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ABSTRACT

Complex rotating machines are extensively used in modern industry with high
demanding performance. However, due to severe operating conditions, certain
unexpected breakdowns may occur in the machinery that may be expensive and
potentially catastrophic. This research addresses the early detection of comrnon
faults occurring in rotating machinery using supervised learning based pattern

recognition (PR) methods.

The study focuses on obtaining the accurate and fault-related time domain (TD)
statistical features, with the intention of enhancing diagnostic capability of clas-
sifiers. Localized faults in rolling element bearing (REB) generate very weak vi-
brations and the extracted TD features may be affected by unrelated fluctuations
present in the vibration signal transmitted by joint machinery components. The
inaccurate feature values may mislead classifiers and consequently reduce their
fault classification accuracy. To deal with the issue, two new central tendency
(CT) based feature processing and extraction methods are presented that ade-
quately mitigate the affect of these fluctuations on the supervised learning based
classification process. The methods helps to extract accurate and fault related

features to improve the fault classification accuracy of the classifiers.

Unlike faults in REB, the most common faults in rotor, unbalance and misalign-
ment, produce larger amplitudes in vibration signal. Yet, the reliable identification
of these faults is often hard by using conventional frequency methods. Moreover,
misjudging misalignment with unbalance fault may even aggravate the situation

in machinery due to different maintenance strategies. Present research exploits
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the difference of mechanical forces exhibited by these faults in multiple axes of
the rotor, in terms of transmitted vibrations, for the extraction of very effective
TD features. These multi-axis features are processed further to improve the fault

classification accuracy of the diagnostic model.

Variety of classifiers are employed to evaluate the performance of the presented
methods. The classifiers include support vector machine (SVM), bayesNet, de-
cision table and decision tree. All the classifiers have shown considerable im-
provement in their fault classification accuracy. In case of REB’s four faults, the
achieved accuracy reaches to 96.8% from 76.3% obtained by using raw TD fea-
tures. Similarly, in rotor’s case, the fault classification accuracy is enhanced to

100% from 83.3% by using multi-axis TD features.
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Chapter 1

Introduction

This chapter begins with background knowledge of the subject and provides an
overview of the common faults occurring in rotating machinery and conventional
diagnostic techniques. This is followed by the motivation behind the research, de-
tailed description of the research problem and the resulting contributions. Finally,

the chapter describes the structure of thesis.

1.1 Background

Modern rotating machinery is part of almost every industry that require efficient,
econornical and safe production. However, the machinery works generally under
severe operating conditions, which may cause sudden breakdowns and decrease of
performance. This may result in financial losses, lower products quality and op-
eration safety. Undetected malfunctions of machine components can also induce
failures in the related parts. Lack of timely available factual data, used to quan-
tify the actual need of maintenance, is often the main reason behind ineffective
maintenance management [1). Therefore, early detection and diagnosis of complex

machinery faults is crucial for economical and safety reasons.

Condition-based maintenance (CBM) methods offer early prediction of machinery
faults using condition monitoring (CM) technologies [2]. Recent advancements in

1



sensors, instrumentation, communication and computation provide the means to
manage this kind of maintenance operations. The CM procedures cover different
disciplines, such as mechanical measurements, electrical measurements, perfor-
mance or process measurements, tribology and non-destructive testing [3]. Tvpi-
cal parameters of mechanical measurements inchude vibration, acoustic emission,
temperature and strain. Among all, vibration measurement and analysis has been
the most common and popular approach [1]. The vibration parameter can address
majority of machinery faults and provides an earliest indication of any developing
fault. The parameter provides a clear picture of plant’s health, making it possible
to prior plan maintenance activities for those machines which have signs of any
potential failure. Mechanical systems produce vibration even when they are new
or operating properly. However, the vibration level is very small and constant in
that case, but the signature changes quickly with the development of some fault.
Machinery failures reveal a chain reaction of cause and defect. The fault diagnosis
works backwards to define the elements or root causes of the chain involved in the
failure. The root cause analysis also prevents the machinery from suffering the

same fault again and again.

Basic components of rotating machinery include bearings, gears, fans, rotors and
shafts. The most common of them is rotor-bearing mechanism. Bearing is very
critical component due to bearing basic dynamic loads and forces. Faults in rolling
element bearing (REB) are common and categorized into distributed and local-
ized faults. Typical distributed bearing faults include surface roughness, waviness,
misaligned races and off-size rolling elements. These are usually caused by design
and manufacturing errors, improper mounting, wear and corrosion ete {4]. Local-
ized bearing faults include cracks, pits and spalls on the rolling surfaces that are
usually caused by plastic deformation, brinelling and material fatigue {5, 6]. Both
distributed and localized bearing faults can cause machinery malfunctions. From
the standpoint of health monitoring of machinery, however, localized fault diagno-
sis is more important as spalling of races or rolling elements having dominant style
of failure. Moreover, in real world applications, many distributed faults originate

from localized spalling [7]. Common rotor faults include unbalance, misalignment,
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rub, bent, oil whirl and pedestal looseness [8]. Unbalance and misalignment are
the most common and frequently occurred faults. As many problems associated
with the machinery are attributed to bearing failures and faulty rotor, the present
research focuses on the study of localized faults in REB and most frequently oc-

curring faults in rotor.

There exist two principal approaches to machinery fault diagnosis, known as
model-based approach and data-driven approach [9}. The model-based approach
uses an analytical model of a process to analyze the systems dynamic behavior.
The mathematical model usually involves time dependent differential equations,
where deviations frotn the expected values of monitoring parameter represent the
health state of machinery. However, inappropriately designed models can cause
false diagnostics. Hence, data-driven technigues are an alternative where analyti-
cal model is not feasible. In data-driven techniques, informative data is collected
from a system under test to implement appropriate analysis. Several methods
have been developed in data-driven domain using vibration data for fault diagno-
sis of rotating machinery. These methods mainly include signal processing, fuzzy
systems, artificial intelligence (AT} based pattern recognition (PR) and expert

syvstems.

As the CBM strategy is fully supported by computer technology, the recent ad-
vancements utilizes Al techniques as well-adopted tool [10]. Intelligent mainte-
nance systems can make inferences and arrive at reliable conclusion. In this regard,
supervised learning based PR is an emerging and useful technique for such situa-
tions. Main stages to recognize the fault patterns are feature extraction, feature
selection and fault classification. Extraction of appropriate diagnostic features
is very important for reliable PR process. The feature extraction stage mainly
utilizes signal processing methods, such as time domain (TD), frequency domain
(FD) and time-frequency domain (TFD). Although TD vibration signals contains
mixture of frequency components transmitted by machine parts, principal advan-
tage of TD analysis is that almost no data is lost in transformations. The signal
is often characterized using some statistical parameters or features. These fea-
tures can be compared with pre-defined thresholds to detect machinery faults and
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for tracking their deterioration. Usually, the features involve indices, which are
sensitive to impulsive oscillations in vibration signal. Several TD statistical fea-
tures are reported in the literature used for PR of machinery faults, such as root
mean square (RMS), mean, standard deviation {SD), variance, skewness, kurtosis,
crest factor (CF}, impulse factor (IF), shape factor (SF), median, range ete. The

features are described below.

e RMS: The RMS is the normalized second statistical moment of a signal and
commonly used to quantify the steady state signal. In vibration analysis,
RMS describes the energy of the signal and is used for fault detection as a

most basic and important feature.
1 - 3
{2 12 2
RMS = ( ~ ;-::1 X)) (1.1)

e Mean: This is the first moment of probability distribution of a signal and

provides an average value of the signal.
1 ,
Mean(s) = > Xx() (1.2)

e Standard Deviation: The SD is used to quantify the amount of variation or

dispersion of a set of data values. The following relation calculates its value.

StandardDeviation(g) = (% Z(X(z) - ,u)2) (1.3)

i=1

[T

e Variance: This measure is the second moment of probability distribution of
a signal, and reflect that how far a set of numbers is spread out from its

mean.

N
Variance(a?) = -;—Z(X(z} — u)? (1.4)

i=1



o Skewness: The feature is the third statistical moment that characterizes the

degree of asymmetry of data distribution around its mean.

N

Skewness = Z ( X(t )3 {1.5)

e Kurtosis: This is the fourth normalized statistical moment, which indicates
the flatness or the spikiness of a signal. The feature is being extensively used

for bearing’s fault diagnosis.

Kurtosis = %g (%“—))4 (1.6)

o Crest Factor: Measuring RMS level is the simnplest approach to detect faults
in TD. However, this may not show appreciable changes at the early stages
of faults. The CF may be more sensitive to this situation as it is defined as
the ratio of the peak level of the input signal to its RMS level. Therefore,
peaks in a T'D signal due to impulsive vibrations may result in an increase in

the CF, which can help to detect any possible changes in the signal’s pattern.

maz(]X|)

RMS (£7)

CrestFactor =
e Impulse Factor: The IF is defined as the ratio of the peak level of an input
signal to its absolute average, and is also sensitive to shape of peaks generated

due to fault impacts.

maz(|X|)
* T X (@)

ImpulseFactor = (1.8)

e Shape Factor: The SF is defined as the ratio of the RMS level of the input

signal to its absolute average.

RM
Shape Factor = S (1.9)

Lyl X))




e Median: This measure is the middle score of elements present in a data set
when arranged in ascending or descending order. The following formula is
used to calculate the median, when N is odd number of elements in the data

set.

N-l—l) (1.10)

Median = magnitude (

However, if the number of elements is even, then the median is calculated

by averaging the two middle elements.

e Range: The feature is the measure of peak to peak vibration and can be

used to detect the severity of spikes generated from machinery fault sources.

Range = maz(X) — min{X) (1.11)

In the above relations, X is the sequence of data samples obtained after digitizing
time domain vibration signals, X (i) is the amplitude of i** sample and N is the

total number of data samples in the sequence.

Although the PR is a popular domain for automatic diagnosis of machinery faults,
noise in the systems often misleads the statistical classifiers in their training phase
[11]. Thus, to facilitate the fanlt detection process, most of the existing fault di-
agnosis methods involve certain pre-processing of raw TD vibration data before
further analysis. The data pre-processing normally includes extraction of appro-
priate frequency range [12-17] and noise reduction [18-23]. Literature reports
numerous vibration-based PR methods have so far been employed to detect faults
in rotating machinery using TD statistical features. However, maintaining an op-
timum fault classification accuracy using a minimal set of features has been a

challenge.



1.2 Research Problem

Rotating machinery components produce complex vibration signals. Problem
arises, when vibration produced by a faultv component is influenced by the vi-
brations generated from multiple components in rotating machinery. Analysis of
low amplitudes present in captured vibration signal then becomes very hard. On
the other hand, TD features may be very useful for the recognition of faults in
rotating machinery but are often sensitive to the undesired vibrations. Inaccurate
and unrelated feature values may mislead the supervised learning based classifiers

and consequently reduce the fault classification accuracy.

Very little work has been carried out regarding the accurate extraction of diag-
nostic features for machinery fault diagnosis. Signal quality along with machines
operating conditions like load. speed, or torque can affect a feature’s value [24, 25].
Difficulty with the existing methods is their complexity and computational cost,
especially employing TD features. This study investigates faults in two diverse
components of the rotating machinery, REB and rotor, with the intent to obtain

accurate and fault-related TD features.

1.2.1 Bearing Fault Diagnosis

Identification of the localized faults in REB is very hard due to presence of very
low amplitudes in captured vibration signal, which is often influenced by joint
machine components like rotor or gear. Thus, the spectra of raw vibration signal
contain very little diagnostic information regarding the bearing faults [2]. The
common faults include inner race (IR) fault, outer race (OR} fault, ball {BL)
fault and mixture of the above mentioned faults {MX). Numerous vibration-based
PR methods have so far been employed to detect the bearing faults using TD
statistical features [26-35]. However, the fault classification accuracy achieved
is not at the satisfactory level. Our initial investigations show that the random
nature of vibration signal can contain spikes or fluctuations, which may occur due

to change in dynamic operating conditions in the machinery. Nevertheless, the
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fluctuations may not be associated with the REB’s localized faults and produce

abnormal values or cutliers in the extracted TD statistical features.

1.2.2 Rotor Faults Diagnosis

Unlike the bearing faults, the most commonly occurring faults in rotor, unbalance
and rnisalignment, produce larger amplitudes in the transmitted vibration signal.
Yet, the faults are very difficult to identify using conventional frequency methods
due to exhibiting similar sort of spectra [8, 36]. On the other hand, accurate iden-
tification of these faults is extremely important as the rotor balancing procedure
is based on attachment or removal of certain amount of weight to or from a partic-
ular location of the rotor. Thus, confirming the unbalance state of rotor is crucial
prior to take any corrective action [37]. Misjudging misalignment with unbalance
fault may even aggravate the situation in machinery. The literature shows that
mostly single-axis vibrations, specially from radial axis, have been utilized to ex-
tract TD features for the purpose [8, 35]. These TD featurcs may not be able to

demonstrate properly the dissimilarity of exhibited forces by the rotor faults.

1.3 Philosophy of the Work

Taking into account the dynamics of machinery components, intelligent extraction
or processing of the TD features may help to obtain accurate and fault related fea-
tures. The extraction or processing methods may vary according to the mechanical

design of a component, the nature of its faults and transmitted vibrations.

1.4 Research Hypotheses

Below are the research hypotheses formulated to obtain accurate and fault-related
TD features. Hypothesis-1 addresses the classification of the bearing faults, whereas
Hypothesis-2 addresses the faults in rotor.

