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Abstract

The wideuse of electromechanical systems in critical applications motivates the need for
condition monitoring (CM)of such systemsSignatbased methods require simulating all
possibé malfunction conditions of a dgsn which in reality not possibl&odelbased CMs

a promising solution anprovides acosteffectiveand appropriateapproactfor simulationof

all possilte operating conditions arwn be used faarly fault detectiomnd diagnosisMany
models havéeenutilized to simulate thebehaviourof electric machineshowever, most of
these simulations are basedabstract numerical models rather than a structilitestration

of the system. To overcome these problems, a Béraph (BG) model with qualitative
simulation has beersed in this thesis. BGs agfficient at modelling the dynamics of system

behaviour based ophysical structure, causality and mathematics.

Qualitative simulation (QS) represents semantic knowledgeerning the performance of a
particular system foruwglitative reasoning. QS could be applied with mininkmowledge of
systemvariablesand even withncomplete system modeThereforethis studyfocuses on the
investgation of QS procedurde develp a more effective and realistic approach to monitor
an industrial machineSignificantly, the study haslso developed a qualitatt BG fault
detection approacltvased on temporal causal graphs (TCGs), qualitative reasoning and
forward propagationlt mainly describeghe dynamics of an AC induction motor (ACIM),
which is commonly used in numerous industrieslso used taetectACIM electrical faults
(broken rotor bar and stator winding imbalance that commonly occur in AGHM}her
promotes thaliagrostics performance of by introducing an algorithm for ACIM diagnpsis

which is based the qualitative influence of the faults on the motor current.

In order to evaluate the proposed QS approach, to enhance the knowledge of the dynamic
behaviour of ACIM, a B model of the ACinduction motorhas been introduced. The
deweloped BG model can simulate tim@tor behaiour under different conditions, includirag

healthy motor, anotor with twobroken rotor balevels(one and two broken bargindamotor

with two dfferent levels of stator winding imbalance. The investigation was based on the motor

current spectrum analysis usitig FFT signal processing technique.

An experimental studyvestigatsthe effects of broken rotor bars and stator imbalance on the

mota current. The BG model results and corresponding results from the experimental study



have been in good agreement. Moreover, it has also been siat theeoutcomes aragreel

uponwith outcomegeported in the literature.

The TCG and forward propagain resultsindicated that this approach coddd used for the
CM of ACIMs. It can detect the effects of broken rotor bars and stator imbalance orothe wh
system behaviourshowing that this develope@S approach is an efficiertechniquefor
extracting dagnostic informationending upwith accurate fauldetection usingrCG and

qualitative reasoning.

The QS techniquerasvalidatedbasedon a 20SIM simulationof the ACIM BG model. The
observed resultshowthat a QS approach caccuratelydetecta broken rotor bar and stator

imbalance faults.

The investigation continued by examining the qualitative influence of the seeded electrical
faults on the motor current signatures. The results theeaxperimental study confirm that the

BG model and qualitativmfluence give accurate diagnoses.

Comparison evaluation has been done to compargraphical causalitpased approachith
work in the literature The graphical causalitpased approach represents an efficient and
meaningful technique for simulatingettdynamic system behavior. The diagnostic approach
based on TCG is very effective for the detection of ACIM electrical faMtseover, it

overcomes the limitations of some qualitative studies in the literature
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Chapter 1 Introduction

The wideuse of the eldtomechanical systenand the increasing demds from enelisers for
improved reliability, efficiency and overall performanceare the major motivatios for
research into and developirfigult detection and diagnosis systeriite target of thisesearch
study is to developa qualitative simulation condition monitoring approaabcomplishinga
viable AC induction motofault detection.

This chapter introducet® the background and motivation for the research undertaken for this
thesis into the condition moaoiing of alternating current induction motors using Bond Graphs
to more efficiently model the dynamics of system behaviour. The aim and research objectives

are presented and the organisation of the thissiescribed.
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Il Background

Induction motors are caoial in providing mechanical energy from electrical energy. They are
widely utilized in numerous industrial sectors, including manufacturing, construction and
transportation. The induction motor has gained its position as a vital part of power conversion
systems due to its many advantages, in particular its relatively low unit cost and low
maintenance costs (its construction is not complicated). In particular, the squirrel cage AC
induction motor (ACIM) used widelpecause of its added benefits; long lpers and premium

energy efficiencyl, 2].

To ersure reliability, consistency, and longevity not only squirrel cage ACIMsalsotall-
electric machines need to be monitored to detect any faults that exist, minimize maintenance

costs and avoid unplanned breakdo\8js

Machine condition monitoring (CM) is aessentialtask carried out in most industri¢s
identify machinefaults earlyand prevent sudden and disruptive machmgdowns CM has
afundamental role iensuring that machines continually operatarneliable and healthy state.
Importantly, CM offers the opportunityp detecta fault or monitoring the progress of the
detected faulbefore they cause costly damalyany different approaches to CM have been
reported and used to improve the reliability, applicability, and precision of CM schesimgg, u
various machine quantitiés.g, current, voltage, speed, and productivity) and different sensors
(e.g., vibration, sped, and temperaturg)]. Many studies have been carried out into detecting
failures in ACIMs, incluihg signatbased, knowledgbased and modebased techniques.
However, all these approaches require sensors to accurately measeteviduat parameters
to monitorthe condition of the ACIM. Qualitative Simulation (QS) models sudjuaditative
Bond Grah (BG)involve the semantic representation of fystembehaviourdynamics It
could diagnosis the fault based on qualitatiebaviour without needing specifialues of the

parameter§s, 6]

Il Motivations of Research

To obtain accuate diagnostic information, modelling a machine systermften required to
provide systentharacteristics nder different fault conditiong’]. It has been found that CM
basednodel/simulation of the systeisa costeffective approach and can be particularly useful
for the detection of faults in their early stad&}. Severaimodels have been used to describe

the behaviour of electric motors. oever most of them are based on mathematical
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abstractions from physical models rather than a structured reptesefathe motor They

often have problems with uncertainties in the parameters and data distribhtigrthis study
attempts to seleet modelling procedure that can be usedrtalysean electric motosystem's
behaviourto accurately describe relatis between system components for the detection of
motor faults. To overcome these problems, BG modelling and qualitative simulation
approaches can be a potential solution as qualitative models can be derived from quantitative
models but simulation studiese less parametelependent and hence more computationally
efficient. This is the reason why this research opts for using BGs.

A BG can be more efficient because it can simulate dynamic system behaviour based on
physical structure, causaljtgnd mathemcs[9]. Although BGs have been usadccessfuy

for simulation of numerous engaring systemshere has been limited research carried out
using BGs as a tool for monitoring the condition of ACIMs (alternating current induction
motors)[3]. This studydevelos and evaluatetheuse of a BG model for CM of a sqréf cage

ACIM. The BG model habeenconstructedising the causal relatiomig between theystemf] V
componentsn a manner that allosithe presence of faults to be eetedbasedon the motor
FXUUHQW 8VLQJ WKH 3QDWXUDO UHIHUHQFH IUDPH™ ZKHU
represented by sinusoidsBxC with phase differences 4R, the behaviour of the ACIM

has beesimulatedThis modekimulates motor behawur under differentonditions: baseline

(BL - assumed healthy), with two levelsrotor bar breakage (BRB) and two levels of stator
winding imbalance (IM).

Then this modeis usedas a benchmark for the BG QS approach for monitoring the ACIM
system, basd on a temporal causal gra@CG) and qualitative equations. The qualitative BG
model aims to detect ACIM electrical faults basedT®G and qualitative reasoning by
investigating the qualitative changes caused/inducea byoken rotor bar(s) and stator
winding imbalance faults. Later the study evaluates the proposed quantitative and qualitative

models using a test rig and experimental data sets

Il Research Aim and Objectives

The aim of this study is to develop a method for the diagnosis of induction madelilts,
based on a qualitative simulation study. It will be fulfilled through the accomplishment of the

following objectives:
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Objective 1 To review and understan@M techniques used in condition monitoring systems
including quantative and qualitativenethodsand complete a comprehensive revigfithe

electrical inductiormachines' diagnostics.

Objective 2 To investigate the effects of electrical fautte an AC induction motor's
performancewhichincludes the effects of stator windings imbalance, d&mdken rotor bars.

This isaccomplished bgnalysinghe caise and effects of these faults.

Objective 3To understand the models of ACIMs and devel&samodelof a healthy motor,
themotor with a broken rotor bar, andotor with stator winding imbalaec

Objective 4 To develop a qualitative simulation approach tfee detection ofACIM faults,

includingbroken rotor bar and stator winding imbalance.

Objective 5To build a thregphase AC induction motor bench rig suitatdetesing different
ACIM faults with different severity levels and collectiegperimental data sets.

Objective 6 To examinethe performance of the techniques developed in Objectives 3 and 4

above, based on tlequiredexperimental datasets.

Objective 7 To suggest recommendatiortgat may be considered for future researcthia
area of study.

Il ThesisStructure

This thesis includetenchapters toepresenthe tasks thawvereperformedto achievethe aim

and objectivesf this study

Chapter One- The first chaptecomprises the lwkground, motivation, aims&nd objectives

of the researghand it concludes witthethesis organization.

Chapter Two- Provides a brief review of previousork on machine CM, and gigean

overview ofCM techniquesThese are followed by a review of ACHdult detectiormethods

Chapter Three- Gives an overview of qualitative simulationethods It begirs with the
principle of qualitative simulations and existing qualitative simulation methods., iNgixes
some qualitative BG fault diagnostic approaclaad concludes with a general view of the

proposed approach adopted for this research.
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Chapter Four- Provides a description of ACIM construction and principles of operation
including speed, torque and load. This is followed by a description of releyest of motor

faults. The chapter ends with the relations between motor specification and modes of failure.

Chapter Five- This chapter provides BG modelling theory. It starts with a brief introduction
to BG modelling techniques, including BG principleariables, and standard elements. Next
it presents a general explanation of the causality concept, iflggves an example to show
how to build a BG model and generate equetiivom the BG model. Afterward,provides a
brief review of some BG fautletection procedurelf.alsointroduces the proposed quantitative
BG model Finally, it provides a description of the proposed qualitative simulation approach

that will be used in this study

Chapter Six- This chapter covers thaetailsof experimentatest facilities and describes the
rig instruments Additionally, it presents & explanationof the addressed faultand the
procedure for collecting the datéhen itprovides the results obtained from the measured signal
in the form of graphs. The testgere conducted with an adjustable load and different motor
conditions: baseline/broken rotor bar/stator winding imbalance. aduiired data were

processed and the baseline data was compared with data from the tests with seeded faults.

Chapter Seven Thischaptercovers the development of the BG model of a tiptegse ACIM
in the stationary frameFirst, it provides the mathematical description of a healthy motor,
followed by the motor's description with a broken rotor bantmotor with stator imbalance.

Finally it provides the BG model of the three phase induction motor.

Chapter Eight-This chaptemprovidesthe implementations of the BG model introduced in
ChapterSeven Then, it presestthe evaluationof the BG modelby comparing the results
acquiredfrom theBG model to thecorrespondingxperimental results obtained from the test
facilities described in Chapt&ix. Finally, the current signal spectrum restitir both seeded

faults (broken rotor baand stator winding imbalance) greesented.

Chapter Nine- This chapter provides BG qualitative approach modelling. It predkat
temporal causal graph of the ACIM, qualitative equations and fault detection prodéskire
it gives the qualitative fault detection results for the seeded faults, providiidgtion of the
gualitative fault detection result by comparison with the corresponding simulation results.
Finally, it presents a qualitative fault diagnosis based on the changles aurrent signal

spectrum's amplitudest frequencies B.E t O.Band atuB&aused by broken rotor bar and
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stator imbalanceValidation of the method is provided by comparing corresponding results
from simulateddatafrom thebond graphmodel) andneasured dat@xperimental data)

Chapter Ten - This clapter outlines objectives and achievements, draws conclusions,
describes the contribution to knowledge made in this thesis, and makes suggestions and

recommendations for future work.
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Chapter 2 Literature Review

This chapter gives a general overvievila# condition nonitoring ofelectricalmotors Then it
givesa brief description o€ondition nonitoring procedureandfault detection and diagnostic

approachesNext, it provides a review of methods usedterdetection of common induction
motor faults.
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Il Overview of Condition Monitoring of Electrical Machines

The primary purpose of condition monitoring (CM) is to monitor the essential system
specifications andsearch for unanticipated changes or unusual behaviour that would
demonstrate a possible, or likely, deficiency in the system. Due to the widespread use of
HOHFWULFDO PDFKLQHV LQ PRVW LI QRW DOO LQGXVWUL
behavour to enhance reliability and ensure loast maintenance and human safétgving a

dependable CM framework for induction motors utilized as a part of numerous, different
industrial applications, would minimize downtime and reduce the occurrence of repstirs

[10].

If an existing fault is not detected and diagnosed promibtyre is atrong possibility that the
machine will start to malfunction or evestop working. Théundamentakonceptof a fault
diagnosis scheme is to monitor the perforoeanf everyital componentEssentially this is
accomplished by matching the output of the system to reference ValljesMany fault
observatiorstrategiehave been proposed and utilized to identifhiae problems at an early
stage using diverse machine quantities, for example, motor current, y@tabspeed, or
machine vibration, temperature, pressure, and lubricant cond@Mis function is to select

one or more of these measurable parametatsest reflect the machine's condition.

The maintenance technician and engineer should regularly monitor the chosen parameters and
then take ppropriate action wheany significant change(83 detectedWhen a difference in
parameter behaviour is idéed, it is a sign to the maintenance engineer to make a detailed
analysis to detect and determine system irregularifieskly. The use of CM to identify
abnormal operation allows the maintenaneespnnel tacircumvent the consequences of the

fault bebre a failure takes pla¢@2]. Potential advantages of CM 4i8]: increased machine
reliability and availability; improved efficiency of operation; reduction of unexpected shut
downs; better system perfoamce and decreased machine preparation costs; improvement of
KHDOWK DQG VDIHW\ HQKDQFHG DZDUHQHVV RI WKH PDFKIL
and improvement of relations with customers. However,r€lsked costisouldbe taken into
accounts, gch asthe cost of the necessary sensors and the computerized instrumentation

utilized for data analysid 4].
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Il Condition Monitoring Techniques of Electrical Machines

CM techniques are typicallysed in industrial applications to control the performance and
monitor the conditions of machinesdttects and identifies faulthus enabling the prevention
of machine damage, reducing maintenance costs, increasing machine reliability, extending

maF K L @pefational lifeand improving overall system efficiency.

The weltkknown CM measurement procedures includéhration level, temperaturegil
quality, voltage,and current measuremertiowever, the common disadvantage of these

techniques is thaheyoftenrequire the presence of additional sensors.

Researchers have investigated a variety of approaches to observing the operations of induction
machinesWith reviews of fault diagnosis methods, their findings have been summarized in
relevant survey, in particulaf5, 1518]. Some of these methods used sensors that measured
the speed or vibration, torque, temperature, and magnetic fkot. fault detection and
condition monitoringthe most popular methodsported in the literature can be categorized

as follows[10, 1922]:

Signalbased techniqguescommitted sensors can be implanted into the machine to distinguish
the level of damage. This technique is usually basetime and frequency domain analysis of

some quantity, such as vibration, machine motor current, and/or temperature.

Model-based techniquesThis includes buding upa mathematical model of the system of

interestto examinethe system undetifferentconditionsrather than actualizing tests.

Knowledge-based techniquesThese methods depend on qualitative approaches instead of
guantitative numerical modeland include artificial intelligentsystemsand case based
reasoningThis approach can be used wliea system is too complex to model mathematically
or for which there is incomplete knowledge.

Merging of techniques The strategies mentioned above can be combined to accomplish a

more precise, reliabland costeffectiveCM system.

The standard stes$ the condition monitoring techniques can be summarized as:

1- Data collection: acquiring system parameters
2- Data processing and,

3- Decisionmaking.
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Figure2-1 Steps of condition monitoring procedure

This section gives a brief overview of some fault detection and diagnosis approaches.

I Vibration Monitoring

Even a perfectly healthy induction maahiwill have a slight vibratiarHowever, massive

vibration signals can be induc&hen the machine has internal faul{23]. Monitoring of

vibration levels is #ypical technique fodetecting bearing faul24], rotor faults and gear mesh

problem in induction maching&3]. Vibration signals can be measured by placing suitable
transducers (usually accelerometers) on bearings. Vibrstipervisings considerecamong

the oldest fault detection method&lthough it is both effective ahwidely used to detect

induction machine faults, particularly mechanical faults, it hassignificantdisadvantages

)LUVW LW QHHGYV WUDQVGXFHUV WR EH DWWDFKHG WR V
operatios. Second, the vibratidransducers cabe expensive compared with the costs of other

types of other sensors.

I Temperature Monitoring

Temperature monitoring is a common approach for fault detection related thahge in
temperature of all or padf a device. It is particularly useful foetecing a fault with, e.g.,

bearings and motor windings. The temperature can be measured with sensors such as resistance
thermometers, but today the most common is the optical pyrofi@&er This is a useful

method because each component hasited operating temperaturepwever, the change in
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component (or device) temperature may take time, sonbti@ppropriate to detect faults in

their early stagel6].
Il Human Senses Monitoring

A traditional and very widelyused fault detection method depends on the human senses;
hearing, touch, ght, and smell. It offers a direct methoifinding machine faults without the

use of additional toolf27]. The human senses can be utilized to detect abnormal opgrating
e.g, excessive vibration, overheated machinery, leaking equipment, poor electrical/pipe
connections, steam leaks, and surface roughness cHabdyeEhis method is costffective

and can be used as a complement to other fault identification techniques. However, owing to
the different individual experiences of different obseryéasilt diagnosis may vary between
individuals[28].

I Motor Current Signature Analysis

Motor Current Signature Analysis (MCSA) is achnique used to investigagdectrical
machinedhealth such as induction motors. It has been used to successfully detect several
induction machine faults sh as broken rotor bars, abnormal air gap eccentricity, and stator
winding faults[29]. The procedure consists of calculating the spectrum of the measured stator
current of the induction motor from which the fault can be detected. Amongstéedttion
approachesMCSA has many advantages. Firstly, it deals with simple electrical feamind

does not require additional instruments as other methods do, which makesffaxiste[4].
Secondly, it is capable of detecting a fault in the early stage and prevent dawomage
occurring. Thirdly, the faulinfluencesn the current signals are unique for some faults such as
BRB and imbalanakstator winding. Most crucially, it has thevamtage of being able to
improve the efficiency and reliability of a syst¢&®, 31].

Diverse signal processing procedures have been introduced to process the current signal to
extract dignostic features from raw dafBhese can be categorized inttoreegeneral groups:
Time domain, Frequencyochainand Timefrequency domain.

2.2.4.1.Time domain analysis

The currentsignalsare functions of tim¢32], and timedomain analysis can be applied for
fault detection either by sual observation of the signal or using statistical param&8fs

There are dferent statistical measuresilized to generataliagnosticcharacteristicérom the
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raw data; these include Root Mean Square (RMS), Peak to Peak Value (P2P), Kurtosis (K),
and Skewness (SK). Comed to a faulfree conditioreach of thesstatistical masurements

changedn magnitude as a machine fault develops.

RMS gives a proportion of thenergy evolution of the input signal. Its value shows the change
in the signal that indicates a fault has occurred but does not indicate which fault is occurring.
It is defined a$34]:

415 L 8 AG T (2-1)

P2P utilized to measures the maximum difference with the input signal based on the following
formula[34]

adees?aUaég

2t2 L S

(2-2)

SK is widely used for measuring the asymmetry of the input signal about its mean \(8kje as

5-L<« -‘|./ — (2-3)
Where T8 the mean, N is the number of data point abis the standard deviation.

Kis utilized to measure the peakedness of the sayrththeveightof tail for the enteredignal
based on this calculatidB6]:

Rl v 7v;0

L——=

(2-4)

Where 0 the total number of data points ig, [ the raw time series[8s the mean of the data,

and éis the variance of the data

2.2.4.2.Frequency domain analgis

All time-domain signals whose amplitude varies will contain frequency components. Induction
machines faultdncluding rotor breakagand stator windingmbalancefaults, can be detected

based on current analysSommonly,to detect abnormal conditisnthe current spectrum is

much more useful #n the current amplitude for monitoring KH PRWRUTV FRQGLWLRC(
occurs in the motor, peaks occur in the current specffim.nost spectral analysis used for

motor fault detection has been achievetizinig the Fast Fourier Transform (FF[37]. The

FFT is used to transform the input signal into amikdiseries of sinusoids and coblel uilized

to extract the characteristictbfecurrent signal for defect identificatidB88]. For instancd 39-
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41] have utilized the FFT for stator curresmalysis to detect rotor fault¥he FFT can be
defined by the flowing equatidd 2]

p L ASES T, a0 B Pac (2-5)
5% a2 (8 4
Ta Lo Asgi - pa 0 PaC (2-5)

2.2.4.3.Time-frequency domain analysis

When the signal is transformed frahe time into the frequency domain, time information is
lost[43, 44]making it challengingo identify when a specific event occuiiie timefrequency
analyss is a great tool that describes the signal's component with respect to its frequency and
time. Lately, approaches for addressing tifrequency have been introdugestich as Short

Time Fourier Transform (STFT) and Wavelet Transform (WT).

