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ABSTRACT

FAULT PROGNOSIS OF BEARINGS IN ELECTRICAL DRIVES AND MOTORS
By
Rodney K. Singleton IT

In recent years, there has been a growing interest in diagnosis and prognosis of motors and elec-
trical drives. Effective and accurate diagnosis and prognosis of systems will eventually lead to
condition based maintenance, which will decrease maintenance costs and system downtime, im-
proving the reliability of electrical drives. More than 50% of motor failures are due to ball bearings.
As such, the area of bearing fault diagnosis and prognosis has attracted a lot of attention in recent
years. Although many techniques have been successfully applied for bearing fault diagnosis, prog-
nosis of faults and especially predicting the remaining useful life (RUL) of bearings is a remaining
challenge. The main reasons for this are a lack of accurate physical degradation models, limited
labeled training data, and the lack of a priori knowledge of the different health states of bear-
ings. There are several factors that contribute to bearing failure, including the mechanical stress
of a load and the electrical stress of bearing currents. Due to the intrinsic properties of motors
driven by pulse-width modulation (PWM) operation, there are current paths that form from the
motor shaft through the races of the bearing and back to ground. These current paths are caused
by voltage division interaction with the common mode voltage and stray capacitances within the
motor. One type of bearing current, electric discharge machining (EDM) current, causes a signif-
icant amount of damage to bearings. The presence of EDM currents causes pitting in the rotating
elements of the bearing and ultimately leads to bearing failure. Although this relationship is well
known and studied, little work has been done to relate bearing current discharge events to bearing
vibrations for failure prognosis.

In this work, we propose both computational and experimental approaches for RUL estimation
of bearings. In Chapter 2, we present two platforms which were used to accelerate the aging

process of bearings. The first, the PRONOSTIA Platform, accelerated bearing degradation via



excessive loads, while collecting vibration and temperature data over the course of a run. The
second platform is a new test bed we constructed to better understand the relationship between
bearing currents, vibrations and failure. This test bed applies an electrical stress on test bearings
to induce accelerated aging. Over the course of the experiments, we collect multiple sensor data
including current, temperature, and vibration from start to failure in order to correlate current data
as well as vibration data to bearing failure. In Chapter 3, we introduce an approach for learning
the hidden health states of a bearing from vibration signals. This proposed approach is based
on extracting multiple features from sensor signals and identifying change points in the state of
the system based on these features. We also propose a framework based on temporal Hidden
Markov Model for unsupervised clustering of bearing vibration data in order to identify hidden
health states in the data. In Chapter 4, we introduce a data-driven methodology, which relies on
both time and time-frequency domain features to track the evolution of bearing faults based on
vibration signals. An extended Kalman filter is applied to these features to predict the remaining
useful life and to provide a confidence interval to the RUL estimates. Performance of the proposed
methods are evaluated on the PRONOSTIA experimental test bed data. In Chapter 5, we propose
a computational framework that relates the current discharge events with the evolution of vibration
data for a more accurate RUL estimation. We use a current discharge influx event as a trigger
to perform RUL estimation on bearings using vibration data, resulting in higher accuracy and

efficiency.
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CHAPTER 1

INTRODUCTION

Common practice in industry is to perform fixed interval maintenance as a solution to maintenance
of electromechanical systems. However, there are several problems that arise using this practice.
First, there is the possibility that failure could occur between scheduled maintenances, which could
result in a catastrophic accident. Second, performing these scheduled maintenance checks incurs
high costs, even in the case where there is no fault detected. Third, fixed interval maintenance
requires the machine to be unnecessarily out of use and unable to perform its usual function, which
is costly to the user. Condition-based maintenance, including effective diagnostic and prognostic
tools, provides a solution to this problem as maintenance only occurs when the user is alerted to
an impending failure, provided by a remaining useful life estimation [7-9].

The RUL of a system is defined as the time between the current time instant to the end of the
useful life. The concept of RUL has been widely used in reliability analysis, manufacturing sys-
tems and operational research [10, 11]. Accurate RUL predictions of electromechanical systems
will provide the user with time to get the defective part fixed or replaced. This will reduce main-
tenance costs, system downtime, and more importantly increase system safety and reliability [7].
Although there has been a lot of progress in the area of fault diagnosis using signal processing and
pattern recognition techniques [12—15], well understood systematic methodologies for prognosis
and RUL prediction from limited amount of training data are still not available.

The current approaches used for RUL estimation include model-based and data-driven meth-
ods [16,17]. The model-based approaches to prognosis use mathematical representations to incor-
porate a physical understanding of the system, and include both system modeling and physics-of-
failure (PoF) modeling. In the system modeling approach, mathematical functions or mappings,
such as differential equations, are used to represent the system. Statistical estimation techniques
based on residuals and parity relations (the difference between the model predictions and system

observations) are then used to detect, isolate and predict degradation and remaining useful life.



Estimation techniques such as Kalman filters and particle filters, are commonly used to calculate
the residuals [18]. For example, this approach to prognostics was demonstrated for lithium ion bat-
teries where a lumped parameter model was used along with extended Kalman filter and particle
filter algorithms to estimate remaining useful life (RUL) [19]. Physics-based failure models [20]
rely on the physics of the underlying degradation process to be able to predict the onset of failures
and are applicable in situations where accurate mathematical models can be constructed from first
principles. For example, the Yu-Harris bearing life equation [21] is commonly used to predict spall
initiation. Development of the models requires detailed knowledge of the underlying physical pro-
cesses that lead to system failure, and in complex systemes, it is difficult to create dynamic models
representing the multiple physical processes occurring in the system. This is one of the limitations
of model-based approaches.

