g0

Z 2p

0

XNB

i¼1

nBi qð Þ
" #

FA qð Þdq

(5.23)

The sum under the integral in (5.23) is turns function of winding B. Therefore,
(5.23) will be as follows:

YBA ¼ m0rl

g0

Z 2p

0
nB qð ÞFA qð Þdq (5.24)

1

2

3

1'

2'

3'

A

θ1

θ'1

A'

Figure 5.1 Mutual inductance calculation
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Mutual inductance between windings B and A is the ratio of winding B flux-linkage
and winding A current. Hence,

LBA ¼ YBA

iA
¼ m0rl

g0

Z 2p

0
nB qð ÞNA qð Þdq (5.25)

As from (4.25)

nB qð Þ ¼ NB qð Þ þ bnB (5.26)

the mutual inductance will be as follows:

LBA ¼ m0rl

g0

Z 2p

0
NB qð ÞNA qð Þdqþ m0rl

g0
bnB

Z 2p

0
NA qð Þdq (5.27)

As winding function NA(q) is periodic function with zero mean value, the second
integral in (5.27) is zero. Finally, mutual inductance is as the following:

LBA ¼ m0rl

g0

Z 2p

0
NB qð ÞNA qð Þdq (5.28)

From (5.28), it is clear that the same expression is valid for mutual inductance
between windings A and B as should be the case in linear magnetic circuit:

LAB ¼ m0rl

g0

Z 2p

0
NA qð ÞNB qð Þdq ¼ LBA (5.29)

During the analysis, no assumption about the winding placement was made; both
windings can be placed on the stator and on the rotor, or one winding could be on
the stator and the other one on the rotor. Equation (5.28) is valid also for calculation
of winding self-inductance:

LAA ¼ m0rl

g0

Z 2p

0
N2

A qð Þdq (5.30)

Thus, the general equation allowing the calculation of winding inductances in the
machine is provided in (5.29). This equation calculates analytically in simpler cases
or numerically using the standard numerical techniques when complicated forms
of winding functions exist. In the following parts, both methods of calculation will
be used.

● CALCULATION OF STATOR WINDINGS INDUCTANCES

Self- and mutual inductances of stator phase windings could be calculated by
numerical integration of integrals that are parts of expressions (5.29) and (5.30) for
the known phase winding scheme and geometrical details of the machine. The
known winding scheme and the known number of turns in every coil of the phase
winding mean the known turns and winding function of that phase winding.

214 Fault diagnosis of induction motors

www.ebook3000.com

http://www.ebook3000.org


It is worth noting that self-inductance of phase winding on the stator is due to
the magnetic flux passing through the air gap as well as due to the leakage magnetic
flux. Therefore, self-inductance of stator phase winding, i.e., A is

LA ¼ LAA þ LsA ¼ m0rl

g0

Z 2p

0
N2

A qð Þdqþ LsA (5.31)

Leakage inductance LsA could be calculated using the well-known methods
described in many textbooks of standard electrical machines.

● CALCULATION OF ROTOR WINDINGS INDUCTANCES

In wound rotor induction machine type, self- and mutual inductances of rotor
windings are calculated in the same manner as for the stator winding.

For a cage rotor with R bars, the winding function of one rotor loop consisting
of two neighboring bars and ring segments between them is:

Nloop ¼
1 � 1

R
; q1 � q � q2

� 1
R
; for other q

8>><
>>: (5.32)

By substituting (2.32) into (2.30) rotor loop self inductance can be easily calcu-
lated. We get the following result:

Lself ¼ m0rl

g0

2p
R2

R � 1ð Þ (5.33)

Similarly, the mutual inductance between any two rotor loops as a result of mag-
netic flux that is closed through the air gap is

Lmutual ¼ � m0rl

g0

2p
R2

(5.34)

Taking the leakage inductances of the rotor bars Lb and end-ring segments Lers into
account, the rotor inductances matrix could be given as [8]:

Lrr½ � ¼

L1 L2 L3 L3 : : L2

L2 L1 L2 L3 : : L3

L3 L2 L1 L2 : : L3

: : : : : : :
: : : : : : :

L3 L3 L3 L3 : : L2

L2 L3 L3 L3 : : L1

2
666666664

3
777777775

(5.35)

where

L1 ¼ Lself þ 2 Lb þ Lersð Þ (5.36)

L2 ¼ Lmutual � Lb (5.37)

L3 ¼ Lmutual (5.38)
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For the sake of completeness of the presented material, the relation between the
rotor parameters in multiple-coupled circuit model and in the standard single-phase
equivalent circuit of induction motor is provided. A cage rotor winding with R rotor
bars and 2R end-ring segments could also be observed as R-phase winding where
one phase consists of one rotor bar and two associated end-ring segments. Using
arguments of magnetic energy invariance, the equivalent inductance of one cage
rotor ‘‘phase’’ is

Lr phase ¼ Lb þ Lers

2sin2 pp
R

	 
 (5.39)

and this refers to the stator side of m1-phase machine as follows:

L
0
r ¼

4m1

R

kw1w1

kskew

� �2

Lr phase (5.40)

This is the inductance that occurs in one-phase steady-state equivalent circuit of the
induction machine. More precisely, there it appears as leakage reactance:

X 0
r ¼ w1L0

r ¼ 2pf1L0
r (5.41)

The leakage inductances depend on the shape and dimensions of the rotor bars and
the end-ring segments. For example, for the rotor bar and end-ring of shapes that
are given in Figure 5.2, the appropriate leakage inductances are [11]

Lb ¼ m0lblb ffi m0lb 0:66 þ 2hr

3 d1 þ d2ð Þ þ
hor

bor

� �
(5.42)

Lers ¼ m0lerslers ¼ m0 �
p Der � bð Þ

R
� 0:46 � log

2:35 � Der � bð Þ
2a þ b

� �� �
(5.43)

● MUTUAL INDUCTANCE BETWEEN STATOR AND ROTOR
WINDINGS

In this case, two windings are on the opposite side of the air gap. Due to the rotor
rotation, the mutual inductance between stator and rotor windings are spatially

hcr

hr

d2

btr

borhor

d1

a

b

l

Figure 5.2 Rotor slot details
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(time) dependent. In other words, during the mutual inductance calculation, the
rotor position must be taken into account. Rotor rotation means rotation of all turns
and winding functions that are defined for rotor windings. Therefore, calculation of
mutual inductance means calculation of integral (5.29) for every different rotor
position.

Let us look at the simple example of Figure 5.3 where one coil from the stator
side and one rotor loop are involved [9].

Assuming that the pitch of the rotor loop is smaller than the pitch of the stator
coil, during the rotor rotation, rotor loop can be found in four different positions
with respect to the stationary coil on the stator side (Figure 5.3). Through knowing
the winding functions of rotor loop and stator coil, the following equations could be
easily derived:

Lsirj qð Þ ¼

m0rlNsi

g0
arj 1 � asi

2p

	 

qi1 � qj1 < qj2 � qi2

m0rlNsi

g0
qi2 � qj1 � asiajr

2p

	 

qi1 < qj1 < qi2 < qj2

� m0rlNsi

g0

asiarj

2p
qi1 < qi2 � qj1 < qj2

m0rlNsi

g0
qj2 � qi1 � asiarj

2p

	 

qi1 � qj2 < qi2 < qj1

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(5.44)

However, in case of real stator phase winding that is of a more complicated form, the
only reasonable manner for calculation of mutual inductance between the stator phase
winding and rotor loop is numerical integration of expression (5.29). During this cal-
culation one should bear in mind that rotor rotation also means rotation of the rotor
winding functions, i.e., for one position of the rotor, one value of mutual inductance is
obtained. For the next rotor position, the next value is obtained and so forth. The main
idea is that one rotor revolution should be discretized in as many steps as it is mean-
ingful. For example, one rotor revolution could be divided into 4,000 steps in such a
way that the lookup table with 4,000 elements is obtained. In numerical procedure of
integration of differential equations that describes the machine for every new rotor
position, new value of mutual inductance could be pulled out from that lookup table.

N(θ)

Nrj(θ)
Nsi(θ)

0

ωr
π 2π

θ

θi2θi1θj2θj1

Figure 5.3 Calculation of mutual inductance between one stator coil and one
rotor loop
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In the case of healthy symmetrical machine, it will suffice to calculate one
such lookup table that consists of mutual inductance between phase winding A and
rotor loop 1. All other mutual inductances could be obtained from this lookup
table. For example, for the lookup table with 4,000 entries, the mutual inductance
between phase A and rotor loop 2, for one rotor position, is shifted for 4,000/R
places regarding the mutual inductance between the same phase and rotor loop 1.
The mutual inductance between phase winding B and rotor loop 1 is shifted for
2p/3p, i.e., 4,000/3p places and so forth, where p is the number of pole pairs.

5.1.3.2 Resistances
Matrix of stator winding resistances is simply diagonal matrix whose entries are
stator phase winding resistances.

Matrix of rotor windings resistances [Rr] is symmetrical and right cyclical as it
is the matrix of rotor windings inductances [Lrr].

Right cyclic matrix means that each row of that matrix could be obtained from
previous row pushing that row for one place on right side and placing dropped out
element in the first column of the new row. Dimension of this matrix is R�R and it
is formed in the following manner. Let us look at the developed scheme of cage
rotor winding illustrated in Figure 5.4.

Every loop (mesh) current is closed through the two bars and two ring seg-
ments. In addition, two neighboring mesh currents flow through one common bar in
opposite directions. The matrix of rotor resistances will have the following entries,

Rr½ � ¼

R1 R2 0 0 : : R2

R2 R1 R2 0 : : 0

0 R2 R1 R2 : : 0

: : : : : : :

: : : : : : :

0 0 0: 0 : : R2

R2 0 0 0 : : R1

2
666666666664

3
777777777775

(5.45)

where R1 ¼ 2(Rb þ Rers) and R2 ¼�Rb. Rotor bar resistance Rb and ring segment
resistances, i.e., Rers, could be easily calculated from the known details about cage

Rb Rb Rb Rb Rb Rb Rb

Rers Rers Rers Rers Rers Rers

Rers Rers Rers Rers Rers Rers

Ir1 Ir2 Ir3 ... ... Irn

Figure 5.4 Developed scheme of cage rotor winding
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rotor windings: cross-section area, length, specific resistance of cage rotor winding
material, temperature, etc. Again, for the sake of completeness of the presented
material, here will be given the relation between the rotor parameters in multiple-
coupled circuit model and in the standard single-phase equivalent circuit of
induction motor.

A cage rotor winding with R rotor bars and 2R end-ring segments could also be
considered as R-phase winding where one phase consists of one rotor bar and two
associated end-ring segments. The relationship between the rms currents in the
rotor bar and the end-ring segment in a machine with p pair of poles is well known
and given by [11]

Ib ¼ 2Iers sin
pp
R

	 

(5.46)

The equivalent resistance of one cage rotor ‘‘phase’’ could be obtained from the
condition of Joule power invariance:

Rr phase ¼ Rb þ Rers

2sin2 pp
R

	 
 (5.47)

This resistance referred to the stator side of m1-phase machine is

R
0
r ¼

4m1

R

kw1w1

kskew

� �2

Rr phase (5.48)

where kw1w1 is the effective turns number of the stator phase winding and kskew

is the skew factor for fundamental harmonic. For skewing of rotor bars for one
stator slot pitch, what is the most common case in practice, this factor has the
following value,

kskew ¼ Qs

pp
sin

pp
S

	 

(5.49)

where S is the number of stator slots.
Resistance calculated in (5.48) is resistance that occurs in a one-phase steady-

state equivalent circuit of an induction machine.

5.2 Skewing of rotor bars

In the majority of induction machines and those with wound rotor and cage rotor,
the rotor bars (slots) are skewed usually for one stator slot pitch. In this way, one
will get calmer, quieter machines, more uniform torque, and the possibility of rotor
locking will be largely eliminated, significantly reducing the torque dip which can
cause ‘‘taxiing’’ of the rotor [12]. On the other hand, skewing of rotor bars has also
negative effects such as developing less electromagnetic torque in the entire speed
range due to the additional reactance. Moreover, as one of the negative consequences
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of skewing is the emergence of the so-called interbar currents, or currents to be
closed between two bars through the lamination of the rotor magnetic core [13].
However, the positive effects of skewing are more significant than the negative
ones, and skewing is applied to the vast majority of induction machines. It should
be noted that skewing has effects only on the mutual inductance between stator and
rotor windings.

Now skewing of rotor bars is taken into account in the calculation of stator-
rotor mutual inductance. For reasons of clarity, (5.29) is rewritten as follows:

Lij qð Þ ¼ m0rl

g0

Z 2p

0
Ni qð ÞNj qð Þdq (5.50)

where indices i and j are related to ith stator winding and jth rotor winding. Validity
of (5.50) is restricted when rotor bars (stator slots) are unskewed. It might be
rewritten as follows:

Lij qð Þ ¼ l � Lij
0 qð Þ (5.51)

where Lij
0(q) is the mutual inductance between the stator winding and rotor loop,

per unit of length, in the case of unskewed rotor bars. When the rotor bars are
skewed uniformly, the mutual inductance between the stator winding i and rotor
loop j can be defined per unit length as follows [14]:

L0
ij skewed q; xð Þ ¼ L0

ij q� x
g
l

	 

(5.52)

where x represents the length along the axial direction of the rotor, x [ (�l/2,l/2)
and g is the mechanical angle of skewing in radians. When x increases and the
skewing of rotor bars is in a positive direction of q, then the sign in brackets of
(5.52) is positive. Equation (5.52) can be interpreted as follows: in any radial
crosssection of the machine, the mutual inductance per unit length, between stator
winding i and rotor loop j, has the same shape, but it is displaced in space, as shown
in Figure 5.5.

Total mutual inductance in the case of skewed rotor bars is determined when
(5.52) is integrated along the axial axis of the rotor:

Lij skewed qð Þ ¼
Z l

2

� l
2

L0
ij skewed q; xð Þdx (5.53)

It is apparent that the total mutual inductance between the stator and rotor winding,
obtained by described method becomes function of one variable.

In other words, an obvious two-dimensional problem is reduced to one
dimension, i.e., we again get the inductance as a function of spatial coordinate only.
The described method can be applied to any case of a linear skewing of slots within
the electrical machine, whether it is on the stator or rotor side. This approach takes
all the spatial harmonics into account in contrast to a number of other well-known
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methods [8], which use the so-called integral factor on the harmonic basis and each
harmonic of mutual inductance multiplied by them.

Figure 5.5 illustrates the effect of skewing of rotor bars on mutual inductance
per unit length waveforms for x¼ 0 and x¼ l.

5.3 Linear rise of MMF across slot

Winding function approach is originally based on point conductor approximation.
In order to consider the linear rise of MMF across the slot, winding function defi-
nition could be slightly changed as it is explained below [14]. Winding function of
coil in which the effect of linear rise of MMF across the slot opening is considered
is shown in Figure 5.6.

It is simple to propose a definition of winding function in this case. Referring
to Figure 5.6, the winding function is as follows:

Ni qð Þ ¼

Ni

2pd
2p q� qi1ð Þ þ d p� aið Þ½ �; qi1 � d

2
� q � qi1 þ d

2

Ni 1 � ai

2p

	 

; qi1 þ d

2
� q � qi2 � d

2

Ni 1 � ai

2p

	 

þ qi2 � q

d
� 1

2

� �
; qi2 � d

2
� q � qi2 þ d

2

�Ni
ai

2p
; for other values of q

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(5.54)

where d is the slot opening width in radian.
Now, the mutual inductance between the coil and the rotor loop changes.

There are two time more different positions between the coil and rotor loop.

1

2

s

s'

θ

ξ = 0

L′sr(θ)

0

γ

γ

ξ = l

Figure 5.5 Cross-section of machine for x¼ 0 and x¼ 1 and appropriate mutual
inductance per unit length dependences, between stator coil s–s0 and
rotor loop 1 (between the rotor bars 1 and 2)
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Mutual inductance equation as a function of rotor position in angular coordinate q
is as follows:

1. qj1 < qj2 � qi1 � d
2

L0
sr qð Þ ¼ m0r

g0
�Niai

2p
aj

� �

2. qj1 < qi1 � d
2
< qj2 � qi1 þ d

2

L0
sr qð Þ ¼ m0r

g0

Ni

2d
qi1 � qj2

� �2 þ d p� aið Þ d
2
þ qj2 � qi1

� ��

þNiaid
2p

1
2
� p

4ai
� qi1 � qj1

d

� ��

3. qj1 � qi1 � d
2
< qi1 þ d

2
< qj2

L0
sr qð Þ ¼ m0rNi

g0
qi2 � qi1 � aiaj

2p

h i

4. qi1 � d
2
< qj1 � qi1 þ d

2
< qj2

L0
sr qð Þ ¼ m0rNi

2g0
aj þ qj2 � qi1 � d

4
� aiaj

p
� qj1 � qi1

� �2

d

" #

5. qi1 þ d
2
< qj1 < qj2 � qi2 � d

2

L0
sr qð Þ ¼ m0rNi

g0
1 � ai

2p

	 

aj

Ni(θ)

Ni – Niαi/2π δ δ

– Niαi/2π θil θi2

θ
0

Figure 5.6 Winding function of single coil. Linear rise of MMF across the slot
opening is taken into account
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6. qj1 < qi2 � d
2
< qj2 � qi2 þ d

2

L0
sr qð Þ ¼ m0rNi

g0
1 � ai

2p

	 

aj þ qi2 � qj2

2
� qi2 � qj2

� �2

2d
� d

8

" #

7. qj1 � qi2 � d
2
< qi2 þ d

2
< qj2

L0
sr qð Þ ¼ m0rNi

g0
qi2 � qj1 � aiaj

2p

h i

8. qi2 � d
2
< qj1 � qi2 þ d

2
< qj2

L0
sr qð Þ ¼ m0rNi

g0

d
8
� aiaj

2p
þ qi2 � qj1

2
þ qi2 � qj1

� �2

2d

" #

However, it can be easily proved that the linear rise of MMF across the slot and
skewing of rotor bars has a very qualitatively similar effect on the mutual induc-
tance waveform between stator winding and rotor loop [14]. Therefore, it will
suffice to take one of the two mentioned effects into consideration. The experience
shows that it is always much easier to consider the effect of skewing of rotor bars
than to modify winding function definition in order to take linear rise of MMF
across the slot opening into account.

Example 5.1 Let us analyze a four-pole induction motor with the following
nameplate data:

11 kW, 400 V, Y, 50 Hz, p ¼ 2,

The number of stator slots are S ¼ 36 and the motor has R ¼ 30 rotor bars. The stator
phase winding consists of 12 coils, 3 coils per pole with 9 turns in one coil, i.e.,
N ¼ 108 series turns per pole per phase. The coil pitch is shortened, i.e., y ¼ (7/9)t.

Phase winding scheme under one pole is: 1-80-2-90-3-100.

Additional machine parameters are

Rphase ¼ 0.296 W, Dinner_stator ¼ 146.36 mm, g0 ¼ 0.4 mm, laxial ¼ 172.42 mm
Lss ¼ 2.92 mH, Rb ¼ 64.5 mW, Rers ¼ 1.55 mW, Lb ¼ 400 nH, Lers ¼ 5.73 nH,
J ¼ 0.3 kg m2

Self- and mutual inductances of stator phase windings could be easily calculated for
known phase winding functions through using winding function approach. It could
be easily proved that these values are

Lself_phase ¼ 123.4 mH, Lmutual_between_phases ¼�58.4 mH
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Cage rotor inductances are (5.33) and (5.34):

Lself ¼ 8.06 mH, Lmutual ¼�0.279 mH

Mutual inductance between stator phase and rotor loop as well as their derivative
with respect to the angular position (needed for electromagnetic torque calculation
(5.17)) for three different cases regarding skewing of rotor bars are given in the
following figures.

Figure E5.1.1 shows the case where skewing of rotor bars are not taken into
account. The maximum value of the mutual inductance in this case is 0.225 mH.
Derivative of this function with respect to the angular position is also given in the
figure. Due to the point conductor approximation, this function is rugged stepwise
function which results in high spikes in the time-domain representation of elec-
tromagnetic torque as it will be illustrated later.

Figure E5.1.2 displays the common case where rotor bars are skewed for one
stator slot pitch, i.e., for g¼ 2p/36 radians. It is clear that the mutual inductance
and its derivative wave shapes are much closer to the real situation.

Figure E5.1.3 shows the case that is not real as rotor bars are skewed more than
one stator slot pitch, i.e., skew in this case was g¼ 2p/24 radians. This case is
chosen just for an illustration of mutual inductance wave shape for higher value of
rotor bars skew angle.

As an illustration of the significant improvement of the model by taking into
consideration the skewing of rotor bars, Figure E5.1.4 shows the results for
developed electromagnetic torque obtained from the numerical model. The abnor-
mal high spikes in electromagnetic torque that are the results of discontinuities in
the derivative of mutual inductance, Fig. E5.1.1, are obviously significantly
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Figure E5.1.1 Stator phase—rotor loop mutual inductance and its derivative.
Skewing of rotor bars is not taken into account, g¼ 0
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reduced. Due to the unreal high spikes in derivative of mutual inductance wave
shape and, consequently, due to the high spikes in electromagnetic torque, speed-up
time for machine with straight rotor bars is significantly shorter than in case with
skewed rotor bars.
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Figure E5.1.3 Stator phase—rotor loop mutual inductance and its derivative.
Rotor bars are skewed for g¼ 2p/24 rad
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Figure E5.1.2 Stator phase—rotor loop mutual inductance and its derivative.
Rotor bars are skewed for g¼ 2p/36 rad which is the common
case—skewing for one stator slot width
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5.4 Solution of mathematical model

Equations (5.5)–(5.8) together with equations of mechanical part of the system, (5.9)
and (5.17), provide a closed system of equations that fully describes an induction
machine with known parameters. There are many numerical techniques for solution
of such system of differential equations—system of nonlinear differential equations
with time-varying coefficients: Runge–Kutta methods, Newton–Raphson method,
etc. To solve such a system of equations, the most primitive method such as Euler
method could be effectively used if step of integration is small enough.

The way to solve the above system of equations, using Euler method, will be
shown in detail here. The system of (5.5)�(5.8), in addition to (5.9) and (5.17), is
solved by fluxes and indirectly by currents:

d Ys½ �
dt

¼ Us½ � � Rs½ � Is½ � (5.55)

d Yr½ �
dt

¼ � Rr½ � Ir½ � (5.56)

Is½ � ¼ Lss½ ��1 Ys½ � � Lsr½ � K½ ��1 L½ �
h i

(5.57)

Ir½ � ¼ K½ ��1 L½ � (5.58)

where

K½ � ¼ Lsr½ �T Lss½ ��1 Lsr½ � � Lrr½ � (5.59)
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Figure E5.1.4 Electromagnetic torque from the numerical model during the
acceleration of an unloaded motor. Upside down: g¼ 0 rad,
g¼ 2p/36 rad
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L½ � ¼ Lsr½ �T Lss½ ��1 Ys½ � � Yr½ � (5.60)

Tem ¼ Is½ �T @ Lsr½ �
@q

Ir½ � (5.61)

dw
dt

¼ 1
J

Tem � TLð Þ (5.62)

dq
dt

¼ w (5.63)

The algorithm, by means of which the numerical integration of system of (5.55)–
(5.63) could be performed, can be described in the following steps:

1. feeding all constant machine parameters as well as calculating all parameters
that are not time- or space-dependent: [Rs], [Rr], and in case of uniform air gap
[Lss] and [Lrr];

2. calculating the mutual inductance between the stator phases and rotor
loops [Lsr(q)] as well as derivative of these functions with respect to angle q
[DLsr(q)];

3. defining initial conditions, i.e., [Ys(0)], [Yr(0)], q(0), w(0). Through these
initial conditions, the initial conditions for currents [Is(0)] and [Ir(0)] are
known;

4. initializing k and defining step of integration, D (sec);
5. defining phase or line voltages at t ¼ 0 if k ¼ 1, otherwise for t ¼ k � D. Loading

values for [Lsr(q)] and [DLsr(q)] for q¼ q(0) if k ¼ 1, otherwise for q¼ q(k);
6. calculating the flux linkages, currents, torque, speed and rotor angular position

according to the following iterative procedure:

Ys½ �kþ1 ¼ Ys½ �k þ D � Us½ �k � Rs½ � Is½ �k
� �

Yr½ �kþ1 ¼ Yr½ �k � D � Rr½ � Ir½ �k
K½ �k ¼ Lsr½ �Tk Lss½ ��1 Lsr½ �k � Lrr½ �
L½ �k ¼ Lsr½ �Tk Lss½ ��1 Lsr½ �k � Lrr½ �

Is½ �kþ1 ¼ Lss½ ��1 Ys½ �kþ1 � Lsr½ �k K½ ��1
k L½ �k

h i
Ir½ �kþ1 ¼ K½ ��1

k L½ �k
Temk ¼ Is½ �kþ1 DLsr½ �k Ir½ �kþ1

wkþ1 ¼ wk þ D
J

Temk � TLkð Þ

qkþ1 ¼ qk þ D � wkþ1

7. going back to step 5, loading new values for [Lsr(q)] i [DLsr(q)] from the look-
up tables for angle q that is the result of previous iteration and so forth to the
end of the predefined simulation time.
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5.4.1 Stator phase windings connection
Multiple-coupled circuit model, along with the winding function approach for
inductance calculation, is applicable to general induction machine with m stator
circuits and n rotor bars [9]. All of them are assumed independent. Their mutual
dependency could be established afterward, depending on the stator winding con-
figuration and cage rotor configuration that could be irregular in case of some faults
in rotor cage.

Mutual dependence between rotor currents in healthy rotor cage has been
already established by defining rotor resistance matrix as well as defining matrix of
inductance of cage rotor. The rotor currents are defined as mesh currents as every
rotor loop current is connected with neighboring rotor loop current through the
member R2 ¼�Rb in matrix of resistances or through L2 ¼ Lmutual � Lb and L3 ¼
Lmutual in inductance matrix.

Regarding the stator windings, currents in m stator circuits have been already
considered to be independent. However, in an actual machine, they are mutually
dependent due to the different electrical connections. So the above model should be
prepared to be used in two most common situations: wye and delta connections of
stator windings.

5.4.1.1 WYE connection
The described model is directly applicable to the case where the stator winding of
induction machine has wye connection only in a symmetrical case and supplying
the machine through a symmetrical three-phase (or multiphase) voltage. In this
case, it is implicitly certain that the sum of stator currents is zero at any time. The
input of the model is phase voltages.

As this model is developed to analyze general induction machines with m
stator circuits and n rotor bars without any restrictions in terms of distributions and
number of stator windings, symmetry or asymmetry of the machines, and air-gap
profile, it is needed to make some modifications in the model as first Kirchhoff law
could be explicitly defined. This is done in an original way in [9]. At the same time,
the input of the model is line-to-line voltages that are only known. The details about
the derivation and implementation into the model are provided.

Let us look at the system of equations that describes the three-phase induction
machine:

Ua

Ub

Uc

2
64

3
75 ¼

Ra 0 0

0 Rb 0

0 0 Rc

2
64

3
75

Ia

Ib

Ic

2
64

3
75þ d

dt

Ya

Yb

Yc

2
64

3
75 (5.64)

Ya

Yb

Yc

2
64

3
75 ¼

Laa Lab Lac

Lba Lbb Lbc

Lca Lcb Lcc

2
64

3
75

Ia

Ib

Ic

2
64

3
75þ

Lar

Lbr

Lcr

2
64

3
75 Ir½ � (5.65)
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where Lar, Lbr, Lcr are (1�n) vectors. By subtracting each of the rows in (5.64) and
(5.65), the following equations are obtained:

Ua � Ub

Ub � Uc

Uc � Ua

2
64

3
75 ¼

Ra �Rb 0

0 Rb �Rc

�Ra 0 Rc

2
64

3
75 Ia � Ib

Ib � Ic

Ic � Ia

2
64

3
75þ d

dt

Ya �Yb

Yb �Yc

Yc �Ya

2
64

3
75 (5.66)

Ya �Yb

Yb �Yc

Yc �Ya

2
64

3
75 ¼

Laa � Lba Lab � Lbb Lac � Lbc

Lba � Lca Lbb � Lcb Lbc � Lcc

Lca � Laa Lcb � Lab Lcc � Lac

2
64

3
75 Ia � Ib

Ib � Ic

Ic � Ia

2
64

3
75þ

Lar � Lbr

Lbr � Lcr

Lcr � Lar

2
64

3
75 Ir½ �

(5.67)

It is clear that new variables are obtained and, at the same time, line-to-line vol-
tages are determined at the input of the model. By substituting the variables, the
previous equations could be written as

U12

U23

U31

2
64

3
75 ¼

R1 �R2 0

0 R2 �R3

�R1 0 R3

2
64

3
75 I1

I2

I3

2
64

3
75þ d

dt

Y1

Y2

Y3

2
64

3
75 (5.68)

Y1

Y2

Y3

2
64

3
75 ¼

L11 L12 L13

L21 L22 L23

L31 L32 L33

2
64

3
75 I1

I2

I3

2
64

3
75þ

L1r

L2r

L3r

2
64

3
75 Ir½ � (5.69)

Regardless of whether the phase voltages are balanced or not, whether the windings
are symmetrical or not, the sum of phase currents (it is at the same time the line
currents in wye connection) must be zero any time. In other words, only two cur-
rents are independent. Therefore, (5.69) could be given as follows:

Y1

Y2

0

2
64

3
75 ¼

L11 L12 L13

L21 L22 L23

1 1 1

2
64

3
75 I1

I2

I3

2
64

3
75þ

L1r

L2r

0

2
64

3
75 Ir½ � (5.70)

It is obvious that the third row explicitly defines the condition that the sum of phase
currents must be zero at any time. In addition, once again, inputs of the model are
line-to-line voltages. As the rotor cage winding is short-circuited, these modifica-
tions from stator side do not implicate any modifications in the rotor side. If (5.68)
and (5.70) are written as:

Usl½ � ¼ Rs mod½ � Is½ � þ d Ys½ �
dt

(5.71)

Ys mod½ � ¼ Lss mod½ � Is½ � þ Lsr mod½ � Ir½ � (5.72)
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where the subscript mod designates modified matrix, then iterative numerical
procedure for integration of system of equations could be described as the
following:

1. feeding all constant machine parameters as well as calculating all parameters
that are not time- or space-dependent): [Rs mod], [Rr], and in case of uniform air
gap [Lss mod] and [Lrr];

2. calculating the mutual inductance between the stator phases and rotor
loops [Lsr(q)] as well as derivative of these functions with respect to angle q
[DLsr(q)];

3. defining initial conditions, i.e., [Ys(0)], [Yr(0)], q(0), w(0). From these initial
conditions, the initial conditions for currents [Is(0)] and [Ir(0)] are known;

4. initializing k defining step of integration, D (sec);
5. defining phase or line voltages at t ¼ 0 if k ¼ 1, otherwise for t ¼ k � D. Loading

values for [Lsr(q)],[Lsr mod(q)] and [DLsr(q)] for q¼ q(0) if k ¼ 1, otherwise for
q¼ q(k);

6. calculating the flux-linkages, currents, torque, speed and rotor angular position
according to the following iterative procedure:

Ys½ �kþ1 ¼ Ys½ �k þ D � Usl½ �k � Rs mod½ � Is½ �k
� �

Yr½ �kþ1 ¼ Yr½ �k � D � Rr½ � Ir½ �k
modification of Ys½ �kþ1 into Ys mod½ �kþ1

K½ �k ¼ Lsr½ �Tk Lss mod½ ��1 Lsr mod½ �k � Lrr½ �
L½ �k ¼ Lsr½ �Tk Lss mod½ ��1 Ys mod½ �kþ1 � Yr½ �kþ1

Is½ �kþ1 ¼ Lss mod½ ��1 Ys mod½ �kþ1 � Lsr mod½ �k K½ ��1
k L½ �k

h i
Ir½ �kþ1 ¼ K½ ��1

k L½ �k
Memk ¼ Is½ �kþ1 M½ �k Ir½ �kþ1

wkþ1 ¼ wk þ D
J

Memk � Moptk

� �
qkþ1 ¼ qk þ D � wkþ1

7. going back to step 5, loading new values for [Lsr(q)] i [DLsr(q)] from the look-
up tables for angle q that is the result of previous iteration and so forth to the
end of the predefined simulation time.

It is important to note that in the above-described iterative procedure, there are now
both matrices simultaneously: matrix [Lsr(q)] and matrix [Lsr mod(q)].
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5.4.1.2 DELTA connection
In the case of delta-connection of the stator winding, any modifications to the
original system of equations are not necessary except from the definition of the line
currents through the phase currents as follows:

Ia ¼ Iab � Ica (5.73)

Ib ¼ Ibc � Iab (5.74)

Ic ¼ Ica � Ibc (5.75)

As it is known, the sum of phase currents of the stator windings coupled in a delta is
zero in the case of a symmetric motor and a symmetric system supply voltage while
in the case of any unbalance that is not the case. The phase voltages of the stator
windings are also line-to-line voltages. Therefore, there is no need for any mod-
ification. On the other hand, regardless of whether the motor voltages are sym-
metrical or not, the condition in which the sum of the line currents is zero is already
satisfied (5.73)–(5.75).

Example 5.2 In order to illustrate the use and the power of the described multiple-
coupled circuit model together with winding function approach, let us analyze an
induction motor with the following nameplate data:

11 kW, 400 V, Y-connection, 50 Hz, p ¼ 4, cos j¼ 0.7, h¼ 0.9

The number of stator slots is S ¼ 48 and the motor has R ¼ 30 rotor bars. Stator
phase winding consists of 16 coils, 2 coils per pole with 6 turns in one coil, i.e.,
N ¼ 96 series turns per pole per phase. Coil pitch is shortened, i.e., y ¼ (5/6)t.

Phase winding scheme under one pair of poles is: 1-60-2-70-13-80-12-70.

Additional machine parameters are

Rphase ¼ 0.222 W, Dinner_stator ¼ 204.38 mm, g0 ¼ 0.4 mm, laxial ¼ 201 mm
Lss ¼ 2.162 mH, Rb ¼ 77.4 mW, Rers ¼ 4.57 mW, Lb ¼ 445 nH, Lers ¼ 12 nH,
J ¼ 0.24 kg m2

Stator phase winding function is given in Figure E5.2.1.
Mutual inductance between the stator phase and rotor loop, as well as their

derivative with respect to angular position which are required for electromagnetic
torque calculation, is given in Figure E5.2.2 for the case of rotor bar skewing for
one stator slot.

Figure E5.2.3 gives the content of rotor inductance matrix in 3D presentation.
This 3D shape could be easily associated with the definition of this matrix, (5.35).
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Figure E5.2.1 Winding function of phase winding A
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Figure E5.2.4 shows the rotor speed during the run-up transient of unloaded
motor. Afterward, at t ¼ 0.6 s, the motor is instantly loaded by rated torque.
Figures E5.2.4–E5.2.9 show other values of interest including electromagnetic
torque, stator phase currents, rotor loop current and rotor bar current during the
same transient regime.
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Figure E5.2.3 A 3D presentation of the Lrr matrix (5.35)
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Figure E5.2.4 Speed-up transients of analyzed motor. At t ¼ 0.6s motor is
instantly loaded with rated torque
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Figure E5.2.5 Developed electromagnetic torque
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Figure E5.2.6 Phase currents during the same transient conditions
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Figure E5.2.7 Sum of phase currents are equal to zero in wye connection
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Figure E5.2.8 Rotor loop current
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5.5 Modeling inductions motors with broken rotor bar(s)/
end-ring(s)

Multiple-coupled circuit model which treats the currents in each rotor loop as an
independent variable is the most appropriate model for analysis of the machine in
this faulty regime. The most obvious way to model cage rotor induction motor with
broken rotor bar(s), using multiple-coupled circuit model, along with winding
function approach, is the approximation that resistance of faulty rotor bar(s) is
higher than the resistance of other bars. In this way, there is no need for any
additional changes in the model of healthy motor. This approach could be used for
any number of broken rotor bars regardless of their relative position.

An alternative approach is to take real picture of the machine in case of broken
rotor bar, i.e., to consider the fact that now in rotor cage there exists one rotor loop
that is two times wider than others which have effect on the need for recalculation
of self- and mutual inductances in comparison with healthy machine. This approach
is viable; however, it is more time consuming, and finally, there is no significant
difference between results obtained in one or another way.

If the rotor ring segment is broken, the simplest way to take this fault into account
is to set appropriate rotor loop current to zero, Figure 5.4. In this way, there is no need
for any additional changes also in the model of healthy motor. Moreover, this forced
condition could be applied to any number of broken end-ring segments. Here will be
presented some results obtained from multiple-coupled circuit model together with
winding function approach for the motor whose details are provided in Example 5.2.

Figure 5.7 shows the rotor speed and developed electromagnetic torque in the
case where one rotor bar is broken. This faulty regime is modeled by putting into
the model the resistance of one rotor bar which is 100 times higher than other ones.
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Figure E5.2.9 Rotor bar current—difference of two side-up loop currents
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The motor is speeded-up in no-load regime, rated torque is applied at 0.6 s and then
one rotor bar is broken, at 1.2 s.

The main result that could be derived from Figure 5.7 is the fact that in steady
state regime with broken rotor bar, there exists oscillating electromagnetic torque
component whose frequency is 2sf1. Stator line current in this regime is given in
Figure 5.8.
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Figure 5.7 Rotor speed and developed electromagnetic torque for fully loaded
50 Hz cage rotor induction motor with S ¼ 48 stator slots, R ¼ 30
rotor bars and p ¼ 4 pole pairs @ s ¼ 2.82%. One rotor bar broken at
instant t ¼ 1.2 s (Rbar_broken ¼ 100 � Rb_healthy)
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Figure 5.8 Stator line current for fully loaded 50Hz cage rotor induction motor
with S ¼ 48 stator slots, R ¼ 30 rotor bars and p ¼ 4 pole pairs
@ s ¼ 2.82%. One rotor bar broken at instant t ¼ 1.2 s (Rbar_broken ¼
100 � Rb_healthy)
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Figures 5.9 and 5.10 show the same variables in case where one rotor end-ring
segment is broken. Modeling this regime is made by forcing that one rotor loop
current is equal to zero.
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Figure 5.9 Rotor speed and developed electromagnetic torque for fully loaded
50 Hz cage rotor induction motor with S ¼ 48 stator slots, R ¼ 30
rotor bars and p ¼ 4 pole pairs @ s ¼ 2.57%. One rotor end-ring
segment is broken at instant t ¼ 1.2 s (Ir1 ¼ 0)
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Figure 5.10 Stator line current for fully loaded 50Hz cage rotor induction motor
with S ¼ 48 stator slots, R ¼ 30 rotor bars and p ¼ 4 pole pairs @
s ¼ 2.57%. One rotor end-ring segment is broken at instant t ¼ 1.2 s
(Ir1 ¼ 0)
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5.6 Modeling induction motors with air-gap eccentricity

Air-gap eccentricity is one of the main faulted conditions of an induction
machine. Air-gap eccentricity is recognized as being either static or dynamic in
nature, and this distinction depends on the temporal properties of the air gap. Here
will be presented the manner for modeling of these faulty regimes, using multiple-
coupled circuit model along with the winding function approach. In order to
calculate inductances of all windings in the machine when static or dynamic
eccentricity is present, the modified winding function should be used as it is
shown in [15].

5.6.1 Inductance calculation
The nonuniform air-gap length in all rotating electric machinery with cylindrical
stator and rotor can be described, taking the first two terms of Fourier series into
account as [16],

g qð Þ 	 go � go � r � cos q (5.76)

where r is the degree of eccentricity, r [ (0,1) and go is air-gap length in the
machine with uniform air gap. Consequently, the inverse to the air-gap function is:

P qð Þ ¼ 1
go

X1
i¼0

Pi cos iqð Þ (5.77)

where

P0 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � r2

p (5.78)

and

Pi ¼ 2P0
1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � r2

p
r

 !i

(5.79)

As shown in [15], the winding function of winding x, in the case of air-gap
eccentricity, assuming infinite permeable iron, is given by:

Nx qð Þ ¼ nx qð Þ � hP � nxi
hPi (5.80)

where nx(q) is turns function of winding x and the operator h f i is defined as the
mean value of function f over [0,2p]. This winding function is similar to the
equation in [17], which has been introduced as the winding function of a syn-
chronous motor.

The mutual inductance between any x and y winding in the machine is

Lxy ¼ m0rl

Z 2p

0
P qð ÞNx qð Þny qð Þdq (5.81)
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where r is the mean air-gap radius and l is axial length of the machine. As illu-
strated in [15], (5.81) gives Lxy ¼ Lyx, in the case of a linear magnetic circuit.
Skewing of rotor bars can be taken into account in the manner presented in [14].
Using expression (5.81) all inductances that describe induction machine, i.e., those
inductances which comprise the system of (5.1)–(5.8) can be calculated.

5.6.2 Static eccentricity
Static eccentricity is the case where the air-gap length is not uniform around the
rotor as shown in Figure 5.11. Bearing this in mind, all the machine inductances
can be calculated by using some of the numerical techniques for integration of
expression (5.81), for known machine geometry and winding details.

5.6.2.1 Calculation of matrix [Lss]
As the air-gap picture does not change with rotor movement, the self- and mutual
inductances of the stator phase windings will be independent of the rotor position.
However, the self- and mutual inductances of the stator phases will be different for
different phases. As an example, for the air gap minima position defined by q¼ 0
rad, for degree of eccentricity r¼ 0.9, for the first ten members in sum (5.77) and
for the machine parameters given in paragraph 5.6.4, the following entries of the
matrix [Lss] are obtained from (5.81) [16]:

Lss½ � ¼
0:4442 �0:1576 �0:1769
�0:1576 0:4296 �0:1832
�0:1769 �0:1832 0:3946

2
4

3
5 H½ �

For a uniform air gap, the matrix [Lss] is

Lss½ � ¼
0:2156 �0:0910 �0:0910
�0:0910 0:2156 �0:0910
�0:0910 �0:0910 0:2156

2
4

3
5 H½ �

wr

1

wr

1

(a) (b)

Figure 5.11 Rotor bar position in machine with static eccentricity: (a) initial
position and (b) position after half rotor revolution
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Matrix [Lss] should be calculated only once and outside of the main iterative loop in
the procedure of solving the system of differential equations describing the
machine.

All inductances in this paragraph will be calculated for a degree of eccentricity
r¼ 0.9. Although this seems to be an unreasonable high degree of eccentricity,
it has been selected for the illustration of eccentricity effects in a numerical model.

5.6.2.2 Calculation of matrix [Lsr]
The mutual inductance between the stator phase and the rotor loop, or inversely (in
a linear magnetic circuit when [Lrs] ¼ [Lsr]

T), is a function of rotor position as it is
for a machine with uniform air gap. As the ‘‘picture’’ of the air gap does not change
with the rotation of the rotor, only the function of mutual inductance between stator
phase and one rotor loop, for example, the first must be known in the process
of dynamic simulation. The mutual inductance between the stator phase and the
second rotor loop could be obtained from the same curve for the angle which
describes the position of the second rotor loop relative to the first rotor loop, i.e., for
the angle 2p/R where R is the number of rotor bars. This task can be solved outside
the main iterative loop, making use of a one-dimensional lookup table, which
contains the mutual inductance between the stator phase and the rotor loop for
every rotor position. In this process, the integral in (5.81) must be solved for every
rotor position with reasonable step size. During this process, the inverse air-gap
function and winding functions of stator phases do not change, but the rotor loop
turns function moves with the rotor.

Figure 5.12 shows the mutual inductance as a function of rotor position
between stator phases and first rotor loop for the degree of eccentricity r¼ 0.9.

The position of the first rotor loop at t ¼ 0 is defined with q¼ 0 rad (the air-gap
length minima position), as it is the case for first stator slot where stator phase A
begins. One rotor revolution is discretized in 1,440 points. From the known matrix
[Lsr], the matrix of derivatives d[Lsr]/dq in the expression for electromagnetic
torque (5.10) can be determined.
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Figure 5.12 Mutual inductance between stator phases and first rotor loop for r¼ 0.9
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5.6.2.3 Calculation of matrix [Lrr]
The calculation of this matrix is the most difficult task in the modeling and simu-
lation of static eccentricity in a squirrel-cage induction machine. As a consequence
of static eccentricity, the rotor loop self-inductances and mutual inductances
between rotor loops are functions of the rotor position. In the common squirrel-cage
induction machines the rotor always has a relatively large number of bars and
consequently the dimension of matrix [Lrr] is large. For the machine analyzed, the
dimension of the matrix [Lrr] is R � R ¼ 40�40. In the case of static eccentricity,
each member of this matrix must be a vector of the length N, so a lookup table for
this matrix must be three-dimensional with R�R�N elements. Obviously, this
approach highly consumes time and computer resources.

Alternatively, an analytical approach may be used. In this way, analytical
expressions for the elements of the matrix [Lrr] must be derived as well as analy-
tical expressions for the derivatives of these elements. The calculation of elements
of these two matrices must be incorporated into a main iterative loop for numerical
solution of the system of differential equations of the machine. Equation (5.81)
gives the self-inductance of the ith rotor loop as follows [16],

Lii ¼ 2pm0rlhP qð Þ � ni qð Þi 1 � hP qð Þ � ni qð Þi
hP qð Þi

� �
(5.82)

where

hP qð Þi ¼ P0

g0
(5.83)

and

hP qð Þ � ni qð Þi ¼ P0

g0R
þ 1

2pg0

X1
k¼1

Pk

k
sin kqiþ1 � sin kqið Þ (5.84)

where angle qi defines the ith rotor loop position relative to the fixed stator point.
Similarly, for mutual inductance between the ith and jth rotor loops, the following
expression can be obtained:

Lij ¼ �2pm0rl
hP qð Þ � ni qð Þi

hP qð Þi hP qð Þ � nj qð Þi (5.85)

where

hP qð Þ � nj qð Þi ¼ P0

g0R
þ 1

2pg0

X1
k¼1

Pk

k
sin kqjþ1 � sin kqj

� �
(5.86)

For the known expressions of self- and mutual inductances, it is straightforward to
define derivatives of these functions. As an example of calculation of matrix [Lrr],
Figure 5.13 shows the content of matrix [Lrr] for two different rotor positions.
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The degree of eccentricity is r¼ 0.9 and the first five members of the inverse air-
gap function in (5.77) are taken into account.

5.6.3 Dynamic eccentricity
Dynamic eccentricity is another faulty operating regime of the induction machine
[16,17]. In this case, the air-gap length minima position moves along with the rotor
as shown in Figure 5.14.

All inductances in the machine can also be calculated in this case by using
expression (5.81), bearing in mind that the inverse air-gap function moves together
with the rotor.

5.6.3.1 Calculation of matrix [Lss]
The self- and mutual inductances of the stator phases are functions of rotor position
and this fact should be taken into account during the calculation of electromagnetic
torque. For a known stator winding configuration, it is necessary to calculate the
integral (5.81) for every rotor position during one revolution. The inverse air gap
function value is different for different rotor positions. Therefore, it is expected to have
a variable winding function of the stator phases upon changing the rotor position.
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Figure 5.13 Content of matrix [Lrr] for two different rotor position: (a) q¼ 0 and
(b) q¼ p rad. r¼ 0.9
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Figure 5.15 shows the self-inductance of stator phase A and the mutual
inductances between stator phase A and phases B and C for the degree of eccen-
tricity r¼ 0.9. In the inverse air-gap function, the first ten members are taken into
consideration.
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Figure 5.14 Rotor bar position in a machine with dynamic eccentricity: (a) initial
position and (b) position after half rotor revolution
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It is evident that self- and mutual inductances are functions of rotor position
and their mean values are significantly higher in comparison with the uniform air-
gap case. In addition, it is obvious that mutual inductances between the different
stator phases are different. For known self- and mutual inductances, their deri-
vatives can be easily found as their presence is required for the calculation of
electromagnetic torque.

5.6.3.2 Calculation of matrix [Lsr]
This matrix is of the same nature as in the case of static eccentricity. The principal
difference is in the fact that the inverse air-gap function moves with rotor and
should be considered during calculation of integral (5.81). Therefore, in the process
of dynamic simulation, the function of mutual inductance between the stator phase
A and rotor loop 1, stator phase A and rotor loop 2, . . . , stator phase A and rotor
loop n must be known. This can be solved outside the main iterative loop, using a
two-dimensional lookup table. The result of this procedure is matrix [Lsr] ¼ [[LAr]
[LBr] [LCr]]

T. Submatrices [Lir]i ¼ A,B,C have dimension R�N where N is the number
of steps in [0,2p] range (one rotor revolution). Figure 5.16 shows the mutual
inductances between stator phase A and rotor loops 1, 15 and 30 for the degree
of eccentricity r¼ 0.9. The position of the first rotor loop at t ¼ 0 is q¼ 0 rad
(the air-gap length minima position at t ¼ 0) as well as the position of the first
stator slot where the stator phase A begins. One rotor revolution is discretized into
1,440 points.

Figure 5.17 shows content of matrix [LAr] as a 3D picture.

5.6.3.3 Calculation of matrix [Lrr]
During rotation, the rotor loops experience constant air-gap length; however, dif-
ferent rotor loops experience different air-gap lengths. Hence, matrix [Lrr] should
be calculated only once for the initial rotor position, outside of the main iterative
loop. Figure 5.18 illustrates this and shows the content of matrix [Lrr] for r¼ 0.9.
The first ten terms are taken into account in (5.77).
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5.6.4 Numerical model results
In order to illustrate the presented method of eccentricity modeling, an induction
motor whose parameters are given below is modeled under static and dynamic
eccentricity conditions. During the calculation of mutual inductances between the
stator phases and rotor loops, rotor bar skewing is taken into account [14].

Machine parameters: P ¼ 15 kW, U ¼ 415 V, 50 Hz, D connection, p ¼ 2 pair
of poles, l ¼ 0.11 m, r ¼ 0.082 m, S ¼ 48 stator slots, n ¼ 40 rotor bars, w ¼ 28
turns per coil, g0 ¼ 0.8 mm, Rs(phase) ¼ 1.75 W, Rb ¼ 30 mW, Rers¼ 2 mW, Lb ¼ 10 nH,
Lers ¼ 2 nH, J ¼ 0.0754 kg m2, g¼ 2p/48 (angle of skewing of rotor bars).

