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ABSTRACT

The rolling element bearing is a key component of many machines. Accurate and timely
diagnosis of its faults is critical for proactive predictive maintenance. The research
described in this thesis focuses on the development of techniques for detecting and
diagnosing incipient bearing faults. These techniques are based on improved dynamic

models and enhanced signal processing algorithms.

Various common fault detection techniques for rolling element bearings are reviewed in
this work and a detailed experimental investigation is described for several selected
methods. Envelope analysis is widely used to obtain the bearing defect harmonics from
the spectrum of the envelope of a vibration signal. This enables the detection and
diagnosis of faults, and has shown good results in identifying incipient faults occurring on
the different parts of a bearing. However, a critical step in implementing envelope
analysis is to determine the frequency band that contains the signal component
corresponding to the bearing fault (the one with highest signal to noise ratio). The choice
of filter band is conventionally made via manual inspection of the spectrum to identify
the resonant frequency where the largest change has occurred. In this work, a spectral
kurtosis (SK) method is enhanced to enable determination of the optimum envelope
analysis parameters, including the filter band and centre frequency, through a short time
Fourier transform (STFT). The results show that the maximum amplitude of the
kurtogram indicates the optimal parameters of band pass filter that allows both outer race
and inner race faults to be determined from the optimised envelope spectrum. A
performance evaluation is carried out on the kurtogram and the fast kurtogram, based on
a simulated impact signal masked by different noise levels. This shows that as the signal
to noise ratio (SNR) reaches as low as -5dB the STFT-based kurtogram is more effective
at identifying periodic components due to bearing faults, and is less influenced by

irregular noise pulses than the wavelet based fast kurtogram.

A study of the accuracy of rolling-bearing diagnostic features in detecting bearing wear
processes and monitoring fault sizes is presented for a range of radial clearances.

Subsequently, a nonlinear dynamic model of a deep groove ball bearing with five degrees
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of freedom is developed. The model incorporates local defects and clearance increments
in order to gain the insight into the bearing dynamics. Simulation results indicate that the
vibrations at fault characteristic frequencies exhibit significant variability for increasing
clearances. An increased vibration level is detected at the bearing characteristic frequency
for an outer race fault, whereas a decreased vibration level is found for an inner race fault.
Outcomes of laboratory experiments on several bearing clearance grades, with different

local defects, are used herein for model validation purposes.

The experimental validation indicates that the envelope spectrum is not accurate enough to
quantify the rolling element bearing fault severity adequately. To improve the results, a
new method has been developed by combining a conventional bispectrum (CB) and
modulation signal bispectrum (MSB) with envelope analysis. This suppresses the
inevitable noise in the envelope signal, and hence provides more accurate diagnostic
features. Both the simulation and the experimental results show that MSB extracts small
changes from a faulty bearing more reliably, enabling more accurate and reliable fault
severity diagnosis. Moreover, the vibration amplitudes at the fault characteristic
frequencies exhibit significant changes with increasing clearance. However, the vibration
amplitude tends to increase with the severity of an outer race fault and decrease with the
severity of an inner race fault. It is therefore necessary to take these effects into account

when diagnosing the size of a defect.
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CHAPTER ONE

INTRODUCTION

This chapter provides a general overview of condition monitoring, in particular bearing
condition monitoring and diagnosis. This includes the monitoring of acoustic emissions,
temperature, electric motor current, wear debris, and vibration. Focus is placed on
vibration measurement because (a) it is the monitoring method most commonly used by
industry, and (b) it is used for the rolling element bearings employed in this project. The
summary of previous bearing fault diagnosis research provides the motivation for this

research and enables the overall aim and objectives to be defined.
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1.1 Background

The process of determining the operating characteristics (health and state) of a machine is
known as condition monitoring (CM). It is used to predict the maintenance needs prior to
any serious deterioration or breakdown of the machine. It involves identifying the life
cycle of individual parts or a whole system. This can require the development of special
purpose equipment in order to acquire and analyse data so that trends can be predicted.
The CM process consists of either periodic or continuous data acquisition, followed by
subsequent data analysis, interpretation and fault diagnosis. Predictive Maintenance (PM)
is a widely accepted maintenance philosophy, also known as Condition-Based
Maintenance (CBM), of which Condition Monitoring is an integral component. The PM
philosophy is a strategy for prompting discussion, and is based on the scheduling of
maintenance activities only when a potential functional failure is detected. This early
detection is designed to avoid unexpected catastrophic failures. CBM can enhance the
safety and operational effectiveness via the research and development of new
technologies for the reliable and accurate prediction of the remaining useful life of in-
service equipment. The CBM can also be described as Prognostics and Health
Management (PHM). Figure 1-1 shows the three main elements of CBM. These elements
are interconnected with each other such that none of them could be achieved effectively
without the presence of others [1]. CM optimises the readiness of equipment whilst
reducing the maintenance and staffing requirements. Common CM techniques include the
analysis of vibration, oil, wear particles, ultrasonics, thermographics, and motor current

signature analysis [1-3].

Condition CBM, Fault

< M

I

Fault

monitoring Diagnosis

Prognosis

Figure 1-1 Components of condition based maintenance [1]
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Two different approaches may be used for performing maintenance. Unplanned
maintenance, often known as failure maintenance, occurs when a machine is operated
without maintenance until it breaks down. Planned maintenance is characterized by the
periodic stopping of machines for maintenance in order to lower the number of unplanned

stops [3-5]. Various advantages are offered by Condition Monitoring, including:

v' Reduced maintenance cost due to the minimisation of unnecessary machine
Services.

v' Advanced information on the nature of the fault being repaired. Advance
preparations can be made so that the duration of each intervention is minimised,
thus minimising production loss.

v' Condition Monitoring is used to derive advanced information on the severity of
the fault under repair. In this manner, the possible duration of the intervention can
be determined early so that disruption to the production process is minimised.

v Eliminating or reducing the severity of catastrophic failure.