Il Fault Detection Procedures for ACIM

It has long been known thett avoid unscheduled stoppages @onsequential financial loss
and to lower maintenance costs, ACIMs need to be continuously monaodedystem faults
need to bddentified at the earliest possible stage€IM faults canbe mechanical dand
electrical This studyfocuseson two types of electrical fault&roken rotor bar (BRBand
stator winding imbalancélM). These are common faults that substantially impact motor
efficiency and system safety, andlgatetection is strongly recommendelrevious studies
have reported different methods that have been usdeéntify ACIM faults, includingsignal
processing, modddasedand knowledgdased techniquekiu and Bazzi[45] carried out a
wide-ranging review of methods foréhCM of ACIMs;the methodsvere grouped into four

domains based on their usage.

Another review of stator faults was presented4], in which it was concluded that the
quickest method for fault detection was to use an analytical model. These authors found that
motor current signaturanalysis (MC@) was the most commoiault detectiormethodand

that MCSA has been usedccessfullyo detect various sorts of electric machine fatshis
study,theliteraturereview focuse®n detectionBRB and stator winding faults using MCSA

and nodelbasedault detection procedures

I Fault Detection Procedures based on MCSA

MCSA is a steadgtate techniquelt involves measuring the current from an induction

machine's stator and identifying the fault from the spectitim.MCSA approach reliesro
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finding particular harmonic elements in the stator curkehichis inducedby the rotating flux

due to the presence of faulldCSA is aviable approachfor detecting electric motefaults
Because it uses just stator current, it is also relatsigiple [47]. A brief review of MCSA,
including a description of its principles, practical detection techniques, and different faults'
signaturesijs given in[48]. It has also been addressed by several other aydfrs0] In
particular, [50] have investigated a new method for broken rotor bar fault identification
utilizing motor current signals. The method is based on modulation sigspétirum anakis

of the stator current. This method overcomes the deficiency of the conventigpalchium.

A description ofBRB { Yault detectionis given in[47], based on MCSA and FFT. [81]
MCSA was applied, first using the FFAnd then using a WT to extract the features for the
BRB detection and classificatiorin another exampld52], MCSA and an extended Park
vector method were used to detect a stator turn fau[63], a stata interturn faut diagnosis
was achieved based on motor current sigaatsdiscrete WT. A description of fault detentio
of a BRB and load oscillatiomased on Analytical Signal Angular Fluctuation (ASA¥FYhe
current signais given in[54].

I Model BasedFault Detection Approaches

Fault detectiormodelbased approaches generate an analytical description of the idynam
system to identify faults of the system under investigafidathematicalmodels have been
utilized to revealmachineoperationsindervariousconditions For instance, a model has been
developed by[55] to examine the machine conditions under a BRB fault using a set
membership identification. A BRB diagnostic has been achieved utilizing a ‘nased
method anda Prony analysis of the motor c¢ent by[56]. Their results were verified by
comparison with experimental data. A new mathematical modigtect a BRB was developed
[41], based on a winding function approach with fault severity addressednastogcurrent

and rotor speed.

Theauthorsin [57] have studied the effects of the broken rotor bar fault on the magnetic flux
density usin@n analytical model. Their results indicated that the broken rotor bar characteristic

could be investigated around 300 Hz at the electromagstictrum. They plan to apply this

method tahedouble cage induction motor

In [58], the authorsleveloped a complete mathematical model to representimtewinding

faults in a thregohase induction motor in the ABC reference frame. The short circuit was

34



considered as a nevhase to obtain the short circuit current. It simulated the-tatershort

circuit fault by matching a resistance with phase A of the stator. Results of an experimental
investigation corresponded with the predictions of the simulated model. A methodal m
was used by59] to examire the machine conditions under a stator fault by observing the

instantaneous power of the stator as well as line current spectra.

A transient model for an induction motor developed to detect a stator winding fault has been
given by[60]. This model was based on reference frame conversion theory and used a state
space model to estimate the fault. This model can presentudh&feel, but it cannot identify

the location of the fault.

A dynamic model of a squirrel cage induction motor has been repoffi@t] ito simulate both
normaland faulty rotoiconditions. It is based on the rotating field theory and coupled circuits.
The simulated results agreed with the experimental in the healtitytion, but the modeVvas
limited when a rotor fault was present. [62] a comprehensive thrgghase induction motor
dynamic analytical model was developed to investigate the influence of temperature on
machine parameters. Atier mathematical modploposed by63], simulates a squirrel cage
induction motor's healthy and abnormal conditions and can detect a broken rotor bak fault.
simplified moceel of threephase induction motor hasén usd by Khater eal. [64] to examine

the effectof a broken rotor bar on the torqapeed characteristid heir result indieted that

the machine damping was reduced as the rotor resistance was incr8dssd. was no
experimentabtudy to evaluate the model results

Another modebasedapproach habeen developed bBednarz andybkowski[65] for the
detection of broken rotor band stator winding faults. The fault detection was based on the
changes of the motor parameteffie broken rotor bar faulcaused increasing the rotor
resistance while the stator winding faintreased the stator resistante/o estimators have

been used in the reported method to estimate the rotor and stator resistance based on the model
reference adaptive systerlso, afault identification algorithm was proposed. They indicated
that their method was useful for fadetection based on experimengluation.

Nemec et b [66] reported a moddbased broken rotor bar fault detectiott. depends on
observing the contrast between the angles of Hfftugrvectors calculated through voltage and
current modeldit used a simplified model of an AC induction motor. The detectias ased

on the angle change to differentiate between healthy motor and motor with a broken rotor bar

fault. Also, they showed the current spectrum reduie reported method demonstrates a high
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performancef the broken rotdpar faultdetectionhoweverits shortage is the need to measure

the amounts of theurrent, voltage, and rotor angle.

Though many modelsave been used for fawetection of induction machinejost of these
reported models are based on the abstract mathematical model instesterofstgucture. This

propels the need for structurewdels such as bond graph modelling

Moreover, #hough extensive research has been carried adetactingotor and stator faults,
WR WKH EHVW RI WKI NotDn{dN resebrfivexis® RIY (3¢t Ghé Hjualitative
reasoning simulation modelor ACIM fault detection.Thus the nexsection introducgthe

gualitative simulations Then apter Three would review the qualitative simulation

approaches

Hl Summary

Modelbased approachesovidelow-costand appropriate methods fibre detection of faults

in their early stagesMany models have beeutilized to simulateahe behaviour oinduction

motors But, most of thenare based on abstract mathematical modefer than strudured
presentatiomf the motor From our perspectiyeelecting a modellingrocedurehat is apt for
analysis ofelectric motorbehaviour andlescribes theelations between system components
would be moreaccuratefor fault detection. This is the reason for using bonglgmaodelling

in this research. Bond graphs are more efficient in that they can model the dynamics of system
behaviour based on a combination of three different aspg#utsical structurecausality and
mathematicsThis approach has been used widelytfa modelling of engineering systems

[67, 68] However, it has been found that there has been limited researchitliankg bond

graphs for induction motor process simulations.

This study aims to address thigpgand proposed a qualitative simulation bond graph approach

for the CM of a threg@hase squirrel cageC induction motor. A bond graph model will be
constructed based on system structure and the causality relations between its components. It
will simulatethe AC machine under differesbnditions namelybaseline, broken rotor bar
andstator windingmbalance It aims toidentify the existenceof such faultdasedon MCSA.
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Chapter 3 Qualitative Simulation

In this chapter, a brief introduction is given to the sigrficeof QualitativeSimulation (QS)
approaches. It reviews typical implementations of QS methods used for CM, in which the major
tools used with QS are highlighted. Next, it gives some qualitative BG fault diagnostic
approaches and concludes with a gemesiaw of the proposed approach adopted for this

research.
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Il Qualitative Simulation

The rapidly increasing complexity of engineering systems such as wind energy conversion,
aircraft, and medical systems, and the parallel development of security reedschlerated

the need for automatic system observation. This has encouraged the developfaalit of
detection tools fomonitoring the systemby simulating system behaviouQS was first

established to characterize complex physical events in the |laglaofitative dat§69].

Il Principle of Qualitative Simulations

Qualitative simulations would be a prevalent commnsense or reasoning techniginat

includes simulation technologies to figure out the qualitative values and the variation direction

of system variablef70]. Qualitative faul diagnosis models can be established based on two
different approaches; causal models or abstraction hierarchies. Causal approaches are based on
cause and effect relations between the system components. The digraphs/bond graphs approach
to the system is set of nodes connected by edges on the basis of relationships of known causes
and effects. A fault tree is a description of the failure mode and interprets the relations between
component faults and observed symptgild. Qualitative physics approaches are based on

the derivation of qualitative behaviour from the differential equat[dhs The abstraction
hierarchy approach is dependentlo@deductions of system behaviour based on the behaviour

of its subsystem§r2]. This approach can be built based system structure or the system
functionality.

Figure3-1 depicts a classification of qualitative model strategies.
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bond graphs
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Figure3-1 Types of qualitative knowledge amended friih

According to[70], 34 X D O L3fhDI&tdnig defined as a reasoning technigudichis utilized

to model human reasoning approacRQualitative Reasoning (QR) has several positive
attributes compared to forms of reasonegydone in conventional numerical approadiids

Firstly, QR can be utilized to develop a system model to illustrate the connections between
FDXVH DQG HIIHFW LQ WKH V\VWHP TV Iy QP &Rdesl @iehe DQG E|
values using+, O, -], (+) means thevariable valuencreass, (-) means the variable value
decreasg and (0) means there is no chan§eich associations between variables are generally
stated easily whout referringto specificvaluesor even units. Finally, QR useéasoning in

both itsillustrationand inferences, itepresents status regards to overddatures, providing

useful conceptanddistinctstatesvithout the need for preciseimericalinformation[74]. As

a resulf a system can be presented and investigated with incomplete knowledge. On the other
hand, precise data@ould be introduced into QS models to enhancetheir accuracy
Subsequenyl QR offers the possibility of monitoring techniques that include both inference

ability and accuracfr4].

The goal of QS iso provide a description of thgossible future dwaviour of the addressed

systemQS is described as a reasoning procethatutilizes simulation;it produces possible
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values and changes in their directions using qualitative information concerning the system

being simulated70].

In order to degsdbe physical systems, QS utilizes qualitative state varigblgsding interval
valued, ordinal valugdand signed variableso help describe the modelled systérg]. It
reliably estimates the conceivable behaviour of the system under investigation with a
gualitative differential equation model. Its value is a result of its ability to identify the expected
information from limited knowledge of the systdi#6] and the aptitude to develop whole
conceivable behaviour patterns. Howewwren spthe model is incomplete. It begimsth a
description of the system structure and its initial statel it concludes with possible future
states of the systerQualitative simulations calculatbe possible behaviour with a qualitative
differential equation (QDE) model and an initial stafAccording to[77], 3D TXDOLWDWL"
differential equation model (QDE) is an abstraction of an argirdifferential equation,
consisting of a set of reahlued variables and functional, algebraic and differential constraints

among them’

Quantitative models have been used extensively in machine monitoring systems for machine
faults detection However,there are major concerns about machine parametbish may

often be insufficient and model accuracynay be hardo meet[73]. On the other handQS

models do not depend on the parameters significantly, hence affecting the computational
aspect.In QS models, semantic knowledge is extracted from the description of both the
construction and the system's behavioidter the description of the systelmehaviour,
TXDOLWDWLYH UHDVRQLQJ LV XVHG ZLWK DOJHEUDLF UXOH"

relations.

In general, QS based fault detection and diagnosis may be less accurate compared with the
guantitative approaches. However, it is mogsistant to noise and could be more convenient

for computing[5, 6, 78] These merits make it more appropriate for CM in conventional
industrial systems, which often have incomplete system design details aed liesources

(finance and computation) for implementing ayujuantitative method.

Hll Existing Qualitative Simulation Models

Much research on fault detection methods have been repantdte literature, so only

gualitative approaches acensideredn this section.
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I Qualitative Simulator (QSIM)

The weltknown qualitative simulation algorithm (QSIM) presentefi7i@)] is a good example

of QS. QSIMrequiresadescriptiorof the system, its construction and its base state. It describes
WKH EHKDYLRXU RI WKH V\VWHWACH répHesastth@htredde Xstahilipyd

and decrease, respectively, in the given vargliie output is the most likely imminent state

of the systemQSIM is a means of addressing how quantities described qualitatively can be
used to build anlgorithm that can be used to solve quantitative equatidiose detd on

QSIM can be foundh [79, 80] QSis an interesting area for research into CM and could play
anessentiapart in ACIM fault diagnosis.

I Qualitative Scheme Identification

$OQORWKHU IRUPXODWLRQ RI 46 LV 34XDOLWDWLYH FKHPH ,C
[81]. The input of the QSI is informatioregardingthe qualitative behaviour of a physical
systemand thenprovides aconstraintmodel. QSI is a machidearningprocedure thaadapts

the QSIMmethod as a good example see thaube aml springblock system if{81]. Both

QSIM and QSI described the system using QDE, a group of qualitative constraints that
characterize the investigated syst@able3-1 shows a list of qualitative constraints utilized in

the QSIM and QSI models.

Table3-1 Examples of qualitative constraints

ADD(X, Y, 2) Z(H)=X(0)+Y(t)
DERIV(X, Y) dx/dt =Y

M+(X, Y) X()=Ff(Y (1)) , where f>0
M- (X, Y) X()=F(Y (1)), where f <0
MINUS(X, Y) X(t)=-Y(t)

I Signed Directed Graph

Signed Directed Graph (SDG) is one of the most used qualitative models and, in the last three
decades, has increasingly been used for fmtéiction82]. It represents the causes and effects

that explain the relationship between the actions that determine a system's behaviour, as a
graph.lt is used to illustrate the relevant characteristics betvpgocesses in the system being
investigated83] using the set of nodes connected by arcs as thé @ap(X, R) where X

represents the variables of the system and R the edges that connect the graph. Multiple fault
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detection using a signed digraph has been proposg#nTo reduce the complexity that
arises with a number of faults and increase the resolution of SDG, a knowledge base was used
to swap out the node that has less probability. Fatéctden using SDG combinedith a

neural network to identify abnormal operation in a nugeaver system as reported ifi85].

The results indicate thdhe simulation result of the hybridized method was able to detect

abnormal conditions.

An inclusive technique for QS has been developd86n87]using sign digraph models and
qualitative equations. The system was the automation of a chemical processardguaph

model to generate a mathematical description of the procedure. A generic model of the system
was used to reduce the number of spurious solutions that could have resulted from the
predictive behaviour. Thehortageof SDG-based fault detectiorsithe lack of diagnosis
resolution[88]. A SDG developed bf88] coupled with qualitative trend analysis (QTA) did
improve detection resolutioRirst, the signed digraph of the system behaviour was constructed
and then the QTA algorithmvasused to examine the connection between nodes. The results

obtained indicated an improvement in efficiency.

I Automatic Qualitative Trend Simulation

A fully automated QS method for fault detection in industrial processes has been reported in
[83]. It involvesthe prediction of the patterns of behaviour that result from a variety of faults.
Qualitative models can derive specious solutiansg this research limited the number of such
solutions viahe systematiderivation of qualitative equations from the quatititamodel of

the system. These authors began by constructing the equations that dessgibteth's basis

then introduced a fault into the system, reconstructed the quantitative equations, and then
derived the qualitative eqtions automatically using MATLAB code. Later, a solver
algorithm, based on the algebraic manipulation propos§Rinwas applied. One example
given of using the automated QS model was the lubrication system of a centrifugal compressor.
These plants are difficult to monitor using numerical methenl®S was used. TheSQnodel
considered differenubrication systemfaults, such as pipe leakage at the pump discharge, and
increased lubricant temperature. Although tiainedresults indicated that the number of
specious solutions was reduced, this method was limitédetstationary situation of the

system.
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I Qualitative Fault Isolation

Qualitative fault isolation has bee@mtroduced by Bregon et 489]. It is based on the structure
mode| and the fault is detected by investigating the qualitative information of the residual

deviations. The technique was utilized &simple circuit system.

I Qualitative Event Based

Daigle ¢ al. [90] reported a qualitative evebtised method to predittie fault effectsThey
stated that their qualitative approach could be utilized for fault ti@telcased on qualitative
eventbased informationThey appliedhis method to a tankystem, and claimed thatt was

showna good performance.

I Bond Graph Qualitative Simulation

Another QS techniqués a bond graph (BGin which the interactions between system
components are presented as bonds that cqroxegr, energy andcausationdetweermpower
variableg91]. There are two variables linked to each bond, knoveffast and flow, indicated
by the use ofAand Byespectively, wherdtlenotes the numbef the bond92]. BG affords

a unified modelling tool appropriate to @bmains of physics (e.g., electrical, mechanical,
hydraulic). BG modelling is @ictorial method utilizedo construct the systetyehavioutusing
the causality procedur@n this basisBG language has been shown toabeseful technique

for themodellingof systemg93].

Il Bond Graphs for Fault Diagnosis

BGs represent a logical sttuce for constructing consistent models of dynamic physical
systems through muitiomains. Because they are built on the basis of cause and effect
constraintsthey are a good diagnostwal. Moreover, these featurgs/e the BGs the power

to be used asuglitative approacheOnce qualitative information is applied within the
principal protocols of the BG structure's basic elements, the resulting model can be described
as gqualitative B@94]. BG modelshave beerappliedwidely in the publishediteratureto
presentifferentsystemsRelatively few researchers have reported using BGs for qualitative
analysis. This section pregs qualitative BG models of interest for this research.

A qualitative BG has beemreportedin [95] for the diagnois of continuos-valued systemst |
was constructed based on four steps. Firstly, it decomposed the system into subsystems. Next,

it built BG models of the systems. Then, it constructed the relevant equations based on the
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behaviour of the components of the system beddyessed. Finally, it produced conflict sets

utilizing causality and qualitative analysis.

A QS BG approach was introduced [96] for analysingand simulating the behaviour of a
dynamic physical system. It was based on two forms of qualitative investigation; the first was

to use known states sxquireunknovn states. fie second was thgredicton of the impacts

of parameterdeviationson the entire system. Another qualitative B@pproachfor fault
diagnosis has beentroducedin [73]. It was based on qualitative reasoning analysieé&en

system elements and system structure. The inference mechanism was introduced to address

fault localization utilizing qualitative equations and qualitative reasoning.

A gualitative bond graph fault detection approhakbeen proposed bylosterman ad Biswas

[6]. It was based on applying rew causal graph namedtemporal causafraph(TCG)

produced by considering the causal relations between the BG power variables. Effort and flow
were the vertices of the TC@nd the relations between them have been the edges. When an

edge is linked to system elements, it illustrates the relation betitveem, so that for the

simplest electrical circuiti.e.,a resistor with effort causality, the edge linking the effort and

flow has the value of the resistance (R)e system's behaviour is modelled by the relationships
allocated to control junctionsnd to those between the components of the systenedge
DOORFDWHG D 3 ‘blaskare Hivectly igndportbradirbilarly, D-3° VKRZV WKH WZF
YDULDEOHY DUH LQYHUVHO\ SURSRUWLRQD thatthe MbD SK HG.
variables litkked by this edge are equal in vaJ6gé Theyhaveappliedthe TCG fault detection

procedire into different experimentgor the nonitoring of two-tank, threegank, and the

secondary sadm cooling loop. Their results were feasible.

Another BG study for fault detection in a cooling system has been produd¢é8]bit was
based on TCGTheir emphasis was on unknown fault$eir results were evaluatavith an

experimental study.