Data-driven approaches, on the other hand, use condition monitoring data coupled with artifi-
cial intelligence, e.g., neuro-fuzzy systems [22,23], or statistical learning and pattern recognition
tools [24-26], e.g., Markov chains, hidden Markov models (HMMs) [23, 27, 28], to train a sys-
tem, and use it to estimate the RUL. Most of these techniques consist of an offline learning stage
through historical data, which includes feature extraction and degradation state learning, followed
by an online stage that continually updates the prediction of RUL, and provides an estimate of
the prediction uncertainty. In the last stage of data-driven methodologies, the learned models are
applied to test data to determine the time to the next degradation state or provide a probability of
failure. One of the advantages of data-driven approaches is that they can be used as black-box
models as they learn the behavior of the system based on monitored data and hence do not require
system-specific knowledge. Further, data-driven approaches can be applied to complex systems
since data-driven approaches can be used to model the correlation between parameters and inter-
actions between subsystems as well as effects of environmental parameters using in situ data from
the system. One of the limitations of data-driven approaches lies in the requirement of training
data. Data-driven approaches depend on historical, e.g., training, system data to determine corre-

lations, establish patterns, and evaluate data trends leading to failure. In many cases, there will be



insufficient historical or operational data to obtain health estimates and determine trend thresholds
for failure prognostics. A solution to this problem is to fuse system models, such as PoF models,
with the data-driven models.

In both model-based and data-driven techniques, work has been done to perform prognosis
and diagnosis through the use of intermediary health states. In most cases, there is an actual
physical meaning to the underlying health states, as in [29], where the health states correspond to
the number of damaged or missing teeth in a gear. Similarly, in [30], the number of broken rotor
bars in induction machines, which can incur many secondary effects such as mechanical vibrations,
increases in temperature, and stator winding damage [31], determines the health state of the motor.
However, problems arise when dealing with a component which does not have well-defined health
states throughout its degradation process [28]. In this case, health states need to be learned from the
data over time through event or change point detection [32]. Recently, there has been an increased
interest in event, or change-point, detection due to its ability to capture trend changes or interesting
patterns in time series data [32-34]. Moreover, these approaches can be used to partition a given

time series into different event intervals, especially when these intervals are not known a priori.

1.1 State of the Field of Bearing Failure Prognosis

Bearings are one of the most widely encountered mechanical parts in rotational equipment and
constitute a large portion of failures. Motor failures are often linked to bearing failure. Therefore,
bearing condition monitoring can be very cost effective and reduce the maintenance downtime by
providing an advance warning system that allows for the scheduling of timely corrective and repair
actions [35-37]. Traditional estimation of the lifetime of a bearing is based on the ANSI/AFBMA
Standard life rating formula [27]. However, the actual lifetime of a bearing can differ significantly
from the theoretical one due to the operating conditions. Therefore, there is a need for bearing
fault prognosis and remaining useful lifetime estimation from vibration signal analysis. Although

the bearing vibration signals contain very specific information about the bearing’s fault conditions,



it is quite difficult to detect and track the signature of the faults at an early stage. Moreover, the
characteristics of the fault do not necessarily progress monotonically over time which makes it hard
for standard data-driven pattern recognition approaches to succeed. Thus, one of the remaining
challenges in prognostics of bearings is how to extract the features and construct statistical tracking
algorithms from the vibration signals.

Most of the current bearing prognosis algorithms rely on different signal transforms to ex-
tract relevant features from the vibration signals in conjunction with machine learning and neural
network approaches [22,25,38]. However, a majority of these methods include labeled training
data to identify the different health states during the lifetime of a bearing and then build statistical
models such as Hidden Markov Models (HMMs) with parameters learned from this data [27,28].
Moreover, most of the current prognosis algorithms that rely on probabilistic models yield the prob-
ability of transitioning to failure state in the next time step rather than an estimate of RUL [39]. In
most real life conditions, there is a lack of labeled data corresponding to the different health states
during the lifetime of the bearing. Therefore, there is no ground truth information about the timing
of the transitions between states and the total number of states.

The current state-of-the art in determining the lifetime or condition of bearing is bearing vi-
bration analysis [40,41]. This approach is based on spectral analysis of the vibration data which
searches for the most likely frequencies present in vibration data based on the bearing’s geometry.
This analysis is used to determine a bearing fault as well as to distinguish between the different
possible fault locations, such as the inner race, outer race, etc. It can also be used as an early
warning detection method. The shortcoming of vibration analysis is that bearing vibration data is
often noisy, which leads to a complicated frequency spectrum and difficulties in analysis. In [40],
wavelet filtering is used to extract bearing characteristic frequency information from noisy vibra-
tion data, however this approach only provides early warning and not prognosis. Bearing vibrations
have been used for RUL estimation, but much less work has used the characteristic bearing fre-
quencies extracted from vibration analysis as features. In [41], particle filtering was used to track

bearing vibration features extracted from recurrence quantification analysis across time. However,



the major disadvantage of using vibrations for bearing fault classification and RUL estimation is
that there is little to no significant information present in the vibrations in the early stages of the
run. As the bearing degrades, the vibrations finally start to show significant changes which can
be used for accurate RUL estimations. There is also significant noise in bearing vibration read-
ings due to other components in the motor which cannot always be separated out, especially at the
beginning stages of the run of a bearing.

