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ABSTRACT

Many techniques have been developed which support the construction of condition

monitoring and fault diagnosis for induction motors. However, most of these

techniques use sensors as their integral components which usually expensive and need

to be properly installed on the machines for accurate results. Furthermore, sensors

have some life period after which they may fail and in certain cases earlier than the

bearings life period, which make these techniques unreliable.

The idea for proposing instantaneous power analysis monitoring technique in this

thesis comes from the usual practices in industries to have current and voltage

transformers installed for the measurement of the current and voltage for control and

display purposes.

This research aims to provide a new non-invasive and sensorless method for the

detection of bearing faults under un-loaded and loaded conditions of the induction

motors via instantaneous power analysis.

Detail experiments and evaluations of several bearing localized and distributed

defects are presented. The results indicate the viability and effectiveness of the

proposed instantaneous power analysis over its predecessor i.e. the stator current

analysis. An intelligent diagnostic condition monitoring system which compromises

of industrial firmwares and hardwares is developed. The findings demonstrate the

ability of the approach as a reliable condition monitoring and fault diagnosis for

induction motors.
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ABSTRAK

Banyak teknik telah dibangunkan yang menyokong pembinaan pemantauan keadaan

dan diagnosis kerosakan untuk motor aruhan. Walau bagaimanapun, kebanyatkan

teknik-teknik ini menggunakan sensor sebagai komponen penting yang biasanya

mahal dan perlu dipasang dengan kemas pada mesin untuk keputusan yang tepat.

Tambahan pula, sensor mempunyai tempoh hayat tertentu yang mana selepas itu

mereka mungkin gagal dan dalam kes-kes tertentu lebih awal daripada tempoh hayat

bearing, yang membuat teknik-teknik ini tidak mempunyai ke percayaan yang

memuaskan. Idea untuk mencadangkan teknik pemantuan analysis kuasa sertamerta

dalam tesis ini alalah dari kebiasaan dan amalan dalam industri yang menggunakan

pengubah arus dan voltan untuk mengukur of arus dan voltan untuk mengawal dan

untuk tujuan paparan. Kajian ini bertujuan untuk menyediakan satu kaedah baru

bukan invasif dan tanpa sensor untuk mengesan kesalahan di bawah keadaan un-

dimuatkan dan dengan beban dalam motor aruhan melalui analisis kuasa serta-merta.

Eksperimen yang terperinci dan penilaian beberapa kecacatan bearing setempat dan

kecacatan tertabur dibentangkan. Keputusan menunjukkan daya maju dan

keberkesanan cadangan analisis kuasa serta-merta ini ke atas analisis semasa

pemegun. Satu keadaan diagnostik sistem pemantauan pintar yang terdiri daripada

firmware industri dan perkakasan telah dibangunkan. Hasil kajian menunjukkan

keupayaan pendekatan ini sebagai pemantauan keadaan yang boleh dipercayai untuk

diagnosis kerosakan motor aruhan.
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CHAPTER 1

INTRODUCTION

1.1 Background

The type of motors most often utilized in industries worldwide are the induction

motors. These motors make up 95% of of the prime movers and they utilize up to 40

to 50% of all the electric energy generated [1]. They have been applied in various

applications, such as, the petroleum industry, chemical processing plants, nuclear

power plants, paper mills, cooling water systems and the mining industry. Induction

motors have also been used in more general situations such as with compressors,

pumps, crushers, fans, lifts, air conditioners, machine tools, tractions, robotics and etc.

Although induction motors are very dependable with low failure rate and require

only basic maintenance, still as with other kinds of motors, they will break down and

fail after some time [2]. The unexpected breakdowns of the motors cause a great deal

of unacceptable production loss. This is quite unacceptable in applications that are

vital for the industry.

Consequently, detecting initial failures and replacing damaged parts according to

schedule will prevent the problems of unexpected breakdowns on the machines [3].

The prevention of unscheduled downtime for electrical drive systems has been the

goal of every industry for a long time as this would help in reducing the costs

associated with maintenance.

It has been found most commonly that more than 50% of operating cost of

manufacturing and processing plants is related to maintenance [87]. Consequently,

this is a major area of concern in industries.



The researchers are constantly looking for new techniques that can lower the cost of

maintenance and to reduce the possibility of unexpected breakdowns.

In general, three methods for the machine maintenance used in industrial areas are

classified as scheduled replacement, scheduled maintenance and condition based

maintenance.

In the scheduled replacement, replacement of machine parts is conducted on a

regular basis. It is very simple and easy method but proves to be very expensive. On

the other hand, in the scheduled maintenance, the checking and/or overhauling of the

equipment has to be done on a regular basis. It is the method typically used in

industries as it is less expensive than the schedule replacement technique. In condition

based maintenance, the condition of a machine is determined by taking measurements

using a sensor. By this method, the time periods between maintenance can be

increased and machines can be monitored continuously so that maintenance can be

scheduled on needed basis. Condition monitoring (CM) is a technique that serves the

condition based maintenance (CBM). It is an effective type of predictive maintenance

(PM).

Normally, the condition monitoring maintenance process would be monitoring the

specific parameters like vibration, overheating, over current of equipment for early

sign of coming failure and to forecast the need of maintenance before rigorous failure

and/or to estimate the machines health. It could be achieved by visual inspection or

through sophisticated intelligent diagnosis system. It embraces the life mechanism of

the machine parts, the different data acquisition methods and exploitation of the data

to forecast the trends. Condition monitoring is mainly appropriate for continuous

process plants where breakdowns can be very costly. Before CM, time based

maintenance (TBM) was the technique served for preventive maintenance. In TBM

method, maintenance was performed on predefined running hours of equipment,

without the information of current conditions of machine so most of the times it

causes wastage of manpower, time and money. As maintenance was performed

offline so it causes many unnecessary shutdowns. However unpredicted breakdowns

may still occur in the intervals.



The methods of condition monitoring are categorized into two primary

classifications, namely the off-line tests and the on-line tests.

The off-line tests are performed by isolating the machine from main AC power

supply. Although this is comprehensive approach, sometimes causes unnecessary

shut-downs on machines.

Alternatively, the sensors which are installed on the machine are used to detect

faults for on-line condition monitoring and fault diagnosis in an induction motor

during the operation of the machine. The on-line tests cause fewer disturbances than

off-line tests but the results produced from on-line testing are more complicated and

their interpretation is difficult than off-line tests. However for this study only the on

line testing of the induction motors during operation was considered.

Over the past two decades, there has been an abundance of research work done in

the condition monitoring field and techniques for diagnosing problems in induction

motors. For the detection of the various faults usually affecting machines, several

different techniques have been not only proposed but also used successfully [4, 5, 6].

However, a good understanding of the mechanical and electrical properties of the

machine in healthy condition and in faulty condition dramatically influences the

accuracy and reliability of the on-line condition monitoring methods.

On-line condition monitoring techniques can be classified into two categories:

firstly the classical method and secondly the digital method [7]. In classical method,

electromechanical devices are used to protect the motor. The electromechanical

devices are expensive, less efficient, having very slow response and not reliable as

some of the devices have even shorter life than the motor itself. The digital method is

the latest method for the condition monitoring and it involves integrated circuits,

micro controllers, micro processors and programmable logic controllers.

1.2 Motivation

In recent years, the use of novel analysis methods along with the aid of systems of

progressive computerized dataprocessing and acquisition has brought forth new areas

in the research field of condition monitoring for induction motors. One of the leading



research topics for energy and electrical industries today is the development of novel

condition monitoring (CM) system for the induction motors. The lifetime of electrical

machinery is prolonged by condition monitoring and this has minimized the

possibility of disastrous machine failure. Computer and transducer technologies along

with advanced signal processing methods have resulted in the ability to apply

condition monitoring systems in a more effective manner [8,9]. As a result, condition

monitoring can be made to be more reliable with lower maintenance cost. Another

important issue is that, during the maintenance period, the data regarding the status of

the machinery should be obtained by on-line condition monitoring and hence the

disastrous machinery failure can be reduced more effectively. As related to this study,

a baseline study of faulty and healthy motors should be conducted and will be utilized

to analyze localized as well as distributed faults. Many methods have been developed

which support the development of condition monitoring system, however these have

been using specialized and expensive sensors [36-50].The need to explore on a more

effective and less costly method on monitoring and analyzing the faults by utilizing

the stator current signal has been overlooked. Condition based maintenance provides

the current status of machines and indicates clearly where and what type of

maintenance is required with the aims of achieving optimal use of machine parts and

guarantees that the breakdowns will not occur unexpectedly. CBM will be the most

favorable maintenance under the help of intelligent diagnostic condition monitoring

system to present the exact and valuable information about the condition of the

machine. In this work the information about the conditions of the motors will be

based on analysis of the instantaneous power FFT spectrum analysis.

1.3 The Shortcomings of Previous Research Work on Condition Monitoring

The reliability of the methods for the signal-processing is dependent upon an adequate

understanding of the mechanical and electrical properties of the motor in both the

healthy and faulty states under various conditions of loading. The following

limitations have been identified based on the data discussed in the review of the

literature related to condition monitoring of the induction motors.

• Most of the studies focused on localized defects due to outer and inner

races of the bearing. However, only limited research has been carried



out on investigation of localized defects related to rolling elements

(balls) and cage of the bearings [63,70,79,84-86].

Some of the researchers have deliberately discussed the distributed

defects in the bearings but no one has explained it experimentally

[72,91].

Most of the research work has only taken the stator current FFT

spectrum analysis into consideration as a diagnostic medium for the

detection of the various faults in induction motors [51-86]. Some of the

researchers have used the instantaneous power analysis method for

detection of stator defects, eccentricity defects and broken rotor bars [87].

Using instantaneous power FFT spectrum analysis for the detection of

bearing faults in the motors has not been reported in earlier research

work.

Most of the researchers focused on the development of intelligent

diagnosis condition monitoring system using the sensors i.e vibration

analysis method, temperature analysis method and acoustic emission

method [38,39,52,67,85,88,89]. All of these methods require expensive

sensors and also have installation limitations.

1.4 Objectives and Contribution of the Research

One of the important observations on the fault diagnosis of the induction motor has

been that any one of the sensor based or sensor-less technique can determine the

presence or absence of the faults. A comparison of the different kinds of condition

monitoring methods must be performed and an appropriate method must be chosen to

determine the specific faults.

The research presents an approach to:

• Diagnose motor bearing localized and distributed faults at incipient stages

experimentally via instantaneous power FFT spectrum analysis method. The

observation has been made that the majority of the work found in literature



today has been based on the Matlab programming; this may cause problems

with on-line condition monitoring which is practical and highly sought after in

industry. In this study, the LabVIEW environment will be employed for

determining the faults with online condition monitoring. To interface directly

with the system, LabVIEW software could possibly bethe bestchoice.

Investigates the effectiveness of the fault frequency signals of the motor

instantaneous power to detect motor bearing faults. Therefore, it is significant

to evaluate how the existence of various bearing faults affects on the different

fault frequencies under loaded and unloaded conditions of the motor.

Builds an intelligent diagnostic condition monitoring system for continuous

real time tracking of motor bearing localized and distributed faults, to estimate

the severity of various faults, also to switch-off the motor automatically if

fault exceeds preset values and to show the motor status on computer screen.

1.5 Outlines of the Thesis

The best way to begin the thesis would be by giving the fundamental knowledge of

the principles and construction ofthe induction motors. Adescription ofvarious kinds

of the motor faults followed by the various condition monitoring techniques is

presented. A simple outline overview of the various phases of the process for

condition monitoring will be explained and a survey of the subject is also provided.

This thesis presents the research work in five chapters. An overview of the

condition monitoring, research objectives and organization of the thesis is presented

in Chapter 1.

Chapter 2 handles the comprehensive literature survey and a review of earlier

work related to induction motor condition monitoring. The chapter also provides the

motivation that has led to the work on different kinds faults in the bearings of the

motor.

Chapter 3 deals with development of experimental rig for intelligent diagnosis of

various faults related to the bearings of the motor. A generalization of the

experimental condition monitoring system software and hardware modules employed



in this work is presented in this chapter. The test rig built for this research work been

designed for operation at different motor speeds, under various loads and with

bearings at different states of health. The data acquisition and processing system used

in this work consists of the National Instruments data acquisition card NI 6281, an AC

current and voltage transformer and LabVIEW version 8.2. The details of the

LabVIEW programme, which has been created so that the characteristic fault

frequencies could be identified, will also be explained.

The ultimate objective of the machine condition monitoring is to gain reliable and

accurate data about the status of induction motors so that timely decisions can be

made. A satisfactory understanding of how fault severity and the conditions of

loadingaffect the amplitudes of the characteristic fault frequency elements is required

to achieve this objective. An extensive series of laboratory tests will be presented to

support the viability of the proposed technique. Chapter 4 deals with results, analysis

and discussions about the various defects of the motor. Also intelligent fault diagnosis

system for condition monitoring of the motor is discussed in this chapter.

Chapter 5 consists of the conclusions of the research. Also future work related to

motor condition monitoring is proposed in this chapter.

The references and list of publications are presented at the end of the thesis.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents a review on the research work related to electric motor fault

diagnosis and condition monitoring. It encompasses several vital topics, such as

induction motor defects, vibration analysis, acoustic emission method, thermal

monitoring, noise monitoring, chemical analysis, electric current monitoring and etc.

Furthermore, the developments in condition monitoring methods from the earlier

studies until the most current are also covered.

2.2 Overview of the Induction Motors

Induction motors are comprehensively used in almost all types of industries. Induction

motor is an asynchronous machine made up of a magnetic circuit that is joined to two

electrical circuits; these circuits rotate with respect to each other. Electromagnetic

induction is used to pass power from one circuit to the other. These electic motors are

used to convert electrical energy into mechanical energy [10]. The conversion of

energy is dependent upon the natural presence of the phenomena connecting magnetic

and electrical fields in one side while motion and mechanical force are connected into

other side. On the basis of types of rotor winding, induction motors can be placed into

two categories. They are the wound-rotor induction motors and squirrel-cage motors

[11].

