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ABSTRACT

Increasing interest: has been seen in condition monitoring techniques for rotating
electrical machines in power plants, because condition monitoring has the potential to reduce
operating costs, enhance the reliability of operation, and improv.e power supply and service to
customers. For fault identification in induction motors, apart from locating specific harmonic
components in the line cumrent (popularly known as motor current signature analysis), other
signals, such as speed, towqume, noise, vibration etc., are also explored for their frequency
contents. Sometimes, altogether different techniques, such as thermal measurements, chemical
analysis, etc., are also employed to find out the nature and the degree of fault. In addition, human
involvement in the actual fault detection decision making is being replaced now by automated
tools, such as expert systems;, neural networks, fuzzy-logic-based systems; to name a few. It is
indeed evident that this area is potentially important.

Computer simullaticon of motor operation can be particularly useful in gaining an
insight into its dynamic behavior and electro-mechanical interaction. With a suitable model,
motor faults may be simullatz:d and the change in corresponding parameters can be estimated.

This can significantly redwce. the computer simulation time and make model-based condition

monitoring more reliable amd.easily achievable.

In the present wonk, two models with orthogonal axis are developed for simulation of
three-phase induction motors having asymmetrical windings and inter-turn short circuits on the
stator. The first model assmmees: that each stator phase winding has a different number of turns.
To model shorted stator turns, the second model assumes phase as has two windings in series,
representing the unaffected pwrttion and the shorted portion. It uses the results of the first model
to transfer phase as to gd so #that shorted portion is transferred to the g axis. Simulations results
from the models are in good agreement with other studies and are validated with the
experimental results obtaimedi. A third model has been developed with the same considerations
which can incorporate the fwult in an induction motor under operation. The models have been
successfully used to study ue transient and steady state behaviour of the induction motor with
short-circuited turns. The study has been further extended to analyze the effect of voltage

unbalance on the charactenisiics of an induction motor with inter turn fault.



CONTENTS

CANDIDATE’S DECLARATION

ACKNOWLEDEGEMENT
ABSTRACT
LIST OF FIGURES / TABLES

CHAPTER -1 INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

1.2 Literature review

1.3 Dissertation organization -
CHAPTER -2 INDUCTION MOTOR FAULTS

2.1 Induction Motors

2.2 Induction Motor Faults

221

222

Electrical faults

2.2.1.1 Rotor faults

2.2.1.2 Short turn faults
Mechanical faults

2.2.2.1 Air gap eccentricity
2.2.2.2 Bearing faults
2.2.2.3 Load faults

23 Chapter Summary
CHAPTER -3 CONDITION MONITORING TECHNIQUES

3.1 General Concept of Condition Monitoring

3.1.1

Benefits of Condition Monitoring

3.2  Existing Condition Monitoring Techniques

3.2.1
3.2.2
323
324
3.25

Vibration

Current

Magnetic Flux

Instantaneous Angular Speed

Temperature

ii

it

O O 00 0 T O N = e S
—te

[ 0 T S T (O T O T R S e T T T
N k= e = OO0 0 N9 NN AN == O



CHAPTER - 4

CHAPTER -5

3.2.6 Air-Gap Torque

3.2.7 Noise/Acouvstic Noise

3.2.8 Induced Voltage

3.2.9 Power

3.2.10 Partial Discharge

3.2.11 Gas Analysis

3.2.12 Surge Testing

3.2.13 Motor Circuit Analysis

3.2.14 Al-Based Fault Monitoring Approaches

.3.2.14.1 Artificial Neural Networks

3.2.14.2 Fuzzy and Adaptive Fuzzy Systems
3.2.14.3 Expert Systems '

3.2.15 Modeling/Simulation of Faulty Motors

3.3  Chapter Summary _

INDUCTION MOTOR MODEL WITH STATOR WINDING
FAULTS

4.1 Induction motor model with Asymmetrical Stator Winding
4.2  Determination of inductances

4.3 Simulation of the asymmetrical induction motors

4.4 Induction motor model with Stator Inter turn Short circuit

4.5 Chapter Summary

SIMULATION RESULTSOF STATOR FAULT
INVESTIGATIONS |

5.1 Simulation results of Induction motor model with stator Inter

52

53

turn short circuit

5.1.1 Effect of Number of shorted turns on the various
characteristics of a induction motor

Experimental Results of Stator Inter turn Fault depicting the

presence of Negative sequence current and the effect of

number of shorted turns

Relation between shorted turns and negative sequence current

22
23
23
23
24
24
24
25
25
25
26
26
27
27
28

28

30

32

33

37

38

47

52.

55



CHAPTER - 6

REFERENCES

5.4  Effect of unequal winding temperatures
5.5 Effect of Voltage Unbalance on the characteristics of a
Induction motor with Stator Inter turn fault
5.5.1 Comparison of the effects of Voltage Unbalance and
of Inter turn with Volitage Unbalance on the Induction
Motor Characteristics
5.6  Effect of Inter turn fault and Voltage Unbalance with Inter
turn fault on an Induction motor in running condition
5.7  Chapter Summary
CONCLUSIONS AND FUTURE SCOPE
6.1 Conclusions

8.2 Scope for Future Work

LIST OF PUBLICATIONS

APPENDIX

vi

57
58

70

76

81
82
82
83
84

90

91



Fig. No.
2.1
2.2
2.3
24

3.1
4.1
4.2
4.3
5.1
5.2

53
54

55

5.6

5.7

5.8

59

LIST OF FIGURES / TABLES

Figure description
Various types of short winding faults
Results of EPRI study on induction motor reliability
Results of IEEE study on Induction motor failure
Results of a study conducted by B & K on the major faults
detected in IM
Process for Fault Diagnosis
Induction Machine Winding Displacement
Simulation of Asymmetrical Induction Motor Model
Motor Model with Inter Turn Stator Short Circuit
Torque and speed variation under normal condition
Positive and negative sequence currents (rms) under normal
condition
Torque and speed variation with five turns shorted
Different frequency components of Torque when Voltage
Unbalance is present in an induction motor with Inter-turn fault:
a) Fundamental frequency (60Hz), b)2™ harmonic, )31
harmonic, d)4"™ harmonic, €)5™ harmonic .
Positive sequence, negative sequence, and short circuit currents
for five turns shorted |
Torque and speed variation with five turns shorted with 1.50hm

resistance

Positive sequence, negative sequence and short circuit currents

for five turns shorted with 1.5ohmresistance
Torque-Speed characteristics when 5 turns and 20 turns of phase
A are shorted respectively

Torque characteristics when 5 turns and 20 turns of phase A are

Vil

Page No.
11
15
15
16

18
31
33
36
39
40

42
42

43

45

46

47

48

e



5.10

5.11

5.12

5.13

5.14
5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

-5.23

5.24

5.25

shorted revspectivcly

Speed characteristics when 5 turns and 20 turns of phase A are
shorted respectively |
Positive Sequence current when 5 turns and 20 turns of phase A
are shorted respectively |
Negative Sequence current when 5 turns and 20 turns of phase A
are shorted respectively

Short circuit current when 5 turns and 20 turns of phase A are
shorted respectively

Motor operating at no load under healthy condition

Motor operating at no load under one coil of phase A is short
circuited

Motor operating at no load under coil 1 & coil 2 of phase A is
short circuited

Motor operating at no load under one coil each in phase A and
phase B are short circuited

Short circuit current vs. shorted turns for different external
resistance values (Iext )

Negative sequence current vs. shorted turns for different external
resistance values (Iex ). Short circuit current limited by O and
0.2€2 resistance

Negative sequence current vs. extra series resistance I'yny,
Positive and negative sequence equivalent circuits

Torque-Speed characteristics when voltage unbalance is present
Torque-Speed characteristics in a) healihy condition (balanced
voltages) and b) when the voltage of phase A is decreased
Different frequency components of Torque when Voltage
Unbalance is present in an induction motor with Inter-turn fault:
a) Fundamental frequency(60Hz), b)2" harmonic, c)3™
harmonic, d)4th harmonic, e)Sth harmonic

Torque-Speed characteristics as the voltage of phase A is

viii

49

50

51

52

53
53

54
54
56
56
58
59
60

61

61

62



5.26
5.27
5.28
5.29

5.30
5.31

5.32

5.33

5.34

5.35

5.36

5.37

decreased

Torque characteristics as the voltage of phase A is decreased
from healthy condition

Speed characteristics as the voltage of phase A is decreased from
healthy condition

Positive Sequence current as the voltage of phase A is decreased
from healthy condition |

Negative sequence current as the voltage of phase A is decreased
from healthy condition

Short circuit current as the voltage of phase A is decreased
Torque-speed characteristics of a induction motor with only
voltage unbalance, inter turn (Nsh = 5) with voltage unbalance
and inter turn(Nsh = 40) with voltage unbalance respectively
when Vas = 173.21V

Torque characteristics of an induction motor with only voltage
unbalance, inter turn (Nsh = 5) with voltage unbalance and inter
turn(Nsh = 40) with voltage unbalance respectively when Vas =
173.21V

Speed characteristics of a induction motor with only voltage
unbalance, inter turn (Nsh = 5) with voltage unbalance and inter
turn(Nsh = 40) with voltage unbalance respectively when Vas =
173.21V |
Negative sequence current characteristics of a induction motor
with only voltage unbalance, inter turn (Nsh = 5) with voltage
unbalance and inter turn(Nsh = 40) with voltage unbalance
respectively when Vas = 173.21V

Stator phase A, phase B, phase C currents respectively when
voltage unbalance is created with Vas=173.21V

Stator phase A, phase B, phase C currents respectively when 40
turns winding of phase A is shorted

Various characteristics of an induction motor when 25 turns are

63

65

67

68

69
70

72

73

74

75

75

78



shorted after 1.5sec
5.38 Various characteristics of an induction motor when 25 turns are 80

shorted and Vas is reduce to 28._87V after 1.5sec

Table No. ‘ Table Description Page No.

1.1 Table: Comparison between induction machine models 4



CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Electrical motors are the majority of the industry prime movers and are the most
popular for their reliability and simplicity of construction. Although induction motors are
reliable, they are subjected to some mode of failures. These failures may be inherent to the
machine itself or due to operating conditions. The origins of inherent failures are due to the
mechanical or electrical forces acting in the machine enclosure. Researchers have studied a
variety of machine faults, such as winding faults, unbalanced stator and rotor parameters, broken
rotor bars, eccentricity and bearing faults. Different methods for fault identification have been
developed and used effectively to detect the machine faults at different stages using different
machine variables, such as current, voltage, speed, efficiency, temperature and vibrations. Thus,
for safety and economic considerations, there is a need to monitor the behaviour of large motors,
as well as small motors, working in critical production processes.

Traditional maintenance procedures in industry have taken two routes; the first is to
perform fixed time interval maintenance, where the engineers take advantage of slower
production cycles to fully inspect all aspects of the machinery. The second route is to simply
react to the plant failure as and when it happens. However, making use of today’s technology, a
new scientific approach is becoming a new route to maintenance management. One of the key
elements to this new approach is predictive maintenance through condition monitoring, which
depends upon the condition of the plant. Condition monitoring is used for increasing machinery
availability and performance, reducing consequential damage, increasing machine life, reducing
spare parts inventories and reducing breakdown maintenance. An efficient condition-monitoring
scheme is capable of providing warning and predicting the faults at early stages. There are many
ways to detect mechanical and electrical problems in induction motors, either directly or
indirectly, such as vibration monitoring, motor current signature analysis (MCSA),
electromagnetic field monitoring, chemical analysis, temperature measurability, infrared

measurement, acoustic noise analysis, and partial discharge measurement. Among these



methods, vibration analysis and current analysis are the most popular due to their easy
measurability, high accuracy, and reliability.

Directly, many parameters can be monitored to provide useful indications of incipient
faults. These parameters include case vibration and noise, stator phase current, air-gap or
external magnetic flux density.

Indirectly, modeling and simulation of electrical machine operation under healthy and
faulty conditions will also provide useful information for fault prediction and identification.
Computer simulation of motor operation can be particularly useful in gaining an insight into their
dynamic behavior and electro-mechanical interaction. With a suitable model, motor faults may
be simulated and the change in corresponding parameters can be simulated. It has been found
that an accurate motor simulation can be achieved with a general model and accurate parameter
selection, in spite of using a sophisticated model. This can significantly reduce the computer

simulation time and make model-based condition monitoring more reliable and easily achievable

(1], [2].

1.2 Literature review

A basic paper for induction machine analysis has been reported by Stanley [3]. The
analysis made by Stanley is based on the direct three-phase model using phase variables and its
presentation in shifted reference axis. Later on, many researchers made their contributions on the
basis of the machine model given by Stanley with some modifications.