Although much work has been done with bearing vibrations as an indicator to bearing failure,
much less work has been done to use other types of signals such as current or voltage. Bearing
currents and their effects on bearings have been recognized as a problem for many years [42—44].
These bearing currents appear when a motor is under inverter operation and are found in one of
three forms: circulating currents, shaft grounding currents, or EDM currents [2, 3,45]. The most
damaging type of these currents is EDM. EDM currents occur when a high voltage across the bear-
ing breaks down the lubrication film surrounding the rotating elements (see Figure 1.1). The result
is a current discharge event between the outer and inner races of the bearing. These discharge
events carry enough energy in them to cause pits and craters on the balls and the raceways of the
bearing. These craters eventually lead to fluting (see Figure 1.2), which is when the asymmetry in
the rotating elements caused by the craters leads to the balls digging deep grooves on the bearing
raceways, and the life of the bearing becomes significantly reduced [46,47]. While this relation-
ship between bearing currents and bearing failure is well known, directly measuring these bearing
currents is physically impossible and bearing current measurements require special equipment and
personnel in normal motor operation [2,48]. Several techniques have been developed to indirectly
measure bearing currents, including detecting them from bearing vibrations [4] and using a radio-
frequency (RF) measurement setup to detect bearing discharge events [47]. However, the challenge

of estimating or detecting bearing currents still remains.



Inner Race

(a) Bearing diagram (b) Cross section
of Bearing

Figure 1.1 Diagram of a ball bearing.

Figure 1.2 Fluting in the outer race of a damaged bearing.



1.2 Contributions of the Thesis

In Chapter 2, we present two different platforms from which data is collected and used in this work.
The first platform is the PRONOSTIA platform [5], which has provided an extensive vibration data
set for three types of operation for bearings loaded with radial forces. This data set has been used
by other investigators to evaluate failure prognosis and RUL estimation algorithms [36,38,49]. The
second platform presented is one we constructed that accelerates the aging process of a bearing by
applying a voltage to the bearing shaft. This induced voltage is designed in such a way that it
emulates common mode voltage from an inverter-driven motor, thus allowing EDM currents to
flow through the bearing. These EDM currents cause irreparable damage to the bearing [43, 50]
and aid in the acceleration of their degradation. The experiment is set up as follows. First, we
construct the platform to have the highest probability to exhibit severely damaging bearing current
discharge events. This worst case scenario for bearing operation entails applying a high dv/dt,
square-wave voltage to the bearing shaft with no load attached and at high speed [42]. Second, we
acquire vibration, current and temperature data from the start of the run until the bearing reaches
its failure state.

In Chapter 3, we address the problems of health state estimation from vibration data collected
from bearings. Due to the stochastic nature of bearing failures, vibration data is very noisy. More-
over, previous research has shown that bearings do not necessarily follow a monotonic degradation
pattern which makes identification of health states even more challenging and important [51]. This
part of the thesis provides two complementary approaches to extracting underlying health states
using event detection and temporal Hidden Markov Model techniques. First, we propose a new
health state estimation process for bearings using change-point detection in vibration data. These
change-points are assumed to correspond to be transitionary stages between the hidden health states
of a bearing. Next, we use a temporal Hidden Markov Model for unsupervised clustering of bear-
ing vibration data to gain a better understanding of how a bearing transitions through intermediary

stages to failure.



In Chapter 4, we introduce a stochastic data-driven approach that is independent from fault
severity diagnosis and that continuously updates the RUL estimate as new data samples come in.
For this purpose, we use an extended Kalman filtering based approach to first learn the degradation
trend of the extracted features from the training data, then to apply this trend to testing data to pre-
dict RUL and finally, to provide a confidence bound around the estimated RUL. We follow closely
the framework proposed by Lall et al. [52,53] for implementing EKF for bearing RUL estimation
and offer several improvements over this implementation. First, we consider both time and time-
frequency domain features for tracking the degradation of the bearing. In the time domain, we use
the variance feature, as it has been established in the literature as a reliable indicator of the bear-
ing condition as it approaches failure. In the time-frequency domain, we propose to use a novel
entropy feature, which captures the complexity of the signal in both domains simultaneously. This
entropy feature has been shown to be a good indicator of the signal complexity and robust to time-
frequency shifts in the signal. We observe that the entropy increases as soon as the first indications
of fault develop, which relates well to the bearing Physics of Failure, where an initially localized
fault (low entropy) becomes a general roughness with high entropy. Second, we consider different
analytic models for modeling the lifetime of the bearing and build the state vectors corresponding
to each case. This enables us to fully understand how different features evolve over the lifetime of
the bearing and the effect of different model assumptions in the final RUL estimation. Third, we
provide a confidence interval for the RUL estimates using the prediction errors calculated as part
of EKF. Finally, we illustrate how different types of features may carry more information under
changing operating conditions.

Chapter 5 focuses on determining the relationship between bearing current and bearing failure,
in order to exploit this relationship for more accurate RUL estimation. Since bearing currents
are a cause of bearing failure and not an effect, tracking bearing currents over time can provide
information about an impending failure before significant changes occur in the vibration data. In
particular, it is seen that the energy of the vibration signal grows exponentially after a large influx

of bearing discharge events. This phenomenon shows that bearing currents can provide an early



warning to an imminent failure before there is a significant change in the bearing characteristic
frequencies used in bearing vibration analysis. In this chapter, we propose a novel approach which
first detects the current discharge events from the current sensor and then identifies critical events
during the lifetime of the bearing. These critical events are then used to determine the starting
point of RUL estimation from vibration data. In this manner, the dependence of RUL estimation
from early noisy bearing data is eliminated, the computational complexity of estimation is reduced

and the accuracy of prognosis is increased.

1.3 Background

1.3.1 Time-Frequency Distributions

Time-frequency transforms are useful for extracting information from nonstationary signals, such
as bearing vibration signals. While the Fourier transform (FT) can capture the frequency content
of stationary signals, it does not provide time-localized frequency information [54, 55]. Time-
frequency (TF) representations of signals are able to show how the spectral properties of a signal
changes over time. Although there are several methods in literature that can be used to obtain a
time-frequency representation of a signal, there is no specific transform that has distinct advantages
over the others in all circumstances [55]. Some common time-frequency transform methods are
the Short-time Fourier Transform, Wavelet transform and Cohen’s class of time-frequency distri-
butions.