The strong advantages of the CM approach have recently led to the development of a
wide array of tools and techniques for the monitoring of machinery condition [2-5].

For all dynamic systems, their condition changes over time, and therefore their signature
signals also change. These signal changes can provide information on the presence. As a
result, a growing emphasis is being placed on the application of signal processing
techniques for separating significant trends from random variations. They can also be
used to provide an early diagnosis, which is of great value when the part crucially

important to the production process, or when it is important to a safety procedure.
1.2 Bearing Condition Monitoring Techniques

Bearings are important to any processing or manufacturing plant that uses rotating
equipment. Bearings can fail due to a range of problems: such as a machine running
unbalanced, misalignment, critical speed, an incorrectly fitted bearing, incorrect grease,
no grease, etc. Bearings are often replaced without determining the origin of the failure,
and hence failure may occur again. It has been extensively documented that most
vibration-based machinery problems are caused by misalignment or unbalance, often

leading to bearing failure [4, 5].
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The railway industry, for example, regularly suffers damage to equipment and wayside
structures as a result of derailment that occurs when wheel bearings fail. To minimize
this, several wayside inspection techniques have been developed to detect defective
bearings before they fail. Any improvement in the ability to reliably detect and diagnose
bearing faults can reduce the potential for derailment due to bearing failure, thus

increasing railway safety [6].

Implementing key element of any effective diagnosis technology is the ability for early
detection of faults without machine disassembly. This is crucial for condition monitoring,
predictive maintenance and quality inspection, and it enables the remaining useful life of
the machine to be estimated. There are various methods that can be used for diagnosing
bearing defects. These methods are generally classified as for example (i) acoustic
measurements, (ii) current and temperature monitoring, (iii) wear debris detection, and

(iv) vibration analysis [7]. These will be detailed below.
e Acoustic Measurement

Acoustic emissions monitoring is the most effective acoustic-based method of gauging
bearing health. Sound waves are formed in a solid material under mechanical or thermal
stress, as a result of a transient impulse that is generated by a rapid release of strain
energy. Measurements of a machine’s acoustic emissions can also be used to detect
defects in the bearings. The accuracy of acoustic methods typically depends upon the

quality of the sound pressure and sound intensity data.
e Temperature Monitoring

Defective bearings produce greater friction and can hence generate excessive heat in the
rotating components. The simplest method for fault detection in rotary machines is

therefore to monitor the temperature of a bearing’s housing or lubricant.

e Electrical Motor Current Monitoring

A machine’s operating conditions may be monitored via analysis of the motor current
spectrum. Changes in the measured electrical background noise are indicative of changes
in the mechanical properties of the machine and its components. Fault signatures can

hence be detected by intelligent signal processing of the measured motor current.
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e Wear Debris Analysis

In wear debris analysis, any metallic particles present in the lubricant are detected by
sensitive electrical sensors. Spectrographic analysis of the various metallic elements

present in the lubricant can enable the location of the fault to be identified.
e Vibration Measurement

Abnormal vibration is often the first effect of rotary component failure to be detected in
rotary machines. Vibration analysis is therefore widely used in industry. Any defect type
will generate a vibration signal indicative of a fault when a damaged area interacts with a
rolling surface. Vibration analysis can therefore be used to detect and diagnose all types
of fault, whether they be localised or distributed. The vibration measurement method has
a number of other advantages, including accurate results, low-cost sensors,
straightforward setup, specific damage location information, and comparable damage

rates.
1.3 Vibration based Condition Monitoring

Vibration analysis is a very popular tool for monitoring the condition of rotating
machinery. It is able to identify common faults including imbalance, misalignment,
looseness, rubbing, bent shaft, cracked shaft, gear faults, motor faults and blade/impellor
defects. While these faults are the most common, they are primarily detected in high
speed machinery (> 600 rpm). In fact for low speed machinery there is only limited
information on faults that can occur, except for those generated by defective rolling

element bearings [8, 9].

Even bearings with no faults generate some vibration. It is therefore important to study
the base-line behaviour of a bearing so that abnormalities can be detected in the vibration
signature of a damaged bearing. In roller element bearings the main source of vibration is
variation in compliance. This is caused by the number of load carrying elements and the
continuously changing position. Various models representing the periodic vibration of

bearings have been proposed based on this phenomenon [10-13]

Vibrations are linked directly to a machine’s periodically moving components, such as

rotating shafts and its natural frequencies, which can provide essential fault diagnosis
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information. The source of a vibration is directly indicated by the frequency and
amplitude of a measured signal [4, 8]. Consequently, vibration analysis has been widely
used in condition monitoring and fault diagnosis of machines. The analysis itself may
take place in the time domain, frequency domain, or the time-frequency domain.