Patel et al. [4] have presented a quality mathematical model of induction machine
based on the steady state and dynamic equations and D-Q transformation technique. This model .
can be used for steady state as well as transient analysis of squirrel cage or wound rotor structure.
The model has been used to investigate the effects of variations in the machine size and
parameter values on the dynamic performance of induction machine. Different operating
conditions are simulated using MATLAB code. Also, the behavior of the induction machine is
observed with and without supply harmonics. Pahwa and Sandhu{5] have proposed a g-d axis
based modeling to analyze the transient performance of three-phase squirrel cage induction
motor using stationary reference frame, rotor reference frame and synchronously rotating
reference frame. Simulated results have been compared and verified with experimental results on

a test machine. The proposed system has been developed using MATLAB/SIMULINK. Javed



and Izhar [6] have developed a method which relies on the continuous measurement of the phase
difference between the terminal voltages of the machine. for the detection of phase failure faults
in poly phase Induction machines. The proposed method has been simulated using
MATLAB/SIMULINK. The simulated resuits show the reliability and usefulness of this method.
Akpama et al.[7] have presented the simulation of induction machine performance under
unbalanced source voltage conditions and the analysis of induction machines under balance and
unbalanced conditions has been made. The models representing the machine under balance and
unbalanced conditions were simulated with the help of MATLAB and the simulated results
compared. The results proved that the operation performance of an induction machine can be
studied using simulated result from MATLAB without going through the rigorous analytical
method. Arkan et al. [8] have proposed two models for simulation of three-phase induction
motors with inter-turn short circuits on the stator. The models have been successfully used to
study the transient and steady state behaviour of the induction motor with short—circuifcd turns,
and to test stator fault diagnostic algorithms operating in real time. Liang et al. [9] have
presented both a theoretical and experimental analysis of asymmetric stator and rotor faults in
induction machines. A three-phase induction motor was simulated and operated under normal
healthy operation, with one broken rotor bar and with voltage imbalances between phases of
supply. Vilas et al. [2] have reported a mathematical foundation and theoretical analysis of
asymmetric stator faults in induction machines. A three-phase induction motor is simulated with
simple differential equations. Experimental verification of excitation current under healthy
condition is also been discussed.

Ueda et al. [10] have studied the effect of supplying the machine from variable
frequency source from the point of view of stability. The effect of the machine parameter’s
variation on the machine stability has been discussed. Levi et al. [11,12]have reported the
modelling of induction motor and synchronous machine considering sinusoidal and non-
sinusoidal supply. The models are based on d-q axes and the analysis includes the effect of
machine saturation and core loss. Different control strategies of induction motor are also
considered. Neto et al. [13]have presented a mathematical model of three-phase induction motor
using phase variables. The model is based on the harmonic impedance concept and accordingly,
the voltage and torque equations are derived. Two cases are included in the analysis, supplying

the machine from sinusoidal and non-sinusoidal supply using PWM inverter. Toliyat et al.



[14_16] have developed an analysis method for modelling the multiphase cage induction motor.
The model considers the m.m.f harmonics using winding function approach. The model is used
effectively to simulate different types of machine faults, such as asymmetry in the stator
winding, air-gap eccentricity and rotor bar fault. Joksimovic and Penman[17]have presented an
induction motor model based on the winding function approach to investigate the relation
between the machine faults and the current harmonics. The simulation and analytical results are
verified by experimental investigation. The developed. algorithm is compatible with
commercially available software.

A comparison of various reference frame models with phase variables based model
is presented in Table 1.1 [18]. Although the complexity of phase variable model and the time
needed for simulation of the machine behavior is high in coniparison with the other models, it

can be used to cover all the machine conditions with ease of implementation.

Table 1.1: Comparison between induction machine models

Machine model Complexity Characteristics

Phase variable model 6x6ma-  Suitable for all machines conditions, Direct presentation of machine varinbles. Helter suited for
trix unbalanced condition of supply and stator.

Stationary reference frame 4 x4 ma-  Better suited for unbameed coadition of euppfv and stator. Transfmmauom needed of machine
trix variable.

Rotor reference frame 4 x4ma-  Betier suued for unbalanced condition of rotor faults, Transfonnations neaded of machine variable.

trix
Synchrovously rotating refer 4 x4 ma-  Better suited for non-sinwsoidal supply. Transformations needed of machine variable.
" ence frame trix

When the machine is fed from voltage or frequency converters, or it is subjected:to
some mode of supply faults or unbalanced in stator and rotor circuits, some modifications in the
machine model are needed. One of the common methods used to model such conditions under
steady state is the symmetrical component method. The extension of this method is the
instantaneous symmetrical components (InSC), which is used to formulate the dynamic
equations of induction motors [19].

' The induction machine health identification can be achieved with the aid of a high
precision computer controlled on-line monitoring system based on-line machine modeling. In
this system, three-phase currents, three-phase voltages and speed are recorded on-line and stored
in the computer memory. The recorded three phase voltages are fed to the developed machine

model in order to calculate the machine currents and to predict the machine conditions. By

4



comparing the actual recorded machine currents (recorded simultaneously with the machine
voltages) with the simulated currents, the machine condition can be obtained qualitatively. One
of the effective methods, which has been adopted recently to predict machine condition using
machine currents, is Park’s vector approach [20]. This approach is based on the rotating
reference frame model of the induction machine. If the machine is healthy and the q axis current
vector component i, is drawn against d-axis current vector component iy, a circular locus
centered at the origin of the co-ordinates will be obtained. However, if the relation between i,
and iy is not producing a regular circle, the induction machine health or the supply conditions are
questionable. Monitoring of the relation between Park’s vector components can identify different
types of machine faults.

Modelling of induction motors with shorted turns is the first step in the design of turn
fault detection systems [21].Simulation of transient and steady state behaviour of motors with
these models enable correct evaluation of the measured data by diagnostic techniques. The
asymmetrical induction machine has been a subject of considerable interest. Brown and Butler
[22] have utilized symmetrical component theory to establish a general method of analysis for
operation of poly phase induction motors having asymmetrical primary connection. Jha and
Murthy [23] have utilized rotating field concepts to develop a generalized theory of induction
machines having asymmetrical windings on both stator and rotor. Winding-function-based
models presented in Refs. [24,25],and models presented in Refs. [26,27] need motor geometrical
design parameters. |

The generalized theory of electrical machines incorporating orthogonal or qd0 axis
theory is generally accepted as the preferred approach to almost all types of transient and steady
state phenomena [28]. The analysis of machines is greatly facilitated by the standard
transformation to qdO axis. The same transformation process can be applied to rhachincs in
which there are phase unbalances [29].Hence, it is useful to extend this approach to also

incorporate problems encountered with asymmetrical induction motors.



1.3 Dissertation organization

The present Chapter 1 presents an overview on the need for condition monitoring,
the various condition monitoring techniques and states the advantages of computer simulation for
fault analysis. Brief Literature review on the previous work in the area of fault analysis has been

presented.

The Chapter 2 discusses about the common faults present in an induction motor. The
causes for these various faults and the ease with which they can be detected are also presented. In
order to identify the weakest component in electrical motors that is subjected to failure, some

statistical studies about the machine failure were also discussed.

The Chapter 3 presents a review of existing induction motor condition monitoring
methods. This covers a variety of topics, techniques, methods, and approaches. The practical use
of various condition monitoring methods for fault diagnosis of electric machines were also

presented.

The Chapter 4 discusses the development of simulation models of induction motor
with different number of turns and with stator “inter turn fault using the motor equations

transformed to stationary reference frame (qd axis).

The Chapter 5 discusses the simulation results that have been obtainéd from the
developed models and the inter-turn fault analysis has been carried out. The variations in the
torque characteristic, speed, positive and negative sequence current and the short circuit current
have been observed. The variation of the negative sequence current and the short circuit current
with the number of shorted turns at different values of external resistance has been observed. The
effect of unequal winding temperature due to voltage unbalance on the negative sequence current
has been considered. Also, the effect of voltage unbalance on the various characteristics of an

induction motor with inter turn fault has been observed.

The Chapter 6 highlights the main conclusions drawn from the work done. Future scope

for the improvements to get better performance is presented.



CHAPTER 2
INDUCTION MOTOR FAULTS

2.1 Induction Motors

Electrical machines are extensively used and are the core of most engineering
systems. These machines have been used in all kinds of industries. An induction machine is
defined as an asynchronous machine that comprises a magnetic circuit which interlinks with
two electric circuits, rotating with respect to each other and in which power is transferred from
one circuit to the other by electromagnetic induction. It is an electromechanical energy
conversion device in which the energy converts from electric to mechanical form. The
energy conversion depends upon the existence in nature of phenomena, .interrelating magnetic
and electric fields on the one hand, and mechanical force and motion on the other. The
rotor winding in induction motors can be squirrel-cage type or wound-rotor type. Thus,

the induction motors are classified into two groups:
* Squirrel-cage and
* Wound-rotor induction motors.

The squirrel cage induction motor consists of conducting bars embedded in slots in
the rotor iron and short circuited at each end by conducting end rings. The rotor bars are usually
made of copper, aluminum, magnesium or alloy placed in slots. Standard squirrel cage rotors
have no insulation since bars carry large currents at low voltages. Another type of rotor, called a
form-wound rotor, carries a poly phase winding similar to three phase stator winding. The
terminals of the rotor winding are connected to three insulated slip rings mounted on the rotor
shaft. In a form-wound rotor, slip rings are connected to an external variable resistance which
can limit starting current and associated rotor heating. During start-up, inserting external
resistance in the wound-rotor circuit produces a higher starting torque with less starting

current than squirrel-cage rotors. This is desirable for motors which must be started often.

The squirrel-cage induction motor is simpler, more economical, and more

rugged than the wound-rotor induction motor. A squirrel-cage induction motor is a constant

7



speed motor when connected to a constant voltage and constant frequency power supply. If the
load torque increases, the speed drops by a very small amount. It is therefore suitable for use in
constant-speed drive systems. On the other hand, many industrial applications require several
speeds or a continuously adjustable range of speeds. DC motors are traditionally used in
adjustable drive systems. However, since DC motors are expensive, and require frequent
maintenance of commutators and brushes. Squirrel-cage induction motors are preferred
because they are cheap, rugged, have no commutators, and are suitable for high-speed
applications. In addition, the availability of solid state controllers has also made possible to use
squirrel-cage induction motors in variable speed drive systems. The | squirrel-cage induction
motor is widely used in both low performance and high performance drive applications

because of its roughness and versatility.

2.2 Induction Motor Faults

The Induction motor is considered as a robust and fault tolerant machine and is a
popular choice in industrial drives. It is important that measures are taken to diagnose the state of
the machine as and when it enters into the fault mode. It is further necessary to do so on-line by
continuously monitoring the machine variables. The reasons behind failures in rotating electrical
machines have their origin in design, manufacturing tolerance, assembly, installation, working
environment, nature of load and schedule of maintenance. Induction motor, similar to other
rotating electrical machines, is subjected to both electromagnetic and mechanical forces. The
design of the motor is such that the interaction between these forces under normal condition
leads to a stable opefation with minimum noise and vibrations. When the fault takes place, the

equilibrium between these forces is lost, leading to further enhancement of the fault.

The common internal faults can be mainly categorized into two groups:

- Electrical faults ‘

* Mechanical faults

Electrical faults include faults caused by winding insulation problems, 'and some of the rotor
faults. Mechanical faults include bearing faults, air gap eccentricity, load faults and

misalignment of shaft.



2.2.1 Electrical faults

The following electrical faults are very common in three phase induction motor while operating

in industries.

2.2.1.1 Rotor faults

Usually, lower rating machines are manufactured by die casting techniques whereas
high ratings machines are manufactured with copper rotor bar. Several related technological
problems can rise due to manufacturing of rotors by die casting techniques‘. It has been found
that squirrel cage induction motors show asymmetries in the rotor due to technological
difficulties, or melting of bars and end rings. However, failures may also result in rotors
because of so many other reasons. There are several main reasons of rotor faults [30, 1].

* During the brazing process in manufacture, non uniform metallurgical stresses may be built
into cage assembly and these can also lead to failure during operation.

* A rotor bar may be unable to move longitudinally in the slot it occupies, when thermal
stresses are imposed upon it during starting of machine.

* Heavy end ring can result in large centrifugal forces, which can cause dangerous
stresses on the bars.