The short-time Fourier Transform (STFT) is a linear TF transform that first divides the signal
of interest into multiple time segments. Fourier analysis is conducted on each time segment to
extract the frequencies that are present during that specific time window [55]. After the analysis
is completed over all time windows, the frequencies existing in the signal is shown changing over

time. The mathematical representation of the STFT is given by [56]:

L All integrals are from —oo to co unless otherwise stated.



S(t,w) /f g(T — t)e I“dr, (1.1)

where f(7) is the signal and ¢(¢) is the sliding window which is real, symmetric and normalized.
The sliding window has a fixed length and its length introduces a trade-off between frequency and
time resolution. Long time windows result in good frequency resolution, while short time windows
provide good time resolution.

The Wavelet transform (WT) is another linear transform used to represent a signal in TF do-
main. However, instead of decomposing the signal into sinusoids at different frequencies, the WT
uses the superposition of time-shifted and scaled wavelet functions. The Discrete Wavelet Trans-
form (DWT) uses filter banks to decompose a signal into high and low frequency components [1].
First, the signal is passed through a low pass filter, h[n] and subsequently downsampled by 2. The

mathematical representation is given by [57]:

k] =" x[n] - h[2k — n] (1.2)

where z[n| is the signal, h[n] is the low pass filter and A [n] are called the first level approximation
coefficients. Next, the high frequency coefficients are computed using the same procedure with a

high pass filter, given by:

D[k] =Y x[n] - g[2k — n] (1.3)

n

where g[n] is the high pass filter and D|k] are called the detail coefficients. This process provides
one level of approximation and detail coefficients. For each level afterwards, this same procedure
is iterated on the approximation coefficients of the previous level (shown in Figure 1.3).

Cohen’s class of TF distributions are quadratic TF representations and as such they are com-
putationally more expensive than STFT and WT. One of the advantages of using Cohen’s class of
time-frequency distributions is that they provide uniform resolution over both time and frequency,
while the wavelet transform does not. Cohen’s class of TFDs computes the Fourier transform of
the autocorrelation of a signal, which is the correlation of the signal with itself in both the time

and frequency domain. Since Cohen’s class of time-frequency distributions (TFDs) are not lin-
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ear, using these TF distributions on signals containing multiple components produces unwanted
terms. Since most signals can be broken down into multiple components, the issue of cross-terms
is prevalent in most cases. However, the effect of cross-terms can be minimized with the use of
a smoothing window, or kernel function. The kernel function acts as a filter in both time and fre-
quency [55,58,59]. The kernel function should be a low-pass filter and must be designed so that it
decreases the farther you move away from the § — 7 axis. The kernel function can be designed such
that it removes all of the cross-terms but it comes at the cost of loss in resolution [60]. Cohen’s

class of TFDs is given by [59]:

Clt,w)= [[[0,7)s(u+T)s*(u— T)ed Ov=0=7)qy dg dr, (1.4)

where the function ¢(0, 7) is the kernel function and s is the signal of interest. In this work, the

Choi-Williams kernel is used to filter out the cross-terms and is given by:

(07)°

g

¢(0,7) = exp(———), (1.5)

where o controls the trade-off between time-frequency resolution and the cross-terms.
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1.3.2 Time-Frequency Feature Extraction

From the vibration signal of bearings, time domain features including the root mean square (rms),
variance, skewness, kurtosis are commonly used in fault prognosis [36]. In the frequency domain,
commonly used features include rms frequency, frequency center, and root variance frequency [28,
35,36]. In this chapter, we focus on TF features since they are capable of jointly capturing the time
and frequency domain characteristics. As opposed to the conventional Shannon entropy, Rényi
entropy has been selected due to its ability to handle positive as well as non-positive distributions.

Rényi entropy is defined as [61]:

Ho(C) =

] «
1og222 (Zm S Ol k/]) (1.0

where o > 0 is the order, and n and k are the discrete time and frequency indices. Entropy is
well-defined for the TFD as long as ), > .. C%[n, k] > 0
Concentration measures have also been used to evaluate TFDs [62]. Contrary to the entropy,

concentration measure is a statistic on how concentrated a signal is and is defined as [62]:

p

1
P
ZZ ‘Zmzk, Clnt, ki] (1.7)

where p > 1. Furthermore, small values for p, p < 4, are preferred since high p values can empha-
size small energy values disproportionately.

Lastly, common statistical moments, such as the mean, variance and skewness, can also be
extracted from the TF domain. One way to do this is to convert the time-frequency surface into
a vector and compute the well-known mean, variance, and skewness measures as defined in the

one-dimensional time domain.
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CHAPTER 2

EXPERIMENTAL DATA

2.1 Background

2.1.1 Review of Some Previous Platforms

More than 50% of motor failures are due to ball bearings. As such, the area of bearing fault
diagnosis and prognosis has attracted a lot of attention in recent years [63,64]. Bearing degradation
can occur due to mechanical stress, resulting from sources such as radial or axial loads placed on
the bearings. Recently, research has been done to understand bearing degradation due to electrical
stress, such as the formation of EDM currents travelling through the bearing, causing mechanical
damages such as pits and races in the outer ring. In order to observe this phenomenon, several
test rigs were constructed in recent years. In [65], an experimental setup used to observe the
relationship between axial loads and the lubricating film between the tribological surfaces of deep
groove ball bearings is described. This experiment consisted of a machine with speeds of 100,
500, 1000 and 3000 RPM. Axial loads were placed on the bearings using a piezoelectric actuator
to apply force to preloaded disc springs on the outer ring of the test bearing at frequencies of 2
and 16 Hz. Each run was preceded by a 1 hour run-in period to ensure the machine had reached
a steady-state operation. After a short time in the order of milliseconds, the load was released.
The entire procedure was then repeated 10 times for each load level, varying from 100 to 800 N.
The goal of this experiment was to calculate the bearing capacitance and resulting lubricating film
thickness as inputs to the simulation model for bearing current prediction. Through this work,
the authors found that under a static load to the machine, there was a decrease in film thickness
when the bearings were exposed to low speeds and high temperatures. However, the results of the
dynamic load experiments were not trivial. In theory, one would expect to see a decrease in film

thickness as the load increased, but the results showed a near constant value of thickness spanning
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the entire load level range. It was reasoned that this was because there was not enough time
between load changes to allow the machine to operate in steady-state. As a result, it was shown
that the main contributors to the decrease of film thickness of the bearings, thus leading to bearing
currents, are temperature and speed. As the temperature increased at any speed, the lubricating
film decreased, which theoretically leads to bearing voltage breakdown and thus bearing currents.