The TRANSCEND97] system is a combination of quantitative and qualitefawét diagnosis
approaches. It used BG for the quantitative stgigation based on an observer model and the
TCG. It first derived the qualitative fault residual then used a quantitative faldtioso
observer An experimentwas performed based on adbtank system and stated that the
proposednethodology was effective fanonitoring the thregank systemHowever, theylid

not apply this methodology to more complex systeAbond grapkbased fault detéion has
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been developed by Lo dt [98]. It is basedn hypothesis variables and the construction of the
causal links between these variable from dgualitative equations. Their simulation result on

the single and double tastvasfeasible. Mekki et al.[99] have alsgproposed using BG fault
diagnosis, combiningyualitative andquantitative diagnosisipproaches.The qualitative

method was based on the temporal causal graph, and the quantitative method was a global
analytical redundancy intert@n acquied using a BG. Their findings indicated thhe
gualitative diagnostic approach was quicker and could overcome the problems associated with
the quantitative approackuch as convergence and accuratyen dealing with complex and

norntlinearsystems

Il Qualitative Simulation for the Diagnostic of AC Induction Motor

ACIMs used in power conversion systems need to be monitored due to their importance in
production processes, where a sudden-dbuin can lead to severe economic losses. Many
guantitative techigjues have been used to diagndgelM faults, but this can be a complex
process in terms of assessing the many parameters of the machine. In wiisygbem[100]

claim that QS methods can achieve better detection and diagnosis than quantitative methods.
Quantitative methods require continuous accurate morgtoaimd some of the parametart
neessarily associatlewith the presence offault maychange over time, e.g., load and speed

in electrical machines.

SDG is a QS method that has been used widely, especially for fault detection in industrial
processes, but litg on diagnosis resolution kethe SDG insufficient for fault diagnosis.

Using qualitative reasoning equations and qualitative semantic reasoning that link the
dynamics of machines as causes and effects can play a crucial role in system diagnostics.
Qualitative BG modelling has beeeported in the literature as used for fault detection. BG
modelling can present a crucial cause and effect an&tysgstem conditions herefore, this
research proposes to use BG and qualitative reasoning equations to represent the behaviour of
a dynamic system to derive a QS approach for induction motor CM. This research plans to use

a quantitativeBG modeland qualitative BG based antemporal causal graph (TCG) and
gualitative equations to detect the electrical faglisoken rotor bar and statorimding

imbalance)n an AC induction motor.
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Hl Summary

This chapter presented general information on qualitativelaiion approached hen itgave
a brief review of qualitative simulation methods. Next, it introduced the qualitadive graph
fault detetion approachesFurther it describedhe proposed qualitative bond graph approach

thatwill be based on the temporal causal graph and qualitative equations.
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Chapter 4 AC Induction Motor Construction and Working Principles

The squirrelcage induction motor is aommon type of induction machitieat employed
widely in various industrial applicatiamand will be the basis of this studVhis chapter
provides a description of the squirrkelageAC induction motor with details of its construction,
working principle and failure modesFinally, it gives an overviewf therelation between motor

specification and failure mechanism.
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Hl Introduction

An induction machindransfersmechanical energy from electrical energy. They are vital
machines in a huge numbef power conversion systems becaugey have a number of
important advantages, such lasv capital cost, reliable with low maintenance costs (its
construction is not complicated), relatively efficient, long life span and a premium energy

efficiency[1, 2].

Il AC Induction Motor Construction

The construction of induction motors involves of two main parts namely the stator, and a rotor
fixed on bearingsA narrow air gagseparates the stator and rofbinere are two different pes

of rotorsnamely thesquirrel cage and wound. This study considers only the squirrel type since
that is the rotoin the test motor being usetlgure 4-1 shows theypical structure of the three
phase AC Induction Motor. A photograph of an exposed ACIM is shoviigure 4-2. The
alternating current is supplied to the stator and passes to the rotor viaogndilibhe magnetic
circuits ofthestator and rotor are illustratedrigure4-3. The winding of the phases are shifted
from each other by 120 electric degrees around the ailgap

: lifting
cooling end
fan bell ~ eye
) nameplate

«\ /stator coils

beanng seal

fan
cover

) squirrel-
cast-iron cage ball bearing o
frame rotor

Figure4-1 Representation of the typical structure of l@uction motof102]
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Figure4-3 Magnetic circuit of stator and rotor of ACImended fronil 03]
I Stator

As indicatel by its namethe stator is the stationary parttbé induction motor. A threphase
electrical supply is given to the stator of the induction motor. The stator is made up of three
parts namely frame, laminated coreand thregphase windings aupled in star or delta
arrangemenf104]. The laminated core is punched and clamped together to form a hollow
cylinder (stator core) with slots, as showrFigure4-4.

49



Figure4-4 Stator of three phase induction motor

I Rotor

The rotor is the moving (rotating) part of the induction maoés.shown inFigure 4-5, the
motor comprses a squirrel cage rotor made up of copper or aluminium bars with end rings
which act as short circuits. For smaited motorsthe bars are usually made from aluminjum
and copper is used for greater powetors The mechanical load is connected ® tbtor via

a central shaft.

End Ring Conductors End Ring

\ L
——
q — " A—— Ij

Bearing Bearing

Skewed Slots

Figure4-5 The rotor of induction motdi.05]
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I Other AC Motors Parts
As presentedn Figure4-1, the ACIM construction includesnore than just rotor and stator.
There are other partscluding a fan, bearings, cover, and various spring arastind screws.

Il Operating of AC Induction Motor

)DUDGD\TV O bezife &tiowd iake ACIMs;see Equation (4). A threephase
alternating stator current, with each phase in the windings displaced from the others by a phase
difference of 120 see Figure4-6, and inducean Electromagnetic Force (EMF) in the rotor.

The result is an interdon between th@eneratedlectromagnetsvhich results in a rotating

torgue with the motor rotating in the direction of the torque.

'/B L 0= (4-1)
e

Where N is the number of turns anglis the Magnetic flux

Figure4-6 Depiction of three phase power supQ6]
I Motor Speed

The synchronous speed of tREIM is the speedhat the magnetic field rotateShe motor| V
synchronouspeeds dependent on the number of poles in the manarthe kectrical supply
frequencyas inEquation (42) [107] .

Bl 2t (4-2)
5 synchronous spegHz

B~ frequency of the power supply, Hz

pl = number of poles

The slip 5&ommonly presented apercentage, is stated for being among the most advantages
of ACIM, which is the speed differendeetween the rotor5; and magnetic fieldspeed

(synchronous spegdb.see Equation (8). It is one of the significant features of ACIMs, and
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it based on the size of the machinemator operatios, the slipis usually in the range 10 to
3%[108]

L w Usrr (4-3)

Where is slip, §,is motorsynchronous speed, arigis actual rotor speed.

I Motor Torque and Load Principle

The torque produced by the ACIMs chasgensiderably with motor speddym a relatively

low value at startip to a maximum at about &0of 5, seeFigure4-7.

At thestartup of the ACIM, the current through the rotor is at its maximum, and is commonly
WHUPHG 3WKH /RFNHG 5RWRU &XUUHQW" ZKLFK LQGXFHYV
7TRUTXH" $V LW DFFHOHUDW H Rothwhecttrdntand ergue WilMcBandgec LQF U |
with constant supply voltagedhorque rapidly decreases tmast low referred to a3 xupO
WRUTXH” ZKLFK LS5 WHERXMWer incredde in rotor speed, at about 80% of the
mechanicabpeed the torqugets toits highestvalug denoted asW KH SBXWONRUTXH ™ 8Q((
no-load conditions as the rotor speed nears its rated speed, cugmedttorque drop
dramatically[1, 63].

5004 Locked Rotor Current
L Current
Torque
000 TN ==——- Load
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Locked Rotor Torque
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Torgue (% of Motor Full-Load Torque)

Current (% of Motor Full-Load Current)
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I 1 T I I
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0 20 40 ill] 30 100 ng %

Figure4-7 Torquespeed curve of ACIMES3]
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Il Induction Motor Failure Modes

Induction motors are symmetrical mauods, and any fault will changteir symmetrical
properties. They are subjedto severamodes of failures, whiclkan be categorized as follows
[11, 77, 109]

1- Electrical faults such as open or short circuits of the stator winding, wrong connections
of the windings, high resistance contact to the cotatubroken rotor barand cracked

endrings.
2- Mechanical faults such as a bent shaft, bearing failure, misadigh and air gap

Figure4-8 The categorisation of induction machine fa{di89]

irregularity.

A classification of induction motor faults shown inFigure 4-8. The relative percentages of
ACIMs faults are illustrated ifrigure 4-9. Based on the Electric Power Research Institute
(EPRI) survey antL10], almost 40% of ACIM failures are related to bearings fault, and 38%

are due to a stator fault, 10% are due to rotor faults, and 12% are related to other types of faults.

53



INDUCTION MOTOR FAULTS

mBearings mStator mOther Faults ® Rotor

Figure4-9 Represents the percentages of induction motor faults

These faults could cause one or more of the following sympt@®3sill, 112]

X

xX X X

X

Unbalanced voltages and line currents,
Increased losses and efficiency reduction,
Reduced average torque,

Incremented torque pulses,

High degrees of heating, and

Unbalanced aigap eccentricity.

I Rotor Faults

A broken rotor bars one of thenost prevaleninduction motor faults that leads to a ded

drop inefficiency, or even an unexpected failure. Stuf#és 113]have indicated that the most

common reason foa BRB faults is high starting current, heating the bars and causing thermal

stressas wel asmechanical and environmental stresses

A BRB leads to asymmetric behaviour resulting in an unstable air gap and unstable Aurrent
BRB causes critical lowering of the efficiency of the induction motor and can significantly

shorten its working lifeFigure4-10 shows a depiction of the current flows through the rotor of

a healthy motor and with a rotor with two broken bars. With a BRB current that would
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have travelled through the broken bar will now be diverted through the adjacent bars and cause
unbaODQFH LQ WKH URWRMNTYVY PDIJQHWLF IO0X]

(@)

>

Figure4-10 Depiction of current flow through the rotor of (a) healthy motor, (b) motor with two
broken barf3]

The diverted current hastens consequent breakdowns in adjoining rot@3)af$e motor is
considered to be in failure mode when the fault severity is higher than about d thedaior
bars[56]. A BRB increases the electrical resistance of the ftid], and introduces into the
stator current frequency components sff @ound the supply frequency. BRBs are identified

by these characteristic frequencies, which are givga 13j:

Bad slMtG@®m (4-4)
Where, Qs the slip, BAB, 3 are the supply frequency and broken rotorfbaguency Hz, and

s 70

k is a harmonic integerGL sd aiga J
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Actually, the lefthand sidebands F t Q Bcomponent is affected by rotor asymmetryt &B.
directly. The righthand sidebands E t Q Bcomponent is caused by the speed ripple due to

the mahine load inertia ratgl 16].

As the BRB fault develops it has a significant effect on motor dynamics and a corresponding

effect on the mathematical model that describes the syshaviour.

I Stator Winding Asymmetry

The ACIM is built so that the three phases of the stator are balanced. Any asymmetry or lack
of equivalenceof stator winding and supply impedances will result in the stator winding
producing a soFDOOHG 3E D HNYZD UG QAR WIiDhtVchange of stator winding
resistance will cause an imbalance in the machine. That leads to an increase in the stator
winding temperature and it may lead to damafythe machine. Therefore early detection of
stator windings asymmetry could avoid subsequent damage, decreasitgnance costs and

motor downime [117]. Many reasons exist for the occurrence of imbalance stator faults,
including unequal line voltage of the AC tog power factorsand windings fault§112, 118]

It has been stated that a gowulicator of stator imbalace is the harmonic frequency
component atuBin the stator current spectrJil9-122]. An imbalance in the stator winding
induces a component in the spectrum of the ACIM current at these frequgra3gas in
equation (45).

Bed SEtI; B (4-5)
KHUH Q LV WKH RUGHU RI WKH KDUPRQLF Q «
B = Stator imbalnce frequency, Hz.

B. Fundamental frequency of supply, Hz.

I Stator Faults

Stabr faults are usually caused by insulation failure between two adjacent turns inAncoil.
additional current will be produced when an asymmetric stator winding fault has occurred,
which will generate an additional MMF across thegap.Stator asymmetrgould happen due

to a short circuit that causes a significdetrease of winding resistanmean open circuifault

that caused anncreaseof winding resistance. As shown figure 4-11, stator faults are

commonlycategorize@s: open circuiturn-to-turn, phase to phase and phase to ground shorts.
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Phase C

Turn-to-Turn Short

Open Circuit

Phase A

Phase-to-Phase
Fault

D

Phase-to-Ground
Phase B Short

Figure4-11 Common stator winding faultemended fronfi63]

According to[124] Stator faults ocaubecause of the reducing of insulation due to:
T High temperatures in the stator core or in the windings.

¥ Magnetic effects caused by electromagnetic forces, magnetic asymmetries,
electromagnetic noise and vibration.

T Core laminations and loose joints.

1 Contamination due to oil, moisture, and dirt.

T Leakage in cooling systems.

1 Electrical discharges.
Studieq124, 125]indicated that stator short circuit faults create asymmetry motor impedance
and flux waveforms that lead to unbalanced phase currents with an unbalanced air gap flux.
Subsequently, the defects caused by these faults are related tonpescha/ WDWRU ZLQGLQ
resistancerad inductance. The number sthtor windings will decrease on the effected stator
phase. Stator short circuit causes overheating in the stator wiadicighis could cause the
motor to fail in a very short timg 19, 126]
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In the literature, vaous kinds of signals have been utilized as a sign of stator fault detection.

These signals include magnetic flux, vibration, and stator current.

I Bearings Faults

Bearings are system components used to reduce friction between moving parts. In an ACIM
thebearingswill also maintain the air gapnd support the shaft to transfer the eleatiaive

force as a rotational force. A depiction of bearing components is sho®igune 4-12. In
generalbearing failures occur @uo wear, a situation that can lead to an increase in vibration

and noise levels. Bearings can be damaged by other causes such as:

¥ 3ROOXWLR Q azaGsed BypitiRgvan®R iteraction with hard particles such as grit

and abrasive liquids sucls acids or water.
f QDGHTXDWH OXEULFDWLRQ

f PSURSHU LQVWDOODWLRQ RI Wighheehdabingk Qtd YosidddH Q LQFR

cracks in the bearing surfaces in contact with the shaft or housing.

Bearing faults could be categorized into fdifferent kindg445]: ball element, inner race, outer
race, and cage. These fawdtenot addressed in this research.

Outer Race

Cage

Inner Race

Ball

Figure4-12 Components of Roller Beariregnended fronfil27]
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I Other Types of ACIM Faults

Another type of fault is aigap eccentricity, an irregular air gap between a stator aotb@ r

These irregularities may occur because of shaft deflection, stator movement, bearing wear, etc.
As shown irFigure4-13, the presencef air gap eccentricitproduces an unbalanced magnetic

pull (an unbalanakradialforce), which leads to damagethe stator windings and stator core.

There are two types of eccentricities:

a) Static eccentricities,

b) Dynamic eccentricities

f 7TKH VWDWLF HFFHQWULFLW\ RULJL QD W H pedEto th€skaki UHFW ¢
The datic eccentricity of the air gap means that the position of the length of the minimum radial

air gap is fixed in spac#®Vith dynamic eccentrity, or misalignment, the cergtof rotation and

centre of symmetry of the rotor do ramtincide, the result is that the location of the minimum

air gap also rotates. Such eccentricity can be the result of numerous factors including a bent
rotor shaft or asymmetrically worn bearings. Such mechanical faults would also be likely to
induce resoances at certain critical speeds.

Figure4-13 Displays airgap eccentricity conditions (Agalthy air galgb) static eccentricity, (c)

dynamic eccentricity45]
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Il Relation betweenMotor Specification and Failur e Mechanism

Inappropriate specifications lead to different ACIMmalfunctions. Motors are
electromechanical systems, so the motor specification should take into consideration both the
electical and mechanical conditiomsd the working environments of theotors.Table4-1

presents how some of these working conditions can affect the monitored parameters.

Table4-1 Effect of machine specification on failures

Mechanicd conditions Electric conditions Environment conditions
Loading conditions can lead { Motor malfunction could be { Regarding environmental
different failures such as consequence of the electrig conditions, a malfunction coul

x Overloading can caug power characteristic or the log be a result of the operation itse
overheating and bearin| feeding into the motor. These c{ and the wayn which the motor is

failure. be categorised 4%28]: being utilized Among the main
x An oscillating load could x Slow fluctuations of voltag¢ such problems arf@ 28]:

lead to bearing damage; can cause losses of power| x High temperatures can lez
x Vibrations transmitted t¢ x Rapid fluctuations o} to insulation damage.

the mahine can lead t voltage can cause failure | x Ingress of moisture ang

bearing failure. the insulation. pollutants can lead to th

generation of faults.

It is clearthat themalfunctions in edctromechanical systems depemot only on the type of

the machine but also on the working environment. It is important to realise that motor faults
invariably begin life as incipient faults and gradually grow from an initial defect to a real
malfunction. The occurrence of a fault is associated with many different factors, but ,usually
there is an early indication of its existences, and it is exdnethe initial indications that a good

predictive maintenance scheme must detect and diafftze

Hl Summary

This chapter has given a general intrctthn to AC indution motors, includingACIM
construction, operating principles, common fautsd the effects of these faults on the motor
operationslt givesmore details o broken rotor bar and stator imbalance fawitsich will

be addressed in thresearchlt concludes with theelation between motor epifications and

their failure.
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Chapter 5 Bond Graphs: Modelling and Principles

This chapter presenta descriptionof the proposed fault detection approaches, which are
based on bond graph modelling. tags with a brief introduction to BG moldieag techniques,
including BG principles, variables, and standard elements. ,Nexpresents a general
explanation of the causality concept. Thiérgives an electricatircuit example that shows

how to builda bond graph model and generaggquations from it. Subsequently, it provides a
brief review of some BG fault detection procedures. Next, it introduces the proposed BG model

of the ACIM. Finallyit descrbesthe proposed qualitative simulation approach
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Il Introduction

The BG is a pictorial repsentation of howower is exchanged between system elements and

is a powerful and relatively simple modelling technique. A BG graphéakesentationf a
dynamic physical systemallows the complicated energy flows in a physical system to be
determined and has been shown toabeeffective means of fault diagnosis. The task of
modelling complex systems becomes easier when using BG methodology because BGs offer a
graphical interface, applying an energy analysis instead of examining the relations between
forces and torqugd29]. BG provides a unified modelling tool appropriate to all the physical
domains, including electrical, mechanical, and hydraulic, found in imeehBG modelling

was presentedy Henry Payntef130] and extended by Karnopp and RosenljéBi]. The

idea behind the BG approach begins with the interaction of energy flows between the
components of the modelled system in a graphical form, and then simulated using specialist
software such as 28IM [132], CampG [133], and SYMBOLS[134].

BG works as a mediator betwettre physical system and the analytical models describing it
[135]. In BG modelling, the systems are modelled as a set of elethatéschange energy in

a powerconserving way. BG or link graph builds a mobased on cause and effect energy

and energy exchange. A BG model could be progressed by graphically including additional
components such as inertial and resistive effects, without the need to restart the process. The
causality relations enable th@dekrto perform the algorithmic level of modellirrgsystem
Moreover, the causality of the BG can be readily utilized for use in control systems. The BG
approach comprises theilding of a behavioural modahd structural and caalsanalysis that

is usually necessary to build control and monitoring systEdhs

Threelevel of modellingare often presented when utilizing BG models:

1. The physical level. In this stage the physical phenomena are presented by the BG
components (storage, resisties.). At this stage, the BG is utilized as a common language
for all the different fields ophysics.

2. Mathematical level. In this stadbe system behaviour is represented using the constitutive
equations of BG elements and constraints.

3. Algorithmic level. This stage shows how the dynamic model is calculated, which is based

on the causaltassignment procedure.

BG modelling has several advantages which casubemarizeds[9]:
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X

BG is a specific language suitable for all physical domains.

x BG modelling represents the cause and effect relations (causality) in the model.
x A BG model can be amended for development by adding elements.

X ,W LV VXLWDEOH IR Ustin€@upeOprdpe@es.D VI\VWHP TV

BG provides a visual representation of the system.

x

BG models present a graphical structure domlyzingdynamic system behaviour. This

structurg[136] can be utilized to generate:

1- Constraints among locally related variablesf the causal links associated with the
bond of the graph.

2- Temporal relations from the analytic models of system behaviour.

3- Steady state behaviour.

Although the most accurate process for constructing BG models of engineering systems varies
between diffeent domains, generallyo develop a system BG model the processes are as
follows [95]:

x Determine the distinguished variablestioé domain. For instancthese variables in
electrical and mechanical domains would be the effort (voltage) and the flow (speed),
respectively.

X Set up a junction connection for the variables,the common effort (a-function) or
the common flow (a-junction).

X Generate bonds from the junctions into the storage elemestenfents and C
elements)

X Link the junctions to each other, addingeRments in those cases where the system
has dissipative elements.

x Define the source of the effort and flow dimk it to theappropriate junctions.