Because of the above reasons, rotor bar may be damaged and simultaneously
unbalance rotor situation may occur. Rotor cage asymmetry results in the asymmetrical
distribution of the rotor currents. Due to this, damage of the one rotor bar can cause the damage
of surrounding bar and thus damage can spread, leading to multiple bar fractures. In case of a
crack, which occurs in a bar, the cracked bar will overheat, and this can cause the bar to break.
Thus, the surrounding bar will vcarry higher currents and therefore they are subjected to
even larger thermal and mechanical stresses which may also start to crack [1]. Most of the
current which would have flowed in the broken bar now will flow in the two bars adjacent to it.
Thus, the large thermal stresses may also damage the rotor laminations. The temperature
distribution across the rotor lamination is also changed due to the rotor asymmetry. The cracking
of the bar can be presented at various locations, including the slot portion of the bars
under consideration and end rings of bar joints. The possibility of cracking in the region of the
end rings of bar joints is the greatest when the start up time of the machine is long and

when frequent starts are required [31].



2.2.1.2 Short turn faults

According to the survey, 35- 40 % of induction motor failures are related to the stator
winding insulation [32]. Moreover, it is generally believed that a large portion of stator
winding-related failures are initiated by insulation failures in several turns of a stator coil
within one phase. This type of fault is referred as a “stator turn fault” [33]. A stator turn fault in
a symmetrical three-phase AC machine causes a large circulating current to flow and
subsequently generates excessive heat in the shorted turns. If the heat which is proportional to
the square of the circulating current exceeds the limiting value the complete motor failure may
occur. However, the worst consequence of a stator turn fault may be a serious accident
involving loss of human life. The organic materials used for insulation in electric machines
are subjected to deterioration from a combination of thermal overloading and cycling,
transient voltage stresses on the insulating material, mechanical stresses, and
contaminations. Among the possible causes, thermal stresses are the main reason for the
degradation of the stator winding insulation. Stator winding insulation thermal stresses are
categorized into three types: aging, overloading, and cycling [31]. Even the best insulation may
fail quickly if motor is operated above its temperature limit. As a rule of thumb, the life of
insulation is reduced by 50 % for every 10°C increase above the stator winding
temperature limit [34]. It is thus necessary to monitor the stator winding temperature so that an
electrical machine will not operate beyond its thermal capacity. For this purpose, many
techniques have been reported [35]-[38]. However, the inherent limitation of these
techniques is their inability to detect a localized hot spot at its initial stage.

A few mechanical problems that accelerate insulation degradation include movement
of a coil, vibration resulting from rotor unbalance, loose or worn bearings, air gap
eccentricity, and broken rotor bars [31]. The current in the stator winding produces a force on the
coils that is proportional to the square of the current. This force is at its maximum under transient
overloads, causing the coils to vibrate at twice the synchronous frequency with movement
in both the radial and the tangential direction. This movement weakens the integrity of
the‘insulation system [31]. Mechanical faults, such as broken rotor bar, worn bearings, and
air-gap eccentricity, may be a reason why the rotor strikes the stator windings. Therefore, such
mechanical failures should be detected before they fail the stator winding insulation [39, 40].

Contaminations due to foreign materials can lead to adverse effects on the stator winding.
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insulation. The presence of foreign material can lead to a reduction in heat dissipation [41]. It
is thus very important to keep the motors clean and dry, especially when the motors operate in a

hostile environment.

Open Circuit
Turn-to-Turn /
~ '

Coil-to-Caoil

0 QU

Line-fo-Line

/,\
Line-to-ground

Figure 2.1. Various types of short winding fault§
Regardless of the causes, stator winding-related failures can be divided into the five
groups: turn-to-turn, coil-to-coil, line-to-line, line-to-ground, and open-circuit faults as
presented in Figure 3.1. Among the five failure modes, turn-to-tur n faults (stator turn fault)have
been considered the most challenging one since the other types of failures are usually the
consequences of turn faults. Furthermore, turn faults are very difficult to detect at their initial
stages. To solve the difficulty in detecting turn faults, many methods have been

developed [42]-[48].

2.2.2 Mechanical faults

Common mechanical faults found in three phase induction motor are discussed below:

2.2.2.1 Air gap eccentricity
Air gap eccentricity is common rotor fault of induction machines. This fault produces
the problems of vibration and noise. In a healthy machine, the rotor is center-aligned with the

stator bore, and the rotor’s center of rotation is the same as the geometric center of the stator
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bore. When the rotor is not centre aligned, the unbalanced radial forces (unbalanced magnetic
pull or UMP) can cause a stator-to-rotor rub, which can result in damage to the stator and the
rotor [49, 50]. There are three types of air gap eccentricity [30, 1, 49]:
a) Static eccentricity
b) i)ynamic eccentricity
¢) Mixed eccentricity

Static eccentricity is a steady pull in one direction which create UMP. It is difficult to
detect unless special equipment used [49, 51].

A dynamic eccentricity on the other hand produces a UMP that rotates at the
rotational speed of the motor and acts directly on the rotor. This makes the UMP in a
dynamic eccentricity easier to detect by vibration or current monitoring.

Actually, static and dynamic eccentricities tend to coexist. Ideal centric condition
scan never be assumed. Therefore, an inherent grade of eccentricity is implied for any real

machine. The combined static and dynamic eccentricity is called mixed eccentricity.

2.2.2.2 Bearing faults

Bearings are common elements of electrical machine. They are employed to permit
rotary motion of the shafts. In fact, bearings are single largest cause of machine failures.
According to some statistical data, bearing fault account for over 41% of ail motor failures[52].
Bearing consists of two rings called the inner and the outer rings. A set of balls or
rolling elements placed in raceways rotate inside these rings. A continued stress on the
bearings causes fatigue failures, usually atthe inner or outer races of the bearings. Small
pieces break loose from the bearing, called flaking or spalling. These failures result in rough
running of the bearings that generates detectable vibrations and increased noise levels. This
process is helped by other external sources, including contamination, corrosion, improper
lubrication, improper installation, and brinelling. The shaft voltages and currents are also
sources for bearing failures. These shaft voltages and currents result from flux disturbances such
as rotor eccentricities [53]. High bearing temperature is another reason for bearing failure.
Bearing temperature should not exceed certain levels at rated condition. For example, in the
petroleum and chemical industry, the IEEE 841 standard specifies that the stabilized bearing

temperature rise at rated load should not exceed 45 degree. The bearing temperature rise can be
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caused by degradatibn of the grease or the bearing. The factors that can cause the bearing
temperature rise include winding temperature rise, motor operating speed, temperature
distribution within motor, etc. Therefore, the bearing temperature measurement can provide
useful information about the machine health and bearing health [54, 55]. ‘

A fault in bearing could be imagined as a small hole, a pit or a missing
piece of material on the corresponding elements. Under normal operating conditions of balanced
load and a good alignment, fatigue failure begins with small fissures, located between the surface
of the raceway and rolling elements, which gradually propagate to the surface generating
detectable vibrations and increasing noise levels [55]. Continued stress causes fragments of the
material to break loose, producing localized fatigue phenomena known as flaking or
spalling [56]. Once started, the affected area expands rapidly contamination the lubricant
and causing localized overloading over the entire circumference of the raceway [55]. Some
sources such as contamination, corrosion, improper lubrication, improper installation or
brinelling reduce the bearing life. Contamination and corrosion are the key factors of bearing
failure because of the harsh environments present in most industrial settings. The lubricants are
contaminated by dirt and other foreign matter that are commonly often present in the
environment of industries. Bearing corrosion is produced by the presence of water, acids,
deteriorated lubrication and even perspiration from careless handling during installations [55,
56]. Once the chemical reaction has advanced sufficiently, particles are worn-off resulting in the
same abrasive action produced by bearing contamination. Under and over-lubrication are also
some other causes of bearing failure. In either case, the rolling elements are not allowed
to rotate on the designed oil film causing increased levels of heating. The excessive heating
causes the grease to break down, which reduces its ability to lubricate the bearing
elements ‘and accelerates the failure process. In addition, Installation problems are often
caused by improperly forcing the bearing onto the shaft or in the housing. This produces
physical damage in form of brinelling or false brinelling of the raceways which leads to
premature failure. Brinelling is the formation of indentations in the raceways as a result of
deformation caused by static overloading. While this form of damage is rare, a form of “false
brinelling” occurs more often. In this case, the bearing is exposed to vibrations while even
though lightly loaded bearings are less susceptible, false brinelling still happens and has even

occurred during the transportation of uninstalled bearings [55]. Misalignment of the bearing is

13



also a common result of defective bearing installation. = Regardless of the failure
mechanism, defective rolling element bearings generate mechanical vibrations at the
_ rotational speeds of each component. Imagine for a hole on the outer raceway: as rolling
elements move over the defect, they are regularly in contact with the hole which produces an
effect on the machine at a given frequency. Thus, these characteristic frequencies are related to
the raceways and the balls or rollers, can be calculated from the bearihg dimensions and the

rotational speed of the machine.

2.2.2.3 Load faults

. In some applications such as aircrafts, the reliability of gears may be critical
in safeguarding human lives. For this reason, the detection of load faults (especially related to
gears) has been an important research area in mechanical engineering for some time. Motors are
often coupled to mechanical loads and gears. Several faults can occur in this mechanical
arrangement. Examples of such faults are coupling misalignments and faulty geaf systems

that couple a load to the motor.

In order to identify the weakest component in electrical motors that is subjected to
failure, some statistical studies about the machine failure are reviewed here. Three examples of
separate studies conducted in different countries for motor faults are summarised as follow [18] :

*  Under EPRI sponsorship on industry assessment, a study is conducted by General Electric
Co. to evaluate the reliability of powerhouse motors and identify the operation
characteristic. Part of this study is to specify the reason behind the motor failures. Fig.
2.2shows the results of the EPRI study on the reliability of powerhouse motors in the US.
The study is made on the basis of actual motor failure. ,

* A similar study on the major component failure of powerhouse motors has been conducted
by IEEEIGA. The study is carried out on the basis of opinion as reported by the motor
manufacturer. The results of this study are presented in Fig. 2.3, where the failure is grouped
according to major contributors.

* At Ronningen in Norway, four plants for production of poly olefins form an integrated
industrial complex. High populations of electrical motors are used for high-pressure reactor,

extruders, piston. compressors, gas screw compressors and pumps. A survey of machine
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faults was carried out by B&K experts in 1997. Fig. 2.4shows the results of the detected

faults by vibration monitoring.

It can be noted from these studies that the major type of faults that the induction machine is

subjected to is the bearing faults.
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Fig 2.2: Results of EPRI study on induction motor reliability
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Fig 2.3: Results of IEEE study on Induction motor failure

15



H p B & K Study
. 0.8 4 L"::
?ﬂ 06 § ' = 5
i 2 g 2 o
= 04 :g £ & » g
& = B & 2 = <
- g k| 2 %
£ g2 & 3 ' & 2
| | 2‘“ U é » §
0. ) . [ [~ — 3
Faults

Fig 2.4: Results of a study conducted by B & K on the major faults detected in IM

2.3 Chapter Summary

The most prevalent faults in induction motor were described in detail in this chapter.
The common internal faults can be mainly categorized into two groups: Electrical faults and
Mechanical faults. Electrical faults include faults caused by winding insulation problems, and
some of the rotor faults. Mechanical faults include bearing faults, air gap eccentricity, load
faults and misalignment of shaft. In order to identify the weakest component in electrical motors

that is subjected to failure, some statistical studies about the machine failure were also discussed.
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CHAPTER 3
CONDITION MONITORING TECHNIQUES

3.1 General Concept of Condition Monitoring

Condition monitoring (CM) stands for the analysis of the condition of a machine to determine

the types of faults and their severity while the motor is under a normal operating condition.

A CM system should be capable of monitoring the running machines with the existence of
electrical interference, predicting the need for maintenance before serious deterioration or
breakdown occurs, identifying and locating the defects in detail, and even estimating the life of

machines. Four main parts should be contained in a CM system to practice these functions [57]:

1) Sensor: Sensors can convert a physical quantity to an electrical signal. Quantities and
phenomenon will be monitored ‘if they themselves or their detectable changes can reveal
incipient faults long before catastrophic failures occur. Selection of sensors will rely on the
monitoring method and come down to the knowledge on failure mechanisms of the machine.
Commonly, the sensors should be suitable for on-line measurement. Sensitivity, cheapness, and
non invasion are the key requirements and expectation to practise this task.

2) Data acquisition: A data acquisition unit will be built to realize amplification and pre-
processing of the output signals from sensors, for example, conversion from analogue to digital
and correction of sensor failures. Data communication technique and microcomputer may be
needed.