1.4 Review of Bearing Fault Diagnosis via Vibration Analysis

Much previous research into the diagnosis and prognosis of bearings is based on signal
processing techniques for vibration characteristics. Generally, a localised or distributed
defect is deliberately created on a bearing by grinding, drilling, acid etching, over
speeding or overloading. A vibration signal is then measured, usually using
accelerometers. Various signal processing techniques may then be used to extract the
fault sensitive features that can be used as monitoring indices. The signal processing
methods reported in the literature are categorised into time domain, frequency domain,
and time-frequency domain methods. Such techniques are not completely independent,

and they are often complementary to one other.
1.4.1 Bearing Failure

Many events can give rise to bearing defects. These include poor lubrication, poor
maintenance, over-speed, overload, misalignment, imbalance, incorrect application, and
high temperatures, among others [14]. Tandon et al. [15] gave an overview of several
different failure modes for rolling element bearings. Bearing defects are usually grouped
into two classes: distributed defects and localised defects. Distributed defects are usually
caused by manufacturing errors. These can include surface roughness, waviness, off-size
rolling elements, and misaligned races. Localised defects are caused by fatigue damage
on the rolling surfaces [15]. These can appear as pits, cracks and spalls. The present
research will focus only on localised defects, which usually originate as subsurface

cracks, as will be described in more detail in Chapter two.
1.4.2 Signal Processing Techniques for Bearing Condition Monitoring

In order to reliably monitor the condition of rolling element bearings and to diagnose
faults, fault features must be effectively extracted from vibration signals masked by
background noise. Much research has been conducted which focusses on the development

of bearing fault detection techniques for and vibration-based diagnosis. These techniques,
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some of which are described briefly below, may be classified into (i) time domain, (ii)
frequency domain, (iii) time—frequency domain, and (iv) higher-order spectral analysis.
Signals encountered within a machine can generally be classed as being either stationary
or non-stationary. Stationary signals analysis has traditionally been based on accepted
spectral techniques such as the Fourier transform, which can be used to identify the
dominant frequency components within the signal. For non-stationary signals, especially
any that contain a transient component, the ability of the Fourier transform to identify
frequency components is limited [5].

1.4.2.1 Time Domain Analysis

Direct analysis of vibration signals in the time domain is one of the cheapest and simplest
approaches to detection and diagnosis. This analysis may be carried out via a visual
examination of particular portions of the time domain waveform, or by examining the
statistical properties of vibration signal in the time domain. Previous research has
proposed various time domain approaches for detecting the presence of bearing damage.
Those commonly used are (i) root mean square (RMS), (ii) crest factor and (iv) kurtosis.
This are calculated in respect to the bearing condition. The RMS value is a good indicator
of the level of energy in the vibration signal. The crest factor is the ratio of a waveform’s
peak value with its RMS value. The crest factor of a pure sine wave is 2 times larger
than the RMS value, and can be larger still for any signal influenced by many factors,
such as faulty bearing signals. These parameters are extracted, and used as key features in

bearing fault detection algorithm(s) [15, 16].

Kurtosis quantifies the ‘peakedness’ of a distribution, i.e. whether data is more peaked or
more flat in relation to a normal distribution (and by how much). Normally distributed
data has a kurtosis value of 3. Data sets with high kurtosis have a stronger peak, which
declines rapidly with heavy tails. Kurtosis reacts sensitively to the vibrations induced by
bearing defects, and has been shown to be an effective indicator for rolling element
bearing diagnostics [17-19]. A normal, undamaged bearing should have a kurtosis value
close to 3. If the value is greater than 3, this indicates a defect may be present. However,
when damage is significantly advanced, the kurtosis value may drop to below 3, and
remain close to the value expected of an undamaged bearing [16, 20]. This scenario is the

biggest problem with using the kurtosis value for fault detection.
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The crest factor and the kurtosis do not account for the magnitude of the vibration signal,
being only measures of the peakedness of the vibration signal. During the beginning
stages of bearing damage, kurtosis and crest factor increase as the spikiness of the
vibration increases. However, as the damage increases, the vibration signal becomes more
randomised, so that the crest factor and kurtosis value drop close to more normal levels.
Therefore, the kurtosis and crest factor are limited in their ability to detect bearing defects
in the later stages of development. This is the primary problem associated with a
statistical approach, and strongly limits the potential of these measures to be used for

bearing prognosis [21].

Heng and Nor [22] recorded sound pressure and vibration signals from a rolling element
bearing and calculated the crest factor, kurtosis and skewness in order to detect defects.
They concluded that bearing defects can be detected by statistical methods. Additionally,
they showed that the statistical parameters are affected by the shaft speed. This is because
the vibration excites the fixing ring that holds the test bearing in position, and the bearing

housing components are sensitive to this vibration.
1.4.2.2 Frequency Domain Analysis

In the frequency domain approach the dominant frequency components of the vibration
signals and their amplitudes are used for trending purposes. When a fault occurs in any
component of the rolling element bearing (inner race, outer race, or rolling elements),
peaks in the vibration spectrum increase at the frequencies corresponding to that
particular bearing defect, as well as at harmonic frequencies associated with the defective
component(s). Sidebands are also produced in the neighbourhood of each peak, the
spacing of which depends upon the cycle of the rotating shaft. The amplitudes of the
power spectrum peaks generally increase as the bearing damage increases [21, 23].

Vibrational impulses are produced when a rolling element passes over a defect. The
bearing system responds to such impulses at its natural frequency. This response reduces
quickly over time, due to the heavy damping of the system. The excitation and response
process occurs every time a rolling element passes over the defect, so the fundamental
frequency observed in the response waveforms is governed by the rate at which elements

roll over the specific defect. Several previous studies have examined the identification of
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bearing defects based on the detection of these frequencies within the spectrum [15, 24-
27].