The induction motor of the squirrel cage type is made up of conducting bars that

are placed in slots of the rotor body. These conductingbars are short circuited through

end rings. Magnesium, copper, aluminum or alloy is the materials usually used in



manufacturing of the rotor bars. There is no insulation in the rotor of the squirrel cage

motors because large currents are conducted by the bars at low voltages.

Another kind of rotor is known as a form-wound rotor since it possesses a

winding that is poly phase much like that of the winding of the stator. There are three

slip rings which are joined to the winding of the rotor shaft. In a rotor that is form-

wound, the slip rings are joined to a variable resistance and it can restrict the current

as well as the heating of the rotor [11].

The induction motor of the squirrel-cage type is quite basic, more economical, and

more robust than the induction motor of the wound-rotor type. At constant supply

voltages and frequency, induction motor of the squirrel-cage type runs at a constant

speed. In this motor if there is an increase in the load torque, the speed will decrease

slightly. Therefore, it is appropriate to be used in drive systems that run at a constant

speed [10,11]. However, a variety of applications used in industrial areas need

adjustable speeds drives. Traditionally, it is a DC motor that is utilized in a drive

system that is adjustable. However, DC motors are expensive, and they possess

brushes and commutators that must be frequently maintained. As squirrel cage

induction motors have no brushes so they are cheap and are preferred for high speed

applications. Furthermore, due to the availability of solid state controllers, mostly

high speed drive systems use induction motors of squirrel cage type. This type of

induction motor is extensively utilized in drive applications of both low and high

performance, this is because of its versatility and ruggedness.

Induction motors are often exposed to operating environments that may not be

ideal and in some cases are even harsh. These situations could be insufficient cooling,

inadequate lubrication, overload, frequent motor starts and stops etc. In such

situations, induction motors are put under detrimental stresses which lead to failure of

the motor [12]. Because of the significant role that motors play in various

applications, improvement in the reliability of motors is required.

AC induction motors are suitable for almost all commercial and industrial

applications due to their construction being so simple and they have only a few parts,

which reduce the cost of the maintenance. Applications in both adjustable speed-drive

(ASD) and constant-speed drive are the main use of induction motors [13].



2.3 Faults in Induction Motor

As induction motor is most often symmetrical so faults in the motor normally disturb

the symmetry of the motor. Reduced efficiency, unbalanced air gap voltages and line

currents, increased space harmonics, decreased shaft torque, increased torque

pulsation and increased losses are the usual symptoms related to the disturbed

symmetry. There are several factors which contribute to burning of motors and some

of them are thermal overloading, overloading due to undesirable stresses, air gap

eccentricity, speed oscillations, stator winding failure, broken rotor bars, bearing

failure and unbalanced voltages. The most common defects of the motors are shown

in Table 2.1 [14,15,16]. A concise discussion is made regarding these defects based

on how important they are in regards to the condition monitoring of inductionmotors.

According to a survey conducted in 2005 by the Electric Power Research Institute

more than 40% burning of AC motors are due failure of bearings. The survey report is

shown in Figure 2.1 [17].
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Figure 2.1: EPRI survey report 2005 [17]

The defects of the motor are categorized into two groups [18,19].

• Mechanical defects

• Electrical defects

Air gap eccentricity, bearing defects, shaft misalignment and defects due to the

load are included in the list of mechanical defects. Broken rotor bar and stator

winding defects are included in the list of electrical defects. The detail of these defects

is discussed in following subsections:
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2.3.1 Mechanical Defects

The typical examples of mechanical defects that usually occur in an induction motor

are presented as below:

2.3.1.1 Bearing Defects

Bearings are typical components found in the motors that are used to allow for the

shaft rotation. Majority of motor failure is due to the bearing malfunctions. Bearings

are made up of an inner and an outer race. Several rolling elements (balls) are placed

in between these two races. Cage is used to keep the balls moving at equal distance

from each other. Stresses developed in the motor causes fatigue in the bearing races.

This fatigue causes localized defects (single point defects like flaking or spalling or

holes) and distributed defects (multiple holes, surface roughness) in the bearings of

the motor. Vibration and noise is generated in the motor due to these defects. Some

other factors that contribute to bearing malfunctions are improper lubrication,

contamination, improper installation, corrosion and bringelling [20]. The failure of

bearings can also occur due to high bearing temperature. The temperature of the

bearings should not increase beyond specific degrees at rated conditions. An example

of this would be in the petroleum and chemical industries where the IEEE 841

standard specifies that the rise in temperature of the bearings under a rated load

should not go above 45 degrees. Rise in the winding temperature, improper

lubrication, the distribution of the temperature within the motor and the operating

speed of the motor are the main factors for the rise of the bearing temperature.

Consequently, the bearing temperature measurements can give helpful data to

estimate the health of the bearings as well as health of the motor [21,22]. The defect

in the bearing element produces the vibration at the characteristic defect frequencies.

These frequencies can be calculated using the running speed of the motor and bearing

dimensions.
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2.3.1.2 Air gap Eccentricity Defects

Air gap eccentricity is a typical defect found in the rotor of the motor. Noise and

vibration in the motor structure are usually produced due to eccentricity. For the

healthy motors the center of the rotor and stator bore is perfectly aligned moreover,

the center of rotation for the rotor is the same as the stator bore center. If the rotor is

not aligned centrally, radial forces or magnetic pull will develop which causes the

rotor-stator rub resulting in the damage of rotor and stator [23,24]. Air gap

eccentricities are of three kinds [18,19,23]:

• Dynamic eccentricity

• Static eccentricity

• Mixed eccentricity

A dynamic eccentricity results in a unbalanced magnetic pull (UMP) that acts on

the rotor. The rotation of the UMP is same as rotation of the motor. This UMP can be

easily monitored via current or vibration analysis.

On the other hand, eccentricity that is static possesses a constant pull in only one

direction which also causes a UMP. However, it is not easy to detect this UMP

[23,25].

Sometimes, dynamic and static eccentricities often exist together. Moreover, one

can never assume that ideal centric conditions exist. Therefore, a certain amount of

eccentricity is always expected in any real motor. This combination of eccentricities

such as dynamic and static is known as mixed eccentricity.

2.3.1.3 Load Defects

Detecting load faults has been a vital area of study in mechanical engineering for

quite a long time. Mechanical loads and gears are frequently connected to motors and

a variety of faults such as defected gearing system and coupling misalignment are

possible in these mechanical arrangements. In some applications like air craft's, the

condition monitoring of gears couples with drive system is very much important to

enhance the reliability of the gear [26].
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2.3.2 Electrical Defects

Presented below are some of the typical examples of electrical defects in the induction

motors.

2.3.2.1 Stator WindingDefects

The general belief is that damage of the insulation of the winding turns contributes

majority of the defects related to stator. This kind of defect is known as a "stator turn

defect" [27]. In a symmetrical induction motor, a stator turn fault produces a huge

amount of current to flow through turns which creates too much heat in the shorted

turns. The motor will burn if this heat, which is in direct proportion to the square of

the current, is more than the threshold value [28]. In induction motors, the insulation

used in stator winding is subjected to degradation due to contamination, transient

voltage stresses on the insulating material, mechanical stresses and thermal

overloading. Out of all, thermal stresses are the primary cause for the deterioration of

the insulation in the winding of the stator. Insulation even of the best quality could

experience a rapid failure if the motor is run at a temperature greater than its threshold

value. Generally, the life time of the insulation is decreased by 50 % for every 10

degrees centigrade increase over the threshold value of the temperature of stator

winding [29]. Therefore, monitoring of the temperature of the winding of the stator is

vital so that the motor will not run at a level greater than its thermal capacity. To

accomplish this, lot of methods have been introduced. However, these methods could

not identify the exact heating point at earliest stage [30,31].

Some factors that speed up the deterioration of the insulation include the defected

bearings, broken rotor bars, vibrations of the rotor, movement of a coil, misalignment

of the rotor and air gap eccentricity [32]. Consequently, these mechanical failures

should be identified before they cause the failure of the insulation in the stator

winding [33,34]. Another problem for the insulation is foreign materials such as dust

and bearing grease which can cause contaminations over the insulation of the stator.

This contamination could possibly cause the reduction in dissipation of heat from the

stator winding [35]. Due to this reason it is recommended that all motors should kept

clean and dry.
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2.3.2.2 Rotor Defects

Most often, the rotor bars in lower rated motors are produced by methods of die

casting. However, the rotor bars of high rating motors are manufactured using copper.

Producing rotor bars using methods of die casting has been found to cause a variety of

technologically problems. Asymmetries in the rotor of the induction motors have been

found which were caused by either technological problems, or because of the melting

of end rings or bars. On the other hand, there is abundance of other factors causing the

failure of rotors. Some of these are listed below [17,18]:

• Metallurgical stresses that are non-uniform could possibly be created in the

assembly of the cage during manufacturing process and these stresses could

result in a failure while the motor is operating later on.

• When thermal stresses are put on the rotor bar at the start-up of the motor; the

rotor might not be capable of moving longitudinally in its slot.

• Some stresses could develop on the rotor bars due to heavy end rings.

The reasons mentioned above could cause damage to the bars of the rotor and at

the same time cause the rotor to become unbalanced. Furthermore, asymmetrical rotor

currents are produced due to asymmetry of the cage of the rotor. Because of this,

damage to just one rotor bar could result in damage to the surrounding bars. This

damage could then spread, resulting in fractures in several rotor bars. Cracks in bars

causes overheating of the bar due to which bar may break. Consequently, the bars in

the surrounding area will begin to carry higher currents subjecting them to even

greater mechanical and thermal stresses. These stresses can start cracking in rotor bars

and rotor lamination will damaged as well [18].The distribution of the temperature

throughout the lamination of the rotor is also altered because of the asymmetry of the

rotor. Bar fractures can take place at different areas on the rotor. During frequent

starts of the motor, the chances of fracture in the rotor end rings increases [32].
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Table 2.1: Various motor faults and their detection methods

Type of Motor Defects Causes Defect Detection

Methods

Rotor Defects

• Dynamic torques

• Thermal Stresses

• Frequent starts

• Mechanical stresses

• Corrosions

• Vibration analysis

• Temperature analysis

• Acoustic Emission

method

• Current analysis

• Noise Monitoring

Bearing Defects

• Improper lubrication

• Improper installation

• Contamination

• End of life

• Vibration analysis

• Temperature analysis

• Acoustic Emission

method

• Current analysis

• Chemical Analysis

• Noise Monitoring

Stator Defects

• Over-current

• Mechanical stresses

• Loose lamination

• Contamination of

insulation

• Over-heating of winding

• Vibration analysis

• Temperature analysis

• Acoustic Emission

method

• Current analysis

Eccentricity Defects

• Misalignment

• Bearing damage

• Bent rotor

• Vibration analysis

• Temperature analysis

• Acoustic Emission

method

• Current analysis

2.4 Requirements for Condition Monitoring

Continuously evaluating the health status of an industrial plant and its machinery

throughout the entirety of its service is known as condition monitoring. Incipient
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failure detection is a vital process by which detection of defects in the early stages of

their development is possible [18]. Fault diagnosis of the induction motor with some

comprehensive condition monitoring system is becoming even more vital day by day.

An early alert about forthcoming failure is possible through the use of condition

monitoring system. Furthermore, scheduling of preventive maintenance of the

machines is also possible. Optimal preventive maintenance schedules are a result of

this and it also leads to the least amount of down time on the machines [19].

Moreover, condition monitoring system gives indication to maintenance staff to

arrange the required spare parts before serious breakdown occur on machine, thus it

reduces overall down time. Consequently, to improve productivity, reliability and

safety of electric machines, a suitable condition monitoring system is essential.

2.5 Condition Monitoring Techniques

The fault diagnosis and condition monitoring of the bearings of the induction motor

has been the focus of this research. A tremendous significance has been put on by

condition monitoring system in the environment of business because of several

reasons that are listed below [18,19]:

• To decrease the maintenance cost.

• To determine the failure of machinery.

• To enhance the reliability of both the machines and their parts.

• Optimal use of manpower and machine spare parts

• To maximize the performance of the machinery.

• To enhance the failure prediction accuracy.

The usage of condition monitoring for both mechanical and electrical machinery

is not new. While there have been a variety of techniques developed and improved

over time, thermal monitoring, chemical monitoring, acoustic emission, vibration

monitoring, electrical monitoring and noise monitoring are considered as the most

prominent methods.
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2.5.1 Vibration Monitoring

Noise and vibrations are produced by all motors. Health of the motor can be estimated

by analyzing these noises and vibrations. A high level of noise can be generated by

just tiny amplitude of vibration in the frame of a machine. Magnetic and/or

mechanical forces are the cause of noise and vibrations in motors [36]. The radial

forces resulting from the air gap field are the greatest sources of vibrations in the

motors. The resultant magneto motive force wave and total permeance wave generate

the air gap flux density distribution. The resultant magneto motive force possesses the

effect of potential stator or rotor asymmetries and the permeance wave is dependent

upon the differences of the air gap. Therefore, detecting the different kinds of defects

and asymmetries is possible when the vibration signal of the motors is analyzed [37].

The best situations for performing diagnostics based on vibrations involve rotor

eccentricities, unbalanced rotors, bearing and gear faults. The motors vibration

monitoring is carried out by using the analysis, either narrow-band or broad-band of

the measured vibration energy signal. Condition monitoring method based on

vibration analysis is the best fault diagnosis technique; however, costly vibration

sensors and their associated wiring are required. As a result, use of vibration analysis

is restricted in a variety of applications. This is particularly so with applications using

small sized motors as cost has an important role to play when making the decision as

to which technique of condition monitoring is to be used.