3) Fault detection: The main purpose is to find out if there is an incipient fault appearing in the
machine so that alarm can be given and further analysis can be exerted. There are two different
methods for fault detection, named model-referehced method and feature extraction. The former
detects faults by comparing the results of measurements with predictions of models that may be
mathematical simulation models or artificial intelligence based. For most feature extraction
methods, frequency and time-domain signal processing technologies will be used to obtain

‘signatures’ which can represent normal and faulty performance.
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4) Diagnosis: The detected abnormal signals need be post processed to make out a prescription
as a clear indication to maintenance. It used to be done by experts or offline analysis and now
tends to be implemented online and automatically by computer combined with advanced
technologies. The prescriptions presented to the user are expected to include name and location

of each defect, status of the machine, advises for maintenance, and so on.

Data acquisition

Feature extraction

Fault progression and trending analysis

Decision making

Fig.3.1 Process for Fault Diagnosis

3.1.1 Benefits of Condition Monitoring ‘

The flow of fault current, detected by a protective relay, is the final part of .an
electrical machine failure, and involves consequential damage. Earlier warning of a failure could
be provided by making relays especially sensitive so that they give an alarm. This is often done,
for example, in the rotor earth fault relay of a generator, but the warning is relatively short.
Damage must precede the flow of a fault current, so for monitoring to improve on relays it must
detect this damage, as directly as possible, and give a clear indication that it has occurred. If
warning is given early and the information is presented clearly enough, the machine can be
removed from service for repair or a repair can be scheduled at a more convenient time. The
benefits which condition monitoring can bring to a particular machine depend upon the
following:

(a)the amount of warning monitoring can give of an impending failure
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(b)the value of the machine itself
(c)the total cost incurred if the machine fails, which depends upon:

(1) the direct cost of the repair or replacement

(i1) the time to repair or replace the machine

(iii) the replacement generation costs per day for the generating -
unit in which the machine is operating

(iv) whether standby capacity or a spare for the machine is
available
(d)the cost and reliability of the monitoring scheme itself.

As an example, taking these points into account, if reliable monitoring of a high
value, strategic machine can detect a fault only 1 s before the protective relays would operate, the
montitoring is hardly likely to be any benefit. On the other hand, if monitoring can reliably give 1
h or more warning on this same machine, that is likely to be of considerable value and if days or
months of warning can be given on machines of less value, that can be beneficial in planning

maintenance.

- To summarize, condition monitoring of an electrical machine will yield benefits if a
reliable monitoring system exists, which can provide sufficient warning of a typical failure
mechanism, so that the machine can be taken out of service and repaired at a cost which is
substantially less than if fault currents flowed. The net benefit will be positive if the cost of the
monitoring system is less than the likely saving in cost of repairs foilowing faults. At the
moment, condition monitoring on electrical machines is in its infancy, largely because of "the
inherent reliability of electrical plant. Larger motors and generators are already fitted with a
number of traditional monitoring sensors. However, a number of new monitoring techniquesr
have been devised, and with the availability of cheap computing power, measurements from
these and traditional techniques can now be processed and acted upon in a way that makes
condition monitoring viable for large, stfategically important machines. But effective condition
monitoring must consist of all three of the following parts: _

(a)measuring selected parameters to give early indication of damage
(b)processing and assessing the significance of these measurements

(c)taking action upon these measurements.
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3.2 Existing Condition Monitoring Techniques
Different researchers have used various monitoring techniques for induction motors using
different machine variables. Thése monitoring techniques have been classified into the following

13 categories using different parameters [58].

3.2.1. Vibration

All electric machines generate noise and vibration, and the analysis of the produced noise and
vibration can be used to give information‘ on the condition of the machine. Even very small
amplitude of vibration of machine frame can produce high noise. Noise and vibration in
electric machines are caused by forces which are of magnetic, mechanical and aerodynamic
origin. The largest sources of vibration and noise in electric machines are the radial forces due to
the air gap field. Since the air gap flux density distribution is product of the resultant m.m.f.
wave and total permeance wave. The resultant m.m.f. also contains the effect of possible rotor
or stator asymmetries, and permeance wave depends on the variation of the air gap as well ,
the resulting magnetic forces and vibrations also depends on these asymmetries. Thus, by
analyzing the vibration signal of an electric machine, it is possible to detect various types
of faults and asymmetries . Bearing faults, rotor eccentricities, gear faults and unbalanced
rotors are the best candidates for vibration based diagnostics. The vibration monitoring of
electric machines is accomplished through the use of broad-band, narrow-band, or spectral
(signature) analysis of the measured vibration energy of the machine. Vibration-based
diagnostics is the best method for fault diagnosis, but needs expensive accelerometers and
associated wiring. This limits its use in several applications, especially in small machines

where cost plays a major factor in deciding the condition monitoring method.

The major disadvantage of vibration monitoring is cost. For example, a regular vibration sensor
costs several hundred dollars. A high product cost can be incurred just by employing the
necessary vibration sensors for a large number of electric machines. Another disadvantage of
vibration monitoring is that it requires access to the machine. For accurate measurements,
sensors should be mounted tightly on the electric machines, and expertise is required in the

mounting. In addition, sensors themselves may fail.
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3.2.2. Current

Current Park’s vector, zero-sequence and negative-sequence current monitoring and motor current
signature analysis, all fall under the category of electrical monitoring. These methods use stator
current to detect various kind of machine and inverter faults. In most applications, the stator
current of an induction motor is readily available since it is used to protect machines from
destructive over-currents, ground current, etc. Therefore, current monitoring is a sensor-

less detection method that can be implemented without any extra hardware.

Motor current signature analysis (MCSA) is one of the most powerful methods of online motor
diagnosis for detecting motor faults. Us}ng MCSA has advantages such as no estimation of
Motor parameters and the simplicity of current sensors and their installation. MCSA detects
changes in a machine’s permeance by examining the current signals. It uses the current spectrum
of the machine for locating characteristic fault frequencies. When a fault is present, the
frequency spectrum of the line current becomes deviated from healthy motor. Such fault
modulates the air-gap and produces rotating frequency harmonics in the self and mutual
inductances of the machine. It depends upon locating specific harmonic component in the line
current. The spectrum may be obtained using frequency domain analysis by using signal
processing techniques. The diagnostic analysis has been reported by various researchers using
the sequence components of current, radio-frequency (RF) component of neutral current, and

shaft currents.

3.2.3. Magnetic Flux

Any distortion in the air-gap flux density due to stator defects Will set up an axial homopolar flux
in the shaft, which can be sensed by a search coil fitted around the shaft. The air-gap flux can
also be sensed by sensing the voltage across two properly located motor coils. One can get a
signal by subtracting these two voltages, which is independent of stator ‘ir’ drop and
approximately independent of motor leakage reactance drop. By using a minimum of four search

coils located axisymmetrically to the drive shaft, the location of shorted turn can be found out.

3.2.4. Instantaneous Angular Speed
Various asymmetry faults in induction motors can be detected by monitoring the stator core

vibration using instantaneous angular speed (IAS) techniques. In case of stator winding fault or
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unbalanced supply, the vibration signal will contain a significant component with twice the
supply frequency. For phase imbalance, the fault symptom is a significant increase in the 100-Hz

component (if the supply frequency is 50 Hz).

3.2.5. Temperature

A rugged temperature sensor can be mounted on the winding or embedded in the insulation,
which is electrically isolated from its instrumentation. The temperature estimation can be based
on the thermal model and stator resistance model if unobstructed ventilation is ensured, and
ambient temperature is accounted for plus the effect of elevation on the motor temperature and
cooling. The phenomenon of setting up of the space charge as a consequence of the aging of the
stator insulation has been utilized for the thermal step method (TSM). The measurement of
thermally stimulated discharge currentsl(TSDC) is also made which gives the energy levels of
the traps. By associating TSM and TSDC, a complete study of the apparition and of the
development of the space charges can be made and the stator insulation lifetime can be predicted.
A nondestructive diagnostic apparatus using plastic-optical-fiber (POF) sensor has been
developed for evaluating the aging of insulating resins for low-voltage induction motors. This
apparatus measures the change of reflective absorbance ratio at two different near-iR

wavelengths.

3.2.6. Air-Gap Torque

The air-gap torque is produced by the flux linkage and the currents of a rotating machine. It is
sensitive to any unbalance created due to defects as well as by the unbalanced voltages. The zero
frequency of the air-gap harmonics shows that the motor is normal. In case of an induction motor
with single-phase stator winding, the angular speed (as observed from the rotor) of forward and

backward stator rotating fields, the rotor and rotor rotating magnetic fields are

Fws, wy (1 — 8), and Swy. respectively. The forward stator rotating field produces a
constant torque while the backward stator field interacting with the rotor field produces a
harmonic torque whose

Frequency = Stator field angular speed — (Rotor angular speed + Rotor field angular speed

observed from rotor) = T Ws T {ws(1 — 58) +sws)} = —2ws.
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This means the double fundamental frequency torque indicates the gap in the stator winding

and/or voltage.

3.2.7. Noise/Acoustic Noise

The noise spectrum of induction machines is dominated by EM, ventilation, and acoustic noise.
Ventilation noise is associated with air turbulence, which is produced by periodic disturbances in
the air pressure due to rotating parts. The EM noise is due to the action of Maxwell’s stresses
that act on the iron surfaces in the presence of a magnetic field. These forces induce vibrations in
the stator structure, which cause radiated noise. The sound power level due to aerodynamic and
mechanical noise increases at a rate of 12 dB per doubling of the motor speed. Increased motor
speed gives rise to EM noise. The ground wall insulation interrogation can be done by optimally

launching an ultrasonic wave into a stator bar and using the conductor as a waveguide.

3.2.8. Induced Voltage

The voltage induced along the shaft of a machine (generator) is an indication of the stator core or
winding degradation. Shaft voltage has not yet proved to be a useful parameter for continuous
monitoring because it is difficult to measure in a reliable way. Moreover, it has also been shown
that any damage to the core or the winding would need to be substantial before a significant
variation in shaft voltage occurred. The changes in the root mean square (rms) magnitude of
Vsum (Vsum,rms) can reveal the presence and severity of turn-fault diagnostics where Vsum is
the sum of instantaneous phase voltages. The maximum turn-fault sensitivity is obtained after

band pass filtering around the fundamental frequency.

3.2.9. Power

The instantaneous electric power has definite advantages in comparison to current as a detection
parameter. The characteristic spectral component of the power appears directly at the frequency
of the disturbance, independent of the synchronous speed of the motor. The utilization of the

instantaneous power enhances the reliability of the diagnostics of the induction motors.
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3.2.10. Partial Discharge

This is a small electrical discharge, which occurs due to insulation imperfection. For example,
delaminations within the ground wall insulation, resulting from poor manufacturing or
overheating, gives rise to voids or air pockets, which get discharged. The partial discharge
analyzer (PDA) test, developed in 1976, is one of the first techniques to be used during normal
machine operation of hydro generators. Other techniques have been developed using specialized
sensors. A deteriorated winding has a PD activity approximately 30 times or even higher tﬁan a
winding in good condition. The effectiveness of stator winding maintenance can be easily

monitored with an online PD test.

3.2.11. Gas Analysis _

The degradation of the electrical insulation within a motor produces carbon monoxide gas which
passes into the cooling air circuit and can be detected by an infrared (IR) absorption technique .
The high-frequency pulse width modulation (PWM) pulses generate excessive voltage peaks
leading to the start of motor insulation breakdown. It occurs as a result of electrostatic fields
surrounding oppositely polarized conductors that begin to strip electrons from the surrounding
air gap, leaving molecules with positive electrical charge (ionization) producing ozone which get
combined with nitrogen from the air to produce forms of nitrous oxides. It corrosively attacks the
insulation causing embitterment and eventual fracture. Ozone sniffing techniques are used for the

detection of ozone.

3.2.12. Surge Testing

The surge testing is an established method for diagnosing winding faults. In the surge
comparison test, two identical high voltages, high-frequency pulses are simultaneously imposed
on two phases of the motor winding with third phase grounded. An oscilloscope is used to
compare the reflected pulses indicating the insulation faults between windings, coils, and group
of coils. The pulse-pulse surge testing is a predictive field method to show the turn-turn
insulation weakness before the turn-turn short occurs. An .electronic and portable device “Surge

Tester” is used to locate insulation faults and winding dissymmetry.
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3.2.13. Motor Circuit Analysis

By measuring the electro-magnetic properties of the electric motor as an electric circuit, the
motor circuit analysis (MCA) determines the variations within the motor and identifies the
défects. In MCA, a low amount of energy with amplified responses is applied. The responses

help in evaluating the condition of both the windings and rotor through the comparative readings.

3.2.14.A1-Based Fault Monitoring Approaches

Despite the various techniques mentioned above, the monitoring and fault detection of electrical
machines have moved from the traditional techniques to Al techniques in recent years. The main
steps of an Al-based diagnostic mechanism are signature extraction, fault identification, and fault
severity evaluation. The various Al techniques, expert systems, artificial neural networks
(ANNs), fuzzy logic, fuzzy neural networks (NNs), genetic algorithms, etc. for the fault

diagnostics of stator faults have been reported in the literature.