A Fast Fourier Transform (FFT) is fundamental spectral analysis technique used in many
fields of science and engineering. In particular, it can be used to analyse the vibration of
machinery components. An FFT transforms time domain signals into the frequency
domain. This can enable spectral features to be detected, for diagnosis of the machine’s
condition. When local faults exist within the bearing, the amplitude of vibration at such
characteristic fault frequencies and at their harmonics can increase significantly [5].
Several studies have shown the potential for successful identification of those
fundamentally important frequencies. Li et al. [28-30] described the application of a FFT
for detecting bearing looseness and other faults in the rolling elements, inner race or outer
race. This was done both via simulation and physical experimentation. An on-line
monitoring system was designed by Wang [31], which was based on a FFT and other

methods. Blair [32] also used an FFT in a diagnostic package.

However, FFTs suffer from their own limitations. The spectral peaks caused by bearing
defects generally apparent in the low-frequency end of the spectrum, around 0-2 kHz and
usually also at the associated harmonics. Therefore, the frequencies associated with
bearing defects are in the same low frequency range as the vibrations normally induced
by operation of the machine (for example due to misalignment and imbalance) as well as
random vibrations. Hence, unless the defect is sufficiently large, it can be difficult to
distinguish the spectral peaks in the presence of strong environmental noise. This is the

main limitation of the traditional FFT-based methods.

The vibration signals produced by bearings generally contain an amplitude modulation,
which gives rise to sidebands in the frequency spectrum. Modulation of the bearing tones
can occur in a number of ways. One example is via a small crack forming on the inner
race. This defect will effectively move into and out of the load zone at frequency at
which the shaft rotates (f;). When the defect enters the load zone, it causes high
vibrations at the Ball Pass Inner Race Frequency (BPIF), but when it is out of the load zone
is causes very little vibration at that frequency. This means that the amplitude of the BPIF
vibration is modulated, and the sidebands of the BPIF are spaced by f.. If a rolling element
becomes damaged, then the roller also moves into and out of the load zone. However, this
occurs at the Fundamental Cage Frequency (FCF), and not at f;. This is due to the rolling
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elements rotating around in the bearing at a frequency of FCF. In contrast to these
behaviours, a defect formed in the stationary outer race is permanently within the load

zone, so no modulation should occur.

Thus, defect detection based on characteristic defect frequencies in the spectrum presents
the potential to measure bearing conditions. However, the direct identification of the
sidebands and characteristic defect frequencies is difficult when there is a high
background noise or when other factors interfere, as can often happen. Therefore,
spectral analysis is not sufficient for bearing condition monitoring under many realistic
scenarios; more robust, reliable methods must be adopted in order to accurately detect

bearing integrity [11, 33].

Envelope detection is the most commonly used technique to improve signal-to-noise ratio
(SNR) and thus enhance the spectral analysis of signals. This helps in the identification of
bearing defects because it can extract the characteristic defect frequencies within a

vibration signal recorded from a defective bearing [15].

Envelope analysis is a form of amplitude demodulation. It is another popular technique for
analysing the frequency content of bearing vibrations. McFadden et al. [11] conducted a
review of the rolling bearing monitoring using envelope analysis, providing a basis for
ongoing research. It was reported that an envelope spectrum only contains individual,
discrete components for very simple examples, such as an axial or radial bearing with a
defect in the outer race. In this case it is possible to determine the bearing condition by
passing the envelope signal through a bank of narrow bandpass filters tuned to the
characteristic defect frequencies of the bearing, and then through a bank of level sensing

circuits.

Molitor et al. [34] presented a method for the early identification of defects in car
bearings. Similarly, Cline et al. [35] showed a promising analysis of the roller bearings on
a freight car. The researchers in [36-38] also provided a robust demonstration of the
efficiency of envelope analysis for bearing fault detection. However, Rubini [39] showed
that the sensitivity of envelope analysis is governed by the selection of filtering band, and
was thus unable to detect incipient faults. A key issue with envelope analysis (and other
frequency domain approaches) is the need for bearing defect frequencies to already be

known [40]. An additional problem is the increased difficulty in vibration spectrum
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analysis if the signal-to-noise ratio is low, or if the complexity of the system generates a

large number of dominant frequency components.

For roller bearings, the envelope analysis method provides an effective approach to fault
diagnosis. Sawalhi et al. [41] and Yu et al. [42] described a fundamental limitation of
envelope analysis. This is that the band pass filter’s central frequency (structural
resonance) and the filter’s bandwidth are determined from experience when forming an
envelope signal. This causes the process to be highly subjective, which can greatly

influence the results.

Recently, ‘‘spectral kurtosis’> has been examined as a method of optimising the
extraction of bearing signals from background noise. Antoni et al. [43] introduced the
concept of a Kurtogram, which shows the spectral kurtosis as a function of frequency.
From this, optimal band pass filters can be designed in order to overcome the limitation
of envelope analysis. The results showed that the maximum of the Kurtogram indicates

the optimal parameters (central frequency and band width) for the band pass filter.
1.4.2.3 Time-Frequency Analysis Techniques

Time—frequency domain techniques utilise information from both the time and frequency
domain. This allows transient features such as impacts to be investigated. A fundamental
limitation of frequency domain approaches is that they are unable to handle non-
stationary waveforms, which are a common signal type when machinery develops a fault
[5]. Often a particular frequency of interest may appear at any time and for any period of
time. Sometimes it can be beneficial to determine the frequency and time intervals of
these particular components. Time-frequency analysis presents the energy or power of a
signal as a function of both time and frequency, and can enable a more accurate diagnosis
[5, 44]. Several time—frequency domain techniques have been developed. These include
the short-time Fourier transform (STFT), the wavelet transform (WT), and the Wigner-
Ville distribution (WVD) [45, 46].