For the diagnoses of the bearing defects, [38] performed vibration analysis. An

artificial neural network was utilized to perform the diagnoses. This study was carried

out using real measurements and using a simulated vibration. In both situations, the

results showed that neural network can effectively diagnose the motor bearing defects

by measuring the vibration signature. In this work, Fast Fourier transform (FFT) was

used to extract the vibration features from time domain of the signal. The construction

of five vibration signatures was carried out using power spectrum of the vibration

signal. Data regarding the time domain, such as the Kurtosis factor of the vibration

waveform, and the mean and maximum values of the waveform were also taken into

consideration. As a result, there were six input measurements in the complete neural

network. Researchers have shown how the neural network can be utilized in an

effective way to diagnose bearing defects by measuring the vibration signals of the
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bearings of a motor. Better results have been found with an approach by [39] .In their

approach, genetic algorithm is used to train the artificial neural network. Statistics of

the signal's vibration were considered as features for input in this study. The study

examined how the genetic algorithm was used to choose the input features of the most

importance inthe context ofmotor condition monitoring. [38] and [39] have critically

focused on the detection of mechanical faults of the motor. Furthermore, that

technique could also be applied for detection ofelectrical defects inside themotor.

On the other hand, high cost is the major disadvantage of this technique. For

example, vibration sensors (accelerometers, velocity transducers) which are integral

part of this technique are too much expensive. Another disadvantage of this technique

is that sensors need to be installed on machine so it needs access to machine which is

not possible in every application. Sensor needs to be mounted on machine rightly for

accurate results. As sensors also have some life period after which they fail and in this

aspect bearings life are more significant than sensor life [23,24,40].

2.5.2 Acoustic Emission

There are few challenges related to the vibration analysis method in an atmosphere

which is full of noise. This happens as a result of the small frequencies created by the

small deteriorations in the bearings which add a small energy spectrum into the

atmosphere as compared to other noises in the surroundings. Therefore, vibrations

analysis as a bearing defect detection system is not suitable for some applications,

such as with liquid rocket engines, gas turbines, nuclear plants and aircraft

transmissions, as it does not provide satisfactory results. However, the stress wave

emissions in high-frequency regions (above 100 kHz), can still present

comprehensible data regarding defects in the machinery in noisy environments and

thus give an early and more reliable sign of defects in the bearings. Transient elastic

waves are generated due to the quick release of strain energy as a resultof changes in

the structure of the solid materials. Acoustic emission (AE) is the name of this

phenomenon. AE in metals is caused by the creation and propagation of cracks. The

AE transducers have the ability to sense acoustic emission waves. The parameters that

AE focuses on are the amplitude, events of the signal and the number of counts. The

benefit received from using the AE method is that it gives a higher signal-to-noise



ratio in a noisy environment through detection of growth of cracks in the subsurface.

However, this method also has some disadvantages; the first is that it is expensive as

it needs sensors that are costly to take the measurements. Another disadvantage is that

specialized expertise is necessary to measure the acoustic emission [41,42].

2.5.3 Thermal Monitoring

The thermal monitoring of the induction motor is carried out in either of two ways.

The first way is to take a measurement of the bulk temperature or the local

temperature of the motor; the second way is to perform an estimation of the

parameter. Excessive amount of heat is produced in the motor stator due to fault in the

motor and this heat indicates how severe the fault is until it gets to a destructive point.

Consequently, thermal models of the electrical motors have been developed by some

researchers. Basically, there are two categories for the classification of the various

thermal models of the motor [43]:

• The finite element Analysis based models (FEA).

• The lumped parameter thermal models.

Although finite element analysis based models function more accurately but they

are computationally intensive. On the other hand, lumped parameter thermal models

are the same as a thermal network which consists of thermal capacitances and

resistances as well as their associated power losses. A model's accuracy usually

depends on how many thermally homogenous bodies the model consists of [43,44].

There are two methods that are most commonly used for determining the parameters

of a lumped parameter thermal model. One method is to use an intensive knowledge

about the motors, materials used to build them and their physical dimensions. The

other method is through the identification of the parameters from the measurements of

the temperature that have been taken extensively at various parts of the motor. While

the motors are made up of a variety of materials having various properties, each motor

is believed to be composed of several lumped bodies that are thermally homogenous.

On the basis of these beliefs, a more basic version of an induction model and a PMSM

made up of two lumped thermal bodies were proposed in [45,46]. Similarly, a thermal

model of an electrical machine was developed by [47]. Their thermal model was



utilized to make estimation of the motor's temperature and for the identification of

any defects present. Basically, thermal monitoring can be used as an indirect manner

for detecting some types of faults in the stator and in the bearings of the motor. For

stator defects, the temperature rises in the area of the defect. However, incipient fault

detection is not possible as temperature changes are being occurred too slowly. In a

situation for the detection of bearing faults, the increased wear in bearings causes

increase of friction which leads to rise in temperature at that point. Thermal

monitoring can be used to detect this temperature increase present in the motor.

Temperature sensor and embedded system is required for temperature

measurement of the bearing which is major disadvantage of this technique. Even if the

bearing temperature increase is acknowledged further analysis will be required to find

the reason of the temperature rise. Consequently temperature monitoring is a

conventional way for bearing condition monitoring but not very well-liked today.

2.5.4 Sound Monitoring

When defect occurs in bearings it produces some noise so bearing condition can be

monitored through measurement of sound pressure. Microphones can be used for

recording of bearing noise also sound from defected bearings can be heard by human

ears. Sound measurement proves to be less interfering than other techniques.

However, in this technique unwanted noise and background sound must be separated.

Without doing this result obtained from sound analysis will not give correct

information about the condition of bearings. However, there is no practicality in

applying noise measurements in an industrial plant as the other machinery running in

the vicinity make the background too noisy. Therefore, the accuracy of the fault

detection would be reduced due to background noise. However, air gap eccentricity

was detected by [48] using this technique. They conduct their test in an anechoic

chamber to verify the static eccentricity faults in the motor.
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2.5.5 Chemical Analysis

As result of degradation of lubricants by heat, a large number of chemical products

are produced in solid, liquid and gaseous states. Similarly bearing degradation

produces debris. Therefore, greases and oil lubricants posses not only their own

degradation materials but also they carry debris of bearings [49] [50].So chemical

analysis of these greases and oil lubricants can be used as fault diagnosis and

condition monitoring tool for the bearings. Though the analysis of these greases can

provide useful information regarding bearing health but this could only be done if

these oil lubricants and greases are available. So this analysis is applicable to only

large machines which use oil lubricants. For small and medium size machines, greases

are usually encapsulated inside bearings so chemical analysis methods are not

practical for these small machines.

2.5.6 Electrical Monitoring

The electric monitoring also known as motor current signature analysis (MCSA) is

utilized for detection of the motor and inverter defects using information from the

stator current. In the majority of the applications, the stator current of an induction

motor is easily obtainable because it is utilized in the protection of the motors from

over-currents, ground currents. So, current monitoring is a method of detection that is

sensor-less and needs no extra hardware for its implementation.

Current signature analysis for the condition monitoring of the motors finds its

application majorly in nuclear power plants and defense industry where access to the

motor is not possible. In the majority of the applications, the stator current was

monitored for the detection of various induction motor defects. [51] use the current

signature analysis scheme for the detection of the motor rotor and bearing defects.

Their research investigated the effectiveness of current monitoring to detect the faults

in bearings and rotor by comparing the relationship between the current and the

vibration frequencies. This study shows the different bearing and rotor defects and the

characteristic fault frequencies associated with these defects. An explanation of how

the spectrum of the stator current was affected due to the rotor and bearing faults was

given and determination of the related frequencies was made. The vibration spectrum



and current spectrum of bearing and rotor defects obtained through experiments were

utilized for the verification of the relationship between the current and vibration

frequencies. It was clearly illustrated by the test results, that the motor current

signature analysis could be utilized for the diagnosis of the rotor and bearings defects.

[52] Describes a technique which provides on-line detection of motor defects.

This technique requires no human involvement for the interpretation of the motor

current signature. A selective frequency filter learned the motor characteristic

frequencies at normal operating conditions. The physical construction of the motor

was used to set the rules for the expert system and to generate the frequency table.

The inputs of the NN clustering algorithm were formed by this list of frequencies.

These inputs were compared to the characteristics found during operation of the initial

motor performance. To accomplish this, the only requirement was that the motor

should be in good operating condition while the system was being trained. A fault will

continuously degrade the signature of the current and the system will look for those

alterations in the spectra and shows the condition of the motor. An alarm would sound

when the changes in spectra moved enough away from the normal condition.

Combining a neural network (NN) and a rule-based (expert system) frequency filter

maximized the ability of the system to detect the small spectral alterations created by

initial fault formation. Implementation of the developed algorithm for the detection of

failures was performed and tested. Simulation of a failure in the motor was carried out

with the introduction of a rotating mechanical eccentricity into the motor being tested.

After the NN was trained, the system was capable of readily detecting the alterations

in the current spectrum caused by the presence of the defect.

A technique for the removal of the effects of the load torque from the motor

current spectrum was presented by [53]. The authors determined that approaches

introduced earlier for condition monitoring based on the motor current do not take

into consideration the effect of the load. As a result, a technique is required to

separate the effect of presence of load torque and effect of defects to estimates the

health of machine. Making a comparison of a model reference value which included

the load effects with the real stator current would accomplish this. The variance

between these two signals would give a filtered quantity which would not be

dependent on the variances in the load and would provide on-line condition
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monitoring to be carried out continuously without the need to consider the condition

of the load. The results of the simulation indicated the effectiveness of this approach

and experimental results demonstrated the feasibility of this method. It was shown

that the characteristic spectral elements exist in the current and it was possible to

remove the load effects effectively from the spectrum.

[54] Suggested a technique for monitoring faults such as the cracked rotor bars,

shorted stator winding and air gap eccentricity in the motors. The air gap torque can

be computed during the operation of the motor. This means that there would be no

special down time needed when performing the measurement. Data regarding the air

gap torque for a motor is collected time to time to be used for later comparisons. The

potential and validity of this technique were demonstrated by experiments that were

performed on a 3.7 kW motor.

[55] Created a new model for the motor to analyze the rotor static eccentricity.

The model is based on the geometry of the motor and placement of windings in the

motor. The model was able to provide a simulation of the effects of the static rotor

eccentricity on the motor performance. Because the mechanical equation was

included in the dynamic model of the motor, so any random time function of the load

torque could be defined from which the resulting stator current could be computed.

Simulation of a three-phase motor with a 50% rotor eccentricity was performed in

order to demonstrate the utilization of this technique. Simulations have produce

results that closely related with the experimental results found in earlier studies.

[56] Presented that condition monitoring of electric motors leads to estimation of

electrical and/or mechanical defects before the breakdown occurs. Comprehensive

research efforts have been done on the analysis of the current signature of the motor.

This method makes use of the results of the stator current spectral analysis. Because

distortions of the waveform of the current created by drive system abnormalities are

most often tiny, so it is quite difficult to reliably interpret the spectra. Their research

work have demonstrated that some asymmetrical motor defects have frequency

signatures that are easily identifiable when the FFT is used. This leads to the good

explanation of the spectra of the motor current. Experiments performed in the

laboratory have shown that the defect detection of the motor via FFT base current

signature analysis is more reliable.



[57] Studied the efficiency of the spectral analysis of the motor current on the

detection of faults in the motors. The frequency signatures of the some defects such as

broken bars, air gap eccentricity, bearing failures and rotor asymmetry were

identified. The spectral analysis of the current was verified in this work in regards to

its feasibility. The spectral analysis of the current was also implemented with other

kinds of electrical machinery. For example, [58] apply the current spectrum analysis

to diagnose the air gap eccentricity defects in the in a three-phase induction motor of a

large size. Monitoring of the harmonic element of the current at rotating frequency for

the detection of defects in the rotor of a permanent magnetic synchronous machine

was performed by [59].

An appraisal of monitoring methods used for detection of air gap eccentricity the

of induction motors was presented by [58]. They proposed stator current monitoring

as a very applicable technique in an industrial environment. This research presented

the current spectrum analyses of a variety of motors. The interpretation of the

spectrum of the motor current indicates that this study successfully diagnosed the air

gap eccentricity defects.

[60] Mentioned an adaptive time-frequency technique for the detection of

bearing and broken bar faults. It demonstrated that the spectrum of time-frequency

shows the characteristics relevant to the detection of faults better than the Fourier

spectrum. The technique was created on the basis of a training method based on the

healthy situations of the motor. This work suggested that there was a necessity to

segment the information into modes of normal homogenous operation. The

performance of the detection would deteriorate if this fact was not taken into

consideration. The results of this work demonstrated that faulty motor signals were

hundreds of standard deviations away from the modes of the normal operations. This

gave an indication of usefulness of the proposed statistical method. In the end, the

proposed technique was suggested to be mathematically general and could be applied

for the detection of any defect that might occur in the motor.

[61] Presented a novel technique for the detection of rotor defects by analyzing

the stator voltage. The technique was attractive because the detection would not be

influenced by source non-idealities. Moreover, it was obvious from the nature of the

test that it could be carried out even with a motor in un-loaded condition. Also the
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harmonic elements that were predicted by the theoretical analysis completely agreed

with the results of the simulation. However, because of the asymmetries that are

inherent in the machinery, some of these elements could possibly be present even in

healthy motor. It is also clear from both the experiments and the simulations, that

while the number of broken bars has little influence over the magnitude of the

harmonic elements, still it is easy to distinguish a healthy motor from one that is

defective.

The impact of control on the behavior of defected motor was introduced by [62].

His studyshows that the indexes most commonly utilized for diagnostics in open loop

operations are not effective. Experimental as well as simulation results have indicated

that the in field-oriented controlled motor, the field current component has the

appropriatecharacteristics necessary to develop effective diagnostic system.