3.2.14.1. Artificial Neural Networks

Artificial neural networks (ANNs) are one of the oldest Al paradigms that have been around the:
power engineering research arena for quite some time. ANNs mimic the human brain structure,
which consists of simple arithmetic units connected in complex layer architecture. They are
capable of representing highly nonlinear functions and performing multi-input, multi-output
mapping. They learn these functions through examples. ANNs have been applied densely in the
area of motor condition monitoring and fault diagnosis, performing one or more of the following
tasks [59]:

* pattern recognition, parameter estimation, and nonlinear mapping applied to condition

monitoring;

e training based on both time and frequency domain signals obtained via mmulatlon and/or”

experimental results;

* real time, online unsupervised diagnosis; [ ACONOTL st

v
Date. 2= /ﬂ / |

e dynamic updating of the structure with no need to retrain the whole network;

e filtering out transients, disturbances, and noise; 4/. T R OOR“&’@

e fault prediction in incipient stages due to operation anomalies;

* operating conditions clustering based on fault types.
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3.2.14.2. Fuzzy and Adaptive Fuzzy Systems

Fuzzy logic and adaptive fuzzy systems are emerging as powerful Al techniques. Fuzzy logic is a

more powerful variation of crisp logic; where knowledge representation is closer to the way

humans think. Fuzzy inference systems employ powerful inferential engines on natural

(linguistic) variables and build data bases via fuzzy if—then rules. Adaptive fuzzy systems utilize

the learning capabilities of ANNs or the optimization strength of genetic algorithms to adjust the

system parameter set in order to enhance the intelligent system’s performance based on a priori

knowledge. Some of the fuzzy and adaptive-fuzzy systems’ applications to motor fault diagriosis

include

¢ evaluating performance indices using linguistic variables;

¢ predicting abnormal operation and locating faulty element;

¢ utilizing human expertise reflected to fuzzy if—then rules;

e system modeling, nonlinear mapping, and optimizing diagnostic system barameters through
adaptive fuzzy systems;

e fault classification and prognosis.

3.2.14.3. Expert Systems

Expert systems represent an attempt to emulate the human thought through knowledge
representatioﬁ and inference mechanisms. Within a bound domain of knowledge, expert systems
are capable of decision making on a quality level comparable to human experts. Although they
are expensive and time-consuming during evolvement, some research work dedicated to
applying expert systems to machi;xc fault diagnosis was reported in the literature. These
applications include

. emulating and implementing human expertise;

* building and online updating system knowledge bases;

» signal filtering, information search, and feature extraction;

¢ data managing and information coding in knowledge bases;

e employment of users interactive sessions;

e fault classification, diagnosis, and ']ocation;

e knowledge base building through simulation and/or experimentation.

26



Applications of Al tools in condition monitoring and fault diagnosis of electric machines and
drives have provided the automation of the diagnostic process. It also helped in utilizing the
human expertise, and gaining early and precise detection. Artificial intelligence is expanding the

horizon of the new research related to the topic in the coming years.

3.2.15. Modeling/Simulation for Faulty Motors

The development of “smart” condition monitoring systems is in full swing. Their success
depends on their accuracy as well as on their ability to discriminate bétween normal/balanced
and abnormal/unbalanced conditions. Hence, the possibility of simulating fault conditions
becomes more attractive and important. Researchers have put in a lot of effort to predict the
performance of induction machines using various modeling/simulation techniques and tools for
various faults. The steady-state and transient state of healthy and faulty machines under different
operating conditions like steady-state (no load and onload) and transient state (startup, loading,

unloading, and shutting down) have been considered in the literature.

3.3 Chapter Summary

This chapter presented a review of existing induction motor condition monitoring methods.
This covered a variety of topics, techniques, methods, and approaches. The practical use of
various condition monitoring methods for fault diagnosis of electric machines was presented.
The usage of electric motors is rapidly increasing in a wide variety of industrial and transit
applications. Therefore, the demand for reliable fault detection methods for electric machines is

increasing.
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CHAPTER 4

INDUCTION MOTOR MODEL WITH STATOR WINDING
FAULTS

4.1. Induction motor model with Asymmetrical Stator Winding

The model for a symmetrical three-phase induction motor is well known [60-63]. To derive
equations for asymmetrical stator winding and rotor, the following assumptions have been

made:

* Each stator phase of the motor has a different number of turns, but uniform spatial
displacement is assumed;

» Magnetic saturation is not present. ,

With the appropriate subscripts as, bs, cs, ar, br, and cr, the voltage equations of the
magnetically coupled stator and rotor circuits can be written as follows:

S .S 3§ s T T r
Vabe = Tabclabe T PAabc » 0 = 7gpciape + PAabe (4.1)

Where p = d/dt. Applying a stationary reference frame transformation to this equation yields the

corresponding gd0 equations and Eq. (4.1) becomes

S — ) .8 S
Vgdo = Tqaolqdo + PAgao0 »

0 1 0
0 0 O
Where
i1 T2 Tis

r;do =|ry; T2 T33

31 Ta2 T3
and matrix elements are given in Appendix A and assuming 75, = 1y = T = 17, r;do = Ny lax3.
In matrix notation, the flux linkages of the stator and rotor windings may be written in terms of

the winding inductances and the current as [8]

s ss L5T is
abc| _ abc abc abc (4 3)
r s rr ir .
abc abc abe abce

where stator and rotor inductances are
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s§

Lasas Lasbs Lascs
Lbsas Lbsbs Lbscs

abc

Lcsas Lcsbs Lcscs
and

Larar Larbr Larcr
rro __
abc — Lbrar Lbrbr Lbrcr

Lcrar Lcrbr Lcrcr
Because of symmetry, stator mutual inductances have Lggps = Lpsas, Lascs = Lesas andLpges =
L¢gps. Similarly rotor self- and mutual inductances have L. = Lprpr = Leper and Lgppyr =
La‘rcr = Lbrar = LbTCT = Lcrar = LCTbT reSpCCtiVCly.
Those of the stator-to-rotor mutual inductances are dependent on the rotor angle (orientated with

respect to stator), therefore

2 2
Lgsarcos 0, Lgsprcos (9,« + ?ﬁ) Lggcrcos (9,. - Tn)
2 2
Labc = LbsarCOS (9 — ?n:) LbsbrcoS er Lbscrcos (gr + 'BE) (44)
2
L sqrCOS (HT + —3—?) LcsprcOS (Br - ?n) LigcrcoS 6,

and LT3, . = L7, where (*) means the transpose of the matrix.

The coefficients Losars Laspr» Lasers Losars Lbsbrs Lbscr» Lesars Lesprs Leser are peak values of
stator-to-rotor mutual inductances. Because of rotor symmetry Lysar = Lashr = Lascrs Lbsar =

Lpsor = Lpser and Lesqr = Lespr = Leser
The stator and rotor qd0 flux linkages are obtained by applying transformation to the stator and
rotor abc flux linkages in Eq. (4.3), that is

S — SS S ST T
Agqao = Lqaoigao + Lgaoiqaor

r — J¥S ;S rr r
ado = Lgaotqao + Lgaoigao 4.5)
SS SS S ST ST rr
11 L1z L33 1n Liz O 17 0 0
— | rss ss ss st __|ysr sr rr
where Lgyo = |L71 L3 L33 Lggo =|L21 L322 Of Lgge=|0 L2z 0 | and
SS sS Ss sr sr T
a1 L3z Laz ;1 L3> 0 0 0 33
sr sr sr
" 11 Lz1 0.5L3 r
qao = |15 LS, —0.5L5, | Matrix elements of Lgo, Lo, Lggoe and Ly are given in
0 0. 0
Appendix A.

Normally, an induction machine is connected to a three phase supply by a three-wire

connection (i.e. neutral current does not flow). Hence, for a squirrel cage induction machine and
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three-wire connection, the stator and rotor flux linkages in Eq. (4.5) may be expressed compactly

as
S SS SS Sr  ‘ySraris
Aq Lyy Lz L3y L3z][le
s Lss 5S sr - gsr l-s
dy _ 21 22 21 22 d 4.6
r| T |ysr ST rr ir (4.6)
A L 0 ||i
q 11 12 11 q '
r sr sr rr .y
d L34 22 0 22 JLy

4.2. Determination of inductances

In order to define asymmetrical machine inductances, assume stator phases as, bs and cs have
numbers of winding turns given by N,, N, and N, respectively, and that rotor phases ar, brand cr
have winding turns given by N, = N,,- = N, = N,.. If self- and mutual inductances are known
for a symmetrical machine with reference number  of turns Ng, new parameters for an

asymmetrical machine can be defined from these inductance values as described in [60, 63, 64].

By using known parameters the stator self-inductances for phases as, bs and c¢s can be calculated

as [8]

NZ 2
Losas = '['\,_3' (Ll$‘+ sLm) = Nngls . 4.7
Lpsps = leLmls (4.8)
Leses = chLmls ' (4.9)

1 2
where L, = N_g(l'ls + ;Lm).

The stator mutual inductances between phases as and bs, bs and cs, and ¢s and as can be derived

as
1 2Ly 1 NgN
Lgsps = Lpsas = (—'Z'NaNb) (EN_,?) = 3 stbl'm = NgNpLmss (4.10)
Loses = Lesas = NaNeLimss (4.11)
Lpscs = Lesps = NpNeLpss (4.12)
1Ly
where Ly,gs = ~INE

The rotor self- and mutual inductances can be found by a similar way. Because the rotor is

assumed symmetric, the total self-inductances of rotor phases ar, brand cr are equal.
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Therefore

2

N? .
3N—:2Lm = Ly + Lypar 4.13)

Lorar = Lorpr = Lerer = Ly +

2 N?

L.
3NzTm

where L. =

For the same reason, rotor mutual inductances are also equal to each other and given by
Larvr = Larcr = Lorar = Lprer = Lerar = Leror

1

() ¢2htn) = ~Hima @i

Previously defined stator-to-rotor mutual inductances can be defined in term of new parameters.
Because of rotor symmetry (turn numbers for each rotor phase are equal) mutual inductances will

be Larar = Laskr = Lascrs Lbsar = Lbsbr = Lbscrs Lesar = Leshr = Lescr-
Referring to Fig. 4.1 , we can see that the rotor phase ar is displaced from stator phase as by the

electrical angle @r, where @r is a variable [8].

bs-axis

br-axis

Creaxis

C5-axis
Fig.4.1. Induction Machine Winding Displacement.
The corresponding mutual inductances will vary with 8r. The variable sine and cosine factors are

already present in Eq. (4.4), so peak mutual inductances will be

2 NgNy

Lasar = Laspr = Laser = E_N;E_Lm = NgLmsr (4.15)
2 NpNy

Lysar = Lbsbr = Lbscr = g_:,sz—Lm = NbLmsr (4.16)
2 NoNy

Lesar = Lespr = Leser = ;‘ELm = N¢Lpsr 4.17)

2N,
where Ly = ;N—Ssz.
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4.3. Simulation of the asymmetrical induction motors

In this subsection, equations are rearranged for the asymmetrical induction motor model that has
been developed [8]. The gd-applied voltage in a reference frame fixed to the stator can be
obtained from the stator phase voltage v,s, Vps and Vs by standard transformation [62]. The gd

voltages will be

2 1 2 1
vs = 3 [vas -5 (Vs + vcs)] =3 [vag -3 (vpg + vcg)],

1 1
vy = 7 (=Vps + Ves) = 7 ("vbg + vcg) (4.18)
Where v,4, Vg and v, are supply phase voltages. Flux linkages may be obtained from Eq. (4.2)

for a three wire system to give

s — S S ;S S S

Ay = [(vq — Ti1lg — Ti2ly ) dt,
- N S ;8 S S
a= j(vd — r1i§ — g ) dt,

i = f (w0, — iz ) dt,
AL = — [(wedy + 71705 ) dt (4.19)

The current can be found by inverting Eq. (4.6).

The speed of the machine can be obtained from the torque equation as

0r(t) = 37 (Tem + Trmecn = Taamp) dt ‘ (4.20)

T,y 1s the electromagnetic torque impréssed on the shaft of the machine and can be expressed as
3P .. . '
Tom = E;(A‘;lé — Agig) 4.21)

Trmech is the externally applied mechanical torque in the direction of the rotor speed, Tgqmp 1S the

damping torque in the opposite direction of the rotor speed, and J is inertia.