Gabor (1946) considered the short time Fourier transform (STFT). In STFT the whole
signal is divided into short time segments, and a Fourier transform is applied to each
segment. The limitation of STFT is that the resolution is constant with the same length of
window [5, 16]. The Wigner-Ville Distribution is a combination of an FFT and an auto-

correlation function. The Wigner-Ville distribution produces a higher resolution than the
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STFT, but it suffers from an interference term that is formed by the transformation itself
[47-49]. This can lead to a negative energy level and spectrum aliasing, making the

results difficult to interpret.

One alternative, wavelet analysis, has gained significant interests recently due to its ability
to provide multi-resolution in both the time and frequency domains. The wavelet transform
is extremely sensitive to transient phenomena, making it ideal for identifying the periodic
shocks induced by a faulty bearing. Wavelet analysis was used as a pre-processing
techniques in several previous studies [17, 50, 51]. A denoising method, based on
wavelet analysis [52, 53], was shown to be highly applicable for the rolling element
bearings. The method can improve the calculation efficiency, reducing the amount of
data manipulation [54]. Wavelet analysis has also been used for early fault detection [19,
55, 56]. It can be used to identify bearing damage after the damage appears [39].
Additionally, it is insensitive to the operating conditions of the bearing, the load and the
speed [57].

1.4.2.4 Spectral Kurtosis and the Kurtogram

Spectral kurtosis (SK) is based on higher-order statistics. It calculates the kurtosis at each
frequency in a time-frequency analysis frame, for example from a short time Fourier
transforms (STFT). Usually, high values are taken in the area of the resonance
frequencies of the transients. It is ideally close to zero for Gaussian noise and stationary
harmonic components. The benefit of SK stems from its ability to detect transients in a
signal and to locate the central resonance frequency corresponding to the transients. This
can then be used to filter the fault signal, demodulating it in order for the signal envelope
to be extracted [43, 58, 59].

Envelope analysis of vibration signals is considered to be the most common way of
monitoring bearing faults. However, envelope analysis required complex operations such
as FFTs and digital filters. Successful implementation of envelope analysis depends upon
the proper selection of the central frequency and bandwidth of the band pass filter. Even
if appropriate parameters are initially selected, they may become invalid in an
unpredictably changing environment. Thus, demodulation using a bandpass filter with
constant parameters may not detect faults effectively in a bearing running under varying

conditions and/or over a wide range of speeds [11, 60].
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A number of techniques have been proposed to address this issue. Most recently, Antoni
[59] performed a thorough analysis of spectral kurtosis. A spectral kurtosis was proposed
that was derived from the short time Fourier transform, and was used to detect faults in
gears and rolling element bearings [43]. To reduce the computation time and provide fast
on-line fault detection, a 1/3 binary tree kurtogram estimator was proposed [61]. Sawalhi
et al. [33] examined the capability of spectral kurtosis as an analysis tool for rolling
element bearings. They combined it with (i) an autoregression (AR) based liner
prediction filtering and (ii) minimum entropy deconvolution [62]. The results indicate
that this method can dramatically sharpen the impulses and thereby increase the value of
the kurtosis. Antoni and Randall [43] provided a warning that spectral kurtosis may be
impractical because it is unrealistic to examining all window lengths used in STFT based
SK techniques to find the optimal central frequency and bandwidth of the filter. An
additional problem is that the kurtogram uses a fixed tiling pattern regardless of the signal
being analysed. Barszcz and Jabionski [63] proposed a novel method known as a
Protugram, which enables an optimal bandpass filter to be configured based on a
calculation of the kurtosis of the amplitude of the spectrum envelope. It was shown to
work in the case of low signal to noise ratio. An SK method that could adaptively
determine the bandwidth and central frequency of the filter was proposed by Wang and
Liang [64]. It functioned by margining right extended windows in order to maximise the
kurtosis of the filtered signal.

1.4.2.5 Higher Order Spectral Analysis

Higher order spectra are useful tools for signal processing. They offer significant benefits
over conventional spectral analysis methods due to higher order spectra having the
properties of phase information retention, nonlinear system identification, and Gaussian
noise elimination [65, 66]. Higher order spectrum techniques have been used for
condition monitoring applications [67, 68]. It is clear from these studies multi-
dimensional higher order spectra can yield more useful information for diagnostic
purposes than conventional two-dimensional spectral measures. A defect in a bearing
results in high phase correlation among the harmonics of one or more of the characteristic

defect frequencies [69].

Higher-order spectra describe the degree of phase correlation between different

frequencies within a signal. Large values of phase correlation between the harmonics of
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any defect frequency can indicate that a defect is present within the bearing. McCormick
and Nandi [70] discussed the application of bi-spectral and tri-spectral analysis for
condition monitoring. Li et al. [71] used bi-coherence spectra to identify the features that
indicate the bearing condition.

Bicoherence spectra have been applied to rolling element bearings for the automatic
detection and diagnosis of localised defects by detecting features that can indicate the
bearing condition [69]. McCormick et al. [69] examined the features that best describe
the phase correlation between the first three harmonics of the characteristic bearing fault
frequencies. Local bearing defects have been detected using bicoherence theory, with the
results validated experimentally. The method was hence shown to be effective in

detecting and diagnosing incipient bearing defects.