Winding scheme of phase A:

A-1-160-2-150-3-140-4-130-25-400-26-390-27-380-28-370-X

Under eccentricity conditions, the run-up time of the machine depends on the
position of air-gap flux density maximum at t ¼ 0, i.e., on the instantaneous values
of phase voltages at t ¼ 0. Therefore, simulation was carried out for different
instantaneous values of voltages at t ¼ 0. However, no significant differences in
results could be observed. Figure 5.19 shows the run-up of an unloaded healthy as
well as machines with static and dynamic air-gap eccentricity for only one condi-
tion, where at t ¼ 0, phase A voltage had a maximum value. The run-up time of the
machine with dynamic eccentricity differs slightly from the run-up time of a
healthy machine and is a consequence of an additional reluctant torque component
that compensates the inherently smaller induction torque component due to the
higher air-gap length along the main part of machine circumference. The run-up
time of the machine with static air-gap eccentricity is the longest, as expected.

Figure 5.20 displays stator phase currents for the fully loaded steady-state con-
dition for a healthy machine and for static and dynamic air-gap eccentricity conditions
for the same eccentricity degree, r¼ 0.9. In dynamic eccentricity conditions, the
envelope of the phase current amplitudes coincides with the air-gap profile. In the
static eccentricity conditions, the phase current is rich in high-frequency components.

Figure 5.21 shows the stator line currents for the same conditions as previously
described.

0 0.05 0.1 0.15 0.2 0.25 0.3
0

50

100

150

200

Time [s]

Sp
ee

d 
[r

ad
/s

]

Figure 5.19 Run-up of unloaded machine with uniform air gap ( ––– ), dynamic
(r¼ 0.9)( . . . ) and static air-gap eccentricity (r¼ 0.9) ( - - -)
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Figure 5.20 Stator phase current for fully loaded machine in steady-state condition
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Figure 5.21 Stator line current for fully loaded machine in steady-state condition
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5.7 Modeling induction motors with interturn short circuit
in stator winding

A winding-function-based method could also be very effectively used for modeling
of induction motors with interturn short circuit in the stator windings [18]. In the
first instance, consideration is given to the simplest case where the coil has only
one turn from which it is possible to draw some important conclusions. Figure 5.22,
however, shows one-phase group of three coils. It is assumed that interturn short
circuit arises between points a and b, as illustrated. It is evident that the path to the
circulating current is closed. From simple theory, it is observed that the path A–X
can be expanded into two independent circuits. It is obvious from Figure 5.22 that
the two currents, the phase current and the current which flows in the short-circuit
circulation current, produce opposite MMFs. Therefore, interturn short circuits
have a cumulative effect in decreasing the MMF in the vicinity of the short-
circuited turn(s). First, when a short circuit occurs, the phase winding has less turns,
and therefore, less MMF. Second, short-circuit current MMF is opposite the MMF
of the phase winding. Clearly, interturn shorts with more turns can be analyzed in a
similar manner.

In most commercially available induction motors, coils are insulated from
one another in slots as well as in the end winding region. Therefore, the highest
probability for the occurrence of interturn is between turns in the same coil. Here,
it is assumed that the interturn short circuit is between two turns in the same coil,
and that one-half of the coil is short-circuited; this means that approximately 8%
of turns of one-phase are short-circuited. Simulation was carried out for this
condition.

As a consequence of the interturn short circuit, the MMF of the phase winding
in which interturn short-circuit exists changes, as does the mutual inductance

e1

Icirculation

IcirculationI

A XUAX

e2 e3 e10 e11 e12

a

b

Figure 5.22 Interturn short circuit between points a and b
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between that phase and all other circuits in the machine. In addition, a new
‘‘phase,’’ short-circuited phase D is introduced. It will be assumed that this phase
has no conductive contact with other phases, but it is mutually coupled with all
other circuits on both the stator and rotor sides. The relationship between the stator
currents depends on the stator winding connection.

Wye Connection of Stator Windings

When the stator windings and voltage supply are symmetrical, there is no
requirement for any changes in the system of (5.1)–(5.8). In the case of unbalanced
connections or an unbalanced supply, some changes must occur in order for the
stator currents to satisfy Kirchhoff’s current rule and to employ line-to-line vol-
tages as inputs in the simulation model [9]. Applying these conditions to the case
where the interturn short circuits occur, (5.3) becomes

usa

usb

usc

0

2
6664

3
7775 ¼

Ra �Rb 0 0

0 Rb �Rc 0

�Ra 0 Rc 0

0 0 0 Rd

2
6664

3
7775

ia

ib

ic

id

2
6664

3
7775þ d

dt

ysa

ysb

ysc

ysd

2
6664

3
7775 (5.87)

where usi, i ¼ a, b, c, are the stator line-to-line voltages. Of course, the zero term
in the stator voltages vector describes the short-circuited ‘‘phase.’’ Equation (5.4)
is now

ysa

ysb

ysc

ysd

2
6664

3
7775 ¼

Laa Lab Lac Lad

Lba Lbb Lbc Lbd

Lca Lcb Lcc Lcd

Lda Ldb Ldc Ldd

2
6664

3
7775

ia

ib

ic

id

2
6664

3
7775þ

Lar

Lbr

Lcr

Ldr

2
6664

3
7775 Ir½ � (5.88)

where Lir, i ¼ a, b, c, d, are vectors of 1 by R dimension. In order for the stator
currents to satisfy Kirchhoff’s current rule, (5.88) is written as follows:

ysa

ysb

ysc

ysd

2
6664

3
7775 ¼

Laa Lab Lac Lad

Lba Lbb Lbc Lbd

1 1 1 Lcd

Lda Ldb Ldc Ldd

2
6664

3
7775

ia

ib

ic

id

2
6664

3
7775þ

Lar

Lbr

0

Ldr

2
6664

3
7775 Ir½ � (5.89)

Hence, from (5.89), it is clear that the condition which must be forced in solving the
above system of equations is:

ysc ¼ Lcdid (5.90)

Figure 5.23 shows the stator star winding arrangement when an interturn short
circuit occurs. As a consequence of the fault, we have now an independent circuit
with fault current id.
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Delta Connection of Stator Windings

When stator windings are delta connected, then no changes in the original system
of equations are necessary. The inputs to the model are the line-to-line voltages
which are the phase voltages. It is well known that under asymmetrical conditions
in delta-connected windings, the sum of phase current is not zero; however, this is
the case for the line currents.

Figure 5.24 shows an interturn short circuit occurring in a phase winding
between terminal points A and B. As before, a consequence of the fault is that now
there exists an independent circuit with fault current id.
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Figure 5.23 Stator winding configuration with an interturn short circuit—wye
connection
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Figure 5.24 Stator winding configuration with an interturn short circuit—delta
connection
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5.7.1 Numerical model results
In order to illustrate the presented method of interturn short-circuit modeling, an
induction motor whose parameters are given below is modeled. During the calcu-
lation of mutual inductances between the stator phases and rotor loops, rotor bar
skewing is taken into account [14].

Pr ¼ 3 kW; Ur ¼ 415 V; f ¼ 50 Hz; p ¼ 3; nr ¼ 950 rev/min; Ir ¼ 6.4 A;
delta connection; turns per coil N ¼ 77; Nslot ¼ 77; S ¼ 36; R ¼ 32;
J ¼ 0.0258 kg m2; r ¼ 0.0681 m; l ¼ 0.115 m; g0 ¼ 0.58 mm; Rph ¼ 5.7 W;
Rb ¼ 72.8 mW; Re ¼ 438 nW; Lb ¼ 30 nH; Le ¼ 6 nH.
Resistance of short-circuit ‘‘phase’’: Rd ¼ (38/462)�Rph ¼ 0.469 W.

Winding scheme of phase A:

A-1-60-12-70-13-180-24-190-25-300-36-310-X

The motor is loaded with 30 N m under steady-state condition. Fault is made in
such a manner that 38 out of 77 turns is short-circuited in one stator phase coil
under one pole.

Figure 5.25 gives MMF of short-circuited phase d and its harmonic content. As
the analyzed motor is motor with p ¼ 3 pole pairs, fundamental harmonic n¼ 1
means six poles. In case of short circuit in one coil, it means that phase d also
produces subharmonics. Figure 5.26 gives time series of rotor speed and developed
electromagnetic torque in healthy motor. Figure 5.27 gives time series of rotor
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Figure 5.25 Short-circuited ‘‘phase’’ d MMF
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speed and developed electromagnetic torque in faulty motor when interturn short-
circuit exists in stator phase winding.

Figure 5.28 gives time series of stator line current Ia and current in short-
circuited phase d.
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Figure 5.26 Speed and developed electromagnetic torque—healthy motor
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Figure 5.27 Speed and developed electromagnetic torque—faulty motor
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[18] Joksimović G. and Penman J. The detection of inter-turn short circuits in the
stator windings of operating motors, IEEE Transactions on Industrial Elec-
tronics, 2000; IE-47: 1078–1084.

Multiple-coupled circuit model of induction motors 255



This page intentionally left blank 

www.ebook3000.com

http://www.ebook3000.org


Chapter 6

Finite element implementation of induction
motors in healthy and faulty conditions

6.1 Introduction

The finite element method (FEM) is indeed one of the most accurate techniques of
simulating and approximating the electromagnetic and mechanical devices
including motors and generators. FEM is based on numerical techniques applied to
equations representing a real phenomenon which do not have an explicit analytical
solution. Although FEM is a kind of approximation, it has proved to be an accep-
tably accurate practice. Hence, some applications including the fault diagnosis
procedures have been so far addressed using FEM. Basically, a set of differential
equations representing motor behaviors is solved using FEM. Some other alter-
native methods are the finite differential method, the finite volume method and the
boundary element method. These techniques normally convert the original set of
differential equations into an algebraic set of equations which can be easily solved
in one or a couple of iterations.

Induction motors, whether healthy or faulty, are electromagnetic devices
consisting of magnetically linear and nonlinear materials such copper, air and
silicon steel, each must be treated separately regarding the magnetic characteristics
of materials. On the other hand, esoteric geometry of electrical motors makes them
a tricky device to be modeled and studied analytically. Sometimes, it is not even
possible to extract analytical or even semianalytical equations. Therefore, the trend
of modeling and simulating attempts has been switched to an FEM-based analysis
which in fact returns experimentally proved accurate results [1–11]. This is the
edge of knowledge in the field of research and development of fault diagnosis
process; therefore, getting used to it is highly recommended [12,13].

Any diagnosis of an induction motor is grounded on the knowledge of mag-
netic field distribution in different parts of the motor. So becoming familiar with
and understanding the healthy and faulty trends of field variations in time or space
should be in fact the starting major step to be taken. Otherwise, a shallow inference
of the topic is achieved. Therefore, we insist on understanding a numerical tech-
nique as accurate as the FEM by means of which all the spatial and time harmonics,
along with their effects, are modeled. Putting forward some of the fundamental
ideas behind the necessity of the FEM, the following influential factors which



directly affect a faithful motor simulation analysis are given as the modeling cap-
abilities of an FEM package:

● Nonlinearity of silicon steel materials: This is probably the most significant
contributing factor influencing the accuracy of the electrical machine model
[14–16]. The main theoretical premise behind this claim is that any machine
operation fails if a linear material is used. It is the nonlinear material which
takes care of a highly permeable environment for a smooth pass of the mag-
netic field. So, this study tries to offer some important insights into the concept
of nonlinearity and the application of the FEM in accurate modeling of the
mentioned phenomenon [17–20].

● Nonsinusoidal distribution of windings and rotor bars: Nonsinusoidal dis-
tribution of stator windings or the rotor bars is the common practice of making
a path for the current to produce a rotating field. Although implementing a pure
sinusoidal distribution is always respected, it is not practically feasible to the
existing mechanical limitations in terms of windings, slot punching, etc. On the
other hand, the more sinusoidal the distribution is, the smaller the tooth width
should be. This increases the possibility of the highly saturated regions which
are not desired. Regardless of the type of winding distribution, the FEM is
capable of fully modeling a 2D or even 3D shape of slots, teeth, coils and phase
windings. However, a major problem with the existing analytical or even
semianalytical approaches is the lack of potential for taking care of the men-
tioned structural nonuniformity while the FEM does it very well [21–31].

● Accurate material modeling: Recent developments in the FEM-based
material modeling reveals the fact that not only the silicon steel materials,
specifically the corresponding single-value B–H curves, but also a complete
hysteresis loop model of the magnetic materials besides the linear copper,
aluminum and insulations can be accurately modeled using the FEM. The only
requirement is factory data at different magnetic fluxes, temperatures and also
frequencies. The rest is handled by the FEM carefully. These cannot be easily
lifted by means of analytical solutions.

● Structural deformation: Induction motors are usually designed as a symme-
trically, whether electromagnetically or mechanically, device. Faults, espe-
cially the mechanical faults, produce a type of deformation which is reflected
in the motor electromagnetic quantities. For example, in the case of a mis-
aligned rotor, there is no symmetry through the z-axis anymore; moreover, the
magnetic field of the rotor parts closer to the stator body are way larger than
that of the other parts. Previous studies have reported some attempts for
modeling of the deformations analytically, but they fail to address an accurate
modeling and so a diagnosis procedure. However, the FEM has proved to be
the best approach to model the deformations [32–38].

There has been already little quantitative analysis of induction motors and their
FEM-based simulations based on which one can understand how to implement the
FEM analysis of a faulty motor from the scratch. So, this will be the focus of this
chapter which aims at discussing the FEM implementation assuming that an
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FEM package is available. However, better understanding of implementation,
adjustment and result inference of a commercial package require a minimum
knowledge of electromagnetism along with the principles of the FEM. Therefore, a
useful discussion explaining the fundamentals of the governing equations and FEM
implementation is provided first in this chapter. The following are included in this
chapter:

● a comprehensive formulation of the Maxwell’s equations [39]
● the finite element formulations [1,40]
● an efficient approach to the implementation of broken bar, eccentricity and

short-circuit faults in an FEM package [41–45]
● a discussion of the adjustments in terms of selecting a proper time step and

mesh size for simulations
● the inclusion of a magnetic field analysis of induction motors by providing two

examples, a cage and a wound rotor (the dimensions and materials are also
provided so that readers might implement the same models in their own
packages)
* the study of the flux density variations in different faulty conditions and

various motor parts including the stator yoke, the stator teeth, the air gap,
the rotor teeth and the rotor back-iron.

6.2 Electromagnetic field equations

Induction motors operate based on the induction or Eddy current phenomenon.
Any electromagnetic device representing an induction-based operation can be
formulated by means of eddy current formulation. By definition, electrical and
magnetic fields are highly correlated in an eddy-current problem, so a change in
one of the fields causes a change in the other one. The change is usually
demonstrated in time; therefore, the time-derivatives and their numerical
approximations should be always treated accurately as the accuracy of the final
model directly depends on this. The time derivative, as there might also be a set
of partial differential equations in this chapter, is shown by @

@t. It is better to keep
in mind this convention because henceforth it is going to be used often. On the
other hand, due to the time-dependent nature of any electrical machine, the time-
derivative, at least in the case of motor current, flux and voltage, is certainly
nonzero [1,2].

To initiate the discussion, Maxwell’s equations omitted as the basis for any
low- or high-frequency electromagnetic application are provided below. Before
that, a very simple eddy-current problem mimicking the behavior of an electrical
machine is illustrated to clarify what kind of materials and magnetic divisions are
present (see Figure 6.1).

There are two types of regions, the so-called ‘‘conducting’’ and ‘‘nonconducting.’’
By ‘‘conduction,’’ magnetic conduction is meant, not the electrical conduction.
The conducting region in Figure 6.1, shown by Wc, is surrounded by a non-
conducting region shown by Wn. The conducting material is usually of the type
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‘‘silicon steel’’ and that of the nonconducting region is made of ‘‘air,’’ ‘‘copper’’
or ‘‘aluminum.’’ Depending on the type of material, of course from magnetic
point of view, static and dynamic magnetic fields are presented in case there are
nonconducting and conducting materials, respectively. So, the problem usually
becomes more serious where a magnetically conducting material must be dealt
with. Past decades have seen a rapid development of formulations the most
reliable of which is the one developed by Maxwell in terms of expressing the
relations inside and at the boundary of materials of the two types. The for-
mulations naturally possess a differential type shown in (6.1) [2]:

r� ~H ¼~J 0; in Wn (6.1)

r �~B ¼ 0; in Wn (6.2)

r� ~H ¼~J ; in Wc (6.3)

r�~E ¼ �@
~B

@t
; in Wc (6.4)

r �~B ¼ 0; in Wc (6.5)

r � ~J ¼ 0; in Wc (6.6)

where ~H , ~B, ~E ,~J and~J 0 are the magnetic field intensity, the magnetic flux density,
the electric field intensity, the eddy-current density and the source current density,
respectively. These are the main differential equations describing a low-frequency

J0

–J0

nn

nn

nc

ΓB

Γnc

μ = μ0

μ = μ0μr
J = 0

σ
Rotor

Stator

Ωc

Ωn

Figure 6.1 Investigated eddy-current problem
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eddy-current problem. There are also some other relations called ‘‘constitutive
relations’’ as follows:

~B ¼ m0
~H ; in Wn

m0mr
~H ; in Wc

(
(6.7)

~J ¼ s~E; in Wc (6.8)

The constitutive relationships can be expressed as follows:

~H ¼ n0~B; in Wn

n0nr~B; in Wc

(
(6.9)

~E ¼ r~J ; in Wc (6.10)

It should be noted that m is the magnetic permeability, n is the magnetic reluctivity,
s is the electric conductivity and r is the electrical resistivity of materials. Having
discussed the basics of electromagnetism present in an electrical motor-like device,
it is time to discuss how the regions with different types of materials react with
respect to each other’s magnetic and electric fields. This part critically traces the
mutual effects and interactions. To this purpose, consider again the two regions Wc

and Wn and their coupling at the interface Gnc. This is exactly where two materials
are ideally separated from each other. The assumption is that the thickness of the
interface, or technically the so-called ‘‘boundary,’’ is almost zero; hence, there is
nothing in between. On the other hand, the whole eddy-current problem is encap-
sulated inside a noneddy current region in which the magnetic flux density van-
ishes. So another boundary ‘‘GB’’ is assigned to the problem to convey the idea of
zero flux density outside the main problem. Although it might seem a very ima-
ginary situation, it is often the case in any electrical machine analysis as the per-
meability of the stator core material which is the outer surface of any induction
motor is considerably larger than that of the surrounding air. Practically, this leads
to an almost zero flux leakage from the stator to the outer air environment. The
result is the presence of a vanishing flux density toward the outer air space. During
the modeling process, this phenomenon is applied by means of a zero-tangential
flux density at the boundary. This makes the total flux density be zero at GB. More
useful discussions will be provided in the next sections of this chapter.

Previously, the tangential component of the flux density was targeted. It lit-
erally says that there should also be a normal component which builds the whole
magnetic flux density vector together with the tangential component. The compo-
nents of a vector are used to predict the electric and magnetic fields behavior at a
boundary. They are identified as follows:

~B �~n ¼ �b or ~B �~n ¼ 0; on GB (6.11)

~H c �~nc þ ~H n �~nn ¼ 0; on Gnc (6.12)
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~Bc �~nc þ~Bn �~nn ¼ 0; on Gnc (6.13)

~J �~nc ¼ 0; on Gnc (6.14)

where ~n is the outer normal unit vector, ~H c is the magnetic field intensity in the
conducting region, ~H n is the magnetic field intensity in the nonconducting region,
~nc is the outer normal vector of the conducting region,~nn is the outer normal vector
of nonconducting region, ~Bc is the magnetic flux density in the conducting region
and ~Bn is the magnetic flux density in nonconducting region. Note that ~nn ¼ �~nc.

The mentioned relations so far are kinds of general representations of a low-
frequency and time-dependent electromagnetic field applicable to any type of
applications among which induction motors is of a great interest. Henceforth, the
focus will be switched to a more advanced discussion on the scalar and vectorized
form of the formulations by incorporating a highly important term called ‘‘mag-
netic vector potential.’’ Normally, all the 2D problems associated with an induction
motor modeling are based on computing the magnetic vector potential, and then,
the other magnetic and electric quantities are investigated.

6.3 Magnetic vector potential, magnetic scalar potential,
current vector potential

The magnetic vector potential (~A) is formulated by

~B ¼ r�~A (6.15)

Equally important, (6.15) approves (6.2) according to the following relation which
is held for any vector in space:

r � r �~v ¼ 0 (6.16)

Substituting (6.10) with (6.1) and (6.9), the partial differential equation relating the
magnetic fields to an electric source is obtained as follows:

r� �nr�~AÞ ¼~J 0 (6.17)

Moreover, using the Coulomb gauge:

r �~A ¼ 0 (6.18)

This guarantees the uniqueness of ~A. If the electric source consisting of a current
density J0, only includes a z-direction component, the uniqueness of ~A is satisfied.
Assuming a z-direct current density, the magnetic field intensity and flux density
reveal a vector in x–y plane.

~J 0 ¼ J0 x; yð Þ~ez (6.19)

~H ¼ Hx x; yð Þ~ex þ Hy x; yð Þ~ey (6.20)

~B ¼ Bx x; yð Þ~ex þ By x; yð Þ~ey (6.21)
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And the magnetic vector potential is:

~A ¼ Az zð Þ~ez (6.22)

Therefore,

~B ¼ r�~A ¼
~ex ~ey ~ez

@

@x

@

@y
0

0 0 Az

���������

���������
¼~ex

@Az

@y
�~ey

@Az

@x
(6.23)

The normal component of the magnetic flux density is set as:

~B �~n ¼ �b����!yields �r�~A
� � ~n ¼ r � �~A �~n

� ¼ �b (6.24)

And

r � �~n �~A
� ¼ b; ~n �~A ¼ ~a on GB (6.25)

This condition is basically called a ‘‘Dirichlet boundary condition.’’ The vector ~a is
not usually known, so the problem is dealt with by determining the value of b. b is
usually equal to zero on GB. In a few words, the discussed electromagnetic system
is represented by:

r� �nr�~A
� ¼~J 0 in Wn (6.26)

~n �~A ¼ 0 on GB (6.27)

Despite the fact that ~A is the most addressed quantity in any FEM-based analysis,
there is another formulation used for converting the vector potential to a scalar
potential. To come up with the idea, the magnetic field intensity in the non-
conducting region is reformulated as follows:

~H ¼ ~T 0 þ ~H m (6.28)

The curl of the imposed current vector potential ~T 0 should be equal to the current
density of the source, and the curl of the second right-hand side term is equal to zero.

r�~T 0 ¼~J 0 (6.29)

r� ~H m ¼ 0 (6.30)

In the next step, ~H m as the nonrotational (stationary) part of ~H is related to the
scalar potential as the negative gradient of the magnetic scalar potential.

~H m ¼ �rF (6.31)

On the other hand, r� rFð Þ ¼D ~0 holds for any scalar function. Therefore,

~H ¼ ~T 0 �rF (6.32)
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Equation (6.32) satisfies (6.1) in the nonconducting region. F is an abstract concept
and usually named ‘‘reduced magnetic scalar potential.’’ This arises from the fact
that the source term is reflected in ~T 0, so it is of a vector form which directly builds
up the direction of ~H . Using (6.7) we have:

~B ¼ m ~T 0 �rF
� �

(6.33)

As the divergence of the magnetic flux density is zero, so

r � mrFð Þ ¼ r � �m~T 0

�
in Wn (6.34)

This is a very well-known equation called ‘‘generalized Laplace-Poisson’’ equa-
tion. Apart from the Dirichlet boundary condition, there is a Neumann boundary
condition obtained by setting the normal component of the magnetic flux density on
the boundary.

~B �~n ¼ 0����!yields
m~T 0 � mrF
� � �~n ¼ 0 on GB (6.35)

Finally, the set of differential equations of a static magnetic (magneto-static) pro-
blem are summarized as follows:

m
�
~T 0 �rFÞ �~n ¼ 0 on GB (6.36)

r � mrFð Þ ¼ r � �m~T 0

�
in Wn (6.37)

The term ‘‘magneto-static’’ is assigned to a problem in which there is neither
mechanical motion nor a transient electromagnetic phenomenon. For instance, if an
electrical machine should be analyzed in a steady-state regime in which there is no
difference between different electric cycles, a magneto-static analysis is useful to
return the flux distribution. However, if something like losses are to be computed,
magneto-static solutions are useless even if the machine operates in a steady-state
mode. It might also be noted that a magneto-static solution does not model an
induction motor behavior efficiently and satisfactorily as it is a device with motion
and an electromagnetic transient behavior. Even in one steady-state cycle, electrical
and magnetic quantities contain nonconstant values. This is actually the nature of
an eddy-current problem. In fact, the noticeable importance of an eddy current is
the nature of induction caused by a dynamic field change. Evidently, if a constant
magnetic field, whether spatial to temporal, exists, there will be no induction at all.
Equations (6.3) and (6.4) clearly show the time-dependence of the eddy-current
problem. The underlying argument in favor a magneto-static solution is that it can
be easily solved in both time and space.

6.4 ~T -F Formulation

Some main concepts including the ~T 0, ~A and F have been already introduced.
Along with the mentioned terms, an electric scalar potential shown by V denoting
the difference of potential between two points in space is used to formulate a
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complete eddy-current problem. This task is set out with the aim of the pairs
(~T 0;F) or (~A;V ) separately. Not both pairs are required at the same time. Bearing
this in mind, the first formulation is a based on the pair (~T 0;F).

Using (6.3), (6.6) and (6.29), we have:

r� ~H ¼ r�~T ����!yields r� ~H �~T
� � ¼~0 (6.38)

This formulation directly satisfies (6.3) because for any scalar function j ¼ j ~r; tð Þ,
the following equation holds:

r�rj ¼ 0 (6.39)

On the other hand,

~E ¼ r~J ¼ rr�~T (6.40)

Substituting (6.40) and (6.7) with Faraday’s law (6.4) leads to a partial differential
equation:

r� rr�~T
� �þ m

@~T

@t
� mr @F

@t
¼ �m

@~T 0

@t
in Wc (6.41)

Then, using the Gauss’s law,

r � m~T � mrF
� � ¼ �r � m~T 0

� �
in Wc (6.42)

The solution of (6.41) and (6.42) gives the values for F;~T .

6.5 ~A–V Formulation

Substitution of (6.15) with the Faraday’s law results in:

r�~E ¼ � @

@t
r�~A ¼ �r� @~A

@t
����!yields r� ~E þ @~A

@t

 !
¼ 0 (6.43)

The curl-free vector field ~E þ @~A
@t is then replaced by the gradient of the electric

scalar potential:

~E þ @~A

@t
¼ �rV (6.44)

In a 2D problem, for example, a 2D induction motor model, V can be set to zero, so

~E ¼ � @~A

@t
(6.45)

On the basis of the evidence that the current density always has a z-direction in
an induction motor model, the 2D problems are easily handled by the ~A–V
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formulation. The discussion is encouraged by substituting (6.45) and (6.15) with
the (6.3):

r� �nr�~A
�þ s

@~A

@t
¼~0 (6.46)

where ~A is an unknown quantity. This is why only major equation is required to
solve the ~A–V formulation. The foregoing discussion implies that (6.46) can also be
implemented and solved in the frequency domain by simply replacing the term @

@t
by jw. This really makes the life easier if a static or even time-harmonic solution is
enough to address the modeling task. The next step is to discuss how a magneto-
static and eddy-current problem can be coupled in order to take the specifications
of both types into account. In reality, the static magnetic field is the output of a
current source, whether a real source or an eddy-current source. So coupling the
magneto-static solutions with that of the eddy-current seems to be an essential task
as both types are present in an induction motor. Having suggested the idea, let us
move to the next section in which an inclusive debate on how these two systems are
coupled is provided.

6.6 Coupled magneto-static and eddy current-field problem

Like the previous section in which two types of formulations were proposed to an
eddy-current problem, two coupling methods are suggested as well. Due to the
importance of ~A–V formulation, we first go through the corresponding topics and
then change the strategy to a ~T -F formulation. The following are some of the
principles to keep in mind:

●
~A is a continues quantity. This means that the tangential and the normal
components are continuous on Gnc.

●
~A is used throughout the conducting and nonconducting regions.

● V is only used in the conducting regions.
● The normal component of the magnetic flux density is continuous.

Taking the mentioned facts into account and also bearing the previous discussions
in mind, one ends up with the following formulation in terms of the magnetic
vector potential held at the boundary of two regions.

�r�~A
��~nc þ

�r�~A
��~nn ¼r��~A�~nc

�þr��~A �~nn

�¼r��~A�~nc þ~A �~nn

�¼ 0

(6.47)

Besides, the continuity of the tangential component of the magnetic flux density is
added to the problem by means of a Neumann condition.

�
nr�~A

��~nc þ
�
nr�~A

��~nn ¼~0 (6.48)
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The normal component of the current density has a vanishing trend on the boundary
of two regions. We will now summarize the set of equations covered so far in terms
of the ~A–V formulation of a magneto-static and eddy-current problem.

r� �nr�~A
�þ s

@~A

@t
¼~0 in Wc (6.49)

r� �nr�~A
� ¼~J 0 in Wn (6.50)�

nr�~A
��~nc þ

�
nr�~A

��~nn ¼~0 on Gnc (6.51)

r � �~A �~nc þ~A �~nn

� ¼ 0 on Gnc (6.52)

~n �~A ¼ 0 on GB (6.53)

In the frequency-domain, the following expressions are valid:

r� �nr�~A
�þ sjw~A ¼~0 in Wc (6.54)

r� �nr�~A
� ¼~J 0 in Wn (6.55)�

nr�~A
��~nc þ

�
nr�~A

��~nn ¼~0 on Gnc (6.56)

r:
�
~A �~nc þ~A �~nn

� ¼ 0 on Gnc (6.57)

~n �~A ¼ 0 on GB (6.58)

Having propounded the coupling between the magneto-static and eddy-current
problems, using the ~A–V formulation, the ~T�F formulation is going to be dis-
cussed. The underlying idea behind this formulation is the magnetic field intensity
in the nonconducting and conducting regions. The corresponding values are
~H ¼ ~T 0�rF and ~H ¼ ~T 0 þ~T�rF, respectively. On the boundary of the two
regions, the tangential field intensity is set to be continuous. In addition, the
tangential component of the current density is equal to zero on the boundary.
Moreover, as the normal eddy-current density has a vanishing trend on the
boundary, it satisfies the following relation:

~J ¼ r�~T ����!yields ~J �~n ¼ r�~T
� � �~n ¼ r � ~T �~n

� � ¼ 0 (6.59)

Furthermore, a Neumann boundary condition is applied for ensuring the continuity
of the normal component of the magnetic flux density. In a few words, the ~T�F
formulation includes the following relations:

r� rr�~T
� �þ m

@~T

@t
� mr @F

@t
¼ �m

@~T 0

@t
in Wc (6.60)

r � m~T � mrF
� � ¼ �r � m~T 0

� �
in Wn (6.61)

�r � mrFð Þ ¼ �r � m~T 0

� �
in Wn (6.62)
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m~T 0 �rF
� � �~n ¼ 0 on GB (6.63)

~T �~nc ¼ 0 on Gnc (6.64)

m~T 0 þ m~T � mrF
� � �~nc þ m~T 0 � mrF

� � �~nn ¼ 0 on Gnc (6.65)

6.7 Transient-with-motion formulation

Undoubtedly, a real motor simulation requires this transient operation with motion,
in which the voltages are the input. The above-mentioned current-based formula-
tion is only useful under the following assumptions:

● The motor operates in a steady-state mode.
● The accurate current and advance angles are known not only for the stator but

also for the rotor.

Otherwise, the current-based analysis is nonsense. In a real-world application, it is
the voltage-based simulation which addresses the modeling challenges correctly.
For the above-mentioned reason, any diagnosis procedure should be handled by a
voltage-based simulation taking the electromagnetic and mechanical transients into
account. Where the transient operation is under investigation, a time-harmonic
model is definitely useless.

The foregoing discussion provides the electromagnetic equations correspond-
ing to a ‘‘transient-with-motion-analysis’’ as follows [1]:

r� 1
m
r�~A

� �
þ d

@~A

@t
� velocity
�����! � �r�~A

� !
¼~J (6.66)

where the vector of velocity defines the relative speed of the rotor and the stator
with respect to a reference frame which is usually the stator frame. If this for-
mulation represents the electromagnetic equation of the stator, the velocity vector is
equal to zero while that of the rotor is for sure nonzero. Then, the electrical con-
nections relating the supply voltage to the electromagnetic equations through the
current density are explained as follows:

Vb

l
þ d

@~A

@t
� velocity
�����! � �r�~A

� !
¼~J (6.67)

where the amplitude of Vb gradient in z-direction is Vb/l. The first term in the left-
hand side of the above equation shows the current density provided by the supply
voltage, the second term indicates the existence of an induced current and the third
term corresponds to the EMF produced by the motion phenomenon. Considering
the magnetic propagation equation,

r� velocity
�����! � �r�~A

� ¼ d
Vb

l
� d

@~A

@t
þ d velocity

�����! � �r�~A
�

(6.68)
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As the above equation directly provides the current density, using the field equa-
tion, the electrical current is calculated by integrating it over the crosssection of
conductors carrying the current. In a stationary reference frame, we have:

i ¼
ZZ

d
Vb

l
� d

@~A

@t

 !
dxdy (6.69)

As seen, the conductors’ current is related to the supply voltage through a resis-
tance and an inductance. This is the equation expressing the current–voltage rela-
tion of one single conductor. So depending on the connection series or parallel
connection, the voltages or the currents are added up to form a complete phase
winding containing several coils and turns. Suppose that the coils c1, c2, . . . , cn are
connected in series to form a winding. All coils carry the total current, but the
successive coils carry this current in the opposite direction. Two ends of the
winding leave the magnetic field region, which is usually represented by an FE
tool, and are connected to the voltage source which is the supply (Figure 6.2(a)).
The resistance and inductance from these two ends are modeled by lumped resis-
tance Rext and inductance Lext. The applied voltage to the external terminals of

Rexternal

Lexternal

Lexternal

Linternal

Rinternal

Source

(a)

(b)

Source

Rexternal

Rexternal

Rexternal

Lexternal

Lexternal

. Stator CoilP

Stator Coil2

Stator Coil1

..

Figure 6.2 Forming coils: (a) series connected and (b) parallel connected

Finite element implementation of induction motors 269



winding is Vc and terminal voltage in the FE region is Vt. The voltages of the coils
are as follows:

Vt;c ¼
X

b

dbVb (6.70)

where db is equal to þ1 or �1 and it shows the polarity of coil b.
Therefore,

Vc ¼ dbf gT
c Vbf gc þ Lext

dic

dt

� �
þ Rextic (6.71)

It means that this equation is used to relate the FE region with Vb characteristic to
external circuits and sources with Rext , Lext and Vc. If the coils are connected in
parallel, an individual circuit forms in the output terminals of the system. The
general case consisting of connection of P coils in parallel with supply Vs, internal
resistance Rs and inductance Ls has been illustrated in Figure 6.2. The governing
RL equation is as follows:

Vs ¼ RT
s

X
ic þ Ls

X dic

dt
þ Vc (6.72)

The developed electromagnetic torque is obtained as follows:

Te ¼ Lext

m0

� �Z
~B �~n� �

~r �~B� �� 0:5B2 ~r �~nð Þ� 	
d G (6.73)

where G is the air-gap area of the motor. Finally, the electromechanical equation
relating the developed electromagnetic torque to the angular speed of the rotor is as
follows:

Te � Tl ¼ j
dwr

dt
þ Bmwr (6.74)

where wr is the angular frequency of the rotor.
The governing electromagnetic and mechanical equations of a rotating

machine have been already explained regardless of the method by means of which
the equations should be solved. Of course, we also noted the FEM as a promising
tool to solve these kinds of equations and showed in Figure 6.2 that the electrical
circuit can be connected to an FEM solution. In fact, we have a set of equations to
be solved numerically. It is almost impossible to find an explicit analytical solution
for the mentioned equations applied to a geometry such as the induction motors. In
addition, the presence of the nonlinear materials which necessitates the use of an
iterative approach to deal with them makes the problem more and more serious.
Hence, a numerical and iterative routine is needed to tackle this problem. The FEM,
of course, is one of the best methods which has been commercialized and used in
industry not only for diagnosing but also for improving and optimizing designs.
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6.8 Finite element method

FEM is used to find a numerical solution for electromagnetic field problems such as
electrical machines regardless of the type and the structure. This concept was
initially coined by Clough in 1960. Then, it found a widespread usage in different
engineering problems ranging from architecture, civil, mechanical to electrical
engineering. The FEM is very general in terms of applications, and applications
which cannot be solved using the FEM are rarely found as the FEM does not care
about the application. It deals with structures, materials as well as equations
expressing the system or device behavior. The following are some of the main
aspects of an FEM:

● handling very complex geometries,
● handling a wide range of problems such as solid mechanics, fluids, dynamics,

heat problems and electrostatic problems
● handling complex restrains
● handling various loadings including nodal load, element load, time-dependent

loading and frequency-dependent loading.

Although the FEM has a lot of astounding advantages, it does not return a closed-
form solution which might be used for parameterized study of a device or structure.
Once a solution is obtained, it is only valid for the parameters adjusted before the
simulation process. The solution obtained from an FEM is only a numerical
approximation of real solution. Moreover, as the FEM is implemented numerically,
it has an inherent error corresponding to numerical solutions as well as the inac-
curacy of structural modeling using meshes. Generally, it cuts the structure into
several pieces called element or meshes. Then, it connects the elements at ‘‘nodes’’
and ‘‘edges’’ in a way that a group of several interconnected elements is con-
structed and mapped on the device structure in 2D or 3D. Most of the time,
geometrical elements are in the shape of triangles and pyramids in a 2D and 3D
problem, respectively. This process results in a set of simultaneous algebraic
equations demonstrating the relations between the inputs and outputs of a problem.
The set of equations can be linear which is usually the matter of a high-frequency
application or nonlinear, which is mostly used in low-frequency applications such
as electrical machines in which there are magnetically nonlinear materials like a
silicon steel lamination used as the stator and rotor cores. The FEM uses a piece-
wise linear approximation of magnetic fields mapped on elements used to cover the
device structure. By affixing elements and their corresponding field values
obtained by solving the system of equations, an approximation of system output is
obtained.

Figure 6.3 illustrates the general form of an FEM used in electromagnetism.
Accordingly, drawing the geometry is the first step in defining the problem. To this
end, a graphical user interface such as the ‘‘pdetool’’ developed by Mathwork can
be used. Otherwise, a program should be developed to support this step. However, a
graphical interface is not an essential part if one is expert enough to infer numerical
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data without it. Nevertheless, this is not an easy task and accessing an interface
makes the life much easier.

If an interface is available, an example of the motor geometry can be drawn
like what is illustrated in Figure 6.4. The stator and rotor cores consist of the
segments with the same number of the stator slots and rotor bars, respectively.
Although the segment-wise implementation of the components makes the solving
process a little bit slower, it is usually recommended because different parts of the
motor are fully separable in terms of materials as well as sources. This is a 2D
representation while a comprehensive 3D analysis will result in a more accurate
output. There has been an inclusive debate about whether 2D models work well in
terms of predicting the motor quantities. The answer to these questions highly
depends on the topology, the number of poles and the number of slots in both the
stator and rotor sides. As a rule of thumb, if the skewing does not have a significant
effect on the induction motor behavior or in the case that a thermal analysis is not
targeted, a 2D model is satisfactory. Otherwise, a 3D model or a quasi 3D model
should be utilized. Likewise, any motor fault leading to an asymmetry along the
motor stack length, for example, the shaft misalignment, must be model in 3D.

6.8.1 Material modeling
The next step is to assign the materials to the problem. There are six types of
materials used in an induction motor modeling as follows:

● copper for windings,
● silicon steel for stator and rotor cores
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● aluminum for rotor bars
● air for the air gap and also the outer space of motors
● stainless steel for shaft
● paper for insulations.

Copper, stainless steel, aluminum, paper and air are the magnetically linear mate-
rials, while silicon steel reveals a highly nonlinear behavior with respect to the
magnetic flux intensity. In fact, the linearity or nonlinearity of materials defines the
variation of the magnetic permeability (m¼ m0mr) as a function of the magnetic field
intensity H (Amps/m) (Figure 6.5). The fundamental curve of any nonlinear
material is the one related to the Hysteresis B–H curve which demonstrates a
multivalue behavior. It means that there are two values of magnetic flux density for
a given field intensity, depending on the increasing or decreasing slopes of the
applied source to the magnetic problem. Actually, the field intensity increases upon
increasing the input current. That is why the unit of H is Amps/m revealing the
dependency of H on the input current signal provided by the voltage source.

For a nonlinear magnetic material, both B and H values are equal to zero if a
nonmagnetized material is proposed. This point is called the initial magnetization
point shown by ‘‘a’’ in Figure 6.5(a). Increasing the input current and consequently
H leads to an increase in the B value up to the point ‘‘b’’ which is called the positive
saturation point obtained by applying the maximum flux intensity. The initial parts
of the dashed line (Figure 6.5(a)) are kind of linear representing the concept of
linearity existing for a small value of the magnetic field. However, the trends
changes to a highly nonlinear behavior while getting closer to the point ‘‘b.’’ Then,
the value of B decreases as H is reduced. The interesting point is that the curve does
not necessarily follow the same path as it was built up, and a totally different B–H

Bar

Outer
space

Shaft

Rotor
core

Stator
coreWinding

Figure 6.4 Two-dimensional geometrical illustration of an induction motor with
36 stator slots and 28 rotor bars
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curve with a higher magnetization level is generated by reducing H up to the point
‘‘c’’ which is called the residual. This is the point in which H is equal to zero, while
the material is still magnetized to some extent. Depending on the material type, the
residual point might be different. The process continues to build up the hysteresis
B–H curve enclosed by the points ‘‘gbcdeg,’’ and the point ‘‘a’’ is normally
bypassed after the first magnetic cycle.

The area of this produced curve is the main factor in determining the magnetic
losses and increases by increasing the supply frequency. Although this is the reality
of nonlinear materials, a closer look at the existing commercial packages shows that
a multivalue implementation and simulation of this curve is still intact. There are
two main reasons for this claim. First, it requires a high computational power.
Second, there are convergence issues associated with solving multivalue nonlinear
problems when it comes to the stage of numerical implementation of the Maxwell’s
equations. Therefore, the next discussion implies that a single-value implementation
of the hysteresis curves is also possible and this is exactly what is used in com-
mercial packages. A single-value curve (see Figure 6.5(b)) consists of a nonlinear
B–H curve usually modeled by several discrete points representing the curve. These
points are collected by measurement setups and then imported into a package to
mimic the behavior of the B–H curve. The single-value B–H curve is obtained by
applying various induction levels, i.e., H, by means of an input current with different
amplitude and then finding and connecting the positive saturation points of the
obtained curves. The larger the number of samples is, the more accurate the modeled
curve is. The slope of the curve is equal to the magnetic permeability m which
decreases up to the permeability of free space by increasing H. The permeability of
free space m0 is equal to 4p� 10�7 and it is normally the basis of comparisons
between materials. The B–H curve of the free space is illustrated in Figure 6.5(c).

The larger the permeability is, the more the magnetic conductivity is. Thus, the
initial linear region of the nonlinear B–H curve is more conductive than the parts
with a large H value (over-saturated region). There is also a knee point which is the
most challenging part of any nonlinear B–H curve. As a technical issue, the number
of measurements required for modeling the curve must be increased in the case of
modeling the knee point. Otherwise, an unstable or inaccurate magnetic solution
will be obtained. The reason is that the numerical implementation of a nonlinear
problem is often handled by a Newton–Raphson method which is based on com-
puting the derivative of the B–H curve at different time steps. So increasing the
number of samples in a highly nonlinear region is crucial for having an accurate
derivative computation. There is also a minor nonlinear region called Rayleigh
region. The available evidence seems to suggest that modeling the Rayleigh region
does not impact the solution greatly as it only affects the problem regions with a
relatively small field intensity levels. However, the electrical machines are
designed to operate close to the knee point of the B–H curve. The justifications are
as the following:

● Below the knee point, power density decreases.
● Above the knee point, magnetic losses increase.
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Figure 6.5 (a) Multivalue nonlinear hysteresis curve, (b) single-value nonlinear
B–H curve and (c) linear material
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So it is preferred to operate close to the knee point. During a simulation and
Newton–Raphson process, interpolation is used to obtain the values of B and H
between the measured data. Considering this, some rules should be followed when
entering the measured data.

● Values of B must be greater than or equal to zero.
● The differential permeability dB/dH is theoretically such that dB/dH is greater

than or equal to m0, forcing a monotonic increase in B along the curve.
Otherwise, an extremum is produced.

● mr > 1 at all points (this is a theoretical result that should be automatically
validated).

● The very first data point must be (0, 0).

For a better convergence, it is sometimes recommended that an analytical curve be
fitted to the measured data and used for the next steps.

All the mentioned details in terms of the nonlinear materials associate with the
silicon steel material. The other materials are linear and reveal a behavior similar to
Figure 6.5(c). A constant slop of the B–H curve is the main characteristic and does
not change as a function of the applied field intensity. They are easily modeled by
means of a line passing through the origin with a slope equal to the permeability of
the material.

6.8.2 Magnetic loss calculation
Assigning materials to a problem is the second major step of an FEM imple-
mentation. So if a highly variant thermal and electromagnetic problem is targeted,
the materials properties should be updated for different operating conditions. For
example, if the supply frequency is changed, the B–H curves and the corresponding
loss values should also be updated. In fact, the B–H curves are not only the func-
tions of the magnetic field intensity, they highly depend on temperature as well as
the supply frequency. One of the significant frequency-dependent properties is the
magnetic loss known as the combination of the hysteresis and eddy-current losses
modeled as follows:

Steinmetz Equation : Power loss density ¼ Ke sf Bð Þ2 þ Kh f aBb (6.75)

where Ke is the eddy-current loss coefficient, s is the lamination thickness, f is the
frequency, B is the magnitude of magnetic flux density, Kh is the hysteresis loss
coefficient, a and b are the material-dependent coefficients expressing the
dependency level of the hysteresis loss component to the frequency and the flux
density. The values must be measured experimentally. However, there are com-
panies providing the accurate data not only in terms of losses but also in terms of
the B–H curves. On logical grounds, it is obvious that not all researchers have
access to the corresponding measuring equipment, but they can buy the data.
A typical variation of a silicon steel material versus the temperature and frequency
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change is shown in Figure 6.6. The following are the features of the corresponding
curves:

● Increasing the frequency at a constant temperature increases the magnetic
losses.

● Increasing the temperature at a constant frequency reduces the magnetic losses.
● Increasing the magnetic flux density increases the magnetic losses.
● The temperature-dependent variation of the magnetic losses is relatively

smaller than that of the frequency-dependent variation.

The main theoretical premise behind the Steinmetz equation is the assumption of
the linearity of the B–H curve. Although this is a source of uncertainty in loss
characterization of electrical machines, there is an overwhelming evidence that
this is the only available expression of the magnetic losses used so far. It consists
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of two components, namely the hysteresis and eddy-current components. The
former is related to the area of the hysteresis curve shown in Figure 6.5(a), and the
latter corresponds to the Ohmic losses produced by the currents induced by an
alternative magnetic field inside the nonlinear material. To reduce the eddy-
current losses, the materials are manufactured in a lamination form. That is why
the stator and rotor stacks are made of several laminations sticking together. The
larger the number of laminations is, the lower the eddy current is. In the existing
commercial packages, the loss computation is handled internally as a post-
processing step of simulations. The only task which should be done by the user is
to enter the material, and loss data is the investigated material which does not exist
in the database of the package. This is where the discussion provided so far plays
an important role in understanding the corresponding details. The electrical loss
calculation is simple and straightforward, so it is not addressed. For more infor-
mation, refer to [1].

6.8.3 Mesh generation
In any FEM package, the whole problem region is divided into many triangular
elements called meshes (Figure 6.7). One mesh is a finite element in which the
electromagnetic equations are set up and then assembled together in order to form a
final linear or nonlinear set of equations relating the electromagnetic quantities of
the meshes to each other as well as the boundary conditions. The problem of an
electrical machine essentially requires a boundary condition unless a full model of
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Figure 6.7 Triangular finite element mesh applied to an induction motor problem
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the motor is modeled. This conveys the idea that there can be strategies to simulate
a motor partially. The proper terminology used for this topic is the ‘‘use of
symmetry’’ and will be explained further in this chapter.

The main rules to follow in any mesh generation task are as follows:

● Meshes should cover all the problem region.
● Materials should be assigned to all parts of the problem.
● Meshes for different parts should not necessarily have the same size.
● The jagged regions should consist of a higher mesh density containing a

smaller mesh size.
● The larger the number of meshes is, the more accurate the solution is.
● The smoother the magnetic flux density of a region is, the smaller the number

of meshes required for that region is.
● The outer space whose material is usually air should not necessarily have a

refined mesh as the flux density remains inside the stator body and does not run
away through the outer air due to the fact that the permeability of the silicon
steel material is very higher than that of the air. Therefore, the magnetic
quantities in the outer air gap are almost zero. Sometimes, the outer space is
not even modeled because of the reason provided.

● The motor shaft, bars and windings which are made of stainless steel, alumi-
num and copper, respectively, act as an air-like linear region. Thus, a very
smooth variation of the magnetic flux density is expected in those regions. As a
result, the corresponding mesh density should not be high. It is worth noting
that due to the shortcoming with the computational powers available in aca-
demic environment, distributing an optimized mesh refinement is a key point
used for reducing the computational size of the problem as the dimensions of
the final matrices to be solved directly depends on the number of meshes.
Therefore, we insist on finding an optimum mesh refinement.

● A segment-wise demonstration of the motor topology helps assign specifically
dedicated meshes to different parts. So it is proposed not to draw the geometry
as a unit structure.

● Increase the air-gap meshes as much as possible. This is the crucial part of any
rotating machine which contributes to the production of the electromagnetic
torque.

● Geometry-wise, multiple layers of elements should be used in the air gap in
order to properly model the large field gradients that might take place there.
This can be done through the usages of mesh refinement and also the addi-
tional air-gap layers. In the case of latter option, at least two air-gap layers
surrounding the rotor must be assigned. The inner layer contributes to the
motion part which rotates with the same speed of rotor, and the outer layer is
fixed. The air gap might also be split into more layers to increase the
accuracy.