By using Eqs.(4.18)—(4.21) with resistances and inductances that are defined in Appendix A, a
motor with asymmetrical windings can be simulated. The compact model for the simulation of

the asymmetrical motor is shown in Fig. 4.2.
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Results of simulation in Fig. 4.2 are fed to a diagnostic block that uses negative sequence current
to display motor condition. Supply voltage and motor current are decomposed into their positive

and negative sequence components and the condition of the motor is analysed.

- TORQUE
Vag
Vag ' dq VOLTAGE |—> da voltsge
&* Targque

vbg 3-phase voltage »{Loas ,6'
- AFHASE TO 2-PHASE >l
bg vog TRANSF?‘:hwnon o resi Rotor S XY Gtaph
INDUCTION MOTOR
Vg AND
DIAGNOSTICS SPEED
MODEL
2 132
LOAD
2852
{2
Na plns Resi
2862 »{ne
Nb Ne Ind
CALCULATION OF INDUGTANCES
252 AND

RESISTANCES

Fig.4.2.Simulation of Asymmetrical Induction Motor Model.

4.4 Induction motor model with Stator Inter turn Short circuit

In order to develop an induction motor model with a stator inter-turn short circuit, it has been
assumed that phase as has two windings in series comprising N, unshorted turns and Ngp
shorted turn(s), where N = Ny + Ng; = Ng, the overall number of turns Ny. The phases bs and
c¢s have Nps = Nz = N. By assuming the unequal numbers of stator turns, the first model can be
used for induction motor model with inter-turn short circuit to transfer motor equation from abc
axes to gdOaxes. By doing this, the N, turn shorted winding can be introduced in qd0 axes. The
fault severity can be changed by varying the number of shorted turns, and by a current limiting
resistance across the short circuit windings. The same assumptions that were made for the first

model are valid for this model as well.
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In the following, the modification of equations for the new model is presented [8].
The self-inductances for phase as, bs, and cs in Eqgs.(4.7)—(4.9) will be

N 2 2L,\ N2 2
Lasas = N2 (Lls + 3 3 SL ) + 2Nusth (gﬁf) +— N2 (Lls +3 3 L )
s

= (lesLmls + NusthLmsh) + (NusthLmsh + sthLmls)
= (L’asas + Lassh) + (Lassh + Lshsh) - 4.22)

where Lyop = g:‘v—’; and subscript ‘sh’ is used for shorted winding(s).
NZ 2
Lpsps = Leses = Niz‘(l‘ls + ;Lm) = Ns?l'mls (4.23)

As it can be seen from Eq. (4.22), the phase as self-inductance contains the unshorted self-
inductance L' 445, the mutual inductance between unshorted and shorted turns Lgssn» and the

shorted turns self-inductance Lgygp .

The stator mutual inductances will be

1NgN, 1 Ny, 1N ,
Losps = — 3 :,SSL —;-;j‘fL —'"LhL = L gsps + Lshos (4.24)

Lgses = Lpsas = Lesas = L’asbs + Lsnps

1
Lpses = Lesps = —'ng (4.25)

The stator-to-rotor mutual inductances in Egs.(4:15)—(4.17) will be

2 N,N,

Lasr = Lasar = Laspr = Laser = EWTLm
s

_ 2 Nush, 2 NgpN :
—3 l;vssrl' +3 ;,;S TL "L’asar+Lshar (4'26)

Lypsr = Lpsar = Losor = Loser = Lesar = Lesbr = Leser

=280y (4.27)
3 N2

As in the previous section, assuming that stator windings have different numbers of turns, dg0

axes inductances can be obtained for an inter-turn short circuit condition by using the newly
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defined

self-

and mutual

Lsrabc to Lsrqdo are

ss
qd0 —

ST
qdo —

where L3} = (Lfl

sS
11

0
L3

Ly
0

sr
31

0
L3
0
0
L2
0

ss
13

0

SS
33

0
0
0

and

+LFM) + (LS +

inductances.

Lssh) L22 — LS, L11 — Lsr

The transformations of L%gp. to L4409 and

(4.28)

Similarly, the results of transformation of rotor self- and mutual inductances can be simplified as

rr —

quO -

En
0
|0

L11
0

where LT = Lj and LY, = L. Matrix elements are given in Appendix A.

L 0

0
L2z
0

0

ST
22

0

0
0

rr
33

and

0.5L3,

0
0

(4.29)

The stator and rotor flux linkages for the new model of a squirrel cage induction motors will be

-ashq [ [sh h h Trishq
A;" L+ LF" 0 LyT 0 Lgh
Ag Lff" Ly 0 Ly O]]ig
A1=1 o o LS 0 LT (4.30)
Ay Lg"" Ly 0 Ly 0}ig
LAzl Lo 0 L o rLhdligl
The stator phase resistances are
Tas = 00Ts = o2ty + 0Ty = 17as + Ton 431)
Tps = Tes = 75 (4.32)

where 1y, is the shorted winding(s) resistance. Stator qd resistance for new model will be
S (4.33)
21 Tzz ' '
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The shorted portion of the stator winding (sh) is seen to only appear in the g-axis element. The
matrix elements are given in Appendix A. Fig. 4.3 shows the motor model with an inter turn
short circuit [8], which only effects part of the g-axis stator winding. 7., is an external short
circuit current limiting resistance.

~+

Vet

Fig.4.3.Motor Model with Inter Turn Stator Short Circuit.
Flux linkages may be obtained from Eq. (4.2) for a three wire system in the stationary reference

frame to give

Ash = f (vgh — ren i51) dt,

s — s sh S ;5 S ;S
A,q - f(vq - Vq - rlllq - leld ) dt,
5 = (s__ S S _ s-s)dt

a = | \Va — Ta1lg — N2lg ,

A= f (w2 —7if ) dt,
Ay = — (w4 +17i% ) de (4.34)

Note that vgh will be zero if the external resistance Tyis zero.The current can be found by

inverting Eq. (4.30).
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4.5. Chapter Summary

In this chapter, a simulation model of induction motor with asymmetrical stator winding has
been developed using the motor equations transformed from 3-phase to 2-phase stationary
reference frame (qd axis). Then, the motor equations are so developed are modified to
incorporate the effect of stator inter-turn fault and another simulation model of induction motor
stator short circuit has been developed using these equations. The simulation results and the
analysis of the characteristics of a induction motor with stator inter-turn fault are presented in the

subsequent chapters.

37



CHAPTER §
SIMULATION RESULTS OF STATOR FAULT

INVESTIGATIONS

5.1 Simulation results of Induction motor model with stator Inter turn short
circuit

The models developed have been simulated in Matlab/Simulink and the following simulation
results are for a 2 hp motor whose parameters are given in Appendix A. The results are taken
during acceleration from stand still to full speed. Figs. 5.1 and 5.2are results for acceleration
from stand still to full speed at full load under normal conditions. Initially, motor currents are not
symmetrical because of the starting transient. This introduces high negative sequence current

until the motor reaches full speed.

a) Torque(Nm) Vs Rotor speed
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¢) Rotor speed Vs Time
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Fig. 5.1. Torque and speed variation under normal condition
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b) Negative Sequence Current

Fig. 5.2.Positive and negative sequence currents under normal condition.

Figs. 5.3and 5.5show the simulation results from stand still to full speed at full load
with five turns shorted. The supply negative sequence current is around 0.35A. Because of stator
asymmetry, the torque graph in Fig. 5.3 and 5.4shows the expected pulsation at twice supply
frequency (2fs) even at steady state. This is because the negative sequence current introduces a
braking torque in the motor. The short circuit current of 45 in the shorted turns seen in Fig. 5.5is

1.45 times the normal locked rotor current of 31 A.
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b) Torque Vs Time
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6) Rotor speed pulsations:

- f 2o j ; H
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Fig. 5.3. Torque and speed variation with five turns shorted.
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Fig.5.4. Different frequency components of Torque in an induction motor with Inter-turn
fault:a)Fundamental frequency(60Hz), b)2nd harmonic, ¢)3™ harmonic, d)4™ harmonic, e)Sth
harmonic.
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Q) Positive Sequence current(A)
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b) Negative Sequence Current(A)
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Fig. 5.5. Positive sequence, negative sequence, and short circuit currents for
five turns shorted.
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Figs. 5.6 and 5.7 are for same condition but with an external 1.5okm resistance to
limit short circuit current to avoid destruction of the motor. This limits short circuit current, and
supply negative sequence current. The torque still has pulsation 2fs but is much smaller as seen

inFig.5.6.
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©) Torque Pulsations:
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Fig. 5.6. Torque and speed variation with five turns shorted with 1.50hm resistance.
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8.) Positive Sequence current
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Fig. 5.7. Positive sequence, negative sequence and short circuit currents for
five turns shorted with 1.5chmresistance.

46



5.1.1. Effect of Number of shorted turns on the various characteristics of a induction motor

o
1

R = T
1

__\’,
Rr=tS
T

L, AR

e 8400 e . 200 5 3000

Fig.5.8. Torque-Speed characteristics when 5 turns and 20 turns of phaseA are shorted
respectively

From Fig.5.8, when more number of turns are shorted in the phase A winding, the
torque-speed characteristics shifts to the higher side compared to the torque-speed characteristic
of a motor with less turns shorted. So, the motor approaches steady state i.e., T = T, at a higher
speed. Also, since number of shorted turns is increased, the amount of asymmetry increases
which increases the negative sequence current. Hence from Eq. (5.9), the twice the supply
frequency oscillations in power increase resulting in the increase of torque pulsations. This can

be observed from Fig.5.8.
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Fig.5.9. Torque characteristics when 5 turns and 20 turns of phaseA are shorted respectively

From Fig.5.9, as discussed earlier, when more number of turns are shorted, the torque
characteristic follows a higher characteristic compared to the torque characteristic of a motor
with less turns shorted which means at any particular instant, the torque of a motor with more

shorted turns is higher than the torque of a motor with lesser shorted turns.

An increase in twice the supply frequency oscillations also occurs as the number of
shorted turns is increased. This is due to the increase in the negative sequence current in Eq.

(5.9).
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Fig.5.10. Speed characteristics when 5 turns and 20 turns of phaseA are shorted respectively

From Fig.5.10, as discussed earlier when there is an increase in the number of shorted
turns in the winding of phase A, the torque-spéed characteristics shifts to the higher side
compared to the torque-speed characteristic of a motor with less turns shorted. So, the motor
approaches steady state i.e., T = T at a higher spced. This explains the increase in the speed
from an inter turn fault with 5 shorted turns to inter turn fault with 20 shorted turns. The increase
in the torque pulsations due to the increase in negative sequence current is reflected in the rotor

speed pulsations.
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Fig.5.11. Positive Sequence current when 5 turns and 20 turns of phaseA are shorted respectively

It has been observed from Fig.5.5 that when an stator inter turn fault occurs there is
negligible change in the positive sequence current compared to that of a healthy motor. The same
is reflected in Fig.5.11, when the intensity of inter turn fault is increased by increasing the

number of shorted turns there is no appreciable change in the positive sequence current.
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Fig.5.12. Negative Sequence current when 5 turns and 20 turns of phaseA are shorted
respectively

From Fig.5.12, as number of shorted turns is increased, the amount of asymmetry
creatéd in the induction motor increases and hence the negative sequence current increases. The

same is depicted in above fig. where the negative sequence current has increased from 0.25A to

1.2A.
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Fig.5.13. Short circuit current when 5 turns and 20 turns of phaseA are shorted respectively

In Fig.5.13, when the number of shorted turns in the winding of stator phase A is
increased, the contribution of the short circuit current to the total phase current increases and

hence the short circuit current increases.

5.2. Experimental Results of Stator Inter turn Fault depicting the presence of

Negative sequence current and the effect of number of shorted turns

Motor Parameters: A 4-pole, SOHz, 3hp, 440V, three phase squirrel cage induction motor with
rated speed as 1480rpm and rated current as 3A. Its stator contains double layer lap winding with

36 slots and coil span of 7 slots.
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Procedure: Experiments were done on the above three phase squirrel cage induction motor for
stator inter turn fault analysis by short circuiting few of the coils in the winding of a single phase

or two phases and the motor was then run using a balanced 3-phase voltage supply connected

through a 3-phase auto transformer.

03,1810 202904 JI98U SO0H= 386 1T ENSDO 16D

Fig.5.14. Motor operating at no load under healthy condition

From Fig.5.14, we can notice that under healthy condition the motor draws balanced currents.

031610 20444 3986V SOoH=36 IT ENSO1G6G0

Fig.5.15. Motor operating at no load under one coil of phase A is short circuited

From Fig.5.15, It is observed that the phase A draws more current than other phases
due to short circuit fault in phase A. Hence, motor under short circuit faults draws unbalance

stator currents.
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Fig.5.16. Motor operating at no load under coil 1 & coil 2 of phase A is short circuited.