The potential of bispectral and trispectral analysis for condition monitoring has been
examined by McCormick [69]. Higher-order spectral analysis was applied to machine
vibrations in order to determine the useful diagnostic features. Experimental work was
conducted using a small test rig with imposed bearing faults. The bispectrum and
trispectrum of the recorded vibration signal were used to train a neural network classifier
that would determine the bearing condition. The technique was then compared with
simpler statistical methods and power spectral extraction algorithms. A more detailed
investigation of the signals’ HoS was undertaken to identify the practical features that can
be easily estimated to provide swift, robust, reliable bearing diagnostics.

An earlier study [72] used the motor current of a reciprocating compressor for fault
diagnosis. It was revealed that the random noise could be suppressed by a new data
processing method known as a modulation signal bispectrum (MSB). MSB is an
extension of the conventional bispectrum (CB), and is predominantly used for
characterising modulation signals. It has been shown to provide an improved diagnosis
compared to the power spectrum (PS). MSB is therefore an effective method of detecting

and quantifying the sidebands in current signals due to its noise suppression capabilities.

Following the successful use of MSB for reciprocating compressors, the method has been
further improved [73-78]. The influence of the carrier-magnitude at the fundamental
supply is removed in the MSB slices of interest, meaning faster MSB analysis and

accurate sideband estimation. This has produced impressive detection and diagnosis
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results for a range of faults within multi stage gearboxes, electrical motors and roller
bearings [73-78].

Rehab et al. [76] used MSB to extract fault features from envelope signals. MSB was
selected due to its ability to suppress noise and reliably diagnose bearing fault severity.
Tian et al. [77] presented a novel diagnosis method for combined faults inside planetary
gearboxes. A modulation signal bispectrum based sideband estimator (MSB-SE) was
used, as it allowed effective enhancement of the various sidebands and hence provided
accurate diagnostic information. The same authors proposed a novel MSB detector,
which was developed for accurately diagnosing bearing faults while overcoming the filter
band optimisation problem experienced with traditional narrowband envelope analysis.

This is compared with optimal envelope analysis using the fast Kurtogram [78].

It should be noted that the newer investigations mentioned above rely heavily on the
magnitude information of MSB in order to perform fault diagnosis. The use of MSB
coherence has not yet been explored in the diagnosis process. It may contain more useful
information for detection and diagnosis of more complex ball bearing signals that are
corrupted by the inventible wear/radial clearance grades and random noise. Moreover, this
new method could be applied to a range of bearing faults with varying fault severity and

under different clearance grades.
1.4.3 Model-Based Techniques

Modelling (simulation) of the vibration signals produced by bearing defects is a
significant and effective tool in bearing diagnostics and prognostics. It produces signals
with well-defined characteristics rather than waiting for such signals to arise randomly.
Simulation can also enable an improved understanding of the generation mechanisms for
fault symptoms, particularly when they involve non-linear interactions. Simulations of
bearing faults can be used to characterise the performance of bearing diagnostic

techniques under the influence of noise masking.

Much research has focused on the development of signal processing techniques for
accurately detecting and isolating bearing faults. Conversely, very few studies have
presented a mathematical (physics-based) model, allowing faults to be simulated under a
range of operating conditions instead of either waiting for them to occur naturally or

seeding them in laboratory testing.

DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 15



THE OPTIMIZATION OF VIBRATION DATA ANALYSIS FOR THE DETECTION AND DIAGNOSIS OF
INCIPIENT FAULTS IN ROLLER BEARINGS

Various mathematical models have been developed for the study of dynamic effects on
roller bearings. McFadden and Smith [79] developed a model to describe the vibrations
produced in a rolling element bearing under constant radial load with a single point defect
on the inner race. Purohit et al. [79] studied the axial and radial vibrations from a rigid
shaft supported ball bearing. Nonlinear springs are used to represent the contacts between
the balls and the races in the analytical formulation. The spring stiffness is obtained using
Hertzian elastic contact deformation theory. Culita et al. [80] proposed the McFadden-
Smith vibration model. This was one of the first valid models of the bearing vibration
generated by individual point defects. It was shown that the defect is encoded by the
vibration model in a more natural and more accurate manner than was achieved in
previous models. A significant contribution was made by Sassi et al. [81], who developed
a numerical model based on the assumption that the dynamic bearing behavior could be
represented by a coupled three-degrees-of-freedom system. Upadhyan et al. [82]
examined the dynamic behavior of a high speed unbalanced rotor supported on roller
bearings with damping. The non-linearity of the rotor bearing system was said to be a
result of Hertzian contact, the unbalanced rotor effect and the radial internal clearance.
An analytical model was presented by Patil et al. [83] for predicting the effect of localised
defects on the vibrations of ball bearings. The contacts between the races and the ball are
considered to be non-linear springs in their formulation. Patel et al. [13] studied the
vibrations in a dynamic model of deep groove ball bearings which had single and
multiple defects on the surfaces of both the inner and outer races. The mass of the shaft,
housing, races, and balls were considered in their model. Results output by the model
were validated against experimental results recorded for both defective and healthy deep
groove ball bearings. Dougdag et al. [84] verified experimentally a simplified model of a
ball bearing with nonlinear stiffness in both static and dynamic modes. They also tested
the capabilities of the model to accurately simulate fault effects. The resulting defect
simulations and model behavior for both static and dynamic modes were compared
against the experimental results. Patel et al. [85] presented a theoretical and experimental
study of the vibration in dynamically loaded deep groove ball bearings with localised
circular defects. The mass of the shaft, housing, raceways and ball were all incorporated
into the proposed mathematical model. Coupled solutions of the governing equations of
motion were achieved via the Runge-Kutta method.
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It is generally accepted that bearings undergo various types of wear during their lifetimes,
which can lead to increased clearances and therefore high vibration levels [86]. This
enhanced vibration can be used as an indicator of the remaining bearing life. However, the
exact mechanisms behind how the increased clearance can effect on the vibration, and
hence the diagnostic performance, were not found. The present study therefore focuses on
the modelling of bearing vibration response for different levels of clearance, and quantifies
the dependence of some common diagnostic features on the radial clearance. Additional
experimental verification was also carried out for different clearance values with typical

bearing faults.
1.4.4 Rolling Element Bearing Contact Fatigue and Wear Fundamentals

In a perfectly sealed rolling bearing running at a sensible speed and load, properly aligned
and well lubricated, minimal wear should occur because under loaded conditions
distortion at the ball/raceway interference means there is a small element sliding taking
place. However, in most practical applications, wear and fatigue are the main factors
establishing bearing life [86, 87].