X 6SHFLI\ WKH ERQGYVY GLUHFWLRQ FDXVDOLW\

x Simplify the graph whenever it is possiblEyrr example replace @1- junctions with

simple bonds.
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Il Bond Graph Modelling

Usually, a BG is founded on two parameters: flédyafid energyd), which are taken to be
independent of each other. The produgtf of these parameters is a measure of the
instantaneous energy flo37, 138]

L:R L ARBPR (5-1)

The variables aralifferent physical quantities in different domains.eThffort and flow
variables canbe voltage and current in the electric domain, foreed velocityin the
mechanical domairlable5-1 shows the variables representing effort and flow for the main
physical domains.

Table5-1 Effort and flow variables in the majohpsical domainsgmendedrom [139, 140)

Electric Voltage Current
Mechanical Translation Force Velocity
Mechanical Rotation Torque Angular Velocity
Hydraulic Pressure Volume flow rate
Thermal Temperature Entropy flow

The effort is placeeither abover on the left of the bond linghe flow is placed either under

or on the right of bondrie, sed-igure5-1.

Bond line =
\ 5z
Se effort I i

flow

\

S

Bond line

Figure5-1 Representation of the effort and flow on the bond line
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Interaction between effort and flow variables, and theithematicatelations are summarized

in Figure5-2.

jdt jﬂ’t
€ e _ 20D fe—— q
pe a=f

Figure5-2 Association between effort and flow variables

Il Energy Variables

There are two types of physical quantum (energy variables) utilized in BG modelling, namely
momentum 2: P, and displacementM P) used to represent a dynamic system. These are

acquired bythe integration of the power variables with respect to time as in the following

equationg9]:
2:P Li,_fﬂA:FZ@P (5-2)
MR L i, BR@P (5-3)

Il Standard Bond Graphs Elements

Elements in BGs represent the dynamic behaviour of the syateltihey are the components
of the modelled systemccording to the number of bondkere are three common categories
of BG elementsnamely,one port, two ports and multipd@1]. A depiction of BG elements,

symbols, causality and equations, are showrainle5-2.

I One Port Active Elements

One port elements interchange energy with the system via a single bond. Soumassared
elements are one paltements: energy sources are items that provide a unique type of power,
and the energy flow starts when thevice is connected to a system. A BG can only command
energy and flow factorid41]. Given that energy sources can provide only one type of energy
to the system, they are single ports. A BG hao active source elements: effsgurceand

flow source
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5.4.1.1 Effort Source

An effort source (Se) is an energy resource that provides tlesrsysth a precise effort level
(e). The effortsource isdenoted utilizing a half arrow thats directed outfrom the source
symbol[9]. Figure5-3 represats the effort sourceseeTable5-2 for more details.

Se ———A

Figure5-3 Representation of the effort source
5.4.1.2.Flow Source
A flow source (Sf) is an energy resource tbfiéers a specific flow level, f, to the systen.

also denoted utilizing a half arrow thist directed out from the flow source symb@l].

Figure5-4 represents the flow sourcgeeTable5-2 for more details.

€

Sflﬁ

Figure5-4 Representation of the flow source

5.4.1.3.Modulated Sources

Besides the typical effort andofv sources, BG modellingnables the usagd modulated
sourcesThese modulatedources are controlled bysegnalandrepresented by MSe or MSf,
where M represents modulatiofihe modulated sources have a fixed causasyshown in

Figure5s-5.

Effort MSe ———A

Flow MSf——

Figure5-5 Representation of effort modulated source and flow modulated source

I One Port Passive Elements

In BGs there are three different types of passive elements, resistor R, capacitor Crigad ine
RULQGXFWRU , 7KHVH DUH NQRZQ DV 3SDVVLYH HOHPHQWYV
into dissipated power @lements), store power of potential energy é@ments ) or kinetic

energy fHOHPHEWYV °
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5.4.2.1 Resistive Relements

The resistive, Relemants, are derived from electrical resistances and have a functional relation
between the effort and the flow Es!2]:

AL 4B 5-4)
( L 47°A (5-5)
5.4.2.2.Capacitor C-elements

The Gelements transform the received power ifdotentialstored energy without loss. In
BGs, Gelements could be a frictionlessigig of an electrical capacitor with no resistance. C
elements haw integral causalitis as shown in Equation 5, and derivative causg is as

shown in Equation %)

AL?IB@P (5-6)

BLTXQ:??E’A' 57)
5.4.2.3.Indicator | -elements

I-elements store the received power as kinetic energy. It représergkectrical inductance

or mechanicamass.lt is the product oflbw and integrabf effort, as in Equation ¢B), see

Table5-2 for more details.

BL-1 A@P (5-8)

C-elements and-¢élementsare known asterage elements

I Two Port Elements

Two ports elements possess tfetd bonds for energy interchange with the system, which are
the transformer (TF), and gyrator (GY). These receive energy in one port, convert it to another
form, and transfer it to the outputnh, seeTable5-2 for BG elements, causalitgquationsand

rules.

5.4.3.1 . Transformer

The TFelement Inks the inlet and outlet efforand inlet and olgt flow as in Equation ().

AL I A

‘Bt L1 Bs

(5-9)
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5.4.3.2.The Gyrator

The (GY) associates the effort of one port with thieeo port's flow and vice versahe

mathematical expression of GY is shown in Equatieh@fwhere a constant:is

AsL NB
‘A LNB (5-10)

For instance, electric motors and centrifugal pumps can be modelled in BG using GY elements.
On the other hand electrical transformers and mechanical gear boxes may be modelled by a TF
elemen{143].

I Multiport

There are two sorts of BG junctions tlaatused to connect BG elements, namely parallel (or

0-junction) and serial (or-junction).

The parallel junction connects elements with the same efidresefforts argequal as shown

in Equation(5-11), and the flows add up to zero as in Equaticidp

fsL FtL FuL fv (5-11)

(a) 0-Junction (b) 1-Junction

R Cc
Se =0 - R Se =11 R
X X

Figure5-6 Representation of junctions connection and causality
(a) O-junction, (b) 1-junction
(se(tE(uE(vLT (5-12
However, with the serial junction the efforts add up to zero, see Equati®) &5d the flows
are equal, see Equation18).
AEMAEMEALT (5-13)
BsL Bt L BuL Bv (5-14)

68



In the serialJunction (1 junction), one and only o bond hashe flow information which is
should beheopen engknown as the strong bond where other bonds must be stroltethe
causality stroke In the parallejunction (0-junction), one bond only has the causality stroke
nearer the parallel junctiorit is the strong bond thatecides the effort informationto the

junction. The BG representations of guhction and jjunction are shown ifrigure5-6.
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Table5-2 Common elements of BGs; causality, equations and rules (derivedSrdav)

Source of effort Se—=— e is known Output of Se is an effort and it
is input for the system. The
causality is compulsory

Source of flow st—2 fis known Output of Sfis a flow and it is
an input for the system.

Resistor ~L S ¥ Conductance causality:

Ri—5— - Output is a flow.
R~—F— i Resistance causality: the effor
iS an output.

Indicator e .. S Integral causalit flow is an

S A L-2 37~ outp?ut "
2 L . .
f T . Derivative causality: effort is a
L E output.
Capacitor ||% c FL o+t Integral causality: effort is an
" output.
—5-C L _T - 254 L . :
o Derivative causality: flow is an
output.
Gyrator d: sL """t Two efforts or flows are inputs
el r e2 :t tL " ~ s
F—— GY —| _
fi 2 Two or no causality stroke neg
s
o “tL- ts to the GY.
\——AGY —22— A
f ? R S
sL -, It
Transformer ”91 VT 2 FtL S ts Only one effort and one flow
A . are inputs.
m - S .
F—q> TP - R sL—- "t Only one stroke near to TF (th
[trf sL « ft number of causality strokes
“tLe "s near the TF must be only one)
O-junction I Only one bond has causal
QZTQ stroke near to the 0 junction.
Sel 4083 & SL TtL fuL 11 One effort is inputthere it is
f & "tE " UE "v| el.
ed J{u
R
1-junction .'r Only one bond can have a
s L“;zﬂlc p SL “tL "uL "v| causal stroke awdyom the &
- 3 TsL $tE fuE f\ junction. The flow is equal for
ed |f4 . . .
all bonds that linked with seria
R junction.

70



I Fields

Besides the above basic elements, BGs have fields which are relevant for this research. This
type of BG is known as a Vector Bond Grgd5] and has multidimensional bonds. Fields

are used to model complex multidimensional syst¢h29]. Vector Bond Graphs have
different fields including the-field, C-field and ICGfield which isrelevant to this thesis. The

effort vector can be considered a&L A &4y & a aaa’.ﬁ , and an analogous flow can be

identified asBL B4R 4B & & & ? BG fields.
5.4.5.1.1-Field

The general form of thefleld is presented ifrigure5-7. The (-field) stores the flow in the

samemanner as the basielementbut it has rports and rstate variables.

The state variablesre LsLgL; & & &l

Kz

£ 1 E-n.
- I T

fl fn

Figure5-7 I-field port

An I-field relates a set of momentums to a setaf/$ as[146]:

1')1 = € fl - @1(?13---apn)
P2 = e fo = &2(p1y---5Pn)
p’”‘ = ©n f-n. = On (pl: s :pn)
(5-19
Also it can be wite as[68]:
_Jf-l- mll le mln =1 pl
f2 Mz1 Mzz .. Mzy P2
LS Mpy1 Mpz = Mpy Pn
(5-16)
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5.4.5.2.C- Field

A C-field, as inFigure5-8, shows the stored energy E. €Fé are fports in the Cfield; if all
ports are integral to the causalitlyis indicates that there are n state variables.

JXQ

€1
/C"-u..

fl fn

€ s

Figure5-8 C-field port

The state variablemre MMM & & 8M. The associated set of displacements to a set of efforts
is[146]:

@ = h er = o1qr,--,qn)
"-;'Q = f? €9 — ‘2_52((}1: “eey qﬂ-)
Qr(n_ = fn €n = én('-?l: e :qn)
(5-17
5.4.5.3.C- Field

The ICGfield is a combination of-and G multiport, as illustrated irFigure5-9. Usually, this

arangement is utilized to describe electromagnetic and mechanical s{88ms

€] élf
1
J1 ]
€1 €C
IC <

h ffj’

Figure5-9 IC-field port

The constitutive relation for an #field associates a set of momentums to flows and associates

a set of displacements to the effortgl4§]:
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pr = 1 fr = o1(p1,---5P1, -+, 40)
@1 = h €1 = él(Pla---sphqla-"ch)
gc = fe éc = o(pry-- @, 90)

(5-19
Il BG Causality

In BGs,the bonds represent interactions between pairs of variables (flows and efforts) and their
HITHFWYV RU 3FDXYVD O lhgvdysteri conipBnebitsi i ld groug QfVEquatibis
essential to createlecisions reflecting causmndeffect that algebraically express the
associations between the relevant variafids].

An important concept for BG theory is causality, where causality is the standard of which
variables are independent and which are dependent. The causaéfyasentedn a BG
diagram byplacinga stroke identified @a ‘ausal strokéas shown irFigure5-10. The half
arrow on the end of a bond, seable5-2 andFigure5-7, Figure5-8, andFigure5-9 showthe
positive direction ofthe ERQ G 'V Bdrr2 B10 presents the causality strokes and the
directions of effort and flow. The advantage of using causality is thayatmliderive the

equations and detect equation incoherence.

‘-l
e . System > System
A _f_FDB ' A < B
f
Causal Stroke (a)
€
e : System € System
A@-—f B ; A . B
f

()

Figure5-10the causality stroke and the direction of effort/flow between the bond elements. (a) A
represent the effort and B represent tb/fl(b) B givesthe effort and A givethe flow.

The effort source has only one causality. However, the resistance can take whatever value of

causality that is assigned. In other words, given a vqlthgeresistor will respond with a

73



currentand vice versa. Also, {elements and €lements can have two causalities; integral
causality where the input is integrated to produce the output, and derivative causality where

the input is differentiated to produce the output.

I Sequential Assignment Procedure

To beable to generatthe equations from a BG model and to avoid inconsistertbiese are
essential sgs that should be followed axact order:

First, the sources normally require one causality. Based on the given,sysbtese any source

Se or Sf and alicate its causality. Then, straightway, extend the causal effects, using all of the
0- and Zjunctions, Transformers and Gyrators that may connect to the sources. These four
elements ardescribed asonstraintomponents$or thereasorthatonly specificcausaforms
arepossible[140]. Repeat this step until affort (or, and) flowsources have been allocated

their essential causality.

Second, select any storage elements (C or |) and allocate their preferred (integral) causality.
Expand the caality effectsusing all Qjunctions 1-junctions TF, and GY constrain$ that
apply, as illustrated imable5-2. Repeat this stefil| all storage elemen{#/C element} have

been completelgssignedheir causality.

Third, select any resistance element R and assign it an arloiénasality. Straightway extesd
the causal implications through the BG using constraint elemefquagton, junction, GY,
and FT). Repeat this step until all R elements have been assigned a causality.

Fourth, choose any unassigned BG elements anignassusality based on causality

constraints, utilizing the constraints elementgjriction, junction, GY, and FT.

I Temporal Causal Graphs

The temporal causgraph (TCG) was introduced yosterman and Biswg$]. This is a

distinctive form of causal graph, basen cause and effect relations, with efforts and flows as
vertices and the rations between them as edges. When an edge is linked to system elements,

it illustrates the relation between themthat for the simplest electrical cirguie., a resistor

with effort causality, the edge linking the effort and flow has the value aketistance (R).

The systemf] behaviouris modelled by the relationships allocated to control junctions and to

those between the components of the systemedgeDOORFDWHG D 3 ©~ VKRZV WKH
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directly proportionalsimilarly, D-3" VKR ZV owWdiabla¥ dre inversely proportional. A
JUDSK HGJH DVVLJQ HitattheQwsd varialides lirk&WyHMs edge are equal in

value.

The TCG presentation has an identical structure for represenémngagnitude and temporal
constraints among stgsn variable$147]. It can be used for the prediction of future behaviour

in a stateof system malfuation. TCGs are usually useither onwards or reverse directions

from an observed or hypothesized fault (in a signal or a parameter). The reverse propagations
are applied for genating a series of malfunctionspwever the onward propagi@n obtains

predictions forsubsequerttehaviour corresponding to each of the hypothesized falilt§he

gualitative values are just like the ones from the measured yadluet FK LV |IRU QRPLQD
IRU DERYH QRPILRD @EHDQRGILIRPLQDO

The TCG will be used in this thesis. This incladee TCGconstructionfrom the ACIM BG

model and then using it for electrical fault detection, see Ch@pter

Il An Example for Building Bond Graph Model of a Smple Electrical Circuit and
Generating Equationsfrom Bond Graphs

To enhance thanderstandingf BG modes, this section givean example omuilding BG
model of thesimple electric circuishown inFigure5-11 (a). The circuit is consists ofoltage
sourcek (t), resistor (R), inductance (L) and capacii@). As seenn the figure tle circuit is
connected in serieFhus the variablare connectedsing & junctionasis shown in(b). The
bond graph eations are as Figure5-11 (c). Thus the flow from these componemisl be

equal and the effodurrs to zero as can be seen in Eigure5-11 (c).

Thel- and Gelemens are called state variable because they are utilized to construct the state
space equations often associated with BGs. When the causality algorithm has been completed
and causality assigdto all the elements in the BG model, the BG models can be cedvert

into equations. The Bnd G storage elements, which have integral causality, identify the state

variables of the differential equatiofist5].
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el+e2+e3+e4=0

i=f R | h=L=fi=Ja=FT
— """ er = E(t)
e, = Rf;
E(t) l() C ::luczﬂ 4
fa :Zez
é4=%f4

(a) Electrical circuit
E(t)+Rf+e3+e4=0

R : 1 1 1
. f=—7Rf —7ea—7TE()
e2 | 2 1
E(t) Se ! A1 - Al i Ef
f1 i f3 '
o4 | 4 R 1 1
- - T L
c ef-]:ll ‘[ef]q}_ —L|E(®)
c e = 0|~ 0
C
(b) A bond graph model of the electrical circuit (c) The bond graph equations

illustrated in (a)

Figure5-11 Example for building bond graph model of a simple electrical circuit and Generating
Equations from Bond Graphs

Il Bond Graph for Fault Detection

The BG is a unified tool not onlpf modelling process engineering systelis also suitable
for fault diagnosiswhere the physical control properties can be derivedratyzingthe

causality relations on the BG mod#&48]. Themodel equation$rinciplescan be investigated
by analysing the causal paths where the causal componetite 8(G model are actually
utilized to define the source and the effects of fajg. Additionally, it can be used for

generating analytical redundancy relations (ARER].

Many dudies have been conducted using BGs for fault diagf@sis 9, 21, 94, 14850]. A
variety of techniques for designifiGult Detection and IsolatiofrDI) approaches have been
proposedconcerningthe type of iformation utilized to define the system functions. For
example, in[148], a diagnostic BG, based on the ARR, was used for residual analysis,
monitoring and fault diagnosis in a thréank system. Another study for fault estimation in

[150] applied the ARR for fault detection, and utilized a fault matrix for fault isolation. A
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combined BG and principle component analysis (PCA) approach has been develfdied by

for fault diagnosis of thre¢gank system.

Qualitative reasoning based on BG modelling was usdd3jyas a fault detection strategy.

A BG fault diagnosis method based on residual generation and thresholds has been presented
by [152]. They simulated the proposed method on a thesdk system. A TCG procedure was
proposed by (Mstermarand Biswa}[6] for the faultdiagnosisof a continuousystem The
simulated results foa bitank system were provided to show the efficiency of the proposed
fault detection approach.

Il ProposedFault Detection Approaches
H Quantative Fault Detection

This study vill useabond graph mothed for thtetecton oftwo typicalelectrical faultsbroken
rotor bar and stator winding asymmetiy AC induction motors. Firstha BG model ofa
threephasesquirretcage Ac induction motor in the eutral reference frame (B-C) was
illustratedin chapterSeven Second, thenodel is implementedsing20-SIM [153]. Then it
investigates theffectsof theBRB and statotM faults-based motor current spectrum using a

FFT signal processing technique. The resaé validated by expienent see Chapter Eight.

H Qualitative Fault Detection

This study builds a qualitative simulation fault detection approach for ACdkdition
monitoringbased on the bond graph model developed in ch8ptean The approach is based

on qualitative reasong. An illustration of the qualitative fault detection procedigrehown

in Figure5-12. First it construcs the temporal causal graph based on the sequential causality
assignment procedure. Theit usesforward propagation to detect the effects loé fault
(parameter deviationsincreasg on the system behaviouithis qualitativeapproach willbe

used for qualitative fauldetection ofbrokenrotor bar and stator imbalange a threephase

induction motor, see Chaptiine.
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@: Induction Motor Condition Mmitoﬂ%

L 4

Bond Graph model of ACIM

A 4

Temporal Causal Graph

Y

Fault hypothesis and forward propagation of
the fault

L J

C Fault Detection )

Figure5-12 Flowchart of the qualitative fault detectiprocedure for fault detection in an ACIM

Hl Summary

This chapter has provideithe proposed fault detection proceduérst, it describedBG
modelling principles, including energy variables, standard BG elements and causality, and a
brief distribution of thesequential assignment procedure and the T®n, it providedan
exampleof a simpleelectricalcircuit to illustrate the construction abbond graphmodelwith
gualitativeequationslt alsoreviewedfault diagnosis methods based on BG modelkigally,

the proposed quantitative and qualitative bgraph approaches are described
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Chapter 6 Test Rig Facilities& Experimental Results

This dapter representshe testbench utilized in this research The test pcedure was to
introduce afault into the AC inductin motor and then detect its presence using the measured
data. Details of the measurimgvicesthe data acquirin@quipmentand application software

are provided.Next it discusseshe consideredsimulated faultsThen it reports the condition
monitoling of ACIMs based on motor current analysis. Firstlye and two broken rotor bars
were effectively simulated by drilling holes in the bars Sgere 6-9). Secondlythe stator
winding imbalance was simulatedy bkadding extra resistance in one phase only (see
Figure 6-10). Then, MCSA analysis of the current signals for different severities of a broken
rotor bar and stator imbalance faults showed that the two fault€rdift severities could be

identified by considering the frequency and amplitude features
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Il Introduction

Experimental investigations play a crucial pant inachine condition monitoring. rA
experimental study was conducted to evaluate the analysisrefstis obtained from the BG
model.Theexplanatiorof thetest U L J H T X LiSrepreQeWidivthe following sectionsThe

test rigutilized in this study allows the operator to perform a set of tests to acquire the data for
diversefaults seeded intche system, changeali@ad conditions and different severities of

each fault. Further, the test is repeatable for normal and abnormal behaviour of the AC motor.