● When using a commercial FEM package, use the automatic mesh generator
while assigning a maximum element/mesh size to the problem. Nevertheless,
the meshes of the outer air box can still be very coarse (Figure 6.8).
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6.8.4 Set-up system of equations
The Galerkin method is the widely used one to solve the FEM equations [30]. It has
higher convergence rate; therefore, it is popular compared to other techniques such
as the variational methods. The method of weighted residuals, i.e., Galerkin, is
applied as the following:

An operator:

L xð Þ ¼ 0 (6.76)

is defined on the problem region, called W, including a boundary condition C.
Then, the solution is approximated by x̂, so a residual is obtained as x 6¼ x̂.

L x̂ð Þ ¼ R (6.77)

According to the method of weighted residuals, the integral of residual projection
on a predefined function which is called weighting function is equal to zero over
the problem region. For the FEM, it is preferred to assign a weighting function like
FE shape function. The shape functions will be introduced later. This is specifically
called the Galerkin method.

To better understand the discussion, we provide an example of the diffusion
equation considering a known z-component of the magnetic vector potential, i.e.,
A. In a 2D Cartesian coordinates,

1
m
@2A

@x2
þ 1
m
@2A

@y2
¼ �J0 þ jwsA (6.78)

Figure 6.8 Refined meshes
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where jw reveals the fact that a frequency-domain analysis is held. J0 is the applied
current density. As A has only z-component, the vector form is reduced to a scalar
form. Assuming an approximate solution of A is equal to Â, the residual will be as
follows:

R ¼ 1
m
@2Â

@x2
þ 1
m
@2Â

@y2
� J0 � jwsÂ (6.79)

Therefore, the weighted function method requires that the integral of the weighted
residual to be equal to zero.Z

RW dxdy ¼ 0 (6.80)

Then,
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Integrating the first integral term by parts,ZZ
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(6.82)

The rightmost term is related to the boundary condition C. Now, it is time to break
the integral operator to summations over very small areas which are the meshes
covering the problem surface and the so-called finite elements.
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where M is the number of meshes, ‘‘e’’ shows the element-wise implementation of
the integral over the problem region, and @Â

@n̂ is usually equal to zero in a 2D pro-
blem. Now, consider a mesh with a triangular shape whose vertices are highlighted
by (ijk) indices (see Figure 6.9). A counter clockwise numbering system is adopted.
For instance, the vertices i, j and k will be assigned to the numbers 1, 2 and 3,
respectively. The vertices are the so-called ‘‘nodes’’ in an FEM problem and there
are vector potential values as many as the number of the nodes in a problem.
However, the vector potential is known for a couple of nodes using the boundary
conditions, and the rest are unknown and should be calculated throughout the
solving step.
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The magnetic field distribution will be computed inside one element under the
assumption of a predefined order of field variation. In other words, an approx-
imation of the field distribution is computed considering a linear, quadratic or even
higher order variation of the vector potential in one element or mesh. The men-
tioned order is called the ‘‘polynomial order’’ expressing the field distribution
inside and on the boundary of one element in space. Previous research work seems
to validate the view that a first-order polynomial order of 1, a linear approximation,
works well if a reasonably large number of elements is assigned to the problem
region. On the other hand, there is always a trade-off between the accuracy and
speed of the simulation process. Increasing the number of meshes or the polynomial
order leads to an increase in the simulation time while a better accuracy is
achieved. The effect of increasing the polynomial order is greater than that of the
number of meshes. Normally, a linear approximation is enough for a low-frequency
application such as induction machines. Taking the mentioned points into account,
the vector potential is approximated using the following linear expression:

Â ¼ C1 þ C2x þ C3y (6.84)

where C1, C2 and C3 are constants. In the first step, these constants should be
determined utilizing the coordinates at vertices i, j and k.

C1 þ C2xi þ C3yi ¼ Âi (6.85)

C1 þ C2xj þ C3yj ¼ Âj (6.86)

C1 þ C2xk þ C3yk ¼ Âk (6.87)

This provides a set of equations with three unknowns, C1, C2 and C3 and results in
the following solutions:

C1 ¼
Âi

xj yj

xk yk

����
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Figure 6.9 First-order triangular mesh element
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1 yi

1 yk

����
����þ Âk
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where D is the area of the triangle or mesh. So

Â ¼ ai þ bix þ ciyð ÞÂi þ aj þ bjx þ cjy
� �

Âj þ ak þ bkx þ ckyð ÞÂk

2D
(6.91)

where

ai ¼ xjyk � xkyj (6.92)

bi ¼ yj � yk (6.93)

ci ¼ yk � yj (6.94)

The linear functions of xy which are coefficients of the vector potentials in (6.91)
are called ‘‘shape functions.’’ Finally, the magnetic vector potential is formulated
as follows:

Â ¼
Xm

i¼1

Ni x; yð ÞÂi (6.95)

where m is the number of nodes in one element or mesh and N is the shape function.
As the name suggests, a linear distribution of the vector potential is obtained by
means of (6.95). Therefore, any quantities such as the magnetic flux density, which
is a derivative of the vector potential, will be constant over the surface of a mesh.
As a result, a discrete distribution of the magnetic flux density is obtained. To deal
with this issue, there are two general solutions:

● to increase the number of meshes in order to reduce the variation step of the
magnetic flux density

● to use a higher order polynomial.

This topic matters in the case where a frequency analysis of the motor signals is
targeted. Actually, the quality of a frequency response directly depends on the time-
domain consistency and refinement. Although increasing the resolution of the
quantities obtained by the FEM is time-consuming, it is highly recommended.

However, the shape functions satisfy the following rules:

● Ni is equal to one at the node I, although it is equal to 0 at other nodes.
● The sum of the shape functions is equal to one.

Finite element implementation of induction motors 283



Element-wise, and the nodal potentials are expressed as follows:
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As mentioned before, the weighting functions are assumed to be the same as the
shape functions. In addition, taking the derivatives of the vector potential leads to
the following terms:
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Therefore, the first term in the left-hand side of (6.83) becomes

1
me

@W e

@x

@Â
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Then,
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@Â
e

@x
þ @W e

@y

@Â
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The coefficient matrix is called the stiffness matrix. The second term of (6.83) is
calculated as follows:
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Eventually, the right-hand side term of (6.83) leads to
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where x and y are the coordinates of the center of mass of the mesh or the element.
Having discussed the FEM equations, the following details are taken into

account:

● electric and magnetic material properties using s and m
● applied sources using J0 which was previously related to a voltage source in

order to build a transient-with-motion model
● the geometry using the meshes.

Therefore, an appropriate basis is prepared for understanding the future analysis.
For more information about the FEM and its implementation, refer to [1]. The rest
of details in terms of:

● the Newton–Raphson method
● an automatic mesh generation
● geometry implementation

and

● other refinements
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are ignored as they are perfectly handled by the existing commercial packages.
Nevertheless, some of the practical issues will be discussed shortly by giving an
example of an industrial induction motor. The following are some of the possible
fatal mistakes made by users:

● Element type is wrong. Often, a triangular mesh or element is suitable for low-
frequency application

● Distorted elements
● The motion part is not modeled correctly
● Inconsistent units (this is a very important aspect when the user should define

the inputs of the process).

6.9 Induction motor examples

In this section, an industrial induction motor is introduced, modeled and simulated
by means of an FEM package. The corresponding motor parameters are listed in
Table 6.1.

The motor dimensions are illustrated schematically in Figure 6.10. The stator
winding layout is also shown in Figure 6.11. The rotor consists of a double-cage
topology making it possible to have a better start-up by means of increasing the rotor
resistance. The motor shaft, the stator coils and the rotor bars are made of stainless
steel, copper and aluminum, respectively. Air gap as an essential part of the motor

Table 6.1 Induction motor parameters

Power 11 kW
Synchronous speed 1,500 rpm
Synchronous frequency 50 Hz
Voltage (rms) 380 V
Current (rms) 24 A
Number of poles 4
Rated slip 2.9%
Power factor 0.83
Stack length 160 mm
Number of stator slots 36
Number of rotor bars 28
Air gap length 0.435 mm
Stator phase resistance 0.87 W
Rotor bar resistance 45 mW
End-ring resistance 3.5 mW
Stator leakage inductance 4.3 mH
Rotor bar leakage inductance 5 nH
End-ring leakage inductance 2 nH
Rotor inertia 0.062502
Skew angle 22.87 mm (along the arc)
Number of turns 27
Silicon steel material M19_29G
Winding layout Single layer
Stator phase connection Delta
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should be equal to the mentioned value, 0.435 mm. Otherwise, there can be a lot of
difference between the experiment and simulation results. The underlying reason
is that most of the input energy is stored in the motor air gap for developing the
torque during the operation. On the other hand, a small change in the air-gap length
highly affects the reluctance of the magnetic flux path to which the stored energy is
related. So, the air gap should be necessarily the same as experiments. Note that a 2D
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Figure 6.10 Induction motor dimensions (a) stator and (b) rotor
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implementation of the geometry is initially studied, and the skewing effect is ignored
as it is a 3D phenomenon. Therefore, it is expected to have a higher order harmonic
compared to experiments. A 3D problem is not only time-consuming but also
sometimes impossible for most of the academic computational powers. The stator is
composed of a single layer winding topology consisting of 27 turns in each slot.
The stator slots are straight without any skew.

The silicon steel material used in this motor is M19_29G whose B–H curve is
shown in Figure 6.12.

An outer air box with the radius of 175 mm is also assigned to the problem.
This air box makes it possible to compute leakage flux running away from the
stator outer surface. Normally, as the permeability of the silicon steel materials is
way larger than that of the air, there will be no such flux. No boundary condition is
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required for this type of fully modeled motor problem if a relatively large air box is
assigned. Otherwise, in case if there is not air box, the normal component of the
magnetic flux should be set to zero on the outer surface of the stator. The situation
is totally different in a partially modeled motor, and a proper discussion will be
provided afterward. Moreover, the air gap has been split into two regions, a rotor-
related component which rotates as the rotor rotates and a fixed stator-related
component. Taking the above-mentioned points into account, the entire motor
geometry is shown in Figure 6.13. The motion parts are as follows:

● the rotor core
● the shaft
● the bars
● the inner air-gap component.

Inner air-gap
component

Rotor bar

Stator slot

Outer air-gap
component

(a)

(b)

Figure 6.13 (a) Entire motor geometry and (b) air-gap region
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The following adjustments are also applied to the problem:

● The motor is supplied by a system of three-phase voltages consisting of sinu-
soidal signals.

● The polynomial order is one.
● The maximum mesh size is set to 20 and 3 mm in order to investigate the

difference between the results.
● The number of computer cores used for solving and remeshing steps is

set to 2.
● The motor load is set to 70 N m which is the motor rated load level.
● The start time and the stop time are 0 and 300 ms, respectively.
● Two time-steps, i.e., 3 and 0.5 ms are studied as well in order to investigate the

effect of time-step refinement.
● A transient-with-motion analysis is performed.

6.9.1 Healthy motor operation
The simulations are done, and the magnetic flux distribution is investigated for
the mentioned mesh sizes and the time steps and then shown in Figure 6.14. The
following are the features extractable form this figure:

● Changing the mesh size, as well as the time step, leads to a change in the
maximum and minimum flux density levels. As a result, all the motor quan-
tities are affected. It is proposed to decrease both the mesh size and the time
step as much as possible.

● Refining the meshes produces a smoother flux distribution.
● Reducing the time step has more impact on the simulation run time than the

mesh size.
● A four-pole structure is clearly seen in Figure 6.14. The flux lines are the best

candidates to understand the issue.
● No flux passes through the motor shaft.
● The stator yoke saturation takes place 45 mechanical degrees away from the

stator tooth. The same thing is valid for the rotor.
● The air gap includes only the normal flux lines.
● There is a 1/2 and 1/4 symmetries associated with the flux distribution as well

as the motor geometry.
● This means that only 1/4 of the motor is required to be modeled in a healthy

condition. The presence of a fault changes the situations completely, and the
user must probably model the entire motor.

● Considering a healthy motor, a 1/4 symmetry is applicable (see Figure 6.15).
In this case, a boundary condition should be assigned to the surfaces which
have been cut. The boundary condition is an odd periodic nature, meaning that
this modeled motor pole will be repeated after a following opposite pole is
connected to the modeled one. Using this context, if half of the motor is
modeled, an even periodic boundary condition should be assigned.
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Having applied the periodicity to account for the symmetry, the following adjust-
ments applied to the input and outputs should be considered:

● The input voltage should be reduced to 1/4 of the rated value as there is 1/4 of
the windings contribution to the model.

● The developed electromagnetic torque should be multiplied by 4.

(a) (b)

(c) (d)

Figure 6.14 Magnetic flux distribution of healthy induction motor in steady-state
operation under the rated load. (a) Maximum mesh size ¼ 20 mm and
time step ¼ 2 ms, simulation run time ¼ 532 s, (b) maximum mesh
size ¼ 3 mm and time step ¼ 2 ms, simulation run time ¼ 882 s,
(c) maximum mesh size ¼ 20 mm, and time step ¼ 0.5 ms, simulation
run time ¼ 1791 s and (d) maximum mesh size ¼ 3 mm and time
step ¼ 0.5 ms, simulation run time ¼ 3160 s
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● The motor current must not be changed.
● The motor flux linkage must be multiplied by 4.
● The motor speed remains the same.

Respecting the above-mentioned points, the FEM results are shown in
Figure 6.16.

Simulating one cycle of the rotor quantities requires a relatively large stop
time, 2,500 ms in this case. Therefore, this is only done for one of the refined cases,
and the corresponding results are shown in Figure 6.17.

The illustrated graphs provide the following inferences:

● The transient current level shown in Figure 6.16(a) is more than that of the
analytical and experimental solutions of the same motor provided in Chapter 3.
This is due to the fact that the skewing effect has been ignored in the investi-
gated 2D FEM model. It is noteworthy that the number of rotor bars is
equal to 28. Hence, it is expected to have very much difference between the
experimental and 2D simulation results compared to a motor with a larger
number of rotor bars.

● On closer inspection, the smaller the mesh size as well as the time step is, the
more accurate the results are. Therefore, the pair (mesh 3 mm, time step
0.5 ms) is chosen as the basis of comparison of various mesh size and time-step
options. Taking this into consideration, the pairs (mesh 3 mm, time step 2 ms)
and (mesh 20 mm, time step 2 ms) are not properly swipe the variation of the
motor (Figure 6.16(b)).
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Figure 6.15 1/4 motor symmetry
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● Considering the motor speed (Figure 6.16(c)), the pair (mesh 20 mm, time step
2 ms) is out of the scope of an accurate simulation model because of a highly
fluctuating speed signal leading to a possible interference with the fault com-
ponents, specifically the motor broken bar fault.

● In terms of the speed signal analysis, the other speed-accuracy trade-offs work
almost similar.

● Figure 6.16(d) is a clear proof of the claim that a smaller time step is more
influential than a smaller mesh size in terms of a real motor behavior. This
arises from a pure sinusoidal variation of the motor flux waveform for the pairs
(mesh 3 mm, time step 0.5 ms) and (mesh 20 mm, time step 0.5 ms).

● The rotor electric cycle is way larger than that of the stator (Figure 6.17(a)).
Therefore, processing the rotor signal during a diagnosis procedure requires a
powerful computational power as the simulation should be run for at least a
couple of seconds. This is also the case where a high-resolution frequency
spectrum is needed. In this case, the motor signals must be sampled for more
than a typical 5 s.

● The rotor current is not even comparable to that of the stator. An acceptable
justification of this phenomenon is the presence of the rotor bars which are
accounted for a one-turn coil while the stator consists of 27 turns in this case.
On the other hand, the induction motor is a kind of rotating transformer.
Therefore, simply using the governing equations of a transformer and multi-
plying the stator current by the inverse transformer ratio (1/27 in this case), a
current level of almost 810 A is obtained. Considering the slip losses and the
resistances of the rotor and the stator, the magnitude of almost 700 A which is
observable in Figure 6.17(a) is justifiable.

● The bar voltage is almost equal to zero (Figure 6.17(b)).

For further information, the rotor circuit is shown in Figure 6.18.
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All the signals investigated above are electric and mechanical signals while the
distribution of the magnetic quantities is also important for the diagnosis purposes.
However, magnetic quantities are not achievable easily or accurately by means of
an analytical or semi-analytical model of a motor. The only accurate way of
addressing magnetic issues, especially when it comes to computing the losses or
local saturations, is the FEM.

Figure 6.19 demonstrates the spatial and temporal distribution of the magnetic
quantities of a healthy motor. The values correspond to the mesh size and the time
step of 3 and 0.5 ms, respectively. Accordingly,

● The stator tooth has the maximum available magnetic flux density in the
motor. As the teeth are the narrowest parts, so the saturation level is higher for
a given flux density level.

● The temporal distributions of the flux density of both the air gap and the rotor
tooth level have pulsating shape revealing the fact that there is slotting effect in
the motor.

● In Figure 6.19(b), the flux density of the stator tooth has a pulsating shape in
addition to the rotor tooth and air gap.

● All the signals, whether temporal or spatial, are periodic. The magnitudes do
not change from pole to pole or from cycle to cycle. This means that there is an
electromagnetic symmetry in the motor.

● It is also interesting to know that the total magnetic flux density of the rotor
back iron is larger than that of the stator yoke. On the other hand, the magnetic
flux density of the rotor teeth is smaller than that of the stator teeth because the
rotor experiences the same flux level as the stator while the rotor has a smaller
number of teeth and therefore a larger tooth cross section. As a result, it is
expected to have a smaller flux density for a given flux level.

● As a healthy motor is symmetrical in terms of the flux distribution, only half
the mechanical cycle is shown in Figure 6.19(b). Illustrating a quarter of the
cycle is also enough. However, when a fault exits, the whole motor should be
illustrated.

A healthy induction motor is a highly symmetrical device, of course if the inherent
asymmetry is ignored. Therefore, both the temporal and spatial distributions of all
electrical and magnetic motor quantities should be a periodic signal in the steady-
state mode. The transient mode is different as there are vanishing exponential
components incorporated in the motor signals including torque, current, etc.
Therefore, the periodicity is disturbed at the initial instants of the simulation pro-
cess. Moreover, if the skewing effect is modeled correctly, smoother time-domain
signals will be obtained. A useful implementation method of the skewing effect is
going to be proposed at the end of this chapter where the short-circuit fault is
discussed. It should be noted that ignoring the skewing effect does not change the
symmetry of the healthy motor quantities. It might change the fluctuations and the
corresponding magnitudes. However, if a fault takes place, the quantities such as
the magnetic flux density and the current lose their periodic nature. This is the
underlying reason for the necessity of modeling a complete motor, not a ½ or ¼
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symmetry model when a fault diagnosis process is targeted as there is no more
symmetry, whether temporal or spatial, and different motor poles reveal various
flux density levels. Thus, a complete motor model is used in this chapter in order to
address the fault-related motor behaviors.

6.9.2 Broken bar motor operation
The broken bars fault affects the rotor bars in a way that the resistance of the broken
bar increases [13,17,19,21]. So for a given EMF, the rotor current reduces
depending on the increase in the bar resistance. Sometimes, the bar is fully broken,
meaning that the bar current is almost zero and it is not able to produce an armature

480 482 484 486

0 20 40 60 80 100
Position (°)

120 140 160 180

488 490 492 494 496 498 500
Time (ms)(a)

(b)

0

0.5

1

1.5

2
|B

| (
T)

Stator yoke
Stator tooth
Air gap
Rotor tooth
Rotor back-iron

0

0.5

1

1.5

2

B 
(T

)

Stator yoke
Stator tooth
Air gap
Rotor tooth
Rotor back-iron

Figure 6.19 (a) Temporal distribution of the magnetic flux density at a given
spatial point and one electric cycle and (b) spatial distribution of the
magnetic flux density at a given time step and half mechanical cycle
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reaction. Therefore, the broken bar does not contribute to the motor torque. How-
ever, the motor load should be provided by means of the electromagnetic torque
developed by the interaction of the rotor and stator fields. Therefore, the bars
adjacent to the breakage area take the burden by tolerating a higher level of the
current.

Modeling the broken bars fault, using the simulation processes, has always
been a big question, especially in the case of a partial broken bar. However, the full
broken bar fault can be somehow easily modeled by assigning a nonconducting
material to the targeted bar or reducing the corresponding conductivity to almost
zero. It is proposed to use the latter as the former option leads to unstable FEM
solutions in some cases. To handle this step, the user-defined materials which are
usually implemented in FEM packages should be used. This means the user is able
to create his/her own material similar to the original bar materials, aluminum in the
present case, but with a relatively smaller electric conductivity level. As an
example of the approach, the following properties should be assigned to a material
in order to mimic the characteristics of an aluminum which can be used as:

● relative magnetic permeability: 1
● magnetic coercivity: 0 A/m
● electric conductivity: 1 Siemens/m, 1.72 %IACS while the conductivity of a

healthy aluminum bar is equal to 38,000,000 Siemens/m or 65.5 %IACS.
Increasing the conductivity level allows a larger current to flow into the bar, so
different levels of a partial broken bar can also be studied. A conductivity of 1
leads to an almost zero bar current.

● electric permeability: 1
● mass density: 2,707

The introduced approach is useful in a 2D or quasi-3D models in which the end-
rings are not usually modeled. In a full 3D model motor, the broken bar can be
modeled like what it is. In fact, a mechanical disjoint between the bars and end-
rings is modeled. This is not our goal because handling a 3D model is sometimes
impossible for most of the potential readers of this book.

The discussions presented above suggest that a high-resistance aluminum bar
is initially defined by the user and assigned to the FE package. Then, the induction
motor model is rebuilt using the defined high-resistance aluminum assigned to the
broken bars.

Previously, it was mentioned that the number and the location of the broken
bars are the influential factors in the diagnosis process. In this section, two fol-
lowing cases are simulated to check the effect of different possibilities compared to
the healthy motor (see Figure 6.20).

● 2 adjacent broken bars in one pole
● 1 broken bar at each of the two adjacent poles

In the present cases, there are two broken bars in different locations around the
circumference of the rotor. The corresponding broken bars are highlighted in
white while the healthy bars are in dark gray. The black circle around the bars
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shows the local saturation regions caused by a higher current level of the bars
adjacent to the breakage produced by removing the armature reaction of the
broken bar from the vicinity of the adjacent bars. These local saturation regions,
having a relatively larger magnetic flux density level, are the source of magnetic
losses and also the thermal stress. Both the stator and the rotor are affected

Local saturation

Local saturation

(a)

(b)

Figure 6.20 (a) Two adjacent broken bars in one pole and (b) one broken bar in
each of the two adjacent poles
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locally by the broken bars fault; hence, the local saturation is observable in both
the stator and rotor teeth. Depending on the number or the locations of the bro-
ken bars, the local saturation level and so the produced unbalanced magnetic pull
will be different. In fact, the presence of a broken bar introduces an unbalanced
magnetic pull and increases the chance of having an eccentric rotor. However,
the opposite is not generally true. This issue will be further analyzed in the next
chapters. The broken bars fault causes an electromagnetic asymmetry which
requires that the motor is fully modeled. So the use of symmetry is rejected in the
case of broken bar fault as the flux distribution is not identical in all the motor
poles while the underlying idea of the usage of symmetry is the presence of
identical distributions in different poles.

Figure 6.20 clearly illustrates that the distribution of the motor magnetic and so
electrical quantities will not be pole-wise or cycle-wise symmetrical. The numer-
ical values of the flux distributions are compared in healthy and two faulty cases
(see Figure 6.21). The significant characteristics of the figure are as follows:

● The healthy motor reveals a symmetrically periodic signal.
● The broken bars affect the flux density in a way that two consecutive poles

have different flux amplitudes. The one including the broken bars has the
largest magnitude of the flux density caused by the local saturation which is a
result of the broken bars fault.

● None of the magnitudes of the flux density associated with four poles are the
same as the flux distribution is distorted completely to the defect in the rotor.
The same happens to the stator.

● According to Figure 6.21(b), two adjacent broken bars in one pole have the
largest local effect on the motor behavior compared to the healthy case.

● Depending on the location of the fault, various fault intensities affect the
motor. It will be shown in the next chapters that the broken bars existing in
the opposite poles have the smallest magnitude of the flux densities among the
other locations.

● Unlike the healthy motor in which the spatial distribution of the magnetic flux
density always has upward or downward curves, alternating curves are obser-
vable in the envelope of the variations in the faulty motors (Figure 6.21(b)).
This is the source of additional torque ripple introduced by the broken bars
fault.

6.9.3 Eccentric motor operation
The eccentricity fault is a kind of defect which, in the first place, affects the motor
geometry by disturbing the inherent symmetry existing in the healthy case
[33,38,42]. Thus, what happens next should be logically an asymmetrical and
unbalanced electromagnetic flux distribution. So the source of the unbalanced flux
density is a mechanical defect. Like the broken bar fault, the motor must be mod-
eled completely without assuming a symmetrical distribution of the magnetic flux.
Considering that there are two types of an eccentricity fault including the static and
dynamic types, both are discussed in this chapter.
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6.9.3.1 Static eccentricity
First, static eccentricity is modeled using an FEM package. In this type of fault, the
rotor is shifted toward the stator, so the stator and the rotor are not concentric any
more. It should be noted that the position of the rotor center is fixed with respect to
that of the stator; therefore, there is an unbalanced fixed air-gap length around the
rotor circumference (see Figure 6.22). As can be seen, there is a middle air-gap
circle around and concentric to the rotor center. This is the exact way of defining
the two layers of the air-gap components mentioned earlier in this chapter. The
inner layer is attached to the rotor and rotates with the rotor. The outer layer is a
nonrotational layer. The rotor-concentric inner layer guarantees that there is no
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Figure 6.21 (a) Time-domain variation of the magnetic flux density of one stator
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out-of-boundary meshes while the rotor rotates and requires remeshing. In fact, if
the inner air-gap layer is concentric to the stator, the outer boundary of the inner
layer will collide the stator inner boundary for a relatively large static eccentricity
level, while the inner layer rotates with the rotor. That is why the inner layer should
be fixed at the rotor center, not the stator center, to prevent this problem.

As another practically important point in terms of the simulation run time, an
eccentric geometry totally changes the FEM stiffness matrix to an asymmetrical
matrix which requires a long time to be solved compared to a geometrically sym-
metrical matrix. Therefore, it is expected to have a much larger simulation run time
in the case of eccentricity fault. So if you notice such a problem, do not blame your
model! In contrast, the simulation run time is very close to that of the healthy
machine in the case of a broken bar motor because the motor is geometrically
symmetrical. The stiffness matrix of an FEM model is a sparse matrix which
usually represents a symmetrically distributed element leading to a very fast sol-
ving process using direct or decomposition approach. However, any factor dis-
turbing the symmetry of the stiffness matrix affects the simulation run time.

It is proposed to apply a relatively large radius to the middle air-gap line and
keep a balance between the air-gap lengths related to the inner and outer layers.
Otherwise, if there is a very thin layer, whether inner or outer, the mesh generation
process will encounter a problem or the generated mesh will not be optimum
enough to increase the speed of the simulation process. For implementing a proper
mesh generation, follow the rules below:

● Use automatic mesh generator for the regions where there is a smoothly vari-
able flux density.

● Refine the meshes assigned to the air-gap components by increasing the
number of elements or decreasing the element size.

● Use curvature refinement for improving the quality of meshes. This application
can be found in any FEM package.

Figure 6.22 shows an example of the refined meshes around the air-gap region. The
difference between the meshes is visible from this figure. The meshes are not

Center of
rotor

Center of
stator

Middle
air gap

Figure 6.22 Implementation of static eccentricity fault
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identical in right and left side of the air gap as the geometry is not symmetrical.
Moreover, the total air-gap length in the right side is relatively smaller than that of
the left side because the rotor has been shifted toward the right end of the stator.
The number of the utilized meshes in the right side is larger than that of the left
side. In addition, the meshes related to the right side are more refined. Figure 6.22
is a snapshot of the initial mesh generated by the FEM package while the meshes
are subjected to change where there is motion part in the problem.

6.9.3.2 Dynamic eccentricity
Dynamic eccentricity is a rotating type of eccentricity which introduces a variable
air-gap length during the motion analysis of the faulty induction motor
(Figure 6.23). Unlike the static eccentricity which requires a middle air-gap circle
concentric to the rotor, the middle air-gap circle should be concentric to the stator
in the case of a dynamic eccentricity. The reason is that the rotor center is not fixed
at a point in space and rotates around the stator center. So the middle air-gap circles
should be concentric to the stator, not the rotor. Otherwise, a mesh-generation
problem caused by a collision of the middle air-gap circle, and the stator inner
surface will occur during the simulation process.

Figure 6.24 shows time-domain variation of the magnetic flux density of one
of the stator teeth upon changing the fault type from the static eccentricity to the
dynamic eccentricity and then compares the results to that of the healthy motor.
Moreover, the spatial distribution of the energy stored in the air gap is illustrated in
Figure 6.24(b).

Center of
rotor

Middle
air gap

Center of
stator

Figure 6.23 Implementation of dynamic eccentricity fault
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Basically, as the rotor is shifted toward the stator in any kind of the eccentricity
type, the air-gap flux distribution and so the stored energy should by asymmetrical
around the rotor circumference (see Figure 6.24(b)). Hence, the unbalanced
magnetic pull is originated from this phenomenon and leads to a mechanically
unbalanced motor operation. The stored energy is much more in the regions very
close to the stator inner surface while the corresponding values are relatively small
in the larger parts of the air-gap length. The healthy motor (see Figure 6.24(b),
the solid line) possesses a completely balanced energy distribution with the
magnitude of 7.1678e þ 05. The corresponding values of the static and dynamic
eccentricities are 1.0444e þ 06 and 1.1504e þ 06, respectively.
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Figure 6.24 (a) Temporal variation of magnetic flux density of one stator tooth and
(b) spatial variation of stored energy at air gap and a given time step
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Figure 6.25 shows the net force applied to the rotor in the healthy, static
eccentricity and dynamic eccentricity cases. On the basis of the values provided in
this figure, the net force is almost zero for the healthy motor. There are some
transients related to the motor start-up while the steady-state performance does not
vary so much. In contrast to the healthy cases, the faulty motors reveal a relatively
large net force applied to the rotor at different positions. The one corresponding to
the static eccentricity has the largest value while that of the dynamic eccentricity
consists of a smaller net force. This means that the static eccentricity generally
imposes larger disturbance to the motor rather than the dynamic one considering
the same fault level, 40% in this investigation. All the simulations which have been
already done in this chapter were held at a full-load condition, 70 N m. If the motor
load is changed, the absolute values of the illustrated temporal and spatial perfor-
mance will be subject to a change. However, the trends and justifications are still
valid even for smaller load levels. A general discussion on the effect of the load
variations will be provided in the next chapters.

6.9.4 Short-circuited motor operation
Short-circuit fault can happen in a wound-rotor motor in the same fashion that the
stator is affected [29]. So, in this subsection, we prefer to introduce a new motor
which is of a wound-rotor type with the goal of investigating the short-circuit fault.
To this purpose, the corresponding motor parameters are listed in Table 6.2.

The winding layouts corresponding to the stator and rotor parts are shown in
Figure 6.26.

As this is a new type of an induction motor, different from what was pre-
viously studied, first the healthy operation is investigated in order to get better
understanding of the variations of the motor signals. Then, the short-circuit fault is
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Figure 6.25 Magnetic force applied to the rotor
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Table 6.2 Wound-rotor induction motor parameters

Power 10 hp
Rated speed 1,425 rpm
Synchronous frequency 50 Hz
Voltage 420 V
Current 8.57 A
Number of poles 4
Rated slip 5%
Stator phase resistance 1.67 W
Rotor phase resistance 0.3 W
Magnetizing inductance (stator reference frame) 189 W
Rotor inertia 0.21 kg/m2

Silicon steel material M19_29G
Stack length 103.9 mm
Number of stator slots 36
Number of stator parallel branches 1
Number of rotor parallel branches 1
Number of rotor bars 28
Stator inner diameter 228.18 mm
Stator outer diameter 353 mm
Rotor outer diameter 227.15 mm
Shaft diameter 120 mm
Winding factor (stator) 0.95
Winding factor (rotor) 0.95
Slot fill factor (stator) 52.75%
Slot fill factor (rotor) 31.10%
Air gap length 0.5 mm
Coil half-turn length (stator) 245.661 mm
Conductor type of stator Copper
Number of stator slots 48
Stator slot opening 2.5 mm
Number of rotor slots 34 mm
Stator conductor diameter 1.725 mm
Winding layout Single layer
Connection Grounded Y
Number of coils per pole per phase 2
Stator slot depth 26.82
Stator tooth width 8.22 mm
Rotor slot opening 2 mm
Rotor slot depth 22.5 mm
Rotor conductor diameter 1.9 mm
Number of rotor conductors in one slot 6
Number of coils per pole per phase 3
Rotor leakage inductance 0.69 mH
Stator leakage reactance 3.67 W
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analyzed. To this end, a 1/4 symmetry is used, and the motor is modeled as
Figure 6.27.

After setting the rotor supply voltage to zero in order to create short-circuited
rotor circuit, the stator supply voltage is applied. The current, the torque and the

(a) (b)

Figure 6.26 Winding layouts (a) stator and (b) rotor

50 100 (mm)0

Figure 6.27 Investigated motor topology
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speed are illustrated in Figure 6.28. The following features are deducible from the
figures:

● This motor has a smoother operation than the previously simulated one. The
larger number of the rotor bars is the main reason for the claim.

● The motor speed signal does not reveal an over shoot.
● The motor torque represents a mostly positive signal increasing smoothly

in the transient region and then decreasing to the steady-state point after 0.4 s.
As the motor speed is an output of the motor torque interaction with the load, it
is also expected to have a smooth speed variation unlike the previously studied
motor with 28 rotor bars.

● Again, the rotor bar currents are very larger than that of the stator.
● The start-up current is almost five times more than the steady-state current. In

induction motors, this is always a rule of thumb that the start-up current is five
or six times more than the rated steady-state current.

● As a technical issue, to have an accurate motor performance prediction, a fully
modeled skewing effect should be simulated. Instead, a motor with a relatively
large number of rotor bars in which the skewing effect is negligible should be
investigated in 2D.

FEM packages also provide a very promising tool to estimate the winding induc-
tances which are very useful tools in analyzing an eccentric or short-circuited
motor. Figure 6.29 shows an example of the motor inductances. Laa is the stator
self-inductance, Lab is the stator–stator mutual inductance and Lau is the stator–rotor
mutual inductance.

Correspondingly, the following technical principles are always valid:

● The self-inductance of a winding or coil is always a positive term.
● The mutual inductance of two windings or coils which are located on one

reference frame and have no variable relative position change is always a
negative term.

● The mutual inductance of two windings or coils, for example, the stator and
rotor windings, might have a sinusoidal wave including positive and negative
terms, depending on the relative position of two windings.

● In a healthy motor, the average value of the inductances is a constant value in
time domain while a shifted or oscillating average value is observed if an
eccentricity or short-circuit fault occurs.

6.9.4.1 Implementing skewing effect
In electrical machines with slots, the air-gap length is not basically equal to the
difference between the stator inner radius and the rotor outer radius, but it is a part
of the shortest available flux path inside a motor. This is a common mistake to
consider the mentioned measure as the actual air-gap length of the motor. The air-
gap length is in fact equal to the change in a distance that motor flux should travel
in order to pass from the stator teeth to the rotor teeth and vice versa. This results in
two outcomes: first, as the flux always looks for a path with the smallest magnetic
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Figure 6.28 Healthy motor operation (a) stator current, (b) rotor current,
(c) torque and (d) speed
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reluctance to pass through and because the stator teeth to the rotor teeth are the
geometrically shortest path, flux concentrates around the teeth and results in a local
saturation. Second, the torque ripple is the direct output of the first phenomenon
which is caused by a highly nonuniform flux distribution in the regions close to the
air gap. As a result, additional harmonics are introduced to the flux. On the other
hand, the motor torque is proportional to the flux linkage of the stator and rotor and
will be affected by high-order flux harmonics. Hence, a high-torque ripple is
expected.

To have a more uniform flux path or in fact air-gap length, there are a couple of
methods considered during the design process of induction motors:

● to use a proper stator–rotor slot combination
● to implement a double layer winding layout
● to change the slot shape
● to have totally closed stator and rotor slots
● to apply skew to the stator or rotor slots.

In the case of a skewed rotor, rotor slots experience a variable flux along the stack
length. This leads to a considerable decrease in the motor torque ripple as the high-
order harmonic components of the air-gap flux are weakened. However, the fun-
damental component is weakened as well. Therefore, the average torque becomes
smaller by increasing the skew angle. The maximum appropriate skew angle is
equal to the rotor slot pitch. Increasing the skew angle beyond the prescribed limit
increases the torque ripple again.

To create the skew in induction motors, the rotor laminations are punched to
each other with a slightly clock and counter clock-wise rotated center. Assuming
that there are 201 laminations and 72 rotor bars, the maximum appropriate skew
angle is 5 mechanical degrees. This means that each lamination must be rotated by
0.025 degrees with respect to the previous lamination attached to the rotor stack.

What was mentioned above suggests an experimental way of implementing the
skew. The question is ‘‘How is the skew applied to a simulation model in an effi-
cient way?’’ In order to account for the skewing effect, a quasi 3D model of an
induction motor can be used. This includes multiple motor slices along the z-axis
and the motor shaft (see Figure 6.30). In this approach, the motor is divided to n
slice along the motor stack length. Each slice has a length of (stack length/n), and
the corresponding rotor is rotated by (360/n) degrees mechanically with respect to
the previous slice. The stators are identical. Actually, the skew is modeled using
nonskewed and small stack length motors operating in series. The larger the
number of slices is, the more accurate the skewing effect is. This is a very useful
method of incorporating the skewing effect into the simulation process in a rea-
sonable period. Having applied this method, the simulated torque ripple might be
reduced by factor of 5 or 6, depending on the skewing angle and the motor topology.
The larger the number of the rotor bars is, the lower the skewing effect is.

To investigate the skewing effect, four different approximations of the skewed
rotor are studied considering 3, 5, 8 and 10 slices, and their corresponding rotation
angles are shown in Table 6.3.
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Figure 6.30 (a) Multislice implementation of skewing effect and (b) rotor circuit
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The results of the simulations of the machines discussed above are listed in
Table 6.4.

Accordingly, the torque ripple has a decreasing trend of variation as the
number of slices increases. In Figure 6.31, the motor torque ripple is shown for two
number of slices 1 and 10.

Now, the skewing effect is investigated using the spectral analysis of the motor
current signal by means of the Fourier transform. To handle this step, two cases, S1
and S10, are intended. Figure 6.32 shows the current spectrum of the motors.

As the magnitude of the fundamental frequency, i.e., 50 Hz, is about 12 A, and
the high-order frequency components have a relatively small magnitude, for the
sake of clearness, the Y-axis is limited to smaller values so that the amplitude of the
higher order harmonic components are observable. The third harmonic is not
affected very much by imposing the skew to the rotor slots while the other domi-
nant components including 235 and 335 Hz are greatly reduced, so it is expected to
have a smaller torque ripples. Most of the time, applying the skew leads to a
decrease in the torque development capability of the motor because not only the
high-order components but also the fundamental one is affected in a bad way.

6.9.4.2 Modeling rotor interturn fault
In practice, insulation fails to isolate the coils upon the occurrence of the interturn
or any kind of short-circuit fault. The electrical resistance between two or multiple
turns falls down from an infinite value to an almost zero value such that short-
circuited turns are defected permanently. In this case, the short-circuited turns
operate as a separate phase carrying an uncontrollably larger amount of current
leading to a thermal stress of coils and windings. The corresponding resistance of

Table 6.4 Percentage of motor torque ripple

Number of slices 1 3 5 8 10

Torque ripple (%) 25 17.9 13.3 10.1 9.6

Table 6.3 Rotation angle of the rotor slices used for investigating the skewing
effect

3 slices Slice number 1 2 3
Rotation angle 0.83 2.5 4.17

5 slices Slice number 1 2 3 4 5
Rotation angle 0.5 1.5 2.5 3.5 4.5

8 slices Slice number 1 2 3 4 5 6 7 8
Rotation angle 0.31 0.94 1.56 2.2 2.8 3.44 4.06 4.7

10 slices Slice number 1 2 3 4 5 6 7 8 9 10
Rotation angle 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
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the mentioned phase is equal to the ratio of the shorted-circuited turns to the total
number of turns multiplied by the resistance of a phase.

Figure 6.33 shows the rotor winding and 3 short-circuited turns applied to the
rotor phase. It is noted that the investigated machine is a wound-rotor induction
motor; hence, there is also a possibility of a short-circuit fault in the rotor as well as
the stator. The points a and b are connected to each other directly without any
intermediate resistance. Therefore, the faulty phase current is separated from that of
the main phase. In order to account for this type of fault in an FEM package, the
faulty phase must be modeled turn-wise. In fact, all the short-circuited turns should
be modeled separately so that the connections a and b are available. Besides, the
mesh size of the regions which correspond to the short-circuited turns, is better to
be refined. The other slots can be kept intact compared to a healthy case. Actually,
there is no need to model all the turns of all the slots.

The current of the short-circuited phase is shown for different number of faulty
turns in Figure 6.34.
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Figure 6.31 Motor steady-state torque carrying the ripples (a) number of slices 1
and 10 and (b) number of slices 3, 5 and 8
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The important point is that the faulty phase current is not much different from
the main phase current, and it is slightly larger. This means that a complete insu-
lation failure is not expected at all. This is in contrast to a short-circuit fault taking
place in the stator in which the faulty phase current can be relatively larger than that
of the healthy phase. On the other hand, the more the number of the short-circuited
rotor turns is, the closer the faulty phase current to that of the healthy phase is. In
addition, the ripple produced by the short-circuit fault decreases upon increasing
the number of faulty turns in the rotor.

By increasing the number of faulty turns, the induced voltage is improved
proportional to the number of turns. The corresponding faulty phase resistance
increases as well. Therefore, the current should approximately maintain a constant
amount. In the rotor, the most dominant part of the impedance is of a resistance
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Figure 6.32 Motor steady-state torque carrying the ripples (a) number of slices 1
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Figure 6.33 (a) Three short-circuited turns in the rotor phase winding and
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nature as the frequency is very low. However, it is noteworthy that the self-
inductance of the faulty turns increases as a square function of the number of turns.
This has two significant results: first, the rate of increase in the induced voltage is
less than the rate of increase in the faulty phase impedance; therefore, the current
level should decrease by increasing the number of turns. Second, by increasing the
number of faulty turns, the corresponding inductance increases as well. Hence, the
series RL filter representing the faulty phase impedance becomes more inductive.
The high-frequency ripples are filtered out from the signal. Investigating the motor
signals including the torque, speed and flux reveals the fact that a short-circuit fault
in the rotor side does not affect the motor behavior considerably. Unlike this
situation, even a very weak short-circuit fault in the stator causes a lot of problem
for the maintenance process. The difference between the stator and rotor and their
contributions to the short-circuit fault is normally because of some technical design
issues discussed below.

● The first influential factor is the motor slip. Assume that there is only one
short-circuited turn in the rotor phase. The amount of the induced voltage is
equal to (1/272) induced voltage in the stator regardless of the motor slip.
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272 is the number of the stator turns. Multiplying the induced voltage by the
motor slip which is equal to 0.05 in the rated operation produced a negligible
amount of voltage induced to the faulty turn. As a result, the corresponding
current level is very small.

● The second factor is the source of induction phenomenon. In a short-circuit
fault, whether in the stator or in the rotor, it is the stator coil that induces a
voltage on the faulty turns. According to Lenz’s law, the direction of the
induced current is such that it contradicts the cause of induction phenomenon.
In a stator short-circuit fault, the magnetic field produced by the induced cur-
rent contradicts the main field, so the distortion is reflected to the torque and
the speed. However, in a rotor short-circuit fault, the induced current produces
a field in the same direction that the rotor main field rotates. Therefore, they
are not conflicting fields at all.

6.9.4.3 Modeling stator interturn fault
Stator short-circuit fault, particularly interturn fault, is implemented in the same
fashion that the rotor fault is. The difference is that the fault current should have a
direction opposite to that of the stator healthy phase. Faulty turns must be imple-
mented turn-wise, and the rest of the phases might be modeled as one single group
(see Figure 6.35).

In this case, the resistance of the short-circuited turns is calculated and no
current-limiting resistance is connected to the fault connections. Having adjusted

Figure 6.35 Turn-wise model of the impacted stator coil
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the simulation model and applied the full-load condition to it, a fault case in which
one stator turn is short-circuited is simulated, and the corresponding current levels
are shown in Figure 6.36.

The rms current value of healthy phases are 8.6 A while that of the faulty phase is
equal to 9.07 A. There is a 6% increase with respect to the healthy case. On the other
hand, the faulty phase has a considerably large amount of current, about 128 A.

What was discussed in this chapter is the most accurate way of dealing with
fault-related simulations. Although a useful winding function-based motor model
was previously proposed in Chapter 5, it suffers from lack of detailed magnetic
analysis which is used for a comprehensive saturation and loss characterization of a
motor. For example, the local saturation cannot be modeled and simulated by
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Figure 6.36 (a) Healthy stator phase current and (b) faulty stator phase current
for one interturn fault
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means of a winding function method. Moreover, the slotting effect, the skewing
effect, the unbalanced magnetic pull, the stored energy and the iron losses are not
easily obtainable using analytical methods. Even if an analytical solution exists, it
is not guaranteed that it follows the same trends as experiments properly. There-
fore, it is proposed to utilize an FEM package for the diagnosis purposes if a
suitable computational power is available.

The signals measured by means of the FEM are pure faulty signals building the
very initial steps of a diagnosis process. Significantly, no one has access to inside of
motors to check if it is healthy or not. Therefore, the only way to understand and
monitor the motors is the signals available outside the machine. Current and torque
are two examples of this kind of signals. Of course, the magnetic signals including
the magnetic flux density of losses are not accessible directly an FEM should be
used to estimate faulty motor behavior. However, the signals such as motor current
often reflect the unbalanced magnetic behavior caused by faults. Therefore, mea-
suring and processing the available signals seem to be enough for the diagnosis
purposes. Nevertheless, no one can deny the importance of a measurement tool
such as search coils by means of which the air-gap flux is monitored.

Taking the mentioned points into consideration, ‘‘signal processing’’ is
required to process measured signals and extract a knowledge based on which the
diagnosis procedure is performed. The fundamentals of different types of faults,
along with both the analytical and numerical approximations of motor signals in
healthy and faulty cases, have been already proposed. Moreover, experimental
implementations have also been discussed deeply with the goal of providing a basis
for validating the quality and accuracy of the simulation processes. Now, it is time
to go through processing the raw signals which might or might not include fault
information. The processing step is held in three different domains including:

● time domain
● frequency domain
● time-frequency domain

each having its own advantages and disadvantages in terms of capability to diag-
nose faults accurately. So, it is essential to get used to different types of processors
used for processing motor signals in the transient and steady-state modes. Some of
the processors are only able to extract information in a steady-state mode, while
others might be applied to both the transient and steady-state regimes.
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Chapter 7

Signal-processing techniques utilized in fault
diagnosis procedures

7.1 Introduction

Signal processing is a widely used technology that pervades every aspect of our
lives which are actually unknown to many. This chapter surveys some basic con-
cepts which drive the field.

1. What is a ‘‘Signal’’? A signal describes how some physical quantity varies
over time and/or space [1–3]. For example, velocity is a quantity which is
measurable over time as it possesses values at different instants. A set of
values which is obtained by measuring a quantity over time, frequency or
space forms a signal. The quantities such as acceleration, temperature,
humidity, magnetic flux density, torque, current and voltage are also measur-
able in time. A spatial distribution of the motor flux is another signal expressed
in space. By sampling these quantities at different instants, a signal is gener-
ated. Technically, a signal is a representation of a real phenomenon which
progresses over space or time.

2. What is ‘‘Signal processing’’? Signal processing is the science of analyzing the
measured or sampled signals [4–7]. The goal of analysis is to extract useful
information on a subject which can be detection, determination or diagnosis of
a machine fault. If the analysis is performed on a discretely sampled signal, i.e.,
a digital signal, the technique is called ‘‘digital signal processing,’’ and the
associated mathematical method used for formulating the processing procedure
is called a signal processor.

The processing techniques are often used for measuring, filtering, compressing or
extracting information from a signal. Normally, the first step is to digitalize an
analog signal as the processors are implemented in a computer or a digital signal
processor which works based on digital technology. Therefore, the focus hence-
forward will be on digital signal processing. The conversion from analog to digital
is handled by an analogue-to-digital converter which converts an analog signal to
series of data points forming analyzed signal. Due to the great advantages of digital
signal-processing techniques such as the capability of compressing data, they are
used widely nowadays.



Generally, there are the following three types of signal-processing techniques:

● time-domain techniques [8–10]
● frequency-domain techniques [11,12]
● time-frequency-domain techniques.

By means of the above-mentioned signal-processing techniques, both the transient
and steady-state operations of motor signals can be analyzed in order to extract
fault features. In fact, there are two general types of monitoring systems, those
which are applied to transient operation and those which are applied to steady-state
operation. In medium- and high-power applications in which there are many start–
stop operations, the transient analysis of faulty motors becomes important as
transient operations place much more stress on the motor components, especially
the faulty ones; hence, monitoring and detecting faults in their incipient regime and
more importantly when the motor just starts up is crucial.

The time-domain analysis of induction motors has been the subject of various
studies as the very initial steps of diagnosis procedures. However, there are several
influential factors affecting the time-domain variations and oscillations in an
almost arbitrary fashion, not revealing a satisfactory fault feature. As a result, the
trend has been switched to utilizing frequency and time-frequency transforms for
processing signals in the hope that appropriate features will be extracted.

The Fourier transform (FT) is the fundamental tool building the foundation of
most of the advanced transforms developed so far. The FT is widely used in con-
dition monitoring and fault diagnosis of various applications including biomedical
devices, aerospace apparatus, communication as well as electrical machines. This
transform is normally used to process stationary signals having a repetitive or
periodic nature with almost fixed amplitudes. An obvious example of such a signal
is motor current signal sampled in steady-state operation. Although the FT is a very
promising and powerful tool to extract potential fault-related components, it is only
applied to stationary signals, and the corresponding output has nothing to do with
the time-domain information which might be useful for the diagnosis process.
Hence, the transforms such as the short-time FT (STFT) and the wavelet transform
(WT) have been proposed in the literature.