An analysis was made by [63] on motor current signature analysis (MCSA) as a

medium for detection of motor defects. The study introduced precisely how the

signature analysis of a motor could be used to detect and localize the abnormal

conditions that may cause the burning of the induction motor. The MCSA makes use

of the current spectral analysis to identify any bearing defect, air gap eccentricity, or

broken rotor bars. Its basis is on how the current at the sideband related to the fault

behaves. To accomplish this, a comprehensive knowledge of the construction of the

motor is a must. It has been explained that the motor current will contain some

spectral components due to the effect of the load torque variations with the position of

the rotor. The oscillation of the torque creates current harmonics that can partially

conceal those harmonics that are created by defects.

[64] Presented the effect of stator winding defects on the rotor of the motor. It

was found that the winding defects could create spatial harmonics in the air gap field

of the motor. However, the change in harmonics occurs at the single frequency which

is supply frequency of the applied voltage. Currents in the rotor cage are created by

the stator winding harmonics and due this field harmonics are developed in rotor.

These newly generated field harmonics vary at specific frequencies. The harmonics of

the air gap field generate electromotive forces in the winding of the stator and create

stator currents harmonic at the same frequencies as rotor. These generated frequencies

are similar to those produce by stator winding defect.
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A method of pattern recognition was created by [65] based on the Bayes

minimum error classifier for the identification of rotor defects of the motors. The

algorithm that they proposed utilizes only the motor supply current information as

input values. First, the speed of the rotor is determined from the motor supply current

and then suitable characteristics are extracted. The proposed method could be used for

on-line condition monitoring of the motor rotor. The feasibility and strength of the

proposed technique were verified by theoretical model as well as experimental results

obtained from three-phase induction motor. Moreover, the algorithm could be

modified to diagnose other defects such as phase unbalance andeccentricity.

A non-invasive condition monitoring method was proposed by [66]. This method

was used to identify defects in the stator winding of the motors by monitoring the

negative sequence supply current. To determine the negative and positive sequence

elements of the measured currents and voltages, a power decomposition technique

(PDT) was utilized. There studies illustrated that the impedance of the negative

sequence could have a variance of between 10% and 50% due to an inter-turn short

circuit.

[67] Conducted experiments to detect turn-to-turn short circuit faults in the motor

using negative voltage method. To learn and make an estimate of the negative-

sequence voltage neural network algorithm was developed. The healthy motor data

was collected and used to train NN. As reported by [67], the majority of the turn-to-

turn short circuit-related signatures can be extracted from the supply voltage of the

motor due to regulation of drive controllers. On the other hand, the impact of the

mechanical load was not taken into consideration. In reality, the drive controllers,

operating conditions and mechanical load all influence on the data related to defects.

Accurately predicting the condition of a motor cannot be guaranteed by monitoring

the voltage or the stator current only.

It has been recognized by [68] that MCSA is one of the extensively utilized

techniques for diagnosis of the motor faults. The measurement of the sidebands

present in the spectrum of the stator currentwas the basis on which this technique was

developed. The sidebands are found near to the fundamental supply frequency. The

inverters makes the supply frequency vary a bit in time and because of this more

harmonics are generated in the current spectrum. Sometimes these harmonics are
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misinterpreted as the sideband components resulting from the rotor defects. In their

research, they compared the results of the experiments performed for the diagnosis of

the defects using a normal supply and an inverter.

In the current spectrum analysis of the motor, running values are compared with

baseline values. In real time applications, baseline values are dependent on the

operating conditions. To tackle this issue, [69] proposed new method which keeps

track of baseline data at various operating conditions of the motor. He uses different

load conditions and for each one he compare the baseline values with running values

to estimate the health condition of the motor. Along with the FFT method for the

analysis of the spectrum, he use some advance signal processing and pattern

recognition techniques for defect analysis of the motor.

A brief presentation of signal processing methods for detection of defects in the

rotor of the induction motor was given by [70]. The primary benefits and

implementation issues of the presented methods were also precisely presented. From

the reports, it seems that, wavelet analysis is also proved to be a powerful tool for the

defect detection of motor.

Some results were presented by [71] regarding the detection of rotor bars in the

three-phase motors. He conducted five experiments on various defect situations of the

motor. Their work provided results which indicated that when a rotor has even one

broken bar, it will have a direct impact on the waveform of the stator currents and the

voltages. Consequently, the analysis of the spectrum of the line current has been

found to be one of the best techniques among those that are non-intrusive. The

process for the diagnosis was carried out through the utilization of virtual

instrumentation (VI). Various virtual instruments (Vis) were created in Labview.

Controlling of the test measurements and the acquisition and processing of the data

were carried out using these Vis. The experiments were performed on the healthy and

defected motor under seven different loading conditions. The defects in the rotor were

induced by drilling the holes in the rotor bars. The Fast Fourier Transformation (FFT)

was used to process the measured current signals. A plot was created for the measured

phase current power density. A comparison was made between the results of defected

and healthy rotor. The main focus was on identification of sideband elements at

specific frequencies. The significant presence of several sideband frequencies in the
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harmonics spectrum of the line current show quite clearly the defects in the rotor of

the induction motor.

[72] Proposed the idea of classifying the defects in rotor of the motor into two

types. These were distributed and single-point defects. This idea was important as the

defects would be sorted according to the kind of signatures generated by defects

instead of where the defects were located physically. There are two advantages with

this kind of classification. The first benefit is that it guarantees that distributed defects

are not neglected. Most of the condition monitoring approaches concerning fault

detection found in the literature has been mainly focused on identifying single-point

defects. Indeed this class of defects is quite important; however, an approach that is

comprehensive and robust must have the capability of detecting not only single-point

defect but also distributed defects in the rotor. The second benefit is that by

classifying defects according to the kind of signature gives good idea for development

of suitable detection scheme.

A technique for identifying motor defects at earliest stages using the current of

the stator was proposed by [73]. This technique starts off with the filtration of the

stator current so that most of the significant frequency content not associated with the

defects in the bearings can be removed. Following that, training of a signal model that

is autoregressive is carried out using the stator current. First, healthy bearings are used

to train the model so that a spectrum of baseline values can be created. The modeled

spectrum moves away from the threshold values as the condition of the bearings

deteriorates. This deviation of the amplitudes from threshold values is taken as fault

indexed. This index has the ability to monitor any alterations in the vibrations of the

machine caused by the bearing defects. Because of the filtering process at the

beginning of the procedure, this technique is robust to a variety of influencing factors

such as electromagnetic and envoirment noise. The results of experimentations with

ten different bearings were used to provide the verification of the effectiveness of this

technique.

There were two different techniques to analyze defects in the stator of the DTC

driven induction motors. These techniques were proposed by [74]. It was verified

through the qualitative analysis of the motor stator defects that the torque and flux

hysteresis controllers usually generate a third harmonic element in the supply currents
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of the induction motor. Therefore, the existence of a third harmonic element in the

supply currents of the motor indicates that there is a defect in the stator. The results

that were achieved with this method verified that it was effective for detection of the

defect in the drive of a DTC induction motor.

The analytical as well as experimental validation of the equivalent internal circuit

method implemented in an induction motor was presented by [75]. The model

proposed in this research was the only one that provides the simulation of the state

variables of the induction motor under healthy and defective conditions of the stator

and rotor. The researchers matched the results from the simulation with the results of

the analytical calculations. The small variances in the calculations of the frequencies

were the result of the FFT resolution. The model that was proposed has ability to

detect the influence of defects on the performance of the motor.

[76] Performed experimental investigation of broken rotor defects. The diagnosis

of the defect in the motor was performed using the MCSA. A 0.5 kW induction motor

was used in his experiments. The bar of the rotor was damaged by using a drill

machine. Healthy and defective motor current spectrums were analyzed and

compared. It was observed that due to the defects in rotor, sideband frequency

components appear in the current spectrum of the defective motor. At the end of the

study, the researchers came to the conclusion that the MCSA is a effective and

reliable method for detection of rotor bar defects.

A system for the online diagnosis of induction motor faults using MCSA with

advanced signal processing techniques was proposed by [77]. The system consisted of

a digital signal processing (DSP) board to provide signal processing at high-speed and

an advanced algorithm for processing of data. In order to apply MCSA in an efficient

manner, the system was designed which consist of advance algorithms for the proper

sample selection, the optimal-slip estimation and for the auto frequency searching.

Bayesian estimation model was used to set the optimal-slip estimation algorithm. The

proper-sample-selection algorithm defines the sampling rate required for MCSA.

Finally, the frequency auto search algorithm finds the characteristic defect frequency

components from the current signature of the motor. The laboratory tests were

conducted on two motors of different ratings to verify the effectiveness and generality

of the proposed algorithms. The system that was proposed had the ability to
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distinguish between four different types of motor defects. The results of the

experiments were able to effectively prove the functioning of the proposed algorithms

and the diagnostic system.

A comparison of the various fault diagnosis techniques was performed by [78].

According to the results achieved by the experimentation, the rotor defects can be

diagnosed through three techniques which are the three-phase current vector analysis,

the outer magnetic field analysis and the instantaneous torque analysis. However,

author suggested that MCSA is most favorable technique due to its simplicity.

A novel method for the use of the stator current and efficiency of the motors as

pointer of rolling-bearing defects was proposed by [79]. This work describes the

results of experiments performed on four kinds of faults found in bearings. These

faults include hole in the outer race, crack in the outer race, corrosion and the

deformation of the seal. Another new idea presented in the study was the analysis of

the reduction in the efficiency of the motor due to defected bearings.

The load variation and the degree of eccentricity are two of the major elements

influencing on the current spectrum of the eccentricity defects. The detection of the

fault will not be accurate if the effect of the load variation is not taken into

consideration. Consequently, [80] proposed a method for recognizing the dynamic

and static eccentricities at various levels of load. He developed a systematic relation

to describe the effect of load variations and severity of the eccentricity defects. The

results of experiments performed on laboratory test rig validate the purposed method.

[81,82,83] present the review papers on the condition monitoring techniques for

the induction motors. A comparison of various techniques was given which indicates

that MCSA is the most suitable non-invasive and economical method for the detection

of the motor defects.

[84] Uses the stator current analysis and vibration analysis techniques to detect

the bearing defects. He also proposes the new model for the investigation of the effect

of load torque variations on the stator current spectrum. The experimental results

indicate that oscillations of the torque produce the varying frequency contents which

can be observed in the stator current spectrum.
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[85] Apply the FFT on the stator current signal to investigate the broken rotor bar,

bearing defects and stator defects of the induction motor. The results indicate that the

amplitude values at certain specific defect frequencies increase as the defect size

increases. However, at incipient stages of the defect and under no load conditions of

the motor, the rise in amplitude is small and difficult to recognize.

[86] Uses the motor stator current analysis scheme to identify the bearing

localized defects. FFT spectrum of the motor stator current was obtained and

analyzed. Experiments were conducted on the two defect levels (hole sizes 2mm and

4mm) in outer and inner race of the bearing at no load and full load conditions of the

motor. The results obtained through the experiments indicate that at no load condition,

the change in amplitude values at characteristic defect frequencies is very small (less

than 5dB) however for full load conditions, the change in amplitude is detectable

(>5dB<8dB).

[86] apply the wavelet analysis technique to investigate the broken rotor bar and

stator defects of the motor. The result indicates that wavelet analysis is powerful tool

for the condition monitoring of the motors in various loading conditions.

[87] Uses the motor current, voltage, flux and instantaneous power analysis

methods to investigate the broken rotor bars and eccentricity defects of the motor. His

study shows that although the rotor bars and eccentricity defect of the motor can be

detected through current, voltage and flux analysis. However these techniques are not

effective under no load conditions of the motor. On the other hand, the instantaneous

power analysis scheme diagnosis the rotor and eccentricity defects effectively even

under no load condition of the motor. This is due to the reason that the motor power is

product of the supply voltage and current so it contains more information than the

current and voltage only.

[88,89] presented an automated fault detection system for the induction motors

based on programmable logic controllers. They use the speed sensor, temperature

sensor and current sensor to measure the motor speed, motor temperature and running

current. The system was developed to automatic turn off the motor if any one of the

measured variable exceeds the preset values. However, proposed condition

monitoring system proves to be very expensive due to involvement of the sensors.
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2.6 Important Observations

The review of literature has shown that the sensor based methods like vibration

analysis, acoustic emission, noise analysis, chemical analysis and temperature

measurements were applied to protect motors from various faults. However sensors

which are integral part of these techniques are too much expensive. Another

disadvantage of these techniques is that sensors need to be installed on machine so it

needs access to machine which is not possible in every application. Also it requires

special expertise for the proper installation of sensors on the machine for accurate

results. Furthermore, sensors also have some life period after which they fail and in

most cases bearing life is more than sensor life. Therefore sensor based condition

monitoring methods are not reliable. For condition monitoring of the electric motors,

the stator current monitoring technique implementation is not so complex. In all

industries current transformers are always installed for the measurement of current for

control and display purpose. Current transformer and potential transformer are always

part of electric protection system.

It has been found in the review of literature that the mechanical vibration has

relation with the stator current components at some the specific characteristic

frequencies. When the mechanical vibrations of the motor increases; the magnitude of

the voltage at specific characteristic frequencies also increases. This is due to the

modulation of the air gap by the mechanical vibration at the specific characteristic

frequencies. The impact of this modulation appears in the inductance of the stator and

finally in the motor stator current. Every type of the motor defect has its own unique

characteristic defect frequencies. The MCSA is used to find out these frequency

modulations from the spectrum of the motor current. So this technique is very useful

and cost effective as it requires no special sensors for the measurements. It is a non

invasive method and may implement distantly from the place where motor is

installed. Therefore, this technique can provide considerable economic and

implementation benefits. Not only the motor faults but over all motor efficiency,

performance, speed and torque information can be extracted from the motor current.

However, the change in amplitude values is very small and difficult to detect for the

no load conditions of the motor.
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The advantages and drawbacks of the existing condition monitoring and fault

analysis methods are presented in Table 2.2.