In [47] a test rig was constructed to explore the link between bearing vibrations and inverter-
induced bearing damage. This set-up consisted of a low-voltage, squirrel-cage induction motor
which was 3-phase, 15 kW and had 4-poles. The test bearings in this case were also deep groove
ball bearings with off-the-shelf lithium soap-based grease. The bearings were electrically insulated
from the motor and a sinusoidal voltage of 20 Vpp and 300 kHz was applied to the shaft to simulate
common mode voltage due to operation of the motor by an inverter. The signal was applied to the
shaft via a slip ring. Each bearing test was allowed to run for 1184 hours and then the experiment
was stopped. Using this test bed, the authors were able to measure the temperature of the outer
race of the bearing, the bearing voltage, bearing vibration, bearing current, and the number of
bearing discharge pulses via RF measurements. The vibration signals were sampled at 20 kHz for
400 k samples/s and the discharge activity was measured as the total number of discharges that
occurred in a 30 second window. The result was a qualitative analysis of the relationship between
vibration, temperature and bearing damage due to EDM currents. After the application of the shaft
voltage, the inner race of the test bearings appeared brand new, while the outer race exhibited
racing stripes and small craters. Although energy dissipation was attributed to the construction
of these craters, it was noted that the size of the craters should have been double in size. The
authors attributed this to the fact that the discharge activity may have occurred before the shaft
voltage reached its peak. Quantitatively, the number of RF pulses increased over time, giving a
total number of approximately 10 million discharges. It was noted that although this was a large
number, the energy dissipated in each one of these events was relatively low, around 89.15 nW,
which is not enough to cause significant bearing temperature increase. In conjunction with this

fact, the temperature readings over the course of the experiments provided insignificant information
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pertaining to discharge activity. The vibration data provided significant results for the bearing outer
ring pass frequency and the ball rotation frequency and not the inner ring pass frequency, which
corroborated the results of the visual inspection of the test bearings after the experiments. It was
noted that the vibration data did not follow a monotonic trend, rendering it useless for quantitative
analysis.

Another test bed involving bearing currents is described in [66], in which the damage of a
bearing due to a single current pulse was examined. In this test rig, thrust ball bearings were used,
with the number of balls being manually changed from 9 to 3. Out of the 3 balls, only one was
allowed to be conductive, thus current only traveled through it and not the others. The experiments
were ran at 60, 120 and 1000 RPM. A voltage was applied across the bearing races to induce a
single current pulse on command via a circuit designed for high-frequency pulse currents. The
circuit consisted of capacitors, a resistance and power transistors and was used to simulate current
pulses delivered by a frequency converter and the driving voltage of this circuit varied from 0O to 30
Volts. Each test bearing was also loaded with an axial load of 400 N. Each experiment was run for
5 minutes with load but not applied voltage and then, subsequently, 10 minutes with current pulses
applied. The goal of this work was to analyze the visual effect of current pulses on the outer race
of a bearing, when ran at different speeds. A comparison of an image of the bearing races under a
microscope was made between a bearing with induced bearing currents and one without. For each
speed, there was a significant amount of damage that could be visibly seen under the microscope
when bearing currents were induced, and relatively less damage when they were not induced. It
was also noted that after 500 bearing current events were recorded, the average peak current was
around 2.1 A. Moreover, keeping the speed constant and increasing the driving voltage resulted in

greater damage to the bearing raceways.

2.1.2 Bearing Current Formation

Over the years, the use of variable frequency drives to control electric machines has grown due to

their capability of saving energy [66]. Modern AC drive systems create the fundamental voltage
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Figure 2.1 Three phase voltages of an AC drive and the average of all three, or the common mode
voltage [2].
of the motor by switching a DC bus voltage onto the 3 phase terminals of the motor. In sine-
wave driven machines, the three phases of the machine are balanced and symmetric. However,
with Pulse Width Modulated (PWM) driven machines, at any point in time the only values of each
phase voltage is either +Vp or -Vp. This implies that while the inverter output voltages are
balanced and symmetric, at any instant the average of these phase voltages is nonzero [2,3,66,67].
This nonzero voltage is called the common mode (CM) voltage and is between the stator neutral
and frame ground. The frequency of this CM voltage can be in the kHz to MHz scale, as it is equal
to switching frequency of the inverter. An example of the three phase outputs to the machine and
their corresponding neutral is shown in Figure 2.1.

CM voltage affects the stator, rotor, shaft, and bearings through the stray capacitances of the

motor. These capacitances are created inherently through the separation of the conducting ele-
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ments of induction motors. Thus, voltages become present in the motor shaft and stator due to
the capacitor dividers between the CM voltage and the stray capacitances. From this interaction,
there are three types of bearing currents that can be generated: circulating bearing currents, shaft

grounding current, and EDM bearing currents [2, 3].

2.1.2.1 Circulating Bearing Currents

The CM voltage creates a capacitive current in the stator winding when it excites the stray capac-
itance between the stator and frame. When this current asymmetrically leaks from the winding to
the stator frame across the stator circumference, it creates a high frequency axial flux around the
stator. This flux induces a voltage around the machine, between the shaft ends, causing circulating

currents to flow in the loop created by the shaft, bearings and frame.