The STFT and the WT are time-frequency transforms mapping signals on two
apparently independent domains including time and frequency represented on the
same plane. Thus, not only the frequency components are detectable, but also the
time-related information of every single frequency is in hand. The significant
drawback associated with the time-frequency transforms is the poorer resolution
than that of the FT. The FT acts very well in satisfying resolution, while the STFT
and WT always suffer from lack of resolution. However, the WT provides a better
flexibility in determining the resolution trade-offs between the time and frequency
components. Both the WT and the STFT are based on the FT.

Another time-frequency transform called the Hilbert–Huang transform (HHT)
is also available. This transform was first used in aerospace applications and then
moved toward the biomedical monitoring devices. Recently, some major work in
the field of diagnosis of transient behavior of electrical machines has been handled
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by means of the HHT; therefore, it is becoming more popular. Moreover, this
transform enables us to tackle the monitoring problems in an inverter-fed applica-
tion. In fact, it provides a very straightforward tool to differentiate the effect of
various controlling modes on the diagnosis process. The HHT is not actually
based on the FT, and it is of a totally different nature requiring an adaptive and
iterative implementation unlike the other transforms which only need a one-pass
implementation.

The time-domain variations of the faulty motors have been already discussed
in the previous chapters, and there is no specific implementation rule for this type
of analysis. It is just based on observing faulty signals and extracting potential
information. Nevertheless, there are some time-domain techniques such as time
series data mining used for addressing some kinds of faults. They will be pointed
out in the next chapters where necessary. For now, this chapter focuses on the other
two types of analyses, i.e., the frequency- and time-frequency analyses. First, the
mathematical concepts are explained; then MATLAB� implementation of trans-
forms, along with intuitive examples, is provided in order to address the corre-
sponding technical issues during the implementation and postprocessing analysis.

7.2 Fourier transform

This section covers the fundamentals of the FT and provides an intuitive way of
thinking of the FT. So two equations are written below immediately without going
through the historical discussions on the importance of the FT (see (7.1)). It might
probably look a bit difficult to comprehend it first;

X fð Þ ¼
Z 1

�1
x tð Þe�2pjftdt (7.1)

x tð Þ ¼
Z 1

�1
X fð Þeþ2pjftdf (7.2)

The first (7.1) is called FT or the forward FT. The second equation is called the
inverse. As it can be observed, (7.1) turns a function time, i.e., x(t), into a function
frequency, i.e., X( f ) and does the reverse. So the process of turning one into
another is called transformation. The transform is actually a mapping between two
different sets of data or domains. In this case, it changes information in the time
domain into information in the frequency domain. Here, we are using the variable
f ¼ w

2p ½Hz� to represent the frequency in units of Hertz or cycle per second. The
data in these two domains looks different and can even vary in length of the data,
but it still represents exactly the same information.

Any continuous signal in the time domain can be represented by a sum of
carefully chosen sinusoids, and as sinusoids can be completely described by their
amplitude, their frequency and their phase, those three parameters are all the
information we need to know. At that point, we can plot the amplitude and phase
at every frequency or across the entire spectrum and call it frequency-domain
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representation of the signal. This information is extremely useful in fault diagnosis
procedures used for condition monitoring of electrical machines such as induction
motors. For example, imagine a situation that an induction motor operates with a
broken rotor bar which introduces 2sfs frequency components to the motor current
containing a fundamental frequency of 50 Hz. Therefore, the current will have both
50 and 2sfs sinusoids added to each other to form the entire signal. A very clear
example of the FT applied to the mentioned faulty signal will be provided at the
end of this chapter. Of course, most signals are not just comprised of a single
sinusoid but multiple ones at different amplitudes and phases across the entire
spectrum. Why is the signal decomposed into sinusoids? Why is it not decomposed
into some other repeating signals like a square wave or sawtooth or into different
periodic signals altogether? Actually, what FT tries to do is to transform signals
into something easier to work with at least for our particular purpose which is
tracking the trend of variations of sinusoidal or quasi-sinusoidal signals. The FT
gives us the ability to move from one domain to another domain allowing us to
have a better insight into fault-related components of motor quantities.

Here a very simple but intuitive example of signals and their corresponding FT
is provided. Consider the following three signals in the time domain, x1, x2 and x3.
x3 is the sum of x1 and x2.

x1 ¼ 2 � sin 2ptð Þ (7.3)

x2 ¼ 0:5 � sin 8ptð Þ (7.4)

x3 ¼ x1 þ x2 ¼ 2 � sin 2ptð Þ þ 0:5 � sin 8ptð Þ (7.5)

The time-domain variation of the signals is shown in Figure 7.1.
The amplitudes of the signals are 2 and 0.5 for the x1 and x2, respectively. We

can add the two signals to build a new signal determined by x3. Therefore, x3 is a
combination of two different frequencies, namely 1 and 4 Hz. Each of the two
sinusoids x1 and x2 is the monotone signal representing a pure sinusoidal shape with
a specific amplitude while f3, although periodic, is not a pure sinusoid and oscillates
in its envelope. So the first look at x3 might not reveal the included frequencies, i.e.,
1 and 4 Hz. The only deducible information is the periodicity of the signal. This is
exactly where the FT comes into play. Figure 7.1(b) illustrates the frequency
components of the investigated signals. The spectrum of each signal peaks at the
previously specified frequencies. For example, x1 has a jump at 1 Hz with an
amplitude of 2 while the spectrum of x2 peaks at 4 Hz with the amplitude of 0.5. x3

is the sum of the mentioned terms including 1 and 4 Hz. All the three signals have
been sampled by a sampling frequency of 50 Hz. The term ‘‘Sampling frequency’’
is different from the ‘‘frequency of signal.’’ The sampling frequency is used to
digitalize the signal by taking multiple points at different instants in order to model
the signal in a computer. This means that we always deal with digital signals, not an
analogue one. There are several approaches to the implementation of FT in discrete
signals. One of them is called Fast FT (FFT) available in packages such as
MATLAB and will be studied later in this chapter. Therefore, we are going to
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provide the fundamentals of the FFT. Before that, some of the required
prerequisites are discussed first.

The first important point is the concept of periodic sequences in a digital
working environment. The sequence can be observed in time or any other domain.
However, the focus here is on a time-dependent periodicity. A periodic sequence is
usually determined as follows:

~x nð Þ ¼ ~x n þ kNð Þ (7.6)

where k is an integer. For example, the signal W which is equal to

W kn
N ¼ e�j2pN kn (7.7)

is a periodic, symmetric and orthogonal sequence leading to the following con-
clusions:

W kn
N ¼ W kþNð Þn

N ¼ W k nþNð Þ
N (7.8)

W�kn
N ¼ W kn

N

� �� ¼ W N�kð Þn
N ¼ W k N�nð Þ

N (7.9)

This is a periodic signal, so taking the samples of one single period is enough to
rebuild the model in a computer or processor. In addition, the next periods of the
signal can be obtained by repeating the signal for the next N points. W looks like
the exponential function used in (7.1). This is just a simple example of a discrete
periodic signal and further discussion on the implementation of the FT continues as
follows. The remarkable point is that the length of the sampled signal is always
finite. However, if the signal is periodic, there is always a relation between the
whole sequence and the sampled finite signal. By applying the FT, of course in a
discrete form which is handled by replacing the integral by a summation term over
the period of existence of the signal, the discrete FT (DFT) is expressed as follows:

X k½ � ¼
XN�1

n¼0

x n½ �e�2pjnk=N (7.10)

where k ¼ 0, 1, . . . , N � 1. In the same fashion, the inverse DFT is

x k½ � ¼ 1
N

XN�1

k¼0

X k½ �e2pjnk=N (7.11)

where n ¼ 0, . . . ., N � 1.
Equation (7.11) is the general form of a DFT used for calculating the FT of a

digital signal. Several implementations have been already proposed, and the FFT
which is the most efficient one will be briefly discussed here. The underlying idea
of the FFT is to rewrite (7.10) as follows:

X k½ � ¼
XN�1

n¼0

x n½ �e�2pjnk=N ¼
XN�1

n¼0

x n½ �W kn
N (7.12)
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W kn
N is calculated many times as the Fourier analysis is performed. On the other

hand, the term W kn
N is symmetric. Therefore, (7.12) is decomposed into:

X k½ � ¼
XN�1

n¼0

x n½ �W kn
N ¼

XN�1

n¼0

x n½ �W kn
N jeven n þ

XN�1

n¼0

x n½ �W kn
N jodd n

¼
XN2�1

r¼0

x 2r½ �W 2kr
N þ

XN2�1

r¼0

x 2r þ 1½ �W k 2rþ1ð Þ
N

¼
XN2�1

r¼0

x1 r½ �W kr
N
2
þ W k

N

XN2�1

r¼0

x2 r½ �W kr
N
2
¼ X1 kð Þ þ W k

N X2 kð Þ (7.13)

According to (7.13), the DFT of an N-point signal is obtained by calculating two
N/2-point transforms applied to the even and odd input data points, separately.
Two types of implementations in a programming environment, i.e., the recursive
and iterative types, are available (Tables 7.1 and 7.2).

7.2.1 Recursive FFT algorithm in MATLAB
The recursive FFT can be coded in MATLAB as follow:

7.2.2 Iterative FFT algorithm in MATLAB
In the case of the proposed MATLAB-based algorithms, the number of points in the
frequency domain will be equal to the number of points of the samples signal.
However, the MATLAB built-in function is able to change the number of points in
the frequency domain independently. So, the MATLAB FFT is used as the refer-
ence to the program explained below.

7.2.3 Example
In this section, a couple of examples is provided to make the FFT process more clear
for readers. Moreover, the major technical issues which must be considered while

Table 7.1 Recursive FFT algorithm

function y = fft_rec(x)
n = length(x);
if n == 1

y = x;
else

m = n/2;
y_top = fft_rec(x(1:2:(n-1)));
y_bottom = fft_rec(x(2:2:n));
d = exp(-2 * pi * i / n) .^ (0:m-1);
z = d .* y_bottom;
y = [ y_top + z , y_top - z ];

end
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using the FFT are discussed. To continue, a sinusoid with the fundamental frequency
of 5 Hz and the amplitude of 13 is considered, and the FFT is applied to it during a
1-s sampling period (see Figure 7.2(a)). Then, the FFT is applied to the signal, and
the effect of variation of two important parameters, namely the sampling frequency
and the number of data points in the frequency domain is investigated for a given
period of signals presence, which is equal to 1 s (Table 7.3).

Some significant aspects of the demonstrated variations are as follows:

● For a given nfft, increasing the sampling frequency does apply a considerable
variation to the amplitude of the fundamental frequency component. The
similar trend is observed for a given sampling frequency and variable nfft.

● Increasing the sampling frequency to very large values, eliminates the impro-
per effect of numerical analysis and imperfection of the FFT, and the ampli-
tude gets closer to the real value exponentially.

● Increasing the nfft has a similar effect as that of increasing the sampling
frequency.

● The initial parts of Figure 7.2(b) and c reveal the fact that the FFT returns an
approximate half of the amplitude in its output. There is a reason for this claim.
In general, the output of the FFT should be normalized by nfft to get closer to
the amplitude of the signal. Doing this divides the power between the positive
and negative sides of the FFT which is a symmetric transform. So, in order to
get the expected value, the result must be multiplied by two.1 This problem is
resolved by increasing the sampling frequency or the nfft up to very large
values. However, this is not practically applicable due to the existing

Table 7.2 Iterative FFT algorithm

function y = fft_it(x)
n = length(x);
x = x(bitrevorder(1:n));
q = round(log(n)/log(2));
for j = 1:q

m = 2^(j-1);
d = exp(-2 *pi * i /m).^(0:m-1);
for k = 1:2^(q-j)

s = (k-1)*2*m+1; % start-index
e = k*2*m; % end-index
r = s + (e-s+1)/2; % middle-index
y_top = x(s:(r-1));
y_bottom = x(r:e);
z = d .* y_bottom;
y = [y_top + z, y_top - z];
x(s:e) = y;

end
end

1https://www.mathworks.com/matlabcentral/answers/162846-amplitude-of-signal-after-fft-operation
(access date: October 2016).
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shortcoming in hardware and computational power. To deal with this problem,
both the sampling frequency and the nfft must be increased simultaneously
with the same rate. Moreover, it is proposed to keep the nfft as a factor of
sampling frequency (Figure 7.2(d)). As a result, even smaller values of the
sampling frequency and the nfft generate an amplitude which is exactly equal
to the half of the expected value.

● Increasing the nfft, of course, increases the spectral resolution, although it
requires a larger number of samples in the time domain to guarantee the
accuracy of the extracted amplitudes. So, there should be a trade-off between
the expected resolution and the computational power.

● As a rule of thumb, the Nyquist’s law necessitates the sampling frequency
being at least equal to twice the minimum frequency we are targeting in the
spectrum. In practice, the sampling frequency should be very larger than this
measure. Otherwise, the quality of the spectrum will not be high.

● Although keeping the nfft equal to the sampling frequency leads to an accurate
outcome, increasing the period of the presence of the signal requires increasing
both the sampling frequency and nfft.

It is noteworthy that the FT is normally applied to a time-domain signal while some
applications to a spatial domain have also been reported in the literature. The
underlying idea of the FT is to assume that the signal has a periodic extension up to
infinity so that it does not matter at which instant the investigated frequency is
present. What really matters is the power of the targeted frequency component of
the signal regardless of its position in the time frame. This indicates a critical
disadvantage of the FT and consequently the FFT in detecting the time-domain
variation of different transient frequency components which might not be present
at all-time instances with the same amplitude. These kinds of signals have a

Number of points in frequency domain = sampling frequency ×104
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Table 7.3 MATLAB FFT applied to x ¼ 13sin 10ptð Þ

%%
% fs: Fundamental frequency
% Fs: Sampling frequency
% t: time
% x: signal
% nfft: Number of data points in the frequency domain
% X: Fourier transform of x
% f: frequency
% amplitude: Amplitude of the fundamental frequency component of x
%%
clc
clear
close all
%%
fs = 5;
Fs = 100;
t = 0:1/Fs:1;
x = 13*cos(2*pi*t*fs);
plot(t,x,’-o’,’Color’,[0,0,0])
xlabel(’Time(s)’)
ylabel(’Function value’)
%% Variable Fs
fs = 5;
nfft = 200;
for i = 2:100:20000
Fs = i;
t = 0:1/Fs:1;
x = 13*cos(2*pi*t*fs);
X = fft(x,nfft);
X = X(1:nfft/2);
mx = abs(X);
f = (0:nfft/2-1)*Fs/nfft;
amplitude(i) = max(mx/nfft);
samplingFrequency(i) = i;
clear t Fs x
end
amplitude = amplitude’;
figure
plot(samplingFrequency,amplitude,’.’,’Color’,[0,0,0])
xlabel(’Sampling frequency(Hz)’)
ylabel(’Amplitude of the 5Hz component’)

%% Variable nfft
fs = 5;
Fs = 200;
for i = 2:2:2000
nfft = i;
t = 0:1/Fs:1;
x = 13*cos(2*pi*t*fs);

(Continues)
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nonstationary nature requiring a more sophisticated frequency analysis technique to
deal with. Considering the points, we can conclude that the FT only answers to the
equation that ‘‘does the frequency f exist in a signal?’’ It does not provide any
information in the period that the expected frequency exists. So, focusing on the
nature of the signal, either transient or stationary, is an essential task. In order to
become more familiar with the concept of the FT and its shortcoming in defining
the exact location of frequencies in a signal, consider to the following example.

Assume that we have a combination of four sinusoids with the frequencies of
5, 10, 20 and 50 Hz present at all instants. The second signal is again a combination
of the mentioned frequencies while the different frequencies are present at different
instants (see Figure 7.3).

Table 7.3 (Continued)

X = fft(x,nfft);
X = X(1:nfft/2);
mx = abs(X);
f = (0:nfft/2-1)*Fs/nfft;
amplitude(i) = max(mx/nfft);
samplingFrequency(i) = i;
clear t nfft x
end
amplitude = amplitude’;
figure
plot(samplingFrequency,amplitude,’.’,’Color’,[0,0,0])
xlabel(’Number of points in frequency domain’)
ylabel(’Amplitude of the 5Hz component’)

%% Variable nfft and Fs
fs = 5;
for i = 2:2:2000
nfft = i;
Fs = i;
t = 0:1/Fs:1;
x = 13*cos(2*pi*t*fs);
X = fft(x,nfft);
X = X(1:nfft/2);
mx = abs(X);
f = (0:nfft/2-1)*Fs/nfft;
amplitude(i) = max(mx/nfft);
samplingFrequency(i) = i;
clear t nfft Fs x
end
amplitude = amplitude’;
figure
plot(samplingFrequency,amplitude,’.’,’Color’,[0,0,0])
xlabel(’Number of points in frequency domain=Sampling frequency’)
ylabel(’Amplitude of the 5Hz component’)
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As it can be seen in Figure 7.3, both FFTs have four peaks at 5, 10, 20 and 50 Hz.
Nevertheless, the FFT of the second signal reveals some minor peaks around the
mentioned ones. This somehow shows the difference between the nature of two signals
while it is possible to actually differentiate them when only the spectrum is analyzed.
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Figure 7.3 (a) The first signal containing the frequencies 5, 10, 20 and 50 Hz at
all instants, (b) the second signal containing the frequencies 5, 10, 20
and 50 Hz at specific instants, (c) FFT of the first signal and (d) FFT
of the second signal
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A time-domain demonstration of the signals is certainly needed for a clear under-
standing of the problem. Thus, it is concluded that the FT is not a good tool to
analyze the transient signals and to realize how they are affected by various frequency
components. The first effort to deal with this issue is to use the STFT whose MATLAB
code is called STFT.

7.3 Short-time Fourier transform

In the previous section, it was observed that the FT is not capable of correctly
revealing a nonstationary or transient signal behavior. The simplest way of tackling
this problem is to take one small period of the signal and apply the FT to that part as
a nonstationary signal is locally stationary during short periods of time unless a
highly time-variant signal is to be analyzed. For example, Figure 7.3(b) shows a
signal which is stationary within every period of 0.5 s. Therefore, the signal can be
divided into substationary shorter signals by applying windows to it. It is crucial to
choose a proper window length so that the subsignals are certainly stationary within
the window length.

Considering the above-mentioned points, it is seen that there is no much dif-
ference between the FFT and STFT. The main difference is that in the STFT, the
signal splits into several stationary subsignals. For this purpose, a window function
called w whose length in time is equal to the minimum length required for having
the stationary signal assumption is used. Doing so, the STFT is expressed as
follows:

STFTW
x t; fð Þ ¼

Z þ1

�1
x tð ÞW � t � tð Þe�j2pftdt (7.14)

where x(t), w, f and t are the input signal, the window, the frequency and the
temporal variable, respectively. In fact, the STFT is the same as the FFT of the x(t)
to which the window has been applied. The window function is multiplied by the
input signal, and the corresponding FFT is calculated. Then, the window is shifted
toward positive instants by t, and the FFT is again applied to the multiplication of
the new part of x(t) and the window. Therefore, for every pair of f and t, the STFT
is calculated. The approach is demonstrated in Figure 7.4.

Focusing on the STFT formulation, it is obvious that the STFT is a kind of
time-frequency transform as there are two independent outputs, i.e., the time and
the frequency. Thus, the STFT can be shown in a 3D coordinate whose x and y axes
are the time and the frequency, respectively, and the amplitude of the components
are assigned to the z-axis.

It is worth noting that the resolution in frequency domain obtained by a simple
FFT is usually high enough. In the similar fashion, the time-domain values of
the input signal have been already known. Therefore, the time-domain resolution is
also fine. Moreover, we should know that the term producing an acceptable
frequency-domain resolution of the FFT is the exponential term e�j2pft which is
expanded from minus infinity to plus infinity. However, in an STFT, the window
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length is finite which degrades the resolution. Hence, we might not end up with a
clear understanding of the frequency components. This means that it is not usually
possible to extract the exact values of the frequencies present in the signal. How-
ever, only one frequency range is available. This causes a lower quality of the time-
frequency resolution of the STFT compared to the FFT. The larger the window
length is, the more the STFT looks like to the FFT. In other words, increasing the
window length increases the frequency resolution of the STFT output while a
smaller window improves the time resolution of the STFT output. The window
length is always fixed in an STFT; hence, there should be a trade-off between the
time and frequency resolutions. Improving both is not possible at the same time.

In order to become more familiar with the STFT, two examples, i.e., the STFT
of a chirp and a saw-tooth signals are provided (Figure 7.5).

The corresponding MATLAB code which utilizes the function ‘‘spectrogram’’
to calculate the STFT is explained in Table 7.4.

7.4 Multiresolution analysis

The problem of a fixed resolution of the STFT can be justified by the Heisenberg
uncertainty principle. According to this principle, it is not possible to have an exact
time-frequency demonstration of a signal. However, the only understandable thing
is the approximate frequency band of the signal. This directly affects the frequency
resolution. Although the issues associated with the time and frequency resolutions
are caused by a physical phenomenon and are independent of the type of transform
used, an alternative analysis which is called (multiresolution analysis) might be
utilized. This concept helps develop a new type of transform called the WT.

Multiresolution analysis means that the signal is analyzed using different
levels of resolution implemented by applying various window lengths. Therefore,
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Figure 7.4 Demonstration of windowing approach applied to a nonstationary
signal
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Figure 7.5 (a) Time-domain variation of a chirp signal, (b) 2D STFT of chirp
signal, (c) 3D STFT of chirp signal, (d) time-domain variation of a
sawtooth signal (e), 2D STFT of sawtooth signal and ( f ) 3D STFT f
sawtooth signal

340 Fault diagnosis of induction motors

www.ebook3000.com

http://www.ebook3000.org


Time (s)(d)

(e)

(f)

–1
0 0.005 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.050.01

–0.5

0

0.5

1
Fu

nc
tio

n 
va

lu
e

Normalized frequency (×� rad/sample)

Normalized frequency (×� rad/sample)

10

20

30

40

50

60

Sa
m

pl
es

–50

–40

–30

–20

–10

0

Po
w

er
/fr

eq
ue

nc
y 

(d
B

/ra
d/

sa
m

pl
e)

0 0.2 0.4 0.80.6 1

60
500

Samples

0.2 40
0.4 30

–40

0.6 200.8
1

–20
0

–50

–40

–30

–20

–10

0

Po
w

er
/fr

eq
ue

nc
y 

(d
B

/ra
d/

sa
m

pl
e)

Figure 7.5 (Continued )
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Table 7.4 STFT code2

%% Chirp signal
t = 0:0.001:2;
x = chirp(t,100,1,200,’quadratic’);
plot(t,x)
xlabel(’Time(s)’)
ylabel(’Function value’)
fig = gcf;
set(0,’DefaultFigureWindowStyle’,’normal’)
set(fig,’Position’, [500 300 600 300]);
box on
ax = gca;
ax.LineWidth = 2;
ax.FontSize = 10;
ax.FontAngle = ’normal’;
ax.FontWeight = ’Bold’;
figure
spectrogram(x,128,120,128,1e3)
fig = gcf;
set(0,’DefaultFigureWindowStyle’,’normal’)
set(fig,’Position’, [500 300 600 300]);
box on
ax = gca;
ax.LineWidth = 2;
ax.FontSize = 10;
ax.FontAngle = ’normal’;
ax.FontWeight = ’Bold’;

%% Saw-tooth signal
t = 0:.0001:0.05;
x = sawtooth(2*pi*50*t);
plot(t,x)
xlabel(’Time(s)’)
ylabel(’Function value’)
fig = gcf;
set(0,’DefaultFigureWindowStyle’,’normal’)
set(fig,’Position’, [500 300 600 300]);
box on
ax = gca;
ax.LineWidth = 2;
ax.FontSize = 10;
ax.FontAngle = ’normal’;
ax.FontWeight = ’Bold’;
figure
spectrogram(x,128,120,128)
fig = gcf;
set(0,’DefaultFigureWindowStyle’,’normal’)
set(fig,’Position’, [500 300 600 300]);
box on
ax = gca;
ax.LineWidth = 2;
ax.FontSize = 10;
ax.FontAngle = ’normal’;
ax.FontWeight = ’Bold’;

2http://www.mathworks.com/help/signal/ref/spectrogram.html (access date: October 2016).
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unlike the STFT, different frequency components will be treated differently. The
goal is to have a good time-resolution and rather proper frequency-resolution
assigned to higher frequencies and a rather good time-resolution and good
frequency-resolution assigned to lower frequencies.

7.5 Wavelet transform

The continuous WT (CWT) is an alternative to the STFT and its goal is to over-
come the shortcomings associated with the STFT. In fact, the poor quality of the
STFT resolution is dealt with by means of the concept of the CWT. In the wavelet
analysis, the signal is multiplied by a function (wavelet) which plays the role of a
window discussed in the previous section. Likewise, the wavelet is applied to dif-
ferent subsignals which are obtained by splitting the main signal into many.
However, there are two major differences between the STFT and the CWT as
follows:

● In the CWT, the FT is not applied to the wavelet; hence, the individual peaks
corresponding to one sinusoid are not calculated.

● In the CWT, the variation of the window length is the same as that of the
frequency components. This is the main feature of the WT.

On this basis, the WT is formulated as follows:

CWTy
x t; sð Þ ¼ Yy

x t; sð Þ ¼ 1ffiffiffiffiffi
sj jp Z þ1

�1
x tð Þy� t � t

s

� �
dt (7.15)

where t and s are the translation and scaling parameters, respectively. The trans-
lation concept is the same as the time-domain shifting process in the STFT and
defines the amount of displacement of the window. Obviously, the translation
consists of the signal information in the time-domain. However, unlike the STFT,
there is no frequency parameter in the CWT. Instead, there is a new parameter
called s which is inverse proportional to the frequency. In other words, s ¼ 1=f � y
is the window function and called the mother wavelet. The reason for using the
term ‘‘wavelet’’ in this transform is the short length of the window function. The
mother wavelet is a prototype used for producing other windows.

Scaling, as a mathematical operator, shrinks or expands the signal. Thus, for
larger values of scaling parameter, the details are more visible. It should be noted
that the parameter s is the denominator of the CWT which leads to the signal
expansion if s > 1 and vice versa.

7.5.1 Resolution in time-frequency map
This section provides a more comprehensive insight into the time-frequency reso-
lution of a CWT. Figure 7.6 demonstrates the concept of resolution in time, fre-
quency and time-frequency maps. In a time-frequency map, every rectangular map
has a nonzero area, conveying the idea that an accurate time or frequency resolution
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is not available. Reducing the width of the boxes to a value close to zero increases
the resolution while in an STFT, it is somehow impossible to have a high resolution
in time and frequency at the same time. All the points located inside one box are
dealt with the same wavelet or window.

According to Figure 7.6, as the size of the boxes are fixed and the same in the
STFT, the whole time-frequency map has a uniform resolution. However, in the
WT, the width and height of the boxes change, while the area is fixed. Therefore,
every box represents a fixed area of the time-frequency map. In lower frequencies,
the height of the boxes is smaller than that of the region corresponding to higher
frequencies. As a result, the time resolution gets worse. It is noteworthy that the
area of the boxes depends on the type of mother wavelet. It can be mathematically
proved that the minimum value of the area should be equal to p=4 regardless of the
type of mother wavelet. In this section, the main idea of the WT is provided.
However, some mathematical developments required for preparing the bases are
discussed first.

Assume that we have a space vector v containing linearly independent vectors,
i.e., v. The vectors v are such that they can be formulated as a linear combination of
the other vectors in the space V. So the demonstration of each vector, i.e., v, is as
the following:

v ¼
XN

k¼1

akbk (7.16)
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Figure 7.6 Resolution in (a) time, (b) frequency, (c) time-frequency for STFT and
(d) time-frequency for WT
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where bk is the vector in the space V, ak is the coefficient of the linear combination
and N is the dimension of the space. Similarly, the concept can be extended to a
function version by replacing the vectors bk by some function forms. As a result,
f (t) is expressed as follows:

f tð Þ ¼
XN

k¼1

akfk tð Þ (7.17)

As it was noticed before, complex exponential functions, are the bases for com-
puting the FT. In addition, these functions are orthogonal; hence, it is possible
rebuilt the original time-domain signal by means of the components in the fre-
quency domain. If we assume that f (t) and g(t) are two orthogonal functions, the dot
product of these two functions is equal to

< f tð Þ; g tð Þ >¼
Z

f tð Þg� tð Þdt (7.18)

Accordingly, the CWT can be reformulated as a dot product of the signal x(t) and a
function:

CWTy
x t; sð Þ ¼ Yy

x t; sð Þ ¼ 1ffiffiffiffiffi
sj jp Z þ1

�1
x tð Þy� t � t

s

� �
dt ¼ hx tð Þ;yt;s tð Þ i

(7.19)

in which

yt;s tð Þ ¼ 1ffiffiffiffiffi
sj jp y

t � t
s

� �
(7.20)

Using the definition provided above, the WT is, in fact, like measuring the simi-
larity of the signal x(t) and mother wavelet. By the similarity, we mean the common
frequency components. In other words, the coefficients of the WT are an indication
of how close the signal x(t) is to the wavelets. Therefore, if x(t) includes a fre-
quency component similar to one of the wavelets used for calculating the WT, the
corresponding wavelet will be the main factor in extracting the expected frequency,
so the coefficient of that wavelet will be larger. The ak corresponding to the
orthogonal functions are:

ak ¼ hf tð Þ;fk tð Þi ¼
Z

f tð Þf�
k tð Þdt (7.21)

Having calculated the coefficients, the function f (t) can be rebuilt as follows:

f tð Þ ¼
XN

k¼1

akfk tð Þ ¼
XN

k¼1

hf tð Þ;fk tð Þifk tð Þ (7.22)

Signal-processing techniques utilized in fault diagnosis procedures 345



The following are two types of very well-known mother wavelets

Mexican Hat wavelet

y tð Þ ¼ d2

dt2

1ffiffiffiffiffiffi
2p

p
s

e
�t2

2s2

� �
¼ 1ffiffiffiffiffiffi

2p
p

s3
e
�t2

2s2
�t2

s2
� 1

� �� �
(7.23)

And

Morlet wavelet

y tð Þ ¼ e
jt
a � e

�t2

2s2 (7.24)

7.6 Inverse wavelet transform

In this section, the inverse WT is briefly explained, and the requirements of an
invertible WT are discussed mathematically. The WT is invertible if:Z

y tð Þdt ¼ 0 (7.25)

In order to satisfy (7.25), the mother wavelet must have an oscillating nature. Most
of the time, this rule is easily satisfied using ordinary mother wavelets regardless
of the wavelets being orthogonal or not. In this case, the inverse WT is as the
following:

x tð Þ ¼ 1
c2
y

ZZ
Yy

x t; sð Þ 1
s2
y

t � t
s

� �
dtds (7.26)

where cy is a constant and depends on the wavelet. The process of rebuilding the
signal highly depends on this term. Generally, this constant is called ‘‘Admissibility
constant’’ and is equal to

cy ¼ 2p
Z þ1

�1

ŷ xð Þj j2
xj j dx

 !1
2

< 1 (7.27)

in which, ŷ is the FT of the mother wavelet.

7.7 Discrete of wavelet transform

All the materials discussed so far in terms of the WT contribute to the continuous
form of the transform, and it is possible to apply them to a discrete signal which is
the one available in a computer. Therefore, it is necessary to implement a discrete
version of the WT. The concept is like the DFT; hence, the methodology is to
sample time-frequency map with the purpose of obtaining data distributed on the
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map discretely. Equally important, a uniform sampling process is the simplest and
the most straightforward way of dealing with this issue. Of course, in a WT, we can
have trade-off between the sampling rate and the scaling factor. In higher fre-
quencies, the sampling rate can be reduced regarding the Nyquist’s law. Therefore,
assuming that the sampling rate is equal to N1 for the scaling factor s1, the sampling
rate N2 related to a scaling factor s2 > s1 should be smaller than N1.

N2 ¼ s1

s2
N1 ¼ f1

f2
N1 (7.28)

Moreover, the Nyquist’s law can even be violated if rebuilding the original signal
is not the aim. For building a discrete WT, the parameter s should be discretized
using a logarithmic grading system. Then, the parameter of time is discretized
regarding the parameter s such that a different sampling rate is chosen for different
scaling factors. Figure 7.7 shows the discretization method applied to a WT.

Accordingly, the mother wavelet is discretized as follows:

yj;k tð Þ ¼ s�j=2
0 y s�j

0 t � kt0

� �
(7.29)

Using (7.29), the discrete form of the WT becomes equal to

Yyj;k
x ¼

Z
x tð Þy�

j;k tð Þdt (7.30)

Likewise, the inverse discrete WT is expressed as follows:

x tð Þ ¼ cy
X

j

X
k

Yyj;k
x yj;k tð Þ (7.31)

Although the mentioned discretized version of the WT can be handled by computers
and digital processors, it is not basically a discrete transform. In fact, the discrete

S

τ

2S

4S

Figure 7.7 Locations of the wavelets in a Dyadic grading process
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version is the sum of fundamental terms inspired by the CWT. This usually
introduces extra computational burdens and should be modified in a more efficient
way. An alternative which is based on the ‘‘subband coding’’ is proposed. The
underlying idea somehow looks like the continuous transform in which a specific
type of time-frequency representation is implemented using digital filters. It should
be remembered that the WT is the output of the convolution of frequency contents
of the input signal and wavelets. In the discrete version, filters with different cut-off
frequencies are applied to different scales. Then, by passing the signal through low-
and high-pass filters, different frequency contents of the input signal are analyzed.
The resolution is controlled by filters operations, and the scaling factor is controlled
using the down-sampling or up-sampling process. Usually, the change of variation
rate of samples is handled by a Dyadic network, using s0 ¼ 2 and t0 ¼ 1.

The process is initiated in the following trend. First, the input signal passes
through a low-pass digital filter whose impulse response is equal to h[n]. Therefore,
the output of the filter is equal to the convolution of the input and the impulse
response of the filter. As a result, all frequency components of the signal which are
larger than half of the maximum frequency present in the signal are removed. As
the maximum available frequency in the output of the filter is equal to p

2 rad, half of
the samples are removable. Thus, a proper output is achieved by removing every
two samples without losing a lot of information. A similar trend is applied to a
high-pass filter with the impulse response of g[n]. Therefore, two versions of the
filtered signal are available as follows:

yhigh k½ � ¼
X

n

x n½ � � g 2k � n½ � (7.32)

ylow k½ � ¼
X

n

x n½ � � h 2k � n½ � (7.33)

Doing so, the time-resolution becomes half while the frequency resolution is dou-
bled. The process can be repeated using the low-pass part of the signal by applying
the low- and high-pass filters to it. In each step, the time-frequency decreases while
the frequency resolution increases. Figure 7.8 shows a three-level implementation
of the mentioned process. The output coefficients of the low-pass filters follow the
initial signal curve. So the corresponding coefficients are called ‘‘Approximation.’’
The coefficients of the high-pass filters demonstrate the high-frequency details, so
they are called ‘‘Details.’’

The WT and its different implementations are available in MATLAB. So we
refer readers to the signal-processing toolbox of MATLAB for further information.
The following are some of the examples implemented in MATLAB.

Table 7.5 and Figure 7.9 show an example of the WT applied to a signal with
and without noise. Actually, Figure 7.9(a) and (b) illustrates a noise-free signal
along with the corresponding WT. In addition, Figure 7.9(a) and (b) shows the
same signal with a powerful noise level applied to it. The ‘‘rand’’ function is used to
have specific level of noise. The noise is present at all instants and it normally
affects higher frequency levels. So the WT of the noisy signal clearly proves this
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claim as the amplitudes of the wavelet coefficients are close to zero for the lower-
frequency band. Figure 7.9(b) shows a very good correlation between the WT
and the general behavior of the time-domain signal. The first pure sinusoidal part of
the signal which has a frequency of 32 Hz is of a moderate amplitude around
1 shown by the corresponding yellow color in Figure 7.9(b) between 0.1 and 0.3 s.
The largest amplitude is related to the frequency of approximately 20 Hz
(Figure 7.9(b)). Note that the word ‘‘approximately’’ should be used as if the ori-
ginal time-domain signal is not available, we have only a vague approximate of the
location of the expected frequency component in the time-frequency map. The WT
is not able to have high-frequency resolution like what is obtainable using FFT.
However, the frequencies can be detected clearly if a noise-free signal is in hand.
Otherwise, depending on the noise level, frequency components might or might not
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Figure 7.8 Decomposition of signal using wavelet
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Table 7.5 An example of wavelet transform

clc
clear
close all
%%
Fs = 1e3;
t = 0:1/Fs:2;
x = cos(2*pi*32*t).*(t>=0.1 & t<0.3) + exp(-t.^4).*sin(2*pi*64*t).

*(t>=0.7 & t<1)+...
4*exp(-t).*sin(2*pi*20*t).*(t>=0.9);

pplot(t,x,’color’,[0 0 0])
xlabel(’Time(s)’)
ylabel(’Function value’)
fig = gcf;
set(0,’DefaultFigureWindowStyle’,’normal’)
set(fig,’Position’, [500 300 600 300]);
box on
ax = gca;
ax.LineWidth = 2;
ax.FontSize = 10;
ax.FontAngle = ’normal’;
ax.FontWeight = ’Bold’;
figure
cwt(x,Fs)
fig = gcf;
set(0,’DefaultFigureWindowStyle’,’normal’)
set(fig,’Position’, [500 300 600 300]);
box on
ax = gca;
ax.LineWidth = 2;
ax.FontSize = 10;
ax.FontAngle = ’normal’;
ax.FontWeight = ’Bold’;

%%
figure;
Fs = 1e3;
t = 0:1/Fs:2;
x=cos(2*pi*32*t).*(t>=0.1&t<0.3)+exp(-t.^4).*sin(2*pi*64*t).

*(t>=0.7 & t<1)+...
4*exp(-t).*sin(2*pi*20*t).*(t>=0.9);

wgnNoise = .4*randn(size(t));
x = x + wgnNoise;
plot(t,x,’color’,[0 0 0])
xlabel(’Time(s)’)
ylabel(’Function value’)
fig = gcf;
set(0,’DefaultFigureWindowStyle’,’normal’)
set(fig,’Position’, [500 300 600 300]);
box on
ax = gca;
ax.LineWidth = 2;

(Continues)
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be masked. If they are masked by any kind of noise (Figure 7.9(a)), it is likely that
at least some frequencies are not detectable (Figure 7.9(d), the second term of the
signal oscillating at the frequency of 64 Hz). Nevertheless, the applied noise is very
powerful.

The STFT, together with WT, provides highly promising tools to analyze a
signal in the time-frequency domain. They each have their own advantages and
disadvantages in terms of the complexity of the implementation as well as the
quality of their outputs. However, they are both used to return a time-frequency
map in which the time-domain variations of different frequency components of a
signal are investigable. Although the frequency resolution is not as high as that of
the FT, we will end up with an acceptable discrimination between the frequency
components if a well-tuned time-frequency process is used. In general, there is no
way of having a 100% FT-like time-frequency transform which has the same
resolution as that of the FT. Even the other type of the time-frequency transforms
such as the HHT does not reveal a precisely detectable frequency components.
Nevertheless, there is still a lot of fields of study, especially those related to the
monitoring of things, which utilizes the existing approaches with no trouble as they
are somehow the only techniques available so far. We brought up the name of a
new time-frequency transform which has proved to be very useful in medical
application. This transform is a combination of a conventional mathematical map
called Hilbert transform and a recently developed empirical mode decomposition
(EMD) approach. It is called HHT whose basis is to decompose a signal into var-
ious energy levels including specific frequency band/range. It is noteworthy that
the mentioned transform, or processor, has widely been used in the diagnosis of
electrical machines since the past decade. Therefore, we think it should be inves-
tigated in this book as well as some of the significant works dealing with fault
diagnosis of inverter-fed machines rely on this type of transform. Therefore, it is

Table 7.5 (Continued)

ax.FontSize = 10;
ax.FontAngle = ’normal’;
ax.FontWeight = ’Bold’;
figure
cwt(x,Fs)
fig = gcf;
set(0,’DefaultFigureWindowStyle’,’normal’)
set(fig,’Position’, [500 300 600 300]);
box on
ax = gca;
ax.LineWidth = 2;
ax.FontSize = 10;
ax.FontAngle = ’normal’;
ax.FontWeight = ’Bold’;
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Figure 7.9 (a) Noise-free signal, (b) WT of noise-free signal, (c) noisy signal and
(d) WT of noisy signal
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highly proposed to check out the following section. The underlying concept is easy
to understand while comprehending the outputs is not as easy as that of the pre-
viously discussed techniques. Thus, we try to cover the corresponding technical
issue as much as possible.

7.8 Hilbert–Huang transform

Real signals, either those which are man-made or natural signals, usually represent
a nonstationary behavior at least for a specific period. Different motor faults are not
exceptions, and occurrence of any type of fault produces an incipient variation of
the motor signals, and then, although they might have a stationary or, in other
words, periodic steady-state operation, they are not the same as that of healthy
motors. Therefore, there is always a transition from healthy to faulty signals. This
kind of variation is known as ‘‘harmonic distortion’’ which might have either sta-
tionary or nonstationary trend. In the case of fault diagnosis procedure, this dis-
tortion has certainly a physical and mathematical meaning. Furthermore, the
processed signals in time, frequency or even time-frequency domains obtained by
the previously mentioned transforms have a mathematical meaning. The physical
meaning of any distortion of a physical signal is hidden in the instantaneous fre-
quencies of the signal. ‘‘Instantaneous frequency’’ is defined as the time-domain
variation of frequency components of a signal. The HHT directly deals with the
instantaneous frequencies of a signal revealing the variation of specific frequency
bands during specific period. The basis of the HHT is to use the Hilbert transform,
which is discussed below, to extract the instantaneous frequencies first. This is
handled by calculating the complex conjugate of the signal x(t), called y(t).

H x tð Þ½ � ¼ y tð Þ ¼ 1
p

PV

Z þ1

�1

x tð Þ
t � t

dt (7.34)
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where PV is the principle value of a singular integral. Then, the signal z(t) is formed
as follows:

z tð Þ ¼ x tð Þ þ jy tð Þ ¼ a tð Þejq tð Þ (7.35)

in which

a tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
(7.36)

q tð Þ ¼ arctan
y

x

� �
(7.37)

where a tð Þ and q tð Þ are the instantaneous amplitude and phase functions, respec-
tively. Simply, the instantaneous frequency is calculated by taking the derivate of
q tð Þ with respect to time.

w ¼ dq
dt

(7.38)

Focusing on the Hilbert transform, we will find out that (7.34) is nothing but
the convolution of x(t) with the function ‘‘1/t.’’ Although Hilbert transform is useful
on its own, it is not capable of extracting a proper frequency information. There-
fore, it is normally combined with the EMD with the purpose of increasing the
frequency resolution. This really matters when a nonstationary signal is targeted.
Depending on the nature of the input signal and also some of the major adjust-
ments, the output might vary widely. Moreover, the type of decomposition used in
this method relies on some specific assumptions as follows:

● The input signal includes intrinsic mode functions (IMF) oscillating at specific
frequency.

● Each IMF has the same number of extrema and zero-crossings.
● The oscillation should be symmetric around the mean value of the IMF.

The mentioned oscillatory modes, i.e., IMFs, follow the following rules:

● The number of zero-crossings and the number of extrema must be equal or
differ at most by one.

● The mean value of the point of the positive and negative envelopes formed by
the maxima and minima, respectively, must by zero.

The above definitions indicate a function which looks like a harmonic function, i.e.,
a sinusoid, in the time domain. The difference is that unlike a simple harmonic
function, an IMF generally includes all functions with a possibly variable ampli-
tude or frequency.

The basis of the EMD is the calculation of the time variations of a phenomenon
or signal and presentation of its variations over different frequencies. The input
signal is then decomposed into IMFs calculated using a sifting process shown in
Figure 7.10.
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The positive and negative envelopes extracted from the extrema points are
determined by the spline interpolation. x(t), r, m, h, n and c are the input signal or
the stator single-phase current, residual function showing the last calculated IMF,
negative and positive envelops of the signal, difference between the input signal in
every stage with m, number of IMF and final IMF in every stage, respectively.

The mean value of the two envelops are subtracted from the fundamental
signal, and the existence of the IMF is investigated. If this condition is not satisfied,
the signal x(t) is substituted by h, and this process continues until the condition (h is
an IMF) is satisfied. As the input signal has been already discretized, calculations

Input signal x(t)

r – x(t), n = 1

x(t)

Identification of local extrema

Construction upper envelope emax and lower envelope emin
using the spline interpolation method

m = (emax + emin)/2

h = x(t) – m

h is an IMF

n = n + 1, c(n) = h, r = r – c(n)

r is a monotonic function

Yes

Yes

x(t) = Re ai(t) exp j∫
t

–∞ ωi(t)dt

Applying Hilbert transform to IMFs

No x(t) = h

No

IMF

x(t) = r

∑ ⎝
n

i=1

⎛ ⎝
⎛

⎝⎛⎝⎛

Figure 7.10 Empirical mode decomposition
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are done numerically. Therefore, satisfying both IMF conditions is not possible,
and a criterion is considered to stop the loop of condition holding (Equation (6)).
The following standard deviation (SD):

SD ¼
XT

t¼0

ðhðn�1ÞðtÞ � hnðtÞÞ
		 		2

h2
ðn�1ÞðtÞ

" #
(7.39)

must be relatively small, where n is the iteration number and c is the IMF obtained
at nth step. The value of SD depends on the quality of the required frequency
separation. As the dominant frequency of the supply is not high and fault harmonics
have separable difference with the fundamental harmonic, SD can be chosen large.
Hence, iterations number and consequently IMFs evaluation time are reduced.
IMFs are calculated up to point in which r or s residual signal becomes a monotonic
function. Consequently, the fundamental signal is decomposed into different fre-
quencies. The first IMF has the highest and the last one has the lowest frequency
band. The fundamental harmonic component can be decomposed by IMF1, and
only the components triggered by the fault are preserved. It is noted that the number
of sampled points must be large enough. The resolution of the –HHT highly
depends on this number. The sampling frequency is determined such that the
frequency band of the IMF related to the fundamental frequency is limited to
0.5–1 Hz. SD must be chosen such that the IMF1 frequency band consisting of the
fundamental component of the current is large. So the EMD analysis finishes. Then,
the Hilbert transform is applied to every IMF and the last step where the instanta-
neous frequencies are extracted. Instead of applying the Hilbert transform to the
entire x(t), it is applied to the decompositions of x(t). Therefore, a more resalable
frequency resolution is obtained as the frequency bands are already separated by
means of the EMD. In the case of applying Hilbert transform to x(t), only one single
frequency band is obtained. So it might not be useful when the transients or
oscillations caused by faults are relatively smaller amplitudes compared to the
fundamental frequency of the input signal.

Finally, x(t) can be rebuilt by combining the real parts of the Hilbert transform
of the IMFs expressed as the following:

xðtÞ ¼ Re
Xn

i¼1

aiðtÞ exp i

Z t

�1
wiðtÞdt

� � !
(7.40)

Note that the last IMF obtained when the stopping criterion is met, is called the
‘‘residual.’’ The residual consists of the lowest frequencies of the signal while the
first IMF includes the highest frequencies in it. It is normally a monotonic function
of time.

There are two influential factors in determining the quality of the IMFs;

● the SD: increasing this value leads to a faster calculation process while the
sifting process may not be accurate enough.

● the number of IMFs: increasing the number of IMFs means that a better
decomposition is performed.
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One of the disadvantages of the HHT is the marginal effect observable in the
output of the process. If the sampling period is smaller than one cycle of the
expected frequency component, the marginal effect might totally deform the cor-
responding IMF shape, producing an ambiguous signal. On the other hand, if there
are different types of faults whose related frequencies are close to each other, the
HHT will not be able to decompose them unless the corresponding amplitudes
differ a lot. The HHT works very well in the case of nonstationary signals; how-
ever, its application to stationary signals is still valid.

Table 7.6 shows the MATLAB code for the HHT. Using this code, an example
of a transient signal consisting of one pure sinusoid and one exponentially decaying
sinusoid with the frequencies of 30 and 60 Hz, respectively, are processed with the
purpose of demonstrating the application of the HHT to a transient signal. The code
shown in Table 7.6 is used for extracting the corresponding IMFs of the signal
coded in Table 7.7.

Figure 7.11 shows the six IMFs obtained by applying the HHT to the signal
described in Table 7.7. Note the following features extracted from this figure:

● There is an exponentially vanishing part at the very initial instants. This is the
transient part of the signal, and it vanishes when the amplitude of the expo-
nential term becomes relatively small compared to the other term. This happens
at around t ¼ 1.2s. There is a significant change in the IMF1, IMF2 and IMF3.

● The IMF1 consists of the highest frequency components of the signal which
have the dominant amplitudes.

● The IMF2 consists of the smaller frequencies compared to the IMF1. Up to t ¼
1.2s, the IMF2 has a considerable amplitude while its amplitude gets close to
zero as there is no more components within the frequency band which is
included in the IMF2. This is the nature of the HHT. Every IMF contains a
specific frequency band sorted from high to low regarding the order of IMFs,
1 to 6 in this study. The upper and lower limits of the frequency bands highly
depend on the nature of the input signal as well as the number of IMFs before
starting the process. The number of IMFs is a factor controlled by the user, so
for example, if it is equal to one, the IMF1 will be so similar to the input signal,
and it contains all the frequency components of the signal. In other words, no
decomposition is done. On the other hand, increasing the number of IMFs
might give a better resolution depending on the signal and the sampling rate.

● Even if the number of IMFs is increased to a value beyond the validity of the
condition of being an IMF, the maximum number of IMFs will be equal to
what satisfies the nonmonotonicity of the IMF. For example, in the case of the
investigated signal, the number of IMFs equal to 6 is the maximum available
value as the corresponding residual is a monotonic signal; hence, no more
decomposition will be done. This is handled automatically by the algorithm.