Table 2.2: Comparison of the various motor faults detection methods

No CM Technique Advantages Drawbacks

1
Vibration

Analysis
Reliable and basic

methodology

• Require expensive
sensor

• Intrusive

• Subject to sensor failure

2
Acoustic

Emission

• High signal to noise
ration

• Detects fault at

incipient stages

• Require expensive
sensor

• Intrusive

3
Temperature
Measurement

Standard available in

industries

• Require expensive
sensor

• Intrusive

4 Sound Analysis Simple method

• Require expensive
sensor

• Intrusive

5
Chemical

Analysis
Detects fault at incipient

stages

Applicable only to large
size motors

6
Stator Current

Analysis

• Inexpensive
• Non Intrusive

• Less complexity

Unable to detect defects at

incipient stages and at
unloaded conditions of the

motor

2.7 Summary

Most of the related work in the area of condition monitoring of induction motors

shows that it is vital to determine the defects of a motor early so as to prevent un

scheduled down time of machinery which can cause delays and drastic monetary

losses. Notably, the review of the literature highlighted the challenges involved with

the intelligent diagnostic condition monitoring system that includes the complexity in

the analysis and the high cost of the sensors. Spurred by these factors, the goal of this

research is to find answers to the defect analysis of the motors bearing faults utilizing
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the commonly available stator current and voltage using methodology to be presented

in Chapter 3.
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3.1 Introduction

CHAPTER 3

EXPERIMENTAL SET-UP

An overview of the software and hardware module used in the development of

experimental test rig for intelligent diagnostic condition monitoring system is

presented in this chapter. The design flow of the experimental test rig is shown in

Figure 3.1. The accuracy and reliability of the data acquired from the induction motor

is vital in order to make timely decisions about the status of machine. This can be

possible through the good awareness of effect of fault severity and loading conditions

of machine on the amplitude values of the characteristic defect frequencies.

Begin

Design of mechanical test rig
Creation of artificial bearing

fault using EDM

Interfacing DAQ with LabVIEW

Data acquisition and Digitization

Signal Processing and Analysis
using LabVIEW

T
Interfacing PLC with LabVIEW

T
Interfacing PLC with Power

Switching Device

Figure 3.1: Design flow of experimental test rig



3.2 Condition Monitoring System

In this work an experimental test rig compromises of components used in industry

was developed for the intelligent diagnosis of motor bearing faults. The schematic

diagram of the developed experimental set-up is shown in Figure 3.2.
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Interface LabVIEW

with PLC

Interface PLC with
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Figure 3.2: The schematic diagram of the test rig
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3.2.1 Mechanical Parts

The mechanical parts of the test rig consist of a 3-phase induction motor and steel

shaft coupled with motor shaft via flexible coupling. The coupling has rubber jaw to

reduce the vibration occurring in the motor. The mechanical load is mounted on the

steel shaft between two brackets.

3.2.1.1 Motor Connections

Two Motors of same specification are used during the experiments. One motor has

healthy bearings while the other one has artificially defected bearings. Both motors

used in laboratory test rig resemble the one shown in Figure 3.3. The specifications of

the test motor are shown in Table 3.1. The connections of the motor are in star

connected for 415VAC supply. The connection scheme is shown in Figure 3.4. An

AC variable frequency¥fivT(VFDY"is used to"run themotoTat various speeds. The

speed of the motor is measured by Prova digital tachometer. The tachometer and

variable frequency drive pictures are shown in Figure 3.5.

Figure 3.3: The induction motor used in test rig

"L1

13

Figure 3.4: The connection scheme of the motor



/^

(a) (b)

Figure 3.5: (a) The VFD and (b) Tachometer used in test rig

Table 3.1: Specifications of the test motor

Parameters Rating

Power (Hp) 0.5

No. of Phase 3

Rated Current (A) 1.05

No. of Poles 4

Frequency (Hz) 50

Rated Volts 400

Speed (RPM) 1500

3.2.1.2 Bearing Load Calculation

Loads are thought of as one of the most significant factors influencing the lifetime and

characteristics of the bearings. In this work, tests were performed on un-loaded and

loaded conditions of the motor. In the test rig used for the experiment as shown in

Figure 3.2, three round steel plates were mounted on a steel shaft coupled with a
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motor shaft to create the radial load. Aluminum coated steel comprised the round

plates. The design of round plates is shown in Figure 3.6.

Thickness

Figure 3.6: Structure of steel plates used as radial load in test rig

The mass of steel round plates in grams is calculated using Equation (3.1).

TlpD2h s~, i >.
4

(3.2)

(3.3)

Mass —

Dl = D0'-Dt<

Weight (JV) =
TtghD2 p

4

where:

p, is the density of material and its value is 7.85 g/ cm3

h, is the height of plate

D02, is the outside diameter of steel plate used as radial load

D2, is the inside diameter of steelplate used as radial load

g, is the acceleration due to gravity



3.2.1.3 Bearing Assembly

Bearings installed in the test motors shaft end and fan end are the ball bearings 6202-

2z. The outer diameter of the bearing is 35mm with inner diameter of 17mm. Each

bearing contains 8 balls with diameter of 7.5mm. The contact angle of balls with race

is assumed as zero degree. The SKF brand bearings were used for testing. The bearing

consist of four parts namely, inner race, outer race, rolling elements (balls) and cage

and is as shown in Figure 3.7. The cage is used to keep the balls at specific distance

from each other during rotation of balls between inner and outer race. A number of

exepriments were conducted for normal (healthy) bearings and bearings with different

defect in outer race, inner race, ball, cage and distributed defects. Figure 3.8 shows

the healthy bearings and bearings with various types of localized and distributed

faults. The electric discharge machine (EDM) is used to create defects of different

types in the bearings.

Outer raceway

cage

Figure 3.7: Geometry of bearing used for this work
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Bearing Ball Defect

Distributed Defect in Outer and

Inner Race of Bearing

Bearing Outer Race Defect (Localized)

f

#

Bcariim Broken Cauc

Bearing Inner Race

Defect (Localized)

Figure 3.8: Bearing with various health conditions used for this work
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3.2.2 Data Acquisition and Processing

The data acquisition and processing system used in this work consists of National

Instruments data acquisition card NI 6281, an AC current and voltage transformer and

LabVIEW 8.2. The data acquisition card NI 6281, current and voltage sensors are

shown in Figure 3.9 to 3.11 respectively.

Figure 3.9: Data acquisition card NI 6281 used in this work

Figure 3.10: AC current sensor used in this work
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r~"~i

V

Figure 3.11:AC voltage sensor used in this work

The specifications of data acquisition card NI 6281 are shown in Table 3.2.

Table 3.2: Specifications of DAQ card NI PCI 6281

S.r No. Specifications

1 Analog Inputs 16

2 AI Range ±10 Volts

3 Max. Scan Rate 625kS/s

4 AI Resolution 18bits

5 AO 2

6 AO Range ±10 Volts

7 AO Resolution 16bits

3.2.2.1 Configuration ofthe Measurement Automation Explorer

LabVIEW has the configuration utility known as Measurement Automation Explorer

(MAX) for the configuration and installation of all external data acquisition devices.

MAX reads the information from device manager windows registry and assigns it

specific device name from which the information is collected. The relation between

the MAX and data acquisition device is shown in Figure 3.12 [90]. The flow chart for

configuration of the analog input channel of DAQ NI 6281 device used to acquire

data from AC current and voltage sensor is shown in Figure 3.13.

43



Windows Configuration LabVIEW for Windows

MAX DAQ Library Vis

Windows Registry
•I

Figure 3.12: Relation between DAQ and MAX

LabVIEW block diagram
window

Tools

MAX

I
My system

Data neighborhood

T
Create new

Select measurement

type for the task

Select physical
channel to add to task

Give the name to the

channel

Figure 3.13: The flow chart of configuration of DAQ input channel with MAX
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Data acquisition (DAQ) assistant was used in continuous mode to configure the

LabVIEW window with the MAX. The DAQ assistant was placed inside the loop to

acquire data continuously from the data acquisition device. During the measurements,

the sampling of current and voltage signals was done simultaneously. The sampling

parameters are shown in Table 3.3.

Table 3.3: NI DAQ parameters

Parameter Set value

Total number of samples taken 50 KS/sec

Scan Rate 30 KHz

Scan Mode Continuous

Terminal Configuration Differential

Window Hamming

Frequency Resolution 0.125 Hz

Nyquist Frequency 15 KHz

3.2.2.2 Fault Analysis Software

The instantaneous power FFT spectrum analysis was employed to recognize the

specific defect frequencies of the motor and these defect frequencies utilized as the

indices to indicate faulty or healthy conditions of the motor. In this work, a code was

created in LabVIEW so that the fault frequencies from the instantaneous power FFT

spectrum could be identified. The LabVIEW block diagram window was used to write

the code that was used for the acquisition of real time data from the current

transformer SCT-013-005 and voltage transformer. The main purpose for this

software was to gather, display and save data for further analysis. The data coining

from the current and voltage transformer was read by the LabVIEW programme, the

instantaneous power of the motor was calculated by multiplication of both voltage and

current signals and then the hanning window was applied on the specified data.

Before being converting to decibel (dB), the spectrum was normalized with respect to

the highest peak (fundamental element) and then it was plotted for future analysis.
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The data logging was created by using the spreadsheet file so that the saved data

could be plotted later by way of the MATLAB custom developed programme. The

flow chart of the program used for analyzing the data is shown in Figure 3.14. The

programme was initiated by reading the raw data coming from the motor by way of

the DAQ device. The data was analyzed by performing a calculation of the Fourier

transform of the instantaneous power signal.

Read Data from DAQ

Calculate

Instantaneous Power

Calculate FFT

Localized Defect

Analysis
Distributed

Defect Analysis

Update the DAQ
Outputs

Generate Spreadsheet
file for Matlab

Figure 3.14: Flow chart of the LabVIEW program developed for spectrum analysis
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3.3 Summary

The test set-up, measurement system and LabVIEW programme used for this research

is described in this chapter. Also presented are the features of the test rig and the

description of the particulars regarding the measurements of the software and the

hardware. The fault analysis software was created in LabVIEW and was used for the

identification of the fault frequencies of the induction motor. The experimental test rig

developed in this chapter will be used for results and analysis of healthy and faulty

motors.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

A reliable condition monitoring system is based on the knowledge of the magnetic,

electrical and mechanical behavior of the machinery, not only in the healthy state but

also in the faulty state. As an induction machine is highly symmetrical the existence

of any kind of fault alters its symmetry and produces changes in magnetic flux

distribution, or rather, in the magnitude of the specific fault frequencies. As has been

explained in Chapter 2, faults in the induction motor generate characteristic fault

frequencies which are observable by way of a spectrum analysis of one or more

sensor elements, such as, voltage, current, axial leakage flux and vibration. Both the

voltage and the current can be employed to calculate the instantaneous power.

The main objective in condition monitoring of the motor is the accuracy of the

detection of the faults and provision of current status of machine to estimate the health

of the motor and to take timely decision about preventive maintenance. Therefore, it

is vital to know what magnitude of the characteristic fault frequency element signifies

the severity of the various faults in the motors. The objective of this chapter is to

explain the results of the experimentation from the healthy and faulty motors

examining the various bearing faults at various severity levels. Experiments were

done at load and unloaded conditions of the motor.

4.2 Various Bearing Faults Analysis

The bearing consists of mainly of outer race, inner race, balls and cages. The defects

in these elements causes malfunction in bearing. The relationship between defect in

bearing and its effect on the stator current and voltage spectrum can be determined by
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remembering that any change in air gap between rotor and stator would cause

magnetic flux variations. Since bearings are used to support the rotor during rotation,

so any defect in bearing causes the radial movement of rotor during rotation. The

radial movement of the rotor generates the stator current and voltages at certain

specific frequencies. The instantaneous power of the motor and the characteristic

defect frequencies are calculated using Equation (4.1) to (4.5) [6,81,83,84,87]. There

are various types of faults in the bearings of motors, and in this work the focus of the

study and experimentation are summarized in Table 4.1.

Pins = VI (4-1)

fes = \fe+-Mfof\ (4.2)

fes = \fe+-Mfif\ (4.3)

fes = \fe+-Mfbd\ (4.4)

fes = \fe+-Mfcd\ (4.5)

where:

V, is the supply voltages to the motor

I, is the stator current

fe, is the electric supply frequency

f0f, is the bearing outerrace characteristic defectfrequency

fif, is the bearing inner race characteristic defectfrequency

fbd, is the bearing ball characteristic defect frequency

fd, is the bearing cage characteristic defect frequency

M=l,2,3,4
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Table 4.1: Experiment details for CM system

Case Load Conditions
Severity of

Bearing Defect

1 No Load
1 to 5mm outer

race defect

2 Full Load
1 to 5 mm outer

race defect

o

j No Load
1 to 5mm inner

race defect

4 Full Load
1 to 5mm inner

race defect

5 No Load Ball defects

6 Full Load Ball defects

7 No Load Cage defects

8 Full Load Cage defects

9 Full Load
Distributed defect

in outer race

10 Full Load
Distributed defect

in inner race

The following sections of the chapter describe the experiments conducted for the

various faults of the bearing.