Il The Structure of Test Platform

The test rigutilized in this researchseeFigure 6-1 comprisesa Clarke thregohase, AC
induction motowunder open loop control (V/Hz). The ACIM and the DC generator are coupled
using a flexible couplingas shown ifFigure6-1. The DC generatavas used to applyifferent
loads to the ACIM, asippropriate The motor speed and load were adjusted using a touch
screen on the control pandl.Hall Effect current transducers haleen utilized to measure
current signals Further, a 16 channel YE6232B higheed data acquisition system was used
to record the experimental data.

Figure6-1 Photograph of the test bench

I AC Induction Motor

The ACIMs used in this work were three phase squaagk, rated at 4 kW at speed 1420 rpm
(two-pole pairs). The specifications of the motors are presentédhle6-1. Three identical
motors were purchased. Thasetorswere individually identifieg hencethe source of any
collecteddatacould be recognizedA photograph ofthe ACIM utilized in the test bencis
displayedn Figure 62.

80


https://www.thesaurus.com/browse/appropriate

Table6-1 ACIM specification

Rated Motor power 4 kW

Motor Speed 1420 rpm

5DWHG 9ROWDJH 230/400 V

5DWHG &XUUHQW 15.9/9.2 A

Number of poles pair 2 pairs/phase
Suoply frequency 50 Hz
Number of Phases 3

Number of rotor bars 28

Figure6-2 ACIM used in the test bench
I Spider Flexible Coupling

The flexible spider coupling shown inFigure6-3. Thiscouplingconnectédthe drive shaft of

the ACIM withthe DC motor. This item of equipment is necessary for the alignment between
rotation shafts as a way to eliminate shaft imbalance (misalignmérith could definitely

lead to a malfunction and increase the need for maintenancede$hgeptionof the flexible
coupling is inTable6-2.
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Figure6-3 Flexible couplingsee also

Table6-2)

Table6-2 The specification of th€oupling

Outer diameter 130 mm
Border diameter 14-42 mm
Type Fenner
Rubber width 36 mm
Hub length 18 mm
Hub diameter 105 mm
Taper lock bush size code 1610

I DC Generator

A Siemens DC generator was usadthis experimental study to make it easier to control the
torque loadslt is a 10 Kwpowerat a 1720 rpmspeed current of 35A), and the voltage is
350 (V).

Il Speed and Torque Controller

To successfullyoperate the test rig at theelectedspeedand under various torque load
conditions a speed and torque controller is mandatory. The Siemens Micro Master Controller
has beetinked to the test bench to contsgdeed and torqueccuratéy. Figure6-4 shows the

controller.

82



Figure6-4 Touch screen of the@tque and speed controller

The LCD touchscreen of the controller is used to control the desired test profile. The block

diagram inFigure6-5 displays the characteristics of the control system.

Mechanical

Transmission Load

AC Motor

Input from

3-Phase supply
Flexible
Coupling

Load Setpoint

Field
Controller

Operator setpoints
(Speed &Load)

Figure6-5 Block diagram of the speed and torque controller

I Data Acquisition System

A data acquisitiorsystem (DAQS) was utilized to save the data from t&$te DAQS used in
this work was a Sinocera YE62324 shown ifrigure6-6. This is equipped with 16 channels,
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where every channel has a 24 bit A/D converter and a sampling frequency of 96 kHz. The
specification of the DAQS igivenin Table6-3. The data acquisitiodeviceis controllel by
software that enables the operators to set the parameters for data acquisition. Further, the
DAQS converts the collected data to a form acceptable to MATLAB so it could be examined
using a MATLAB code.

In this test facility the parameters collectadkere the current of each phase of théostand
two encoder speeds be used to irastigate the system behaviolir.every testthe raw data
was obtained and presentedaoocomputer screeas graphsThis makes it possible for the data

to be checkegrior to being sawk

7 .
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Figure6-6 Data acgisition system (see alS@ble6-3)

Table6-3 Detailsof DACQS

A/D Conversion resolution 24 bit

Sampling rate (Max) 96 kHz/ channel
Number of Channels 16

IEPE Power Supply 4 mA/+24VDC
Interface USB 2.0

Input range 10V

Filter Anti-aliasing

Gain Selectable 1, 10 or 100
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I Three PhaseMeasurementDevice

Hall Effect voltage and current transducers were used to measure the instantaneq@imtaee
currents. The Hall Effect transducer was connected to the DAE{@8re6-7 shows a photo

of the measuring devicandTable6-4 presents the specifications of the current transducers.

Table6-4 Specification of Hall Effect current transcer

Bandwidth (1 dB) 0:200 kHz

Primary nominal current (Ipn) rms 50 A

Secondary nominal current (Isn) rms | 25 mA

Measuring range @ Va 0:+80 A

Accuracy +0.5% @ (Ipn, 0:700C and +15V)
Suppl voltage (Va) +(11:15.7) V

Linearity Better than 16

No load current consumption 16 mA (@+15V Va)

Unit terminqls

Vi st

i

w e
- = -
,lh T Ty

The ABB EL55P2 Unit Power Supply

Current transducer

Figure6-7 Photograph of the unit for three phase current measurements
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I Shaft Encoder

The Hengstler speed encoder Rl 32 was plawedthe shaft of the AB/ to gaugets angular
speed Asshown inFigure6-8, the speed encoder is attached to the fan cover of the ACIM. It
gives two outputs, 1 pulse every revolutiamd 100 pulses per revolution. The encoder is
linked to the DACQS dimly through channels 1 and 2.

Figure6-8 Hengstler speed encoder

Il Simulated Faults

Two of the most common electrical faults that occur in electromechanical systems have been

investigated; broken rotor bar(s) and imbalance in the stator winding.

I Broken Rotor Bar Fault

The main causof rotor bar breakage are due to external factors such as thermal and magnetic
stresses caused by electromagnetic forces, mechanical stress due to bearing failure, dynamic
stresses due to shaft torque, and manufacturing problemsv@ak joints into the end ring)

and metal fatigu¢l12, 154] When a bar is partially or completely broken (see Fige@g 6

its resistance increase® the current it carries decreases ds fa zero.

The broken rotor bar causes an increase of the rotor resistance thatmeésathsymmetry of
the rotating electromagnetic field in the air gap between the stator and rotor. Tkisolead
fluctuations and reduction of the speed and torgnd, an unbalanced stator current due to
harmonic components around the fundamental supply being infiL@@dl54] These effects
can lead to a decrease in motor efficiency or even breakdown. Thus a brokenrretaruba

be detected in its initial stage to prevent motor damage.
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In the experiments, two broken rotor bar severities were addressed by using three motors with
different degrees of broken bar faulhe first was a healthy motoaandthe second had one
broken bar and the third two broken bars. The BRB fault was achieved by simply drilling a
hole through the baas shown inFigure 6-9. The tests were undertaken at different loads,
though full load was avoided taqiect the test motor from probabilamage. The collected

data wereclassified based on the conditions and different severity of faulty motors.
The broken rotor bar test procedure is done as follows:

In this study, to investigate the current signals urlde defect of a broken rotor bar(s), three
motors were used. In each case, the current signals were analysed for baseline motor (BL), the
motor with one broken bar (1BRBInd motor with two broken bars (2BRB). Each of the three
motors was run under #warious torque loads: 0%, 20% 40%, 60% and 80% of full load, and
this procedure was repeated three times. The full load was avoided to protect the test equipment
from possible damage particularly on account of defected motors. The collected data was
labdled with a test number specifying motor condition and load, which helped to organize the

examinations of the acquired data. All tests were carried out at full speed.

Two broken bars

One broken bar

Figure6-9 Photographs of rotor with one and two broken bars

87



I Stator Winding Imbalance

Unbalancedstator winding, causes significant problems including a highly unbalanced stator
current, a significant and even substantial inaeasthe motor temperaturenbalanced
electromagnetic torque and reductietll WKH PRWRU HIILFLHQF\ DQG VKRUW
lifetime [112, 155, 156]

The winding asymmetry was silatedby increasingf the resistance in the winding of one
phase, see Figure®. The resistance from the drive to the ACIM is 0.3 Ohm for each of the
three phases. In this wqrtkvo resistances were introduced, 0.4 Ohm and 0.2 Ohm tdesému
imbalanced stator windingsee Figure 6-10 so that the faulty phase's total resistabee
increased to either 0.7 Ohm or 0.5 Ohm. An external resistor bank shdwgune6-11 is
connectedo one of the three phes to implement the stator winding imbalance. To evaluate
WKH PRWRUYfV SHUIRUPDQFH WKH FXUUHQW VLJQDOV ZHUH
(BL), the motor with an increase in a phase resistance by (Rs=0.4 Ohm), then a further
experiment with a increase in the phase resistance by (Rs=0.2 Ohm). The tests for each
condition were repeated three times, and each test was run with five loads; 0%, 20%, 40%,
60%, and 80% of full loadand at full speedThe collected dataas labelled and saved with a

file name thaindicatesthe experiment configuratioto make it easier for data analysis later.

Connecting Cable Motor Unbalanced
resistance l Terminal Box resistance
0.3Q U,
M1 AN o Fsw
Inverter
Drive
0.3Q Us
M2 AN o
0.3Q Us
M3 AMN o

Figure6-10 Stator winding imbalanci 18]
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Figure6-11 External resistor bank

Il Experimental Results

The results obtained from the experimentakcprures describeate presented drdiscussed

in the following sectionsThe analysis is made based on the harmonic components and peak
amplitudes present in the current spectrum. A photo of the test rig was preséitende6-1,

and the ACIM spcification is as in Table-6. The motor was operated under fixed v/Hz so
there was no feedback from the driver. Each test was repeated three times, in gtuh test
motor ran under five different load conditions: 0% 20% 40% 60% and 80% of full load
Figure6-12 shows the motor speed under different load conditions. The response to amrincreas
in load rise was a decreasenmtor speed because of the increased load torque. The phase

currentload plot is shown ifrigure6-13.

1500 1500 1500
[ < [

Test 3

1480 1480 1480

1470

=
3
S

1470

Speed (rpm
Speed (rpm)
Speed (rpm

1460 1460 1460
4

1450 1450 1450
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Load (%) Load (%) Load (%)
Figure6-12 Motor speed under five different load sittings for three test runs
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Current (A)
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Figure6-13 Motor phase current under five different loadisgs for the three test runs

The advantages of using motarrrent for fault detection arérst, the current signals can be
measured withouaccessinghe motor because the current measurement can be carried out
away from the motor; second, the influerndehe motor faults are represented directly in the
current signal; and third, that the fault manners in the current signal are distinctive for some

electrical faults such as a broken rotor bar and imbalanced stator winding.

Hl Results andDiscussion

Geneally, ACIM faults causd the current spectra of a h#ey motor to be modified by
increasing the amplitude of specific harmonic components related to the fault. With a broken
rotor bar fault, changes occur in the harmonic componentg&&t OB f « . B.E t OBas
explained in Section 4.4.1. The effect of a stator winding fault is seen in the spectral peak at
3 Bawhere Bithe supply frequency as explained in Section 4.4.2. This section provides
spectrum analysis for the expaental detection and diagnosis of BRB and stator imbalance

faults under different loads and different fault severities.

I An |nvestigation of BRBFault based onCurrent Signal Spectrum Analysis

In this study, to investigate the current signals under thectdef broken rotor bar(s), three
motors were used. In each cade curent signals were analysed fmaseline motor (BL)Yhe

motor with one broken bar (1BRBand motor with two broken bars (2BRB). As stated in
Section6.4, each of the three motors sveun under loads: 0%, 20% 40%, 60&ad 80% of

full load, and this procedure was repeated three tilftesiull load was avoided to protect the

test equipment from possible damage especially in the case of faulty motors. Each load is
placed for a duratimof two minutes and data recording was for 30 seconds. The collected data
was labelled with a test number specifying motor condition and load, which helped to organise
the examinations of the acquired data. All test were carried out at full S[zdxe6-5 details

the test conditions; fault severity, load and motor speed under which data was recoding.
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Table6-5 Test procedure for broken rotor bar faults

Experiment| Severity of Broker Load Conditions Data Recording for| Speed
No. Rotor Bar Fault (Torque Load (N.m))] EachLoadCondition. | RPM
1 Healthy Motor (BL)| 0%, 20%, 40%, 60% 30 (sec) 100%
and 80% full load
2 Motor with 1 BRB | 0%, 20%, 40%, 60% 30(sec) 100%
and 80% full lad
3 Motor with 2 0%, 20%, 40%, 60% 30 (sec) 100%
BRBs and 80% full load

Typical current spectra for the baseline motor under different loads are shbiguiie6-14.
It is obvious that the changes in load do not produce significant changes in the current spectrum
(except at 80% full loadso any changes in the current spectrum are caused by other factors

such as a BRB.

Current Spectra under Load=0(%)

0.2
0
44 46 48 50 52 54 56
Load=20(%)
0.2
0.1
0 —
44 46 48 50 52 54 56
< Load=40(%)
202
©
2041
E u 46 48 50 52 54 56
Load=60(%)
0.2
0.1
0 — v | | V.
44 46 48 50 52 54 56
Load=80(%)
0.2
0.1
0 A =
44 46 48 50 52 54 56

Frequency(Hz)

Figure6-14 Motor phase current spectra for baseline conditions under different loads

A broken BRB fault causes an increase of the resistance of the bar(s), so the current that would
normally pass through the broken bar(s) travels through tm@aiméng bars, causing an
unbalanced magnetic field in the air gap with consequent torque pas#tatmodulate the
currentand induce harmonic components around the supply frequeigaye6-15 depicts the

current spectra ai motor with one broken bar under 0%, 20%, 40%, 6886 80% of full
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load and at full speed. Harmonic components and sidebands around the 1st h&ozonbe

seen clearly. The sidebands amplitude increasethatioad. It is obvious that the sidebands,

as a diagnostic indicator, can be seen much more clearly under higher loads, from 40% to 80%.
As expected, the value of s (slip) changed slightly with load, so the precise frequency of the

sidebands increased lagd increased.

Current Spectra under Load=0(%)
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Frequency(Hz)

Figure6-15Motor phase current spectra for one BRB under different loads, sidebands at (fs+2sfs)

A similar observation can be made frétigure6-16. Therise in amplitude of the sidebanals
(fsx2sfs), due to two BRBs is greater than those occurring for 1 BRB and the BL condition,
compared to results Figure6-14 andFigure6-15. As with the single BRB fdt) the sidebands
around the supply frequency are shifted away from the fundamental frequenapinitrease

of torque load.
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Current Spectra under Load=0(%)
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Figure6-16 Motor phase current spectra for two BRBs under different loadishainds at (fst2sfs)
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Figure6-17 Motor phase current spectra for different severities of BRB fault, under different loads
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Figure6-17 presents a comparison of te&tor current spectra for baseline and two levels of
BRB faults (1BRB and 2 BRB) at different loads and shows the relevant diagnostic features. It
is clear that a broken rotor bar fault generates twofold sidebands around the first harmonic in
the currenspectrum. No sidebands are visible for one or two broken bars under 0% load, for
the reason that the slip has little influence since it is very small. It is seen clearly that the
amplitude ofthe sideband increased with load, which means this fault cateteeted more

easily under high load.

(Lower Sidebands )
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Figure6-18 Comparison of the trends in amplitude of the lower side band2¢fs) with increase in
load
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(Upper Sidebands )
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Figure6-19 Comparison of the trends in amplitude of the upper side bands (fs + 2sfs) with increase in
load

Figure6-18 andFigure6-19 detail the increase ithe amplitude of thdower sidebands B.F

t OBandupper sidebandsg.E t OBfor baseline and two levels of BRB fault under various
load conditions. It can be seen tltta¢ amplitude of the sideband®g(@t OBincreases with

the severity of theBRB fault and load, i.e., the amplitude of the sidebands in the case of one
BRB is less than the amplitude in the case of two BRB& shows that the spectrum analysis
provides a clear indication of the BRB fault's presence and magnitusi@lso deronstrates

that the motor slip increased as the load increasedhat the sidebands around the supply

frequency shift away from the fundamental frequency with the increase of load.

To conclude, the results produced by both the bond graph model and expesimaw that a
broken rotor bar fault can induce detectable increases in motor current spectral amplitude
presented as twofold sidebands ag. Gt OJBaround the fundamental frequency. These
outcomes are in great concurrence with the outcorepsrad bySharma, et al[[157], Chen

DQG aL Y [D2RivdNémec, et al[66].
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I (nvestigation of Stator Winding Asymmetry

To examine the effects of various degrees of stator imbalance defect on the motor current
spectrum, the current signals from the three motors were analysed. In eabhssisemotor,

the PRWRU ZLWK VWDWRU LPEQGIDPRAHRRI AUWK VWDWRU LPED
were tested. Again, for each case of these three fault |¢éveltest was repeated three tignes

and the motor was run under different load conditions 20% 40%, 60%and 80% of full

load. Thus there were 15 data points for each of the three tests for each of the three motors.
Again full load was avoided to protect from possible damage under the fault effects. Once
again, each load is placed for a dunat@f two minutesandthe data recording was for 30
seconds. The collected data was labelled with test number, motor, motor condition and load
condition. This labelling helped in the examinations of the data. All test were run under 100%
full speed.

To examine the response of the system with imbalanced stator winding, spectral analyses of
the collected data are presentedrigure6-20to Figure6-24. It is obvious thatlie amplitude
of the harmonic component at 150 Hz increased aftimcrease in fault severity for all load

conditions.

Current Spectra under Load (0 %)
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Figure6-20 Current spectrum of the ACIM, healthy and with two levels of fault imizaan the
ZLQGLQJ 51V DQG XQGHU ORDG
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Figure6-21 Current spectrum comparison of the ACIM, healthy and with two levels of fault
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Figure6-22 Current spectrum comparison of the ACIM, healthy and with two levels of fault
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Current Spectra under Load (60 %)
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Figure6-23 Current spectrum for the ACIM, healthy and with two levels of fault imbalance in the
ZLQGLQJ 51V DQG XQGHU ORDG

Current Spectra under Load (80 %)

o
o

Amplitude(A)
o
o
[$)]

= O

Amplitude(A)

0
145 146 147 148 149 150 151 152 153 154 155

o
a

Amplitude(A)
o
o
[$)]

0
145 146 147 148 149 150 151 152 153 154 155
Frequency (Hz)

Figure6-24 Current spectrum comparison for the ACIMgalthy and with two levels of fault
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The combned depiction of theurrent spectrumesultsfor baseline motor anthe motor with
two fault levels for stator imbalance, at full speed and u@%e 20%, 40%, 60% and 80% full
load is shown irFigure6-25. Obviously the amplitude of the 150 Hz peak increased waith

increase irthe severity of the fault no matter what the load.
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Current Spectra under Load (0 %)
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Figure6-25 Current spectra for different levels of stator imbalance for full speed at 0%, 20%, 40%,
60% and 80% full load

A similar observation can be made fréfigure6-26, which againshows the amplitude of the
peak atuBdncreased significantly with level of fault whatever the load, and this can be

considered aan indicator othestator winding asymmetijy158].

Current at 3rd harmonic components
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Figure6-26 Amplitudes of 3rd harmonic components of current spectra for different levels of stator
LPEDODQFH %/ DQG 51V DQG IRU IXOO VSHHG DW

To conclude, the results producedhmth the bond graph model and experiment show that a

stator winding imbalance fault can induce detectable increases in motor current spectral
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amplitude at the distinctive frequency oB{(150 Hz). This is in good agreement witie
results obtaineby [159], [117], and[158].

Hl Summary

This chapter describé¢ise test bench equipmenitincludes e structure of the test benahd
thespecification of test components. Furthepresentshe daa acquisition equipment and the
measuring devicesncluding the tinee phase current measuremerid shaft speed encoder.

It also presents an explanationtioé investigated faults (broken rotor bar and stator winding
imbalance) and the procedure for leoting the data.Then it presents th practical
implementations of thdevelopedsystem for the detection and diagnosis of broken rotor bar

and stator winding imbalance faults in an ACIM.
On the basis of the experimental results obtained:

The effects othe given faults on the current signals show that the experimental results obtained
are in good agreement with the predicted sigregiescribed in Chapter Eight, as weltraes
results reported in the literature. The result presentEajure6-14to Figure6-19are in good
agreement with the result obtained IBharmaet al.[157], CheQ DQG aLMZDP BNdL U
Nemec, et al[66].