● A relatively large jump is observed in the IMFs, especially the IMF1, IMF2 and
IMF3 at the starting and ending instants. This is what we call marginal effect of
the HHT. So these jumps are of no interest at all as they are just numerical
errors and unreliable parts of the HHT output.
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Table 7.6 Hilbert–Huang Transform3

%%%%%%%%%%%%%%%%%%%%%%%% IMF calculations %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% x: Input signal
% t: Time vector
% imf: IMF of the input signal
% amplitude: Vectors of the Hilbert-transform amplitudes
% theta: Instantaneous positions
% w: Instantaneous frequencies
% t2: Time vectors of instantaneous frequencies
function [imf plot_array amplitude theta t2 w] = vHHT(t,x,imf_number)
close all
clc
main=x; % storing the main data
n_imf=1; % number of intrinsic mode functions
while(n_imf<=imf_number)

h1=x;
SD=Inf; % SD: primary value of stoppage criteria

iter=1;
while (SD> 0.5) || ~IMF(h1)

positive_peak=vfindpeaks(t,h1); % local maxima envelope production
negative_peak=-vfindpeaks(t,-h1); % local minima envelope production
m=(positive_peak+negative_peak)/2; % mean value of local maxima and minima envelopes
h11=h1-m; % IMF component calculation
SD=sum((h1-h11).^2)/sum(h1.^2); % SD calculation
h1=h11;
if(iter>1000)

break;
end
iter=iter+1;

end
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imf(n_imf,:)=h1; %IMF component
x=x-h1; % residue component
n_imf=n_imf+1;

if(monotonic(x)==1)
break;

end
end
k=floor((n_imf-1)/4)+1;
k1=1;
plot_array(1,:)=main;
plot_array((2:n_imf),:)=imf(:,:);
plot_array(end+1,:)=x; %final residual
[amplitude theta t2 a2 w]=HHT_plot(t,plot_array);
Hspectrum(t2,a2,w);
end

% %%%%%%%%%%%%%%%%%%% Check if the function is an IMF %%%%%%%%%%%%%%%%%%%% function tf = IMF(signal)

d=diff(signal);
ppeak=zeros(1,length(d));
j=1;
for i=1:length(d)-1

if(d(i)>0)&&(d(i+1)<0)
ppeak(j)=signal(i+1);
j=j+1;

elseif(d(i)==0)&&(d(i+1)<0)
ppeak(j)=signal(i+1);
j=j+1;

end
end

(Continues)



Table 7.6 (Continued)

ppeak=ppeak(1:j-1);
%d=zeros(1,length(signal));
d=diff(-signal);
j=1;
npeak=zeros(1,length(d));
for i=1:length(d)-1

if(d(i)>0)&&(d(i+1)<0)
npeak(j)=signal(i+1);
j=j+1;

elseif(d(i)==0)&&(d(i+1)<0)
npeak(j)=signal(i+1);
j=j+1;

end
end
npeak=npeak(1:j-1);
N=length(signal);
n1=length(ppeak)+length(ppeak);
n2=sum(signal(1:N-1).*signal(2:N)< 0);
if abs(n1-n2)> 1

tf = 0;
else

tf = 1;
end
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%% find envelopes %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
function xx = vfindpeaks(t,x)
d=zeros(1,length(x)-1);
d=diff(x);
peak=zeros(2,length(x));
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peak(1,1)=t(1);
peak(2,1)=x(1);
j=2;
for i=1:length(d)-1

if(d(i)>0)&&(d(i+1)<0)
peak(1,j)=t(i+1); %peak(1,:)= time array
peak(2,j)=x(i+1); %peak(2,:)= value array
j=j+1;

elseif(d(i)==0)&&(d(i+1)<0)
peak(1,j)=t(i+1); %peak(1,:)= time array
peak(2,j)=x(i+1); %peak(2,:)= value array
j=j+1;

end
end
peak(1,j)=t(end);
peak(2,j)=x(end);
%xx=spline(peak(1,:),peak(2,:),t);
xx = spline(peak(1,1:j),peak(2,1:j),t);
end
%%%%%%%%%%%%%%%%%%%%%%%%% if the function is monotonic %%%%%%%%%%%%%%%%%%%%
function u = monotonic(x)
u1 = length(findpeaks(x))*length(findpeaks(-x));
if u1>0

u=0;
else

u=1;
end
end
%%%%%%%%%%%%%%%%%%%%HHT plot%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
function [amplitude theta t2 a2 w2] = HHT_plot(t,x)
[a b]=size(x);
if(floor(a/5)==(a/5))

fn=(a/5);

(Continues)



Table 7.6 (Continued)

else
fn=floor(a/5)+1;

end
k=1;
for i=1:fn

figure
for j=1:5

if(j+k-1>a)
break;

else
subplot(5,1,j),plot(t,x(j+k-1,:));
end

end
k=k+5;

end
figure,subplot(2,1,1),plot(t,x(1,:)),title(’Original signal’)
subplot(2,1,2),plot(t,sum(x(2:end,:)));title(’Sum of IMFs and final residual’)
amplitude=zeros(a-2,length(x));
theta=zeros(a-2,length(x));
w=zeros(a-2,length(x)-1);
for i=2:(a-1)

amplitude(i-1,:)=abs(hilbert(x(i,:)));
theta(i-1,:)=angle(hilbert((x(i,:))));
w(i-1,:)=(diff(theta(i-1,:))/(t(2)-t(1)));
k1=find(w(i-1,:)>0);
%plot(t(1,1:(length(t)-1)),w(i-1,:),’.’,’MarkerSize’,3)
%hold all

end
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% ylim([0 100000])
t2=t;
a2=amplitude;
w2=w;
end

%%
function Hspectrum(t,amplitude,w)
figure
t=t(1:length(t)-1);
w=w/2/pi;
a=abs(amplitude(:,1:length(t)));
s=pcolor(t,w,a);
set(s,’FaceColor’,’none’,’EdgeAlpha’,[0],’Marker’,’.’,’MarkerSize’,[4],’EdgeColor’,’flat’);
%xlim([0 1]);
ylim([0 1000]);
xlabel(’Time(s)’);
ylabel(’Frequency(Hz)’);
colorbar;
h = gca;
set(h,’Color’,[1 1 1]);
title(’HilbertHuang Spectrum’);
end

3https://www.mathworks.com/matlabcentral/fileexchange/19681-hilbert-huang-transform (access date: October 2016).



Table 7.7 An example of the HHT of a transient signal

clc
clear
close all
%%
t = 0:.0001:5;
x = 5*sin(2*pi*30*t)+8*exp(-t).*sin(2*pi*60*t);
[imf plot_array amplitude theta t2 w]=vHHT(t,x,6);
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Figure 7.11 IMFs of x tð Þ ¼ 5 sin 2p� 30 � tð Þ þ 8e�t � sin 2p� 60tð Þ
considering six IMFs
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Now, the Hilbert–Huang spectrum, which is the demonstration of the instan-
taneous frequency over the sampled period, is illustrated in Figure 7.12. The
noticeable point in this figure is that there are some undesirable peaks caused by a
low sampling rate. This means if an appropriately large sampling rate/frequency is
used, the peaks will be eliminated. The correct value of the sampling rate depends
on the largest frequency existing in the signal.

In this chapter, four significant signal-processing tools were discussed in detail
with the purpose of providing a solid background for the next chapters in which the
mentioned tools are going to be used as mediums for extracting fault features.
In particular, we focused on the FT, the STFT, the WT as well as the HHT.

The FT is used to process the stationary signals representing motors behavior
in a steady-state operation. The FT has a very precise frequency resolution,
although it has nothing to do with the time-domain information of signals. What
we will obtain from the FT is frequency-wise implication of the motor signals
regardless of the time-dependent variations of various frequency components.
Equivalently important, almost all the analytical formulations in terms of the fault
features investigated so far were based on the steady-state operation of motors. This
is the most important practice in fault diagnosis efforts as extracting features in a
nonstationary or transient operation is often based on what we have already inferred
from the steady-state operation analysis.

On the other hand, the other three transforms, namely the STFT, the WT and the
HHT are all useful to monitor signals variations in a time-frequency map leading to a
detailed understanding of not only potential fault-related frequency components but
also the correct instants at which fault occurs and evolves. This is a major issue in
medium- and high-power motors operating in start–stop applications such as hybrid
vehicles. The significant point is that these transforms require a relatively large
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period of motor transient signals to be present during the process of the signal.
Otherwise, the time resolution will not be appropriate. This is why a high-inertia load
is usually connected to the motor shaft where it is tried to experiment the transient
faulty behavior. This problem will be further discussed in the next chapters.
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Chapter 8

Diagnosis of broken bars fault
in induction motors

8.1 Introduction

Having discussed the fundamentals of induction motors with broken bars fault and
explained how the breakage affects the motor electromagnetic and mechanical
properties, the diagnosis approaches and the fault indices along with the corre-
sponding specifications including:

● implementation method (offline or online) [1–15]
● the ability to be applied to line-start and inverter-fed motors [16–33]
● the nature of the fault (invasive or noninvasive) [34–50]
● being fault-location-sensitive location-sensitive or not [51–67]
● the ability to diagnose the fault over a wide range of motor load [68–81]
● being load-sensitive or not [82–95]
● being speed-sensitive or not [96–105]
● being bandwidth-sensitive or not [106–118]

are going to be discussed in detail with the purpose of introducing a comprehensive
diagnosis process. There are also other specifications of the diagnosis approaches
which will be introduced and explained in this chapter.

On the other hand, different types of motor supplies play significant role in the
fault diagnosis process. These supplies can be divided into two main categories: (1)
line-start and (2) inverter-fed mode. The second category uses both open-loop and
closed-loop control strategies. In line-start mode, a pure sinusoidal supply voltage is
applied to the motor while in inverter-fed mode, the supply voltage contains various
harmonics. In the first case, the motor variables directly depend on the load level,
but in the inverter-fed mode, electrical and mechanical variables are controllable;
therefore, fault detection is more complicated. The reason is that the number of
effective factors in fault diagnosis process increases considerably. The major influ-
ential factor is the high-frequency switching supply voltage, which amplifies the core
saturation level and causes more distortion in the air gap flux density. In an inverter-
fed motor in which the motor speed is controllable regardless of the motor slip, the
characteristics of the rotor broken bar indices, which depend on the motor slip, is
different from that of the line-start mode. Moreover, the electromagnetic torque is
adjusted independent of the speed, using the capability of changing amplitude and
frequency in inverter-fed mode. The saturation profile again changes upon the change



of amplitude of the supply and frequency. On the basis of the above discussions,
selecting a proper signal, which merely consists of the fault-related information, is
inevitable in precise fault diagnosis process. On the other hand, a proper processor
must be used for diagnosis. Although all the motor variables reflect the fault effects,
some of them such as air gap flux density are not easily measurable, or some such as
torque may have less sensitivity to the fault. For magnetic flux, the use of a search coil
is the most reliable method. This coil is inserted in the stator slot and therefore it is an
invasive technique. As the complete motor behavior depends on the air gap magnetic
flux, the flux method can be considered as the most reliable technique. As the search
coil must be placed inside the motor frame, sampling the flux is not as easy as the
motor current, voltage, torque and speed.

Taking the above-mentioned specifications into account, one can conclude that
not all the diagnosis approaches and indices introduced so far in the literature are able
to cover all the practical situations encountered in an industrial environment. For
instance, the amplitude of the sideband components which is the direct outcome of the
broken bars fault is not able to return the fault features in a light-load level if a pure
Fast Fourier Transform (FFT) is used. This conveys the idea that although the fault-
related components do exist in the motor quantities as soon as the fault occurs, they
may not be detected in some certain conditions. Therefore, sometimes it is proposed
to analyze a signal other than the motor current, for example, the flux density which is
more sensitive to the fault than the motor current. However, measuring the flux
density requires an invasive process leading to a more complex diagnosis scheme.

On the other hand, some quantities such as the torque and flux of the motor are
smoothly controlled where a closed-loop application is used as there is a direct closed
flux or torque loop, whether sensor-less or with sensor. Therefore, it is going to be
demonstrated that the fault-related components are also damped by means of the closed
loops. Therefore, the fault features might not be properly reflected into the motor
torque or flux signals, leading to a decision based on which other signals such as the
motor current should be targeted. Moreover, the presence of a drive affects the fault
diagnosis procedure, depending on the drive adjustments including the PI controller
and its bandwidth. It is also shown that the proportional and integral gains of the PI
controller apply changes to the amplitude of both sideband components of the motor.

Considering the mentioned points, the fault diagnosis procedure be a rather
sophisticated task depending on different operating conditions. The bottom line of
this procedure is to investigate various possible conditions and check for their effects
on the detection, determination and diagnosis process and then devise a plan to
introduce a comprehensive procedure. Certainly, the procedure cannot be a single
routine which allows to diagnose the fault, using one specific motor signal, fault
feature and also diagnosis process. What is needed is a multilevel procedure taking
advantage of different motor signals, the drive signals, the signal processing techni-
ques, the fault indices and the fault features. This is applied to all kinds of faults, and
the corresponding knowledge is not achievable unless variety of operating conditions
are explored and investigated. Therefore, this is the focus of this chapter as well as the
next two chapters focusing on the eccentricity and short-circuit faults.

A promising way of diagnosing the fault is the frequency-domain analysis
of the motor variables. This analysis is more qualified than the time-domain analysis.
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The reason is the presence of harmonic components of the different faults at different
frequency patterns which is not the case in time-domain analysis. Nevertheless, the
indices, neither in time domain nor in frequency domain, are addressed to be fully useful
under every operating condition. So being familiar with and knowing the situations in
which an index could be used, is very important in practice. On the other hand, com-
bination of the time and frequency analysis provides an easy and reliable method to
diagnose the fault even in the worst operating conditions including the transient periods.

Although all motor variables are affected by the fault, it is necessary to choose
a proper method enabling accurate detection, determination and diagnosis of the
fault degree upon the alternation of various influential quantities such as load and
speed levels. Besides, not all the diagnosing methods are easily applicable in any
operating environment. For example, in a noisy environment, an acoustic signal for
condition monitoring is not recommended. The other restriction is the type of
sensor used for sampling a specific signal. The sensor could be used in invasive or
noninvasive manner. For invasive method, considering a very pure way of con-
necting the sensor to the motor is crucial because the sensor itself could be a reason
of producing error in diagnosing procedure.

As discussed above, there are a lot of influential factors affecting fault detec-
tion process. Without considering the above factors, any effort is definitely useless
because the output is probably not reliable. In addition, the literature has mostly
focused on a specific index under a particular operating condition which simplifies
the fault diagnosis process. So a practitioner who needs to know the details will be
obviously mislead through the diagnosis procedure. So therefore, providing a
general basis for the users is necessary in terms of various indices and their cap-
abilities in different operating conditions. In this chapter, different fault indices are
investigated to address the above-mentioned issues.

This chapter aims at providing a qualitative diagnosis approach to the broken
bars fault by illustrating the time, frequency and time-frequency representations of the
motor signals for some specific fault levels at different operating conditions. Using
this, the way that the indices should be extracted from the representations are thor-
oughly discussed; then at some points, the quantitative analysis is provided by means
of numerical values of the index amplitudes in order to show how the index values
must be followed in a practical apparatus for having a precise diagnosis process.
Finally, we will move toward the next chapter which concerns the eccentricity fault,
and a more quantitative approach rather than a qualitative one is provided.

8.2 Motor current signature analysis (MCSA)

Assuming that a line-start motor is studied herein, the idea of supply voltage and
current signals can be formulated as follows:

V ¼ Vm sinðwstÞ (8.1)

Is ¼ Im sinðwst þ aÞ (8.2)

The broken bars fault introduces an improved sideband component with the frequency
pattern 2sfs where s is the slip, fs is the fundamental frequency and k is an integer.
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However, the supply voltage is fixed and not changed as a function of the fault.
Therefore, the motor current is expanded as the following [25,28,75]:

Is ¼ Im sinðwst þ aÞ þ Il1 sinðð1 � 2sÞwstÞ þ al1Þ þ Ir1 sinðð1 þ 2sÞwstÞ þ ar1Þ
þ Il2 sinðð1 � 4sÞwstÞ þ al2Þ þ Ir2 sinðð1 þ 4sÞwstÞ þ ar2Þ
þ Il3 sinðð1 � 6sÞwstÞ þ al3Þ þ Ir3 sinðð1 þ 6sÞwstÞ þ ar3Þ þ � � � (8.3)

where Ilk, Irk, a1k, ark (k ¼ 1, 2, 3, . . . ) are the amplitude of the left sideband
components, amplitude of the right sideband components, phase current angle of
left sideband components, phase current angle of right sideband components,
respectively. Extracting the components with the angular position of wst and
gathering them up in one group returns:

Is ¼ Im cosðaÞ sinðwstÞ þ Im sinðaÞ cosðwstÞ þ Il1

sinðwstÞ cosð2swst � al1Þ�
cosðwstÞsin ð2swst � al1Þ

" #

þ Ir1 sinðwstÞ cosð2swst þ ar1Þ þ cosðwstÞ sinð2swst þ ar1Þ½ �
þ Il2 sinðwstÞ cosð4swst � al2Þ � cosðwstÞ sinð4swst � al2Þ½ �
þ Ir2 sinðwstÞ cosð4swst þ ar2Þ þ cosðwstÞ sinð4swst þ ar2Þ½ �
þ Il3 sinðwstÞ cosð6swst � al3Þ � cosðwstÞ sinð6swst � al3Þ½ �
þ Ir3 sinðwstÞ cosð6swst þ ar3Þ þ cosðwstÞ sinð6swst þ ar3Þ½ � þ . . . (8.4)

Reformulating (8.4) leads to

Is ¼ sinðwstÞ
Im cosðaÞ þ Il1cosð2swst � al1Þ þ Ir1 cosð2swst þ ar1Þ
þ Il2 cosð4swst � al2Þ þ Ir2 cosð4swst þ ar2Þ
þ Il3 cosð6swst � al3Þ þ Ir3 cosð6swst þ ar3Þ þ . . . :

2
64

3
75

þ cosðwstÞ
Im sinðaÞ � Il1 sinð2swst � al1Þ þ Ir1 sinð2swst þ ar1Þ
� Il2 sinð4swst � al2Þ þ Ir2 sinð4swst þ ar2Þ
� Il3 sinð6swst � al3Þ þ Ir3 sinð6swst þ ar3Þ � . . . :

2
64

3
75

¼ sinðwstÞ Im cosðaÞ þ
X
k¼1

Ilk cosð2kswst � alkÞ þ Irk cosð2kswst þ arkÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
AðtÞ

2
66664

3
77775

þ cosðwstÞ Im sinðaÞ þ
X
k¼1

ð�IlkÞ sinð2kswst � alkÞ þ Irk sinð2kswst þ arkÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
BðtÞ

2
66664

3
77775

¼ AðtÞsinðwstÞ þ BðtÞcosðwstÞ (8.5)
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Therefore, the motor current signal is reformulated as follows:

Is ¼ A sinðwstÞ þ B cosðwstÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ B2

p
sin wst þ tan�1 A

B

� �� �
(8.6)

According to (8.6), the broken bars fault is reflected as a periodic oscillation into
the motor current envelope in the time domain. The frequency of the oscillations is
equal to 2ksfs, meaning that not only are the first-order sideband components,
which have the largest amplitudes, detected in the motor current, the higher order
components are also influential. Normally, the amplitude of the sideband compo-
nents increases by increasing the fault level in one location. Therefore, it is expected
to have a larger envelope oscillation in the time-domain variation of the current
signal. Figure 8.1 illustrates the stator current of an induction motor in a steady-state
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Figure 8.1 Stator current of an induction motor (a) healthy and (b) one broken bar
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operation. Figure 8.1(a) demonstrates a healthy motor and Figure 8.1(b) shows the
motor with one broken bar. The periodic oscillations of the current envelope are
clearly observed in Figure 8.1(b). As the term 2ksfs is a function of the motor slip, it
is expected to have a larger frequency of the oscillations if the motor load increases.
Besides, it will be shown that increasing the load level while fixing the supply
frequency leads to a considerable increase in the fault features.

The discussed time-domain variation of the motor current is the primary feature
of the broken bars fault. Other types of faults also have their own specific variations
depending on the fault-related components. Investigating the motor current, either in
the time or frequency domains, is called the motor current signature analysis
(MCSA) known as one of the best, not necessarily the most reliable, technique in the
fault diagnosis procedures. The reason for the widespread usage of this technique
might be the easiness of the corresponding measurements as it only requires non-
invasive and rather cost-effective sensors such as the current transducers. Moreover,
if a reliable shielded cable is used, the monitoring unit where technicians are located
can be far away from the motor location. This indeed facilitates the condition
monitoring process. More importantly, while the motor current signal is measured,
the fault-related data can be transferred using a well-tuned wireless transmission
equipment. Therefore, a wireless implementation is also possible. In terms of the
motor current, unlike the motor voltage, measuring the current is not subjected to a
considerable human health risk. This gives rise to the popularity of the MCSA.

The MCSA is not limited to the time-domain analysis of the motor current
signature, and it is indeed a more comprehensive concept including time, frequency
and time-frequency domains and the corresponding analysis. However, most of the
time, it is the sideband components and their amplitudes which are dealt with
during the MCSA. In the case of other types of faults, different harmonic compo-
nents are investigated. The MCSA also covers the inverter-fed applications
regardless of the type of the inverter and the control strategy. To clarify this issue,
look at Figure 8.2 illustrating the time-domain variation of the envelope of the
current for an inverter-fed motor in different fault levels including 0, 1 and 4 bro-
ken bars and two different speeds including 1500 and 700 rpm. It is noteworthy that
the frequency of oscillations is a function of the reference speed which in turn
determines the supply frequency. The larger the reference speed is, the larger the
frequency of oscillations for the same slip level is. Moreover, increasing the fault
level greatly affects the amplitude of the oscillations in a way that it increases as the
number of the broken bars increases. Therefore, it is implied that the amplitude of
the sideband components expressed by the frequency pattern of (1 � 2ks)fs should
increase. Figure 8.2 is the demonstration of the output of a voltage-source inverter
in which the controlled signal is the motor voltage, and it has nothing to do with the
control of the motor current. On the other hand, there is another type of inverters
called ‘‘current-source inverter’’ which applies some strict conditions to the motor
current in order to keep it as smooth as possible. This is usually held by some sort
of hysteresis controllers with a specific bandwidth. Therefore, depending on the
bandwidth of the current controllers, the fault-related components, not only in the
case of broken bars fault but also in other cases, might or might not be filtered out
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from the motor-drive circuit. This issue has not been tackled yet and is a very open
area of research nowadays. However, a very useful approach will be proposed in
this chapter to address at least one part of the remaining issues.

The other point regarding Figure 8.2 is the average values of the oscillations
getting smaller by increasing the fault. This naturally happens by increasing rotor
resistance, making the total motor resistance become larger. Thus, the motor cur-
rent is expected to decrease. This trend is observed regardless of the supply mode,
either the line-start or the inverter-fed motor, and the only difference is between the
absolute average and amplitude values.

The time-domain analysis of the healthy motor current does not reveal any
oscillation or deficiency. This does not necessarily mean that there is not a sideband
component and it only implies that the time-domain analysis is unable to detect the
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(a) 1500 rpm and (b) 700 rpm
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sideband components which indeed exist even in the case of a healthy motor. This
issue will be further discussed using the FFT of the motor current.

8.3 Pendulous oscillation

Due to the negligible inherent asymmetry of induction motors, diagnosis of the time-
dependent oscillations caused by the inherent sideband components is somehow
impossible using the current profile. However, it can be addressed by means of a new
fault index called the ‘‘Pendulous oscillation’’ defined as the phase shift between the
voltage and current space vectors formulated by (8.10) as follows [40,41]:

~is tð Þ ¼ 2
3

ia � ibð Þ þ a ib � icð Þ þ a2 ic � iað Þ� �
(8.7)

~vs tð Þ ¼ 2
3

vab þ avbc þ a2vca

� �
(8.8)

a ¼ exp
j2p
3

� �
(8.9)

d tð Þ ¼ ff~is tð Þ � ff~vs tð Þ (8.10)

The pendulous oscillation should be measured through a low-pass filter in order to
eliminate the ripples caused by the high-frequency switching phenomenon which
might affect the correct measurement process. Therefore, both the voltage and cur-
rent signals should be passed through a low-pass filter and then sampled into the
processor. It is interesting to know that the pendulous oscillation is applicable to both
the line-start and inverter-fed motors. Doing so, an example of the corresponding
variations as the function of the number of the broken bars is shown in Figure 8.3.
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The amplitude of the pendulous oscillation increases by increasing the fault and also
load level. Remarkably, the amplitude of the pendulous oscillation for the healthy
motor is not zero, proving the concept in terms of the existence of the sideband
components. The trend of variations, not the peak-to-peak amplitude of the oscilla-
tions, is independent of the supply mode.

It is worth noting that more investigates are required to accept this index for a
precise diagnosis and condition monitoring tool as different phenomena other than
the broken bars fault, those producing a backward field in the air gap, might
introduce the same behavior leading to an improper decision. However, the cap-
ability of the pendulous oscillation to diagnose a pure broken bars fault has been
already approved in the literature. The major assumption is that there is no other
type of fault producing a backward field. The pendulous oscillation is a time-
domain index enabling technicians to diagnose the broken bars fault in different
fault and load levels. Moreover, an accurate implementation of this technique leads
to a precise discrimination of various supply modes including the line-start, open-
loop and closed-loop strategies. So, it can be considered as one of the most useful
diagnosis techniques applied in the time domain. However, the capability of this
index to detect the location of the fault has not been studied yet.

8.4 Virtual current technique

As one of the significant topics of the condition monitoring techniques, the inver-
ter-fed applications and their effect on the diagnosis procedure have been already
studied widely. The virtual current technique (VCT) is certainly one of the most
reliable techniques applied to the closed-loop field oriented control (FOC) control
strategy. The VCT is based on measuring the 2sfs components of the d-axis rotor
flux and relating it to the knowledge of motor parameters. On the basis of the VCT,
the number of adjacent broken bars is approximately equal to:

nF � Dids

iqs
Nb (8.11)

where nF is the number of broken bars, Dids is the amplitude of the variations of
the d-axis current flowing through the closed flux loop, iqs is the average value of
the q-axis current component flowing through the closed torque loop and Nb is the
number of the rotor bars. This method is easy to apply where a FOC controlled
induction motor is under operation. Otherwise, extracting the dq-axis components
requires additional processors which increase the complexity of the diagnosis
procedure. Here, some measurement examples for a motor with 28 rotor bars are
provided in order to give the insight into how the quantities related to the VCT vary
by the load, fault, speed and bandwidth level. These are the most influential factors
giving change to the fault indices in almost any considerable situations. In fact, no
fault index which is prominently independent of all the mentioned factors has
been proposed. This necessitates investigating the corresponding effects during any
diagnosis procedure.
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The considerable advantage of the VCT is its capability in being implemented
online without interrupting the motor operation. The same is possible for the
MCSA as well as the pendulous oscillation. This provides a promising tool to
diagnose the fault immediately after it takes place. However, it should be first
proved that the index is capable of extracting fault information during a transient
regime in which the motor quantities change from one state to another. Mostly, the
indices presented in the time domain cannot handle this issue. Nevertheless, the
VCT seems to be very responsive to the broken bars fault in the steady-state
operation. The only remaining issue is that it only applies to adjacent broken bars.
In addition, the existence of the 2sfs components in the d-axis components highly
depends on the bandwidth of the flux loop. If the bandwidth becomes relatively
small, it is likely the 2sfs component vanishes. However, this is not the case in high-
power induction motors.

8.5 Air gap flux density

Measuring the air gap flux density requires an invasive equipment called ‘‘search
coil’’ inserted into the motor body. It returns the flux linkage not the flux density
itself. In order to have the flux density values and its spatial distribution, all the
stator teeth should be equipped with search coils. Therefore, using this technique as
a diagnosis medium is not recommended as it is practically impossible in industrial
environment. However, it provides a very intuitive insight into the motor behavior.
Assuming that there is such kind of measurement setup, Figure 8.4 shows the flux
density over half the mechanical cycle. The third harmonic component of the flux
density is a very good reason for an improved local saturation in one part of the
motor core. This is another justification of the presence of a locally saturated region
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caused by the broken bars fault. If a time-domain distribution of the magnetic flux
is acquired by means of a search coil, a very promising signal will be obtained to
analyze any kind of faults. Nevertheless, the significance of the motor flux signal
does not affect the decision of not using it as it requires a very invasive approach.

In addition, the mentioned approach can be applied to both the line-start and
inverter-fed motors regardless of the control strategy. It is naturally an online
method and capable of addressing the effect of variations in load and speed.
Besides, if a set of search coils is installed on all stator teeth, one can easily decide
on the location of the broken bar fault by investigating the undesirable peaks pre-
sent in the spatial distribution of the flux density.

The defected motor flux is reflected in the electro-motive force (EMF) signals.
Therefore, the stator winding senses an unbalanced back EMF from the rotor side.
So the undesirable fluctuations are added to the induced voltage. This concept is the
same in the line-start and inverter-fed modes and has been used to introduce a new
criterion for the detection of rotor broken bars fault. In the proposed off-line
technique, the motor is temporarily disconnected from the supply for a very short
period in order to measure the back EMFs. Then, the zero-sequence component is
calculated as the fault index. This is a very good example of offline techniques. Its
applicability has not been investigated at higher degree of the fault and load var-
iations; hence, there are many questions to be answered. Moreover, the rotor broken
bars fault usually takes place in industrial zones where it is impossible to dis-
connect the motor from the supply. This index is a time-dependent one and
therefore not reliable enough as other types of faults, especially the short-circuit
fault, affects the zero-sequence component.

8.6 Speed fluctuations

Most of the time, induction motor faults take place during the motor operation;
hence, there is a transition from the healthy to faulty condition leading to some sort
of undesirable transient fluctuations which stabilize after a couple of cycles up to
the steady-state operation. Diagnosing the fault at its very initial instances is very
important especially when the motor operates in start–stop operations as the
mechanical transients caused by abrupt change of the motor speed increase the
probability of fault occurrence. Therefore, having an online monitoring system is
recommended in order to acquire the transient behavior of the motors caused by not
only the start–stop operations but also the fault. The motor speed is one of the
promising time-domain signals providing the opportunity to detect the incipient
broken bars fault. This arises from the fact that the broken bars fault introduces a
very clear 2sfs harmonic component to the motor speed, and the corresponding
effect is improved by increasing the fault level. Figure 8.5 shows the speed fluc-
tuations for a line-start induction motor under three different fault levels including
1, 2 and 3 broken bars. The healthy motor operation is also shown to make the
comparisons of the results. An incipient broken bars fault clearly introduces the
undesirable speed fluctuations whose amplitude gets larger by increasing the fault
level. The transient part of the signals which takes place at t ¼ 0.3 s is of a great
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amplitude making the motor tolerate an improper mechanical stress which in turn is
a factor of defecting other motor components. The transient part of the signals
vanishes as time goes on up to t ¼ 0.6 s. In addition, the speed signals come to their
steady-state operations which are totally different from that of the healthy motor
operation. The 2sfs oscillations are obvious in Figure 8.5.

Figure 8.5 is an illustration of the motor signals in a line-start mode while
Figure 8.6 represents the speed oscillations for the direct torque control (DTC) and
constant voltage per frequency (CV/F) control modes considering two broken bars
and the steady-state operation. This figure clearly proves the claim that incorpor-
ating various control modes can greatly affect the diagnosis procedure as amplitude
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Figure 8.5 Speed fluctuations caused by rotor broken bar fault in line-start mode
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of the oscillations is approximately equal to zero for the DTC strategy while the
one related to the CV/F strategy reveals a relatively large amplitude. As there is a
closed speed loop in a DTC drive, the corresponding mechanical speed is always
regulated by the bandwidth of the PI controller; therefore, the amplitude of the
oscillations might be lessened to zero if the bandwidth is so small.

8.7 Gyration radius

One of the most referable indices in this area is the Gyration Radius (GR) applied to
the time-domain oscillations caused by the fault [73]. This method is applied to the
signals with rather high variation rates. The results show that the index increases
upon the higher fault degree. However, when the broken bar fault spreads such that
one complete pole is eliminated, the mentioned trend does not continue anymore.
Note that if the amplitude of the oscillations are not much enough to be detected
with naked eyes, the GR will not probably be useful for the diagnosis purposes.
Therefore, applying it to the closed-loop applications where there is a direct feed-
back applied to the motor quantities is not usually recommended.

The underlying idea of the GR has been applied to the current envelope
oscillations which are similar to the torque or speed variations, but with different
amplitudes. The corresponding phase space is build by calculating the points of the
current envelop in time domain with the following order:

● The i(k � 10)th array in horizontal axis during signal existing period
● The i(k)th array in vertical axis during signal existing period

where k is an integer limited to the number of measured samples. The noticeable
point of this index is that there is a considerable difference between no-load and on-
load motors. It shows that the index can determine the faulty motor behavior at
light-load conditions. As the local saturation level at no-load condition does not
largely change by the fault degree increase, diagnosing the fault is usually impos-
sible unless a proper method is introduced. In fact, the amplitudes of 2sfs compo-
nents are so small that they are masked by the fundamental component. The GR of
the current envelope modulates the current envelope which only consists of fault-
related components.

Tables 8.1 and 8.2 demonstrate the GR values for different operations includ-
ing various load, and speed and fault levels in the line-start and inverter-fed modes.

Table 8.1 GR in line-start mode

Load (%) Healthy 1 Broken bar 2 Broken bars 3 Broken bars 4 Broken bars

25 0.0045 0.0048 0.0050 0.0053 0.0068
50 0.0064 0.0064 0.007 0.0082 0.0129
75 0.0086 0.0091 0.0114 0.0145 0.0248
100 0.0099 0.0110 0.0153 0.0168 0.0331

Diagnosis of broken bars fault in induction motors 379



By increasing the fault severity and load level, the index increases while it decreases
upon the increase in speed level. The GR for the inverter-fed mode is generally
larger than that of the line-start mode. This clarifies that the injection of fault
components into the control loops disturbs the supply voltage waveform; therefore,
a higher total harmonic distortion (THD) is expected. The GR is a noninvasive type
of indices and can be applied to the on-line applications. The major problem with
the GR is that it is not only a function of the broken bars fault, and the values vary
even if other faults such as the eccentricity exists. Thus, the results are reliable only
if it is possible to make sure that there is only one type of fault in the motor. Besides,
the values provided in Tables 8.1 and 8.2 are only valid for the tested motor. The
motor structure is the same as the one with 28 rotor bars investigated in Chapter 6.
Equally important, the effect of the light-load level has been tested by means of
precise experimental instruments which might not be available everywhere.

The point is that almost all fault indices must have a common basis for the
assessments. In fact, the faulty signals should be compared to a common basis
which is usually the index values in the healthy condition. Therefore, depending on
the motor specifications, not only does the index value in the healthy condition
vary, but the corresponding faulty operations will also produce different index
values. As a result of this ambiguity caused by the motor structure and specifica-
tions, what is intended in the diagnosis procedures is the trend and rate of variations
of indices as functions of the fault, load and speed level. The absolute value of the
indices is often useless unless a reasonable normalized index value is introduced.
However, as a trend in the fault diagnosis procedures, index values must be pre-
determined for the healthy operation. This is applied to both time- and frequency-
domain indices.

Having mentioned the concept of a normalized index, it is noteworthy to say
that one of the most important indices of this kind is the normalized amplitude of

Table 8.2 GR for closed-loop inverter-fed mode (nr: drive reference speed)

Load (%) 25 50 75 100

Healthy nr ¼ 700 0.0639 0.0547 0.0807 0.092
nr ¼ 1,100 0.0319 0.0557 0.0687 0.0962
nr ¼ 1,500 0.048 0.0647 0.0677 0.0852

1 Broken bar nr ¼ 700 0.0705 0.0799 0.0842 0.1008
nr ¼ 1,100 0.0618 0.0760 0.0805 0.0998
nr ¼ 1,500 0.0605 0.0759 0.792 0.0858

2 Broken bars nr ¼ 700 0.0816 0.080 0.1013 0.1197
nr ¼ 1,100 0.0082 0.084 0.081 0.1097
nr ¼ 1,500 0.081 0.094 0.0783 0.0997

3 Broken bars nr ¼ 700 0.1030 0.1111 0.1254 0.1253
nr ¼ 1,100 0.1012 0.0991 0.113 0.1353
nr ¼ 1,500 0.1000 0.121 0.0990 0.1353

4 Broken bars nr ¼ 700 0.1014 0.1500 0.1767 0.1834
nr ¼ 1,100 0.1024 0.1509 0.1547 0.1736
nr ¼ 1,500 0.1336 0.1449 0.1601 0.1636
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the sideband components of the motor current in the frequency domain. This issue
will be further discussed in this chapter. Although the mentioned normalized index
somehow addresses the previously explained issue in terms of different index values
for different motors, it is still a challenge in the field, and no one has proposed a
comprehensive index which covers a wide range of classes of induction motors.

8.8 Time-domain analysis of nonadjacent broken bars fault

During the diagnosis procedure, four concepts, namely, ‘‘detection,’’ ‘‘determina-
tion,’’ ‘‘location’’ and the ‘‘diagnosis’’ must be differentiated. These terms refer to
apparently different aspects and are clarified in this chapter as the following:

● Detection is the process of realizing that the fault has taken place or not.
● Determination is the process of finding the fault level, for example, the number

of broken bars
● Location is the process of finding the location of the fault. In the case of broken

bar fault, different bars might be broken in different nonadjacent locations.
● Diagnosis is the process of gathering all the information obtained from the

previous steps and exporting a value or measure which tells us about the motor
behavior correctly.

The first aspect, detection, is probably the easiest part and can be dealt with using both
the time- and frequency-domain analysis. However, without hiring the frequency
domain, the detection process likely fails to detect the fault type unless a clear oscil-
lation such as 2sfs is observed in the time-domain variations of motor signals. The
second aspect, determination, is indeed challenging, and it has been the most impor-
tant focus of the research works done so far. It requires investigating motors behavior
in different operating conditions including various load, speed, fault and temperature
in order to check for the possible variation of the motor signals and the corresponding
features which are used to extract fault indices. The location process has been targeted
in works dealing with the broken bars fault. This is a significant aspect of the diagnosis
of broken bars fault as determining the correct number of broken bars is the function of
the location of the broken bars. As a matter of fact, as all origins of our perception are
the variations of motor signals which might be affected by the fault level and the fault
location. Understanding the correct motor condition requires investigating all possible
influential factors. Thus, we try to address the issue by considering three critical fault
locations and their effects on the motor time-domain signals (Figure 8.7). Case1 shown
in Figure 8.7(a) demonstrates two adjacent broken bars. Case2 shows two broken bars
with the distance of half of the pole pitch, and finally case3 illustrates two broken bars
located one pole pitch away from each other.

Figure 8.8(a) shows the current envelope for the mentioned three fault loca-
tions. On the basis of this figure, case1, which is an illustration of two consecutive
broken bars in one pole, has the largest peak–peak amplitude of oscillation while
the corresponding average value is less than the others. This obviously proves
that adjacent broken bars have the greatest effect on the motor behavior while the
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broken bars located at a half-pole-pitch distance have the smallest effect. The
broken bars located at one-full-pitch away from each other exhibit a medium
influence compared to the other two cases. The important outcome of this inves-
tigation is that the two broken bars, if not adjacent, might be mistaken by a lower
number of broken bars if the location of the fault is not taken into account.
A similar trend is observed in the motor speed profile shown in Figure 8.8(b).

On the basis of Figure 8.8(b),

● The order of rise-time of the motor speed is as the following:

case3 > case2 > case1

Rise-time means the first time that the speed reaches its average value in
steady-state operation
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Figure 8.7 Rotor broken bar (bb) locations (a) 2 adjacent bbs (case1), (b) 2 bbs at
half pole-pitch distance (case2) and (c) 2 bbs at one pole-pitch
distance (case3), ‘‘bb’’ stands for ‘‘broken bar’’
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● The order of value of overshoot is as follows: (Figure 8.6(b)):

case1 > case3 > case2

● The order of amplitude of oscillations in steady-state operation is as the fol-
lowing:

case1 > case3 > case2

● The more severe the fault is, the more the average of the speed (steady-state)
decreases.
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So far in this chapter, the time-domain variation of the motor quantities
including the current, the speed and the flux has been explained through illustra-
tions in different operating conditions as follows:

● different load levels
● different fault levels
● different speed levels
● different fault locations.

On the basis of the results, one can generally conclude that increasing the fault and
load level increases the value of the indices. On the other hand, depending on the
motor speed or the fault location, various amplitudes of oscillations of the motor
quantities are obtained. Most of the time-domain features can be extracted through
an online monitoring system. Therefore, an incipient fault detection might also be
possible if the processed signals and features are fault-sensitive enough. Moreover,
the introduced concepts can differentiate the open-loop control strategies from the
line-start one in the case where a proper signal such as the motor speed is pro-
cessed. However, diagnosing the broken bars fault and generally all types of faults
in a closed-loop application using the motor speed is almost impossible as the
motor speed is directly controlled by means of a closed speed loop leading to a
smooth speed operation without an explicitly detectable oscillation caused by the
fault. When we say that it is possible to differentiate the supply modes, it means
that the broken-bar-related 2sfs component is obviously detected in an open-loop
application while it does not apply to a closed-loop case.

The discussion mentioned above necessitates the presence of a process for
selecting a proper signal for the diagnosis purposes. Not all the motor signals are able to
reflect the fault in the same detectable fashion. The motor speed and torque signals are
the best examples which do not satisfy the diagnosis goals in a closed-loop application.
Selecting a proper signal requires consideration of some major factors including:

● It should be sensitive to the fault.
● A proper index can be extracted from the signal in the time, frequency or time-

frequency domains.
● The extracted index should be more sensitive to the fault than the other factors

such as the load and speed levels.
● The measurement process should preferably be noninvasive.
● An online implementation should be possible.

Normally, the time-domain signals are not satisfactory enough in terms of fulfilling
the factors. Although some processors such as the GR make it possible to extract
useful fault information, the results have been obtained in ideal operating conditions,
using the precise laboratory instruments and also detailed simulation models. The
industrial environment can be totally different, and there is a lot of factors harmfully
affecting the measurements and the diagnosis procedure. In addition, if other types of
defects affect the motor at the same time that the broken bar exists, the pure time-
domain analysis is not recommended at all. Instead, a frequency domain or a combi-
nation of the time and frequency domains helps the diagnosis procedure better. Having
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discussed the issues associated with the time-domain signals, we proceed further
through the frequency-domain analysis of the faulty motor signals. It should be noted
that the general idea of applying the time, frequency or time-frequency analysis to the
motor signals is not unique to the broken bars fault, and all types of faults such as
eccentricity and short-circuit faults benefit from the same fashion of analysis. The
difference is the selection of features or indices used for the diagnosis of a specific type
of fault. Otherwise, the whole concept is the same. Therefore, the features and the
indices related to the broken bars fault are comprehensively studied in this chapter
with the purpose of explaining how the features can be explored and found in the time-
and frequency domains. After getting used to the corresponding process, the next
chapters which cover the eccentricity and short-circuit faults address the main indices
without probably going through the depth of how they are extracted.

8.9 Spectrum of motor current

The motor current and its signature are the most commonly used signals in the
diagnosis procedures of electrical machines as its measurement is very straightfor-
ward, and also it contains most of the required information for the fault diagnosis [80].
In addition, the corresponding measurement process is noninvasive. Although it
is not the most sensitive signal for the diagnosis, it is generally appreciated in
industry. Figure 8.9 shows an interesting FFT of the motor current, called the current
spectrum, whose y-axis indicates the normalized amplitudes of the harmonic com-
ponents of the motor current in the line-start mode. The spectrum has been nor-
malized with respect to the amplitude of the fundamental frequency component
which is equal to 50 Hz for the tested motor. This motor has 36 stator slots and 28
rotor bars. The rated current is equal to 24 A, and the corresponding voltage is 380V.
As the entire spectrum is normalized, it is expected to have a fundamental frequency
with the amplitude of zero. Note that a logarithmic scale is used for the calculations.
Moreover, the factors of the fundamental harmonic components including 100, 150,
200 and 250 Hz can be seen in this figure. These are the main harmonic components
of the motor which represent greater amplitudes compared to other slot/bar-related
components located around them. The even harmonics are of a lower amplitude, and
as they are close to the noise level, i.e. �80 dB, they can be neglected while the odd
harmonics exhibit higher amplitudes. Therefore, they certainly affect the motor
behavior. Normally, by increasing the frequency, the amplitude of the harmonic
orders decreases unless a specific type of motor or defect is under the test.

Let us look back at the fundamental frequency, 50 Hz shown in Figure 8.9(b).
The left and right sideband components are clearly observed in this figure. The
frequency pattern of these components, as mentioned before, is (1 � 2ks)fs. How-
ever, in Figure 8.9(b), the highlighted components are not related to different k [the
integer in (1 � 2ks)fs]. They correspond to the first-order right and left sideband
components obtained by setting k equal to 1 and varying the load level. The different
load level must be distinctly discussed as it is one of the major factors affecting
the diagnosis process. The ‘‘load level’’ is defined by slip, not the electromagnetic
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torque level. Nevertheless, the percentage of electromagnetic torque will be equal to
the slip expressed in percentage only if the motor supply frequency and the voltage
are equal to the rated values. Otherwise, the only measure of the motor load to be
used in the diagnosis procedure is the slip, not the torque level.

Taking the above-mentioned points into account and by increasing the motor slip
level or the load level, the amplitude of the sideband components increases, while the
components take longer distance from the fundament component. The left sideband
component moves toward zero, and the right one moves toward higher frequencies.
This trend is always fixed for induction motors, and the only difference is in the
amplitude and the rate of change in the amplitude of sideband components. It is worth
mentioning that the FFTs shown in Figure 8.9 have been obtained by applying ham-
ming window to the FFT. If not so, you will not probably be able to observe the
sideband components, especially in light-load levels. Moreover, the sampling time is
larger than 5 s for a sampling frequency of 12 kHz. Although this is more than enough
for the fault diagnosis of the line-start motors, we prefer to maintain the same
adjustments to have proper basis for comparisons between the line-start and inverter-
fed modes. On the other hand, as the variation of sideband components is not much as
the load level increases, reducing the resolution of the frequency-domain might lead to
false results. In Figure 8.9, the amplitude of the right sideband component increases by
the increase in the load level. This is a very well-appreciated trend which does not
usually happen in practice. The right component highly depends on the load and speed
fluctuations such that any small disturbance in the speed causes a large change of
amplitude in the right sideband components. Therefore, it is not guaranteed that by
increasing the load, an increase in right sideband amplitude occurs.

The following features are extractable from Figure 8.10.

● In no-load case, the sideband component is eliminated from the current spec-
trum, no matter how much the fault level is (Figure 8.10(a)). This is called the
masking effect of the fundamental harmonic component and will be dealt with
later in this chapter.

● At a fixed load level, increasing the fault severity leads to an increase in the
amplitude of the sideband components (Figure 8.10(b)). The rate of increase is
usually larger than that of increase in the load level.

● Increasing the fault level makes the higher order sideband components visible
as their amplitudes become larger than that of the noise level which exists in
the entire frequency range of the spectrum. So this is called the white noise
(Figure 8.10(c)). The amplitude of the orders of the sideband components
decreases as the order increases.

As mentioned earlier, the no-load condition is very challenging due to the pre-
sence of the masking effect of the fundamental components. This also matters in the
time-domain analysis of the motor current. However, a very wise mathematical
transform, the envelope formulation, can somehow eliminate the masking effect if a
high-resolution FFT is used and applied to the motor current envelope (Figure 8.11).
Even in the no-load condition, the 2ksfs components of the current envelop are
detectable in the spectrum. This means that the masking effect is by-passed by
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modulating the sideband components to the low-frequency components. This clever
idea is the foundation for the HHT-based diagnosis procedure of induction motors
with the broken bars fault and will be further discussed later in this chapter.
Increasing the load level has the same effect on the fault-related components of the
current envelope as it has on the sideband components of the current itself.

The current spectrum is definitely the most cited approach to the diagnosis of
the broken bars fault in induction motors. Therefore, many attempts have been
already made to improve its applicability to different motor applications including
the line-start and inverter-fed modes. Figure 8.12 shows the current spectrum in the
open-loop CV/F and DTC modes for a motor with two broken bars. The tested
motor is the same as the one used for obtaining the previous figures in this chapter.
The features of the motor current spectrum in the inverter-fed modes are:

● The sideband components also exist in the inverter-fed mode regardless of the
control strategy.

● The amplitude of the sideband components differs in open- and closed-loop
applications.

● The positions of the sideband components as well as the fundamental com-
ponent in the x-axis of the spectrum are different regarding the control mode.
That of the CV/F is somehow similar to the line-start application in which
changing the load level does not change the position of the fundamental
frequency (50 Hz). However, that of the DTC mode moves toward larger fre-
quencies as the motor load increases. This comes from the fact that induction
motors slip increases by increasing the load level. Besides, the closed-loop
drive always tries to keep the track of the reference frequency and applies it to
the rotor mechanical speed. Therefore, in the DTC mode, the rotor mechanical
speed is equal to 1500 rpm as this is a four-pole machine, and the supply
frequency should be larger than 50 Hz in order to compensate for the slip.
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Figure 8.11 Spectrum of motor current envelope in line-start mode
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Using the current spectrum or its derivatives requires a noninvasive technique in
which the current transducers are used to measure the current. Then, a processor is
required to apply the FFT to the measured signal through an online process. This
signal, the motor current spectrum, is very sensitive to both the fault and load level. It
is also a function of the supply frequency. This is almost the same in all the fault
indicators used for detecting the broken bars, eccentricity and short-circuit faults.
Generally, there is no fault index/indicator which is sensitive to fault, not the other
factors. This conveys the idea that all the factors should be studied in order to have a
reliable fault diagnosis procedure. The main disadvantage of a pure spectral analysis
of the motor current is that it only addresses the steady-state operation and has
nothing to do with the transient mode of the motor operation. Nevertheless, it can
resolve some of the issues related to the inverter-fed applications. Tables 8.3–8.5
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give the amplitude of the first-order left and right sideband components in the line-
start, CV/F and DTC modes. The line-start and CV/F motor are only tested at the
supply frequency of 50 Hz, while the DTC one contains two different frequencies,
namely 30 and 50 Hz in order to consider the effect of different speed levels.