8



Hypothesis-1 While diagnosing REB’s localized faults, the acquired vibration
signal may be affected by stronger impacts from joint machinery sources such as
rotor or gear. This may alter the statistical values of the extracted TD features and
consequently mislead a supervised learning based classifier. Isolating the external
sources from the bearing at feature level or feature-extraction-level may provide

accurate and fault related TD features.

Hypothesis-2 Utilization of the TD features, cxtracted from simultancously ac-
quired vibration signals, from multiple axes of rotor, may help to identify its un-
balance and misalignment states accurately. The multi-axis features may be more
sensitive due to the exhibition of dissimilar forces by these faults. The respective
sensitivities of the features may be utilized intelligently for obtaining accurate and

fault related features.

1.5 Research Methodology

The present research is of experimental nature that proposes solution to an im-
mediate problem. To address the research hypotheses, several experiments are
performed and the results are analyzed to derive conclusions. The research has

been conducted in three main phases.

In the first phase, the research problem has been formulated to write-np a research
proposal. Formulation of the research problem is comprised of literature review,

defining the problem and identifying the research gap.

Second phase of the research deals with the planning. Reliable data collection
procedures and data validation process are the main steps of this phase. The
experimental data contains data-sets of the bearing and rotor faults. Details of

the data-sets is described below.

1. To obtain data-sets from bearing faults, a mechanical testbed known as

machine fault simulator (MFS) is utilized along with a set of faulty bearings



containing localized faults. The PC-based vibration measurement system
contains 24-bit data acquisition hardware from National Instruments (NI).

{Chapter 4 and Chapter 5).

2. Bearing data from Curtin University (CU) is also utilized for in-depth anal-
ysis of the bearing faults. The data is freely available online (Chapter 3).

3. To obtain data-set from faulty rotors, again the MFS is used. Rotor mis-
alignment and unbalance faults are generated in controlled environment re-

peatedly (Chapter 6).

The final phase concerns about conducting the research that include processing of
the data and writing of the thesis. Based on the observations from comprehensive
experiments, new methods have been presented to solve our research problem.
The data processing and analysis stage encompasses the experimental study to
evaluate the presented methods. NI's LabVIEW along with its Sound and Vibra-
tion Measurement Suite and Matlab are the mainly used software packages for the

purpose. Finally, the thesis concludes the research.

1.6 Contribution of the Research

The thesis fills a significant research gap by studying the role of accurate TD di-
agnostic features for supervised learning process. The reliable and accurate TD
features obtained through these methods have been found robust and provide
higher diagnostic information to PR-models. Therefore, the present research em-
phasizes the use of intelligently processed TD features for the problem at hand,
instead of using raw features. A substantial advantage of the proposed extraction
and processing of the features over conventional pre-processing of raw vibration
data is the computational cost. Only few values in feature distributions are re-
quired to be processed rather than processing the huge vibration data. Several

classifiers are used to evaluate the performance of the presented methods. These
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classifiers include support vector machine (SVM) [38], bayesNet [39], decision ta-
ble [40] and decision tree [41]. Classification accuracy of all the classifiers has been
enhanced considerably when applied the proposed methods. Major contributions

of the research include:

1. A central tendency (CT) based feature processing (CTBFP) method is devel-
oped prior to supervised learning based classification process to identify localized
faults in REB. The CTBFP method processes the features at data preparation
stage of instance formation. The method deals adequately with the possible fea-
ture outliers and ensures the supply of only fault-related feature values to clas-
sifier by discarding the affected instances. The fault classification accuracy of
the classifiers is improved considerably. In addition to computationally efficient,
the method is imimnune to possible fluctuations present in vibration signals. The
CTBFP method produces 94.4% accuracy at maximum using multi-class SVM to
identify four faults of REB employing ten TD {eatures. Using the saine vibration
data set, the classifier could provide only 76.3% accuracy when employed the same

raw 1D features.

2. Application of the CTBFP method may become somewhat limited wben train-
ing data-set is small, due to the strategy of discarding the affected instances. Un-
like processing the feature distributions at feature-level, a new CT-based feature
extraction (CTBFE) method is presented that works at feature-extraction-level
to obtain reliable TD feature values to recognize the fault patterns of REB. The
presented method selects the most appropriate portion of a vibration signal for
the extraction of features. The CTBFE method not only preserves nuimnber of
instances but also provides more accurate results compared to that of aforemen-
tioned CTBFP method. The method is efficient and provides significant immunity
to possible fluctuations and background noises present in vibration signals. The
CTBFE demonstrates 96.8% accuracy at maximum using multi-class SVM to iden-

tify four faults of REB employing ten TD features.

3. The CTBFE is exploited further to develop a rule-based bearing diagnostic
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system (RBDS). Each TD feature is processed statistically to approximate its pre-
cise central values (CVs) against the respective faults. In this way. every feature
provides a set of CVs that are equal in number to that of faults. BSeparating
distances among normalized CVs {NCVs) in a set allow to select or discard that
particular feature before further processing. The selected features or sets of NCVs
are finally used as references to generate rule-set for testing the unknown samples.
The results from RBDS are evident that the proposed method may be an effective
alternative to the existing classifier-based costly fault diagnosis, even in the pres-
ence of strong background noise. Using the same vibration data set, the RBDS

produce 95.6% accurate results emploving only three salient features.

4. Multi-axis TD features are employed for accurate identification of unbalance
and misalignment faults in rotor. Every pair of alike features is then further
processed to have more effective feature to take part in the PR process, i.e. RMS-
radial and RMS-axial are processed adequately to produce a single robust RMS
feature. Multi-axis implementation of the TD features also maintains the length
of the feature vector for efficient data processing, in addition to providing very ac-
curate results. The method enhances the accuracy of binary-SVM model to 100%
using six multi-axis features only. The classifier provides only 83.3% classification

accuracy employing the same but single axis TD features.

1.7 Scope of the Thesis

The present research utilizes only the TD features for the machinery problems
at hand, using supervised learning based PR methods. Sensitivity of the TD
features is investigated for the localized faults in REB and rotor’s unbalance &
misalignment faults. This study does not cover the physical causes or mechanical
phenomena behind the occurrence of random fluctuations in vibration signals dur-
ing the faults diagnosis of bearing. Similarly, the study does not cover the rotor

dynamics or generation of vibratory forces by the rotor faults under study.
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1.8 Organization of the Thesis

Chapter 2 provides critical literature review, which focuses on rotor and bearing
transmission system and its fault diagnosis using signal processing and vibration-

based PR methods.

Chapter 3 describes the CTBFP method used to identify localized faults in REB.
The chapter also deliberates the generation of outliers, their detection criteria and
discarding procedure of the affected instances. Sensitivity level of the TD features
is investigated against the random fluctuations in vibration signal. Finally, the

noise immunity of the CTBFP method is discussed.

Chapter 4 describes the CTBFE method to classify again the localized faults in
REB. Accurate extraction of the TD features is demonstrated for trustworthy per-

formance of the classifiers. The performance of the presented method is compared

with that of CTBFP method.

Chapter 5 sheds light on the RBDS method to diagnose REB's faults. The algo-
rithm explains the utilization of CTBFE-based feature values to develop rule-based

mechahism.

Chapter 6 describes the rotor’s faults. The chapter explains the extraction of
multi-axis features and their processing according to the nature of faults to obtain

robust feature-set for trustworthy diagnostics.

Chapter 7 concludes the research work and suggests some future work.
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Chapter 2

Literature Review

The chapter covers a wide range of literature that includes rotating machinery,
maintenance methods and vibration-based fault diagnostic techniques. After a
preliminary literature search, the literature review focuses on fault diagnosis of

rotor and bearing using vibration-based PR methods.

2.1 Condition-based Maintenance

Maintenance is a combination of science, art, and philosophy [42]. The activity is
carried out to restore a faulty machine to working condition. Efficient maintenance
activity is a matter of having right the resources to be used at the right time.
Maintenance methods are broadly categorized into three main categories [1], and
each one has its own associated costs and benefits. The most expensive and oldest
maintenance method is breakdown or failure method [43], which is carried out
after a fault occurs. This often results in immediate halt of running process and
plant downtime. Apart from costly replacement of machinery components, the
situation can be catastrophic to workers. Preventative maintenance [44] is the next
logical method, which relies on periodic replacement of machinery components at
fixed-time calculated on their life-basis, even they are working properly. This

method usually has lower associated cost relative to the breakdown method as
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inventory and manpower can be better planned. The most advanced, logical and
cost effective method is predictive maintenance or CBM, in which maintenance
activity is carried out on the basis of condition of machinery parts [2]. As soon
as a machine begins to exhibit signs of incipient failure, CBM allows to plan its
inventory and repair schedule. The method also contributes to improve worker’s
health and safety as the developing fault may produces pollution or health hazards.
Moreover, the CBM is also used to check a newly installed machine before start-
up, in terms of its foundation, stability. proper alignment and overall integrity

[45).

- Condition Monitoring

Prarameters
- —
h 4 h 4 ¥ h 4 h 4 _
Mechanical Electrical FPerformance Tribolo Non-destructive
Measurement Measurement Measurement 9y Testing
Vibration, Acoustic Current, voltage, Pressure, flow, Lubrication, Visual inspection ,
Strain, ete phase, etc temperature, elc debris, etc aquistic analysis, etc

Frgure 2.1: Condition monitoring parameters

Advanced CM technologies or parameters provides the basis to implement CBM.
The CM technologies cover different disciplines such as mechanical measurements,
electrical measurements, performance and process measurements, tribology and
non-destructive testing, as shown in Figure 2.1. Typical parameters of mechanical
measurements include vibration, acoustic emission and strain [46]. A CBM sys-
tem mainly includes measurement hardware and software to acquire and interpret
signals generated by the machine parameters being monitored. The system can
perform on-line, i.e. when the machine is in operation as well as off-line. Jardine

et al [3] presented a detailed review of the subject.

Among all the above mentioned parameters, vibration measurement and analysis
has been the most common and popular. Vibration can addresses majority of
the machinery faults, as shown in Table 2.1. The parameter is also an earliest
indicator of any developing fault. Vibration provides a clear picture of plant’s
health, and allows to plan the maintenance schedule for those machines only that
have signs of failures. Mechanical systems produce vibration even if they are new
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TABLE 2.1: Typical problems treated by vibration analysis [1]

Ttem Faults

Unbalance
Bent shaft
Eccentricity
Misalignment
Rotor and shaft Rubs
Cracked shaft
Critical speeds
Resonance
Blade problems

Pitting of roller or races
Rolling element bearing Spalling

Other defects in rolling ele-

ments

0Oil whirl
Journal bearing Oval or barreled journal
Journal /bearing rub

Unbalance

Flexible coupling Misalignment

Damaged rotor bars
Unbalanced magnetic pulls
Air gap variations
Electrical machines Foundation and structural
faults
Piping resonance
Structural resonance
Vortex shedding

or operating properly. However, the vibration level is very small and constant in
that case. But the vibration signature changes quickly with the development of
some fault. Failures in machinery reveal a chain reaction of cause and defect. The
fault diagnosis procedure works backwards to define the elements or root causes
of the chain involved. The root cause analysis also prevents the machinery from
suffering the same fault again and again. Chenxing Sheng et al [47] discussed the

most recent progress in the CM of machinery and vibration-based fault diagnosis.
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2.2 Common Faults in Rotating Machinery

Basic components of rotating machinery include bearings, gears, fans, shafts or
rotors. The rotor-bearing mechanism is the most common part of the machinery.
As rotors runs on bearings, making the bearing very critical component due to bear
basic dynamic loads and forces. Many problems associated with the machinery
are attributed to faulty rotor and bearing failures. Therefore, the present research

focuses on the study of frequently occurring faults in rotor and bearing.

2.2.1 Bearing’s Localized Faults

Basic purpose of bearing is to provide an interface between the stationary and
the rotating parts of a machine. Bearings provide a nearly frictionless support to
guide rotors or shafts. Even well maintained bearings are subjected to at least one
cause of failure that is its material fatigue [42]. There exists two general types of
bearings, the journal hearing and the REB. For lower speeds and lighter loaded
machines, the REB is the popular choice. Faults in REB are categorized into
distributed and localized category. Typical distributed faults include waviness,
surface roughness, off-size rolling elements and misaligned races. They are usually
caused by design and manufacturing errors, improper mounting, wear, and corro-
sion [4]. Localized bearing defects include cracks, pits, and spalls on the rolling
surfaces. These type of faults are usually caused by plastic deformation, brinelling,
and material fatigue [5, 6]. Both distributed and localized bearing faults can causce
machinery malfunction. However, from the standpoint of health condition mon-
itoring, localized defect diagnostics are more important as spalling of races or
rolling elements is the dominant style of the failure of REBs. Additionally, in
real world applications, many distributed faults originate from a localized spalling
[7, 48]. Tandon et al [7] reviewed vibration and acoustic measurement methods

for the detection of defects in REBs.

Localized faults can be very small and difficult to detect. But these faults can re-

duce the life of bearing and may have a considerable impact on vibration-critical

17






Where SF' is the motor driving frequency or rotational frequency of shaft, Nj is
the number of balls, By is the diameter of ball, Py is the pitch diameter and 3 is

the ball’s contact angle.