It is alsoseen from the results presented that changes in the current spectrum vary significantly
with load and motor fault. A broken rotor bar fault changes the stator current spectrum of the
healthy machine by increasingetamplitude of the sidebands around the fundamental supply

in the current spectra.

It can be seen fro Figure6-20to Figure6-26 that the amplitude of the third harmomitthe

supply frequency at (150 Hz) increased significantly whthlevel of fault for all loads tested

for stator winding imbalance. The results presented are in good agreement with those obtained
by Benbouzid and Klimaf59], Joksimovic and Penmghl17] and Babaa, et g1158].

The increase of spectral amplitude:&8.G t OBand atuB&aused by broken rotor bar and
stator imbalance respectively, will be considered when developing a qualgatiuéation
technique in GapterNine, with emphasis on qualitative reasoning for the detection of broken

rotor bar and imbalanced stator winding faults.
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Chapter 7 Bond Graph Modelling for ACIM Condition M onitoring

This chapter addresses the bond graph methodology as a pictographic approach for modelling
an AC induction motor. First, it gives a brief introduction, nex, tathematical modef the
healthy motor, then motor with broken rotor bar and motor with stator imbalfaute Next

it introduces the bond graph model of the ACIM in order to highlight and present the predicted

effects of electriddaults on the ACIMbehaviourbased on motor current signature analysis.
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Il Introduction

Various models have been presented for the simulation of electric ma[3)i9¢ However,

most of these are based on mathematical mpdetsa structured presentation of the system.

Bond graphs are considered more eff@® DV WKH\ FDQ PRGHO WKH G\QDP
behaviour based on the combination okthdifferent aspects; physical structure, causality

and mathematic3.his approach has been used widely for the modelling of engineering systems

[67, 160] The development of a bond graph model for ACIMs could proxtdéinformation

for fault diagnosis.

A powerful and simple modelling technique, the BG, fscdorial representatioof adynamic
physicalsystem which allows the complicated flows of energy in the physical domaie to b
determined, and has been shown to be effecoveydiantitative and qualitativieased fault
diagnosis. The BG works as a mediator between the physical systene andiftical models
related tat [135].

Il Model of aHealthy ACIM

Mathematical models of ACIMs have been presented many times in publiqatdnsThere

are two general frameworks for such models: one using the ortHdfania) reference frame,

and the other using the natural reference frame (three sinusoidal wavefb8s)63] The
mathematical model of ACIM applied in this study follows, in principle, that developgd:by

the rotor windings are symmetrically distributed around the rotor axis; there is a smooth air
gap; and the stator windings are symmetrically aligned alongside the statdfiguis.7-1

represerdgthe equivalent circuit ahe AC induction motor.

Figure7-1 Representation of the equivalent circuit of an ACIM
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The ACIM mathematical model is obtained by presenting the stator anelexttical circits

equations. The voltage afidx equations of a threphase ACIM in(ab-c) axes arg101,
163];

Q.L 4aegeEx7: (7-1)
QL 43%E ; (7-2)
QEL -ae&E -ae% (7'3)
QL .ashE.ace (7-9)

The notations—za:82 A«ak f * 125 are columns vectors peesenting the voltage, current,

and flux ofthe stator and rotorespectively 4,245 are the diagonal matrices for oplease
equivalent resistance of stator and rotor, because the resistance in each rotor or stator phase is
assumed to be edua an ideal induction motor.

N

4.Ler N ri (7-5)
rr N
N r r

4y Ler N ri (7-6)
rr N

The notatiors . and . 3 3are matrices of the stator and rot@rL Q G L Q JivdugtahigeO |
respectivelywhile . 5. 3 z2re matrices ahestatorto rotor inductanceand the rotor to stator

inductancerespectively. The inductance matrices are formd@4s163]

-® FY@V.Q Fr&v.a
ok EFTAV, e Fravyi (7-7)
Fravy Fravyr @
-3 FrMa Fr&v.a
.55l eFrav Y Frav,i (7-8)
Fravy Fravyr ¥

.eL -gaE -a, -a L .gaE .a. The notations. ; 4  sare the stator and rotor winding leakage
inductancesespectively,. 5 is the mutual inductance

The statotto rator inductanceand rotor to statoinductance. 5 & 3 ;areexpressed as follows
[64]

103



i ?K&  ?K@ES; ?K@FSn

-)

el ad L.y 7K@ F 2KE K@ ES;q (7-9)
o k- 6 . . 6 . N
?K@EZ; ?K@ F=; 2K&
@ .. s
. LdF® ZFh 7-10
@ea @32 (710
by 410 @Qej )
~ L%, rof (7-11)
i o)== K@ ESA ?K@F=An
< r r r ~
b r r OE@ FSA Ea  OE@ELAY
i r r r 6 6 N N
! OE@ELA OE@FZA OBy N
@ualF.l ] . | OFRETA OFRFT = 5719
T OB OEGWESA OE@FZA N
| r r r NI
IOE@ FSA OBy  OEGWEZA r r roof
':'OE@éE%A OE@FXA  OEy r ' "5

. = A 5 Aare thestator to rotoinductance and the rotor to statnductance respectively andg

is the rotorangle

To complete the modethe torque equation is required to describe the mecdlasynamics
of the ACIM, it can be expressed l$4-166];

- 165 F G (7-13)

Whereiig LV WKH UR W& dhfjivarspeEdjang G:are the electromagnetic torgaed
load torque respectivelyy LV WKH PDFKLQHYVY LQHUWLD

In this ACIM model the voltage equations can be written as follows:

Tal @xEAGLE . & (7-14)

75 L @ E%E\Aég E. a{‘—;’ (7-15)

Then the current equation[6s!]

2L F .75 @oEASKE 0, 7-16)

—;JL F.?5 @, E%éAég E.?5a7, (7-17)
Qeo Qo Bo Bo

7oL 6QebdQ L eQd &L eabéy L €54 7-19)

Qo Qo Bo Bo
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Il ACIM Model with Broken Rotor Bar

Abnormal operating conditions will affect the system symmetry of an AJIM electrical
fault generateé by a rotor broken causesmh increase of rotor resistancguch that the
electromagnetic field rotating betweestor and stator ceases to be symmetrical. This will
induce harmonic components into the stator current. It is possible to simulate the results
produced by a BRB simply by adding resistance to the particular rotor phase containing the
BRB [165-168]. Thus, the rotor resistance matein Equation (¥6) must be modified as:

- NE¢Ne r r
4L e 1 NE¢No 1 i (7-19)

r r NE No

The resistance changes of the three rotor phases are expresgigdaall . yvhich are
defined ag169]:

7aiyi
?74jvi

eMaso L o= N (7-20)

Opis the total number of rotor bardg stge number of broken rotor barls the resistance
of thehealthyrotor.

The squirrel cage motor is a thyplkase circuit where the bars of each phase are N/3 series

connected conductors, so the rotor resistandsB:

16C. ;-
ML=

N (7-21)

Where Nthe rotor bar resistance and tde number of equivalent stator turns. However, if n
rotor bars are broke the number of conductors for the faulty phase become-(i/and its
resistanceaccording td167, 169]is:

WLy (7-22)

PPV
TRaivi

7KXV WKH UHVLVWDQFH LQFUHPHQW ZLWK Q EURNHQ EDUYV

74y
Ci?74jyi

INL WFENL N (7-23)

Il Model with Stator Winding ImbalanceFault

Motor winding failure and an unbalanced stator will cause significant problems such as

magnetic field asymmetrthe unbalanced stator current, torque pulsation, increased motor
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temperature, vibrations, reduction of machine efficiency and shortening of machiid #fe
155, 156, 17Q]

To investigatethe effects ofthe unbdanced stator windingthis study used an external
resistance bank as described in Section 6.3.2, to increase the resistance in one phase of the
stator. In the same wawinding asymmetry was simulated in the BG model by an increase of

the resistance in @phase.

The additional resistance inserted will be referred todag The effect of the additional

resistance in the stator equivalent circuit on the voltage will be:

Qoo 140 aE 45 E— (7-24)

xG

By inserting thischange in Equation {T4) the stator winding asymmetry can be simulated.

Il Bond Graph of an AC Induction Motor

In BG modelling the systems are modelled as a set of elements which exchargyeiem

manner that conserves power. In ttegsearcha BG model of a threphase ACIM using the

natural reference frame has been produced to examine the effects of electrical faults on an
ACIM. The BG model is depicted frigure7-2. This model is used to address the influence of

a broken rotor bar and stator imbalance on the behaviour of the electromechanical system and
includes both electrical and mechanical components. Typically, the start point when
constructing a dynamic stem such as a BG diagram are the power sodrcdse ACIM, the

(supply voltagesfor the threephasesQ. ¢ Q. @nd Q. pcorresponding to the stator phase
voltages. =&4&f « 17, The effort source that simulates the rotor volt&yes equal to zero
because the simulated machine is a squirrel cage motor. It can be seen from the BG model that
the stator and rotor winding resistances are shown using tfieldRwhich are

(4 B & &8ss s d Where 4, g 5 8Nd 43 6 s re, respectively, the resistances of

the three stator and rotor phases.

The IGfield shown inFigure7-2 combines 4 and G multiportto model the energy exchange

and air gap flux that takes place betweemponents of the system,Eguation (¥26) [101]:

S I it g 7-25
@ @O -ed 44 @@o
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The output effort from the IC port will b&., thegereratedelectromagnetic torque. This will
depend on rotor and stator currents #rgphase angle between them, see bond number 13
The 6zwill be consumed in overcomidg, the inertia of the machirend 6; the mechanical

torque (load) at the-function(J7)that connected bond$314 and 1%asshownin Figure7-2.

Such a representation enables the rotor speed to be calagdadedmmonflow of the (J7)
junction Consequentlyising a BGapproaclenales diverse domairte be portrayed in one,
singledepiction based on the system structure, and causality relations between its components.

This is the major benefit of using the BG method.

22
@—’MSE 1 IC 1 0t MSE*—E

ush 2 o3 ur

Figure7-2 Presentation of Bond Graph for ACIM

The IC¥port is usedecause Equations-&) and (#12) contain the cosine and sine teunssd

to determine the anglég which determines the position of thetor, Equation (727).
Concerning the shatfthe electromagetic torque developed will be a function of both rotor and
stator currents, and the angle separating them. This is shown as ‘opfvatn the IGport,

see Equation €27). Theelectromagnetitorque, 5-s consumednto the tjunction (J7) by

the mechanical torque 6 and inertial moment (). Equation (¥28) represents the

mechanicakxpression

(7-26)
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a e, L GF & (7-27)
Hl Summary

This chapter presenteélde development of theictorial model that simulated the ACIM under
different conditions including broken rotor bar and stator imbalandeé started withthe
mathematical model of thieealthy motorthenmotor with broken rotor bar and motor with
stator imbalance faulNext, it introducedhe bondgraph model of the ACINhat simulate the

ACIM in the natural reference framesing the ICfiled that coupled the electrical and
mechanical components of the eleatnechanical systemn order to highlight and present the
predicted effects of electrical faults on the ACIM behavisased on motor ctent analysis.

The implementation and the result discussions and evaluation of this developed BG model
would be introduced in the next chapter (see Chapter Eigbtitionally, this bond graph

model will be used later in the qualitative simulation appnpsee ChapteNine.
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Chapter 8 Implementation and Simulation Result of theBond Graph
M odel

This chapter presents an assessment of the implementation of the bond graph model of the
ACIM developed irthe previous chapteand the simulation results obtained. Using tfiven

system parameters tB model was implemented in-&M software. The model was used to
simulate the dynamic behaviour of the squirrel cage ACIM under three different operating
conditions: normal, broken rotor bar, and stator winding fault. Fipathe result obtained

from predicted signals were evaluated against experimental data
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Il Introduction

To enhance the understanding of the effects of electrical faults on the behaviour of the ACIM,
a BG dynamic modedf a squirrel cage ACIM was developdgly usng this model, it was
possible to predict the behaviour of tharentsignaturefor the healthy condition and ACIM

with two seeded electrical faults. The resolttained were assessed as to whether they could

be used as a diagsis rule and a behmark for a qualitate simulation approach.

The BG model of the ACIM was implemented usingR®! software. The parameters of the
motor used in the test bench are presentddble8-1. The models initiated with 0%load
at full speed for 0.6 secondsie threephasecurrent are depicted iRigure8-1. Figure8-2

shows the motor speéar a healhy motot

Table8-1 ACIM parameters

Voltage Vs 240V

Supply Frequency (el WHz
Stator Resistance

Stator Leakage Inductance 0.0784 H

Rotor Resistance
Rotor Leakage Inductance 0.0784 H

Mutual Inductance 0.0709 H
Inertia 0.08 Kg.nt
Number of pole pairs pP=2
Power Factor 0.84

model

= jsa {A}

ik

T

VOO
- VA

0 0.1 0.2 03 0.4 0.5 0.6
time {s}

Figure8-1 Stator currents predicted by BG model
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model

150
100
= omega {rad/s}
50
(0]
[0} 0.1 0.2 0.3 0.4 0.5 0.6

time {s}

Figure8-2 motor speed predicted by BG model

Il Model Validation against Experimental Data

Many monitoring techniques haween used fadetectingACIM faults. MCSA is a widely

used techniqueyhich detects faults using spectral analydishe motor current signals. One

of the most used spectruamalysess FFT. In this study, the current signals generated from
BG model were analysed and the frequency signature of the BRB aodistbalanceare
identified usingthe FFT signal processinigchnique. This technique has been found to be an
efficient method for the detection of electrical faults such as BRB and imbalanced stator
winding [119].

I Measured andSimulated Motor Current under Baseline Healthy)
Conditions

Figure8-3illustrates the current spectrum of a healthy motor for batlulsited and measured
data under fulspeedandvarious load conditions range betwd®n and 80% of full loadyith
increments of 20%. It is clear from this figutteat the simulated curré spectrm closely

matches the measuregperimental spectrum.
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Figure8-3 Simulated and meared current spectra of baselmetor undewariousload conditiors

@)
(b)

Predicted current spectruof the Baseline ACIM,

Measured current spectrum of the Baseline ACIM
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Il \Veasured andSimulated Motor Current with BRB

Generally, an electrical motor fauhtroduceschangesto the spectral components of the
healthy stator currentl71]. With the occurrences od broken rotor barthe asymmetric
magnetic field willgeneratérequency componets at twice the slip frequenclyQ_Baround the
supply frequencyR; in the stator current. These distinctive features of BRB fault are explained

in Section 4.4.1.

Figure8-4 andFigure8-5, present the predicted and measured current spectrum of the ACIM
with 1 and 2 BRBs at full speed, under zero |Gl 20%, 40%, 60%and 80% of full load.

It is clear thathe current spectrum of ACIM witlabroken rotor bar fault shawas sidebands
aroundthe first harmonic of the current spectrum. It can be seen that the signals obtained from
the bond graph model show the same behaviour of the signalseacfiom the experimental

study.

Current under Load(0 %)
x !

0.2 T T
0.1 Frerrrmrrmrmrsb e ST SR [ model |
0 L [} als L
44 46 48 50 52 54 56
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Pz S S S S SO N 1
0 L L 2 N Y s 1 1
2 44 46 48 50 52 54 56
® o Load(40 %)
- 0. T T T T T
3 0.1 -....:. ................................................... -
= 0 L 1.5 KA Saoy M
Q
£ 44 46 48 50 52 54 56
< o Load(60 %)
bl I SN SRR SNSRRSSSRR SRR SO ]
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(a) Predicted current spectrum of the ACIM with 1 BRB
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Current under Load(0 %)
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Figure8-4 Predicted and measured current spectrum of the ACIM with 1 BRB at full speed under
zero load and 20%, 40%, 60% and 80% of full Idadl Predicted curré spectrum of the ACIM with
1 BRB (b) measured current spectrum of the ACIM with 1 BRB

It is obvious thathe value of 2sfs will change witheload as the value of the slip will increase.
Sothe width of (fs + 2sfs) will spread. Thus, with 20% of folhdl, the slip is small and |fs +

2sfs| is about 1 Hz, but at 80% of full load the slip is much larger, and |fs + 2sfs| is more than
3 Hz.
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Figure8-5 Current spectrum of the ACIM with 2 BRBs at full speed under zero load, and 20%, 40%,

60% and 80% of full loa¢a) Predicted current spectrum of the ACIM with 2 BRB , (b) Measured
current spectrum of the ANl with 2 BRB
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I Measured andSimulated Motor Current with Stator Winding I mbalance

Stator winding asymmetry caused changes in the dynamics of the current. Previous studies

stated that the amplitudes at higher orders of the supply frequency comppaditdarly at

150 Hz is increased under the effects of stator winding imbalfiicg 159] To examine the

response of the system and BG model under an unbalanced stator winding, current spectrums

for the measured and phieted signals are presentedHigure8-6, Figure8-7, andFigure8-8,

which represent the spectrum comparisinthe baseline motor and two deferent levdls o
ZLQGLQJ LPEDODQBHV5IV UHDSHFWLYHO\

figures the measured and predicted signals behave similarly. The amplitude of the spectral

W LV REYLRXV V

peak at Ris increasd considerablywhatever the load. This is an indicator of stator winding

asymmetry. The amplitude at the 3rd harmonic componeriizaMder the effect of winding

imbalance where (R#9.4) is higher than the amplitude of the 3rd harmonic component 150Hz

with Rfs=
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Figure8-6 Predicted and measured current spectrum of the baseline ACIM at full speed under zero
load and 20%, 40%, 60% and 80% of full load
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Figure8-7 Predicted and measured current spectrum of the ACIM with stator winding asymmetry
(Rfs 0.2) at full speed under zero load and 20%, 40%, 60% and 80% of full load
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Figure8-8 Predicted and measured @nt spectrum of the ACIM with stator winding asymmetry
(Rfs 0.4) at full speed under zero load and 20%, 40%, 60% and 80% of full load
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Il Results

Generally ACIM faults caused the current spectra of althgamotor to be modified by
increasing the amplitudef specific harmonic components related to the fault. With a broken
rotor bar fault, changes occur in the harmonic compongat&.F tOB f « T RE t OB The

effect of a stator winding fault is seen in the spectral peakBatTBis section provides a
spectrum investigation for the detection and identification of BRB and stator imbalance faults

unde various load conditions and diverse fault severities.

I Broken Rotor Bar

As stated in the literatufg0, 66, 120, 171}Ja BRB modifies the current spectra by increasing
the amplitude of the sidebands aroundsineply frequencwt: B.G t OB This effect is shown
clearly in simulated spectra seenRigure 8-9. The figureshows the current spectra of the
simulated signals for three different degrees of broken bar severity; bageBRB and 2
BRB, under different loads. It is clear fromig figurethe amplitude of the sidebands vary
significantly with both fauldegreeandtorqueload. The sidebandssein amplitude withthe
rise of torque load. It can be seen ttiet value of 2 will change withtheload as the value
of the slip increases. This demonstratest the appearance of a peak &Gt OBin the
spectrum of the current signals provideseasonableéndication of the occurrence of a rotor

breakagdault.

The results representén the abovenentioned figurare in good agreement with those found
by [50, 66, 120]

Figure8-10 andFigure8-11 presenthe trends of the lower’y F t+ %) and upper (( Ete?)

sidebands undemariouscondition and different loads.
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Figure8-9 Predicted current spectra under different loads and different levels of BRB fault
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Figure8-10 Comparison of the trends amplitude of the lower side bands {f&sfs) with increase in
load
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Upper Sidebands
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Figure8-11 Comparison of the trends in amplitude of the upper side bands (fs + 2sfs) with increase in
load

I Stator Winding Asymmetry

It has been mentioned that the effects of stator imbalance is the harmonic frequency component
at 3RBin the stator current spectrufph72]. To examine the response of the system with an
unbalanced statovinding, the simulated current spectra for the signals generated using the BG
model are presented Figure 8-12. It shows thecurrent spectrum for ACIM, baseline and
motor with two levels of winding imbalance under various load conditiondlapeedIt is

obvious that the amplitude of the harmonic components at 150 Hz increasesh mithease

in fault sverityfor all load conditions
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Figure8-12 Predicted current spectra for different levels of stator imbalance for full speed at
zero load and 20%, 40%, 60% and 80% full load

Figure8-13 shows the simulated current at 3rd harmonics under different conditions, healthy
and with two fault levels for stator imbalanat full speed for 0, 20%, #60% and 80%of
full load. The third harmonic at 150 Hz current comgiot increased with the severity of the

imbalance condition whatever the load.