Table 8.3 Normalized amplitude of first-order sideband components in line-start
mode (unit: dB, supply frequency: 50 Hz)

(1 � 2s)fs (1 þ 2s)fs

Load level (%) 25 50 75 25 50 75

Healthy �58.44 �56.7 �55.97 �60.04 �57.78 �55.84
1 Broken bar �47.49 �46.4 �45.96 �47.81 �46.67 �45.99
2 Broken bars �38.55 �38.4 �38.32 �38.61 �36.34 �35.9
3 Broken bars �34.71 �33.51 �33.1 �34.48 �34.02 �32.06
4 Broken bars �31.2 �30.02 �29.57 �30.58 �29.83 �29.21

Table 8.4 Normalized amplitude of first-order sideband components in CV/F
mode (unit: dB, reference frequency: 50 Hz)

(1 � 2s)fs (1 þ 2s)fs

Load level (%) 25 50 75 25 50 75

Healthy �56.87 �55.24 �55.01 �57.43 �55.71 �55.5
1 Broken bar �47.81 �47.1 �46.2 �48.6 �47.14 �45.88
2 Broken bars �39.44 �37.83 �37.45 �40.69 �35.84 �33.8
3 Broken bars �36.46 �33.13 �32.97 �36.34 �32.5 �30.73
4 Broken bars �31.99 �29.91 �29.26 �33.1 �30.08 �28.26

Table 8.5 Normalized amplitude of first-order sideband components in DTC mode
(unit: dB, reference frequency: 50 and 30 Hz)

(1 � 2s)fs (1 þ 2s)fs

Load level (%) 25 50 75 25 50 75

Healthy fs ¼ 50 Hz �55.18 �54.05 �53.8 �58.56 �54.21 �53.98
fs ¼ 30 Hz �65.59 �59.58 �59.41 �69.75 �60.78 �57.09

1 Broken bar fs ¼ 50 Hz �51.09 �46.45 �46.12 �51.23 �46.79 �44.66
fs ¼ 30 Hz �48.24 �48.25 �45.55 �50.39 �48 �46.3

2 Broken bars fs ¼ 50 Hz �40.5 �38 �37.37 �41.68 �36.52 �35.17
fs ¼ 30 Hz �41.15 �39.04 �38.59 �45.21 �40.08 �37.73

3 Broken bars fs ¼ 50 Hz �34.98 �34 �33.57 �35.49 �31.47 �31.13
fs ¼ 30 Hz �35.17 �34.86 �34.53 �40.04 �35.68 �34.97

4 Broken bars fs ¼ 50 Hz �32.19 �31.27 �30.84 �31.68 �28.94 �28.46
fs ¼ 30 Hz �32.34 �30.52 �31.07 �37.25 �32.16 �31.25
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The noticeable points are as follows:

● The rate of increase in the index amplitude as the function of the fault level is
greater than the rate as the function of the motor load level. This is the case for
all the three investigated modes.

● The rate of increase is reduced as the number of the broken bars increases. In
fact, there is a trend like saturation.

● Decreasing the motor speed in the DTC mode which is handled by changing
the supply frequency leads to a general increase in the index values.

● In general, the CV/F mode represents a more disturbed current signal as the
corresponding sideband components have larger amplitudes. The DTC and line-
start modes exhibit almost the same values. However, it will be proved that the
inverter-fed mode, either open- or closed-loop, increases the amplitude of the
indices. The Hilbert–Huang transform (HHT) will be used to discriminate
various control strategies and differentiate them from the line-start mode.

● The data provided in the tables above are machine-specific which means that the
values, although normalized, are subjected to change if a new motor with a dif-
ferent structure is used. It is noteworthy that the normalized values will be almost
the same for two motors with the same structure but different power ratings.

Having discussed the inverter-fed applications and their effect on the diagnosis
process, we can see that the amplitudes of the sideband components are different
compared to the line-start mode due to the fact that the supply voltage of the
inverter-fed applications is not a pure sinusoid, and it consists of higher order
harmonic components (discussed in Chapter 2). Particularly, the sideband compo-
nents are detectable in the motor voltage in the case of closed-loop applications.
This issue is demonstrated in Figure 8.13. The simulated machine is a three-phase,
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Figure 8.13 Motor voltage spectrum (operating condition: full load, one
broken bar)
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11 kW induction motor. To arrange for a common basis between the supply modes,
the reference speed of the CV/F and DTC modes are set to 1,500 rpm which means
the reference frequency is equal to 50 Hz. This is exactly equal to that of the line-
start mode, the network frequency.

The most significant features deducible from Figure 8.13 are as follows:

● The fundamental frequency component of the DTC mode is almost 1.5 Hz
away from that of the line-start and CV/F modes. This arises from the fact that
the reference frequency has been set to 50 Hz. As the DTC mode is equipped
with a speed closed loop applied to the rotor, the rotor speed should come to
1,500 rpm or 50 Hz. In effect, the stator synchronous frequency should be
larger than 50 Hz to compensate for the slip frequency which is almost equal to
1.5 Hz in full-load condition.

● Surprisingly, the fault-related components, the sideband components with the
pattern of (1 � 2ks)fs, are only observed in the voltage spectrum of the DTC
mode. This literally proves the previous claim in terms of the possibility of
flowing the fault-related components through the closed loops.

● The line-start and CV/F modes reveal the same supply frequency without any
sideband components. This is a compelling reason for the claim that the vol-
tage signal is not recommended for the broken bar diagnosis in any supply
mode with an open-loop nature as there is no fault information inside.

● If the goal is to detect the sideband components regardless of their positions in
the spectrum (Figure 8.13, the DTC mode), a method which is independent of
the motor supply frequency and also the motor load is preferred.

8.10 Effect of closed loops on faulty motor signals

There are two scenarios for qualifying the existence of the voltage sideband com-
ponents. One is the presence of the closed speed loop, and the other is the closed
flux loop utilized in a closed-loop drive such as the DTC [105]. Each loop has its
own contribution to the motor harmonic component, depending on the bandwidth
of the loop. Therefore, investigating the bandwidth of the loops will be probably
useful for determining which one contributes to the fault-related voltage compo-
nents. To this end, the closed speed loop is analyzed first as it is possible to for-
mulate the corresponding transfer function analytically. Let us look at Figure 8.14.

The motor is modeled by its first-order transfer function Gm Sð Þ ¼ 1
JmSþBð Þ

where Jm, S and B are the motor inertia, Laplace argument and the viscos friction
coefficient, respectively. The transfer function of the speed controller including the
Proportional (P) and Integral (I) gains is expressed as follows:

Gsc Sð Þ ¼ kp þ kI

S
(8.12)

where kp and kI are the proportional and integral coefficients, respectively. As the
motor current and accordingly the motor torque are always restricted to a specific
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value demonstrating the maximum available current and torque quantities by
means of a limiter, the second block from the left in Figure 8.14 is combined and
called the ‘‘torque-limiter’’ which applies upper and lower bounds to the motor
torque. The corresponding transfer function is as the following:

Te ¼

Te;max

Te;ref
; Te;ref � Te;max

1; � Te;max < Te;ref < Te;max

�Te;max

Te;ref
; Te;ref 	 Te;max

8>>>>><
>>>>>:

(8.13)

where Te;max, Te;ref and Te are the maximum available torque, the reference torque and
the achievable torque, respectively. As seen, the limiter block is independent of the
frequency and also the Laplace argument. Therefore, it does not produce any phase
shift and only affects the amplitude of signal. That is why it can be easily modeled as a
constant expressed by Glim(S) ¼ C. Having calculated the block-wise transfer func-
tions, the total transfer function of the closed loop is calculated as follows:

G Sð Þ ¼ Gsc Sð ÞGlim Sð ÞGm Sð Þ
1 þ Gsc Sð ÞGlim Sð ÞGm Sð Þ ¼

Kp þ KI

S

� �
Cð Þ 1

JmS þ Bð Þ
� �

1 þ Kp þ KI

S

� �
Cð Þ 1

JmS þ Bð Þ
� �

¼ KpS þ KI

� �
Jm=Cð ÞS2 þ B=Cð Þ þ Kp

� �
S þ KI

(8.14)

The matching Bode diagram corresponding to (8.14) is shown in Figure 8.15 for the
parameters listed in Table 8.6.

The amount of Jm reported in Table 8.6 embraces only the shaft inertia while
the load inertia should also be added to this value if a more realistic analysis is
targeted. Therefore, it is assumed that the total inertia is equal to twice that of the
single rotor to which no load is connected. The cut-off frequency of the speed
control loop is almost equal to 1 Hz beyond which the amplitude of the frequency
components is weakened depending on the filter gain, located on the negative slope
of the ‘‘magnitude plot’’ (Figure 8.15, the top subplot). Therefore, any frequency

Speed controller
Kp+Kl/S

Limiter

Motor transfer
function

1/(JmS+B)

ωref  ωreal

Te,ref
 Te,max

 Te

 TL

 –Te,max

Figure 8.14 The block diagram of the closed speed loop
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component larger than 1 Hz will be practically filtered out which means that the
(1 � 2ks)fs pattern will not be detectable throughout this loop, and the 2ksfs pattern
hardly passes through this loop as the corresponding frequencies are typically
located above 2 or 3 Hz depending on the motor slip (Figure 8.11). Hence, it is
expected to have very smooth time- and frequency-domain variations of the motor
speed in the closed-loop applications (Figure 8.6).

In order to explain the issue further, the time- and frequency-domain analysis of
the motor speed for the line-start, CV/F and DTC operations are provided in
Figure 8.16. On the basis of this figure, the low-frequency 2ksfs components do not
even exist in the DTC mode, neither in the time domain nor in the frequency domain.

This proves that the speed/torque control loop does not contribute to the pro-
duction of the voltage sideband components in the DTC mode as the fault-related
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Figure 8.15 Frequency response of transfer function of speed closed loop

Table 8.6 Parameters of motor

Kp/KI 10
Te,max 70 N m
C 1
Jm 0.0625 (kg/m2)
B 0.0001 (kg/s m)
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components are filtered out by the transfer function of the loop. However, 2ksfs
pattern is clearly observed in speed spectrum of the line-start and CV/F modes.
Remarkably, the amplitudes of the CV/F components are larger than that of the
line-start because higher order harmonic components are always applied to the
motor in the inverter-fed modes while the line-start mode has a pure sinusoidal
supply. The DTC speed is completely free of the fault-related components at least
in terms of the speed signals. Reaffirming that the motor speed/torque control loop
cannot be considered as a sideband-producing loop, the remaining loop is the flux
control loop. If the motor flux consists of the fault-related components, it would be
the only reason to produce the sideband components of the motor voltage.
Figure 8.17 shows the flux spectrum of the faulty motor for the DTC mode.
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Figure 8.16 (a) Time-domain variation and (b) frequency-domain variation of
motor speed (operating condition: full load and one broken bar)

396 Fault diagnosis of induction motors

www.ebook3000.com

http://www.ebook3000.org


Obviously, the sideband components with the amplitudes very close to that of
the voltage spectrum are visible in the stator flux spectrum (Figure 8.17). One can
easily conclude that it is the flux control loop which is responsible for flowing the
fault-related components into the motor supply voltage in the DTC mode. Although
there is also a closed loop applied to the motor flux, it functions in the fundamental
component, not the fault-related components. Besides, there is no low band-pass PI
controller in the flux control loop; hence, unlike the speed control loop in which the
fault components are filtered out, the fault components can freely flow through the
flux loop. Grounded on the information provided so far, the following guidelines
are recommended:

● The supply voltage reveals the fault information only in the DTC mode. In
fact, unlike the line-start and CV/F voltages which only contain the funda-
mental harmonic components of the network or the switching supply, the DTC
supply voltage possess a more complex pattern in the presence of the broken
bar fault. Equation (8.15) represents the corresponding voltage formulation:

VDTC ¼
X

n

Vmn sin nwstð Þ þ
X

k

Vlnk sin 1 � 2ksð Þnwst � avlnkð Þ
þVrnk sin 1 þ 2ksð Þnwst � avrnkð Þ

 ! !
(8.15)

where m, n, Vmn, ws, t, k, Vlnk , avlnk , Vrnk and avrnk are the order of the voltage
harmonic component, the amplitude of the nth voltage harmonic component, the
synchronous frequency in rad/s, time, and integer indicating the kth sideband
around the voltage components, the kth left sideband of the nth voltage component,
the phase angle of the kth left sideband of the nth voltage component, the kth right
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Figure 8.17 Stator flux spectrum for DTC mode (operating condition: full load
and one broken bar)
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sideband of the nth voltage component and the phase angle of the kth right sideband
of the nth voltage component, respectively.

● The motor speed discloses the fault information only in the line-start and CV/F
modes unless the cut-off frequency of the speed loop is set to a value larger
than that of the 2ksfs pattern. In this case, the declared components will be
changed into the supply voltage through the torque control loop.

● The speed oscillations triggered by the broken bar fault are well damped by the
speed closed loop in the DTC mode.

● The source of producing a fault-related component in the motor voltage is
generally the flux control loop, not the speed/torque control loop.

It seems that the CV/F and line-start modes have the highest and lowest effects on
the sideband components, respectively while the DTC mode applies a moderate
effect inferred from matching left sideband amplitude. The right sideband compo-
nent is not reliable as it is mostly a function of the motor speed and load fluctua-
tions, not the fault. The illustrated trend in Figure 8.7 might be violated depending
on the topology of the inverter. A voltage source inverter has been utilized in this
study while a current source inverter defines a different behavior due to the pre-
sence of current controllers. What is more, not only the frequency-domain, but also
the time-domain characteristics of the motor current are affected by the fault
regardless of which operating modes are dealt with. That is exactly why the motor
current and its various modulations have been greatly utilized in the literature.

8.11 Analytical analysis of the effect of speed variation
on sideband components

As mentioned before, increasing the motor speed leads to a decrease in the
amplitude of the sideband components. This is an ideal case in which there is no
oscillation produced by the load. To justify the discussed trend, the analytical form
of the left sideband amplitude is considered as (8.16). This equation is obtained by
considering a linear magnetization profile of the silicon steel material and can be
found in the literature:

il ¼
ffiffiffi
3

p
I
0
l e

j ð1�2sÞwst�al½ � 1 � 3pY2

24s2wsZsJ

� 	
; Zs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

s þ X 2
s

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

s þ ðwsLÞ2
q

(8.16)

where il, y, Il’, ws, al, s, t, Zs, J, Rs and Xs are the current component related to the
left sideband component, the motor flux linkage, the amplitude of the left sideband
component, the synchronous frequency, the phase angle of the left sideband com-
ponent, the slip, the time, the stator impedance, the rotor inertia, the stator resistance,
the stator inductance, respectively. Often, a constant flux (y) control strategy is used
to control the motor speed below the rated speed. On the other hand, the maximum
available torque is constant in the constant flux region (see Figure 8.18). Therefore,
sws is fixed upon decreasing the motor speed level unless the load level changes.
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Note that the slop of the stable operation region of the torque–speed profile does not
change in the constant flux region. Considering all the mentioned points, we have:

s ¼ ws � wr

ws
) sws ¼ ws � wr )Constant flux region

ws�wr¼fixed
sws ¼ fixed (8.17)

The amplitude of the left sideband component of the motor current is obtained as
follows:

Amplitude of left sideband ¼ ffiffiffi
3

p
I
0
l 1 � 3PY2

24 J 
 ðswsÞ 
 s 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

s þ ðwsLÞ2
q

2
64

3
75

¼ ffiffiffi
3

p
I
0
l �

k

s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

s þ ðwsLÞ2
q

2
64

3
75; k ¼ 3

ffiffiffi
3

p
I
0
l PY

2

24JðswsÞ

(8.18)

The rotor reference speed rises by increasing ws and hence this leads to the increase
in the amplitude of the sideband component. Moreover, by increasing ws, the slip is
reduced because the term (ws � wr) is fixed at a constant load level. On the other
hand, the slip reduction, which is caused by increasing the supply frequency/speed,
lessens the amplitude of the sideband component. Therefore, increasing the speed
while decreasing the slip reveals counter effects. So investigating the sensitivity of
the amplitude of the sideband component with respect to the motor speed and slip
levels will be helpful to see which one has greater effect so that we can decide if the
amplitude should decrease in general or increase. The provided discussion is only
valid for the regions where s is nonzero. On the other hand, due to the inductive
slippery nature of induction motors, there is always a difference between wr and ws.

TLoad

Tmax

Increasing speed

Increasing slip

ωr1 ωs1 ωr2 ωs1

Figure 8.18 Torque–speed curve at different speed
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so the assumption of a nonzero slip is always true. Even if the drive reference speed
is adjusted at synchronous frequency, the supply frequency would be slightly
greater than that of the reference value in order to compensate for the slip losses.
This is needed to ensure the proper operation of a closed-loop inverter-fed induc-
tion motor. The sensitivity analysis can be carried out as follows:

Samplitude
s ¼ @amplitude

@s







ws¼cte

¼ k

s2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

s þ ðwsLÞ2
q (8.19)

Samplitude
ws

¼ @amplitude
@ws







s¼cte

¼ kL2ws

s R2
s þ ðwsLÞ2

� �3=2
(8.20)

To realize the factor with a larger effect, the ratio of two sensitivities is calculated
as the following:

Samplitude
s

Samplitude
ws

¼ R2
s þ ðwsLÞ2

sL2ws
> 1 (8.21)

As the motor slip is normally very smaller than one, this ratio is always larger than
one. Therefore, the slip variation has a greater effect on the amplitude of the
sideband component compared to the speed variation. The typical ratio of the tested
induction motor at the rated load and the angular frequency of 157 rad/s is equal to
189.32. This amount shows that by increasing the speed and consequently
decreasing the slip, the amplitude of the sideband should be reduced in the constant
flux-operating region.

20 25 30 35 40 45 50 55 60
Frequency (Hz)

–100

–80

–60

–40

–20

0
N

or
m

al
iz

ed
 a

m
pl

itu
de

 (d
B

)

Supply frequency = 30Hz
Supply Frequency = 50Hz

Sideband

–24.8 dB
–28.5 dB –29.05 dB –26.15 dB

Figure 8.19 Motor current spectrum for different supply frequencies (operating
condition: full load and one broken bar)
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8.12 Motor power spectrum

The motor power spectrum is another signal which reflects the broken bars fault
clearly. In order to deal with the power spectrum and provide justifications for the
corresponding fault-related components, an interesting analytical development is
provided. As the motor power is nothing but the product of the current and voltage
signals, the voltage and current formulations under the fault condition are derived as
(8.22) and (8.23). This is a general derivation which consists of all possible harmonic
components caused by the fault in both the current and voltage signals. Therefore,
any kind of power supply mode including the line-start, open- and closed-loop
inverter-fed one can be investigated by applying the related conditions to the signals.
For example, if a line-start motor is targeted, the motor voltage equation should
contain n ¼ 1 and k ¼ 0 as the voltage should be a pure sinusoid, and the higher order
voltage components produced by the PWM technique and also those related to the
fault must be removed. Note that n is the order of the main harmonic components,
and k is the order of the sideband components. On the other hand, if a closed-loop
application is investigated, n depends on the switching topology while k is an integer.

V ¼
X

n

Vmn sinðnwstÞ þ
X

k

Vln;k sinðð1 � 2ksÞnwst � avln;k Þ
� 

þVrn;k sinðð1 þ 2ksÞnwst � avrn;k Þ
�!

(8.22)

I ¼
X

n

Im;n sinðnwst � aInÞ þ
X

k

Iln;k sinðð1 � 2ksÞnwst � aIlnk Þ
� 

þ Irn;k sinðð1 þ 2ksÞnwst � aIrn;k Þ
�!

(8.23)

The above equations convey the idea of the presence of sideband components
around the first, second, third . . . harmonic components depending on the supply
mode. Therefore, the motor power signal is affected by all components of the motor
voltage and current, and it can be calculated analytically by multiplying the voltage
and current signals. However, to simplify the process, the first harmonic of the
current and voltage of the motor with their first-order sideband components are
considered, and products are evaluated. Thus,

V ¼ Vm1 sinðwstÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
v1

þVl1;1 sinðð1 � 2sÞwst � avl1;1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
v2

þVr1;1 sinðð1 þ 2sÞwst � avr1;1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
v3

(8.24)

I ¼ Im1 sinðwst �aI1Þ|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
i1

þ Il1;1 sinðð1� 2sÞwst � aIl1;1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
i2

þ Ir1;1 sinðð1þ 2sÞwst � aIr1;1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
i3

(8.25)
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where Vm1, Vl1;1 , Vr1;1 , avl1;1 , avr1;1 , Im1, Il1;1 , Ir1;1 , aIl1;1 , aIr1;1 and aI1 are the amplitude
of voltage fundamental component, the amplitude of the left sideband component
of the voltage fundamental component, the amplitude of the right sideband com-
ponent of the voltage fundamental component, the phase angle of the left sideband
component of the voltage fundamental component, the phase angle of the right
sideband component of the voltage fundamental component, the amplitude of
current fundamental component, the amplitude of the left sideband component of
the current fundamental component, the amplitude of the right sideband component
of the current fundamental component, the phase angle of the left sideband com-
ponent of the current fundamental component, the phase angle of the right sideband
component of the current fundamental component and the phase angle of the cur-
rent fundamental component, respectively. The instantaneous power is as follows:

P ¼ 3vi ¼ 3 v1ði1 þ i2 þ i3Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
P1

þ v2ði1 þ i2 þ i3Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
P2

þ v3ði1 þ i2 þ i3Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
P3

2
64

3
75

P1 ¼ Vm1Im1

2
cosðaI1Þ � cosð2wst � aI1Þ½ �

þVm1Il11

2
cosð2swst þ aIl11Þ � cosðð1 � sÞ2wst � aIl11Þ½ �

þVm1Ir11

2
cosð�2swst þ aIr11Þ � cosðð1 þ sÞ2wst � aIr11Þ½ �

P2 ¼ Vl11 Im1

2
cosð�2swst � avl11 þ aI1Þ � cosðð1 � sÞ2wst � avl11 � aI1Þ½ �

þVl11 Il11

2
cosðaI111 � avl11Þ � cosðð1 � 2sÞ2wst � avl11 � aI111Þ½ �

þVl11 Ir11

2
cosð�4swst þ aIr11 � avl11Þ � cosð2wst � avl11 � aIr11Þ½ �

P3 ¼ Vr11 Im1

2
cosð2swst � avr11 þ aI1Þ � cosðð1 þ sÞ2wst � avr11 � aI1Þ½ �

þVr11 Il11

2
cosð4swst þ aI111 � avr11Þ � cosð2wst � avr11 � aI111Þ½ �

þVr11 Ir11

2
cosðaIr11 � avr11Þ � cosðð1 þ 2sÞ2wst � avr11 � aIr11Þ½ � (8.26)

Figure 8.20 illustrates a practical example of the motor power spectrum under the
broken bar fault condition. This figure shows the power spectrum within a 250-Hz
frequency range divided into two subplots in order to have a better focus on the
frequency components.

Considering Figure 8.20, there is a direct current (DC) component with the
amplitude and zero frequency. This means that the DC component which produces
the average motor power is the most powerful component, and the other
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components related to the higher order voltage and current signals as well as the
fault-related components have a modest value depending on their order. On the
basis of Figure 8.20 and also (8.26), the power spectrum of a broken bar motor
consists of the frequency patterns listed in Table 8.7.

Measuring the motor power spectrum requires voltage and current transducers;
hence, the process of obtaining the corresponding indices is noninvasive. Besides, it
can be applied online and used for the incipient fault diagnosis procedure.

Sometimes, loads connected to the motor shaft possess an oscillating rotation
with a specific frequency. If the corresponding frequency is equal to the 2sfs pattern
produced by the broken bars fault, the amplitude of the sideband components
becomes larger even if there is no rotor defect. This is a source of uncertainty in
diagnosing the broken bars fault. However, the use of active and reactive power
spectrum of the motor somehow resolves the issue. The similar technique might be
used to discriminate the load oscillation from the eccentricity fault. The underlying
idea of using the motor power spectrum for discriminating the fault from the load
oscillations is to follow the variation rate of the fault indices which in this case are the
amplitude of the fault-related components of the motor power. Although this method
has not been widely used in the diagnosis procedures, it might be used as a comple-
ment to the MCSA with the goal of introducing a more reliable diagnosis procedure.
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Figure 8.20 Motor power spectrum

Table 8.7 Frequency patterns included in power spectrum of an induction motor
with broken bars fault

DC 2kfs (k ¼ 1, 2, 3, . . . ) 2ksfs (k ¼ 1, 2, 3, ..)
(1 � ks)2nfs

k ¼ 1; 2; 3; :::

n ¼ 1; 2; 3; :::

(
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8.13 Additional frequency-domain fault indices

Vibration is one of the conventional signals which have been used for the fault
diagnosis purposes. Although, its major application is to detect the eccentricity fault
in large generators, there are some broken bars-related frequency components in its
spectrum which make it possible to monitor the induction motor behavior. Usually,
accelerometers are used to measure the vibration signal, so depending on the location
in which the sensors are installed, various vibration signals are obtained. In other
words, the measurement process is indeed invasive regarding the location of the
vibration sensor. Sometime, the vibration signal is bolted to the stator body inside the
motor housing. This is another definition of invasive methods in which the motor
structure is somehow changed in order to mount the sensor. Vibration signal has been
the matter of various studies from different points of view. Some of them have
focused on the sideband components of the vibration signal. The others have con-
centrated on the factors of the fundamental component of the vibration signal which is
equal to the angular mechanical speed. Similar to the MCSA, the amplitude of the
sideband components of the vibration signal decreases by decreasing the load level.
As the trend looks like that of the motor current, it is expected to have a troublesome
diagnosis process in light-load levels. Moreover, the information of the healthy motor
is necessary for the fault diagnosis. Unfortunately, the effect of the influential factors
such as the drive type and the reference speed, in terms of the vibration signal, has not
been studied yet. Therefore, the results are limited to the line-start mode.

Combining the motor current and vibration spectrum and then calculating their
correlation provides a very interesting feature useful for the diagnosis of the half-
broken bar fault. However, it is not guaranteed that this technique works well in any
circumstances because the quality of the output directly depends on the location of
accelerometers mount on the motor body; therefore, this technique is not recom-
mended. Instead, a global index, which enables us to detect the partial broken bars,
is available. The index is obtained by summing and subtracting the left and right
sideband components of the motor current. This method has proved to be helpful in
a wide range of motor load levels.

Most of the previous studies have used a band-pass filter to eliminate the
masking effect of fundamental component from current spectrum. Nevertheless,
filtering needs an extra processor; besides, the accuracy of the technique is reduced
when the supply frequency increases. The Hilbert transform (HT) is another tech-
nique for precise extraction of the sideband components at light loads. The
applicability of this index has not been studied for detecting different locations of
the fault in both direct-drive and inverter-fed induction motors. Therefore, further
investigations are required to make sure if the technique is general enough. Mul-
tiple signal classification (MUSIC) transform is another tool to diagnose the fault at
no- or light-load conditions. Both the HT and the MUSIC use the normalized
current spectrum and transform it into a new frequency scale in order to detect the
broken bars fault. So it is acceptable that the general behavior of the regular current
spectrum is observed in the HT and MUSIC. The basis of these techniques is to
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allocate a higher weight to the fault-related components and a lower weight to the
fundamental component. The problem with these methods is that the accurate
measurement of the motor slip is essential in order to detect the (1 � 2ks)fs pattern.
Both techniques can be applied online.

8.14 Motor transient operation

Motor behavior in the transient mode partly differs from that of the steady-state
mode. In fact, the motor quantities consist of transient signals with varying fre-
quencies. Therefore, extracting the fault information has been a big challenge
recently. Although sometimes the frequency-domain indices have been introduced
to deal with the transient signals, they are case-specific techniques which are only
applicable in certain situations. When the pure time-based information is used to
diagnose the fault in the transient mode, varying frequency characteristics are
ignored. Both time and frequency information is useful and essential for precise
diagnosis of the fault. While there are both time- and frequency-related variations
in transient signals, the previous works tend to use the transforms which are capable
of extracting the information in time-frequency domain simultaneously. There are
usually two types of processing tools not only for the rotor broken bars fault, but
also for the other types of faults in transient modes:

● the wavelet transform (WT): decomposing the signal into its frequency bands
within the time period that the signal exists via a mathematical equation

● the HHT: decomposing the signal into its frequency bands within the period
that the signal exists via a recursive and repetitive algorithm.

Both transforms calculate the energy level of different frequency bands of the
induction motor signals including the current, torque, vibration and speed in dif-
ferent periods. The quality of the fault diagnosis is related to the signal selected
for processing. The frequency band limits are determinable in the WT while the
corresponding bands in the HHT are the output of a predefined algorithm dis-
cussed in Chapter 7. Both WT and HHT are the powerful tools for analyzing the
systems with a transient nature. Nevertheless, they are also used in steady-state
analysis.

Typically, there are two major categories for the transient modes as follows:

● The transient start-ups where the motor speed is zero at t ¼ 0 and then speeds
up to the steady-state operation as the time goes on.

● The transients over two different steady-state operations in which the motor
operates with a certain load and speed level and suddenly the load or speed
level is changed.

The literature indicates that the rotor broken bars fault can be categorized into the
above-mentioned groups while most of the works out there focus on the first group
of the transient operations. Induction motors accelerate from zero speed to the
steady-state speed which depends on the load level in the line-start mode and the
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reference speed in the inverter-fed mode. In the line-start mode, the transient period
is directly forced by the motor structure, the load and the input voltage. The major
issue in the line-start mode is that the transient period is not long enough to be
useful for extracting the fault information. For example, the transient period for
an 11-kW industrial induction motor is about 0.5 s which is very short. The
suitable corresponding value must be at least equal or greater than 1 s so that the
fault information and features become detectable (Figure 8.21).

This major issue is usually dealt with using a high inertia load on the shaft where
a line-start mode is under the test. In the case of inverter-fed applications, the motor
speed acceleration time can be easily controlled by the drive. Therefore, there is no
need to a high-inertia load. The high-inertia load is used just to mimic the behavior of
high-power induction motors whose acceleration time is naturally longer than 1 s.
Thus, in real applications, it is not required to use a high-inertia load for testing.
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Figure 8.21 (a) IM transient current and (b) IM transient speed
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Figure 8.21 illustrates the current and speed profiles of a faulty motor during
the start-up. The supply frequency is fixed in the line-start mode, and the motor
speed increases from zero to its steady-state value. As a result, the motor slip has a
decreasing trend shown in Figure 8.22. In this case, not only the value of (1 � 2s)fs,
but also the amplitude of the pattern changes. Figure 8.22(b) and (c) shows the
frequency and amplitude variations of the left sideband component, respectively,
during the start-up. This concept is exactly what was mentioned before regarding
time-frequency variation of the fault-related components. This trend is usually used
to diagnose the rotor broken bars fault using WT. It is known that the motor current
includes different inconsistent frequency components some of which decay as time
goes on, but others, such as the fundamental component and also the sideband
components, are consistent.

In addition to the transient operation, the steady-state operation can also be
studied by means of time-frequency transform for enhancing the diagnosis quality
and addressing some of the challenges which exist in the time or frequency
domains. For example, the masking effect of the fundamental component of the
motor current can be somehow resolved using the HHT and its energy repre-
sentation. Although the time-frequency transforms suffer from a low-frequency
resolution compared to the FFT, their application to enhance the capability of
knowledge extraction in light-load levels is appreciated. Therefore, an example of
both the transient and steady-state implementation of the time-frequency trans-
forms is discussed in this chapter.

8.15 Application of wavelet transform to the diagnosis
of broken bars fault

The WT is often applied to the motor transient signals, for example the current, in
order to extract fault information during the transient operation. One of the sig-
nificant applications is to apply the WT to the motor current whose fundamental
frequency is filtered out by subtracting a pure sinusoidal signal from the motor
transient current. The approach for filtering out the fundamental frequency com-
ponent has been thoroughly discussed in [110]. Therefore, we assume it has been
done; hence, we move toward calculating the wavelet coefficients extracted from
the filtered current.

Remembering different decomposition levels of the WT explained in Chapter 7,
there is an ‘‘approximation’’ as well as a ‘‘detail’’ signal at every single level of the
decomposition which is handled by low- and high-pass filters. Herein, the detail
signals will be used to show the differences between the healthy and faulty motors.
Examining the first six detailed signals does not reveal a difference while the detail
signals 7 to 10 clearly exhibit interesting differences which can be essentially used
for the diagnosis of the broken bars fault. However, it is shown that the detail signal
at level 9 consists of the best fault measure. To conduct the comparisons, have a look
at [110] in which healthy and broken bar motors are investigated in the full-load
condition. Note that the motor operates in the line-start mode.
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Three different load levels including 100%, 60% and 30% are illustrated. If an
inverter-fed motor is used, the process of filtering out the fundamental frequency of
the motor current becomes really complicated as a variable frequency acceleration
is usually applied to the motor during the start-up in order to have soft start-up.

8.16 Application of Hilbert–Huang transform to the diagnosis
of broken bars fault

The HHT, as a time-frequency-based transform, has been widely used in biome-
dical and aerospace applications. However, no one can deny its competence in the
fault diagnosis procedures of electrical machines. The HHT is a fixed-routine
algorithm consisting of just one input which is the faulty signal such as the current
and a set of outputs expressing energy levels of various frequency bands possessed
by the input signal. The margins of the frequency bands are determinable in the WT
while it is not so in the HHT. This might be one of the drawbacks of the HHT.
However, the HHT has been utilized in discovering fault information throughout an
iterative algorithm discussed in Chapter 7.

The HHT decomposes the signal into some frequency bands called the intrinsic
mode functions (IMF). The number of IMFs is predetermined as input of the process
and their resolutions highly depend on this number as well as the sifting process
discussed in Chapter 7. Figure 8.23 shows the IMFs of a typical faulty and healthy
motor current. In this figure, the 1st, 2nd, 3th, 4th and 5th are the input signals (faulty
motor current), IMF1, IMF2, IMF3 residual function, respectively. IMF1 includes the
highest frequency band of the signal. The frequency limitations of the other bands are
reduced by the order of IMF. It means that the components of IMF3 are present at
lower frequencies. The residual function is the difference between the input signal and
sum of the IMFs. As seen in Figure 8.23(b), a mono-frequency fluctuation is obser-
vable in IMF2 when the fault occurs. This is the exact frequency band that must be
investigated. The reason for selecting this frequency band is illustrated in Figure 8.23.

Using the mentioned concept as well as a new one which demonstrates the
instantaneous energy (IE) level of the HHT, a very promising tool is introduced for
diagnosing the broken bars fault. This method will be applied to the motor current
as it is proved that the MCSA is certainly the most reliable diagnosis approach.
Recalling the HHT formulation from Chapter 7, we have:

H w; tð Þ ¼ Re
Xm

i¼1

ai tð Þexp j

Z t

�1
wi tð Þdt

� � !
(8.27)

The IE level is defined as follows:

IE tð Þ ¼
Z

H2 w; tð Þdw ¼ IMF2
1 þ IMF2

2 þ IMF2
3 þ . . .

 �
at fixed time instances (8.28)

where m denotes the number of energy levels, in other words the IMFs, into which
the input signal is decomposed. a expresses the signal amplitude at a specific time t
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and the instantaneous frequency w. a and w are obtained from the HT of the input
signal for different frequency components. The HHT is based on calculation of the
time variations of a phenomenon and presentation of its variations over different
frequency bands. As it is an almost well-known algorithm found in the literature, for
the sake of briefness, we skip detailed discussion of the algorithm. The energy levels
are called IMF. The frequency content of the IMFs decreases by increasing the IMF
order. In other words, the last energy level consists of the lowest frequency range.
This last IMF is usually called ‘‘residual.’’ Figure 8.23 shows the experimental result
of the HHT of the motor current for one broken bar and line-start mode. On the basis
of this figure, the most sensitive and revealing IMF with respect to the broken bar
fault is the IMF2 which oscillates with the same frequency as that of the speed or the
current envelope. The corresponding energy level of the inverter-fed motor is the
IMF3. In this case, the IMF1 is dedicated to the high-frequency components produced
by the switching topology, and the IMF2, IMF3 . . . would represent the same fre-
quency bands as IMF1, IMF2 . . . in the line-start mode. This discussion holds only if
similar adjustments and parameters are maintained for the measurements in both the
line-start and inverter-fed modes. Otherwise, the IMFs might contain the frequency
components different from what was just mentioned. Actually, depending on the
number of IMFs, various frequency bands, which might be totally different from
what has been reported in the literature, are extracted. Along with the marginal
effects, this is the most important shortcoming of the HHT. As a matter of fact, there
is no 100-percent control on the frequency components of the IMFs, and it is a matter
of trial and error unless an intelligent algorithm manages the problem. On the other
hand, the sideband components are normally expanded far away from the funda-
mental frequency (Figure 8.10), namely within the range 30–70 Hz or even further if
a proper window such as Hamming is applied to the FFT. This point, along with the
previous comments on the possible large variations of the IMF components, brings
up the idea of dealing with the total energy of the HHT, not the energy level of one
single IMF, in order to cover all frequency bands which include the fault-related
components. Therefore, (8.29) is introduced and examined over various fault cases to
show its applicability through the experiments.

Amplitude of oscillations of IE tð Þ � average IE tð Þð Þ½ � (8.29)

The index signifies the amplitude of oscillations of IE (AOIE) regardless of its
average value. Figure 8.24 illustrates the proposed measure for the line-start, CV/F
and DTC supply modes in different operating conditions including various load and
fault levels.

In the inverter-fed mode, as the higher order voltage components, other than the
fundamental ones, are also applied to the motor, they produce undesirable backward
magnetic torque which acts against the fundamental torque component if the
switching topology contains a high level of total harmonic distortion. Therefore, in
order to provide a proper basis for the comparison of line-start and inverter-fed modes
in terms of the load levels experienced by the motor, it is better to take the motor slip
as the load-level indicator, not the mechanical torque expressed in Newton-meter
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connected to the shaft. Thus, one can make sure that the motor senses the same load
level if the motor slip is fixed for different supply modes. Besides, the experiments
show that the sampling frequency should be large enough, for example 25.8 kHz, in
order to sweep a smooth IE. Otherwise, undesirable outsized spikes would be detected
in the IE. On the basis of Figure 8.24, the AOIE is equal to zero for the healthy motor
regardless of the supply mode and the load level. The high-frequency ripples carried
by the IE can be easily eliminated by means of a low-pass filter with a cut-off fre-
quency smaller than 10 Hz. However, to show the real measured quantity, it is ignored
in this study. The line-start mode reveals a smaller AOIE compared to the CV/F and
DTC modes for the same load and fault level. Moreover, the corresponding AOIE of
the CV/F and DTC modes are very close to each other. Nevertheless, the CV/F mode
holds a relatively larger AOIE. In order to quantify the AOIE for different operating
conditions, the corresponding values are listed in Table 8.8. The operating conditions
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Table 8.8 AOIE for different operating conditions

Supply
frequency

Number of
broken bars

Mode Load level (%)

0 25 50 75 100

30 0 CV/F 0 0 0 0 0
DTC 0 0 0 0 0

1 CV/F 0 11 50 102 159
DTC 0 8 47 91 144

2 CV/F 0 14 71 143 243
DTC 0 13 67 138 207

50 0 CV/F 0 0 0 0 0
DTC 0 0 0 0 0
Line-start 0 0 0 0 0

1 CV/F 0 10 48 95 150
DTC 0 8 44 88 140
Line-start 0 3 29 67 100

2 CV/F 0 13 68 137 228
DTC 0 13 63 130 203
Line-start 0 5 42 103 147
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have different fault levels including 0, 1 and 2 broken bars, different load levels
including 0%, 25%, 50%, 75% and 100% of full load, two operating supply fre-
quencies, i.e. 30 and 50 Hz and also various supply modes including the line-start,
CV/F and DTC modes.

The following diagnosis guidelines are extractable:

● The line-start mode reveals the smallest fault measures while the inverter-fed
modes are of the largest values.

● The larger the motor load is, the larger the AOIE is.
● The larger the fault level is, the larger the AOIE is.
● The AOIE is exactly equal to zero in both the healthy motor and the zero-load

level.
● The CV/F mode possesses the largest AOIE values while the DTC mode is of a

moderate value in a fixed load and fault levels.
● The AOIE depends more on the motor load level than the fault level.
● Increasing the supply frequency slightly decreases the AOIE. This claim might

change depending on the way the supply frequency is controlled. The reported
values are valid for a linear voltage over speed adjustments. However, the
voltage/speed profile can be easily changed as a user-defined function so that
the motor flux varies so much. This means the fault-dependent components are
subjected to various amplitude saturation levels and consequently the ampli-
tudes changes.

● The line-start mode has been only discussed for the supply frequency of 50 Hz
as the network frequency is unchangeable unless an interconnection is used.
However, this contradicts the nature of the line-start mode.

● The difference between the line-start and inverter-fed modes becomes larger
for higher load levels.

On the basis of the experimental results, the fundamental frequency of the IE is
equal to 2sfs. An analytical proof of this is provided in the next section.

For the sake of simplicity, only two right sideband components, along with two
left sideband components of the fundamental component of the motor current, are
considered in the following calculations. The IMF1 includes the fundamental and
right sideband components. On the other hand, the IMF2 contains the left sideband
components. The component-wise description of the IE is calculated using the
following equation:

IE tð Þ ¼ IMF2
1 þ IMF2

2 þ . . .

¼ Imsin wstð Þ þ Ir1sin 1 þ 2sð Þwstð Þ þ Ir2sin 1 þ 4sð Þwstð Þ½ �IMF1

� �2

þ Il1sin 1 � 2sð Þwstð Þ þ Il2sin 1 � 4sð Þwstð Þ½ �IMF2

� �2
(8.30)

where Im, Ir1, Ir2, Il1 and Il2 are the amplitude of the fundamental, first right sideband,
second right sideband, first left sideband and second left sideband components,
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respectively. Simplifying (8.30) to obtain pure cosine functions yields:

IE tð Þ ¼ I2
m

2
þ I2

r1

2
þ I2

r2

2
þ I2

l1

2
þ I2

l2

2

� �
þ I2

m

2
cos 2wstð Þ

þ ImIr1 þ Il1Il2 þ Ir1Ir2ð Þ cos 2swstð Þ þ ImIr2ð Þ cos 4swstð Þ

� ImIr1ð Þ cos 1 þ sð Þ2wstð Þ � I2
r1

2
þ ImIr2

� �
cos 1 þ 2sð Þ2wstð Þ

� Ir1Ir2ð Þ cos 1 þ 3sð Þ2wstð Þ � I2
r2

2

� �
cos 1 þ 4sð Þ2wstð Þ

� I2
l1

2

� �
cos 1 � 2sð Þ2wstð Þ � Il1Il2ð Þ cos 1 � 3sð Þ2wstð Þ

� I2
l2

2

� �
cos 1 � 4sð Þ2wstð Þ (8.31)

The first term on the right side of (8.31) inside the parentheses represents the
average (DC) value of the other frequency components listed in Table 8.9 as well.
Note that the higher order components of the 2ksfs and (1 � ks)2fs patterns obtained
by increasing k can also be calculated and added to (8.31) if the 3rd, 4th, 5th and
higher order right and left sideband components are incorporated in (8.30). For
example, if the (1 � 4s)fs and (1 � 6s)fs components are taken into account in
(8.30), the (1 � s)fs components of the IE would also be present in (8.31). The goal
of this analytical calculation is to find the frequency component of the IE, not the
exact value of their amplitudes because an accurate calculation of the amplitudes
requires a more comprehensive formulation considering the effect of material
saturation as well as the higher order harmonic components. Table 8.9 is a very
worthy prescription of the existing harmonic components. The proper insight into
the correct amplitudes is obtained through the experiments (see Figure 8.25).

Table 8.9 illustrates the IE spectrum for the faulty motor in the line-start mode.
The fundamental frequency of the network, 50 Hz, is greatly degraded, almost
eliminated from the spectrum, and it is generally modulated to twice the funda-
mental frequency, 100 Hz. Together with the mathematical proof, i.e. (8.30) and
(8.31), Figure 8.25 is a clear justification of the dominant 2sfs oscillations of the IE.
So it is truly expected to observe the IE oscillations with the frequency of 2sfs. Of
course, it is a function of the motor slip; hence, the frequency of oscillations
increases upon increasing the motor load level.

Table 8.9 Frequency components of the IE

DC 2ksfs
k: integer

(1 � ks)2fs
k: integer

2fs
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8.17 Loss characterization of induction motors with broken
bars fault

One of the important parameters which catches the attention during the monitoring
and maintenance process of induction motors is the losses, the significant one of
which is the loss in silicon steel materials. In induction motors, losses are cate-
gorized into two groups, namely the fixed and variable losses. The fixed losses
consist of the magnetic core losses and the friction losses. The variable losses
generally consist of the ohmic loss in the stator and rotor circuits. There are some
other types of losses whose origins are somehow unknown and are called the stray
losses. What we are going to focus on is generally the losses associated with silicon
steel material; then, we will move toward illustrating how the broken bars fault
affects the loss distribution inside the motor. This term is usually affected not only
by means of the fault, but also by incorporating various supply modes which apply
different harmonic orders which produce different operating points in the BH curve
of the silicon steel material.

As discussed in Chapter 6, there are two types of magnetic losses, namely the
hysterics and eddy-current losses. These are the main sources of the iron loss
(the loss produced in silicon steel materials) and their summation builds up the total
iron losses. In order to address the loss variations inside the motor in the healthy
and faulty conditions, an finite element method (FEM) package is used to compute
the hysteresis and eddy-current components over time or space. Then, the results at
different motor components are reported. Note that, all FEM-based simulations are
held for a full-load case in a line-start motor. A 28-bar, 36-slot, 4-pole and 11 kW
motor, which is already simulated in Chapter 6, is used here for investigating the
losses. The supply voltage is equal to 380 V applied through a delta connection, and
the rated current of the motor is equal to 24 A. The FEM-based reported data is the
time average spatial distribution of the losses including the Ohmic, hysteresis and
eddy-current ones during a 500-ms simulation run time starting from the zero speed
to the steady-state operation of the motor at the torque level of 70 N m. The losses
are calculated at the stator teeth level (radius ¼ 76 mm) and the rotor teeth radius
(radius ¼ 74 mm with respect to the rotor center). Figure 8.26 shows the corre-
sponding losses distribution for every stator and rotor slots or teeth.
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Figure 8.25 IE spectrum
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Figure 8.26 Motor losses in different components (full load, line-start, healthy
and 2 adjacent broken bars, simulation run time is equal to 500 ms) (a) stator teeth
hysteresis losses, (b) rotor teeth hysteresis losses, (c) stator teeth eddy losses, (d)
rotor teeth eddy losses, (e) stator slot ohmic losses and (f) rotor slot ohmic losses
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As a useful complement to this subsection which demonstrates the losses inside
the induction motor upon the occurrence of broken bars fault, the experimental
results in terms of the motor losses in different supply modes are provided to see how
the motor quality is affected as a function of the supply modes (Figure 8.27). The
experiments are related to the same motor simulated in an FEM package. Note that
the motor iron losses are not normally a function of the motor load level. Therefore,
it is not required to report the load dependency of this parameter.
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8.18 Conclusion

Three different procedures based on the time, frequency and time-frequency domains
were presented in this chapter through a progressive development of the concepts of
the rotor broken bar fault and the corresponding motor behavior. The discussions and
results are the outputs of the various visions of the fault which are extracted from the
analytical, simulation-based and experimental efforts. The broken bars fault has a
direct effect on both the time and frequency characteristics of the IM and may be
detected by processing the changes and alternations of the motor quantities including
the flux, current, voltage, torque and speed.

In order to achieve a precise fault diagnosis, selecting a proper signal to be
processed, signal processing technique and finally extracting a fault-sensitive fea-
ture are the hierarchy of the diagnosis procedure. The progressive steps of fault
diagnosis can be divided into the following items:

1. selecting a proper domain (time, frequency, time-frequency) in which the
measured signals are processed

2. selecting an appropriate signal
3. applying an appropriate signal processing technique (GR, FFT, WT, HHT . . . )
4. extracting a fault-sensitive index or feature which enables us to address the

concepts of detection, determination, location and diagnosis thoroughly
5. The index should be preferably less sensitive to the factors other than the fault.

These factors include the supply frequency, the load level, the drive band-
width and any other factor changing the value of the indices.

The mentioned points are not broken bar fault-specific, and they should be fol-
lowed for any other types of faults. Therefore, in this chapter, we tried to explain all
the possible ways to deal with the time, frequency and time-frequency investiga-
tions of the motor signals by providing an example of the broken bar induction
motor. Moreover, the ways to extract the fault-sensitive indices were introduced.
So in the next chapter in which the eccentricity fault is dealt with, we will not go
through how the indices are extracted as it can be overwhelming.

In the case of broken bars fault, the following points provide an appropriate
guideline for the diagnosis approaches of the rotor broken bar fault:

● Although the time-domain variations reflect the changes caused by the rotor
broken bar fault, they depend on other mechanical, magnetic, thermal and
electric asymmetries of the induction motors (IMs). For example, both short-
circuit and eccentricity faults disturb the current, voltage and torque profiles. So
it is proposed not to use time-domain analysis, if possible. In order to use time-
domain analysis, one needs to make sure whether other faults do not exist.

● Frequency spectrum of the motor quantities, especially current, consists of the
rotor broken bar fault-related components which are almost independent of
other types of faults. Therefore, using the frequency analysis as much as pos-
sible is recommended.
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● The major issue with the conventional time and frequency analysis is that the
corresponding techniques are usually applicable to only the steady-state mode
while sometimes it is necessary to detect the fault during the transient mode,
specifically the motor start-up. This is an important thing in high-power induction
motors. In these situations, using time-frequency analysis is recommended.

● The mostly used motor signal is the motor current which is easily measurable
using the current transducers. Moreover, the current is sensitive enough to the
rotor broken bar fault. It can be measured safely, and electromagnetic inter-
ference problems can be avoided if an appropriate shielding is considered. This
issue is one of the significant aspects when dealing with inverter-fed motors.

● In addition to the motor current analysis, motor flux density analysis has been
the subject of very important investigations in the field of fault diagnosis. As
the magnetic flux is the most sensitive and reliable signal for reflecting the
motor behavior, it is crucial to get a proper knowledge of its variation. It will
be great if a noninvasive flux measurement tool is developed while such a tool
is not available today, at least easily. Therefore, using the flux or flux density
analysis for the diagnosis process is not recommended.

● The other remarkable point is that most of the proposed techniques are healthy
condition-dependent which means that it is necessary to have the index value
in the healthy condition for conducting comparisons in the faulty cases.

● The MCSA has proved to be working in different operating conditions
including various faults, load and speed levels. However, more investigations
are required to diagnose precisely the fault locations and the effect of the
bandwidth on inverter-fed motors. These issues are applied to time, frequency
and time-frequency analysis.