From Fig.5.16, it is similar to the case when one coil was short circuited, but due to
the presence of two shorted coils, the phase A current increases. It still draws unbalanced stator

currents.
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Fig.5.17. Motor operating at no load under one coil each in phase A and phase B are short
circuited.
From Fig.5.17, due to the short circuit of a part of the winding in both phase A and phase B,
motor draws unbalance stator currents similar to single phase short circuit. In this case, phase B
current also increases.
Hence, from the above experimental study it is evident that when an inter turn fault is
present in an induction motor, it draws unbalanced stator phase currents. This results in the

occurrence of a significant amount of negative sequence current as justified by the equation,
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negative sequence current, i, =i, + a®ip + ai, where iy, i) i. are the three stator phase
currents.
In Fig.5.15, Ai, = 0.4A, Ai, =0A, Ai.=0A
In Fig.5.16, Ai, =0.9A, Aip =0A, Ai.=02A
In Fig.5.17, Aig = 0.4A, Aip =0.4A, Ai.=-0.2A
It can be stated from the above results that an inter turn short circuit affects the faulty

phases to greater extent than the other phases.

5.3. Relation between shorted turns and negative sequence current

Results have also been obtained by simulation for different numbers of directly shorted turns
(Text = 0). For 1y, =0 negative sequence current I,,is proportional to the number n of shorted
turns

I, <norl, = kn | (5.1)

where k is constant.

Fig. 5.18 shows I, current in the external resistance andnumber of shorted turns relation with O
and 0.2Q2 external current limiting resistance. As it can be seen from figure short circuit current
is almost independent of the number of shorted turns when external resistance is zero, at 2.6
times locked rotor current. This means that for a short circuit fault involving only few turns, the
motor will run for a considerable time, from a few minutes to an hour, since the shorted turns can
dissipate heat into adjacent turns. In addition, as their temperature rises, their resistance
increases, and Fig. 5.18 shows that the current reduces quite rapidly with additional resistance
within the short circuit path. Fig.5.19 presents relation between the number of shorted turns,

external current limiting resistance, and negative sequence current.
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Fig.5.19 Negative sequence current vs. shorted turns for different external resistance values

(Texe )-.Short circuit current limited by 0 and 0.2€2 resistance.
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5.4 Effect of unequal winding temperatures

If a motor is operated from an unbalanced voltage supply, the heating effect of unequal phase
currents will cause resistive unbalance to develop between the phases, whose contribution to

negative sequence current could be confused with a stator fault.

Assuming an additional temperature rise in only one motor phase, its effect may be obtained by
considering an unbalance resistance 7y,; in series with stator phase as. The maximum added
resistance 7,,, is lohm which is equivalent to a 61.5° C temperature rise. I, is linearly

proportional to ry,,,(see Fig. 5.20).
In X Tynp ' (5.2)
The relation between 7,,,,;, and negative sequence current can be defined [8] as

Yanb Isp

=
2T T3 Zy + Gab/3) (5.3)

where Isp is positive sequence current, Zn = |** trg tJ Xs+ X,

and if Zn>>1,,,,,/3the above equation can be simplified to

3 Za (5.4)

under balanced supply conditions.

The relation between negative sequence and the number of shorted turns n is presented in [8] as

8N Zs | : (5.5)
Where Vsp is the applied positive sequence voltage, Ns the total number of turns, n the number
of shorted turn, and Zs=lrs+ jXs|. The relation between ry,;, and n to give the same negative
sequence current can be defined as

s _ 91 Za Vep

i SN Zs I (5.6)
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Fig. 5.20. Negative sequence current vs. extra series resistance 7ynp

5.5 Effect of Voltage Unbalance on the characteristics of an Induction motor

with Stator Inter turn fault

For the effect of voltage unbalance on the motor torque and power to be analyzed, voltage and
currents are expressed in its symmetrical components. If the motor is supplied by unbalanced

voltages, voltages and currents in a stationary reference frame are given by [64]:
Vqds = Vepe! st + Vipe /st
(qas = Isp€l®st + I3, i@st o ' G.7D

In this reference frame, the instantaneous active power is calculated as follows:

p = 2 Re[vgasigas] (5.8)
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By replacing voltages and currents, the power results in

P =3 Re(Viplip + Vinlon) + 3 Re(Vaplone/>*5*) + Re(Vinlipe ™/25") (5-9)

The first term corresponds to the average power Py, while the second and third terms contains the
components at twice the supply frequency, produced by voltage and current unbalance. Hence,
the motor power under voltage unbalance will present a puisating component at twice the supply
frequency. This oscillating power at twice the supply frequency results in a pulsating torque.

The positive sequence and negative sequence voltages obtained from Eq. (5.7) are
applied to respective induction motor equivalent circuits as shown in Fig.5.21 [65]. where V1 is
Positive sequence voltage, V2 is Negative sequence voltage, Ip is Positive sequence current, In is
Negative sequence current, X1 is stator reactance, X’2 is rotor reactance referred to stator, R1 is
stator resistance, R’2 is rotor resistance referred to stator, Xm is magnetizing reactance and S is

slip.

The reduction of output power and motor torque due to unbalance voltage can be studied from

Fig.5.21 and Fig.5.22 as follows [65].

P, = I3R2 -1-?-] ~ I2R2 [g (per phase)

i
T =R2

(per phase) (5.10)

Ws
Note the reduction in output power and torque due to the negative sequence current, where wg

is the synchronous speed.

Using Eq. (5.10) and by equivalent circuits in Fig.5.21 the positive and negative sequence

torque-speed curves may be plotted as

X1 Rt X2 Xt R1 X2
1 I L I 1. 1
L I L J 1 3 L i 1 I

R2is
w ] o n o xon D U R22:9)

Fig.5.21. Positive and negative sequence equivalent circuits
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Torque (Nm)

R

\ // Speed (rpm)

Fig.5.22. Torque-Speed characteristics when voltage unbalance is present

shown in Fig.5.22. The upper curve is the torque due to positive sequence component of current
and the lower curve is the torque due to negative sequence component of current. The positive
sequence torque resembles the torque of an induction motor operating from.a balanced supply.
Normal operation is between zero speed and synchronous speed. The counter rotating field
produced by the negative sequence currents produces a negative sequence torque, with a peak in
3rd quadrant. The net shaft torque produced by the machine will be somewhat less than that

produced by a balanced supply i.e. the entire envelope of the torque speed curve is reduced.

d) HEALTHY CONDITION :Vas=265.59V, Vbs=265.59V, Vcs=265.59V
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b) Vas =173.21V, Vbs = 265.59V. Vcs = 265.59V
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Fig.5.23. Torque-Speed characteristics in a) healthy condition (balanced voltages) and b) when
the voltage of phase A is decreased. '

Fig.5.24. Different frequency components of Torque when Voltage Unbalance is present in an
induction motor with Inter-turn fault:a) Fundamental frec%luency(GOHz), b) 2" harmonic, c) 3
harmonic, d) 4™ harmonic, ) 5™ harmonic.
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Vas = §7.74V, Vbs = 265.59V, Vcs = 265.59V
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Fig.5.25. Torque-Speed characteristics as the voltage of phase A is decreased

From Fig. 5.23 and 5.25, as the voltage decreases, the resultant flux decreases and
hence the torque-speed characteristics shifts to the lower side compared to the torque-speed
characteristics of a healthy motor. So, the motor approaches steady state i.e., T = T}, at a lower

speed.

As voltage of one. of the phases decreases, the voltage unbalance increases which
increases the negative sequence component of voltage. The combined effect of voltage
unbalance and inter turn fault increases the negative sequence current. Hence from Eq. (5.9), the
twice the supply frequency oscillations in power increase resulting in the increase of torque
pulsations. The phase sequence was also observed to be unchanged. This can be observed from |

Fig.5.23, Fig.5.24 and Fig.5.25.
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Q) HEALTHY CONDITION: Vas=265.59V, Vbs=265.59V, Vcs=265.59V

Fig.5.26. Torque characteristics as the voltage of phase A is decreased from healthy condition
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From Fig.5.26, as discussed earlier when the voltage decreases, the resultant flux
decreases and hence the torque characteristic follows a lower characteristic compared to the
torque characteristic of a healthy motor which means at any particular instant, the torque of a
motor with inter turn fault and voltage unbalance is less than the torque of a healthy motor.
Here, the effect of voltage unbalance dominates the effect of inter turn fault and hence the above
discussion is justified. But when the effect of inter turn fault dominates the effect of decrease in
voltage, the torque characteristic follows a higher characteristic than the torque characteristic of a
healthy motor i.e., at any particular instant, the torque of a motor with inter turn fault and voltage

unbalance is more than the torque of a healthy motor.

An increase in twice the supply frequency oscillations occurs as voltage of one of the
phases decreases. This is due to the increase in the negative sequence component of voltage and
negative sequence current in Eq. (5.9) which are the consequences of voltage unbalance and of
inter turn fault. Also, the rate at which the characteristics reach the steady state decreases as

voltage decreases.
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4) HEALTHY CONDITION :Vas=265.59V, Vbs=265.59V, V¢s=265.59V
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Fig.5.27. Speed characteristics as the voltage of phase A is decreased from healthy condition
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From Fig.5.27, as discussed earlier, when there is a decrease in yoltage, the resultant
flux decreases and hence the torque-speed characteristics shifts to the lower side compared to the
torque-speed characteristics of a healthy motor. So, the motor approaches steady state i.e.,
T = T, at a lower speed. This explains the decrease in the s>peed when the voltage of phase A is
decreased to Vas = 173.21V. The increase in the torque pulsations due to the increase in voltage

unbalance and negative sequence current is reflected in the rotor speed pulsations.
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&) HEALTHY CONDITION :Vas=265.59V, Vbs=265.59V, Vcs=265.59V
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Fig.5.28. Positive Sequence current as the voltage of phase A is decreased from healthy
condition

From Fig.5.28, the rate at which the positive sequence current reaches the steady state

decreases as the voltage decreases. Also, the positive sequence current is observed to increase .
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a) HEALTHY CONDITION :Vas=265.59V, Vbs=265.59V, Vcs=265.59V
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Fig.5.29. Negative sequence current as the voltage of phase A is decreased from healthy
condition
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From Fig.5.29, when inter turn fault is created by shorting 5 turns of the winding of
phase A and the voltage of phase A is decreased, the amount of asymmetry created in the

induction motor increases and hence the negative sequence current increases.

Q) Vas = 173.21V, Vbs = 265.59V, Vcs = 265.59V
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Fig.5.30. Short circuit current as the voltage of phase A is decreased

When few turns in the winding of phase A of the stator are shorted the short circuit
current appears. So, it can be said that when the voltage of phase A is reduced, the short circuit

current decreases. This is justified from the observation in Fig. 5.30.
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5.5.1 Comparisonv of the effects of Voltage Unbalance and of Inter turn with Voltage

Unbalance on the Induction Motor Characteristics
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Fig.5.31. Torque-speed characteristics of a induction motor with only voltage unbalance, inter
turn(Nsh = 5) with voltage unbalance and inter turn( Nsh = 40) with voltage unbalance .
respectively when Vas = 173.21V.
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From Fig.5.31, in the first two conditions, the torque-speed characteristic follows a
lower characteristic compared to the torque-speed characteristics of a healthy motor because as
the voltage decreases, the resultant flux decreases. Hence, the motor approaches the steady state
at a lower speed. But, in the second condition due to the presence of inter turn fault the
decrement in torque and speed is lesser. If the intensity of the inter turn fault is increased by
increasing the number of shorted turns then the torque speed characteristic follows a higher
characteristic and hence the motor approaches steady state at a higher speed. The twice the
supply frequency torque pulsations arise as result of the negative sequence current and the

negative sequence voltage.

a) 36 T Y 4 7 - -
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Fig.5.32. Torque characteristics of an induction motor with only voltage unbalance, inter turn
(Nsh = 5) with voltage unbalance and inter turn(Nsh = 40) with voltage unbalance respectively
when Vas = 173.21V. '

From-Fig.5.32, in the first two conditions, the torque characteristic is shifted to the
lower side i.e. to reduced magnitude compared to the torque characteristics of a healthy motor.
But, in the second condition due to the presence of intef turn fault the reduction in torque and
speed is lesser. If the number of shorted turns are increased, the effect of inter turn dominates
and then the torque characteristic follows a higher characteristic, the maximum torque also

increases compared to that of a healthy motor.
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Fig.5.33. Speed characteristics of a induction motor with only voltage unbalance, inter turn
(Nsh = 5) with voltage unbalance and inter turn(Nsh = 40) with voltage unbalance respectively
when Vas = 173.21V.