4.2.1 Bearing Outer Race Defects

The holes of various sizes are induced in the outer race of the bearing to create

artificial defects using electric discharge machine (EDM). The defected bearing is

shown in Figure 4.1. The bearing outer race characteristic frequencies are shown in

Table 4.2 which are calculated using the Equations (4.1) and (4.6) [6,81,83,84].

fOJ = 0ANbfr (4.6)

Where:

Nb, is the number of balls inside the bearing

fr, is the rotor frequency in Hz

fr= 7(1 -S)
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Table 4.2: Expected outer race defect frequencies at various loading conditions

Motor

Speed
(rpm)

Load

Condition

m=l nr=2

LSB(Hz) USB(Hz) LSB(Hz) USB(Hz)

1497 No Load 29.875 129.875 109.75 209.75

1395 Full Load 24.375 124.375 98.75 198.75

Figure 4.1: Defects (Localized) induced in outer race of motor bearing

4.2.1.1 Outer RaceDefectsAnalysis at Various Hole Sizes underno Load condition of

the motor

The defected bearing was installed on the drive end side of the motor under test at no

load condition. The faults in bearing were induced by drilling holes ofvarious sizes in

the outer race of the bearing. For defected motor, five tests were conducted at

different outer race hole sizes (1 to 5mm). The frequency spectrum of the healthy and

defected motor instantaneous power is shown in Figures 4.2 to 4.11. The graphs

represented in dotted line indicate the healthy motor spectrum and the solid line

indicates the defected motor spectrum. It is observed from frequency spectrum that

the amplitude values are -128.947 dB and -127.237 dB for healthy motor at specific

characteristic defect frequencies of 29.875 Hz and 129.875 Hz respectively. For,

defected motor, it is observed from the frequency spectrums that amplitude values at

specific characteristic defect frequencies are not clearly visible (<10dB) due to the
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fact that the change in slip frequency is very small. However as the hole size exceeds

4mm hole size, there is detectable change in amplitude values (>10dB) at specific

characteristic defect frequencies. The analysis of the change in amplitude values at

characteristic defect frequencies for no loadcondition is summarized in Table 4.3.

-100 -J "- 1 L 1
' - -

| - Heaiihy Motor

Healthy Motor
f= 29.875 Hz

Defected Motor
f= 29.875 He

| Defected Motor -

-110
-12S.947 dB -126.825 dB

-

8~ -115
\ s, / /!

(B \ •'-'

•§ -120

a.

< -125 UN \\

\

i
i/ \ t\ ,4m/ ? , \ji J \-

-130 \ I i/ • 1 / \M * 1A /Vr
-135 \\

± i

30 31

Frequency (Hz)

Figure 4.2: Instantaneous power spectrum ofthe healthy and defected motor under no

load condition at 1mm outer race defect at 29.875 Hz
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load condition at 1mm outer race defect at 129.875Hz
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Table 4.3: Amplitude values at outer race defect frequencies at various defect levels

and under no load conditions

Outer

Race

Defect

Size

(mm)

Characteristic Outer

Race Defect

Frequency (Hz)

Amplitude
Values(dB) Reference

Figure
No.

Remarks

LSB USB LSB USB

1 29.875 129.875 -126.82 -126.024 4.2,4.3

Defect

frequencies
difficult to

identify

2 29.875 129.875 -125.05 -125.40 4.4,4.5

Defect

frequencies
difficult to

identify

3 29.875 129.875 -123.82 -124.28 4.6,4.7

Defect

frequencies
difficult to

identify

4 29.875 129.875 -120.54 -121.48 4.8,4.9

Defect

frequencies
difficult to

identify

5 29.875 129.875 -114.54 -112.48 4.10,4.11
Defect

frequencies
visible

4.2.1.2 OuterRace Defects Analysis at Various Hole Sizes underFull Load condition

ofthe motor

The frequency spectrum of the healthy and defected motor instantaneous power

spectrum is shown in Figures 4.12 to 4.21. The dotted line in graphs indicates the

healthy motor spectrum and solid line indicates the defected motor spectrum. It is

observed from frequency spectrum that the amplitude values are -118.841 dB and -

117.167 dB for healthy motor at specific characteristic defect frequencies of 24.375

Hz and 124.375 Hz respectively. From the analysis of healthy and defected

instantaneous power spectrums, it is indicated that the presence of fault in outer race of

motor bearings appears as increase in amplitude values at specific characteristic

defect frequencies. It is observed that at full load condition of motor, there is
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significant increase (>10dB) in amplitude value at 2mm defect size and the amplitude

values increases with the increase of defect size in motor bearing. The analysis of

frequency spectrum for various outer race defect sizes is summarized in Table 4.4.
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Figure 4.12: Instantaneous power spectrum ofthe healthy and defected motor under

full load condition at 1mm outer race defect at 24.375 Hz, showing that at the specific

defect frequencies the amplitude starts to appear
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full load condition at 3mm outer race defect at 24.375 Hz, indicating significant
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Figure 4.18: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 4mm outer race defect at 24.375 Hz, showing that at the specific

defect frequencies the amplitude value increases still further
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Figure 4.19: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 4mm outer race defect at 124.375 Hz, showing that at the

specific defect frequencies the amplitude value increases still further
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Figure 4.20: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 5mm outer race defect at 24.375 Hz, showing that at the specific

defect frequencies the amplitude value increases to much larger values
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Figure 4.21: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 5mm outer race defect at 124.375 Hz, showing that at the

specific defect frequencies the amplitude value increases to much larger values

61



Table 4.4: Amplitude values at outer race defect frequencies at various defect levels

and under full load conditions

Outer

Race

Defect

Size

(mm)

Characteristic Outer

Race Defect

Frequency (Hz)

Amplitude
Values(dB)

Reference

Figure
No.

Remarks

LSB USB LSB USB

1 24.375 124.375 -110.264 -108.209 4.12,4.13

Defect

frequencies
starts to

appear

2 24.375 124.375 -104.688 -104.688 4.14,4.15
Defect

frequencies
increases

24.375 124.375 -96.688 -94.394 4.16,4.17

Defect

frequencies
easily

identified

4 24.375 124.375 -87.272 -86.156 4.18,4.19

Defect

frequencies
increases

till further

5 24.375 124.375 -76.922 -76.758 4.20,4.21

Defect

frequencies
increases

to much

larger
values
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The comparison ofamplitude values for various outer race defect sizes at no load

and full load conditions of the motor is shown in Figure 4.22 which indicates that as

the bearing outer race single point defect size is increasing the amplitude values at

characteristic defect frequencies also increases. However the increase in amplitude

values is more prominent at full load condition ascompared to atnoload conditions.

Defect Size

No Load

Fui! Load

Figure 4.22; Comparison ofamplitude values for various outer race defect sizes atno
load and full load conditions of the motor

4.2.1.3 Comparison ofthe Instantaneous PowerAnalysis with the Stator Current

Analysis

The results of the instantaneous power spectrum analysis scheme are compared with

the results of stator current analysis scheme [86]. The comparison is shown in Figure

4.23 and Table 4.5. It is observed that for no load conditions of the motor, the

difference that occurs in amplitude values from 2mm defect size to 4mm defect size is

3mm for the stator current analysis scheme and 4mm for the instantaneous power

analysis scheme. Also for full load conditions of the motor, the change in amplitude
values is 4mm for the stator current analysis scheme and 18mm for the instantaneous

power analysis scheme. Therefore, the instantaneous power analysis method is more

suitable for the diagnosis of the bearing outer race defects.
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Table 4.5: Comparison of the instantaneous power analysis with stator current

analysis

Performance

Defect

Size

(mm)

Type of Analysis
Stator Current

Analysis (dB)

[861'

Instantaneous

Power Analysis
(dB)

No

Load

Full

Load

No

Load

Full

Load

2 -73 -73 -125 -104

4 -70 -69 -121 -86

dB

Improvement
"*

3 4 4 18

Current Analysis at NL i

PowerAnalysisat HL j~
*-—

- ----- PowerArsaivsfe at FL j

-

-
-

- -

-

' r r r r r

-

-120

-130

-140

-150
3.5

Defect Size

Figure 4.23: Comparison of the instantaneous power analysis with stator current
analysis

4.2.2 Bearing Inner Race Defects

The holes of various sizes are induced in the inner race of the bearing to create

artificial defects using electric discharge machine (EDM). The defected bearing is

shown in Figure 4.24. The bearing inner race characteristic frequencies are shown in

Table 4.6 which is calculated using the Equations (4.1) and (4.7) [6,81,83,84].

fif = 0.6iV,/r (4.7)

where:

Nb, is the number of balls inside the bearing

fr, is the rotor frequency in Hz
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Table4.6: Expected innerracedefect frequencies undervariousloading conditions

Motor

Speed

(rpm)

Load

Condition

m=l m=2

LSB(Hz) USB(Hz) LSB(Hz) USB(Hz)

1497 No Load 69.750 169.750 189.50 289.50

1395 Full Load 64 164 178 278

Hole in Inner Race

Figure4.24: Defectinducedin inner race of motor bearing

4.2.2.1 Inner Race Defects Analysis at Various Hole Sizes under no l^oad condition of

the motor

The defected bearing was installed on the shaft-end side of the motor. Five tests were

conducted at different inner race hole sizes (1 to 5mm). The frequency spectrum of

the heaithy and defected instantaneous power spectrum is shown in Figures 4.25 to

4.34. The graph represented in dotted line indicates the healthy motor spectrum and

solid line indicates the defected motor spectrum. It is observed from frequency

spectrum that the amplitude values are -133.607 dB and -140.348 dB for healthy

motor at specific characteristic defect frequencies of 69.75 Hz and 169.75 Hz

respectively. For defected motor, it is observed from the frequency spectrums that

amplitude values at specific characteristic defect frequencies are not clearly visible

because their magnitude is lessup-till 3mm defect size. Howeverafter4mmhole size,

there is detectable change in amplitude values at specific characteristic defect

frequencies. The analysis of the change in amplitude values at characteristic defect

frequencies for no load condition is summarized in Table 4.7.
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Figure4.25: Instantaneous powerspectrum of the healthy anddefected motorunder

no load condition at 1mm inner race defect at 69.75 Hz

-1UU
*

L i L L

DefectedMotor i — Heaithy Motor ; |
-105

-

f= 169.75 Hz

-139.559 dB

; — Defected Motcr [j

-110
•: / i

-115 ;•-.

l\\ / j

? -125

_1_L'_

IX , fXX g // '• / \ -,; --' \J ,J

E -130
< •fv"V \ I

„^""'->-'' •-' ! ( \ \ F »' V : ij; \ }\ '• l\?- \. FA' -\

-136 L ' -'1! !! \ ?M! yf 1; \i v -I

-140p

-145 i-

150!—
165

^ Healthy Motdr
f= 169.75 Hz

r140.348 dp

169 170 171

Frequency (Hz)

Figure 4.26: Instantaneous power spectrumof the healthy and defected motor under

no load condition at 1mm inner race defect at 169.75 Hz
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Figure 4.27: Instantaneous power spectrum of theheaithy anddefected motor under
no load condition at 2mm inner race defect at 69.75 Hz
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Figure 4.28: Instantaneous power spectrum ofthehealthy and defected motor under
no load condition at 2mm inner race defect at 169.75 Hz
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Figure 4.29: Instantaneous power spectrum of thehealthy anddefected motor under
no load condition at 3mm inner race defect at 69.75 Hz
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Figure4.30: Instantaneous powerspectrum of the healthy anddefected motor under
no load condition at 3mm inner race defect at 169.75 Hz
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Figure 4.31: Instantaneous power spectrum of the healthy and defected motor under
no load condition at 4mm inner race defect at 69.75 Hz
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Figure 4.32: Instantaneous power spectrumof the heaithy and defected motor under
no load condition at 4mm inner race defect at 169.75 Hz

68



-100

-105

-110

E -130
<

•135 -

-140 -

-145 -

-150*—

Defected Motor

f = 69.75 Hz

-120 639 dR

Healthv Motor

f = 69.75 Hz

-133.607 dB

70

Frequency (Hz)

- Heaithy Motor

- Defected Motor ^i

Figure 4.33: Instantaneous power spectrum of the healthy and defected motor under

no load condition at 5mm inner race defect at 69.75 Hz
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Table 4.7: Amplitude values at inner race defect frequencies at various defect levels

and under no load conditions

Inner

Race

Defect

Size

(mm)

Characteristic Inner

Race Defect

Frequency (Hz)

Amplitude
Vaiues(dB)

Reference

Figure
No.

Remarks

LSB USB LSB LSB

1 69.750 169.750 -132.388 -139.559 4.25,4.26

Defect

frequencies
difficult to

identify

2 69.750 169.750 -131.388 -138.559 4.27,4.28

Defect

frequencies
difficult to

identify

3 69.750 169.750 -129.388 -135.559 4.29,4.30

Defect

frequencies
difficult to

identify

4 69.750 169.750 -126.388 -131.559 4.31,4.32

Defect

frequencies
difficult to

identify

5 69.750 169.750 -120.388 -125.559 4.33,434
Defect

frequencies
visible

4.2.2.2 Inner Race Defects Analysis at VariousHole Sizes underFull Load condition

ofthe motor

The frequency spectrum of the healthy and defected motor instantaneous power is

shown in Figures 4.35 to 4.44. The graph represented in dotted line indicates the

healthy motor spectrum and solid line indicates the defected motor spectrum. It is

observed from frequency spectrum that the amplitude values are -124.213 dB and -

125.811 dB for healthy motor at specific inner race characteristic defect frequencies

of 64 Hz and 164 Hz respectively. From the analysis of healthy and defected current

spectrums, it is indicated that the presence of fault in inner race of motor bearings

appears as an increased in the amplitude values at specific characteristic defect

frequencies. It is observed that at full load condition of motor, the amplitude values
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have been increased significantly and are clearly visible even at 3mm defect size and

the amplitude values increases with the increase of defect size in motor bearing. The

analysis of frequency spectrum for various outer race defect sizes is summarized in

Table 4.8.