● Fault diagnosis of inverter-fed motor is a novel field of study, and not many
reliable sources are available in this case, especially when it comes to the
analysis of the motor behavior in transient regime.
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and Peris A. Application and optimization of the discrete wavelet transform
for the detection of broken rotor bars in induction machines, Applied and
Computational Harmonic Analysis, 2006; ACHA-21: 268–279.

[113] Briz F., Degner M.W., Garcia P. and Bragado D. Broken rotor bar detection
in line-fed induction machines using complex Wavelet analysis of startup
transients, 2008; IEEE Transactions on Industry Applications, 2008; IE-44:
760–768.

[114] Zhang Z., Ren Z. and Huang W. A novel detection method of motor broken
rotor bars based on wavelet ridge, IEEE Transactions on Energy Conver-
sion, 2003; EC-18: 417–423.

[115] Ruqiang Y. and Gao R.X. Hilbert–Huang transform-based vibration signal
analysis for machine health monitoring, IEEE Transactions on Instru-
mentation and Measurement, 2006; IM-55: 2320–2329.

[116] Antonino-Daviu J.A. and Riera-Guasp M. Pineda-Sanchez M. and
Perez, R.B. A critical comparison between DWT and Hilbert–Huang-based
methods for the diagnosis of rotor bar failures in induction machines, IEEE
Transactions on Industry Applications , 2009; IA-45: 1794–1803.

[117] Antonino-Daviu J.A., Riera-Guasp M., Pons-Llinares J., Roger-Folch J.,
Perez R.B. and Charlton-Perez C. Toward condition monitoring of damper
windings in synchronous motors via EMD analysis, IEEE Transactions on
Energy Conversion, 2012; EC; 432–439.

[118] Rezazadeh Mehrjou M, Mariun N.H., Marhaban M. and Misron N. Rotor
fault condition monitoring techniques for squirrel-cage induction
machine—A review, Mechanical Systems and Signal Processing, 2011;
MSSP-25: 2827–2848.

Diagnosis of broken bars fault in induction motors 429



This page intentionally left blank 

www.ebook3000.com

http://www.ebook3000.org


Chapter 9

Diagnosis of eccentricity fault
in induction motors

9.1 Introduction

The eccentricity fault and the corresponding diagnostic techniques are focused in
the current chapter. Like the trend previously used in Chapter 8, the time, frequency
and time-frequency domain indices, along with the investigation of the effects of
various influential factors on the indices, are explained. Unlike the previous chapter
in which the way to extract the indices were carefully discussed, the aim here is to
explain the direct application of indices to the diagnosis of eccentricity fault in
different operating points without overwhelming readers with details of how the
indices are extracted. Even though readers prefer such knowledge, they might refer
to the previous chapter since the governing rules are almost the same. The only
difference is in the time or frequency pattern to be looked for. Nevertheless, the
knowledge provided in this chapter in terms of operating conditions and their
effects on the eccentricity-related indices can be examined for the broken bars fault
in order to possibly introduce a competent diagnosis approach. Actually, Chapter 8
was sorted in a qualitative fashion while the current chapter aims at providing a
quantitative analysis by means of which numerical index values and the corre-
sponding variations are discussed in detail. Therefore, combining Chapters 8–10
provides a very interesting guideline for researchers to obtain a comprehensive
knowledge of the field from scratch. Taking this into account, the following aspects
will be comprehensively discussed in present chapter:

● to introduce the eccentricity-related indices in time, frequency and time-frequency
domains commonly used in condition monitoring of induction motors [1–15]

● to investigate the effect of motor loading [16–23]
● to investigate the effect of various supply modes [24–30]
● to investigate various fault severities and types [31–38]
● to characterize faulty motor losses
● to provide more technical aspects of the diagnosis process of eccentricity fault

which might affect the diagnosis process [39–52].

As the underlying concepts of the fault diagnosis have been already discussed in
previous chapters, we directly go through the diagnosis procedure of the eccen-
tricity fault without wasting time.



9.2 Effect of mixed eccentricity fault on time-domain variation
of speed and torque signals

In Chapters 3 and 6, it was clearly shown that any type of the eccentricity fault
including the static and dynamic ones produces variations in the time domain.
Hence, all the motor quantities are affected. However, unlike the broken bars fault,
the time-domain variation of the motor current might not be useful enough in the
case of eccentricity fault. On the other hand, the motor speed profile exhibits a
better distinction between healthy and faulty motors. Therefore, the motor speed is
illustrated in three different cases including (Figure 9.1):

● healthy motor
● static eccentricity: 10% and dynamic eccentricity: 20%
● static eccentricity: 20% and dynamic eccentricity: 10%.

The following features are extracted from Figure 9.1:

● The healthy motor reveals the smoothest operation among three cases.
● Surprisingly, the occurrence of eccentricity fault reduces the motor rise time

which is defined as the time instance at which the motor speed becomes equal
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Figure 9.1 Time variation of speed of a healthy and faulty full-load induction
motor (a) transient operation and (b) steady-state operation
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to its average steady-state value. This is a proof of the claim that the funda-
mental harmonic component of the motor torque corresponding to the faulty
case has somehow more power than that of the healthy motor. Nevertheless, no
one can deny the improperly large overshoot of the motor speed in faulty cases.
This is a source of mechanical tension and might lead to a higher level of not
only the eccentricity fault but also the broken bars fault.

● If the definition of the motor rise time is changed to a time instance at which
the motor speed comes to its stable steady-state operation, the healthy motor
still bits the faulty cases.

● The larger the static eccentricity severity is, the larger the motor speed over-
shoots will be.

● The larger the static eccentricity severity is, the larger the speed fluctuations in
the steady-state operation are.

● The dynamic eccentricity normally presents a smoother motor signal fluctuation.
● The time-domain variation of motor speed does not reflect a clearly observable

harmonic component related to the eccentricity fault, and what exists is a
fluctuation representing a nonconsistent variation trend. The same deduction is
usually applied to the time-domain analysis of other motor signals including
the current and torque.

Figure 9.2 illustrated the steady-state operation of the motor torque in three distinct
operations, namely:

● healthy
● 50% static eccentricity
● 50% dynamic eccentricity.

In this case, two types of eccentricity faults have been applied to the motor sepa-
rately to check if the separation yields an understandable time-domain difference
between the healthy and faulty cases. The answer is no, and a more detailed ana-
lysis obtained with the aim of the frequency-domain signals is required in order to
start detecting the fault. Then, we can move forward with different aspects of a
comprehensive diagnosis and condition monitoring procedure. Before going
through the details of a frequency-domain diagnosis procedure, we will refer
readers to a time-domain approach discussed in the next subsection.

9.3 Normalized splitting severity factor

The normalized splitting severity factor (NSSF) is a time-domain index of the
eccentricity fault. This index is examined here by addressing its variations
corresponding to a 4-pole, 28-rotor bar and 36-stator slot motor modeled and
simulated in Chapter 6. In a four-pole induction motor, every mechanical cycle of
magnetic field is equal to two cycles of the stator current. The static eccentricity
produces an unbalanced and nonuniformly distributed flux density which is a
function of the air gap length as well as the magnetic reluctance. This leads to an
unbalanced stator current during the rotation of the rotor. The Park’s transform of
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the stator current can clearly illustrate the difference between the healthy and faulty
cases. The NSSF is a simple measure for calculating the difference between two
consecutive cycles of the stator current. If idk and iqk are the measured samples of
the current components for two consecutive electric cycles using N samples, then
the NSSF is calculated as follows:

Drð ÞN ¼ Drð Þav

rav
(9.1)

The denominator is the average length of the Park’s vector of the stator current
expressed by

rav ¼
PN
k¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2
dk þ i2

qk

q
N

(9.2)
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Figure 9.2 Time-domain variation of motor torque (a) healthy, (b) 50% static
eccentricity and (c) 50% dynamic eccentricity
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and the numerator is equal to the average difference between two cycles of the
stator current expressed as

Drð Þav ¼
PN=2

k¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2dk þ i2

qk

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2
dN=2þk þ i2

qN=2þk

q��� ���
N=2

(9.3)

The NSSF as a function of the static eccentricity severity has an increasing trend.
Basically, diagnosing the static eccentricity fault below 60% is difficult and
somehow impossible in practice since the variation rate of the index is negligible
for the fault severity between 0% and 60%. The easiness of the corresponding
measurements and the robustness of the index against noise as well as the number
of rotor bars make it an interesting way of detection. However, the results might be
compromised for low levels of the fault. Moreover, its applicability to the diagnosis
of a mixed eccentricity fault is still questionable. The effect of load variation has
not been addressed yet.

9.4 Ratio of area enclosed by stator current in two consecutive
cycles to average area of two stator current cycles

In a four-pole induction motor, if the magnitude of the stator current, i.e.,
ffiffiffiffiffiffiffiffiffiffiffiffiffi
i2
q þ i2

d

q
,

in two consecutive electrical cycles is plotted versus the rotor position, two com-
pletely different waves are obtained if an eccentricity fault exists. The introduced
index is the ratio of the area enclosed by the stator current in two consecutive
cycles to average area of the stator current cycles. This index and the NSSF are
actually two definitions of the same phenomenon; hence, they reveal the same
characteristics in terms of capability and incapability. If the number of measured
points of the stator current is fairly large, the NSSF and the index introduced lately
lead to the same value. This claim can be proved mathematically. First, the second
index is formulated as follows:

Second index value ¼ DA

Aav
(9.4)

where DA is the area enclosed by the stator current in two consecutive cycles, and
Aav is the average area of the two curves, the current for two consecutive cycles. If
the number of samples in two cycles is equal to N and if the time step of the
measurements is fixed such that the first N/2 samples are assigned to the first
electric cycle, the second N/2 samples are associated with the second electric cycle.
The numerator and denominator of (9.4) are calculated as the following, using the
trapezoidal integration:

DA ¼ 2p
N=2

XN=2

k¼1

ik � iN=2þk

�� ��� �� 1
2

i1 � iN=2þ1

�� ��� 1
2

iN=2 � iN

�� �� !
(9.5)
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in which ik is the value of the kth samples of the stator current used for calculating d
and q components of the stator current.

ik ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2
dk þ i2

qk

q
(9.7)

Considering the above equations, (9.5) and (9.6) can be reformulated as the func-
tions of NSSF parameters.

DA ¼ 2p Drð Þav �
1
N

i1 � iN=2þ1

�� ��� 1
N

iN=2 � iN
�� ��� �

(9.8)

Aav ¼ 2p rav �
1

2N
i1 þ iN=2þ1

� �� 1
2N

iN=2 þ iN

� �� �
(9.9)

By increasing the number of samples, i.e., N, not only is the accuracy of the inte-
gration process improved, but also the second and third terms on the right-hand side
of (9.8) and (9.9) converge at zero, and the values of two indices become equal.
Hence, considering the same measurement setup, along with the same operating
conditions, both approaches should theoretically lead to the same values as the fault
index. If a two-pole induction motor is under the test, the absolute value of the two
half cycles of the stator current should be utilized for diagnosing the fault.

In this section, the behavior of the NSSF in the line-start, closed-loop DTC and
open-loop CV/F modes is investigated. Earlier in this chapter, it was noted that the
index is very sensitive to the static eccentricity fault if the fault level is above 60%.
We aim at investigating different levels of mixed eccentricity fault and the corre-
sponding effect on the index value in different operating conditions including
various load levels and different supply modes. Figure 9.3 shows the corresponding
variations in detail. The static and dynamic eccentricity levels are determined by rs

and rd, respectively and are identified in Chapter 3.
As seen in Figure 9.3, in the line-start motor, the index reveals an almost zero-

value in light-load operation while the value increases up to 2% by increasing the
load level. As the mixed eccentricity fault (rs ¼ 0.115 and rd ¼ 0.115) takes place,
the index value slightly increases for the light load and decreases for the heavy
loads. This is the case for a low-severity fault while increasing the fault severity to
the level (rs ¼ 0.462 and rd ¼ 0.254) causes more disturbance and a clear differ-
ence is observable in Figure 9.3(a). Increasing the load leads to a decrease in the
index value. Unlike the broken bars fault where the values of indices are generally
proportional to the load level, the eccentricity fault is inverse-proportional to the
load level. This arises from the fact that the eccentricity fault is of a mechanical
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nature, and increasing the load acts as a damper for the mechanical oscillations of
the motor. Therefore, it is expected to observe lower fluctuations so that for the
higher load levels, for example, slip ¼ 2%, the index is getting closer to that of the
healthy motor.

While supplying the motor using the DTC mode, the index value is very larger
than that of the line-start mode. In this case, increasing the load gives rise to
the index value initially; then the index value decreases for the slips higher than
0.5%. In a wide range of slip levels ranging from 0.5% to 2.5%, the low fault level
(rs ¼ 0.115 and rd ¼ 0.115) brings the index below that of the healthy motor.
However, increasing the fault level (rs ¼ 0.462 and rd ¼ 0.254) increases the index
significantly. Again, the index values in healthy and faulty cases converge at the
same point by increasing the slip/load level. The CV/F mode exhibits a similar
trend as that of the DTC mode. The main reason for increasing the index in
inverter-fed modes is the nonconformal switching angles in two different electric
cycles.

The above-mentioned characteristics of the NSSF are the best claims that the
index is improper for a precise diagnosis procedure since there is no fixed trend of
variations with respect to the motor load or fault level. Therefore, a more reliable
approach is required.
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Figure 9.3 Variation of NSSF versus motor load (slip) level in healthy motor (–),
eccentric motor with rs ¼ 0.115 and rd ¼ 0.115 (–*) and eccentric
motor with rs ¼ 0.462 and rd ¼ 0.254 (–o) (a) line-start motor,
(b) closed-loop DTC motor and (c) open-loop CV/F motor
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9.5 High-frequency components of stator current

It is analytically proved that the eccentric induction motor reveals some high-
frequency components of the stator current expressed by:

fhigh ¼ fs ðkR � ndÞ 1 � s

P
� v

� 	
(9.10)

where nd is an integer defining the order of the eccentricity. nd ¼ 0 denotes the
static eccentricity, and higher orders are related to the dynamic eccentricity fault.
fs is the synchronous frequency supplied by the network or the drive, R is the
number of rotor slots/bars, s is the slip, P is the number of pole-pairs, k is an
arbitrary integer and n is the order of time harmonics of the motor supply. The
mentioned high-frequency harmonic components are/will be present only if their
frequency is not equal to the multiples of three of fs. Their frequency is not equal to
the multiples of three of fs. Moreover, a specific relation between the number of
stator and rotor slots must be held for their presence. This issue has been already
discussed in Chapter 4. In addition, for k ¼ 1, nd ¼ 0 and n¼ 1, the corresponding
harmonic components are detectable in the frequency domain of a healthy motor as
well, and these harmonic components are called the principle slot harmonics (PSH).
Hence, they are inherent harmonic components of induction motors and are not
originated by the eccentricity fault. The eccentricity fault only changes the ampli-
tude of the harmonic components. Since the amplitude of these harmonic compo-
nents are very smaller than the fundamental harmonic component, the fs component
should be first filtered out from the signal, or a (dB) scale is used to demonstrate the
frequency-domain signals. Otherwise, the high-frequency components will not be
detectable. An example of the high-frequency components of the stator current is
illustrated in Figure 9.4.

In Figure 9.4, the current spectrum for the healthy and mixed-eccentric motor
in which the static eccentricity severity dominates the dynamic eccentricity severity
is shown. The motor has 28 rotor slots and the slip is 0.28% . The most powerful
harmonic component of the spectrum is the PSH which is located around 780 Hz.
The analytical frequency pattern of PSHs is fairly accurate and is proved by FEM
and experimental results. This is true in terms of the frequency of the pattern, not
the amplitude which highly depends on the inclusiveness of the simulation model.
The possibility of discriminating the static and dynamic types of eccentricity is
another advantage of the proposed frequency pattern. On the other hand, there are
some disadvantages associated with this index as follows:

● The small amplitude of the index compared to that of the fundamental fre-
quency challenges the measurement process in a way that some accurate fil-
tering process is required before taking the FFT of the signal.

● There is a possibility of interference with the frequency components evoked by
load oscillations.
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● The presence of the index is a direct outcome of the proper combination of the
stator and rotor slot numbers. For some specific combinations, the index van-
ishes completely.

● The rotor slot shape, the skewing effect, the inherent rotor asymmetry and the
magnetic profile of the silicon steel material are some influential factors in the
amplitude of the index.

● The time harmonics of the supply voltage affect the amplitude of the index
regardless of the fault level.

● In a mixed eccentricity fault, the amplitude of the harmonic components cor-
responding to the dynamic eccentricity is affected by the static eccentricity.

● The amplitude of the index is changed by the motor load level.
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Figure 9.4 Frequency spectrum of stator current of a 4-pole and 28-rotor bar
induction motor (operating slip ¼ 0.28% ) (a) healthy motor and
(b) eccentric motor (41.37% static eccentricity and 20.69%
dynamic eccentricity)
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As mentioned before, the static eccentricity amplifies the amplitude of the PSHs
whose frequency pattern is given by (9.10). Figure 9.5 shows the frequency
spectrum of the stator current at high frequencies for the static eccentricity severity
of 46.2% and operating slip of 1.7%. As seen, both the lower and upper PSHs are
detectable in the case of a line-start motor supplied by a pure sinusoidal network.
The PSHs are shown by arrows in Figure 9.5. However, the closed-loop DTC and
open-loop CV/F drives make the upper PSH vanish. It does not mean that the upper
PSH does not exist at all. The reason is the presence of a higher noise level of
inverter-fed applications caused by the switching phenomenon. The corresponding
noise level is larger than the amplitude of the upper PSH; hence, the upper PSH is
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Figure 9.5 Normalized frequency spectrum of stator current (static eccentricity ¼
46.2% and operating slip ¼ 1.7%) (a) line-start motor, (b) closed-loop
DTC motor and (c) open-loop CV/F motor
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vanished from the spectrum. The noise level of the line-start motor is around �100
dB, while the corresponding value of the inverter-fed motors is equal to �50 dB.
The amplitude of the PSH is equal to �61.47 dB. In addition, it is observed in
Figure 9.5 that the DTC operation lessens the amplitude of the lower PSH com-
ponent. This is much clearer in Figure 9.6.

Figure 9.6 illustrates the variation of the amplitude of lower PSH versus the
static eccentricity fault and slip levels in three different modes of operations.
According to this figure, the amplitude of the lower PSH is greatly reduced in the
closed-loop DTC mode. The reduction is more visible in light loads demonstrated
by lower slip levels. The corresponding values are smaller than that of the line-start
motor. However, the CV/F mode leads to an increase in the index so that they
become larger than that of the line-start motor. Increasing the load is a reason for an
increase in the amplitude of the index. Obviously, the sensitivity of the index to the
motor load level is greater that its sensitivity to the fault severity which is not a
good behavior of a fault index. Therefore, the lower PSH is not a proper index for
the diagnosis of the static eccentricity fault. This is addressed better using
Figure 9.7.

The resultant frequencies of the dynamic eccentricity fault detected in the
stator current spectrum are obtained using (9.10) for nd > 0. In Figure 9.8, some
dynamic eccentricity-related high-frequency components are highlighted by
nontext arrows for a 49.6% dynamic eccentricity severity. The corresponding
frequency patterns are clearly detectable in the spectrum of the line-start motor
shown by the arrows. However, their amplitudes, like that of the upper PSH, are
below the noise level in the inverter-fed applications. So they are expected to
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vanish in the spectrum of the CV/F and DTC modes. Here again, the amplitude of
the lower PSH decreases in the DTC mode. Taking the mentioned points in terms
of the high-frequency pattern of the stator current into consideration, we should say
that these are not reliable eccentricity fault indices, especially in the case of
inverter-fed motors.

9.6 Low-frequency components of stator current

There are so many factors affecting the existence of the high-frequency compo-
nents of the stator current expressed by (9.10). Besides, the corresponding ampli-
tudes are highly affected by the factors other than the fault. On the other hand, due
to their high-frequency nature, the interference with noise is somehow inevitable,
and the effective spectrum is affected by the noise in inverter-fed applications.
Therefore, additional processing tools are probably required in order to reveal more
the indices in the frequency spectrum. Thus, it is proposed to find an index located
in a lower frequency range and less sensitive to the noise level. It is analytically
proved that in the case of a mixed-eccentric rotor, a low-frequency pattern
expressed as follows:

flow ¼ jfs � kfrj (9.11)

is visible in the motor spectrum. In (9.11), fr is the rotational frequency of the rotor,
k is an integer and fs is the fundamental frequency of the supply voltage. For k ¼ 1,
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two harmonic components (eccentricity-related sideband components) located at
the same distance around the fundamental frequency are detectable. Normally,
these low-frequency sideband components are of greater amplitudes than those of
the high-frequency patterns, so they are less sensitive to noise. Neither the com-
bination of the stator and rotor slot numbers, nor the number of poles can challenge
the existence of the low-frequency pattern. Theoretically, its existence only
depends on the existence of the eccentricity fault. However, they are detectable in a
spectrum of a healthy motor as well due to the fact that there is always an inherent
level of eccentricity fault in any manufactured motor. Obviously, the sideband
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Figure 9.8 Normalized frequency spectrum of stator current (dynamic
eccentricity ¼ 49.6% and operating slip ¼ 1.6%) (a) line-start motor,
(b) closed-loop DTC motor and (c) open-loop CV/F motor
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components are visible even in the healthy motor, and the eccentricity fault causes
the amplitudes of the components to get greatly higher than the healthy case. The
easiness of the detection in the spectrum and the independence of this index from
noise and motor structure make it a promising tool for diagnosis of the eccentricity
fault, although the type of eccentricity is not discriminable using this index. The
major disadvantage of the low-frequency pattern is its dependence on the voltage
harmonic components (Figure 9.9).

Figure 9.10 shows the current spectrum for a low-frequency range containing
the fundamental frequency (50 Hz) as well as the sideband components under a
mixed eccentricity fault. Three different supply modes are investigated, and the
related spectra are shown. The sideband components are completely visible in
the line-start motor while they vanish in the inverter-fed mode. The reason is that
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the eccentricity severity is very small and close to the inherent asymmetry of the
motor. However, increasing the fault severity will certainly make the sideband
components detectable.

Figure 9.11 illustrates the variation of the amplitude of right (higher) and left
(lower) sideband components (H.SB and L.SB, respectively) as well as the lower
PSH in the rated speed and two fault cases. Three different supply modes are also
investigated. The left column of Figure 9.11 demonstrates a situation where the
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Figure 9.10 Normalized frequency spectrum of stator current (dynamic
eccentricity ¼ 11.5%, static eccentricity ¼ 11.5% and operating
slip ¼ 1.6%) (a) line-start motor, (b) closed-loop DTC motor and
(c) open-loop CV/F motor
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dynamic eccentricity is more powerful than the static one. On the other hand, the
static eccentricity dominates the dynamic eccentricity in the right column.
In general, the latter case is more sever in terms of the fault severity. Therefore, the
subplots of the right column of Figure 9.11 show the amplitude of the indices which
are shifted toward larger positive values compared to the subplots of the left col-
umn. In both fault cases, applying the DTC mode to the induction motor decreases
the amplitude of the left sideband component (L.SB) compared to the line-start
motor with only one exception which might be the result of experimental circum-
stances. On the other hand, the amplitude of the right sideband component (H.SB)
increases compared to the line-start mode. The results of the CV/F mode reveal an
opposite trend leading to the following discussion. Applying the CV/F mode to the
motor increases the amplitude of the L.SB, while it decreases the amplitude of the
H.SB compared to the line-start mode.

Figure 9.12 shows the variation of the amplitude of L.SB, H.SB and lower PSH
(L.PSH) as a function of motor slip and fault severity in two different speeds,
namely the rated and 55% rated ones. According to this figure, decreasing the

0 0.5 1 1.5 2

0 0.5 1 1.5 2

Slip (%)

Slip (%)

0 0.5 1 1.5 2
Slip (%)

0 0.5 1 1.5 2
Slip (%)

0 0.5 1 1.5 2
Slip (%)

0 0.5 1 1.5 2
Slip (%)

–50

–40

–30

–50

–40

–30

–50

–40

–30

–50

–40

–30

–50

–40

–30

–50

–40

–30

rs = 23% & rd = 38%  rs = 46% & rd = 25%  

L.SB

N
or

m
al

iz
ed

 a
m

pl
itu

de
s (

dB
)

L.SB

H.SB H.SB

L.PSH L.PSH

Figure 9.11 Variation of the amplitude of sideband components (L.SB and
H.SB) as well as lower PSH versus motor slip at two fault levels.
Line-start motor (–), closed-loop DTC motor (–*), open-loop
CV/F motor (–o)

446 Fault diagnosis of induction motors

www.ebook3000.com

http://www.ebook3000.org


motor speed leads to a considerable decrease in H.SB and L.PSH, while the
amplitude of the L.SB slightly increases.

Figure 9.13 shows the variation of indices for the same operating conditions as
that of Figure 9.12, but for the CV/F control mode. Accordingly, the L.SB does not
change greatly as the motor speed changes. However, the change in speed increases
the H.SB and decreases the L.PSH. Figure 9.14 demonstrates the variation of the
discussed indices versus the motor speed ranging from 800 rpm to close to 1,500 rpm.
The values are compared to each other in two fixed slips, namely 1.5% and 1.8%.
The L.SB corresponding to the DTC mode slightly decreases as the speed increa-
ses. Unlike the L.SB, the H.SB increases. The L.PSH shows a great increasing rate
as the motor speed increases. The variation of the motor speed in the CV/F mode
does not have a considerable effect on the L.SB. However, the H.SB and the L.PSH
vary a lot.

Having considered the variation trend of the low- and high-frequency indices
already discussed, the L.SB component has a lower sensitivity to the motor slip and
speed variation in the CV/F mode. Therefore, the L.SB might be considered as a
reliable index for the CV/F mode.
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In the DTC mode, the L.SB is still the best candidate because although the
sensitivity to the load and speed is higher than that of the CV/F mode, it is still less
than that of the H.SB and L.PSH.

9.7 Joint analysis of low- and high-frequency patterns
of stator current

The low-frequency fault patterns of the stator current determined as the sideband
components of the fundamental frequency, together with the static and dynamic
eccentricity faults, affect the high-frequency patterns known as PSHs. Thus, it is
very useful to simultaneously analyze the low- and high-frequency indices for the
diagnosing and condition monitoring purposes of the eccentricity fault. The lit-
erature clearly reveals the weakening effect of the increasing motor load on the
fault indices, especially those of low-frequency pattern. This really matters when
the eccentricity severity, either static or dynamic, is relatively small. Therefore, the
diagnosis procedure might face a big problem since the fault-related harmonic
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components might not be detectable easily. Figure 9.15 shows how the indices are
affected by load and fault levels.

9.8 Low-frequency components of voltage space vector
and high-frequency components of current space vector

In an inverter-fed case, the motor voltage consists of higher-order time harmonics
which in turn affect the motor behavior. In addition, the harmonic components of
the torque and speed profile produced by the eccentricity fault might flow into the
closed loops embedded in the drive circuit and hence affect the supply frequency as
well as the motor current. Besides, the harmonics of the motor current pass into the
circuit through the current controllers and make the diagnosis procedure trickier
since it is not only the fault affecting the motor, and there are several factors other
than the fault which define the motor behavior in relation to the fault. Considering
the space vectors of the stator current and voltage signals in a synchronous reference
frame, the fundamental components change into a DC component. Therefore, there
is no need to filter them out of the signal in order to eliminate their masking effect.
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Taking this into account, the following frequency patterns are detectable in the
space vectors of the motor voltage and current signals.

flow ¼ fs
1 � s

P
(9.12)

fhigh ¼ fsðR � 1Þ 1 � s

P
(9.13)

The investigations show that for a typical cutting frequency of the controllers,
the low-frequency pattern of the voltage space vector, along with the high-
frequency pattern of the current space vector, exhibits larger values. Thus, a
combination of these two indices might be interesting for the diagnosis purposes
where a mixed fault takes place in an inverter-fed induction motor. One of the main
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advantages of the mentioned approach is its less sensitivity to the load variations.
Nevertheless, the effect of the saturation profile, the number of rotor bars, the
number of poles and noise level on the indices have not been addressed yet.

According to the literature, the controllers embedded in the drive circuit nor-
mally reduce the amplitude of the fault-related components in the motor current,
while the corresponding components of the motor voltage are amplified instead.
Therefore, it is concluded that the motor current and voltage signals in a closed-
loop application are somehow complementary factors and should be considered
simultaneously if a precise diagnosis is required. On other hand, the space vectors
of the motor voltage and current are easily accessible in an inverter-fed motor. This
suggests the idea of adding the index values of the voltage and current up in order
to introduce a competent measure of the eccentricity fault. As the quantities are
already available in a drive, no more extension of the experimental equipment
is needed.

To become familiar with the variation trend of the indices discussed above in
the DTC and CV/F modes, the frequency spectrum of the stator current, the
d-component of the stator current, the q-component of the stator current, the current
space vector and the voltage space vector are shown in Figure 9.16–9.19 for a given
fault and load (slip). The sideband components of the fundamental frequency are
shown in Figure 9.16 and Figure 9.18 which demonstrate the frequency spectrum
for a low-frequency range. The sideband components are detectable in the spectrum
of the dq components of the stator current as well. In the spectrum of the current
space vector, the sideband components change into other frequency patterns. The
combination of the fundamental frequency and its sidebands produces a new pat-
tern with the frequency as that of the rotor frequency shown in Figure 9.16 and
Figure 9.18. Moreover, the PSH-related harmonic components are visible in the
spectrum of the dq and space vector of the current signals. The corresponding
amplitude is close to that of the phase current illustrated in Figure 9.17 and
Figure 9.19. The interesting point is that almost none of the frequency patterns are
detectable in the frequency spectrum of the motor voltage components. This is true
for both the DTC and CV/F modes.

9.9 The ratio of sum of right (high) and left (low) sideband
components to no-load current

The low-frequency sideband components of the motor current are one of the most
common indices of the eccentricity fault, and they enable us to diagnose a mixed
fault in induction motors. The most powerful sideband components are obtained by
assigning k ¼ 1 in (9.11) which returns the first-order sideband components located
in the same distance from the fundamental component. These are the ones used for
introducing a new index of the eccentricity fault as follows:

fault index ¼ Ilow þ Ihigh

Ino load
(9.14)
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where Ilow, Ihigh and Ino load are the amplitudes of the left (low) sideband compo-
nent, right (high) sideband component and no-load current, respectively. This index
is more sensitive to the fault severity than the load level. So this is one of the
advantages of the index. However, it is only useful for revealing the mixed
eccentricity fault and is not able to separate the effects of static and dynamic faults.
In fact, due to the presence of both static and dynamic inherent eccentricities, this
index is always useful. On the basis of the comments in the section related to the
sideband components, this index might not be useful for monitoring motors with
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low fault severities in an inverter-fed application since the sideband components
might be masked completely by the noise. In the literature, it has been mentioned
that the value of the index is not a function of the motor power rating and load
which is a very significant aspect of this index. Figure 9.20 basically proves the
claim. In this figure, the index is shown as a function of the motor slip. In addition,
two mixed-eccentricity fault severities are investigated in order to explain the
dependency of the index on the load and fault levels. The index shown in
Figure 9.20(b) is shifted toward the larger values compared to the values reported
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in Figure 9.20(a). This shows that increasing the fault level increases the index
somehow independent of the load level. As seen, the indices corresponding to the
line-start mode of operation exhibit rather flat variation trend as the slip increases.
This is a very good demonstration of the independence of this index from the load
variations in the line-start mode. However, the corresponding curves of the DTC
mode show a decreasing trend. The CV/F mode has an increasing trend.
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The effect of changing the motor speed on the index values is shown in
Figures 9.21 and 9.22 for the DTC and CV/F modes, respectively. In these figures,
the index is expressed as a function of the motor slip in two different speeds,
namely the rated and almost half the rated speeds. In the DTC mode, the reduction
in the motor speed changes the index to smaller amounts while the trend alters from
increasing to decreasing as the motor slip increases from zero. Therefore, there is
no fixed trend of variation in the CV/F mode.
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current (iq), d-component of stator current (id), space vector of stator
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Figure 9.23 shows the variation of the index as the function of the motor speed
in a fixed load level. Two operating modes, i.e., the DTC and CV/F modes, are
investigated. The results indicate that the dependency of the index to the motor
speed in the DTC mode is lower than that in the CV/F mode. It should be noted that
the fault level (b) produces higher index values than the fault (a) revealing that the
fault level (b) is severer than the fault level (a).

Considering the material discussed so far in terms of the last index, it is a
promising mode-specific measure of the eccentricity fault. However, in inverter-fed
modes, the load-dependency is rather high, so we should always take the index
values as the functions of load and fault levels into account.
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Figure 9.20 Variation of index value versus slip level for line-start mode (–), DTC
mode (–*) and CV/F mode (–o) (a) static eccentricity ¼ 23% and
dynamic eccentricity ¼ 38% and (b) static eccentricity ¼ 46% and
dynamic eccentricity ¼ 25%
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9.10 Negative sequence current

The experimental results of induction motors reveal the fact that the stator current
consists of negative sequence components when the eccentricity fault takes place.
Figure 9.24 demonstrates the variation trend of the negative sequence current
(NSC) against the variation of the static eccentricity severity. The NSC is expressed
in percentage of the fundamental component of the stator current. It is noticeable
that the amplitude becomes larger when the fault severity increases. In addition, the
index is less sensitive to the motor load because the motor speed changes in the
line-start mode. An interesting representation of this phenomenon is seen in
Figure 9.25. In this figure, the variation of the index is illustrated as a function of
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Figure 9.21 Variation of index value versus slip level in rated speed (–) and 55%
of rated speed (–*) in DTC mode (a) static eccentricity ¼ 23% and
dynamic eccentricity ¼ 38% and (b) static eccentricity ¼ 46% and
dynamic eccentricity ¼ 25%
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the motor speed and load. Increasing the motor load in the line-start mode causes
the motor speed to decrease.

A very important point is that the NSC is one of the main indices to diagnose
the short-circuit fault. However, there is a clear difference between the NSC in
eccentricity and short-circuit faults. In fact, to discriminate between the types of
faults, we should check the potential for the central node of the Y-connected stator
windings. If the corresponding voltage is zero, the negative sequence is probably
caused by the eccentricity fault. Otherwise, there is an unbalanced winding of
the stator.

The NSC is based on the fact that the flux distribution of the stator windings is
not symmetrical any more due to the presence of the eccentricity fault. This pro-
duces a NSC in the stator and so can be detected for the monitoring purposes. When
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Figure 9.22 Variation of the index value versus slip level in rated speed (–) and
55% of rated speed (–*) in CV/F mode (a) static eccentricity ¼ 23%
and dynamic eccentricity ¼ 38% and (b) static eccentricity ¼ 46%
and dynamic eccentricity ¼ 25%
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the motor is supplied by a line-start mode, it is likely that the supply voltage con-
tains some sort of low-level negative sequence components; hence, the dis-
crimination between the fault and the unbalanced voltage is often impossible.
Therefore, using the NSC in the line-start mode is not recommended. Instead, we
switch our focus to the inverter-fed application in which the three-phase voltages
are symmetrical and do not contain negative sequence components. On the other
hand, in a closed-loop application, the operation of the current controller might
produce NSCs with the same frequency as the fundamental one. Besides, the motor
voltage is also affected in this way. Therefore, instead of using the NSC in its raw
format, it is preferred to introduce a new index as the sum of the negative sequences
of the current and voltage signals. Table 9.1 lists the index values in different
operating points for a DTC controlled induction motor. In this table, Vnl, Vpl, Inl and
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Figure 9.23 Variation of the index value versus speed level in a fixed load level
for DTC mode (–), CV/F mode (–*) and CV/F mode (–o) (a) static
eccentricity ¼ 23% and dynamic eccentricity ¼ 38% and (b) static
eccentricity ¼ 46% and dynamic eccentricity ¼ 25%
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Ipl are the negative sequence voltage (NSV), positive sequence voltage, NSC and
positive sequence current, respectively.

Increasing the static eccentricity level up to 23% does not affect the NSV
greatly. However, increasing the fault severity beyond 23% greatly changes the
NSV so that its amplitude increases with the same rate as the fault severity
increases. Increasing the load in a given fault level generally reduces the NSV.
However, the NSC does not exhibit a specific variation trend as a function of the
load or static eccentricity severity. The higher NSC for higher static eccentricity
severities and its lower values for heavy loads are observed in Table 9.1.

Table 9.2 shows the corresponding variations in the CV/F mode.
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Figure 9.25 Amplitude of negative sequence current versus motor speed which
changes as a function of motor load level in line-start mode
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Table 9.1 Variation of sum of negative sequences of current and voltage signals
versus static eccentricity severity in DTC mode

rs (%) rd (%) Slip (%) Vn1/Vp1 (%) In1/Ip1 (%) Index value

Inherent Inherent 0.52 2.12 1.76 3.88
11.5 0.46 2.19 1.06 3.25
23 0.44 2.18 1.29 3.47
34.6 0.47 4.11 0.71 4.82
46.2 0.45 4.58 1.27 5.85
Inherent 0.99 2.08 1.37 3.46
11.5 0.86 2.13 1.01 3.15
23 0.87 2.19 0.86 3.05
34.6 0.90 3.73 1.02 4.75
46.2 0.87 4.11 1.06 5.18
Inherent 1.45 1.91 1.43 3.34
11.5 1.28 2.11 1.50 3.60
23 1.26 2.02 0.78 2.80
34.6 1.30 3.50 1.07 4.56
46.2 1.30 3.80 1.10 4.90
Inherent 2.11 1.92 1.22 3.14
11.5 1.69 2.00 1.50 3.50
23 2.04 1.96 0.95 2.91
34.6 1.64 3.26 1.24 4.51
46.2 1.67 3.43 1.07 4.49

Table 9.2 Variation of sum of negative sequences of current and voltage signals
versus static eccentricity severity in CV/F mode

rs (%) rd (%) Slip (%) Vn1/Vp1 (%) In1/Ip1 (%) Index value

Inherent Inherent 0.54 2.39 1.47 3.87
11.5 0.47 2.45 0.89 3.34
23 0.45 2.36 1.41 3.78
34.6 0.49 4.13 0.99 5.13
46.2 0.46 4.45 0.99 5.44
Inherent 1.01 2.38 1.39 3.77
11.5 0.87 2.48 1.27 3.75
23 0.87 2.51 1.01 3.52
34.6 0.91 4.11 0.81 4.92
46.2 0.88 4.35 0.96 5.31
Inherent 1.47 2.29 1.76 4.05
11.5 1.30 2.44 1.30 3.73
23 1.28 2.27 0.97 3.24
34.6 1.32 3.84 0.77 4.61
46.2 1.33 4.07 1.32 5.38
Inherent 1.92 2.18 1.62 3.81
11.5 1.72 2.32 1.12 3.44
23 1.68 2.13 0.92 3.05
34.6 1.70 3.50 0.88 4.38
46.2 1.75 3.63 1.04 4.67
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Tables 9.3 and 9.4 list the corresponding indices for different dynamic
eccentricity severities in various motor loads. Accordingly, in both inverter-fed
modes, the small fault severity (11.5%) greatly affects the NSV while increasing
the fault severity beyond 11.5% has no more effect on the index. Increasing the
load generally reduces the NSV in both DTC and CV/F modes. Here again, the

Table 9.3 Variation of sum of negative sequences of current and voltage signals
versus dynamic eccentricity severity in DTC mode

rs (%) rd (%) Slip (%) Vn1/Vp1 (%) In1/Ip1 (%) Index value

Inherent Inherent 0.52 2.12 1.76 3.88
11.5 0.44 4.15 1.09 5.24
38 0.44 4.13 1.15 5.28
49.6 0.46 4.16 0.93 5.09
Inherent 0.99 2.08 1.37 3.45
11.5 0.86 3.93 0.92 4.86
38 0.84 4.03 0.71 4.74
49.6 0.85 4.08 0.83 4.91
Inherent 1.45 1.91 1.43 3.34
11.5 1.24 3.65 0.82 4.47
38 1.20 3.61 0.68 4.29
49.6 1.24 3.80 0.88 4.68
Inherent 2.11 1.92 1.22 3.14
11.5 1.69 3.49 0.58 4.08
38 1.64 3.42 0.69 4.12
49.6 1.67 3.42 0.61 4.04

Table 9.4 Variation of sum of negative sequences of current and voltage signals
versus dynamic eccentricity severity in CV/F mode

rs (%) rd (%) Slip (%) Vn1/Vp1 (%) In1/Ip1 (%) Index value

Inherent Inherent 0.54 2.39 1.47 3.87
11.5 0.46 4.18 0.76 4.93
38 0.45 4.16 1.03 5.19
49.6 0.47 4.29 1.02 5.31
Inherent 1.01 2.38 1.39 3.77
11.5 0.84 4.17 1.16 5.33
38 0.84 4.12 0.85 4.97
49.6 0.85 4.37 0.94 5.31
Inherent 1.47 2.29 1.76 4.05
11.5 1.28 4.01 0.68 4.69
38 1.24 3.95 0.91 4.86
49.6 1.27 4.20 0.88 5.08
Inherent 1.92 2.18 1.62 3.81
11.5 1.65 3.71 0.88 4.58
38 1.60 3.64 0.93 4.56
49.6 1.65 3.91 1.00 4.91
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NSC does not have a fixed increasing or decreasing trend as a function of the fault
severity. The values reported in Tables 9.3 and 9.4 are of a very little difference for
a given operating point which demonstrates the robustness of this technique against
the supply mode.

Figure 9.26 shows the variation of the voltage and current sequences separately
as well as the index which is equal to the sum of the amplitude of voltage and
current sequences. Both the closed-loop DTC and open-loop CV/F modes are
investigated in different load and fault severities. As seen, the eccentricity fault
causes the NSV to increase considerably compared to the healthy motor. The sec-
ond case of the eccentricity in which the static type is more powerful than the
dynamic type, the index increases more than the first case. This shows the higher
dependency of the NSV on the static eccentricity severity. The NSV is almost
independent of the control mode. Both fault cases lead to a decrease in the value of
NSC in both control modes, namely DTC and CV/F.

For all the loads, the index (NSC þ NSV) increases if the first case of the
fault, in which the dynamic part dominates the static part, takes place. This is true
for both DTC and CV/F modes. For the second fault case, we observe a fixed
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Figure 9.26 Variation of NSV, NSC and (index: NSV þ NSC) versus motor slip
level in rated speed, healthy motor (–), static eccentricity ¼ 23%
and dynamic eccentricity ¼ 38% (–*), static eccentricity ¼ 46%
and dynamic eccentricity ¼ 25% (–o)
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decreasing trend at some points of variation compared to the healthy motor in both
DTC and CV/F modes.

Figure 9.27 illustrates the effect of reducing the motor speed to 55% of the
rated one on the values of NSC, NSV and the introduced index (NSCþNSV) for a
fixed eccentricity level. The results demonstrate that decreasing the speed leads to a
decrease in the NSV, while it does not affect the NSC considerably. Therefore, it is
expected to have a decreasing trend of variation also for the NSCþNSV. This is the
case for both the closed-loop DTC and open-loop CV/F modes.

9.11 Harmonic components of instantaneous power

It is proved that a set of fault-related harmonic components is created in the motor
power spectrum by the low-frequency sideband components of the stator current to
the fundamental components of the motor voltage. The corresponding frequency
patterns are kfr and 2fs � kfr where fs is the fundamental harmonic component of the
motor supply, fr is the rotational frequency of the rotor and k is an integer. These
frequency patterns as indices are able to diagnose the mixed eccentricity fault.
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Figure 9.27 Variation of NSV, NSC and (index: NSV þ NSC) versus motor slip
level in rated speed, static eccentricity ¼ 23% and dynamic
eccentricity ¼ 38%, rated speed (–) and 55% of rated speed (–*)

464 Fault diagnosis of induction motors

www.ebook3000.com

http://www.ebook3000.org


Figure 9.28 shows the normalized frequency spectrum of the instantaneous power
for a fixed eccentricity severity.

As expected, fr, 2fs � fr and 2fs þ fr have the largest amplitudes among the
patterns; hence, they are selected to be studied. A detailed illustration of variation
of indexes is included in [35]. Here, we try to provide some of the guidelines based
on the results shown in [35]. The static component of the eccentricity dominates the
dynamic component. Except fr, the other two frequency patterns reveal a decreas-
ing trend as the motor load/slip increases. Reducing any of the eccentricity fault
components, whether static or dynamic, greatly reduces the amplitude of all the
frequency patterns in the figures. The rate of the change of 2fs þ fr as a function
of the fault is somehow independent of the load. The same conclusion is true for
2fs � fr in case if the static eccentricity severity is higher than the dynamic eccen-
tricity severity. If the dynamic eccentricity dominates the static eccentricity, the
rate of the change of index is much more than the previous case. Taking the
mentioned discussions into account, it seems 2fs þ fr is a better index for a mixed-
eccentricity fault which is extracted from the instantaneous power of the motor.

While controlling the motor by a DTC mode, the improved noise level, along
with the weakened harmonic components of the motor current, leads to the possibly
complete elimination of the indices extracted from the motor power signal in higher
loads. It is worth noting that unlike the broken bars fault in which increasing the
load improves the corresponding index values, the eccentricity-related indices tend
to diminish in the case of higher loads. Given that the noise level is around �40 dB
in the DTC mode, the indices lower than �40 dB obtained for the DTC mode are
not valid. Therefore, the corresponding curve of fr does not provide something
special about the fault since the indices are below the noise level. Thus, working
around fr component is not recommended in diagnosis procedures. In the case of
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(slip ¼ 0.6%, static eccentricity ¼ 46.2% and dynamic eccentricity
25.4%)

Diagnosis of eccentricity fault in induction motors 465



6543210
Position (rad)

6543210
Position (rad)

6543210
Position (rad)

6543210
Position (rad)

6543210

Position (rad)

0

0.5

1

1.5

2

Ti
m

e 
av

er
ag

e 
hy

st
er

es
is

 lo
ss

es Stator teeth losses
Healthy
Static eccentricity = 40%

5.5 5.7 5.95.6 5.8 6

1

1.2

1.4

1.6

0

0.5

1

1.5

2

Ti
m

e 
av

er
ag

e 
hy

st
er

es
is

 lo
ss

es Rotor teeth losses

5.5 5.55 5.6 5.65 5.7
1

1.2
1.4

1.6
1.8

×105

×105

104

0

2

4

6

8

Ti
m

e 
av

er
ag

e 
ed

dy
 lo

ss
es

Stator teeth losses

5.5 5.6 5.7 5.8 5.9 6

3
4
5
6

0
2
4
6
8

10
12
14

Ti
m

e 
av

er
ag

e 
ed

dy
 lo

ss
es

×104

×105

×105

×105

×106

Rotor teeth losses

5.4 5.45 5.5 5.55 5.6

6

8

10
10 4

0

1

2

3

4

5

Ti
m

e 
av

er
ag

e 
ed

dy
 lo

ss
es

Stator slot losses
Healthy
Static eccentricity = 40%

5 5.05 5.1 5.15 5.2 5.25 5.3
3.8

3.85

3.9

10 6

Healthy
Static eccentricity = 40%

Healthy
Static eccentricity = 40%

Healthy
Static eccentricity = 40%

(a)

(b)

(c)

(d)

(e)

Figure 9.29 Motor losses in different components (full-load, line-start, healthy
and static eccentricity ¼ 40%, simulation run time is equal to
500 ms) (a) stator teeth hysteresis losses, (b) rotor teeth hysteresis
losses, (c) stator teeth eddy losses, (d) rotor teeth eddy losses,
(e) stator slot ohmic losses and ( f ) rotor slot ohmic losses

466 Fault diagnosis of induction motors

www.ebook3000.com

http://www.ebook3000.org


other two indices located at sidebands of 2fs component (2fs þ fr and 2fs � fr), the
DTC mode does not have a great effect on the indices compared to the line-start
mode. However, if the DTC-related values fall below the noise level at some load
levels, those points must be ignored. The interesting point is that applying the DTC
mode causes the amplitude of 2fs þ fr to increase compared to the line-start mode.
This is a promising behavior since it reduces the masking effect of noise which
makes the pattern detection difficult and sometimes impossible.

The investigations prove that 2fs þ fr components are eliminated in a CV/F
control mode; hence, the only remaining patterns are fr and 2fs � fr. The corre-
sponding variation of these components in different operating modes for a CV/F
drive is shown below.

9.12 Loss characterization of induction motors
with eccentricity fault

Figure 9.29 illustrates the loss characterization curves of a 28-bar, 4-pole, an
11-kW induction motor in the healthy and static eccentricity operating conditions
in the line-start mode.
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Chapter 10

Diagnosis of interturn short-circuit fault
in induction motors

10.1 Motor current signature analysis

Motor current signature analysis (MCSA) is one of the most powerful methods of
online motor diagnosis for detecting motor faults. MCSA technique in case of cage
rotor induction motors means the analysis of stator-line current spectrum obtained by
applying Fourier transform to the stator current waveform in steady-state conditions.
The stator-line current frequency spectrum represents, a sort of speaking, an elec-
trocardiogram of an electrical machine [1]. This technique is particularly useful
because it is noninvasive, and the search coil is the stator winding of the machine,
itself. Using MCSA has advantages such as no estimation of motor parameters and
the simplicity of current sensors and their installation [2].

Although MCSA is one of the most powerful methods for diagnosing motor
faults, it has some shortcomings:

● MCSA requires high precision of slip-frequency information;
● Stator current data should be sampled after motor speed arrives at the steady-

state;
● Unspecified harmonic numbers induce ambiguous results from MCSA-based

diagnosis methods [2].

In order to make the correct interpretation of changes in the spectrum as result of
different faulty regimes, one should be familiar with the current spectrum of the
healthy machine [1], which is not an easy task because of the complexity of elec-
tromagnetic processes, variable in space and time, which occur in the machine. In
other words, it is necessary to have a powerful mathematical model that enables
numerical modeling of the machine, taking the exact geometrical representation of
the machine into account. Such a model that is widely recognized as a very pow-
erful tool for modeling and analyzing different faults in induction machines is
based on winding function approach [3]. In order to gain a deeper insight into the
origin of different current harmonics, an appropriate analytical model should be
used in addition to the numerical one. The most common approach for these pur-
poses is the MMF—permeance wave approach. Therefore, the magnetic flux den-
sity waves in the air gap are obtained from multiplication of MMF and permeance
waves [4]. The application of both models, numerical and analytical, which are



verified by measurements, allows drawing conclusions on the order and magnitude
of fault-induced current harmonics.