Current at 3rd harmonic components

I 5L ' ' ' '
[ Rfs0.2 ]

< 0.1 N IRfs0.4 - - — 7
S
2
'2.0.05 .
£
<
0
20 40 60 80
Load (%)

Figure8-13 Simulated third harmonic components at different loads and levels of imbalance fault
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Hl Summary

This chaptepreseats the outcomes acquiredsing the BG model of an ACIM motor for the
detection and diagnosis of a broken rotor bar and imbalanced stator winding babked on
analysis of motor current. The figures presentetiustrate the effects of the given electtica
faults on the current signals and the experimental results obtained validate the model
predictions.Figure 8-3 to Figure 8-5 show that the predicted signals agree well with the
measured signals for both healthy motor and motor with one/two broken rotor bars. It is shown
that changes ithe current spectrum vary sigreaintly with load and motor fault. The broken
rotor bar malfunctiorchanges the stator current spectrum of the healthy machine by increasing
the amplitude of the sidebands and the amplitude ofuhéamental supply in the current

spectrum

Figure8-7 andFigure8-8 represent the current spectrum of the measured and predicted signals
with stator winding imbalance. It can be seen from these figures that the amplitude of the third
harmonic (150 Hz) increasstynificantly withthelevel of fault for all loads teste@hese two

figures show that the bond graph results are in good agreement with the corresponding results

from the experiment.

The results represemtén the abovenentionedrigure8-9 are in good agreement with those
found by[50, 66, 120]

Figure8-12 andFigure 8-13 showan increase ithe third harmoni@amplitudewith the fault
level increase. These resufire in good agreement with those obtained by Benbouzid and
Kliman [159], Joksimovic and Penmghl7] and Babaa, et gl158]

To conclude, the odel results itroduced in this chapter givaegood indication that the bond
graph modetould be applietbr the condition monitoring of the ACIMs under the given faults.
This model will be used later @hapter Nindor the qualitative ault detectiorprocedure.
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Chapter 9 Qualitative Simulation Approach to ACIM Fault Detection

This chapterepresentshe implementation of the qualitative simulation (QS) apprpatich
is based on the construction of the Temporal Causal Graph (TCG) from the ACIM Bond Graph
model @veloped in ChapteBeven

First, this chapter providea brief introductiorto qualitative approachegollowed by the fault
detection procedure. Next presents a novel TCG of the ACIM, forward fault propagation,
and detection of thgiven electricafaults,broken rotor bar(s)and stator winding imbalance.

It demonstrates the detection of the faults based on the TCG and forward propagation of the
effects of parameter deviation on system behaviour. It also proaidisulation result for
validationof the qualtative fault detection. Theiit presents a qualitative fault diagnosis based

on the changes in amplitudes of the current signal spectrum at frequelcies O Band at
uB&aused byBRB and stator IMrespectivelyFinally, it evaluates the graphical causality
based fault detection approach based asomparison with a comparable work from the

literature.
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Il Introduction

In qualitative appraches, relations between the modelled system's inputs and outputs are
simulated by qualitative expressioi@sich an approach can be used to examine and enhance
the understanding of ACIM behaviour under, say, the effect of electrical fBoklsl Graph
modeling and QS approaches are potential for fault detection because qualitative models can
be derived from numerical models, and simulation studies are less pardemadent and

more computationally efficienThe choice of BG modelling is based on the o§ causality

relations to avoid spurious solutions that occur in most QS methods.

This chapter aims to develop the temporal causal graph and then use it for studying the effect
of a broken rotor bar and stator winding imbalance on the system respoasesdlts illustrate

the behaviour of the ACIM in the presence of these two types of electrical faults.

Il Bond Graph Model of ACIM

To evaluate the performance of the qualitative fault detection approaciBGhmodel
developed in Chapter Sevenagain shan in Figure9-1 to make it easier for the reader to
follow the structure. The TCG is constructed based on the sequential assignment procedure as

explainedn ChapterFive; Sectiorb.5.1

Rra

12 R 21

Figure9-1 Depiction of a BG Model of ACIM in (AB and C) reference frame
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GC Induction Motor Condition Mmitoﬂ%

L 4

Bond Graph model of ACIM

Y

Temporal Causal Graph

Y

Fault hypothesis and forward propagation of
the fault

Y

C Fault Detection )

Figure9-2 Flowchart of the qualitative fault detection procedure for fault detection in an ACIM

Il Qualitative Equations

The qualitativeequations of AGnduction motoraregeneratedrom the BG model shown in
Table9-1, which represent thassociations between systeomponentso derive the system

behaviour.

In order to generate qualitative equations from the BG, a step by step approach i§h&gded
The effort and flow equations tie ACIM BG modelare showrin Table9-1, and the effort

and flow variables are shown Trable9-2.
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Table9-1 Qualitative equations from ACIM Bond Graph model

Effort Equations

Flow Equations

sL tE { sL tL {
tL tO0t uL vL z
uL vE z wL xL vy
vL vUO z srL szL s{
xL xUx ssL syL tr
wL XE vy stL sxL ts

s{L szE sr

: {adzdybdsrassast,

L U=+ {& z& y& sréa& ss& stp

s{L tsL tr

S
swL—.: suF sw

tr L syE ss

suL swL sv

szL szU sz

tr L syE ss

syL syU sy

tsL sxE st

sxL sxU sx

su
L: {azaydsrdssast;
Ut Zte
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Table9-2 Effort and flow variables in the qualitative equations and TCG

Effort | Meaning Flow | Meaning

El Voltage source F1 Phase A current flow

E2 Voltage drop acrosg. ¢ F2 Current go through4,. o

E3 Voltage source F3 Phase B current flow

E4 Voltage drop acrosg . & F4 Current go through4, ¢

E5 Voltage source F5 Phase C current flow

E6 Voltage drop acrosg . ¢ F6 Current through 4, ¢

E7 Voltage drop across Inductance stato| F7 Current flow through Inductance stator C
ES8 Voltage drop across Inductance stato| F8 Current flow through Inductance &ta B
E9 Voltage drop across Inductance stato| F9 Current flow through Inductance stator A

E10 Voltage drop across Inductance rotor| F10 Current flow through Inductance rotor A

E1ll Voltage drop across Inductance rotor| F11 Current flow through Induance rotor B

E12 Voltage drop across Inductance rotor| F12 Current flow through Inductance rotor C

E13 Motor induced torque F13 Rotor speed (flow)
E1l4 Inertia torque F14 Rotor speed (flow)
E15 Load torque F15 Rotor speed (flow)
E16 Voltage drop amss 45 ¢ F16 Current go throught; ¢
E1l7 Voltage drop acrosg; g F17 Current go throught; ¢
E18 Voltage drop acrosg; ¢ F18 Current go through4;
E19 Rotor phase A voltage F19 Rotor current phase A
E20 Rota phase B voltage F20 Rotor current phase B
E21 Rotor phase C voltage F21 Rotor current phase C

Il Temporal Causal Graph

The TCG is constructed from the ACIM BG model showrigure 9-1, seeChapter Five;
Section 5.5 for moredetail

A TCG is certainly agraph that introduces the causiect relationsinvolving the power
variables within the BG modelThe TCG of the ACIM Figure9-3 is derived from the BG
model inFigure9-1. The vertices in the TCG atieeeffort andflow variables andthe relations
between thenare theedged3]. The behaviour of the system is modelled by the relationships
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allocated to control junctions and to those between the components of the gystedye
DOORFDWHG D 3" VKRZV WKH YDULDEOHY "DWKR & YowsKhV OQ S |
are inversely proportiong] $ JUDSK HGJH DVVLIJQHG DQ feslink€dGLFDWH

by this edge are equal in valder example ('t \@ ({in Figure9-3. This is because bond No.

2 and bond No. 9 are connected with-airiction which it is a common flow junctiokVhen

an edge is linkd to system elements, it illustrates the relation between them, so that for the
simplest electricatircuit i.e a resistor with effort causality, the edge linking the effort and

flow has the value of the resistance.(R)bond No. 2 the relation betwethe effort E2 and
E6
the flow F2is ( ¢ 1 (g. The relation that has deferential equations it has (int) which implies

. i . 5 Y.alac
integration for example the relations g ILLLLL. "5, F '59.

E10

1

R18

-1
ElL —» E2 —» F2 _ 7, F18 «—— E18 «—EI9

E8

_ 1
F11 «—— F17 <L E17 «— E20

c
E7 E12 i:
1l l .
1 g R6 = R16 -1 E21
E5 —»°—> F6 —p F7 F12 <— Fl6 — E16 ¢+—
1 )
El4 — E13 —*E15
l 1/Im(int)
Fla _=, R5

Figure9-3 Depiction of the temporal casual grapghACIM BG model
To detect the effects of the faulECG andforward propagation came executed based on a

fault hypothesis.

The notations4t &vadx are the resistance of stator pheige B, C in the TCG and
4s zads yadsx arethe resistance aftor phass A, B, C in the TCG. The effort and flow

variables are tabulated as ifable9-2.
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Il Fault Detection Procedure

According to[174], 3S\WR ILQG WKH FRUUHFW SDUDPHWHU GHYLDWLR
are generated by forwardBrSDJDWLRQ DQG FRQWLQXHG PRQLWRULQJ F

The QS approach applies qualitatiweestigatiorto identify the effects of changes (increases)
in the various parameters on behaviour of the sydtasbased otheanalysis of steady ate

behaviour Figure9-2 represents the qualitative fault detection procedure.

Firstly, causality assignment is used to derive the TCG from the BG nmidu=i one or more
of the relevant measured parameters are used to generate a fault hygaticesidly, forward
propagabnsis usedo derivethefutureresponse of the systdmsed om faulthypothesighat

will allow detecton of the effeci(s) of thefault.

Variations from nominal behaviour can be expressed qualitatively) as;)( (0) and (.), where
(-) implies dereasing, (+) implies increasing, (0) means steady tondiand (.) represents
unknown qualitativelyincreasing and/or decreasifiy5] [136]. This research assumes the

unknown qualitatively as a fluctuating (unbalanced) condition.

I Broken Rotor Bar Fault Detection Algorithm

The effects of a broken rotor bar is commonly modelled by calculatingdheaise of the rotor
resistancehase/phases. Thus the algorithm starts by assuming the rotor resistance of phase A
(R18 in the TG seeFigure9-3) is increased. Then a forward propagation was carried out to
detectsystem behaviour under the fault, using the TCG and its causality relations.

When 4s 7 dhe resistance of phase Agisceedingts givenvalue, forward propagation on the

Es
TCG commencesalong ' sz]l.<(szwhich indicates that the efforts Z will be above

normal and the flow( s Z is below normal. Firstforward propagations will construct the
effect of the increase of effort s Z along ' s{’is' s zimplies ' s {* (the value of E19
decreases) then the equal relation' @y \@ "trimplies ' tr? (the value of E20 decreases).
The inverse relation tr ’55 ' syindicates ' sy (the value of E17 increases) and, in turn, this

. . . . @
implies the flow (sy (the value ofF17 increases) then the equal relatibpey\ (ss
implies ( s s (the value ofFllincreasesand again, in turn, this impliess u (the value of

El3increases)
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L : : @ -
Continuing the forward propagatipthe effect of the equal relationtr \" ' ts, indicates
25
' ts? and the inverse relatiohts 1 ' s ximplies ' s X, and this increase causes an increase

. E5: . @
of the flow (s X due to the relatiort s x1. (s x then the equalitf s x\" (stmeans the

flow (st”increaseswhich, in turn, leads to an increase 'o$ u from the relation' sulL

X { (z(y(sr(st(ss?l]:—'_3

Third, the forward propagation that the flops Z indicates the flow( s r? is decreased which

caused the electnmechanical torquevtdecrease s (.

The findings from the forward propagation show that the increase ofrestigtancecaused

unbalanced flown the rotor as well as unbalanced motor torque.

I Stator ImbalanceFault Detection Algorithm

To simulatethe stator windingmbalancean extra resistance was added to one phase of the
stator and the algorithm for prediction of an imbalance fault started from this. Thus the
gualitative fault detection of stator imbalance began by supposing that the resistance of stator
phase AR2 in the TCGFigure9-3) increased due to a defect in the stator winding. Then, as

in Section9.5.1, a forward propagation was carried out to predict system behaviour under the

fault, using the TCG and its causality relations.

When the stator resistance in phase A (REha&BG Figure 9-1, and itsTCG Figure 9-3)

E6
increased above its nominal value, forward propagation statt$ at (t which caused the
effort ' t to increasdvoltagedrop on the resistance of phaseahddecreased the flow t

(the current through Rsa, stator resistance).

First, forward propagations will construct the effect of the increaset of From the relation

5
t \ ' { the effort E9 will increase. Thidsom the relatiorthat connect the current flow with
the efforts at ICfield the current flow through inductance stator B)(and the current flow
through inductance stator C ) will increase as {” increaseThis implies that the motor

inducedtorque(Te) ' s wvill increase as expressed in flodowing relation

'suL >B{ BzBy BsrBstBss?0-".
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Forward propagation considering the effects of the fBw indicates that flowB{? (current
flow through inductance stator Apdreased whh causes the electrnagnetictorque ' s \f

to decrease

The findings from the forward propagation shthat theincrease ostatorresistancecaused

unbalanced current flow through the stator winding, as well as unbalanced motor torque

Il Results and Discussion
I Broken Rotor Bar Prediction Using TCG

In the ACIM, the effectof a BRB is a rise ofie rotor resistancd=igure 9-4 illustrates the
forward propagation dhe effect otheincrease of theotor resistances explained in Section

9.5.1. The effectof a broken rotor bar is an unbalanced increase in the rotor resjstansieg

an unbalanced current flow in the rotor bars and an unbalanced electromagnetic torque. The

unbalanced electromadietorque is taken as an indicatifrthe brokemnrotor bar fault.

E17° - f17° = f11" >
E21 - E16" > 16" — f12° -4 E13Y
18 = 107 -

) E18" -5 F19 = EF20 -
RI8 —

Figure9-4 Forward propagation dR18+

This result agrees with the simulation result of the BG model as illustrateéidure 9-6 to
Figure 9-10, which represent flows$-10, F11 andF12 through the rotor phases, aheé E13
electromagnetic torque for a healthy motor, and motor with broken rotor bar respectively. This
is in agreement with previous wojk20, 176] which confirns that a BRB reslts in the flow

of unbalanced current and increased torque pulsations.

I Stator Winding | mbalance

The qualitative approach aims to investigate the effect of the deviation (increase) of the
resistance of one phase of the statéigure 9-5 represents the forward propagation of phase

(A) resistance R2+. As explained in Sect$db.2.
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X E13©
lEE* > E9

Figure9-5 Forward propagations of the increase of stator resistante, R2

These fimlings from forward propagation indicate that the increase of resistance in one phase
caused unbalanced motor current and fluctuated electromagnetic torque. Theseureisult

good agreement with the simulation result in the next se@lsain good ageement with the

result in the literaturgl59] .

Hl Simulation Results Validation

To investigate the behaviour of the ACIM B@del it has been implemented in-&éh under
different conditions. The parameters of the motor are as shovabie8-1.

Il Effects of Rotor Broken Bars

Figure9-6 andFigure9-7 represent the electromagnetic torque (E13) in the TCG for the healthy
motor and motor with BRB respectivel{/can be seen frofeigure9-7 that the electromagnetic
torque of the motor witl broken bar fluctuates in amplitude compared with the torque of the

healthy motor.

model
40

= Te for healthy motor
30

20

10

-10

time {s}

Figure9-6 Representation of the motor electromagnetic torfgfer a healthy motor (Effort E13 on
the ACIM BG model and its TCG)
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model
40

= Te for motor with BRB fault

0 0.2 0.4 0.6 0.8 1
time {s}

Figure9-7 Representation of thmotor electromagnetic torqu&swith broken rotor bar (Effort E13
on the ACIM BG model and its TCG)

RMS values of theurrent were utilizeto examineW KH P RW R U FgufeB-&petams R Q
the RMS values of the current flow in bond.N® on the BG model andCG thatsimulated

the current flow in the rotor pha¢&) under diffeent load conditions for baselimeotor and
motor withBRB. The flow current is decreased under the effecslwbken rotor barThis
agrees with the result dfie QS in Sectio®.6.1. It can be seen thaariationsin the RMS
values vary significantly with the level of fault.
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Figure9-8 Depiction of the RMS current flolw10 under different levels of BRB fault
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RMS Current Raw Data Irb (F11 from bond graph model )
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Figure9-9 Depiction of the RMS current flow ¢F11 undedifferent levels of BRB fault
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Figure 9-10 Depiction of the RMS current flow ¢12 underdifferent levels of BRB fault
Figure9-9 andFigure 9-10 representtte currenflow in the rotor conductors in phase B and
phase C of the rotor. The flow of the current is seen in these two figures to increase in the
presence of a brokerotor bar. These finding shave increase of rotor resistance caused by
the broken rtor bar faultlead toan unbalanced current flow in the rotawhich produced
unbalanced torque.

I Effect of Stator Winding I mbalance

The current signals of stator phase A under different leveiseoimbalanced stator winding
areshown n Figure9-11. It is obvious that the flow of the current is decreased significantly in

the presence of the seeded defect (addiregistanct phase A)ln contrast, theurrent flow
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of the other two phases, B and C, are ina@dasthe presence of the fauteeFigure9-12and
Figure9-13.
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Figure9-11 RMS current flow in stator phase A (f9 tre ACIM BG model and its TCG)
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Figure9-12 RMS current flow in stator phase B (f8 on the ACIM BG model and its TCG)
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RMS Current Raw Data Isc (F7 from bond graph model )
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Figure9-13 RMS current flow in statophaseC (f7 on the ACIM BG model and its TCG)

Depiction of the motor electromagnetic torque with stator imbalance is shdvigure9-14.
It is clear from the figure that the imbalance in stator winding prodtmegie pulsations
compared with healthy motor torque, $&gure9-16, and much more rapid pulsations than

were produced by broken rotor baigure9-7.

model
40

= Te for motor with stator imblance
30
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-10
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time {s}
Figure9-14 Representation of the motor electromagnetic torque Te with stator winding imbalance
(Effort E13 on the ACIM BG model and its T¢G

Il Fault Diagnosis based on the Qualitative Influence of the Fault on the Motor

Current Signals

In this section a qualitative fault diagnostic approach is developed to detect the faults discussed

in Section9.5. It is well known that any asymmetry of the motor leads to the appearance of
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peaks in the current spectrum. The relationshivéen the amplitude of these peaks and fault

occurrence is investigated.

Broken rotor bars and stator imbalance are diagnosed based on their qualitatereatn

themotor currenspectrum The increase of spectral amplitude: & E t OBand uB&aused

by a broken rotor bar and stator imbalance respectively, will be considered for fault diagnosis

based on the reference values obtained for each faultkigsee 9-15 shows thegualitative

fault diagnosis procedure for a broken rotor bar fault. The fault diagnosis procedure for stator

imbalance is illustrated iRigure9-16.

( Fault Diagnosis )

A 4

Motor current signals from experimental

A 4

Motor current signals from bond grahp model

Yes
\ 4

Broken Rotor bar fault

Amplitude difference between (the supply
frequency and the lower sideband )< Refrence
R

Healthy Motor

A

y

( Machine condition Diagnostic )

Figure9-15 Quaitative fault diagnosis procedure for broken rotor bar fault
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C Fault Diagnosis )

4 \ 4

Motor current signals from experimental Motor current signals from bond grahp model

MCSA

Amplitude at 3fs > Refrence R1

Yes No

A 4

Stator Imbalance Fault

Healthy Motor

A 4

( Machine condition Diagnostic )

Figure9-16 Qualitative fault diagnosis procedwsttor windingmbalancdault

Il Broken Rotor Bar Fault DiagnosisAlgorithm

In the case of bran rotor bar faultthe investigation was based on the amplitude difference
between the supply frequency and the lower sideband around the supply frequency, so if the
difference is les than a prescribed value, R siyneans there is increase in the atoge of

the lower sideband peak and a broken rotor bar is diagnosed. Hovbakherdifference is
greater than R it implies that there is no increase in the amplitude of the sideband and the motor
can be considered healthy. This provides a qualitatigsuare that allows the amplitude of the

sideband to based as an effective indicator.

Previous studiegl8, 157, 177have stated that the amplitude difference of the lower sideband
and the fundamental supply ca@ bised as indicator of the presence of broken rotor bar fault.
Detailed analysis of the model data presentdeéignre9-17 to Figure9-21 allows tabulation

of the value of R for each case, Sable9-3.
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Figure 9-17 to Figure 9-19 represent the current spectrums of the BG signals to show the
amplitude differences between the baseline condition andawbtioken rotor bar faulwhere

the amplitude of the lower side band will be used as an indicator afebenze obne or more
broken rotor bars.
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Figure9-17 Current spectrum around the supply frequency of BG signals for baseline motor under
five load conditions

Current under Load(0 %)
E

0
-50
BT ee—  E——
N e T e
44 46 48 50 52 54 56
Load(20 %)
0
-50 — 11—
-100 PR T e e -
B OO ECSSSPS% 71T A I TITT NP
44 46 48 50 52 54 56

Load(40 %)

-100 = .:-. ......... ?