2.1.2.2 Shaft Grounding Current

If current leaks from the stator windings to the frame, and the frame is not properly grounded, the
current will seek a route to ground. If the shaft is grounded, the impedance of the shaft, bearing
and load is smaller than any other path to ground. Therefore, the leaked current in the stator frame
will choose the route of traveling through the drive-end bearing, to the shaft, to the load and finally

back to ground. This current only becomes significant if there is a short in the stator winding.

2.1.2.3 Electric Discharge Machining Currents

As stated before, a high frequency shaft voltage becomes present due to the interaction of the CM
voltage and the stray rotor capacitances. When the motor frame is grounded, if this shaft voltage
exceeds the bearing breakdown voltage a current discharge event will occur. While a single dis-
charge event is not extremely damaging to the bearing, a collection of these EDM currents over a
short period of time is extremely damaging. During a discharge event, there is a localized tempera-

ture increase causing deterioration in the bearing lubrication along with pits in the bearing raceway.
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These pits over time lead to craters and fluting (shown in Figure 1.2) in the bearing raceway, which
signifies bearing damage. Under sine-wave operation, the shaft voltage necessary to exceed the
bearing breakdown voltage threshold is significantly lower than under PWM operation. Because
of this, the resulting EDM current under PWM inverter operation are higher and more damaging
to bearings [42].

The bearing breakdown voltage is determined by the lubrication in the bearing. The character-
istics of the lubrication are dependent on a number of factors, including the grease conductivity,
motor speed, motor load, and bearing voltage [43,45]. First, the conductive grease in bearings can
act as a suppressant to EDM currents. Since these currents are a result of the potential difference
between the balls and the races, conducting grease removes that potential difference. However, the
authors in [45] found that conductive grease only has this effect on bearings for the first 40 hours
of operation. After this time, conductive grease behaves similarly to nonconducting grease, giving

way to electric discharges. Second, the speed of the rotating elements in the bearing has an effect
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on the lubrication film thickness. At low speeds, the lubrication film is thin, causing metal-to-metal
and quasi-metal surface contact, allowing circulating and discharge currents to flow freely through
the bearing. Because the lubrication film is thin, these discharge events do not contain much en-
ergy and minimally damage the bearing. At high speeds, a thicker lubrication film is built, which
significantly increases the resistance between the bearing raceways, leading to less metal-to-metal
contact points. In order for current to flow through the bearing, the bearing voltage has to be large
enough to exceed the bearing breakdown voltage, consequently producing more damaging electric
discharge events than at lower speeds. Third, both the rate of change of the voltage amplitude
have significant influence on the presence of electric discharge events. Shaft voltages with high
dv/dt place high stress on the lubrication, causing breakdowns and thus discharges. Under PWM
operation, the breakdown threshold voltage is between 8 - 15 V' under 60 Hz operation, which
produces high energy discharge events causing severe damage. Last, the load associated with the
motor has minimal effect on the presence of EDM currents. However, the presence of a load on
bearings increases their life expectancy as unloaded bearings present the worst case scenario for
bearing discharge currents [42,43,68].

Due to the intrinsic properties of bearings previously discussed, there are three probable states
a bearing can manifest. Those states are shown in Figure 2.3, with insulated, discharge, and the
ohmic in which the current has a 180° phase shift in 2.3a, 2.3b, and 2.3c, respectively [4]. The
first state, referred to as insulated, is when the bearing acts purely capacitive and allows no current
to flow. This occurs when there is a sufficient amount of lubrication separating the balls and
the races. The second state, referred to as discharge, occurs when there is a breakdown in the
previously capacitive state, causing the bearing capacitor to discharge creating an influx of current.
The third state, or ohmic state, is when the current flowing through the bearing follows the trend of
the shaft voltage. The bearing is purely resistive in this state due to metal-to-metal contact between

the balls and the races or conducting lubrication grease.
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Figure 2.3 Bearing electric load states. The top row shows 3 specific voltage profiles and their
corresponding current responses are shown directly below. (a) Insulated. (b) Discharge. (c) Ohmic

[4].

2.2 PRONOSTIA PLATFORM

The PRONOSTIA platform was used to study accelerated degradation of ball bearings in order to
provide real experimental data that characterize the degradation of the ball bearings during their
life time [5]. This platform differs from others in that the bearing failure process is “normal” and
the bearings are not tampered with during the introduction of defects. In Figure 2.6, an example
of a normal and degraded bearing is shown. one which includes the asynchronous motor, gearbox
and two shafts used to drive the experiment. The motor power was rated at 250 W power and rated
speed of 2830 rpm. The gearbox allowed the secondary shaft to rotate at a speed less than 2000 rpm
while maintaining the motor’s rated torque. The secondary shaft was then connected to the inner
race of the bearing via compliant and rigid shaft couplings. The bearing support shaft (see Figure
2.5) is also held by two pillow blocks on the ends. Second, there was a loading device with which

the bearings were loaded in and the radial forces were applied. This part consisted of a pneumatic
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Table 2.1

Operating Condition Specifications for the PRONOSTIA Platform

Operating Condition
Condition 1 | Condition 2 | Condition 3
Radial Load (N) 4000 4200 5000
Speed (RPM) 1800 1650 1500
. Bearing 1_1 | Bearing 2_1 | Bearing 3_1
Training Sets Bearing 1.2 | Bearing 2.2 | Bearing 3.2
Bearing 1.3 | Bearing 2_3 | Bearing 3_3
Bearing 1.4 | Bearing 2 4
Testing Sets Bearing 1.5 | Bearing 2.5
Bearing 1.6 | Bearing 2_6
Bearing 1.7 | Bearing 2_7

jack and a clamping ring of the test bearing. Force is applied to the bearing through its clamping
ring via the amplification of the force from the pneumatic jack through a lever arm. Third, there
was a measurement part in which radial force, bearing shaft speed, and torque were measured
at a frequency of 100 Hz. These three measurements determined the operating conditions of the
bearing. The entire overview of the PRONOSTIA set up is shown in Figure 2.4.