10.2 Healthy cage rotor induction motor

10.2.1 MMF space harmonics
Assuming uniform air gap length g0 in induction motor, i.e., assuming constant value of
air gap permeance as well as infinitely permeable iron, the flux density waves will have
the same form as MMF waves. It should be mentioned that magnetic permeance P is
inversely proportional to the magnetic reluctance Rm. Assuming infinitely permeable
iron, magnetic reluctance of air gap under one pole of induction motor is:

Rm ¼ g0

m0S
¼ g0

m0tl
¼ g0

m0 pD=2pð Þl ¼
2pg0

m0pDl
(10.1)

where t is pole pitch, D is mean air gap diameter and l is axial length of machine.
Therefore, magnetic permeance is

P ¼ 1
Rm

¼ m0pDl

2pg0
(10.2)

and it obviously has a constant value for constant uniform air gap length. In case of
infinitely high permeability of iron, Ampere’s circuital law could be applied only
along the air gap length under one machine poleI

C
H � dl ¼

Z
S

J � dS ) H � g0 ¼ F ) H ¼ F

g0
) H / F (10.3)

where F is MMF value under one-machine pole. Magnetic flux density in air gap is
also directly proportional to MMF:

B ¼ m0H ¼ m0

g0
F ) B / F (10.4)

Therefore, magnetic flux density waves in machine air gap, in stator frame of
reference are (see (4.105)–(4.107) in the fourth chapter):

B1 ¼ B1m cos w1t � npqsð Þ (10.5)

B2 ¼ B2m cos 1 � lR

p
1 � sð Þ

� �
w1t þ lR

p
� n

� �
pqs

� �
(10.6)

B3 ¼ B3m cos 1 þ lR

p
1 � sð Þ

� �
w1t � lR

p
þ n

� �
pqs

� �
(10.7)

These flux density waves could eventually induce electromotive forces (EMFs) and
lead to currents in the stator windings at the same frequencies. Hence, all the flux
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density space harmonics from the stator, rotor reflects at the fundamental frequency
and a series of two additional slip-dependent frequencies, located rather high in the
stator-current spectrum – rotor slot harmonics (RSHs), lower

fL RSH ¼ 1 � l
R

p
1 � sð Þ

� �
f1 (10.8)

and upper,

fU RSH ¼ 1 þ l
R

p
1 � sð Þ

� �
f1 (10.9)

where l¼ 1, 2, 3, . . . .
For l¼ 1, one has the first-order rotor slot harmonics (RSHs) or principal

slot harmonics (PSHs).
Obviously, frequencies given by (10.8) and (10.9) depend on machine load,

i.e., slip. In other words, position of PSHs in stator current spectrum depends on
rotor speed. This is what makes them interesting and is the reason why these har-
monics have found wide application in the sensorless speed estimation of induction
motor drives using numerous different techniques for digital signal processing [5].
However, the existence of stator current components at frequencies given by (10.8)
and (10.9) depends on the number of pole pairs in the flux density waves in (10.6)
and (10.7). In order that spectral component at the lower PSH frequency (10.8)
exists in the stator current spectrum, it is required that the number of pole pairs in
the flux density wave (10.6) be equal to the number of pole pairs produced by the
stator winding itself. In other words, R/p�n for some adequate value of n must
belong to the group H ¼ (6k þ 1). Further, it means that:

RL RSH ¼ p 6 g þ kð Þ þ 2ð Þ; g ¼ 0;�1;�2; . . . k ¼ 0;�1;�2; . . . (10.10)

It can be easily concluded from (10.10) that for a rotor with R bars, in a p-pole-pair
motor, the lower PSH in the stator current spectrum will exist if the following
condition is satisfied, [1]:

RL RSH ¼ 6n þ 2ð Þp; n ¼ 0; 1; 2; 3; . . . (10.11)

For example, in case of four-pole machine, p ¼ 2, RL_PSH ¼ 4, 16, 28, 40, . . . . On
the other hand, the condition for existence of the upper PSH is satisfied for rotors
with the following number of bars:

RU RSH ¼ �p 6 g þ kð Þ þ 2ð Þ; g ¼ 0;�1;�2; . . . k ¼ 0;�1;�2; . . .

(10.12)

which is equivalent to the following expression:

RU RSH ¼ 6n � 2ð Þp; n ¼ 1; 2; 3; . . . (10.13)

This leads to RU_PSH ¼ 8, 20, 32, 44, . . . for a four-pole machine.
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In order that both PSHs exist in the stator current spectrum, the number of rotor
bars in p-pole-pair motor must be equal to the mean value of (10.11) and (10.13):

RBOTH RSH ¼ 6np; n ¼ 1; 2; 3; . . . (10.14)

This leads to the well-known ‘‘forbidden’’ combinations of stator and rotor slot
numbers [6,7], (RBOTH_PSH ¼ 12, 24, 36, 48, . . . for a four-pole motor). Rotors with
R bars in p-pole-pair symmetrical induction motor, which do not satisfy any of
conditions (10.11), (10.13) and (10.14), will not have any PSHs in stator current
spectrum, under symmetrical voltage supply conditions.

As an example of stator current spectrum for an induction motor that satisfies
condition (10.11), Figure 10.1 gives stator current spectrum in steady-state condi-
tion for p ¼ 4 induction motor with S ¼ 48 stator slots and R ¼ 32 rotor bars.
According to (10.11), only the lower RSH exists. For slip of s ¼ 2.73%, it means
stator current component at 339 Hz.

As an example of stator current spectrum for induction motor that satisfies
condition (10.13), Figure 10.2 gives stator current spectrum in steady-state regime
for p ¼ 2 induction motor with S ¼ 36 stator slots and R ¼ 32 rotor bars. According
to (10.13), only the upper RSH exists. For slip value of s ¼ 2.6%, stator current
component exists at 829 Hz.

As an example of stator current spectrum for induction motor that satisfies
condition (10.14), Figure 10.3 gives stator current spectrum in steady-state regime
for p ¼ 2 induction motor with S ¼ 36 stator slots and R ¼ 24 rotor bars. According
to (10.14), both RSHs exist at 534 and 634 Hz for slip value s ¼ 2.6%.
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Figure 10.1 Stator current spectrum for p ¼ 4 induction motor with S ¼ 48 stator
slots and R ¼ 32 rotor bars (according to (10.11), only the lower
RSH exists in stator current spectrum)
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Finally, as an example of stator current spectrum for induction motor that does
not satisfy any of the previously defined conditions, Figure 10.4 gives stator current
spectrum in steady-state regime for p ¼ 2 induction motor with S ¼ 36 stator slots
and R ¼ 30 rotor bars. It is now obvious that in the stator phase current spectrum,
none of the principal slot harmonics (PSHs) exists.
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Figure 10.2 Stator current spectrum for p ¼ 2 induction motor with S ¼ 36 stator
slots and R ¼ 32 rotor bars (only the upper RSH exists in stator
current spectrum)
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Figure 10.3 Stator current spectrum for p ¼ 2 induction motor with S ¼ 36 stator
slots and R ¼ 24 rotor bars (both RSHs are clearly visible in stator
current spectrum)
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Here, it should be stressed that some of the PSHs that ordinarily could not exist
in the spectrum of a healthy machine may be visible as a consequence of asym-
metrical voltage supply and/or asymmetrical stator phase windings. In such cases,
some amount of inverse-rotating magnetic flux waves in air gap exist, n¼�1.
Such a case can be seen, for example, in a motor with S ¼ 36 stator slots, R ¼ 32
rotor bars, and p ¼ 2. Such a motor could develop only the upper PSH. However,
for n¼�1, such a motor could also develop, to some extent, the lower PSH as one
can easily conclude from (10.6) where for n¼�1, the number of pole pairs in
magnetic flux density wave corresponds to the 17th space harmonic.

10.2.2 Slot permeance harmonics
Aside from the described stator or rotor MMF space harmonics, another effect
exists in a real induction motor which generates EMFs and currents in stator
windings at the same frequencies given by (10.8) and (10.9), as explained in the
following. This is the stator and rotor slotting effect, i.e., the air gap length that
varies with both space and time as a function of rotation of the rotor. As stated
previously, both MMF space harmonics and slot permeance harmonics induce
EMFs and lead to the stator currents at the same frequencies. Hence, the distinction
between the contributions of these components is blurred. The main differentiation
between these two effects is that rotor MMF space harmonics exist only in case
where current flows through the cage winding, even in the no-load case. This is a
consequence of high-frequency rotor currents induced by rotating flux density
wave harmonics from the stator side. For the existence of rotor permeance slot
harmonics, this precondition is not needed. Even a slotted rotor without any
winding, rotating in the motor by some external means, e.g. an auxiliary motor, will
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Figure 10.4 Stator current spectrum for p ¼ 2 induction motor with S ¼ 36 stator
slots and R ¼ 30 rotor bars (none of the PSHs exists in spectrum)
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lead to stator winding current components at frequencies given by (10.8) and (10.9)
if the stator winding is connected to the voltage supply. In this case, the slip in
(10.8) and (10.9) is simply the difference between the synchronous speed and the
speed of the auxiliary motor. The reason for the existence of these stator current
components is that the self-inductance of the stator windings becomes a function of
time as a consequence of variable permeance due to the changing rotor angle, [1].

The actual induction motor air gap permeance is variable in both space and
time as a consequence of stator and rotor slotting and their mutual position as a
function of rotor angle. Taking only the fundamental harmonic of air gap per-
meance series into account, the air gap permeance function is commonly described
by the following series [1,8]:

P qs; qrð Þ ¼ 1
g0

þ Ps cos Sqsð Þ þ Pr cos Rqrð Þ þ Psr cos Sqs � Rqrð Þ þ � � � (10.15)

where coefficients Ps, Pr and Psr depend on the geometrical dimensions of the air gap
and stator and rotor slot opening. The situation where stator MMF waves given by

Fsn t; qsð Þ ¼ Fsnmax cos wt � npqsð Þ (10.16)

act on the third term of (10.15) is considered next. As a result, two flux density
waves are obtained, expressed in the stator frame of reference as follows:

Bsn1 t; qsð Þ ¼ Bsn1max cos 1 � R

p
1 � sð Þ

� �
wt þ R

p
� n

� �
pqs

� �
(10.17)

Bsn2 t; qsð Þ ¼ Bsn2max cos 1 þ R

p
1 � sð Þ

� �
wt � R

p
þ n

� �
pqs

� �
(10.18)

that are identical with waves (10.6) and (10.7). On the other hand, stator MMF
waves (10.16) acting on the fourth term in the permeance expression (10.15) lead to
flux density waves of the same frequencies, but with different number of pole pairs
given by:

Bsn3 t; qsð Þ ¼ Bsn3max cos 1 � R

p
1 � sð Þ

� �
wt � S � R

p
þ n

� �
pqs

� �
(10.19)

Bsn4 t; qsð Þ ¼ Bsn4max cos 1 þ R

p
1 � sð Þ

� �
wt þ S � R

p
� n

� �
pqs

� �
(10.20)

As it will be shown, this difference in pole pair number (at certain combination of
stator, rotor slot and pole pair number) can have a significant effect on the ampli-
tudes of stator current components at these frequencies. These permeance harmo-
nics could significantly amplify the already existed RSHs in stator current spectrum.

Let us consider, for example, the case of p ¼ 4 induction motor with S ¼ 48
stator slots and R ¼ 40 rotor bars. Figure 10.5 gives stator current spectrum in
steady-state regime for this motor. It is obvious that the upper RSH is the most
prominent higher harmonic in the spectrum. As motor is fully loaded, s ¼ 2.6%,
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with high intensity of rotor currents, the conclusion is that this RSH is emphasized
due to the higher space harmonics of rotor MMF.

However, when the motor is almost unloaded (rotor currents are very small),
this harmonic is also the most prominent higher harmonic in the spectrum, and
this could be explained only by permeance harmonic effect (10.20). Normally, for
S ¼ 48, R ¼ 40 and p ¼ 4, the magnetic flux density wave (10.20) is a wave with
fundamental number of pole pairs, and it could induce significant value of EMF in
stator phase windings. Slip value for this operating regime is s ¼ 0.2%. It could be
easily proven that in the first case, the amplitude of RSH is 1% of the amplitude of
fundamental harmonic, while in the second case, this ratio is slightly smaller than
0.5%, Figure 10.6.

10.2.3 Saturation permeance harmonics
The saturation of the main magnetic flux path in a machine can be modeled by
making the air gap length a function of the saturation level and spatial position,
Figure 10.7 [9,10]. In this approach, the maximum value of the virtual air gap length
corresponds to the maxima/minima of the main magnetic flux density wave while
the minimum value of the virtual air gap length (equal to the effective value of the air
gap length) corresponds to the zero value of the main magnetic flux density wave.

Accordingly, the air gap permeance function, neglecting the stator and rotor
slotting, is described with the following expression:

P qs; bð Þ ¼ 1
g0

� km � km cos 2pqs � 2bð Þ (10.21)
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Figure 10.5 Stator current spectrum for fully loaded p ¼ 4 induction motor with
S ¼ 48 stator slots and R ¼ 40 rotor bars (the upper RSH is the most
prominent higher harmonic in the spectrum)
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where g0 is the effective air gap length and p is the number of pole pairs of the
machine. Angle qs (in mechanical radians) defines position along the stator cir-
cumference while b (in electrical radians) describes the angular position of the air
gap flux density maximum in the stator frame of reference. Factor km correlates
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Figure 10.6 Stator current spectrum for almost unloaded p¼ 4 induction motor
with S ¼ 48 stator slots and R ¼ 40 rotor bars (the upper RSH is again
the most prominent higher harmonic in the spectrum, s ¼ 0.2%)
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Figure 10.7 Virtual air gap length variation along the machine circumference
due to the main magnetic flux path saturation, p ¼ 2, b¼ p/2 rad
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with the saturation factor in the following manner [10]. The product of the
permeance function and the fundamental MMF wave F1maxcos(wt � pqs) gives two
flux density waves:

B t; qsð Þ ¼ F1max
1
g0

� 3
2

km

� �
cos wt � pqsð Þ � F1max

km

2
cos 3wt � 3pqsð Þ

(10.22)

The maximum value of the fundamental flux density wave in (10.22) should
correspond to the saturated condition of the machine (Bsat � Esat � Usat). In an
unsaturated machine, the maximal value of the fundamental flux density wave
(Bnon_sat � Enon_sat � Unon_sat) should correspond to the inverse value of the effective
air gap length, i.e.

1
g0

: Unon sat ¼ 1
g0

� 3
2

km

� �
: Usat (10.23)

As the saturation factor is the ratio of the fundamental components of the air gap
voltage in unsaturated and saturated conditions,

ksat ¼ Unon sat

Usat
(10.24)

The previous relationship results in:

km ¼ 2
3

1
g0

ksat � 1
ksat

(10.25)

The air gap permeance function (10.21) now attains a more compact form

P ¼ P1 þ P2 ¼ P1 þ P2m cos 2pqs � 2bð Þ (10.26)

where

P1 ¼ 1
g0

1 � 2
3

ksat � 1
ksat

� �
(10.27)

P2m ¼ � 2
3

1
g0

ksat � 1
ksat

(10.28)

The symmetrical three-phase stator winding produces a series of MMF waves,
described by the well-known relation:

Fs ¼ Fsmn cos wt � npqsð Þ (10.29)

where n¼ 6g þ 1, g ¼ 0, �1, �2 . . . These waves, in interaction with the air
gap permeance function (10.26), produce numerous magnetic flux density waves.
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It should be noted that in a steady-state condition, b¼wt. In a saturated machine,
two different effects can be noticed. First, rotor MMF waves

F1 ¼ F1m cos snwt � npqrð Þ (10.30)

F2 ¼ F2m cos snwt þ lR

p
� n

� �
pqr

� �
(10.31)

F3 ¼ F3m cos snwt � lR

p
þ n

� �
pqr

� �
(10.32)

where

sn ¼ 1 � n 1 � sð Þ (10.33)

experience a variable air gap permeance. In interaction with P2 (10.26), the rotor
MMF waves produce the following flux density waves in stator frame of reference:

B11sat ¼ B11msat cos wt þ n� 2ð Þpqsð Þ (10.34)

B12sat ¼ B12msat cos 3wt � nþ 2ð Þpqsð Þ (10.35)

B21sat ¼ B21msat cos 1 þ l
R

p
1 � sð Þ

� �
wt � lR

p
� n� 2ð Þ

� �
pqs

� �
(10.36)

B22sat ¼ B22msat cos 3 � l
R

p
1 � sð Þ

� �
wt þ lR

p
� nþ 2ð Þ

� �
pqs

� �
(10.37)

B31sat ¼ B31msat cos 1 � l
R

p
1 � sð Þ

� �
wt þ lR

p
þ n� 2ð Þ

� �
pqs

� �
(10.38)

B32sat ¼ B32msat cos 3 þ l
R

p
1 � sð Þ

� �
wt � lR

p
þ nþ 2ð Þ

� �
pqs

� �
(10.39)

As the number of pole pair in (10.35) is a multiple of three for any value of n, the
third harmonic component in stator current spectrum cannot arise in a symmetrical
machine connected to balanced three-phase voltages. Second, the stator MMF waves
in a saturated induction machine, through variable air gap permeance P2, induce flux
density waves that do not exist in an unsaturated machine. These waves are

B4 ¼ B4m cos 1 � 2 � nð Þ 1 � sð Þð Þwt þ n� 2ð Þpqrð Þ (10.40)

B5 ¼ B5m cos 3 � 2 þ nð Þ 1 � sð Þð Þwt � nþ 2ð Þpqrð Þ (10.41)

Due to these waves, new MMF waves in the cage rotor can appear. However, these
new MMF waves, in the previously described manner, can induce the EMFs and
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lead to currents in the stator winding only at the same frequencies as in (10.34)–
(10.39). Hence, in a saturated induction machine, new stator current components
can be expected only at the following frequencies: the lower saturation-related
harmonic (L_SH)

fL SH ¼ 3 � l
R

p
1 � sð Þ

� �
f1 (10.42)

and the upper saturation-related harmonic (U_SH)

fU SH ¼ 3 þ l
R

p
1 � sð Þ

� �
f1 (10.43)

Similarly, as for the PSHs, in order that stator current components arise at fre-
quencies given by (10.42), the number of pole pairs of the magnetic flux density
waves (10.37) must be the same as the number of pole pairs that the stator winding
itself produces. This means that, in order that stator current component at the
lower saturation-related frequency exists, R/p � (nþ 2) must belong to group H ¼
(6k þ 1), where k ¼ 0, �1, �2 . . . . The same condition holds for the upper
saturation-related PSH.

Figure 10.8 shows experimentally obtained stator current spectrum for an
induction motor with S ¼ 36 stator slots, R ¼ 28 rotor bars and p ¼ 2 pairs of poles.
According to the predictions, only the lower PSH exists in the spectrum at 616 Hz,
for s ¼ 4.86%. In addition, both saturation-related current components appear in the
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Figure 10.8 An experimentally recorded stator current spectrum for cage rotor
induction motor with S ¼ 36 slots, R ¼ 28 bars, p ¼ 2 pole pairs
@ s ¼ 4.86%
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spectrum at predicted frequencies in (10.42) and (10.43), i.e., at 516 and 816 Hz for
s ¼ 4.86%. Moreover, saturation-related component at 816 Hz is one of the most
prominent harmonics in the spectrum. This phenomenon can be easily explained.
Magnetic flux density wave (10.39) has fundamental number of pole pairs p ¼ 2 for
n¼�17:

lR

p
þ nþ 2ð Þ�����������������������������������������������������������������!l¼1;R¼28; p¼2; n¼�17 28

2
þ �17 þ 2ð Þ ¼ 14 � 15 ¼ �1

On the other hand, stator MMF space harmonic for n¼�17 is rather high because
this harmonic is the stator slot harmonic (S ¼ 36 and p ¼ 2). Thus, these two facts
simultaneously lead to a rather high current component at the upper saturation-
related frequency. The other saturation-related current component at 516 Hz is not
so prominent because the magnetic flux density wave (10.37) could have funda-
mental number of pole pairs only for n¼ 13, i.e., for stator MMF space harmonic of
rather small magnitude.

Figure 10.9 shows the stator current spectrum for loaded four-pole cage rotor
induction motor with S ¼ 36 stator slots and R ¼ 32 rotor bars at s ¼ 6.4%.

Only the upper PSH exists in the spectrum according to predictions. Moreover,
the upper PSH at 798 Hz is one of the most prominent higher harmonics in the
whole stator current spectrum. Although the fundamental rotor current of the loa-
ded motor has a significant effect on the PSH intensity, such a high PSH component
can be explained only by the significant additional effect of slot permeance har-
monics. Indeed, this motor has a certain number of stator and rotor slots so that
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Figure 10.9 An experimentally recorded stator-line current spectrum for loaded
cage rotor induction motor with S ¼ 36 slots, R ¼ 32 bars and p ¼ 2
pole pairs @ s ¼ 6.4%
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depending on the logical relationship between the two clauses the slot permeance
harmonics will also have a very significant effect on the same PSH amplitude.
From (10.20), it follows that (S � R)/p � n¼ (36 � 32)/2 � 1 ¼ 1 which means that
the fundamental stator MMF wave through the slot permeance produces the
upper PSH.

Figure 10.10 depicts stator current spectrum for a loaded 60 Hz four-pole cage
rotor induction motor with S ¼ 36 stator slots and R ¼ 44 rotor bars [11]. Only the
upper PSH exists in the spectrum at 1,325 Hz according to previously derived rules.
The lower PSH at 1,205 Hz is almost invisible. The lower saturation-related har-
monic at 1,085 Hz is the most prominent harmonic in this part of spectra because
the pole pair number of flux density wave given by (10.37) is equal to one of the
stator slot harmonics for n¼ 1, i.e., (R/p� (nþ 2)) ¼ (44/2 � (1 þ 2)) ¼ 19. On the
other hand, for n¼ 19, (R/p � (nþ 2)) ¼ (44/2 � 21) ¼ 1. The upper saturation-
related harmonic at 1,445 Hz is not so pronounced because the pole pair numbers in
flux density wave given by (10.39) cannot attain any significant value.

10.3 MCSA of an induction motor with interturn fault

Interturn short circuits in stator windings of cage induction motors are one of the
most severe faults due to their consequences for motor life and, at the same time,
the most difficult faults to detect. These faults have been analyzed from several
points of views and tackled with different techniques for analysis, diagnosis and
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Figure 10.10 Stator-line current spectrum for loaded 60-Hz cage rotor
induction motor with S ¼ 36 slots, R ¼ 44 bars, and p ¼ 2 pole
pairs @ s ¼ 4.16%
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detection, but it could be certainly said that detection of this type of fault has not
been solved yet.

One of the first papers that has dealt with stator faults is the paper by Bonnet in
1978, [12]. Bonnet stated that the majority of winding failures are caused by var-
ious stresses which act on the stator winding and could be broken down into four
groups: thermal, electrical, mechanical and environmental. In addition, he defined
five key areas, which must be considered and related to one another to accurately
diagnose the cause of winding failure, as follows: failure mode, failure pattern,
appearance, application and maintenance history. He showed that the actual mode
of failure could be broken down into the five groups illustrated in Figure 10.11.

Bonnet stated that the most probably initial fault is turn-to-turn fault—
‘‘A random wound motor is frequently started and due to excessive coil movement
sustains a minor turn-to-turn short within one coil. As this condition progresses,
excessive heating is generated within the shorted coil, resulting in insulation
deterioration and eventually in a partial ground through the slot liner. Depending
upon the type of motor protection, the motor may continue to run; more and more
heat is generated in the damaged area until the phase or ground insulation is
destroyed. At this point a direct phase-to-phase fault or ground fault occurs, and the
motor is immediately dropped off the line.

Although inspection could reveal all five modes of failure, the turn-to-turn
condition was the initial problem, and the others were the result of the problem. A
turn-to-turn failure is usually very difficult to recognize due to the destructive
nature of the final fault conditions.’’

One of the first attempts to detect and diagnose the interturn short-circuit fault,
using MCSA, is presented by Joksimović and Penman [13], in 2000. A winding-
function-based method for modeling a cage rotor induction motor with interturn
short circuit in the stator winding is applied in that paper. This model is already
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Open circuit

Turn to turn

Coil to ground

Phase to phase

Coil to coil

L2 L3

Figure 10.11 Wye-connected stator showing possible failure modes
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presented in Chapter 5 of this monograph. Some observations with regard to the
MCSA will be underlined here.

As it was stated before, as a consequence of the nature of cage rotor winding,
all flux density waves from the stator side will be reflected at rotor slot frequencies
in the stator current spectra. This is the case in a healthy machine as well as a
machine with interturn short circuit. Assuming that interturn short circuit occurs
between two turns in the same coil, a new series of MMF waves will appear under
the interturn short circuit. That series consists of MMF and flux density waves with
all number of pole pairs and in both directions of rotation. One of these waves is the
wave with the same number of pole pairs as the basic flux density wave in machine,
but with an opposite direction of rotation. This wave has no effect on the stator
current spectra explicitly because it induces only base-frequency current compo-
nent. This current component in stator winding is of inverse order.

However, this wave with fundamental number of pole pairs and inverse
direction of rotation could produce new current component in stator current spec-
trum at 150 Hz (triplen time harmonic) through the following two effects that
appear in real induction motors:

● first, this wave with n¼�1 order produces third harmonic component at stator
current spectrum through the saturation of magnetic circuit effect, (10.35);

● second, inverse-order currents in stator windings produce pulsating electro-
magnetic torque with 2f1 frequency. Through the speed ripple effect, as it is
explained in [14], this pulsating electromagnetic torque can produce new cur-
rent component in stator current spectrum at 150 Hz.

It should be stressed that the origin of third time harmonic (150 Hz) in a stator
current spectrum could also be consequence of asymmetrical voltage supply, i.e.,
of some amount of inverse-rotating magnetic flux wave in the air gap, n¼�1,
that produces EMF and current at this frequency through the described saturation
effect in the machine, (10.35). For example, none of the three-phase voltage
supplies is ideally symmetrical as it is also the case with stator winding of
induction machine.

On the other hand, as a consequence of nonideal voltage supply and nonideal
stator winding distribution in real circumstances, small amounts of inverse-rotating
magnetic flux waves produce pulsating electromagnetic torque component at fre-
quency 2f1 and consequently, speed ripple effect [14]. It further means that this
pulsating electromagnetic torque component produces magnetic flux pulsations that
will induce additional EMF and currents in stator winding at 3f1 frequency.

As discussed previously, all other waves that are due to interturn short-circuit
fault could only eventually induce EMFs and generate currents at RSH frequencies.
One of the interturn short-circuit consequences could be the appearance of one of
the RSHs in stator current spectrum that cannot appear in a healthy motor.

In order to underpin the previous discussion, some of the results from numer-
ical model as well as experiment are provided in the following section.

● Experimental and numerical results (S ¼ 36, R ¼ 32, p ¼ 3, delta connection)
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The following three figures, Figure 10.12–10.14, give experimentally obtained
stator-line current spectrum in case of healthy motor and interturn short circuit.
Different phases are designated by three different labels: A, B and C. Internal stator
phase winding connection is delta, and interturn short circuit is made on already
wounded stator winding, so it was not known exactly in which phase interturn short
circuit occurs.

All figures show the most significant changes in RSHs (468 and 568 Hz for
slip s ¼ 2.875%) as well as changes in intensity of stator current component at 150
Hz. In a healthy motor, there should not exist any of the RSHs according to the
previously defined rules, i.e., (10.11), (10.13) and (10.14). However, in stator
current spectrum of a healthy machine, the small value of the upper RSH is visible
at 568 Hz. In case of interturn short circuit, an additional lower slot harmonic in a
small amount appears in all phases at 468 Hz. An additional prominent rise of
current component at 150 Hz is visible in one of the line currents (the A one), but
it is not so big in other two-line currents.

Similar results are obtained through the numerical model of the same machine.
So, Figure 10.15 shows the stator-line current spectrum for healthy motor. It is clear
that there are almost no higher current harmonic components as it is predicted by
expressions (10.11), (10.13) and (10.14). In case of interturn short circuit, i.e.,
Figure 10.16, both of RSHs, as well as a very small amount of current at 150 Hz,
appear in spectra.

● Experimental results (S ¼ 36, R ¼ 32, p ¼ 2, delta connection)

As in the previous case, the stator-line current spectrum is recorded for a
healthy machine and in cases where interturn short circuit exists in stator phase
winding. For p ¼ 2 and R ¼ 32, it follows from (10.13) that only the higher RSH
could exist in stator current spectrum in a healthy machine. This is evident from
Figures 10.17–10.19 where the upper RSH is one of the most prominent harmonics
in stator-line current spectrum at 806 Hz for s ¼ 5.5%. The only visible changes are
significant rises of the upper RSH in faulty conditions and appearance of the lower
RSH in one of the phases.

All the above experimental results show the existence of the fifth and seventh
current time harmonics, at 250 and 350 Hz. This fact can be explained only as a
consequence of the voltage time harmonics of the same order in the supply vol-
tages. From previously given results and the analytical considerations, the follow-
ing conclusions regarding the possibility of using MCSA for interturn short-circuit
faults could be drawn:

● The nature of the cage rotor is such that as shown in Chapter 4, all MMF waves
and therefore the magnetic flux density waves are mapped onto only two of the
frequencies (and their multiples) in the spectrum of stator currents. As the
result of the interturn short circuit, a larger number of magnetic flux density
waves rotating in both directions in the air gap exists, and all of them will be
mapped onto only two of the frequencies—at the rotor slot frequencies. So, the
only thing that can be expected is the growth in these current components, and
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Figure 10.12 Stator-line current spectrum (A phase) for loaded 50-Hz cage rotor
induction motor with S ¼ 36 slots, R ¼ 32 bars, p ¼ 3 pole pairs
@ s ¼ 2.875%: (a) A phase, healthy motor and (b) A phase,
interturn short circuit
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Figure 10.13 Stator-line current spectrum (B phase) for loaded 50-Hz cage rotor
induction motor with S ¼ 36 slots, R ¼ 32 bars, p ¼ 3 pole pairs
@ s ¼ 2.875%: (a) B phase, healthy motor and (b) B phase,
interturn short circuit
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Figure 10.14 Stator-line current spectrum (C phase) for loaded 50-Hz cage rotor
induction motor with S ¼ 36 slots, R ¼ 32 bars, p ¼ 3 pole pairs
@ s ¼ 2.875%: (a) C phase, healthy motor and (b) C phase,
interturn short circuit
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there is two reasons for this: one is quantitative, so there is a larger number of
waves that all have a smaller or greater effect on these frequencies and the
other one is qualitative: some of these flux density waves have the same
number of poles as fundamental waves; therefore, this effect becomes sig-
nificant. The fact that as a result of interturn short circuit, any new frequency
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Figure 10.15 Stator-line current spectrum for healthy, loaded 50-Hz cage rotor
induction motor with S ¼ 36 slots, R ¼ 32 bars, p ¼ 3 pole pairs
@ s ¼ 6.25%. The results are obtained from numerical model
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Figure 10.16 Stator-line current spectrum for faulty, loaded 50-Hz cage rotor
induction motor with S ¼ 36 slots, R ¼ 32 bars, p ¼ 3 pole pairs
@ s ¼ 6.25%. The results are obtained from numerical model
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Figure 10.17 Stator-line current spectrum (A phase) for loaded 50-Hz cage rotor
induction motor with S ¼ 36 slots, R ¼ 32 bars, p ¼ 2 pole pairs
@ s ¼ 5.5%: (a) A phase, healthy motor and (b) A phase,
interturn short circuit
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Figure 10.18 Stator-line current spectrum (B phase) for loaded 50-Hz cage rotor
induction motor with S ¼ 36 slots, R ¼ 32 bars, p ¼ 2 pole pairs
@ s ¼ 5.5%: (a) B phase, healthy motor and (b) B phase, interturn
short circuit
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Figure 10.19 Stator-line current spectrum (C phase) for loaded 50-Hz cage rotor
induction motor with S ¼ 36 slots, R ¼ 32 bars, p ¼ 2 pole pairs @
s ¼ 5.5%: (a) C phase, healthy motor and (b) C phase, interturn
short circuit
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component does not appear, itself represents a significant limitation on
detection of this fault condition, using MCSA.

● Second, the RSHs appear at frequencies that are the function of slip (speed,
load) which is also undesirable for the purposes of detection and diagnosis.

● Third, the above components in the spectrum of stator currents are usually very
small in value, and it is very difficult to measure them. For instance, it is
necessary to exert greater number of consecutive measurements and looks for
the mean value as a representative size.

● Fourth, in addition to these components in the stator current spectrum, as
a result of interturn short circuit, a rise may occur in current component at
150 Hz, but unfortunately, this is still a component of stator current spectrum,
as mentioned before, and is primarily a function of magnetic circuit saturation.
Therefore, there cannot be a characteristic sign of the presence of interturn
short-circuit in the stator windings.

● Fifth, the question of differentiation between this kind of failure and some
other sorts of failures that also has an impact on these frequencies could be set
forth. The static eccentricity condition is a good example of this fault, and only
the changes in RSHs could be expected.

From all the above-mentioned points, it can be concluded that detection of interturn
short-circuits in the stator windings of the induction motor with cage rotor through
the stator current spectrum analysis does not give satisfactory results.

10.4 A review of interturn short-circuit fault detection
techniques for induction motors

As one of the earliest attempts that provided a mathematical model of a cage rotor
induction motor with stator winding faults are presented in [15]. The presented
mathematical model was based on generalized version of harmonic analysis. The
phase-to-neutral fault that is analyzed in this paper was fault in which one stator
coil was short-circuited. In case of phase-to-phase fault, the short-circuited winding
consisted of 18 coils. The main observation from this paper is that the negative
sequence current in case of phase-to-neutral fault, as well as phase-to-phase fault as
well as in case of phase-to-phase fault is almost constant valued: its value does not
depend on the motor loading.

The effective negative sequence impedance detector as an online method to
detect incipient failure of turn insulation in random wound motors is another
diagnosis technique [16]. This index is computed from the voltage and current
phasors at the motor terminals and does not interfere with the normal motor
operation. Authors underline the fact that neither motor modeling nor knowledge of
motor parameters is needed for implementation of the proposed detector. It is worth
noting that both approaches, monitoring of negative sequence current or monitoring
of negative sequence impedance, should be carefully implemented as unbalance in
supply voltages, inherent motor windings asymmetry etc., also produce negative
sequent voltages.
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By inverting the well-known fact that the stator winding itself could serve as a
search coil for problems associated with rotor, we can provide the concept of axial
flux leakage monitoring—an idea that rotor itself could serve as search coil for
problems from the stator side [17]. More precisely, search coil is placed concentric
with the drive shaft of the motor or a series of coils axisymmetric to the shaft.
Authors also proposed the method to locate the position of the shorted turn: four
search coils should be located asymmetrically to the drive shaft in the end plane of
the machine. Neither the detection nor the location techniques require the motor to
be loaded.

Park’s vector locus retrace is often used in order to conclude about the
occurrence of interturn fault in stator winding [18]. This is a noninvasive approach
based on computer-aided monitoring of the stator current Park’s vector. The
mathematical model presented in the paper is very simple as the proposed method
needs only d and q component of Park’s vector obtained from stator phase currents.
The corresponding representation of Park’s vector in case of a healthy motor is
circular locus centered at the origin of the coordinates. In case of interturn short-
circuits, this locus became more or less elliptical. However, the locus will be
elliptical in any other case of asymmetry, i.e., in case of asymmetrical supply
voltages. Moreover, it is difficult to establish some quantitative measure to corre-
spond with fault level.

A novel frequency-domain-based technique for detection of incipient stator
interturn faults in induction machines has been proposed in [19]. The presence of
certain rotor-slot-related harmonics at the terminal voltages of an induction
machine immediately after switch-off is the basis for diagnosis procedure. In the
absence of supply voltage, issues such as voltage unbalance and time harmonics do
not affect the measurements except at initial conditions. This is a very desirable
feature when the machine is fed from an adjustable speed drive.

Using an external stray flux sensor for detection of stator winding faults can be
a good alternative, [20]. The stray flux sensor is built around an air coil of several
hundred turns which is placed near the machine body. The diameter of the air coil
depends on the size of the machine and it should be much less than the total height
of the machine body in order to cover the measurement of flux in an area covering
the width of several stator slots. Then, the dimension of this coil is somewhat
related to the induction machine size. It is mandatory to associate dedicated analog
signal processing with this simple sensor. The method has been used at a standstill
and when the machine is rotating without load torque and at the rated torque. The
proposed method has proven to be efficient for both sinusoidal power supply
and voltage source inverter (VSI).

As an important factor, drives have a great effect on the diagnosis process.
For example, direct torque control (DTC) drives can directly affect the short-circuit
fault-related components in the motor quantities [21]. Through a qualitative ana-
lysis of the phenomena involving the behavior of this type of drive after the
occurrence of a stator fault in the motor, it was demonstrated that the flux and
torque hysteresis controllers tend to introduce a significant third harmonic com-
ponent in the motor supply currents. The presence of a strong third harmonic
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component in the motor supply currents is thus an indicator of the presence of a
stator fault. It is not recommended to use this technique in case of high degree of
intrinsic asymmetry of the motor such as the case of high-power motors because in
that case, the third harmonic component will be present in the spectrum of the
motor supply currents even in the absence of any stator fault.

Another technique has been introduced based on the concept of magnetic field
pendulous oscillation [22]. The pendulous oscillation in a polar coordinate plot of
r and d is formulated as follows:

r tð Þ ¼ abs ~is tð Þ� � ¼ abs ILmej wt�yð Þ
� �

(10.44)

d tð Þ ¼ �y (10.45)

and where ~is tð Þ is the space vector of motor terminal currents. Space vector of
motor terminal voltages is

~us tð Þ ¼ ULmejwt (10.46)

Swing angle index as the interturn fault signature is introduced as the amplitude of
the maximum thickness of the petal shape caused by the swing angle,

Dd ¼ max Dd rð Þ ¼ dmax � dmin� �
(10.47)

This approach enables one to distinguish and classify an unbalanced voltage power
supply and machine structure imperfections from an interturn fault. The authors
concluded from experimental results that if the circulating current level in the
shorted loop increases beyond the phase current level, an interturn fault can be
easily detected using the proposed approach even in the presence of the motor
manufacturing imperfection effects.

Analysis of three-phase stator current envelopes of induction motor, using
reconstructed phase space transforms is a rather new method for the fault diagnosis
of broken rotor bar and interturn short circuits. The fault classification method is
based on machine learning techniques. The envelope signal is extracted from the
experimentally acquired stator current signals and is used in conjunction with AI
techniques based on Gaussian mixture models and reconstructed phase space to
identify motor faults. This method creates signatures for each type of fault based
on the three-phase stator current envelope. A signature for each newly acquired
input set of three-phase stator currents, which are called ‘‘unseen signals,’’ must
be generated and compared with all the signatures that represent each type of
fault learned from the previously acquired database [23].

Another strategy for stator winding fault detection in variable-speed induction
motors with star connection using signal injection technique was proposed in [24].
This strategy is based on the effects of such faults when the motor is fed by an
additional excitation to the fundamental one. The additional excitation consists of a
predefined sequence of pulses applied by the inverter, and it was previously used
for position estimation and for fault diagnosis such as broken bars and rings and air
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gap eccentricity. The excitation signal injection allows decoupling the diagnosis
signal from the fundamental excitation aimed to generate the motor torque. Var-
iations on the induction motor inductance values, under fault conditions, produce
significant changes in the signals obtained from zero-sequence voltage, allowing
the incipient fault diagnosis.

Instantaneous active p(t) and reactive q(t), power signature analysis is some-
times used for stator fault diagnosis in operating squirrel-cage three-phase induc-
tion motors either directly connected to the mains or fed from inverters is proposed
in [25]. As the presence of the stator faults affects the electric, magnetic and
mechanical quantities such as the motor torque (where it gives rise to a ripple at
double supply frequency), the motor instantaneous active and reactive powers,
where the latter quantities become oscillating at the same frequency. Based on this,
the instantaneous active power signature analysis (IAPSA) and the instantaneous
reactive power signature analysis (IRPSA) can be used for the diagnosis of such
fault in induction motors.

The results show that stator fault conditions (both short- and open-circuit turns)
can be effectively diagnosed by this new approach, whose operating philosophy
relies on the analysis of the fault characteristic component at the disturbance
frequency 2f in both spectra of the two considered quantities. Even for the case of a
reduced number of stator shorted turns at no-load condition, this characteristic
component is still visible, which reflects the capability and the sensitivity of the
proposed detection technique. A normalized fault-severity factor defined as the
ratio of the amplitude of the characteristic component 2f and the dc one, corre-
sponding to the instantaneous reactive power, proved to be a good indicator of the
condition of the machine independently of the load level when supplied by a
sinusoidal voltage system or fed from inverters.

The stator fault conditions can be easily separated from other abnormalities by
the combination of the active and reactive power media and the stator voltage
modulus, which illustrates the effectiveness of the proposed approach, [25].

A new fault indicator, based on tracking of PSH under varying speed operation
was proposed in [26]. A detailed study of the energy content of a PSH in an
induction motor operating at variable slip is carried out. The machine is tested
under different faulty conditions, namely broken rotor bar, mixed eccentricity and
interturn short circuit. The use of a combined time–frequency analysis and particle
filtering feature extraction procedure allows tracking the evolution of a PSH under
different load profiles and integrating its energy. The proposed fault indicator
provides values that are equivalent to the traditional one for stationary operation
even in the case of pulsating load. The results show that the energy in the PSH
reflects the overall state of the machine under these conditions. Furthermore, pro-
cedures to discern the different faults in real applications are proposed.

An inverse approach for interturn fault detection in asynchronous machines
using magnetic pendulous oscillation technique has been proposed in [27].
Dynamic forward model is presented to analyze the performance of induction
machines in healthy and interturn faulty conditions. The presented model calculates
the speed, torque and stator currents in both transient and steady-state regimes.
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As an interturn fault signature, the magnetic pendulous oscillation technique is
implemented that gives specific petals shape to the relationship between the current
and voltage space vectors. The area of that petal shape was used as the fault cri-
terion that recovered by means of a coupled experimental–mathematical electro-
magnetic inverse problem. Numerical results were first obtained where the effect of
noise was studied. Moreover, an experimental setup was built to validate the
inverse approach, where acceptable fault detection results were successfully
obtained. As a new fault criterion, which uniquely depends on the fault, the area of
the petal shape is proposed:

Area ¼ 1
2

Z dmax

dmin

r dð Þð Þ2dd (10.48)

An improved complex-vector dynamic model for a three-phase induction machine with
stator interturn short-circuit fault is presented recently in [28]. The inter-turn short-
circuit in the stator winding of a three-phase induction machine was fully and theore-
tically analyzed, studied, modeled, simulated, experimentally tested and compared.
The authors propose an alternative faulty leakage inductance approach with addi-
tional physical meaning compared with the ones presented in the literature. This
leakage inductance model has more accurate behavior compared to the linear one,
keeping simplicity of the modeling. The faulty model is completely deduced and
verified by comparing simulation with experimental tests under different load con-
ditions, regimes and variations of the fault severity factor and faulty resistance.
These two variables define the magnitude of the faulty leakage current and thus
damaging the induction machine. From the results, it can be concluded that the
faulty model is accurate and behaves similar to the real asymmetric induction
machine. Also, the article collects a series of equivalent circuits that is useful for
future fault detection and identification techniques; however, they are more utiliz-
able for improving two model-referenced approach techniques, such as off-line
impedance signature and parameter estimation.

The sideband response of inverter switching harmonics in common-mode
voltage (CMV) is recently employed to detect the stator interturn fault in inverter-
fed induction machine in closed-loop control [29]. Thus, no additional injected
signal is necessary. However, the pulse width modulation (PWM) nature harmonics
introduce undesired CMV signals, depending on the inherent imbalance or resis-
tance asymmetry. For this reason, the CMV amplitude is not suitable to indicate the
fault directly. In this study, the behavior of switching harmonic is analyzed first;
then a simple but efficient stator fault model is demonstrated. To suppress the
adverse interference from inverter, an inter-turn fault indicator is proposed by uti-
lizing both of the switching sidebands. This method can obtain fault location and
severity with low sensitivity to steady operating condition and stator imbalance.
The experimental results presented in paper validate the effectiveness of the pro-
posed method.

Within the framework of the diagnosis by parameters estimation of the stator
windings faults, in recently published paper [30], two approaches are proposed for
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off-line and on-line diagnosis of stator winding inter-turn short-circuit faults for
squirrel-cage IM. Both on-line and off-line parameters estimation are used to per-
form faults detection and localization.

The first approach combines trust-region and Broyden–Fletcher–Goldfard–
Shano methods to exploit both of their advantages. This algorithm is used for off-
line minimization of the objective function represented by a quadratic criterion.

The second algorithm based on the moving horizon estimation, combines off-
line measurement and on-line parameter estimation with high sampling time to
monitor in real time the stator inter-turn faults in IMs. Since it requires a mathe-
matical model suited for fault modeling, a faulty IM model is presented. Due to the
parameters values of this model, the normalization of these parameters is proposed
to obtain the sensitivity functions with the same magnitude order. The estimation
results, which used simulated as well as experimental data, are presented to show
the effectiveness and the advantage of the proposed algorithms for stator inter-turn
short-circuit fault detection in IMs.

10.5 MCSA of wound-rotor induction motor

Wound-rotor induction machines are not as common as cage rotor machines in
everyday use. However, they are irreplaceable as motors in some high-power
applications. Furthermore, they found prominent use in generator mode especially
as double-fed induction generators in high-power applications. Here its use in wind
turbines is in the first place. For the sake of completeness of this chapter, the stator
current spectrum content for wound rotor motor is also analyzed and presented here.

As mentioned before, the three-phase rotor winding in wound rotor machines is
of the same nature as the winding from stator side. Along with the fundamental,
higher-order MMF space harmonics of order n¼ 6g þ 1, g ¼ 0, �1, �2, . . . are
present. In addition, rotor winding is always wounded for the same number of pole
pairs as stator winding. Taking only the fundamental current in rotor windings, i.e.,
slip frequency current into account, the rotor MMF waves are

Frn t; qrð Þ ¼ Frnmax cos sw1t � npqrð Þ (10.49)

Assuming uniform air gap, the flux density waves that are the result of these MMF
waves, referring to the stator side are

Brn t; qsð Þ ¼ Brnmax cos s þ n 1 � sð Þð Þw1t � npqsð Þ (10.50)

As n is of the same order as n that produces stator winding, it means that in stator
current spectrum, all harmonics will exist at frequencies given by:

fn ¼ s þ n 1 � sð Þð Þ f1 ¼

f1 for n ¼ 1

5 � 6sð Þ f1 for n ¼ �5

7 � 6sð Þ f1 for n ¼ 7

..

.

8>>>><
>>>>:

(10.51)

These findings are illustrated by Figure 10.20 where stator current spectrum of
healthy three-phase wound-rotor induction motor is provided. If any asymmetry in
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rotor winding exists, inverse-rotating MMF waves result in additional components
in stator current spectrum at the following frequencies:

fn ¼ s þ n 1 � sð Þð Þ f1 ¼

1 � 2sð Þ f1 for n ¼ �1

5 � 4sð Þ f1 for n ¼ 5

7 � 8sð Þ f1 for n ¼ �7

..

.

8>>>><
>>>>:

(10.52)

One could find all these frequencies in stator current spectrum given in Figure 10.21
for the same wound-rotor induction motor. The asymmetry in the rotor is introduced
by modeling the resistance of one of the phase windings which is 50% greater than
that of the other two phases. One additional component that is not predicted by
(10.52) is the current component at 56 Hz. As it is well known from the literature,
this component is due to the pulsating electromagnetic torque that is, from the other
side, the result of the stator phase current at frequency (1�2s)f1.

In case of asymmetrical line-to-line voltages, stator current spectrum becomes
richer for two more components, Figure 10.22. The asymmetry is modeled in such a
way that one line-to-line voltage is 10% smaller than other two. One new compo-
nent is the current component at 150 Hz, and the other one is somewhat lower, at
144 Hz. It can be shown that for different load levels, the current component at
150 Hz does not change its position while it is not the case with the other one.
For example, for slip of s ¼ 2.53%, this slip-dependent component is at 147.7 Hz,
i.e., this component approaches 150 Hz with lighter load level.
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Figure 10.20 Stator-line current spectrum for loaded 50 Hz wound-rotor
induction motor with S ¼ 48 slots, R ¼ 36 slot and p ¼ 2 pole pairs
@ s ¼ 5.22%
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Figure 10.21 Stator-line current spectrum for loaded 50 Hz wound-rotor
induction motor with S ¼ 48 slots, R ¼ 36 slot and p ¼ 2 pole pairs
@ s ¼ 5.96% (resistance of one rotor phase winding is 50% higher
than that of the other two phases)
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current spectrum signature of healthy cage rotor induction machines, IEEE
Transactions on Industrial Electronics, 2013; IE-60: 4025–4033.

[2] Jung J.H. , Lee J.J., and Kwon B.H. Online diagnosis of induction motors
using MCSA, IEEE Transactions on Industrial Electronics, 2006; IE-53:
1842–1852.

[3] Luo X., Liao Y., Toliyat H.A., El-Antalby A., Lipo T.A. Multiple coupled
circuit modeling of induction machines, IEEE Transactions on Industry
Applications, 1995; IA-31: 311–317.

[4] Blodt M., Bonacci D., Regnier J., Chabert M. and Faucher J. On-line mon-
itoring of mechanical faults in variable-speed induction motor drives using
the Wigner distribution, IEEE Transactions on Industrial Electronics, 2008;
IE-55: 522–533.

[5] Keysan O. and Ertan H.B. Real-time speed and position estimation using
rotor slot harmonics, IEEE Transactions on Industrial Informatics, 2013;
II-9: 899–908.

[6] Alger P.L. Induction machines, New York, NY; Gordon and Breach Science
Publishers, 1970.

[7] Boldea I. and Nasar S.A. The induction machine handbook, New York, NY;
CRC Press, 2002.

[8] Nandi S. Modeling of induction machines including stator and rotor slot
effects, IEEE Transactions on Industry Applications, 2004; IA-40: 1058–1065.

[9] Moreira J.C. and Lipo T.A. Modeling of saturated ac machines including
air gap flux harmonic components, IEEE Transactions on Industry Appli-
cations, 1992; IA-28: 343–349.
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