150 S0 o | -1 o
44 46 48 50 52 54 56

Load(60 %)
L

Amplitude (dB)
&

0 -
-50 f— - —t- -
100 =——— SN - = T N —_—
T150 s R
44 46 48 50 52 54 56
Load(80 %)
0 ' ]
=50 _,.'T'., .......... 1BRB I
100 ——— e e — T
1150 b T T e
44 46 48 50 52 54 56
Frequency (Hz)

139



Figure9-18 Current spectrum around the supply frequency of BG signals with one broken bar under
five load conditions

Figure9-19 Current spectrum around the supply frequency of BG signals with nketbars under
five load conditions

Figure9-20jto[Figure9-22|represent theneasured (test rig data)irrent spectrurfor baseline
motor, and motor with one and two brokkears respectively under different load conditions.
From these figures and the tabulated reghit amplitude difference sen to decrease with

the increasef fault level and load.
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Figure9-20 Measued current spectrum of test rig signals for baseline motor under five different loads

Figure9-21 Measured current spectrum of test rig signals for motor with one broken bar under five
load conditions
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Figure9-22 Measured current spectrum of test rig signals for motor with two broken bars under five
load conditions

Table 9-3 showsthe amplitude difference between thedamental and lower side band for

broken rotor bar under different loads for BG model data and experimentally measured data.

Table9-3 Amplitude difference between fundamental and lower sideband

The ampitude difference beteen fundamental and lower sidand of f, (dB)
BG model
Motor Load 0% Load 20% | Load 40% | Load 60% | Load 80%
condition
1 BRB 107.0dB 52.3dB 46.2dB 43.1dB 40.4dB
2 BRBs 107.0dB 47.0dB 42.1dB 38.2dB 36.8dB
The amplitule difference beteen fundamental and lower sidand of §, (dB)
Measured data
Motor Load 0% Load 20% Load 40% Load 60% Load 80%
condition
1 BRB 58.2dB 54.9dB 48.9dB 43.6dB 45.2dB
2 BRB 64.9dB 50.1dB 46.0dB 40.9dB 42.dB
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9.8.1.1.Results and Disassion

From the figures above and the tabulated rgstiie presence of a broken rotor bar can be
diagnosed based on amplitude difference. The result shows that when the difference is less than
a reference value R, the amplitude BiF t (Q3.has increased and a broken rotor bar is
presered Howeverunder light loadhe amplitude with one or two broken bars is relatively
small and may not exceed the reference. For loads greater than 40% full load the broken rotor

bar fault can be diagnosed usengplitude difference as the criterion.

Previous studiefl57, 177]have argued that if the amplitude difference is greater tBatB5
there areno broken bars.

Stator Imbalance Fault Detection Algorithm

In the case of stator imbalance the investigation is based on the increase of the amplitude at the
3rd harmonic in the current spectrum. From reports in the litergta 159, 166jandthe

results of the BG graph in Chapteightand the experimental results in Chaj3e; it is clear

that stator imbalance produces an increase of the peak amplitude of the 3rd harmonic of the
supply frequency. Thus thstudy proposes a simple test for diagnosis of imbafanitts that

the amplitude of the spectral peak at 150 Hz measured under baselin®aos is taken as
referenceR1. If the amplitude at the 3rd harmonic is greater than R1 then stator imbalance is

present.

9.8.2.1.Results and Discussion

Figure9-22jandFigure 9-23|display the 3rd harmonic peak amplitude change (increase) under

the effects of stator winding imbalance.
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Figure9-23 Simulated third harmonic spectral component at different loads and levels of imbalance.
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Current at 3rd harmonic components
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Figure9-24 Measured amplitude of 3rd harmonic spectesis of current for different levels of
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load

It is concluded from the result|Figure 9-23lanqFigure 9-24{ that the relative magnitudes of

spectral peaks at 150 Hz BL motorcan be used for the diagnosisstdtorimbalanceThese
findings are in good agreement with the repolitedature[159] thatstated the increase of the

amplitude at 150Hz is the indicator of the stator imbalance

Comparison of this Research (Graphical Causality-based Fault Detection) with
Other Work in the Literature .

Series of comparison investigations have been done to evaluate the performance of the
proposed graphical fault detection approach. The first comparison is based on the,ramdime

memory consumption of som&C induction motor fault detection approaches from the

literature. All the compared systems are run using a Lenovo laptop (cof€alide 9-4

compareghe current work with some available studies reported in the literature.
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Table9-4 Comparison of the current work with the comparable work reported in the literature

Authors/Year| Types | Domain | Method used | Signals Time (s) | Allocated
of used Memory
faults (Kb)

[178] Broken | Frequency| Mathematical | Instantaneos | 25.057 7771440.0

Haiyang Li,| Rotor | domain Morphology | Induction

et.al bar Motor

Electrical
Signals
Analysis

[179] Funso,| Broken | Frequency| Harmonic Current 38.103 15175380.0

et.al. Rotor | domain Order signals
bar Tracking

Analysis
based on
Motor Current
Signature
Analysis

[180]H Li, | Broken | Frequency Curren 5.422446| 3066216.0

et.al rotor domain Normalized | signals
bar frequency

domain
energy
operator
(FDEO)

Aisha presen| Broken | Time Current 2.175 17228.0

work rotor domain / | Structured signals

Graphical bar & | Frequency| i stration

causality stator | domain

approach windin model
g .
imbalan (physical
ce structure,

causality ano
mathematics)
It is obvious fronmirable9-4{that theelectrical faultoof AC induction motohave been detesd

using differentmethodshowever the reent work-graphical diagnostic approach heashort

runtime and lessnemory locations thaother works.

A further comparison is presentedTiable9-5| It compares tlsi research with qualitative
approaches from the literature.
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Table9-5 Compares this research (graphical causality approach) with sontebéegjualitative
approaches from the literature

Authors/Year Type of used Method Spurious
System predictions that
do not
correspond to
real behaviour
[80] Kuipers, B The Utube QSIM Yes
[83] Maestri, M., et al. | Diagnosing Automatic | Yes
faults in qualitative
industrial trend
processes simulation
Aisha, recent Graphical Diagnosing BG and No
fault detection approacl broken rotor bar | TCG
/ stator winding
imbalance of
ACIM

It is clear from|Table 9-5|that the graphical diagnostic approach has no spusolugions,

which overcomes the limitation of previous researchBsis is achieved bysing BG

modellingand causality assignment procedure.

Table 9-6{shows aother comparison between the recent graphical causality based approach

with a previous BG of ACIM in the literature

Table9-6 Compares this resazh with the available bond graph model of AC induction motor.

Authors/Year | Model Type Is it simulate a | Model Framework Fault
general AC Detection
induction motor

[181] Kim, J. BG model No. It simulate | It simulates the ACIM in| No in-

and M.D. considers three| the ACIM with | .- orthogonal reference depth fault

Bryant stator winding | individual rotor | frame. detection

and only five | bars
rotor bars

Aisha present | BG modelis | Yes. It simulate| It simulate the ACIM in | In-depth

Graphical falt | general for Ac | the ACIM the natural reference | fault

detection induction motor| whatever the | frame (three sinusoidal | detection

approach number of rotor| waveforms)using IC of
bars. field to model the energy electrical
exchange ahair gap faults and
flux that takes place used the
between components off qualitative
the system. influence
for fault
severity.
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It can be seen froﬁableg-Gthat tre graphical fault detection approach overcome the shortage

of the previous BG fault detectiolh simulates théehaviour of a general ACIM using IC field.
It investigates the effect of a BRB and imbalanced stator winding faults on the system
behaviour and addresses the qualitative influence of these faults on the motor current for fault

severity. Farther, it validated using experimental data.

In conclusion, the graphical causaligsed approach represents an efficient and meaningful
technque for simulating the dynamic system behavior. The diagnostic approach based on TCG

is very effective for the detection of ACIM electrical faults.

Summary

This chapter introduced the QS approach to fault dete@mhit was shown that the results
obtaned from the TCG and forwardgpagation could be used ftault detection. A major
advantage of this method that is it uses fewer parameters than the quantitative models. The
application of QS predicted parameter changes in terms of (+) increased §anth, or-§
decreased activity dhe behaviourof the entire system. Theesults suggested that thsing a

QS approachhased on TCG and qualitative reasontag enablehe extraction of diagnostic

information that provides the basis foraccurate @gnosis.

The results obtaineshowthat this approach could be used for the effective detection of broken
rotor bars and stator winding imbalance faults in an ACIM. Then the QS approach was
evaluated using a 28lM simulation of the ACIM BG modelvhich confirmed the potential

of QS to detect broken rotor bars and stator imbalances.

Importantly, a series of comparisons between the simulation results and experimentally
obtained data confirmed that the qualitative influence of the faults on the motortcurren
signatures could show an accurate diagnostic Mtilere the work can be compared to
previous papers (e,gSharmaet al,[157] andShreve[177] ), the results appear to be in good

agreement.

The investigation continues to evaluate the graphical caubalggd approach; it has been
compared with other work in the literaturéhe gaphical causalispased approach represents
an efficient and meaningful technique for simulating the dynamic system behavior. The

diagnostic approach based on TCG is very effective for the detection of ACIM electrical faults.
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Chapter 10 Conclusions and Future Work

This chapter summarises and presents the key outcomes arising from this research study and
extractsconclusionsaccording tothe attainedoutcomesFirst, the chapter presents the aim

and objectivesmentioned inChapter One along with the waythese objecties were
accomplished. Then it presents explanationof the contributions to knowledgeovidedby

this researchLast,suggestions are made for furthresearch with some recommendations for

the useful development of the Bond Graph model and the qualisamulationapproach for

system condition monitoring, in particulatetection otliverse sort®f malfunctionfrom those

used here, including electrical and mechanical.
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Objectives and Achievements

The main aim of this research was to developaitgiive simulation approach for the CM of
AC induction motors. This primary target was successfully achieved by the development of a
Bond Graph model, and the construction of a temporal causal graph for qualitative fault

detection.
A summary of the obives and their corresponding achievements are now given:

Objective 1: To review and understand conventional techniques used in CM systems
including quantitative and qualitative methods, and to complete a comprehensive review of the

diagnostics of faultg electrical induction machines.

Achievement 1: A comprehensive review of common methods used for machine CM is
provided in Chapter Two, Sections 2.1 and 2.2. In Section 2.3 a critical review of fault detection
techniques for ACIMs wa presented. MCSAvas found to be an appropmaimethod for
electrical machinefault detection, see Section 2.1.4. From this review, it was found that most

of the simulations in current use tend to be based on abstract mathematical models instead of a
structured representati of the system. Adopting this latter approach, this study selected BG
modelling, which is based on system structure and causality relations for the detection of

broken rotor bar and stator imbalance faults.

Objective 2: To investigate the effects of etecal faults, stator windings imbalance, and
broken rotor bar, on the performance of an induction motor. This was accomplished by
analying the cause and effects of these faults.

Achievement 2:Chapter Four, Section 4.4 discussed common faults of A@Hdghe effects

of these faults otthe motor operation, and Section 4.5 discussed the relation between motor
specifications and their failur&€he cause and effects of electrical faults, including broken rotor
bar and stator winding imbalance, were revedwand shown to impact the ACIM's
performance in terms of an unbalanced rotating magnetic field, torque pulsations, and speed
oscillation. These problems led to a decline in the system efficiency/productivity and shorten
the life of the ACIM

Objective 3: To understand models of ACIMs and deveboBG model of a healthy motor

themotor withabroken rotor bar, and motor with stator winding imbalance.
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Achievement 3:Chapter Two, Section 2.3 modehsed fault detection techniques have been
reviewed.The revew found that many of the models that have addressed electric machines’
simulation are based on an abstract mathematical approach instead of a structured
representation of the systerfihe BG method can model system behaviour dynamics based on

a combinaton of three different aspects, conceptual, causality, and humdrue. the BG

modelling approach was selected to build a model for fault detection in the given ACIM.

A BG model of the ACIM was developed in Chapter Seven, Section 7.5, using the neutral
reference frame (AB-C). It simulated théehavioursof the ACIM under differentonditions
including a healthy motora motor with a broken rotor bgrand motor with stator winding

imbalance. The results from this model were used as benchmarks ftatoueatiiagnosis.

Objective 4: To review qualitative simulation methods and develop a qualitative simulation
approach for fault detection of the induction motor.

Achievement 4: A review of qualitative fault detection approaches has been reported in
Chapte Three, Sections 3.1 and 3.2. This provided general information on qualitative
simulation approaches and principles. A review of existing qualitative simulation methods
including BG methodsis discussed in Section 3.Bhis reviewfound that the qualiteve
reasoning method is a common qualitative fault detection technique and that BG modelling is
a potential solution for qualitative simulation. BGs are pictorial models that construct system

behaviour based on cause and effect relations.

Chapter Five gigs a description of BG modelling principles, including energy variables,
standard BG elements and causality, and a brief description of the sequential assignment
procedure and the TCG (temporal causal grapl).evaluate the qualitative simulation
performance, this study developed an ACIM qualitative BG model based on the TCG and
forward propagation, see Chapter Nirghe qualitative BG model investigated the behaviour

of the ACIM under the effects of two electrical faults: broken rotor bar and statolamsba

It addressed the effects of the increafsmtor resistance that occurs because of a broken rotor
bar on he system behaviour in Sectiorb4, and investigated the effects of stator winding
imbalance in Sectiof.5.2.

Section9.6 provides the redts and discussion, and shows that the qualitative BGaffiarent
approacHor gettingdiagrostic information, leading toarecisediagnosisof the fault.Section

9.8 provides a diagnosis of the qualitative influence lmioken rotor bar and statonbalance
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faults on the motor current signature. The finding from the visual results of the BG model
presented in Chapter Eight, the experimental results of Ch8pterand from published
literature all agree that in the presence of a broken rotpthesmplitude of the spectral peak

in the current signature at (fs+2sfs) increased, so that the amplitude difference between the
fundamental and the peak at (fs+2sfs) decreased. It is proposed that the presence of a broken
rotor bar can be diagnosed by exaimg the amplitude difference between the fundamental
supply and the amplitude of the lower sidebandhil difference is less thahe reference
value,sayR, this would imply the presence of a broken rotor bar, see S&@dn

The diagnosis of thefluence of stator imbalance was investigated based on the increase in of
the third harmonic (3fsamplitudeof the fundamentalin the current spectrum. This increase

is compared with the spectral peak at this frequency under baseline (healthy) cariflitiens
increase is greater than a reference value, say R1, then this would imply the presence of an

imbalance fault, see Sectior8.2.

Objective 5: To build a thregphase ACIM bench rig suitable for testing different motor faults
with different levelsf severity and providing experimental data sets.

Achievement 5:Chapter Six provides details of the test bench used in this study to examine
the effects of a broken rotor bar and stator winding imbalance on the motor current signature.
Details of the @st bench components and measuring equipment, sensors, and data acquisition

system can be found in Section 6.2.

Objective 6: To evaluate the performance of developed techniques based on the experimental

datasets.

Achievement 6:ChapterSix provides the xperimental resis from the tests performed tire
baseline motorthe motor witha broken rotor bgrandthe motor withstator imbalance. Motor
current signals were collected for different loashditions under full speed.hE effects of a
broken rotor br and stator imbalance investigated using the current specteanSections
6.5.1 and6.5.2, respectively. The spectra obtained provided visual validation of the result
obtained from the BG model, Section 8.2, and the results obtained from the qeafaativ
diagnosis, see Secti@B.

Objective 7: To provide suggestions and recommendations for future research in this area of

study.
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Achievement 7:Section10.4 suggests useful directions for future research on the CM of AC
induction motors advancinge technique developed in this rasdafor the diagnosis of other

different seeded faults.

Conclusions

This research investigated AC induction motor behaviour in the case of the electrical faults of
a broken rotor bar and stator imbalandée developed 8 model can simulate the motor
behaviour under different conditions, including a healthy motor, a motor with two levels of
broken rotor bar faults (one and two broken bars), and a motor with two different stator winding

imbalance levels.

The investigatiorwas based on motor current analysis and the harmonic components in the
current signal spectrum. In the case of a broken rotqgrtlharamplitude of spectral peaks
around the fundamental supphB(@t OB increased with fault severity and loaStator
imbalance increased the peak amplitude at the 3rd harmonic component with fault severity
whatever the loadComparing BG results with the corresponding results from the experimental

study shows good agreement and good agreement with reportsiterttere.

Importantly, the study has developed a qualitative satranl fault detection approadiased
on temporal causal graph$he TCG and forward propagation result indicated that this
approach could be used for the CM of ACIM& advantage of thimethod is that it involves

fewer parametersompared with the quantitative methods

The qualiaitive analysis that was appliext,curately preidted the effects ad broken rotor bar

anda VWDWRU LPEDODQFH RQ WKH V\VWHP Mt¥ thatHkeDQSL R X U
technique proposed of combining TCG with qualitative reasoning and qualitative equations is
a suitable means of extractingefid diagnostic informatiomo provide an accurate diagnosis

of broken rotor bar and stator imbalance faults.

The gplied qualitative analysis predicts the effects of broken rotor bar and stator imbalance
faults on the whole system behaviour, indicating that the proposed QS technique is an effective
method for extracting diagnostic information, leading to an accueaikt &iagnosis by
combining TCG and qualitative equations with qualitative reasoning.
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The QS approach was evaluated basethemmplementation of the ACIM B@sing 20SIM

software The visualpresentation of thaimulationresults segFigure 9-6|to|Figure 9-14

confirmthatusing theQS appoach cardetect BRBard IM faults accurately.

The investigation continued by investigating theltgatve effect of theseeded eleatal faults
on the motor current signatures based on thererce valuesin the case of a broken rotor
bar(s) the reference islatedto the amplitude difference between the fundamental frequency

in the current signal spectrum atfie lower sidebandéquency.

In the case of stator imbalance, the 3rd harmonic amplitude in the current signal spectrum is
compared with the reference value measured under baseline (healthy) coAdstgmificant

stata imbalance is indicated if thmeakamplitudeat 3rd larmonic is greater than the reference.

The results from both the BG and experimental studies show that the qualitative influence
diagnosis gives accurate results.

In order toevaluaethe graphical causalityased approacit has been comparedth work in

the literatureThe graphical causalilgased approach represents an efficient and meaningful
technique for simulating the dynamic system behavior. The diagnostic approach based on TCG
is very effective for the detection of ACIM electrical faulidoreower, it overcomes the

limitations ofsomestudies in the literature.

Research Contributions to Knowledge

Contribution 1: The development of a Bond Graph model of the tiptesse induction

motor in the natural reference frame using the fl&ld that coupgéd the electrical and
mechanical components of the eleatnechanical system has not been used before for the
simulation of an ACIM. In this thesia BG model has been developed for fault detection

in ACIMs based on motor current analysi® tW K H kxowl&dBe,) I&'SA has not been
previously used in this way. Further, the model has been successfully used for the detection
of broken rotor bar and stator imbalance faults based on M@8ish would be a cost
effective technique for the detection of motaults.

Contribution 2: The author believes that qualitative simulation for fault detection is a

potential solution for the detection of AC induction motor faults. There has been no
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research reported in the literature that used TCGs and forward propdgatioa CM of
ACIMs.

Contribution 3: The influence of the broken rotor bar and the stator imbalance on the
system behaviour were detectemsed ortausality andjualitative reasoningp overcome

the limitations of the comparable work in the literature.

Suggestions for Further Work

The presented resalshowthe effectiveness of usi®G modelling andaqualitative approach

for ACIM condition monitoring Suggested future work could include the following:

¥ The use of the BG model for other electrical andimecal faults in ACIMs, such as
stator short circuit, stator open circuit, mechanical imbalaar bearing faults.

¥ Fuzzy logic, already used widely for fault detection and classifications, could be fused
with a qualitative BG approach to providenorerobust fault diagnosis for ACIMs.

¥ A combination of the qualitative influence diagnosis with#oéesed approaches can be
used to identify fault severity.

¥ The author recommends combiningalitative simulation with machine learning
techniques that alegly play a significant role in fault detection and classificatiione
used for fault classification.

¥ More research is required tesethe proposedjualitative detection method on the
ACIM fed by a variable frequency driy¥ FD) to understand the effects the inverter
on the ACIM behavioyrespecially under the fault conditions.

¥ The BG model should be extended to simulate other rusteen nmachineriesuch as

pumps and engines.
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