An IR fault generates a series of high energy vibration pulses, the rate of which is
cqual to the ball pass frequency relative to IR. As the IR is rotating, the fault will
enter and leave the load zone during the rotation. As a result, the magnitudes of
pulses will be large within the load zone and smaller out of the zone. This phe-
nomenon produces a vibration signal that is amplitude-modulated at IR rotational
frequency. The spectrum of signal not only gives rise to a discrete peak at the ball
pass carrier frequency or BPFI but also produces pair of sidebands. The amount
of each sideband will equal to the modulating frequency or SF or rotational fre-
quency of IR, As the size of fault increases, magnitude of the FBFI increases as
well as more sidebands can be generated. An OR fault generates a series of high
energy vibration pulses, rate of which is equal to the ball pass frequency relative to
the OR. As the OR is stationary, the amplitude of generated pulses will theoret-
ically remain same. The spectrum of signal will then show a single discrete peak
at BPFO. The transmission path of vibration signal from a faulty IR to sensor
position mounted at bearing’s housing is complicated, therefore fault on the OR
usually easicr to detect. Fault on the rolling clement can gencrate a vibration
signal containing BSF, along with the harmonics at FTF. Twice the BSF can also
be generated as the fault strikes both raceways during single rotation. The BSF
can also be amplitude-modulated at the FTF as the fault enters and leaves the

load zone at the rate of FTF. This cause the sidebands in the spectrum around

the BSF.

The amplitude of generated signal may be very low as the rolling element is not
always lies in the load zone when the fault strikes. Energy is also lost during
the propagation of vibration signal through the structural interfaces to sensor.
When the defect is orientated in the axial direction it will not strike the IR or OR.
Due to the above mentioned reasons, the rolling element or ball fault is usually
very difficult to detect. Unlike raceway faults, cage defects do not excite specific
fault frequencies usually. The vibration signal is likely to have random bursts as
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However, Jordan [55] discussed that the misalignment fault initially affects the
1X response causing an elliptical shape of XY-orbit. They proposed two distinct
approaches, forces at the couplings were identified in the first approach while in
the second one the bearing loads are identified. Patel et al [56] discussed the effect
of parallel and angular misalignment in coupled rotor on its vibrational behavior.
With the help of an experimental setup, they investigated vibrations in bending,
torsional, longitudinal modes. The spectral analysis revealed that 1X vibration
component was stronger in axial direction from parallel alignment than that of

angular alignment.

2.3 Fault Diagnosis Approaches

There exist mainly two approaches for fault diagnosis, model-based and data-
driven [9]. Model-based approaches {57, 58] create explicit mathematical model of
a system under investigation. This approach can be effective if an accurate model

is built. However, it is very difficult to build models for complex systems.

Data
Measurements B
P Residual )
Generation
Residual )
| Evaluation

Model

FiGURE 2.5: Model based diagnostics

Figure 2.5 shows main phases of model-based fault diagnosis approach; residual
generation and residual evaluation. A residual is obtained at first stage by com-
paring available system measurements with priori information. At second stage,
the generated residual is evaluated and fault is determined by applying any deci-
sion rule such as a threshold test. A generated residual acts as fault indicator to
reflect condition of the system under investigation. A detailed review of model-

based fault diagnosis is referred to [39]. Various model-based fault diagnosis are
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applied of rotating machinery such as bearings [60, 61], rotors [36, 62, 63] and
gearboxes [64]. Generally, conventional statistical signal processing methods treat
vibration random signals as statistically stationary. But in cases where multiple
periodicities are involved, the randomness can also be modeled as cyclostationary

[G5], i.e. tine-varying statistical parameters with single or multiple periodicities.

Data-driven based signal processing methods have extensively been applied for the
purpose of faults diagnosis of rotating machinery. These techniques are classified
on the basis of type of signals or CM parameters, such as acoustic signal analy-
sis, temperature measurement. lubricant analysis, electrical current analysis, and

vibration measurement. Next section provides the details.

2.4 Signal Processing based Fault Diagnosis

Literature reports several signal processing based techniques to process various
CM parameters. Monitoring the temperature of a bearing housing or lubricant is
the simplest method for fault detection in rotary machines. Bearing distributed
defects generate excessive heat in the rotating components that can be used to
detect their health [66]. Debris analysis detects the presence of metallic particles
in the lubricant {67]. The analysis of the various kind of metallic elements can
also facilitate to hnd the location of the fault. Operating conditions of machinery
also monitored by analyzing the motor current. Changes in the electric signals
in the machinery can be associated with the health of mechanical components
[68]. Acoustic emission is a transient impulse generated by solid material under
mechanical or thermal stress due to the rapid release of strain energy [69]. Crack
detection is the prime application of acoustic emission. Acoustic analysis is also
used to detect bearing faults and shaft cracks. Accuracy of these methods typically
depend on the sound intensity. Since abnormal vibration of rotating machinery
is the first indicator component failure, the vibration measurement and analysis

has been widely used in various kind of industries. Tandon et al [7] reviewed the
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vibration and acoustic measurement methods to detect faults in REBs. Vibration-
based signal processing can be performed mainly in TD [70], FD [71] and TFD
[72].

2.4.1 Time domain

Simple statistical parameters, evaluated over the measurcd TD signal, can pro-
vide some interesting information about potential faults in the machinery. The
TD analysis is directly based on the time waveform acquired from sensor, i.e.e
vibration signal from bearing casing. The simplest technique is the visual inspec-
tion of specific portions of a time waveform. Principal advantage of TD analysis
is that almost no data is lost prior to inspection. However, vibration signals are
often very complicated due to containing mixture of components transmitted by
machine parts. Therefore, it is unlikely to detect any fault hy simple visual in-
spection. Thus, the signal is often characterized using some statistical parameters
or features. These features can be compared with pre-defined thresholds to de-
tect machinery faults and for tracking their deterioration. Some commonly used
statistical measures found in the literature [26-35] include RMS, mean, SD, vari-
ance, skewness, kurtosis, CF, IF, SF and range. Mathematical description of the

features can be found in Section 1.1.

The RMS, mean and SD values define the energy of vibration signal, its CT and
the dispersion respectively. These parameters are defined with the same units as
the vibration signal. The standard ISO 2372 defines three different RMS levels
to alarm different machine conditions. The CF, IF, SF, skewness and kurtosis
are dimensionless statistics, advantage of which is that they are less sensitive
to variations in load and speed [73]. The CF, SF and IF are sensitive to the
existence of peaks in the signal. These features are often used to detect faults
that involve impacting, i.e. REB, wear, gear tooth wear or cavitation in pumps.
Higher-order statistics, such as skewness and kurtosis describe the shape of the
signal’s amplitude distribution. As the skewness is a measure of asymmetry of

the distribution, a machine having Gaussian distribution is considered in good
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condition. Kurtosis expresses an aspect of spikiness of the signal and is being used

widely for fault diagnosis in rotating machinery.

Orbital analysis, obtained from acquiring orthogonal vibration sensors, are also
used to detect rotor problems. J. J. Carbajal-Hernandez et al [74] used orbit
analysis method to detect misalignment and unbalance problems in electrical in-
duction motors. After mapping the faults into patterns, a classifier was utilized

for recognizing induction motor faults.

2.4.2 Frequency Domain

Potential faults in rotating machinery can be analyzed using FD spectrum, which
is based on the transformed signal. The FD analysis is the most common technique
for the purpose. The technique is now part of almost every commercial available
vibration analysis software. The analysis method is usually performed using the
fast Fourier transform (FFT) algorithm [75]. The algorithm is an efficient version

of the discrete Fourier transform (DFT). The FFT processing can be described as

N-=1
X(k) =3 Xy B k= (01,2 N -1 (2.7)
ﬂ:UN_l |
X(n) = ¥ X (k) ej(iv—"-)"’“, n=(0,12.N-1) (2.8)
k=0

Frequency analysis can identify and isolate certain frequency components of inter-
est. Generally, the amplitudes of the fault-related frequencies are compared with
some standard values. In case these values are below certain threshold levels, the
machine is considered healthy [76-79]. Otherwise, the characteristic rotational
frequencies related to specific machinery faults are investigated for further action.
Beside comparing the amplitudes of specific frequencies, the amplitudes of partic-
ular frequency bands of interest can also be investigated [80]. The fundamental

assumption in frequency analysis is that the data to be analyzed is stationary or
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can be reduced to stationarity by a simple transformation. If frequency content
of a signal vary with time, the Fourier analysis will provide a time-averaged sum-
mary. Therefore, it is not an appropriate method for non-linear, non-stationary

signals such as sliding in REB. rotating fluctuations or so on.

Other spectra, based on the Fourier transformation, have also been reported for
fault diagnosis of rotating machinery [3]. These spectra include power spectrum
(2], cepstrum [81], bi-spectrum [82], tri-spectrum [83], and holo-spectrum [84].
Power spectrum defined as the Fourier transform of autocorrelation function of
signal. and reflects the energy at some specific frequency. Whereas, the cepstrum

can detect harmonics and sideband patterns in power spectrum.

2.4.2.1 Envelope Analysis

Fault frequencies (Equations 2.1 to 2.4) generated by localized faults of REB,
already discussed in Section 2.2.1, can be observed by frequency analysis of en-
veloped vibration signal. Enveloped analysis is also known as high frequency reso-
nance technique (HFRT), and is considered as the benchimark method for bearing
diagnostics at early stages. Procedure of envelope analysis involves bandpass fil-
tering of the signal, cnvelope calculations and finally transformation to frequency

domain with FFT, as illustrated by Figure 2.6.

- -
Raw vibration Selecting Signal Enveloped
. - - -
signal bandpass filter f enveloping spectrum

FIGURE 2.6: Envelope analysis procedure

The impulses, generated by REB’s localized fault excite resonant frequency of
the structure or bearing housing. Consequently, fault frequency components are
generated in a high frequency region of the spectrum. This is also described as
amplitude-modulation operation where the resonance frequency is carrier signal
and the fault generates the modulating signal. The spectrum of the modulated
signal will be a peak of the carrier frequency with sidebands of the modulating

frequency. However, in noisy vibration signal, it is very difficult to visualize these
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sidebands directly in the raw spectrum. By applying enveloping or demodulating
technique, the information is transferred at low frequency region. During the
process, the bandpass fltering process is crucial, its purpose is to reject the low
frequency and high amplitude components in the signal. Low and high frequencies
often ussociated with rotor’s misalignment or unbalance and the noise respectively.
Squared envelope spectrum is recommended due to exhibit lesser sensitivity to high
order harmonics [85]. The squared envelope spectrum also improve the signal to

noise ratio in certain situations [86].

In spite the envelope analysis is a powerful technique, the improper selection of the
frequency band can render the analysis ineffective [14]. The efficiency of enveloping
for REB fault diagnosis depends on the choice of the most impulsive band for
demodulation. The most common practice is to determine the characteristics of
the band-pass filter in terms of center frequency and bandwidth. Howieson [87]
states that the most common choice of bandpass filter is between the 2.5 and
5 kHz spectrum region. Nevertheless there is a debate on the proper method
to determine the optimum bandwidth of the filter. Many approaches have been
proposed in the literature for optimal selection of frequency band, such as spectral
kurtosis based methods, spectral energy based methods, wavelet based methods
etc, that are discussed in [15, 17]. Spectral kurtosis (SK) based fast kurtogram
method, proposed by Antoni [13, 88], was also utilized in this study for frequency
range sclection to employ enveloping-based data validation process. Application
of hammer test is also proposed in order to identify the resonant frequency of the

structure.

2.4.3 Time-Frequency Domain

Previously mentioned FD methods such as Fourier transform assume stationary
signals to be analyzed. However, localized faults in REB generally introduce non-
stationary signal components (3], which cannot be properly described by ordinary
spectral methods. The drawback can be overcome by the use of TFD methods,
such as short-time Fourier transform (STFT) [89], wavelet transform (WT) [90],
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Wigner-ville distribution (WVD) [91], Hilbert-huang transform (HHT) [92] and
Teager-huang transform (THT) [93]. A comprehensive information regarding TFD
analysis can be found in the review presented by Feng et al [94]. According to the
signal’'s decomposition paradigms, the WT are classified as the continuous WT

[95], the discrete WT [96] and wavelet packet analysis [97].

The TFD methods have wide applications for the fault detection of REB. X.
Lou and K. A. Loparo [19] presented a fault classification scheme based on WT
and neuro-fuzzy. The WT was used to process vibration signals and to generate
feature vectors for adaptive neural-fuzzy inference system (ANFIS). J. Altmann
and J. Mathew [22] presented a method to enhance the detection of low-speed
REB’s faults that was based on discrete WT. To achieve better signal-to-noise
ratio (SNR), wavelet packets was performed via an adaptive ANFIS for automatic
extraction of fault-related features. An autoregressive (AR) spectrum of the en-
veloped signal was used in conjunction during the fault detection process. W.
Caesarendra et al [18] also dealt very low rotational-speed REB to identify its
localized faults. Empirical mode decomposition {EMD) and ensemble empirical
mode decomposition (EEMD) were applied. C. Smith et al [20] explored fault
detection in aircraft. The characteristic features were extracted from noise using
the daubechies, haar and morlet wavelets. Then detection of the vibration signal
was achieved via signal’s scalogram. D. Yang [98] addressed the fusion of Hilbert
transform and bi-spectral analysis to extract features of faults in a number of con-
ditions in induction motor bearing. Wavelets have also been utilized for denoising

[21, 23] the vibration signals to enhance the fault detection in REBs.