Studies conducted with 100,000 bearings used in a range of vehicles, machinery, and
manufacturing processes have identified the life-limiting wear level of the bearings [6].
The wear was run across at the cage sliding surfaces, at the contact surfaces between the
rolling elements and the raceways, and on the lips and faces of the roller bearings. The
initial phase of wear included rolling path becoming rougher, and a dull sign. The cause
of the measured bearing wear was mainly friction against foreign objects that get into the
bearing through inadequate or worn seals. However, wear debris from bearing surfaces
and also from the related machine elements also played a role. Corrosion, resulting from
condensation during temperature changes or water contamination was another cause, of

bearing wear [88].

Any wear that occurs on the rolling bearing surfaces effectively increases the clearance,
meaning that the heat generation, vibration and noise will increase [88-90]. Extensive
research has focussed on measuring the internal radial clearance as a function of wear
level during the time in service [6]. An expression was derived to describe the limiting

radial wear factor f . This was proposed as a standard for comparing different sized

bearings according to the following:
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\Y Vv
f = —_————— 1'1
' e, 0.46d%° D
In this equation V is the total wear required for bearing failure, measured in micrometres,

in which reflects the increased internal radial clearance of an unmounted bearing. e, is a

size factor calculated from the bore diameter of the bearing, d (mm), as e, =0.46 d*".

Fatigue is generated in rolling element bearings by the repeated stressing of a finite
volume of material [91]. Types of fatigue failure can include peeling, flaking, pitting and
spalling. They all result in material being removed from the rollers and both the inner and

outer races.

Figure 1-2 Pitting and spalling [92]

Three types of fatigue generally exist: fatigue pitting, fatigue spalling, and surface
distress [92]. Surface distress establishes as a smooth surface due to plastic deformation
occurring within the asperity region (usually less than 10 um) [92]. Pitting presents as
shallow craters in the contact surfaces, with a maximum depth equal to the work-
hardened layer thickness (approximately 10 um, see Figure 1-2) [92]. Spalling produces
deeper cavities in the contact surfaces, with depth from 20 um to 100 um. Spalling and
pitting are used indiscriminately in most of the literature. In some studies, spalling and
pitting are used to distinguish the severity of the surface contact fatigue [92].

The life of a rolling element bearings is commonly measured by either (i) the number of
million revolutions of the inner race (if outer race is stationary) until the first spall occurs,
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or (ii) the number of hours of operation at reasonable angular speed before the first

spalling occurs [93].

The standard issued by the American Bearing Manufacturers Association (ABMA)
specifies that the first evidence of the failure criterion is caused by bearing fatigue.
Timken Company laboratories defined the fatigue criterion as being when the spalling or
pitting covered an area of 0.01 in® [93]. Timken also state that the useful life of a bearing
can be considerably extended beyond the fatigue criterion. Fatigue life prediction
algorithms have been developed as early as the 1940s. They provide a crucial method for
estimating the survival time of bearings. The inventive work of Lundberg and Palmgren
[6, 94] produced a model of bearing survival probability for the case of a dynamic load

rating and an equivalent load.

In estimating the fatigue life and dynamic capacity of a bearing, Lundberg’s model
accounted for the size of the bearing, the number of rows, the number of rolling elements
in each row, conformity between the races and the rolling element and the contact angle
under load. Life adjustment factors were used to account for the lubricant properties,

material properties, operating temperature and operating speeds.

The Weibull distribution function [95] was used to develop the theoretical basis of the
model. The Weibull distribution builds on the theory that the fatigue lives of a group of

homogenous bearings are linked according to Equation (1-2)

1 L
In In(gj =eln (Xj (1-2)

Here S is the probability of survival (0 < S <1), L is the fatigue life (0<L <o) and e and

A are constants.

Bearing fatigue lives from Equation (1-2) can be plotted on a Weibull plot (log log vs
log) so that they form a straight line. This allows the service life at any reliability to be
estimated. The most interesting fatigue lives are L10 (S =0.9) and L50 (S = 0.5) [89, 91].

Zaretsky et al (2000). [96] provided a useful summary of life prediction methods for
rolling element bearings, covering the past, present, and future work. In addition to

summarising the life prediction formulae of Lundberg and Palmgren, Loannides and
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Harris, and Zaretsky, the paper compares them against each other and also the 1SO

standards [97]. The standard formula for life rating is given by:

L, =a1a2a3[%] (1-3)

L., is the rolling contact fatigue life (in revolutions x10°) corresponding to the reliability
level (100_n).a,, a,, and a, are the reliability factor, material factor, and lubrication

factor respectively. C is the basic load rating of the bearing, and P is the equivalent load
applied to the bearing. The exponent p takes a value of 3 for ball bearings, and of 10/3 for
roller bearings. The life calculation from Equation (1-3) originates from the fatigue life
theory developed by Lundberg and Palmgren. Nonetheless, the true life period of a
bearing can vary significantly from the expectation due to the complexity of real life
operating conditions. Therefore, rather than relying upon the statistical life estimates from
laboratory tests, considerable attention is given to online condition monitoring systems

that use real-time vibration analysis [21]
1.5 Research Motivation

So far, vibration-based condition monitoring of rolling element bearings has been
examined only from a signal processing point of view. Little focus has been given to the
use of mathematical (physical) models in understanding the effect that a fault can have on
the vibrational behaviour of a bearing. The first step toward a successful implementation
of bearing health monitoring is to establish a base-line dynamic model of the bearing.
Robust techniques for fault diagnosis and prognosis can then be proposed based on

variable load and speed conditions.