P--120J- i
E i

< I

Defected Motor

f=64Hz

-121.618 dB

Heaithy Motor
f=64Hz

-124.213 dB

63 64 65

Frequency (Hz)

Healthy Motor j1
Defected Motor i |

Figure 4.35: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 1mm inner race defect at 64 Hz, showing that at the specific

defect frequencies the amplitude starts to appear
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Figure 4.36: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 1mm inner race defect at 164 Hz, showing that at the specific

defect frequencies the amplitude starts to appear
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Figure4.37: Instantaneous power spectrum of the healthy anddefected motor under

full load condition at 2mm inner race defect at 64 Hz, showing that at the specific

defect frequencies the amplitude value increases
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Figure 4.38: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 2mm inner race defect at 164 Hz, showing that at the specific

defect frequencies the amplitude value increases
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Figure 4.39: Instantaneous power spectrum of the heaithy and defected motor under

full load condition at 3mm inner race defect at 64 Hz, indicating that at the specific

defect frequencies, the amplitude value continue to increase
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Figure 4.40: Instantaneous power spectrum of the heaithy and defected motor under

full load condition at 3mm inner race defect at 164 Hz, indicating that at the specific

defect frequencies, the amplitude value continue to increase
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Figure 4.41: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 4mm inner race defect at 64 Hz, showing that at the specific

defect frequencies the amplitude value increases still further
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Figure 4.42: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 4mm inner race defect at 164 Hz, showing that at the specific

defect frequencies the amplitude value increases still further
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Figure 4.43: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 5mm inner race defect at 64 Hz, showing that at the specific

defect frequencies the amplitude value increases to much larger values
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Figure 4.44: Instantaneous power spectrum of the healthy and defected motor under

full load condition at 5mm inner race defect at 164 Hz, showing that at the specific

defect frequencies the amplitude value increases to much larger values
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Table 4.8: Amplitude values at inner race defect frequencies at various defect levels

and under full load conditions

Inner

Race

Defect

Size

(mm)

Characteristic Inner

Race Defect

Frequency (Hz)

Amplitude
Values(dB)

Reference

Figure
No.

Remarks

LSB USB LSB USB

1 64 164 -121.618 -123.411 3.35,3.36

Defect

frequencies
starts to

appear

2 64 164 -117.819 -118.053 3.37,3.38
Defect

frequencies
increases

3 64 164 -110.819 -110.053 3.39,3.40

Defect

frequencies
easily

identified

4 64 164 -100.875 -101.301 4.41,4.42

Defect

frequencies
increases

till further

5 64 164 -85.0042 -87.729 4.43,4.44

Defect

frequencies
increases

to much

larger
values

The comparison of amplitude values for various inner race defect sizes at no load

and full load conditions of the motor is shown in Figure 4.45 which indicates that as

the bearing outer race single point defect size is increasing the amplitude values at

charecterisitic defect frequencies also increases. However the increase in amplitude

values is more prominent at full load condition as compared to at no load conditions.
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Figure 4.45: Comparison of amplitude values forvarious inner race defect sizes at no
load and full load conditions of the motor

4.2.2.3 Comparison ofthe Instantaneous PowerAnalysis with Current Analysisfor

Bearing Innerrace Defects

The results of the instantaneous Power spectrum analysis scheme are compared with

the results of the stator current analysis scheme [86]. The comparison is shown in

Figure 4.46 and Table 4.9. It isobserved that for no load conditions of the motor, the

difference that occurs in amplitude valuesfrom 2mm defect size to 4mm defectsize is

3dB for the stator current analysis scheme and 7dB for the instantaneous power

analysis scheme. Also for fuli load conditions of the motor, the change in amplitude

values is 6dB for the stator current analysis scheme and 17dB for the instantaneous

power analysis scheme. Therefore, the instantaneous power analysis method is more

suitable for the diagnosis of the bearing inner race defects.
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Table 4.9: Comparison of the instantaneous power analysis with stator current

analysis for bearing inner race defects

<

Performance

Defect

Size

(mm)

Type of Analysis
Stator Current

Analysis (dB)
[861

Instantaneous

Power Analysis
(dB)

No

Load

Full

Load

No

Load

Full

Load

2 -77 -74 -138 -118

4 -74 -68 -131 -101

dB

Improvement
3 6 7 17

3.6

Defect Size

- Current Analysis at NL

- Pcwer Analysis S3. NL

- Current Analysis at FL

Power Analysis at FL

Figure 4.46: Comparison of the Instantaneous power analysis with stator current
analysis for bearing inner race defects

4.2.3 Bearing Ball Defects

The balls of bearing are damaged to create artificial defects using electric discharge

machine (EDM). The defected bearing is shown in Figure 4.47. The bearing ball

defect characteristic frequencies are shown in Table 4.10 which is calculated using the

Equations (4.3) and (4.8) [6,81,83,84].

fdb=^fr(l-~cosa) (4.7)
where:

Nb, is the number of balls inside the bearing

fr, is the rotor frequency in Hz

d, is the ball diameter

D, is the pitch diameter of bearing

a. is the ball contact angle
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Table 4.10: Expected ball defectfrequencies under various loading conditions

Motor

Speed
(rpm)

Load

Condition

m=l m=2

LSB(Hz) USB(Hz) LSB(Hz) USB(Hz)

1497 No Load 47.875 147.875 145.875 245.875

1395 Full Load 43.25 143.25 136.5 236.5

- - Ball defect

'.I^Vff

Figure 4.47; Ball defects induced in bearing of motor

4.2.3.1 BearingBall Defects under no Load condition ofthemotor

The bearing with defected balls was installed on the shaft-end side of the motor.

Three tests were conducted at different defect levels (1 to 3 balls damaged). The

frequency spectrum of the healthy and defected motor instantaneous power is shown

in Figures 4.48 to 4.50. The dotted line in graph indicates the healthy motor spectrum

and solid line indicates the defected motor spectrum. It is observed from frequency

spectrum that the amplitude values are -133.046 dB and -135.968 dB for healthy

motor at specific characteristic ball defect frequencies of 145.875 Hz and 147.875 Hz

respectively. For a defected motor, it is observed from the frequency spectrums that

amplitude values at specific characteristic ball defect frequencies are not clearly

visible because their magnitudeis less up-till two balls damaged. However, in case for

three damaged balls there is a detectable change in amplitude values at specific

characteristic ball defect frequencies. The analysis of the change in amplitude values

at characteristic ball defect frequencies for no load condition is summarized in Table

4.11.
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Figure 4.48: Instantaneous power spectrum of the heaithy and defected motor under

no load condition and at one ball damaged at two different characteristic ball defect

frequency of 145.875 Hz and 147.875 Hz
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Figure 4.49: Instantaneous power spectrum of the healthy and defected motor under no load

condition and at two balls damaged at two different characteristic ball defect frequency of

145.875 Hz and 147.875 Hz
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Figure 4.50: Instantaneous power spectrum of the healthy and defected motor under

no load condition and at three balls damaged at two different characteristic ball defect

frequency of 145.875 Hz and 147.875 Hz

Table 4.11: Amplitude values at bearing ball defect frequencies at various defect

levels and under no load conditions

Number

of

Damaged
Balls

Characteristic Bali

Defect Frequency
(Hz)

Amplitude Values
for Defected

Motor (dB)
Reference

Figure
No.

Remarks

m=l 111=2 m=l m=2

1 147.875 145.875 -134.93 -132.94 4.48

Defect

frequencies
invisible

2 147.875 145.875 -132.93 -129.19 4.49

Defect

frequencies
invisible

3 147.875 145.875 -126.93 -124.19 4.50

Defect

frequencies
easily

identified
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4.2.3.2 Bearing Ball defects underfull Load Conditions oftheMotor

The frequency spectrum of the healthy and defected motor instantaneous power is

shown in Figures 4.51 to 4.53. The dotted line in graph indicates the healthy motor

spectrum and solid line indicates the defected motor spectrum. It is observed from

frequency spectrum that the amplitude values are -131.8 dB and -127.5 dB for healthy

motor at specific ball defect characteristic frequencies of 136.5 Hz and 143.25 Hz

respectively. From the analysis of healthy and defected instantaneous power

spectrums, it is indicated that the presence of fault in balls of bearing of motor appears

as increase in amplitude values at specific ball defect characteristic frequencies. It is

observed that at full load condition of motor, the amplitude values have been

increased significantly and are clearly visible even at one ball damage and the

amplitude values increases with the increase of defect size in motor bearing. The

analysis of frequency spectrum for ball defect is summarized in Table 4.12.
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Figure 4.51: Instantaneous power spectrum of the healthy and defected motor under

full load condition at one ball damage, showing that at two different characteristic ball

defect frequencies of 136.5 Hz and 143.25 Hz the amplitude value starts to appear
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Figure 4.53; Instantaneous power spectrum of thehealthy and defected motor under

full load condition at thee ballsdamage, showingthat at two different characteristic

ball defect frequencies of 136.5 Hz and 143.25 Hz the amplitude value increase to

much larger value
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Table 4.12: Amplitude values atbearing ball defect frequencies at various defect

levels and under full load conditions

Number

of

Damaged
Balls

Characteristic Bali

Defect Frequency
(Hz)

Amplitude Values
for Defected

Motor (dB)
Reference

Figure
No.

Remarks

m=l m~2 m=l m=2

1 143.25 136.5 -123.8 -124.2 4.51

Defect

frequencies
starts to

appear

2 143.25 136.5 -116.5 -117.8 4.52

Defect

frequencies
visible

3 143.25 136.5 -112.5 -110.2 4.53

Defect

frequencies
easily

identified

The comparison of amplitude values for various bearing ball defect sizes at no

load and full load conditions of the motor is shown in Figure 4.54. It is clearly shown

that as the bearing ball defect size is increasing the amplitude values at characteristic

defect frequencies also increases. However the increase in amplitude values is more

prominent at full loadcondition as compared to atnoload conditions.

a -v>°

< -1^

-130j;

-140 r

Defect Size

- No Load

- Full Load

Figure 4.54: Comparison ofamplitude values for various ball defect sizes atno load
and full load conditions of the motor
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4.2.3.3 Comparison ofthe Instantaneous PowerAnalysis with CurrentAnalysis for

Bearing BallDefects underFull LoadCondition ofthe Motor

The results of the instantaneous power spectrum analysis scheme are compared with

the results of the stator current analysis scheme [85] for the bearing ball defects. The

comparison is shown in Figure 4.55 and Table 4.13. It is observed that for full load

conditions of the motor, the change in amplitude values from one to three damaged

balls is 6dB for the stator current analysis scheme and 17dB for the instantaneous

power analysis scheme. Therefore, the instantaneous power analysis method is more

suitable for the diagnosis of the bearing ball defects.

Table 4.13: Comparison of the instantaneous poweranalysis with statorcurrent

analysis for bearing ball defects

Performance
Number.of

Damaged Balls

Type of Analysis

Stator Current

Analysis (dB) [85]
Instantaneous Power

Analysis (dB)

1 -19.17 -123.8

3 -14.12 -112.5

dB

Improvement
5.05 11.3

E -SO
<

2.5

Defect Size

- Current Analysis at t-L

- Power Arsaiysis at FL

Figure 4.55: Comparison of the instantaneous poweranalysis withstatorcurrent

analysis for bearing ball defects



4.2.4 Bearing Cage Defects

The cage of bearing is damaged to create artificial fault. The defected bearing is

shown in Figure 4.56. The bearing cage defect characteristic frequencies are shown in

Table 4.14 which is calculated using the Equations (4.4) and (4.8) [6,81,83,84].

fc=£(l-±cosa) (4.8)
where:

Nb, is the number of balls inside the bearing

fr, is the rotor frequency in Hz

d, is the ball diameter

D, is the pitch diameter of bearing

a. is the ball contact angle

Broken

cage

Figure 4.56: Cage defect induced in bearing of motor

Table 4.14: Expected cage defect frequencies under full load on motor

Motor

Speed
(rpm)

Load

Condition

m=l m=2

LSB(Hz) USB(Hz) LSB(Hz) USB(Hz)

1497 No Load 40.5 59.5 31 69

1395 Full Load 41.25 58.875 32.375 67.75

4.2.4.1 Bearing Cage Defects Analysis underno Load conditions oftheMotor

The frequency spectrum of the healthy and defected motor instantaneous power are

shown in Figures 4.57 to 4.58.The dotted line on the graph represents the healthy

motor spectrum while solid line represents the defected motor spectrum. For healthy

motor, it is observed in Figures 4.57 and 4.58 that the amplitude values are -131.0661

dB, -122.82 dB, -128.468 and -129.308 which corresponds to the specific

characteristic cage defect frequencies of 31 Hz, 40.5 Hz, 59.5 Hz and 69Hz
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respectively. While for defected motor, the amplitude values increased to -123.276

dB, -129.426 dB, -119.647 dB and -117.584 dB at the specific characteristic cage

defect frequencies of 31 Hz, 40.5 Hz, 59.5 Hz and 69Hz respectively. From the

analysis of healthy and defected instantaneous power spectrums, it is indicated that

the presence of fault in cage of motor bearings appears as the increased in amplitude

values at specific characteristic defect frequencies. It is observed that at no load

condition of motor, the amplitude values have been increased significantly and are

clearly visible. The analysis of frequency spectrum for various defect sizes is

summarized in Table 4.15.