The TFD methods also contributed to rotor faults detection. Climente-Alarcon
et al [99] presented a wideband diagnosis method using WVD to detect eccen-
tricity and high-order components generated by asymmetric rotor. Liu et al [100]
proposed a new multiple window S-method based on time-frequency analysis for
motor fault diagnosis. Z. Feng et al [94] reviewed various TFD methods including
linear and bilinear timefrequency representations applied extensively to machin-

ery fault diagnosis. The systematic study presented over 20 major TFD methods
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reported in more than 100 representative articles since 1990. Advantages and

disadvantages have been discussed along with their fundamental principals.

2.4.3.1 Spectral Kurtosis

Based on the STFT, the Fourier transformation is applied to many short-time win-
dows. Spectral Kurtosis (SK) determines a portion of signal containing maximum
impulsivity using hequency bands. The SK provides the measure of impulsivencss
as a function of frequency and has been used to determine the most appropri-
ate band for the envelope analysis [2]. Assuming a signal z{t) and X (¢, f) is its

complex envelope computed by the STFT, then the SK can be calculated as,

<Xl >
K= x> 7 %9

where < . > is the time averaging operator. The following important properties

makes SK very effective for the fault diagnosis of bearing [101],

i) It is zero for a stationary Gaussian process
ii) It acts as a constant function of frequency for a stationary process
iii) Its value for non-stationary signal, in the presence of stationary noise, has

large values at frequencies where the SNR is high.

Antoni and Randall {102] utilized these concepts to define a representation tool
known as kurtogram. The kurtogram determine the optimal filter characteristics to
find center frequency {f) and frequency bandwidth {Af). Antoni [13] introduced
an improvement of the method for industrial applications named Fast Kurtogram,
which progressively decomposes a vibration signal in bands. The SK is computed
for each band then using a FIR filter bank. The filter bank structure decomposes
the signal via a dyadic grid extended to a richer 1/3 decomposition with three ad-

ditional filters offering a finer freqnency resolution plane. The optimal filters center
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frequency and bandwidth can be used finally to select the appropriate bandpass

filter for the envelope analysis.

2.4.3.2 Order Tracking

In non-stationary working conditions like time-varying speed, the order tracking
method is applied to transform a vibration signal from time domain to angu-
lar or order domain to maintain stationarity [103]. In this way, smearing prob-
lem of discrete frequency components, due to rotating speed fluctuations, can
be avoided. Three main categories of order tracking techniques are re-sampling
method, Kalman filter based method and the transformation based methods [104].
The most commonly used re-sampling method is also emploved in this research
during data validation process in conjunction with envelope analysis. In this mneth-
ods, both vibration and tachometer signals are acquired simultaneously at constant
time intervals ([A]). The acquired samples are re-sampled then using software-
based interpolation to obtain new data samples. These new samples lie at constant
angular increments with the rotation of shaft (A8). The re-sampled data can be

further processed using traditional FFT analysis, described as follows.

X () = / " z(8) /¥4 (2.10)
iy |
X[k =+ > (zINAY) M (2.11)
n={

where A@ is the resolution in angular domain, N is the number of samples of
interpolated signal z(#) and Q[k] indicates the vector of orders to represent order

spectrum.

Y
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2.4.4 Phase Analysis

Position of a rotating part captured at any instant with respect to a fixed point
is known is phase, which indicates the direction of vibratory motion. Collection
of phase measurements taken from various machine locations reveal information
regarding relative motion of vibrating parts of machinery, Phase is usually mea-
sured using absolute or relative techniques [1). Absolute phase is measured using
single sensor and single tachometer referencing a mark on the rotor. At each mea-
surement point, the analyzer calculates the time between trigger of tachometer
and next positive peak of vibration waveform. The calculated time interval is con-
verted to degrees and then displayed as the absolute phasc that is also used in rotor
balancing application. On the other hand the relative phase is measured with the
help of multi-channel analyzer to calculate the cross-channel phase. One single-
axis sensor serves as the fixed reference and the other one is moved sequentially
to the other required test points. On the other hand, relative phase is the time

difference between the waveforms, converted to degrees, at a specific frequency.

A phase should be studied for machines where the source of the vibration is not
clear or when it is necessary to confirm suspected sources of vibration, for example
soft foot, cocked bearings and bent shafts, confirm unbalance state of rotor, me-
chanical looseness, bending/twisting and shaft misalignment [105]. Phase is very
important tool to detect unbalance fault because 1X harmonic of vibration can
also be generated by other machine parts as well. For example, the phase shift
from horizontal to vertical should be approximately 90 degrees for rotor unbalance

faults.

2.5 Machine Learning based Diagnostics

Many modern approaches to fault identification are based on the emerging field
of PR based on Al [106]. Worden et al [107] reviewed the machine learning based

fault diagnostic techniques for automatic decision making. Machine learning falls
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the unrelated noise from other sources. Before fault features are extracted, it
is often required to clean-up the measured TD data. For the purpose, filtering
and removal of outliers are the popular methods {107]. Various approaches exist
for noise filtration, such as classical approach like kalman filtering [111], adaptive
filtering [112] and WT based methods [113}. Howcever, pre-preesessing should be
performed carefully to avoid loss of any valuable information concerned with the

fault diagnosis.

[t is usually very difficult to detect their low amplitudes in acquired vibration sig-
nals, especially in REB’s case. The signals usually contains vibration components
produced by other joint machine parts. For example, in rotor-bearing system, the
rotor often produce some amount of unbalance or misalignment producing larger
amplitudes comparing to REB's faults. Therefore, the spectra of raw vibration
signals contain very little diagnostic information regarding the these faults [2]. To
facilitate the fault detection process, most of the existing fault diagnosis meth-
ods involve certain pre-processing of raw data. Apart from noise reduction, the
pre-processing normally includes the extraction of an appropriate frequency range
before further analysis. In this regard, enveloping [12-17] and empirical mode &

wavelets decompositions [18-23] are the most frequently used techniques.

2.5.2.1 Outlier Detection

QOutliers are the values in data pattern that do not adapt an expected behavior,
and outlier detection {OD) methods have been used in a wide variety of appli-
cations such as military surveillance, fraud detection for credit cards, intrusion
detection in cyber security, insurance and fault detection in critical systems [114].
The OD is also a well studied arca of data mining, and has been classified mainly
into statistical approaches, depth-based approaches, deviation-based approaches,
distance-based approaches, density-based approaches and high-dimensional ap-
proaches [115]. A number of surveys, review articles and books cover these ap-
proaches in machine learning and statistical domains [116-121]. Data mining

generally utilizes a collection of data instances, i.e. pattern, object, record, point,
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vector, event, case, sample, observation, entity etc [122]. Each data instance is
described using a set of features or attributes, which can be of different types such
as binary, categorical, or continuous. The nature of attributes also determines the
applicability of the OD methods [122], as the selection of right detection method
is vital according to the nature of application and normal behavior of the specific
phenomena [114]. This research utilizes the Box plot [123] for OD of features

values because of offering functional simplicity and situation.

2.5.3 Feature Extraction

After acquiring and pre-processing, the fault features can be extracted using sig-
nal processing techniques already covered in Section 2.4. The techniques allow the
extraction of various kind of diagnostic features for the PR, process. This section
contains an overview of the most important feature extraction methods for PR-
based diagnostics. Statistical values can be extracted using TD data, amplitudes of
specific frequencies from FD, and decomposition results (e.g. wavelet coefficients)
from TFD. The TD feature extraction methods are considered among the first di-
agnostic tool because of utilizing time waveform directly. Some simple statistical
measures like RMS, mean, SD, variance, skewness, kurtosis, CF. IF, SF, range etc
can be used to compare and identify the state of a machine. The FD methods are
certainly among the most coinmon feature extraction techniques for bearing fault
detection due to its ability in identifying and isolating certain frequency compo-
nents of interest. The methods rely on the detection of the characteristic rotational
frequencies related to specific machinery faults. These frequencies could be noticed
by observing the envelope of the vibration signal acquired for a damaged bearing.
They are FTF, BPFO, BPFI, BSF, described already in Section 2.2.1. Most of
the traditional signal processing methods can only be applied to stationary signals
and cannot reveal the local features in both time and frequency domains simul-
taneously. The TFD techniques are then powerful methods to identify the health
information. Time variant features and the frequency components from acquired

non-stationary signals can be extracted as fault features. Yang et al [124] reviewed
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continuous data type, the problem is called regression. If the label is discrete, the
problem is divided into further two categories, i.e. for nominal variable label, the
problem is called classification and in case of an ordinal variable, the problem is

known as ordinal ranking [135].

There exist several supervised learning based classification methods, which have
been used for fault classification in rotating machinery. These methods mainly
include Bayesian classification methods, ncarcst-neighbor search, ANNs, SVMs,
decision tables, decision trees, fuzzy systems and hybrid systems. There is a trade-
off between the resolution of the diagnosis and the noise rejection capabilities of
the algorithms. Even if the cleaned data has little noise in the measurement from
normal operating condition, small damages will cause detectable deviations [108].
Thus, elimninating noises is necessary for intelligent fault detection. Most of the
above mentioned learning methods are already covered in the previous sections to
identify faults in bearing and rotor. Bearing fault diagnosis has been carried out
using Bayesian networks [136], nearest-neighbors [137, 138], ANNs [139], SVMs
[140-142], decision tables [129], decision trees {34, 35|, fuzzy systems [143] and
hybrid systems [144-146]. The PR has also been a popular domain for automatic
diagnosis of rotor faults. The methods include artificial neural networks [147],
Bayesian networks [148], SVM [8, 149], entropy & optimization methods [150]
and fuzzy logic [151]. Main objective of the present research is to enhance the
reliability of TD features extracted fromn vibration signals for PR-based faults
classification models. New methods are presented to obtain accurate and fault-
related features to the classifier for trustworthy decision making. To evaluate
the performance of the proposed methodologies and their effect on classification
models, SVM [38], bayesNet {39], decision table [40] and decision tree [41] are

utilized. These classifiers are explained in the next chapter.

As mentioned above, the supervised learning paradigm requires a data-set with
labeled patterns to train a classifier. Once the classifier is trained, it is then
emploved to test the unknown examples. Figure 2.9 illustrates the supervised

learning based PR process.
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FIGURE 2.9: Supervised learning based pattern recognition

The performance estimation method K — fold cross validation is mostly used for
training and testing of all the classifiers. The method splits the data D into k
equal parts, i.e. Dy, ..., Di. A single part is retained as the validation data to test
the model, and the remaining & — 1 parts are used as training data. The process
is repeated k times, with each of the k parts used exactly once as the validation
data. The k results obtained from the folds are then averaged out to produce a

global accuracy or single estimation.

k
1
Accuracygoba = P Jz:l: Accuracy; (2.12)

The advantage of cross validation method is that all exampies are involved for

both training and validation.

The formulated research hypotheses, in Chapter 1, may not be addressed properly
using conventional fault diagnosis methods like TD, FD or TFD methods. The
reason is very weak vibrations produced by the bearing faults that can also be in-
fluenced by the other joint machine parts. Moreover, the vibration signals usually
have to be propagated through complex machine structures [3]. The rotor faults,
mentioned in the research problem, are not simple to be distinguished using the
conventional methods. Therefore, this research utilizes the emerging field of PR

for trustworthy diagnostics of these critical faults.
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2.6 Summary

This chapter covers a wide range of literature regarding rotating machinery, oc-
currence of common faults, fault diagnosis methods and vibration-based fault
diagnostic techniques [2, 7]. The chapter starts from CM technologies, which
cover different disciplines including vibration analysis [1]. Focus of the chapter
is vibration-based fault diagnosis of the machinery faults using supervised learn-
ing based PR methods [10]. Diagnosis of the localized faults in REB [5, 6] and

unbalance {49, 50] and misalignment [51] faults in rotor are discussed in detail.

The literature reveals that the PR methods are effective but noise in the signals
can mislead the statistical classifiers [11]. The TD features can be very useful but
need to be extracted carefully for best results, otherwise inaccurate feature values
may influence the supervised learning process. Major contributions for REB fault
diagnosis using TD features include [26-35, 129]. Section 2.5.3 covers most of the
pre-processing methods, which have been applied to clean up the vibration signals
for better results. In this regard, enveloping [12-17] and empirical mode & wavelets
decompositions [18-23] are the most frequently used techniques. In case of rotor
fault diagnosis, confirming the unbalance state of rotor is crucial prior to take
any corrective action due to criticality of maintenance techniques [37]. Misjudging
misalignment with unbalance fault can even aggravate the situation. The TD
features have also been employed to recognize the fault patterns of rotor 8, 32,
35). The present research emphasis on the extraction of accurate TD features to

enhance the fault classification accuracy of the faults.