From Fig.5.33, in the first two conditions, the motor approaches the steady state at a
lower speed due to the reduction in the torque characteristic as a result of the decrease in phase a
voitage. But, in the second condition due to the presence of inter turn fault the decrement in
torque and hence the speed is lesser. If the intensity of the inter turn fault is increased by
increasing the number of shorted as in the third case, then the torque speed characteristic follows
a higher characteristic and hence the motor approaches steady state at a higher speed. The twice

the supply frequency torque pulsations are also reflected in the speed.
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Fig.5.34. Negative sequence current of a induction motor with only voltage unbalance, inter turn
(Nsh = 5) with voltage unbalance and inter turn(Nsh = 40) with voltage unbalance respectively
when Vas = 173.21V.
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From Fig.5.34, the negative sequence current is an indication of the amount of
asymmetry. In the first case, the negative sequence current is around 4A, in the second case
when only 5 turns were shorted and with the same phase A voltage of 173.21V the negative
sequence current has slightly reduced to 3.85A and in the third case when 40 turns were shorted
and with the same phase A voltage the negative sequence current has further reduced to around

2.2A. This can be explained by Fig.5.35 and Fig.5.36. In Fig. 5.35 when voltage of phase A was

.

Fig.5.35 Stator phase A, phase B, phase C currents respectively when voltage unbalance is
created with Vas=173.21V.

Fig.5.36. Stator phase A, phase B, phase C currents respectively when 40 turns of winding of
phase A.is shorted.
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reduced to 173.21V and with no inter turn fault, the current in phases B and C have increased.
Whereas in Fig.5.34 when only inter turn fault was created by shorting 40 turns of phase A
winding, the current in phase A has increased with minor changes in the currents of phases B and
C. The result in Fig.5.36 can also be justified by the experimental results in Fig.5.15, 5.16 and
5.17 where it was stated that an inter turn fault primarily affects the faulty phase. Hence, from all -
these observations we can conclude that the combined effect of voltage unbalance and inter turn
fault has decreased the amount of asymmetry in the stator phase currents. Therefore, the negative
sequence decreases when both voltage unbalance and inter turn fault are present.

Hence, it can be stated that negative sequence current in an induction motor with both
voltage unbalance and inter turn fault is less compared to that in the case of only voltage
unbalance or an inter turn fault. This result can be taken into consideration by the fault detection

systems which monitor the negative sequence current to investigate the condition of the motor.

5.6. Effect of Inter turn fault and Voltage Unbalance with Inter turn fault on

an Induction motor in running condition

The motor equations used in Chapter 4 to develop the models of asymmetrical induction motor
and induction motor with inter turn fault are used to develop another model through which the
fault can be created in the motor when it is already in running condition.

This model is simulated to observe the effects of Inter turn fault and Voltage Unbalance with

Inter turn fault on an Induction motor in operating mode.
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b Torque vs Time

¢) Speed vs Time
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©) Negative sequence current
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Fig.5.37. Various characteristics of an induction motor when 25 turns are shorted after 1.5sec.

From Fig.5.37, the induction motor follows similar characteristics as in Fig. 5.3-
5.5.When an inter turn fault is present, the torque-speed characteristics shifts to the higher side
compared to the torque-speed characteristics of a healthy motor. So, the motor approaches steady

state i.e., T = T, at a higher speed.

Since few turns of phaseA winding are shorted a short circuit current arises and also,
the stator draws unbalanced phase currents which results in a negative sequence current. From
Eq. (5.9), the twice the supply frequency oscillations in power arise resulting in torque pulsations

and hence speed pulsations.
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4) Torque-Speed characteristic
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d) Positive sequence current
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Fig.5.38. Various characteristics of an induction motor when 25 turns are shorted and Vas is
reduced to 28.87V after 1.5sec.
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From Fig.5.38, the induction motor follows similar characteristics as in Fig. 5.25-
5.30. Due to the decrease in the stator voltage, the torque-speed characteristic follows a lower
characteristic compared to that of a healthy motor and hence reaches the steady state at a lower

speed.

5.7. Chapter Summary

In this chapter, the simulation results have been obtained from the developed model
and the inter-turn fault analysis has been carried out. It has been observed that the Torque
characteristic and hence, the speed contains twice the supply frequency oscillations due to the
presence of a negative sequence current and the speed is found to increase. The variation of the
negative sequence current and the short circuit current with the number of shorted turns at
different values of external resistance has been observed and the effect of unequal winding
temperature.due to voltage unbalance on the negative sequence current has been observed to be
similar to that of a stator inter-turn fault. An increase in the number of shorted turns increases the
speed, negative sequence current and the short circuit current which were justified by the
experimental results. _

Also, various motor characteﬁstics have been obtained when voltage unbalance is
created in a single phase of a motor with an inter-turn fault. The following observations have
therefore been made as the voltage of phase ‘a’ is decreased: torque and speed characteristic
exhibits twice the supply frequency oscillations. The speed is observed to decrease as the torque
follows a reduced magnitude characteristic. The negétive sequence current continues to increase
and the short circuit is observed to decrease. Also, the motor reaches its steady state much slowly
as the one of the phase voltages is decreased.

A comparison of these results with that of a motor with only voltage unbalance
showed that negative sequence current is less in the case of a motor with both voltage unbalance
and inter turn fault. This observation can be used by the fault detection systems based on
negative sequence current monitoring. Then, similar results were obtained using a model

developed to incorporate the fault during running condition.
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CHAPTER 6
CONCLUSIONS AND FUTURE SCOPE

6.1. Conclusions

Two models have been developed for analyzing an induction motor with stator faults.
The models are based on general machine parameters so that it is not necessary to know detailed
motor geometry or physical layout of the windings. The parameters for asymmetrical conditions
have been presented. Inter-turn faults can be easily simulated by the model. Fault severity can be
controlled by the number of shorted turns and an optional current limiting resistance to short
circuit the windings. A third model was developed which can incorporate the fault when the
motor is in operating condition. .

The models have been used to study the relation between the number of shorted turns
and negative sequence current, the effects of resistive unbalance between the phases due to the
heating effect of unbalanced phase currents, and temperature effects on shorted turn resistance.
Results confirm that negative sequence current and shorted number of turns are linearly
dependant, and that resistive unbafance can produce comparable negative sequence current, so
that fault detection algorithms should be able to distinguish between the effects of turn shorts and
thermal unbalance. The results obtained for short circuit under limited short circuit current (by
external resistance) reveal that sensitivity depends on number of shorted turns and short circuit
current. The above results have been validated with experimental results.

The effect of voltage unbalance on the characteristics of an induction motor with
inter turn fault has been observed. The variations in the various characteristics of the induction
motor have been elaborately discussed. It has been suggested that the decrease in the negative
sequence current in a motor with inter turn fault and voltage unbalance compared to that with

only voltage unbalance should be taken into consideration by the fault detection systems based

on negative sequence current monitoring.
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6.2. Scope for Future Work

e Inter turn fault analysis has been carried out with the induction motor being directly
connected to the 3-phase voltage supply. This should be extended to sophisticated drive
systemsy excited from various power electronic sources.

e The negative sequence current has been monitored in order to analyze the inter turn faults
and it has been shown that the unequal winding temperature caused due to voltage unbalance
also has the same effect on negative sequence current. It is very essential that these two faults
be accurately distinguished. For this purpose; several signal processing techniques can be
used. N

® Research trends show that AI techniques will have a greater role in electrical motor
diagnostic system with advanced practicability, sensitivity, reliability, and automation.
Diagnostic system based upon fuzzy neural will be very extensively used. Self-repairing
.electrical drives based upon genetic-algorithm-assisted neural and fuzzy neural systems will
also be widely used in the near future. So, the future work should focus on implementing the
various Al based fault monitoring techniques.

e In the present work, modelling and simulation have been used to investigate only stator

faults. This can be extended to analyze various other faults of an induction motor.
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APPENDIX

A.1. Matrix elements for induction motor with different numbers of stator turns
The qd0 resistances elements are:

P2 ‘r + 1; +1
) = - - o —J° — e
11 3 .as 4 bs cs

4
/3
"fz = ‘6_(rb.s — Ies)

7'{3 = ;(2"(15 — Ips = Tes)

(=

1
”5? = T;("‘bs ~+ res)

« 1
.§3 = ;(ras + rps + res)

------ (A.1.1)
I3 =iy, 133 = —%I’fz, 3 = %rb, and r§2‘= —r},, where
Fas = %‘I‘ s Ths = %:fi"s: and res = %;51'55 when Ny = Np =
Ne= Ny ri,=ry, =ri;=rsandr], =r{; =rj; =ry; =
I’“;l = r§2 = 0.

A.2. The stator qd0 self- and mutual inductances

L gomatrix elements are:

ey

ﬁ = ?(Lasax + ‘2~5Lbsbs + .25 Lcscs "" I-‘mbs

- Lasc:s + '5Lbscs)

' 1
515 = ?_;(Lbsbs — Lgges — Lasbs + Lages)

2

§§ = —(Lasas — -SLpgps — -5SLcges + SLgshs
3

+ S Lascx - Lbscs)
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1 .
?;1 = fﬁ(--ﬁLbsbs — 5Lcyes — Lasbs + Lascs)

, 1
3’52 = ;(beb: + Leses — 2Lbses)
1

Ay

23 \/g

11
L% = E(Lasm + Lbshs + Leses + 2L asbs

+ ZLascs + ?-Lbscs)

ss __ lgss sy 1

When N,=Np=N_,

(—Lbybs + Lcscs - L*asbs + Lascs)

Nasas =Nbsbs = Neses and Nysps =Nages = Npses.

By using Eqgs.(2.7)—(2.13) it can be shown that

$5 __ JIS _ JSS _ JSS . g s - 58 7 T e
L13 - L_g_., —_‘1_.'21 “—_ng, - L‘;‘; = Lg‘z = 0 and L?l = L?Q = L:ls + Lm:. L‘%s_,‘ = L[-s.

A.3. The stator-to-rotor qd0) mutual inductances

' Because of rotor symmetry, the coefficients of stator-to-rotor mutual inductances can be

simplified as

Nasar = Nasbr = Naser =Nasr, Npsar = Npspr = Niser =Npsr, and Nesar = Nesbr = Neser =Near,

and the transformation result is
:irl = Lmr + -25ng,~ + .2«5[,63,,

3
Sirz = T(Lbsr - Lcsr)

3
3’2 = E(Lbsr + Lesr)

$1 = SLasr = 25Lbsr — 25Lesr

L$; =LY, and L, =—LY,.

When Ng=Np=N=Nj,

92



Lasar = Lasbr = Lager = Lbsar = Lbsbr = Losor = Lesar = écsbr: Leser and mutual inductances will be

R ; N, JSr __ JSr _ Fsr o S5
Liy=L%= W"::L.m and L5 = L3} = L3} = L5; =0.

A.4. The rotor qd0 self- and mutual inductances

The rotor self- and mutual inductances are

r’
NZ
LJ;’; —_— Lb" ----------------- (A'4’l)

“T 22 = Ly + Lmar =L+ —5 Lm

A.5. Matrix elements for induction motor with inter-turn stator short circuit
The stator gd self- and mutual inductances:

From (7.2.1), the stator gd self- and mutual inductances can be defined as follows:

2 -
sisi — :(Lasas -+ -SLbsbs _— 2Lasbs + -SLb»sc.s)

[(me + S(I—bvbw + Lbscv) a.\ba)

Wi

2 i
+ (Lassh — Ls)zbs)] + g [L‘s}ash + (Lassh - Lshbs)]

— (L; + L;s;rh) + (L:,h + Lzsiz)

5 = 2 Loshs + Leses = 2Lnes) = Liass — Lives
= L+ Lg=L%
The stator-to-rotor gd mutual inductances:
From (7.3.1), the stator-to-rotor gd mutual inductances can be defined as follows:
s{y = Lag + .25Lpy + 25L ey = Ly + SLpsr
= (L +-5Low) + lemr =Ly + Ly

‘T'ZZ = _(Lbsr + Lesr) = _Lbsr = L" .
4 [ — (A.5.2)

The rotor self- and mutual inductances and resistances will be the same as before.
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A.6. Motor parameters

Line voltage - 460V

Full load linecurrent—4.7A

Horse power - 2 hp

Rated speed at60 Hz - 1752 rpm

Number of poles - 4

Total number of turns per phase — 252
Stator winding resistance - 4.050hms
Stator leakage inductance - 13.97mH
Rotor resistance (stator referred) - 2.60hms
Rotor leakage inductance(stator referred) - 13.97mH
Magnetising inductance - 538.68mH

Rotor inertia - 0.06 kgm?
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