The characterization of the bearing’s degradation is based on two types of sensors: vibration
and temperature. The vibration sensors consist of two miniature accelerometers placed radially on
the external race of the bearing 90° to each other, with one being placed on the vertical axis and the
other on the horizontal. The temperature sensor was placed in a hole close to the external bearing’s
ring. The vibration and temperature signals were sampled at 25.6 kHz and 10 Hz, respectively.

As part of the experiment, three different operating conditions were explored, in which radial
load and speed were varied. A total of 17 run-to-failure datasets were produced. Six run-to-
failure datasets were for algorithm training and the remaining monitoring data of the 11 bearings
were truncated for testing purposes [5]. Table 2.1 shows a complete breakdown of the operating

conditions and their specifications.
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Figure 2.4 Overview of PRONOSTIA set up [5].

Figure 2.5 Bearing support shaft of PRONOSTIA platform [5].
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Figure 2.6 Comparison of new vs. degraded bearing [5].

2.3 Accelerated Bearing Degradation Platform via Electrical Stress

The experimental procedure in this test bed resulted in accelerated degradation of a bearing by
inducing a current through its races. The induced bearing current produced an electrical stress on
the bearing causing a breakdown in the lubrication film surrounding the balls in the ball bearing.
This accelerated bearing degradation platform included a 3-phase induction machine connected
to a pillow block bearing through a piece-wise shaft, including several couplings. The induction
machine was electrically isolated from the bearing shaft via a nylon shaft coupling connected to the
motor output shaft. The insulated piece of the shaft was then coupled to a copper tube, or bearing
shaft, via a High-Speed Bellows Flexible Shaft Coupling. Lastly, the bearing was then fit on to the
copper tube, with no load attached to the shaft. Brushes were placed on the bearing shaft in order
to provide a contact point to apply a voltage. A plexiglas shield was placed over the couplings as
a safety measure. An overview of the setup is shown in Figure 2.7.

A voltage was applied to the shaft, from the bearing inner race to outer race using a voltage
buffer amplifier circuit. This shaft voltage was a 20 Vpp pulse with a 50 kHz frequency. For each

experiment, the induction machine was run at 2400 RPM with an inverter. Three types of sensors
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Figure 2.7 Overview of accelerated bearing degradation platform due to induced electrical stress.

were placed on and around the bearing pillow block to obtain information about the bearing from
start to failure: temperature, vibration, and current. The temperature was measured using a T-
Type thermocouple and was placed in close proximity to the bearing outer race. Temperature was
sampled once every 10 minutes at 1Hz sampling rate for 1 second, due to the fact temperature has a
slow rate of change. The vibrations were captured using two accelerometers, placed on the vertical
and horizontal axis of the bearing pillow block. Vibration measurements were sampled similarly to
the PRONOSTIA platform, every 10 minutes, with a sampling frequency of 20 kHz for a duration
of 0.1 seconds.

The current flowing through the bearing was measured by looping the bearing current-holding
wire through a current transducer. The current transducer used in this experiment was a Pearson
CT-4100. Since the shaft voltage was at 50 Hz frequency, the current needed to be sampled at 1.2

MHz continuously to see the entire current waveform.
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2.4 Conclusions

In this chapter, we discussed the importance of studying bearing failure as it contributes to over
half of motor failures. We also discussed the causes of bearing failure, including excessive radial
and axial loads, temperature and electrical stress via bearing current flow. Bearing current flow can
come in 3 different forms: circulating currents, shaft grounding currents, or EDM currents. EDM
currents are damaging to bearings and create pits and craters on the rotating elements of bearings.
These craters lead to fluting and eventually bearing failure. To observe this, we presented a new
test bed which allows the accelerated degradation of bearings. An electrical stress is placed on
the bearings by applying a voltage to the bearing shaft, allowing current flow through the bearing.
Over the course of the experiment, we collected temperature, vibration and current data. We also
provided information about a separate test bed, the PRONOSTIA platform, which used excessive
loads to accelerate the aging process of the bearing. In the subsequent chapters, data from these
two test beds are analyzed and features are extracted in order to perform RUL estimation.

In future work, more bearings should be tested using the platform we constructed in order to
collect more data. This will help to obtain a collection of historical data for bearing fault prognosis.
Furthermore, a solution to measure bearing current in real-world motor setups should be developed.
Future work should also develop methodologies for detecting bearing currents indirectly, using
either an RF system or bearing current estimation techniques from measured bearing voltage [47,
69]. This will give way to practically implementable RUL estimation for bearings that can be used

in industry, as a means to prevent system downtime or motor failure due to bearing failure.
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CHAPTER 3

DISCOVERING THE HIDDEN HEALTH STATES FROM BEARING VIBRATION DATA

3.1 Introduction

Bearing fault diagnosis and prognosis has been a growing area of interest, since bearing failure
causes more than 50% of motor failure cases. Previous works have found success in the area of
fault diagnosis and prognosis by utilizing health states to discern the state of a system’s degradation
[29-31]. However, bearing health states are not defined by a physical phenomenon. In this chapter,
we explore the problem of health state estimation from vibration data for bearing fault prognosis.