The literature survey shows very little effort has been made to obtain accurate
TD features from vibration signals with the intent to fault diagnosis of rotating
machinery. The main contributions include [24, 25, 126-128]. The present re-
search also takes into account the outlying values of the extracted TD to achieve
the goal. A number of surveys, review articles and books cover these approaches
in machine learning and statistical domains [116-121]. This research utilizes the
Box plot [123] for the detection of these outliers for obtaining the accurate fea-

tures. Several classifiers are utilized to evaluate the performance of the proposed
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methodologies and their effect on the fault classification accuracy. Section 2.5.5
covers the classiiers, which include SVM [38], bayesNet [39], decision table [40]

and decision tree [41].
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Chapter 3

Enhancing Fault Classification
Accuracy of Ball Bearing using
Central Tendency based Time

Domain Features

Presence of fluctuations or spikes in random vibration signals can considerably
affect consequently the statistical values of the extracted features. This chapter
discusses the sensitivity of TD features against these unrelated fluctuations while
classifying localized faults in REB. Based on the sensitivity level, the features are
statistically processed prior to employving classifier in PR-model. A CT based fea-
ture processing method (CTBFP) [129] is developed and employed prior to use
classifier in vibration based PR model to classify ball bearing’s localized faults.
Idea is to disassociate the effect of undesired fluctuations on the sensitive TD fea-
tures before supervised learning and fault classification. The adequately processed
features are found robust and provide higher diagnostic information to the models.

Major contributions of this research include:

e The CTBFP method is developed and employed prior to use classifier in
vibration based PR model to classify ball bearing’s localized faults.
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e The presented method ensures the provision of only appropriate features

values to the classifier, and enhances the fault classification accuracy.

e In addition to computationally efficient. the method is immune to possible

fluctuations present in steady state vibration signals.

The chapter is organized as follows. Section 3.1 Section 3.3 elaborates the major
steps involved in the proposed diagnostic scheme. Section 3.4 discusses the results
achieved and findings of the proposed research, whereas the study is summarized

in Section 3.5.

3.1 Pre-Processing

In the last chapter, Section 2.4 already covers basic techniques of pre-processing,
which normally includes noise reduction and extraction of appropriate frequency
range. As the identification of REB’s localized faults is normally very difficult
due to producing very low amplitudes in vibration signals. Thus, most of the
existing fault diagnosis methods involve certain pre-processing of raw vibration
data. Section 2.5 already discusses numerous vibration-based machine learning PR
methods, the performance of which may be effected by the presence of background
noise. Several methods have so far been employed to detect the bearing faults using
TD statistical features. Maintaining an optimum classification accuracy, however,
using a minimal set of features has been a challenge for the researchers, in spite

of applying certain costly pre-processing methods.

Instead of pre-processing the raw vibration data, this research proposes statis-
tical processing of features prior to employing classifier in PR-model. Besides
efficiency, the pre-processed features considerably enhance the diagnostic capabil-
ity of a classifier. The TD features utilized are RMS, mean, variance, skewness,
kurtosis, CF, IF, SF, median and range. The feature processing technique is based
on the detection of outliers during data preparation stage of supervised learning
[10]. The purpose is to supply only the appropriate features to classifier for better
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the fluctuations in vibration signals. Median-based commonly used outlier detec-
tion methods include Box plot and median absolute variance (MAD). The Box
plot [123] is employed because of offering functional simplicity and suitability to

our application.

3.2 Experimental Setup

The data set from CU [152] has been used to evaluate the performance of the
proposed method. Radial vibration measurements are taken using a MFS. An
accelerometer is mounted on the top of outboard bearing housing to acquire data
for IR and OR bearing faults. Ball bearings model MB ER-16K are used to rotate
healthy shaft containing a loader in the middle, as shown in schematic of the setup
in Figure 3.1. The bearing model contains 9 balls {N;=9} having diameter {Bg)
7.94 mm, whereas the pitch diameter (F;) is 38.50 mm and contact angle (3)
is zero degree. Motor speed was 29 Hz measured using tachometer. Vibration
signals along with their respective speed signals are captured at the sampling rate

of 51200 samples/sec. For more details, the reader is referred to [152].

In-Board Loader Qut-Board
Flexible Bearing Bearing

Coupling '

— - — — -
FiGURE 3.1: Schematic of experimental setup

Work Table

3.2.1 Data Validation

Envelope analysis has been used as benchmark method for bearing’s fault diagno-
sis over the years [2]. We have employed spectral kurtosis based fast kurtogram

method proposed by Antoni [13, 88] for frequency range selection in terms of
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FIGURE 3.2: Enveloped spectra of the bearing faults

center frequency and bandwidth. Section 2.4.2.1 already explained the envelop-
ing method, which was implemented for IR and OR vibration signals using NI
LabVIEW. Order analysis based function OAT Envelope Detection (Even Angle
QOutput) was employed prior to obtain power spectra of the envelope signals (Sec-
tion 2.4.2.1). The function utilizes a frequency band and tachometer signal for
extracting even-angle envelope signal. The angle-domain output signal maintains
constant number of samples per revolution to mitigate the effect of speed vari-
ations. Table 3.1 shows BPFI and BPFO frequencies representing IR and OR
faults, calculated using Equations 2.1 to 2.3.. The calculated center frequencies
and bandwidths of IR and OR faults are also shown in the table respectively, i.e.

CF]R & BVV]R, and CFOR & BWYOR.

TABLE 3.1: Bearing fault frequencies along with the central frequencies and
bandwidths (Hz)

SF FTF BPFI BPFO CF;z BW;z CFor BWpp
290 115 1574  103.6 24533 2133 90606 10606

Figure 3.2(a) provides the enveloped spectrum of bearing’s IR fault, in which the
BPFT is visible along with the side-bands of shaft’s speed. Figure 3.2(b) shows the
several harmonics of the BPFO to represent OR fault. Thus, the data-set used in

the present study contains every required information for data validation.
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4,

3.3 Materials and Methodology

The proposed fault diagnostic scheme consists of four steps, which are elaborated
in the block diagram in Figure 3.3. Details of the proposed methodology are in

the following subsections.

Vibration Data Samples

<z

Feature Extraction

[

[

l_ ]
| l
i Outlier Detection i
i <z i
\ Instance Pruning ;

Fault Classification

F1GURE 3.3: Block diagram of CTBFP-based fault diagnosis of ball bearing

3.3.1 Vibration Data Samples and Feature Extraction

At first step, vibration signals were segmented to obtain data samples, and features
were extracted from these samples to form data set at second step. Every signal
of 10 seconds duration was divided into 40 segments. As the motor speed was 29
Hz, each segment holds vibratory historv of more than 7 revolutions of the shalft.
In this way, the segments contained a valid sample length to compute trustworthy
statistical features. Above mentioned ten feature were extracted from every data
segment of each fault to form the data-set for the supervised learning and fault

classification. The features are described mathematically in Section 1.1.

3.3.2 CT-based Feature Processing (CTBFP)

The third step implements the feature processing mechanism, which is the central
theme of the proposed research. The feature processing ensures the use of most
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appropriate data by the classifiers. The CTBFP works in two phases; firstly the
Box Plot outlier detection method was utilized to implement the Median-based
Outlier Detection (MOD) procedure, and then the instances were pruned based

on the outcome of MOD. Details are in the following subsections.

3.3.2.1 Outlier Detection

The CT measure describes a set of data values with a single value. The measures
such as mean, median and mode are used usually to describe the CT of the data
set [153]. Each measure can be more significant and advantageous under specific
conditions. Mean is an effective measure when data distribution remains symmet-
ric. Tt is susceptible to outlying values and skewed data due to taking into account
every element of a data set for its calculation. Median score, on the other hand,
occupies the middle position in an ordered set of data and thus less sensitive to
the outliers [153]. Usually, more than half elements in a vibration sample belong
to normal distribution, and accordingly outliers in the extracted features should

lie above the median score when sorted in an ascending order.
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= 15- 234 ] |
E o
< 104 ol [
s " |
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6 & 1015 20 25 3 35 40 20 2 4 6 b ff2ow
Samples Amplitude
(s} Ascending ordered eletnents of kurtosis {b) Histogram of lower half distribu-
feature extracted from IR and OR vibration tion of OR kurtosis feature bisected
duta segments from the median

FIGURE 3.4: Median as central tendency measure

Figure 3.4(a) shows the ascending ordered kurtosis feature, where median values
of IR and OR distributions are almost insensitive to the outliers. Figure 3.4(b)
shows histogram of lower half distribution of OR kurtosis feature, i.e. the part

of distribution below its median score. The histogram shows that the lower half
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The above relation represents the probability of node X given evidence Y. The
posterior probability of node X is P(X|Y), which can be computed using known
likelihood P({Y|X)) and prior probability P{X). The term P{Y¥} denotes a nor-

malizing factar.

Fault diagnosis, in a qualitative sense, can be seen as the cause-effect or fault-
symptom relations. Every fault and svmptom is modeled by a random variable
in the network with a probability distribution. Taking the observed symptoms
or evidences as input to the network. probabilities of every fault are computed

accordingly to the Bayes rule.

3.3.3.3 Decision Table

Decision tables are used to model complex rule sets comprising conditions and
actions in a compact way. A decision table is formulated to have four quadrants
as shown in Table 3.3. The quadrants on the left describe the conditions as well
as the actions being modeled in the table, while the right hand quadrants show
the corresponding condition alternatives and action entries. The columns in the
right quadrants are called rules. Thus each column has two portions; some of its
values are in the condition portion, called inputs, while others are in the action
area, termed as outputs. A rule, hence, associates a set of input conditions to a

corresponding set of output actions.

TABLE 3.3: Layout of decision table

Conditions Condition combinations
Actions Action Entries

Decision tables can be represented in a number of ways according to data being
modeled. One way of exploiting decision tables is to model cause-effect relationship
by replacing conditions with causes and actions with faults. An example of such an
application is machine diagnostics where, on the basis of prior knowledge {rules)
connecting observed symptoms to faults, an unknown fault can be classified into

known faults.
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3.3.3.4 Decision Tree

The classification algorithm producing decision tree is based on information theory.

Construction of the tree is based on the learning data set, that is mentioned below;

e Leaf nodes or answer nodes contains the name of fault class

e Decision nodes or non-leaf nodes specifies some test to be carried out on a
single attribute or feature value. A decision node contains one branch and

sub~tree against each possible outcome of the test.

Criteria to select the root of tree is based on information gain. The measure is used
to select among the candidate features at each step of the tree growth. Information

gain (S, A) of a feature A relative to a collection of examples S is defined as;

Gain(S, A) = Entropy(S) — Z |E,J|1Entropy(30) (3.5)
veValue{A)

where Value{A) is the set of all the possible values for attribute A and S, are the

subset of § for which feature A has value v.

The information gain is the expected reduction in entropy, which measures homo-
geneity in a set of examples. The gain measures how well a given feature separates

the training examples according to the target classification.

3.4 Results and Discussion

Vibration data from CU was found appropriate to validate the proposed feature
processing based fault diagnosis scheme. Figure 3.9(a} and Figure 3.9(b) show the
time domain signals of IR and OR bearing faults respectively. The OR signal, con-
taining fluctuations, has been cut into two segments Segap and Seggc as marked

in Figure 3.9(b). The envelope analysis of both the segments was performed using
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CFor and BWgp in Table 3.1. The Segap does not contain any fluctuations and
the spectrum of its enveloped signal testifies the OR fault frequencies {BPFO)
clearly, as shown in Figure 3.10{a). The enveloped spectrum is quite similar to
that of full OR signal already shown in Figure 3.2(b}. On the other hand, the

Segge of OR fault contains some fluctuations. and its enveloped spectrum shows

some extra frequencies regarding the bearing cage (FTF) in Figure 3.10(b).
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F1GURE 3.9: Waveforms of IR and OR faults
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FIGURE 3.10: Enveloped Spectra of the segments Segap and Segge of OR
waveform

The discussion about the phenomena is out of scope for the present research. It

is worth mentioning that the features extracted from OR signal generated outliers
due to the fluctuations in Segpe, which significantly reduced the classification
accuracy of the classifier. Nevertheless, the phenomenon exhibited in the Seggc

is undesired to study OR bearing fault.

QOutliers in a feature, extracted from different faulty signals, can cause overlapping
of elements from those fault classes. This may reduce the diagnostic capability

of that particular feature, and is a factor of misleading the classifiers. The MOD
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adequately handled the issue and ensured the usage of only smoother distributions

of the features in diagnostic process.

Figure 3.11(a) shows the raw elements of kurtosis featurc extracted from IR and
OR faulty signals, which are overlapping repeatedly with each other mainly due
to the outliers in OR feature. These outliers were detected by the MOD, and the

respective instances were discarded later by the proposed scheme.

The value of 1.5 for scale parameter, suggested by [123], was good enough for the
problem as almost all the detected outliers belonged only to the fluctuated parts of
OR signal. Figure 3.11(b) shows the kurtosis elements of IR and OR fault classes
after discarding the outliers. The figure elaborates smoother distributions of the
feature against both the faults. Similarly, Figure 3.11(c) and Figure 3.11(d) show
the SF feature before processing (BP) and after processing (AP) by the MOD,
respectively. Box Plot outlier detection process is shown in Figure 3.12(a) and
Figure 3.12(b) for kurtosis and SF features respectively. In this way, every feature

was processed separately to mark the outliers in their respective distributions.
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TaBLE 3.4: Individual accuracies of the features before and after processing,
using SVM, BayesNet, Decision Table and Decision Tree classifiers

Feature SVM BayesNet D. Table D. Tree

BP AP BP AP BP AP BP AP
RMS 99.2 100 100 100 100 100 100 100
Mean 64.4 644 727 727 722 722 73.0 73.0
Variance 100 100 100 100 100 100 100 100
Skewness &83.7 85.2 86.4 87.1 88.3 89.8 943 95.1
Kurtosis 93.2 992 939 100 955 100 0955 100

CF 86.2 864 861 864 831 883 8&7.1 871
IF 87.1 874 883 B8B83 90.2 90.5 90.5 90.2
SF 93.9 100 955 100 955 100 955 100

Median  79.7 79.9 84.0 84.3 84.0 843 84.0 840
Range 90.2 100 939 100 939 100 939 100

During the data preparation process, for the training and testing of the classifier,

only those instances were selected which are free from outliers.