H-=120rH\

E
<

Frequency" 31
:A(rpSiide:-123.276;

Frequency. 31
Amplitude:-131.C

- Heaithy Motor [
Detected Motor j

i — -Ag — -
•'• •[ -:\- -. Frequency

- V :J Arrpi&ide: 129.428 i

-AA-^-'iih-

•

: ; i
m

Frequency
Ampi&de:

40.5

138.333 ;

\

Frequency (Hz)

Figure 4.57: Instantaneous power spectrum ofhealthy and defected motor atno load
condition, indicating thatpresence of cagedefect in motor appear as rise in amplitude

values at 31 Hz and 40.5 Hz

-110r-

& \

cj j
g -120 y

-130 h-i Frequency: 59.5
. AnpSiHie: -128.468;

Frequency: 53.5
: Ampiiude:-118.647

Heaithy Motor

Defected Motor

; Frequency. 83
Ampifcide:-117.584

Frequency.68 £ '•' i\;
AnpiSMe:-129.306 ' \ ' :•

Frequency (Hz)

Figure 4.58: Instantaneous power spectrum ofheaithy and defected motor at no load

condition, indicating that presence of cagedefect in motor appear as rise in amplitude

values at 59.5 Hz and 69 Hz
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Table 4.15: Amplitude values atbearing cage defect frequencies under no load

conditions

Cage
Condition

Characteristic Cage Defect
Frequency (Hz)

Amplitude
Values

(dB)
Remarks

Healthy
Cage

m-1
LSB 40.5 -139.338

USB 59.5 -128.468

m=2

LSB 31 -131.066

USB 69 -129.308

Defected

Cage

m-1
LSB 40.5 -129.426 Amplitude at

defect

frequencies
increases to

much larger
values

USB 59.5 -119.647

m=2
LSB 31 -123.276

USB 69 -117.584

4.2.4.2 Bearing Cage Defects Analysis under Full Load conditions of the Motor

The frequency spectrum of the healthy and defected motor instantaneous power are

shown in Figures 4.59 and 4.60.The dotted line in the graph indicates healthy motor

spectrum while solid line indicates defected motor spectrum. For the healthy motor, it

is observed in Figures 4.59 and 4.60 mat the amplitude values are -122.912 dB, -

122.825 dB, -124.638 and -126.088 that corresponds to the specific characteristic

defect frequencies of 32.75 Hz, 41.25 Hz, 58.875 Hz and 67.75Hz respectively. While

for defected motor, the amplitude values increased to -103.744 dB, -106.837 dB, -

105.321 dB and -107.955 dB. From the analysis of healthy and defected instantaneous

power spectrums, it is indicated that the presence of fault in the cage of the motor

bearings appears as the increased in amplitude values at specific characteristic defect

frequencies. It is observed that at full load condition of motor, the amplitude values

have been increased significantly and are clearly visible. The analysis of frequency

spectrum for various defect sizes is summarizedin Table 4.16.
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Frequency: 32.375
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; Frequency: 32375
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Frequency (Hz)

I Healthy Motor

[ Defected fvlotor

: Frequency: 41.25
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Frequency: 41.25
Ampaude:-122.825

Figure 4.59; Instantaneous power spectrum of healthy and defected motor at full load

condition, indicating that presence of cage defect in motor appear as much increase in

amplitude values at 32.375 Hz and 41.25 Hz

; Frequency: 58.875 ;
; Anfftude:-105.321 :

Frequency: 58.875
ArrpS&ide:-124.&3S ;

-requency (Hz)

Frequency: 67 75
Anpifcicie:-107.855

i Frequency: 67.75
AnpiSude:-12S.0S£

- Heaithy Motor

Defected Motor

Figure 4.60; Instantaneous power spectrum ofhealthy and defected motor at full load

condition, indicating that presence of cage defect in motor appear as much increase in

amplitude values at 58.875 Hz and 67.75 Hz
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Table 4.16: Amplitude values at bearing cage defect frequencies under full load

conditions

| Characteristic Cage Defect
Cage | Frequency (Hz)

Condition

Amplitude
Values

(dB)
Remarks

i

j m=l
Healthy j

LSB 41.25 -122.825

USB 58.875 -124.638

Cage |
1 m=2
1

LSB 32.375 -122.91

USB 67.75 -126.088

] m-1

Defected 1

LSB 41.25 -106.83 Amplitude at
defect

frequencies
increases to

much larger
values

USB 58.875 -105.32

Cage |
m=2

LSB 32.375 -103.74

USB 67.75 -107.95

4,2.5 Bearing Distributed Defects

In the previous sections bearing localized (single point) defects and their analysis

method was discussed. This section focused on the type of defects that are distributed

on the whole bearing surface i.e. multiple wholes in outer or inner races or surface

roughness in the races of bearing. These types of faults were induced in the test

bearing by artificial method. Four experiments were performed for the analysis of

distributed faults in the bearing outer and inner surfaces.

4.2.5.1 Distributed Defect in OuterRace ofBearing

hi the first experiment, three holes of 3mm size were drilled in the outer race of the

bearing. The defected bearing is shown in Figure 4.61. The instantaneous power

spectrum of the distributed defect in outer race of bearing is shown in Figures 4.62

and 4.63. From analysis of the instantaneous power spectrum it is clearly shown that

there is no amplitude rise for the outer race characteristic defect frequencies of 98.75

Hz and 124.375 Hz. This indicates that mathematical relation as described in

Equations (4.6) and (4.8) can only be applied to the bearing localized (single point)

defects. It was also observed from the instantaneous power spectrum that the
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amplitude peaks were detected at 25.6 Hz and 100.44 Hz as shown in Figures 4.64

and 4.65. Looking at mathematics relations as described by Park's model, it was

observed that these peaks values for outer race distributed defect are appearing at

1.35/0/and|2/e-/0/|.

E
<

-150-

Multiple holes in

outer race

Figure 4.61: Distributed defect in outer surface of bearing

Frequency: 24.375
Arr»riSu;!e: -116.264:

Frequency: 24.375
Arrp!Siids>11S.84-i

Frequency (Hz)

Heaithy Motor i

•Defected Motor j

Figure 4.62: Instantaneous power spectrum ofthe distributed defect in outer race of
bearing indicating no changein amplitude at 24.375 Hz
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Figure 4.63: Instantaneous power spectrum of the distributeddefect in outer race of
bearing indicating no change in amplitude value at 124.375 Hz
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Figure 4.64: Instantaneous power spectrumofthe distributeddefect in outer race of
bearing indicating rise in amplitude value at 25.625 Hz
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Figure 4.65: Instantaneous power spectrum of the distributed defect in outer race of
bearing indicating rise in amplitude value at 100.375 Hz

92



4.2.5.2 DistributedDefect in InnerRace ofBearing

In order to analyze the distributed faults, tliree holes of 3mm size were drilled in the

inner race of the bearing. The defected bearing is shown in Figure 4.66. The

instantaneous power spectrum of the distributed defect in inner race of bearing is

shownin Figures 4.67 and 4.68. From analysisof the instantaneous power spectrum it

is cleared that no increase in the amplitude for the inner race characteristic defect

frequencies of 164 Hz and 178 Hz. This indicates that mathematical relation as

described in Equations (4.6) and (4.8) can only be applied to the bearing localized

(single point) defects. It was also observed from the instantaneous power spectrum

that amplitude peaks were detected at 14 Hz and 153.875 Hz as shownin Figures 4.69

and 4.70. Looking at mathematics relations as described by Park's model, it was

observed that these peaks values for inner race distributed defect are appearing at

-L35/4/and|2/c-/4/| [91].-•

Multiple
holes in inner

race

Figure 4.66: Distributed defect in inner race of bearing
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Figure4.67: Instantaneous power spectrum of the distributed defect in inner raceof

bearing indicating no change in amplitude at 164 Hz
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Figure 4.69: Instantaneous power spectrum of the distributed defect in inner race of
bearing indicating rise in amplitude value at 14 Hz
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Figure 4.70: Instantaneous power spectrum ofthe distributed defect in inner race of
bearing indicating rise in amplitude value at 153.875 Hz
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4.3 A Complete Intelligent Diagnostic CM System

A code was created in LabVIEW using formula node.vi to continuously track the

amplitude values at specific characteristic defect frequencies related to motor bearing

ball and cage defects. The program routines were designed to track and compare the

amplitude values with a base data (healthy motor) and give a 0 volt at the output of

the DAQ card if the measured values are equal to base data and a 24 volt if the

measured amplitude values are greater than the base data. The status of motor is

displayed on the LabVIEW window through green and red signal lights. The green

signal light indicates the healthy status and red signal light indicated the defected

status of motor. The output of the DAQ card was sent to the input of the

programmable logic controller (PLC). The PLC was programmedto produce an alarm

if a defect was detected in the bearing and in turn switch the motor off if the defect

was higher than a preset value. The LabVIEW front panel window and LabVIEW

code of the developed intelligent diagnostic condition monitoring system is shown in

Figures 4.71 and 4.72 respectively. The block diagram and the developed

experimental test rig of the complete intelligent diagnostic condition monitoring

system are shown in Figures 4.73 and 4.74 respectively.

le Edit vfs/t Project Operate JodIs Wrdow Help

Page I -. Page 4 ; Page 2 Page 2 i
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$ VeghSng node
*l SLxponeiba'
'- r&ritwr cf averages
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Motor feg-irfeeMiy State Defect datetted rode the bsarr^s of Motor

Figure 4.71: LabVIEW front panel
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Figure 4.72: LabVIEW block diagram
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Figure 4.73: Block diagram of the intelligent diagnostic CM system
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Figure 4.74: The developed experimental test rig

4.4 Summary

This chapter describes the experimental investigation of the motor bearing localized

and distributed defects through instantaneous power spectrum analysis. The voltage

and current of the motor are used to calculate the instantaneous power which carries

more information than the current alone. There are various bearing faults that could

occur, and in this work the focus has been to diagnose the bearing localized and

distributed faults. The experiments that were conducted on two different fault types

related to bearing at un-loaded and loaded conditions revealed the practicality of the

approach. The intelligent diagnostic condition monitoring system developed has the

capability of real time tracking of different defects inside the bearings of themotors.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions

The main focus of this research is to enhance the fault diagnosis system and to find

suitable economical condition monitoring system for induction motors that are being

used in several applications especially in severe envoirment conditions where access

to the motor is not easy i.e. nuclear power plants, off-shore stations and etc. As the

majority of breakdowns of the motors are due to defects inside the bearings, therefore,

diagnostic of various faults of bearings of induction motor is the focus of this

research.

An experimental test rig has been developed which compromises of components

used in industry for the intelligent diagnosis of motor bearing faults. It consists of a 3

phase AC induction motor, a variable frequency drive, a current and voltage

transformer, National Instruments (NI) data acquisition hardware, a programmable

logic controller (PLC) PM554, an alarm, and a personal computer with software

LabVIEW8.2 and a mechanical load assembly including coupling and bracket.

Present research work investigates two types of bearing faults inside the induction

motor. The literature review presents the various kind of existing condition

monitoring methods and highlights the need for an economical intelligent fault

diagnosis system. The bearing faults are practically implemented and their effects on

motor's instantaneous power spectrum are studied. The present research work is

structured into following three phases.

• The first phase of this research consists of experimental investigation of

localized (single point) faults in the outer race, inner race, rolling elements

(balls) and cage of the bearing at no load and full load conditions.



• The second phase of this research work involves the experimental analysis of

distributed faults (multiple points) inside the outer and inner race of bearings.

The fault frequencies for distributed defects were calculated using extended

Parks approximation model. The base line data of the healthy motor is

collected during the time of installation and is fed to condition monitoring

system.

• In third phase of the research, an intelligent fault diagnosis system is

developed. A code was created in LabVIEW to continuously track the

amplitude values at specific characteristic defect frequencies related to the

motor bearing defects. The program routines were designed to track and

compare the amplitude values with a base data (healthy motor) and give a zero

volt at the output of the DAQ card if the measured values are equal to base

data and a 24 volt if the measured amplitude values are greater than the base

data. The status of motor is displayed on the LabVIEW window through green

and red signal lights. The green signal light indicates the healthy status and red

signal light indicated the defected status of motor. The output of the DAQ card

was sent to the input of the programmable logic controller (PLC). The PLC

was programmed to produce an alarm if a defect was detected in the bearing

and in turn switch the motor off if the defect was higher than preset values. It

is observed through experimental results that the change in amplitude values at

characteristics defect frequencies is very small for no load conditions.

However when the motor is fully loaded, the amplitudes are clearly visible

even at small defect size.

In this work, eighteen experiments have been conducted using different types and

defect levels of bearing localized and distributed faults at loaded and un-loaded

conditions of the motor. It has been foreseen that the results of this research work will

enhance the reliability and accuracy of the methods used for the detection and

diagnosis of localized and distributed faults at incipient stages related to bearing of

the induction motor under loaded and un-loaded conditions by employing the analysis

of the instantaneous power spectrum. This research can create the foundation for a

more cultivated fault classification method for the distributed faults. The use of

instantaneous power as a diagnostic medium for the detection of localized and
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distributed faults should provide an enhancement in the field of condition monitoring

for the induction motors.

5.2 Contributions

The identification of various bearing faults of the induction motor is the main

objective of this research. A laboratory experimental test rig was developed for the

experimentation to analyze the defects in different components of the bearing in

reliable and accurate manner. The online fault diagnosis system was developed using

LabVIEW software.

The contributions of this research are summarized as follows:

• As existing approaches for CM are very dependent on special sensors which

are mostly expensive, this work demonstrates the procedures taken in

developing a CM system for the motor bearing fault identification, utilizing

the commonly available motor stator current and voltage.

• The detailed experimental results comparisons of two bearing fault types

based on instantaneous power analysis under localized and distributed defects

subjected to un-loaded and loaded conditions of the motor were given. The

patterns of the motor instantaneous power spectrum to the different bearing

fault types were confirmed through quantitative analysis.

• By integrating the commonly used firmware's (PLC, LabVIEW, current and

voltage transformers) available at the site of the production line, a novel

intelligent diagnostic condition monitoring system based on the motor

instantaneous power analysis has been developed to detect the motor bearing

defects at incipient stages. The developed system that posses features like

continuous monitoring in real-time as well as providing the information on

severity of faults would pave to the development of an automatic decision

making.

It is anticipated that the proposed motor protection system in this research will be

quicker, more efficient and be more user friendly than other available methods.
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5.3 Directions for Future Work

Based on the findings, there are further problems to be consider both in the

development of the technique and the experimental design. These include:

• Multiple bearing fault analysis.

Even though the two techniques as proposed i.e., the stator current spectral

analysis and the instantaneous power spectrum analysis can monitor the

conditions of induction motors from various scenarios, however these are not

sufficient for most applications because outcomes of the analysis are based on

the assumptions that each fault occurs independently. The extension on the

approach as proposed in this work, to understand how each approach reacts to

a combination of several faults (e.g stator, rotor, eccentricity, bearings and etc)

would be required.

• Development of new approach for fault analysis.

The development of other fault analysis technique for example, using the

vector analysis viewpoint such as the Park's vector approach to provide

insights and better analysis and identification of faults, would need to be

explored
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