The nonlinear dynamics of rolling element bearings are studied in this thesis. The
different categories of rolling element vibration are investigated via a comprehensive
numerical study, and the characteristics under different internal radial clearance values
are investigated. The effect of damage on the vibration signature of a bearing is then

investigated. Experimental validation is then carried out to support the numerical results.

Faults in rotating machines generate a series of impacts during the early stages of

operation, leading to transient vibration signals. These signals often exhibit a repetitive,
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impulse-like nature due to the repetition of the fault motion as the mechanical
components rotate. A range of techniques have been developed to capture the mechanical
signatures of bearing faults. The main difficulty encountered is the severe corruption of
the vibration signal due to high levels of background noise. This includes all other
vibration sources within the overall system under inspection. The problem can hence be

framed as the detection of transient signals amongst strong additive noise.
1.6 Overall Aim and Objectives

The main aim of this research is to investigate bearing dynamics and develop a nonlinear
dynamic model and advanced data analysis techniques for accurate and reliable fault
severity diagnosis in bearing faults under a range of clearance grades due to inevitable

wear.

Objective 1: To research and describe machine condition monitoring techniques used for

fault detection and diagnosis in rolling element bearings.

Objective 2: To carry out a comprehensive literature review covering the most
commonly used vibration analysis techniques. This is to include fault detection methods
for simple/premature rolling element bearings, such as (i) time domain, (ii) frequency
domain and (iii) envelope analysis, (iv) kurtogram based short time Fourier transform, as

well as advanced signal processing techniques such as higher order spectra.

Objective 3: To carry out an extensive literature review on topics related to the model
based technique used for rolling element bearing.

Objective 4: To review the rolling element bearing fundamentals, theory, types,

components, failure modes, friction and wear.

Objective 5: To review several conventional vibration analysis techniques that could be
applied to the detection and diagnosis of rolling element bearing faults.

Objective 6: To develop an accurate dynamic nonlinear model that will provide a better
understanding of the vibrations induced by rolling element bearing systems. Examine
different fault types under different clearance values. Use this to characterise changes in the

vibration signature arising from clearance increases, enabling more reliable diagnostic results.
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Objective 7: To evaluate and discuss the outputs of the nonlinear model using time
domain analysis, frequency domain analysis and envelope analysis for three different

bearing conditions under two different clearance values.

Objective 8: To design and build an appropriate bearing test rig facility in which to allow
the localised faults to be introduced into rolling element bearings, enabling the

subsequent system behaviour to be characterised.

Objective 9: To study the influence of the envelope analysis parameters on resulting
vibration signal of the motor bearing based on fixed bandpass and optimal bandpass

filters parameters.

Objective 10: To accurately evaluate the performance of the kurtogram and fast

kurtogram based on a simulated impact signal.

Objective 11: To analyse and discuss the bearing vibration signals recorded from the
accelerometer when the bearing is subjected to localised defects and varying clearance

values using the time domain, frequency domain and envelope analysis.

Objective 12: To accurately estimate the performance of higher order spectrum analysis
(power spectrum, conventional bispectrum and modulation signal bispectrum) based on
the statistical significance of the estimated spectra when combined with envelope analysis

for different bearing conditions.

Objective 13: To apply the higher order spectrum analysis techniques to the envelopes of
bearing vibration signals when the bearings are subjected to the different clearance

values.

1.7 Thesis Organization

Chapter 2

This chapter gives a full review of the condition monitoring of rolling element bearings.
This includes bearing theory, rolling element bearing types and their components, friction

and wear, and bearing failure modes and causes.

Chapter 3
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This chapter begins with an introduction to the vibration analysis techniques commonly
used for bearing condition analysis followed by a literature survey covering the most
popular techniques for diagnosis and fault detection of bearings. This begins with the
well-established methods of time domain analysis, frequency domain analysis and
envelope spectra. It goes on to review the use of kurtogram in selecting an optimal
bandpass filter based on the short time Fourier transform to enhance the signal to noise
ratio of the envelope analysis. Finally, higher-order spectra are introduced in this chapter
due to their ability to suppress background noise and thus improve the rolling bearing

fault detection and diagnosis

Chapter 4

This chapter explains the nonlinear dynamic model of roller bearings that can simulate
vibration signals. The model considers the inner race-shaft and outer race-housing as
lumped masses coupled by a nonlinear spring. This is formalised by the Hertzian contact
deformation between the balls and races. This chapter also studies the internal radial

clearances which become larger due to wear and localised defects.

Chapter 5

The results from the simulation of the nonlinear dynamic model described in Chapter four
are presented in this chapter. First, a standard eigen method is used to conventionally
calibrate the model parameters (including resonance frequencies and damping ratios).
The solution of the nonlinear equation is obtained via the Runge-Kutta method,
implemented in MATLAB, for different local