Diagnostic capability of the classifiers was observed against every feature indi-
vidually. Table 3.4 elaborates the impact of proposed method on every feature’s
fault identification ability, using SVM, bayesNet, decision table and decision tree

classifiers. Several features improved their performances significantly in terms of
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FIGURE 3.12: Qutlier detection via Box Plot
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has been observed that undesired fluctuations occurring randomly in vibration
signals produce outliers in the extracted TD features, which mislead the classifiers
in their supervised learning process. It has also been noticed that the occurrence
of these fluctuations have not been associated with the hearing’s fault under in-
vestigation. On the basis of the above observations, this chapter presented a new
CTBFP method to detect the outliers adequately by implementing the MOD, and
the affected instances have been pruned at the next stage based on the MOD
outcome. In this way, the presented technique assures the employment of only
relevant and precise features in the diagnostic models. The SVM, bayesNet, deci-
sion table, and decision tree classifiers were used to evaluate the proposed method,
and the classifiers were found better decision makers when processed features were
utilized. Several features, kurtosis, shape factor and range, considerably improved
their individual diagnostic capability as per their sensitivity levels to the signal
fluctuations and separation ability. Due to feature-level processing in PR-model,
the CTBFP method is computational efficient, and may be used for real time fault

diagnosis of REB.
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Chapter 4

Extracting Accurate Time
Domain Features from Vibration
Signals for Reliable Classification
of Ball Bearing Faults

Application of the CTBFP method, discussed earlier in Chapter 3, may become
somewhat limited when available training data-set is small. This chapter presents
a new CT-based feature extraction approach, named as CTBFE method [154], for
fault diagnosis of REB’s localized faults. However, unlike processing the feature
distributions, the CTBFE works at feature-extraction-level to obtain reliable TD
feature values. The CTBFE method not only preserves number of instances but
also provides more accurate results compared to that of CTBFP method. Same
TD features and classifiers were utilized in the present study that were used for

CTBFP method. Major contributions of this research include:

e New CTBFE method is developed that improves PR capability of classifiers
for REB'’s localized faults.

e The method utilize fault related appropriate portion of a vibration signal for
TD feature extraction.

6o



e The CTBFE is computationally efficient and immune to possible fluctuations

and noises present in random vibration signals.

The chapter is organized as follows. Section 4.2.2 introduces the CTBFE tech-
nique. Major steps involved in the development of CTBFE method are elaborated
in Section 4.2 along with its application. Section 4.3 discusses the results obtained

and findings of the proposed study, whereas it is summarized in Section 4.4.

4.1 CTBFE Technique

The CTBFE examines the sensitivity of TD features to signal’s unrelated fluctu-
ations. Unlike CTBFP, which process the feature distributions during the data
preparation stage of supervised learning, the CTBFE method applied at feature-
extraction-level. The method dynamically selects the most appropriate portion of
vibration signal for the extraction of most accurate feature values, ensuring the
supply of very accurate feature values to a classifier for truthful decision making.
Features extracted through CTBFE procedure considerably enhances the fault
classification capability of the classifiers. The CTBFE method ocutperforms the
previously presented CTBFP method, which may have limitations due to strategy
of discarding the affected instances. The presented method is efficient and pro-
vides significant immunity to possible fluctuations and background noises present
in vibration signals. Vibration data is acquired from different REBs containing

localized faults using a test rig to validate the performance of the CTBFE method.

4.2 Proposed Methodology

The proposed fault diagnostic scheme works mainly in three steps, elaborated
by the block diagram in Figure 4.1. Details of each step are in the following

subsections.
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4.2.2.2 TD Feature Extraction from the Segments

Ten TD features were extracted from every segment. The features include RMS,
variance. skewness, kurtosis, CF, IF, SF, median and range. The features are

described mathematically in Section 1.1.

4.2.2.3 Obtaining CT of the Features

The presented method utilized CT of TD features to judge which part of signal
is most appropriate to extract the features. Section already explained the CT
measures, This research uses median value as central tendency measure. The
respective part of vibration signal is taken to proceed further, which produces

median value of a feature
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FIGURE 4.5: Shape Factor feature extracted from every faulty signal

Figure 4.5(a) shows range feature extracted from vibration samples of every fault.
The feature values are varying due to fluctuations in random vibration signals.
Figure 4.5(b} shows the same elements sorted in ascending order. Median values
of the feature from every fault are nearly insensitive to these outliers. Therefore,
the proposed CTBFE method considers the median values of TD features as the
most accurate features to recognize bearing’s faults patterns, i.e. the values that
are unaffected by undesired fluctuations. This choice indirectly points out the
most appropriate vibration sub-sample or portion, which produces the feature’s

median value. In other words, the proposed method picks a particular vibration
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Value — min value in a set of CVs )

Norm. Value = 3 x ( (5.1)

maez value in CVs — min value in CVs
The sets of NCVs are exploited further to select most informative features and rule-
set formation. Separating distances between the NCVs in a specific set was used to
develop the feature selection mechanism. A feature capable of well separating its
respective NCV was considered worthy for the diagnostic process. The rule-based

algorithm is elaborated via flowchart in Figure 5.2.

First of all, values in each set was sorted in an ascending order. This provided
relative distances between every pair, which represented any two adjacent NCVs
lie in a set. Hence, there exists three pairs in any NCV-set. As the normalization
in a set of four NCVs is done from 0 to 3, thus an ideal distance between each pair
was 1. Increasing the distance between any pair above 1 will result in reduction

of distances between the other neighboring pairs.
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FIGURE 5.2: Flow chart of a feature evaluation procedure

Distance between all adjacent NCVs should be greater
than the setDist limit for selection of the feature
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Ten TD features were extracted from every segment. The features include RMS,
variance, skewness, kurtosis, CF, IF, SF, median and range. The features are

described mathematically in Section 1.1.

4.2.2.3 Obtaining CT of the Features

The presented method utilized CT of TD features to judge which part of signal
is most appropriate to extract the features. Section already explained the CT
measures. This research uses median value as central tendency measure. The
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Figure 4.5(a) shows range feature extracted from vibration samples of every fault.
The feature values are varying due to fluctuations in random vibration signals.
Figure 4.5(b) shows the same elements sorted in ascending order. Median values
of the feature from every fault are nearly insensitive to these outliers. Therefore,
the proposed CTBFE method considers the median values of TD features as the
most accurate features to recognize bearing’s faults patterns, i.e. the values that
are unaffected by undesired fluctuations. This choice indirectly points out the
most appropriate vibration sub-sample or portion, which produces the feature’s

median value. In other words, the proposed method picks a particular vibration
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sub-sample for feature extraction to take part in pattern recognition process, while

discarding the rest of vibration sub-samples.

4.2.3 Fault Classification

Supervised learning based PR-model was emploved at final stage of the proposed
methodology. SVM, bayesNet, decision table and decision tree were used scpa-
rately to judge the performance of CTBFE method. At first stage, a classifier
is trained using known data examples or instances and then employed for test-
ing unknown data. Section 3.3.3 already explained the classifiers, the supervised

learning and classification procedure.

4.3 Results and Discussion

Vibration data was acquired from a set of ball bearings containing localized faults
using MFS. The intention was to identify these fauits using PR methods with TD
statistical features. An important phenomena was observed that fluctuations may
be occurred in random vibration signals, and statistically calculated values of the

TD features can be altered consequently [129].

Figure 4.6 shows the fluctuations present in the vibration signals acquired from
faulty bearings. The reasons hehind the occurrence of this particular phenomena
are outside the scope of this study. However, the fluctuations may not be related to
bearing’s localized faults, and can reduce the fault classification ability of classifiers
[129]. The inaccurate feature values made the fault identification difficult for the
classifiers. Thus, the CTBFE method was developed that ensure the provision of
reliable and accurate TD features to the diagnostic models. The proposed method
selects the most appropriate portion of a titne domain signal before extracting any
feature to take part in PR process. The diagnostic capability of the classifiers was

improved considerably.
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FIGURE 4.6: Waveforms of bearing faults

Unlike the conventional way, the TD features were not extracted directly from
vibration signal or sample. An acquired vibration signal was initially segmented
or divided into suitable number of sub-samples, as already discussed in Section
4.2.2. Then at the next stage, any TD feature was extracted from every segment,
forming distribution of that feature. The feature distribution might contain out-
lying values extracted from the segments having fluctuations. Finally, median
value of the distribution was chosen as a reliable value of the feature used by the
classifier later. Remaining values of that feature were discarded. In other words,
a portion of time domain vibration signal, which produced median value in the
feature distribution was considered as the most appropriate part of the signal to
extract that particular feature for classifier. Similarly, every vibration signal or
sample, acquired from different faulty bearings, were processed, and data-set was
prepared for the supervised learning and testing of a classifier using all the TD

features.

Figure 4.7 shows the RMS and median features extracted from all the vibration

samples acquired against every fault, i.e. forty samples of vibration data against
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F1GURE 4.7: Distribution of features for every faults. using conventional feature
extraction and CTBFE methods

each fault as already explained in Section 4.2.1. Figures 4.7(a) and 4.7(¢) shows
fluctuated values of RMS and median features respectively due to presence of fluc-
tuations in the samples. Overlapping among the median clements can be observed,
extracted conventionally against different fault classes. On the other hand, figures
4.7(b) and 4.7(d) show much smoocther and stable values of RMS and median

features respectively, extracted using CTBFE method against every fault.

TABLE 4.2: Fault classification accuracies (%) demonstrated by the classifiers
using TD features extracted through conventional method, CTBFP method and
CTBFE method

TD Features SVM BayesNet D. Table D. Tree

Conventional 76.3 73.1 73.8 75.6
CTBFP-based 94.4 93.1 93.8 93.1
CTBFE-based 96.8 95.6 96.3 95.3

Table 4.2 shows the results in terms of fault classification accuracies produced by
the SVM, bayesNet, decision table and decision tree. The classifiers provides quite
low classification accuracy when trained over the conventional TD features. The
above mentioned overlapping may be reason of misclassification. On the other
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hand, the CTBFE method provides the most accurate results, even higher than
that of CTBFP method [129]. Every classifier considerably enhances its classi-
fication accuracy using the features extracted through CTBFE method. Table
4.3 shows the CTBFE-based instances fed to the classifiers. Unlike the CTBFP
mecthod. which examines a vibration sample whether to adopt or discard before
incorporating classifier in a PR svstem, the CTBFE method preserves vibration
sample or the data instance. In other words, every vibration data sample was taken
into account for the training and testing of classifier. The CTBFE method locally
examines the vibration sample to find the best portion to extract a particular fea-
ture rather. As the proposed method operated at feature extraction-level, thus few
values in any feature distribution were processed. This makes the method compu-
tational efficient over the conventional method of pre-processing the big TD raw
vibration data. Therefore, the proposed method more feasible to apply, especially

in on-line systems.

TABLE 4.3: Sample instances

RME Mean Variance Skewness Kurtosis CF IF SF Median HRange Class

0.104251 0.010171 0©.01076% -0.060896 2.107096 4.180617 5.262083 1.255357 0011670 0.855635 MX
G.O09TUS2  0.009646 0003326 00244384 3111147 4,3043230  5.431345  1.260813 0008161 0.756403  OR
114673 0.010068 0013055  -0.001619  3.487579  5.580402 7.072814 1.274444 0.010164 1.0B0ST?  BL
0.109926 0.008739 0011695  -0.028010  3.477397 4.6d0355 6£.215002 1.272286 0.010298 1.047131 BL
0.107676 0.01023% 0.011491 -0.063840 3.213316 4.559395 5.753273 1.260497 0.011645 0932935 MX
0.1238E7 0.006732 0.01530% 0.039168 4.130151 5.402507 7.052314 1.280309 0.006705 1.238731 IR
0096585 0.008771  0.008227 0.028402 31068420 4408249 5.363588 1280118 0.002311 0.797831 OR
0.1170953 0.006637  0.013665  0.061755  3.848648 5270918 R.751742 1 283447 00065443 1.128882 IR
0.097541 0.003T38  0.009424  0.021167  3.089106 4.238921 5338348 1 238366 0.009404 07925069 ONR
Q.117171 0.009918 0.013623 -0.034957  4.090413 £.121256 7859428 1 288918 0.010311 1.340206 BL
01238120 0006549 0015118 0018875 4.087831 5.218301 6.6975%3 1.240506 0006412 1.200625 IR
0.104262 0010242 Q010784 -0.05346% 2.063545 4191004 5.25995%  1.255473 (.011146 (852375 MX
0.098299 0.005681 Q.009568  0.008042  3.033072 4.241622 5326563 1.230690 0.009422 0,791360 OR
0.105448 0.010175 ©.011023 -0.075306 23.250603 4.788783 6.073055 1.26311% 0.011102 0923451 MX
0.123027 0.0l00B1  0.015032  -0.093497 5.103299 7.220242 9686610 1312410 0.01067% 1.717667 BL
0.118%82 0.006575 0.014116  0.018331 3.859112 4.8T6021 6.244859 1276700 0.006638 1.0764322 IR
0.097786 0.00965% 0.008464  0.047632 3.14R428 4.410911 5.577425 1.261922 0.NDRE43 0.R24528 OR
0.128342 0 009797 0.016382 -0 D6B345  6.064402 & 247482 11.168003 1 348729 0.01034&8 1.993567 BL
0.092446 Q.009844  0.00859¢  0.023482 3100508 4.170840 5.244087 1.260199 0.00923C6 0.779015 OR
0119826 .06E562  0.014313 (LO11161 3.839070 5.1d58s4  H.6B8230 1284385 O.O0EB10 1.135810 IR
Q103054 0.010192  0.01052] -0.073351 3107329  4.346817 5.4B0022 1.266962 Q.011770 D.859s68 MX
0.104754 0.010201 0.010868  -0.060541  3.132232 4.318295 5446635 1.256244 0.011209 0672841 MX
0.097683 0009528 0.00%443 0.014783  3.155368 4.285214 5.426932 L.262211 0.009473 0.802919 OR
0.118558 (0008756 0.014034  -0.050718 5.433235 6.766725 9.134587 1323466 0.010379 16536458 BEL
0.120005 0.006516 0.014384 -0.005199 3.637722 4.789050 6.092252 1276882 0.007023 1.05868% IR
0.087517 0.009707 0.009409¢ 0.0377&B  3.076821 4.304325 5426315 1 258059 0008862 0.781715 OR
0. 106686 0.010117 0.011280 -0.054581  3.286401 4.938802 6.205980 1.262083 0.011439 1.007855 MX
0. 111547 0.009981  0.01232% -0.031095 3$.4G6439%4 5.UOG4ATG  6.372134  1.272790 0.010679 1.019008  BL

Finally, background noise was added to the acquired vibration signals at differ-
ent SNRs. The purpose was to examine the robustness of the CTBFE method
against possible background noise. Table 4.4 shows a comparative accuracies us-

ing SVM with conventionally extracted raw TD features, CTBFP-based features
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TaBLE 4.4: Comparison of the infiuence of background noise on SVM classifi-
cation accuracy (%)

TD Features 40dB 304dB 20d4dB 10dB b5dB

Conventional 76.3 75.6 75.0 73.6  70.2
CTBFP-based 94.4 94 .4 93.1 925 91.8
CTBFE-based 96.8 96.8 96.3 9G.3 96.1

and CTBFE-based features. The results are evident that the CTBFE method is

considerably immune to strong background noise.

In conclusion, it is worthwhile to disassociate the unrelated vibration signal fluc-
tuations before extracting TD features for better results. The proposed method
provides an effective way to extract accurate features for reliable PR of REB's

localized faults.

4.4 Summary

Vibration-based PR methods have been utilized to identify localized faults of REB
using statistical TD features. It is observed that undesired fluctuations present in
random vibration signals consequently swung the statistical values of TD features.
It has also been observed that these fluctuations might not be related to REB's
localized faults, and employment of inaccurate feature values in PR systems might
be the source of misleading the supervised learning based classifiers. Thus, unlike
the conventional extraction of TD features, the CTBFE method is proposed to
supply accurate and reliable feature values to the diagnostic models. Only the
respective appropriate portions of vibration signals have been utilized to extract
the desired TD features for the fault classification process. Variety of classifiers
have been emploved to evaluate the proposed methodology, and the results were
evident that all the classifiers were performed better when utilized the CTBFE-
based features. Moreover, the proposed method has shown its robustness against
the strong background noise. When compared to the most related existing CTBFP

method, the proposed CTBFE method provides better fault classification accuracy.
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Chapter 5

Rule-based Identification of
Bearing Faults using CTBFE
method

The TD features extracted through CTBFE method in Chapter 4 are utilized
to develop a new diagnostic scheme with the intent classify localized faults of
REB. The scheme employs CTBFE-based features to develop decision making
procedure. Accurate and stable feature values are named as CVs here in this
Chapter 5. Thus, every feature extracted from vibration samples of different
faulty bearings, produces a set of CVs. Number of CVs in the set are equal to the
number of fault classes involved in the diagnostic process. Separating distances
among the normalized CVs, i.e. NCVs in a distinct set, are exploited then to
choose the salient features. Finally, the respective sets of NCVs, produced by the
selected features, are processed to define the threshold limits for the formation
of rule-set and decision making. The RBDS is robust against strong background
noise and offers real-time processing and may be an effective alternative to costly

training-based classifier.
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5.1 RBDS Methodology

The proposed methodology work in four steps, as shown in Figure 5.1. The first
two steps of the ethology are already covered in Chapter 4. Data acquisition and
validation process is explained along with the CTBFE method. The outcome of
CTBFE method are utilized to form sets of NCVs. For instance, four vibration
samples are taken from four bearing faults. A TD feature like RMS is extracted
from each vibration sample using CTBFE method. Thus, the RMS feature pro-
duces a set of four values, which are known as CVs against the respective faults.
The CVs are normalized later to obtain a set of NCVs for the RMS feature. In this
way, every feature produces a set of NCVs. These sets are processed at the third
step to select most informative features using a newly presented distance based
method. At last step, these sets of NCVs, which are obtained using selected fea-
tures only, are exploited to develop rule-based decision making criterion. Detailed

description of the presented scheme is given in the following subsecticns.

Data Acquisition
~.~
CTBFE

<7
Feature Selection

N7
Rules Formation &

Decision Making

FIGURE 5.1: Block diagram of the RBDS

5.1.1 Feature Selection

Most informative features were chosen for the formation of the rules. This ensures
efficient and reliable diagnosis. As mentioned earlier, every feature produces a set
of CVs that are equal in number to the bearing’s fault classes. This study dealt
with four bearing faults. Thus, for convenient separation of these faults, every set

of CVs was then normalized between 0 and 3 using the relation below.
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Value — min value in a set of CVs )

Norm. Value = 3 x ( (6.1)

mozx value in CVs — min value in CVs
The sets of NCVs are exploited further to select most informative features and rule-
set formation. Separating distances between the NCVs in a specific set was used to
develop the feature selection mechanism. A feature capable of well separating its
respective NCV was considered worthy for the diagnostic process. The rule-based

algorithin is elaborated via flowchart in Figure 3.2.

First of all, values in each set was sorted in an ascending order. This provided
relative distances between every pair, which represented any two adjacent NCVs
lie in a set. Hence, there exists three pairs in any NCV-set. As the normalization
in a set of four NCVs is done from 0 to 3, thus an ideal distance between cach pair
was 1. Increasing the distance between any pair above 1 will result in reduction

of distances between the other neighboring pairs.
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FIGURE 5.2: Flow chart of a feature evaluation procedure
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FIGURE 5.3: Relative distances among respective NCVs of every feature

Figure 5.3 shows distances among the NCVs of respective sets, i.e. the NCVs
produced by every feature. Horizontal axis of the XY-graph indicates the features
by the assigned numbers for convenience. The numhers 1 to 10 stands for the
ten features RMS, mean, variance, skewness. kurtosis, CF, IF, SF, median and
range respectively. For the selection of a particular feature. a minimum distance-
limit between all the pairs is required to be fulfilled in the respective set of NCVs
to which that feature belonged. To provide flexibility, a user defined parameter,
named as setDist, was defined to set the limit from 0 to 1. In case the separat-
ing distances between all pairs in a set of NCVs were greater than the defined
limit, then that particular feature was chosen to which the NCVs belonged (FS
= True). For instance, setting the value of setDist parameter equal to 0.66, the
feature selection algorithm returned three top ranked features that included RMS,
variance and shape factor respectively (numbered as 1, 3 and 8 in Figure 5.3 re-
spectively). Though, several features demonstrated reasonably good separation
among their respective NCV-sets, as shown by minimum distances in Table 5.1.
The features include RMS, median, variance, SF, CF and IF. When the setDist
value approaches to its utmost setting, i.e. 1, then the criteria of feature evalua-
tion turn out to be more strict for a feature to be selected for further processing

and vice versa.
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Algorithm 1 Rules generation using selected features

Input: nFeatures=3, nNCVs=4, ref NCV[3, 4] (3 chosen sets of NCVs, each
one contains 4 references), testNCV[3] (Set of 3 test NCVs obtained from 3
chosen features)
Output: Fault type
for k =1 5 nFeatures do

form=1-nNCV -1do

limit(m) = (ref NCV{k,m) + ref NCV(k,m+1))/2

end for

lo(k) = limat(1)

med(k) = limit(2)

hi(k) = limat(3)
end for
if testNCV (1) > hi{l) and testNCV(2) < lo(2) and testNCV(3) > hi(3)
then Fault type = IR fault
else if test NCV (1} < lo(1) and testNCV (2) > hi(2) and testNCV(3) < lo(3)
then Fauit type = OR fault
else if testNCV(1} > med(l} and testNCV (1) < hi(l) and testNCV(2) >
med(2) and testNCV(2) < hi(2) and testNCV(3) >
med(3) and test NCV(3) < hi(3) then Fault type = BL fault
else if testNCV(1) > lo(1) and test NCV (1) < med{l) and testNCV(2) >
l0(2) and testNCV (2) < med(2) and testNCV (3) > lo(3) and test NCV(3) <
med(3) then Fault type = MX fault
else Fault type = Unidentified fault
end if

example, the test NCV of RMS feature were compared with refINCVs, which were

obtained using the RMS feature extracted from reference vibration data-set.

5.2 Results and Discussion

The CI'BFE method was utilized further to generate rules with the intent to
classify localized fault in ball bearing. A test rig was used to acquire vibration
data for every fault of the bearing. The TD features or CVs were extracted via
CTBFE method explained already in Chapter 4. The CVs were used as references
to form rules and judge the type of fault. Importantly, only the chosen salient
features participated in the diagnostic process to achieve efficient and reliable

results.
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TABLE 5.3: Effect of background noise on the fault classification accuracies (%}
from RBDS and SVM

Features 40dB 304B 204B 104B 5dB

SVM 76.3 756 750 733 70.2
RBDS 956 956 956 944 94.4

5.3 Summary

The TD features extracted via CTBFE method were exploited to develop a new
RBDS to identify localized faults in ball bearing. Several vibration samples were
acquired to investigate bearing’s four faults with the help of 4 test rig. Distances
between the CTBFE-based NCVs in respective sets were exploited to build a
feature selection mechanism and generate simple rule-set for identification of the
faults. The RBDS produced excellent results, even in the presence of considerable
background noises. The presented methodology may be an efficient alternative to

the costly supervised learning based PR-based fault diagnosis.
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TABLE 5.3: Effect of background noise on the fault classification accuracies (%)
from RBDS and SVM

Features 404B 304B 204B 104B ©5dB

SVM 76.3 756 750 733 702
RBDS 956 956 956 944 944

5.3 Summary

The TD features extracted via CTBFE method were exploited to develop a new
RBDS to identify localized faults in ball bearing. Several vibration samples were
acquired to investigate bearing’s four faults with the help of a test rig. Distances
between the CTBFE-based NCVs in respective sets were exploited to build a
feature selection mechanism and generate simple rule-set for identification of the
fanlts. The RBDS produced excellent results, even in the presence of considerable
background noises. The presented methodology may be an efficient alternative to
the costly supervised learning based PR-based fault diagnosis.
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Chapter 6

Classification of Unbalance and
Misalignment Faults in Rotor
using Multi-Axis Time Domain

Features

Rotor unbalance and misalignment faults are usually difficult to identify using con-
ventional vibration-based frequency analysis methods. Main reason is that both
faults often produce similar sort of frequency spectra. The balancing procedure
of an unbalanced rotor is based upon attachment or removal of certain amount of
weight to or from a particular location of the rotor. Misjudging the misalignment
fault with the unbalance, may causes additional problems in the rotor due to dif-
ferent maintenance strategies. Therefore, confirming the unbalance state of rotor
is extremely important prior to take any corrective action. This study utilizes
PR-based fault classification technique for the problem at hand using TD features
[165]. Same classifiers, i.e. SVM, bayesNet, decision table, and decision tree, are
used to determine the effectiveness of the proposed method, which provide 100%

accuracy. Major contributions of this research include:
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¢ Employing multi-axis TD features for accurate identification of unbalance

and misalignment faults.

e The multi-axis feature processing mechanism produce more robust features

for efficient fault diagnosis.

e 100% accurate results are achieved.

The chapter is organized as follows. Section 6.1 explains the theory behind rotor
faults. The proposed scheme is elaborated in Section G.2. Section 6.3 discusses the
results and findings of the presented method. Finally, the study is summarized in

Section 6.4.

6.1 Rotor Faults

Unbalance is the most common fault in rotor that occeurs due to uneven 1nass dis-
tribution around rotor’s rotation center. Unbalance force pulls the rotor towards
a specific orientation or location, which is also known as heavy spot. Severity
level of measured vibration and rotor’s speed correlate directly with the amount
of unbalance. If the rotational speed doubles and the amount of unbalance re-
mains constant, then the centrifugal forces will increase by a factor of four and
consequently the vibration amplitudes would also increase accordingly {Refer to
Equations 2.5 and 2.6). The dynamics admit the attachment or removal of cer-
tain amount of weight to or from that specific rotor’s location to balance out the
unwanted force. Usually, radial vibrations dominates in case of unbalance fault,
which produce primary harmonic of vibration (1X) that is higher than that of

normal rotor [36].

Misalignment is the next common fault to unbalance. Vibration due to misalign-
ment fault is often produced by reactive forces in the coupling, when two coupled
shafts are not perfectly collinear. Unlike the unbalance, correlating the effects of

misalignment with vibration amplitude can be difficult. Types of misalignments
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along with more details of the fault can be found in second part of Section 2.2.2.
Present study deals with only angular misalignment type, which generate forces
in both radial & axial directions. Consequently, the vibrations acquired from both
axes contain information about the fault. The vibrations due to misalignment
fault generally presents the fundamental harmonic at 2X [36]. Theoretical aspect

of these rotor faults is already covered in Section 2.2.2.

6.2 Proposed Methodology

The proposed method works in four steps, which are shown in the block diagram

in Figure 6.1. Following subsections explain each of the step.

Data Acquisition

Feature Processing

______ % L______.

Fault Classification

B I
2, _ |
% | Multi-Axis |
= 1| TD Feature Extraction ||
g=N | |
§ I e i
a I
< '
o L +

FIGURE 6.1: Block diagram of Multi-axis features based fault diagnosis of rotor

6.2.1 Data Acquisition

At first step, a machine fault test rig was used to generate vibration signals for un-
balance and misalignment faults. Two piezoelectric accelerometers were mounted
at the housing of out-board bearing. Radial measurement is taken from vertically
mounted sensor (Radial-V) whereas the other one is taken from axial direction
simultaneously, as shown in Figure 6.2. Seventy samples were acquired at the rate
of 40K Samples/sec. Duration of each sample was 3 seconds, while the motor

speed was kept at 1400 RPM (23.3 Hz).

86






to calculate a sort of signed distance to obtain new resultant feature. For example,
the RMS-Axial is subtracted from RMS-Radial to produce resultant single feature
again, i.e. RMS-Multiaxis. In this way, the length of feature vector is remained
the same, i.e. again ten features in an instance. Below is the relation used to

process every feature,

N

fli)= Z (fRAU;AL(iJ — fomL(i)) (6.1)

i=1
where f(i} represents i** feature, and N=10 in our case.

Six TD features were selected in this research by employing attribute evaluation
method. The reason to reduce the dimensionality of the feature vector in this
study is that even six multi-axis features produced 100% accuracy to identify two
fault classes. This is just to make the comparison purposeful, i.e. comparison
between multi-axis and single-axis usage of features. Otherwise, adding extra
feature might increase the classification accuracy of the models with even single-
axis features. The selected features include RMS, Variance, skewness, kurtosis,
impulse factor and range. Info-GainAttributeEval was used to evaluate the worth
of an attribute by measuring the information gain with respect to the fault class,

using the Equation 6.2 below.

InfoGain(Class, Attribute) = H(Class) — H(Class|Attribute) (6.2)

The method discretizes the numeric attributes employing supervised discretization

method before evaluation using ranker method.

6.2.4 Fault Classification

During the supervised learning process, a classifier is trained and used to test

unknown examples. Total 140 instances were fed to classifier, i.e. 70 for each
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range in spectrum. The previous research reveals that most often the largest am-
plitude produced by misalignment may not be at 2X, but it may be at 1X instead.

Therefore, unbalance has often been blamed for misalignment [37].

As discussed earlier, the rotor balancing procedure involves additional weight at-
tachment or removal of extra weight. The rotor may exhibit unusual behavior, if
applied the same treatment to address misalignment fault. Thus, accurate iden-
tification of these faults becomes very crucial. The task is not as simnple using
conventional frequency analysis methods, because both the faults can produce
similar form of frequency patterns. To address this issue, this study investigated
the diagnostic capability of multi-axis TD features, i.e. the TD features extracted

from radial and axial vibration signals acquired simultaneously.

Table 6.1 shows 83.3% classification accuracy using six radial features, and 81.7%
accuracy using six axial features. On the other hand, combing both kind of fea-
tures {twelve multi-axis features), resulted in 100% accuracy. However. the vector
length increased to twelve, and generally classifier’s accuracy may be enhanced by
increasing number of features [34]. Yet, the assumption was that utilization of both
radial and axial features together enhances the fault identification of the classifier,
as the unbalance force acts mainly towards radial direction whereas the angular
misalignment force acts in both radial and axial direction. This phenomenon may
cause variation in vibratory behavior between both axes, and consequently in the
extracted features.

TaBLE G.1: Classification accuracies (%) demonstrated by SVM using radial,
axial and multi-axis TD features

Radial Axial Multi-axis Multi-axis

Combined Processed

83.3 81.7 100 100

Features Features Features Features
6 6 12 6

To validate the above stated hypothesis, every pair of alike features was then

further processed to produce single feature, i.e. radial and axial features were
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TABLE 6.2: Classification accuracies (%) demonstrated by every classifier using
radial, axial and multi-axis TD features

Multi-axis Features

Classifier Radial Axial Processed used
SVM 23.3 81.7 100 6
bayesNet 82.3 81.3 100 6
Decision Tree 82.6 82.1 100 6
Decision Table 83.1 ®1.1 100 6

processed adequately to produce single robust feature. As a result, a feature set
of obtained having more diagnostic information. 100% accuracy for six multi-axis
processed features is evident of the effectiveness and efficiency of the proposed
method. Decision making capability of the classifier was improved by using multi-

axis features comparing to single-axis features, especially after processing.

Other classifiers, i.e. bayesNet, decision table, and decision tree also provide 100%
accuracy using only six processed multi-axis features. Whereas, all the classifiers
show similar sort of performance using six radial or six axial features. For radial
single-axis, the accuracies lie between 82.3% to 83.1% and for axial single-axis the

accuracies lie in the range between 81.1% to 82.1%.

It is worth-mentioning that the sensitivity of TD features to different mechanical
forces is utilized in a way that the decision making capability of the supervised

learning based classifiers was enhanced considerably.

6.4 Summary

Unbalance and misalignment are the most commonly occurring fauits in rotating
machinery. It is very important to confirin the unbalanced state of rotor before
maintenance because the balancing procedure of an unbalanced rotor is based
on weight adjustment technique. Otherwise, the rotor may introduce additional
problems in the machine. The task becomes difficult using conventional spectral

analysis methods as both the faults can produce similar type of frequency patterns.
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To solve the problem, this study exploited the difference of behavior exhibited
by these faults in terms of vibration transmission in radial and axial directions.
Combining the multi-axis TD features provides very accurate result. Furthermore,
every pair of alike features were processed adequately to produce single robust
feature. This enhanced the efficiency of the diagnostic model by maintaining the
length of feature vector. All the classifiers provides 100% results using multi-axis

processed TD features.
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Chapter 7

Conclusions and Future Work

This thesis proposed and evaluated novel methods for diagnosis of faults in rotat-
ing machinery based on supervised machine learning techniques using vibration
data. Obtaining accurate and fault-related TD statistical features was the focus
of the study, with the intent to improve fault classification accuracy. As the rotat-
ing machinery components transmit complex and random vibration signals, this
research emphasizes to use processed TD features to recognize fault patterns in-
stead of using raw features directly. For instance, localized faults in REB produce
very low amplitudes in vibration signals. The faults identification is therefore very
difficult by using conventional frequency analysis methods. In addition, unrelated
spikes or fluctuations transmitted by joint machinery components may easily alter
the statistical values of the features. The affected features may not represent true
fault conditions. This consequently mislead the classifiers and making the fault
identification process very hard. The present study presented new CT-based fea-
ture processing and extraction methods for obtaining accurate features to aid the
PR-based diagnostic process. Other case was concerned about rotor faults, which
although produces stronger impacts in vibration signals but most common faults
like unbalance and misalignment produce very similar sort of frequency spectra.
Pattern identification of these faults using raw TD statistics may not be very ef-
fective again as the features can be sensitive to severity levels of these faults. The

present research exploited the dissimilarity of mechanical forces produced by the
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faults to extract multi-axis TD features from simultaneously captured radial and
axial vibration signals. Adequate processing of these features prior to incorpo-
rate classifier greatly helped to improve the diagnostic capability of the classifier.
Variety of classifiers were employed to evaluate the presented methodologies, and
the results were evident that all the classifiers performed better when utilized TD
features obtained through the proposed methods. The classifiers include SV,

bayesNet, decision table and decision tree.

Two new methods were presented to achieve trustworthy decision making for the
identification of localized faults of REB. The CT-based feature processing methods
adequately mitigate the affect of undesired fluctuations on PR-models. The first
method is CTBFP, discussed in Chapter 3, that work at the feature-level i.e.
data preparation stage of forming instances prior to incorporate classifier in the
diagnostic model. The TD features were extracted from several vibration samples.
Every feature distribution was put under test separately to check whether the
feature contained one or more outlier values. In case any feature distribution
contained any outlier, the whole instance was discarded from the data-set. This is
analogous to discarding the specified vibration sample from which the T} features
were extracted and isolating the unrelated machine components from the problem
at hand. The CTBFP mcthod took advantage of the sensitivity of TD features
as they produce outliers indicating an inappropriate vibration sample to proceed
on. The CTBFP is an efficient method and offered significant immunity to not
only signal fluctuations but even background noises. Moreover, the statistical
TD features have shown different levels of sensitivity to these randomly occurred
fluctuations. The method produced 94.4% accuracy at maximum using the multi-
class SVM to identify four faults of REB employing ten TD features. Whereas,
the classifier could provide only 76.3% accuracy when employed the same raw
TD features. Other classifiers demonstrated similar sort of difference in their

performances using raw and processed features.

The other method is CTBFE which was discussed in Chapter 4. The presented
method was used to identify bearing’s localized faults. Unlike processing the fea-
ture distributions at feature-level, this method works at feature-extraction-level
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rather to obtain reliable TD feature values. The CTBFE method overcome the
inherited limitations of applying CTBFP method in situations where availability
of data size is limited. The method does not discard the affected instances but
utilized every available vibration sample. It selects the most appropriate portion
or sub-sample of a vibration sample for the extraction of TD features. This strat-
egy ensures the supply of very accurate feature values to a classifier for truthful
decision making. In addition to efficiency, the presented method provided signifi-
cant immunity to possible fluctuations and background noises in vibration signal.
Apart from preserving number of instances, the CTBFE provided even more accu-
rate results compared to that of CTBFP method. However, the CTBFP is more
efficient when the availability of data is not restricted. The CTBFE demonstrated
96.8% accuracy at maximum using the multi-class SVM to identify four faults of
REB employing ten TD features. Whereas, the classifier could provide only 76.3%
accuracy when employed the same raw TD features. Both the above mentioned
methods disassociated the effect of unrelated vibrations adequately from sensitive
TD features before the start of supervised learning process. It is worth mentioning
that only fewer values of features were required to processed than with conven-

tional pre-processing techniques to enhance the fault classification accuracy.

The CTBFE method is exploited further to present a RBDS to identify local-
ized faults in REB. The method utilized the accurate and stable feature values
extracted through CTBFE method. The CTBFE-based feature values, acted as
CVs, were obtained against the respective bearing faults. Distances between NCVs
in the respective sets were employed to build a kind of feature selection mechanism,
and to generate simple rule-set for the fault identification. The RBDS produced
excellent results and offered an unique alternative to the existing PR-based fault
diagnosis. The method produced 95.6% accurate results employing only three

salient features.

Finally, the TD features were also processed to identify rotor’s most conmimon
faults, such as unbalance and misalignment. Confirming the unbalanced state of
rotor before the maintenance activity is important as balancing procedure is based
on weight adjustment technique. Misjudging misalignment with unbalance may
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lead to additional problems in machinery. This study exploited the difference of
behavior exhibited by these faults in terms of vibration transmission in radial and
axial directions. Combining the multi-axis TD features provides very accurate
results. Every pair of alike features were processed adequately to produce again
a single robust feature. The method enhanced the accuracy of the binary-SVM
model to 100% using six multi-axis features only while maintaining the length of
feature vector. Whereas, the classifier provides only 83.3% classification accuracy

employing the single axis same TD features.

7.1 Future Work

e The CTBFP and CTBFE are applied to localized faults in REB. Due to pro-
viding very accurate results, the future research may continue to apply these
methods to diagnose other faults in rotating machinery, for example gear
faults. However, care must be taken before isolating the fault under inves-
tigation from any undesired data that any related and valuable information

might not be lost.

e The CTBFP method processes the features efficiently via outlier detection
by implementing the MOD function, discussed in Chapter 3. The affected
instances were pruned at next stage of the algorithm based on the MOD
outcome. The MOD's parameter scale determines the threshold to catego-
rize any feature value as outlier. The parameter acts as trade-off between
the resulting accuracy and the size of remaining data-set used in supervised
learning process. The present research used a standard threshold value sug-
gested in the literature due to limited resources. However, value of the pa-
rameter may be adjusted according to the nature of data-set or application
of other rotating component of machinery. The future research should in-
vestigate the adaptive value of the scale parameter using some optimization

technique before employing the MOD function for best results.
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e Multi-axis TD features may also applied to identify multiple rotor problems,
i.e. in addition to unbalance and misalignment. The problems may include
bent shaft, coupling problems, eccentricity etc. As the transmission of me-
chanical forces from these faults may vary, the phase information in vibration
signals captured from multiple axes may be a useful tool to include as addi-
tional features for reliable distinction of the faults. Taking into account the
phases as features may diagnose the above mentioned multiple rotor faults

accurately, especially the spectra of which do not provide clear distinction.

¢ The presented methods are evaluated using supervised learning based fault
classification techniques. The future research may apply these methods to
investigate their effectiveness on un-supervised or semi-supervised learning

based fault classification models.
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