There has been much work done in using health states as a means to failure prognosis. In [29],
Hidden Markov Models (HMM) was used to conduct prognosis on gear failures. An HMM was
trained on the training data and the learned states were used to classify testing data into a particular
health state. The HMM was then used to predict the next probable state and provided a warning
if the next state was the failure state. However, in this work, each health state had a physical
meaning, as each state corresponded to a different number of broken teeth. However, for systems
which contain no distinct physical phenomena contributing to specific health states, there is a need
for unsupervised clustering. In [70], hierarchical HMMs were used to conduct both supervised and
unsupervised clustering on acoustic data. Similarly, HMMs were used in [71] to cluster ecology
data into classes. However, there still remains the issue of finding the hidden health states in
bearing vibration data.

In this chapter, we propose two different methodologies to address this issue. The first is a novel
unsupervised clustering method based on an event detection framework which identifies periods
of stationarity in the data. These periods of stationarity are then used to partition the data into
several health states. Although this approach can successfully and effectively cluster the data into
meaningful states, it is purely heuristic. The second approach uses a more statistical framework, a

temporal hidden Markov model, to partition the data into classes. These hidden health states can
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Figure 3.1 Raw Data of Initial Vibration Signal for Bearing 1_1.

be used to diagnose the condition of a bearing, and subsequently estimate the next probable state.

3.2 Hidden Health State Identification via Event Detection

3.2.1 Feature Extraction

The vibration data from the PRONOSTIA platform, described in Chapter 2, is used for feature
extraction in this section. An example of raw vibration signals from the initial (healthy state)
and final (failure) sample can be found in Figures 3.1 and 3.2. In the time domain, variance
was extracted as a feature. In Figure 4.1, we can see the progression of the variance across time
for each of the training datasets. Since the vibrations are known to be nonstationary, we also
considered TF domain features such as entropy with & = 2 (see eqn. 1.6). The raw vibration
signals were transformed into the TF domain using the Choi-Williams distribution with o = 10.

The TF representations of initial and failure samples are shown in Figures 3.3 and 3.4, respectively.

From the TFD, we observed that the vertical vibration TF representation gave little useful
information. We noticed two phenomena that were evident across all training sets in the horizontal

data as the fault progressed. First, there was a shift from a significant amount of concentrated
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Figure 3.2 Raw Data of Final Vibration Signal for Bearing 1_1.
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Bearing 1_1.
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Figure 3.4 Choi-Williams Transformation of Final Horizontal Vibration Signal with o = 10 for
Bearing 1_1.

energy, at the start, to impulsive energy distribution, at failure, in the 160-200 Hz frequency band.
Second, there was a shift from insignificant energy to a large amount of energy in the 236-256 Hz
and 0-40 Hz frequency bands. These three frequency bands were explored in feature extraction,
using entropy and concentration measures [72—74] to capture these trends and the resulting features

had clear trends across time.

3.2.2 Event Detection

Event detection is used to determine a change in the data to signify different health states. There
are many different ways to determine these change points, but in this work we utilize the Z-score

REXT  where F is the number

as defined in [32]. First we constructed a feature matrix, ® €
of features and 7T is the total number of time points. Next, we constructed F' x F', time-varying
correlation matrices, C(t), from ®, using sliding windows of length W where:

E[(X — ux)(Y — py)] 3.1)
oxX0y ‘

Cij(t) = |px,y =

where X and Y are localized feature matrices ®(i,¢ — W : t) and ®(j,t — W : t), respectively.

From these time-varying correlation matrices C(¢), we computed the principal eigenvector, u(t).
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This vector u(¢) summarizes the activity of each feature in that time interval and is given by solving

the equation:

(C(t) = Amazl)u(t) =0, i,j €1,2,...F, (3.2)

where [ is an /' x F'identity matrix and )\, is the maximum solution of
det(C(t) — A\I) = 0. (3.3)

In order to determine the change-points, this vector u(t) is compared to an average of all the

/
previous W' principal eigenvectors, denoted as r(t — 1) = # VzV: u(t — 7). The Z-score is given
as Z(t) =1 —u(t)T'r(t — 1). Thus, if u(t) € RF>*1 s dramatigllly different from r(¢ — 1), their
dot product will be 0, producing a Z-score of 1. If u(t) and r(¢ — 1) are similar, their dot product
will be close to 1, producing a Z-score close to 0. Since u(t¢) and r(¢ — 1) are both unit vectors, the

Z-score is always between 0 and 1. Finally, change points can be detected as spikes, or high scores

in the plot of the Z-score.

3.2.3 Results

In this work, from the FEMTO data, we extracted a total of 6 features from the TF domain (shown
in Figure 3.5):

1) Entropy from the 160-200 Hz frequency band

2) Entropy from the 0-40 Hz frequency band

3) Concentration measure from the 0-40 Hz frequency band

4) Variance from the 236-256 Hz frequency range

5) Mean from the 236-256 Hz frequency range

6) Skewness from the 236-256 Hz frequency range

In the event detection step, a window size of W = W’ = 100 samples was used across all

six training sets. It is assumed that a change-point occurs in a particular training set if the Z-score
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Figure 3.5 Features for Bearing 1_1 across time.



increases beyond a threshold, given by u(Z,;) +0(Zn,) where Zy, = [Z1Z5 ... Zp | and n; is the
number of samples in the gth training set, x is the mean and o is the standard deviation across all

time.

3.2.3.1 Estimating the Health States

Applying the proposed change point detection algorithm to different training sets corresponding
to different operating conditions yielded different transitions between health states. For example,
in Figure 3.6 we can see the Z-score results for the first two operating conditions. We noticed that
across time, the two training sets within the same operating condition showed similar trends but
they were distinctly different from the trend of the other operating condition. We also noticed that
there were groups of change-points in close proximity to each other as well as periods of little
change throughout all training datasets. We reason that multiple change-points within a window
correspond to a transition stage from one state to the next. In other words, time periods where there
were great changes in the data (i.e. multiple change-points over a short time period) were called
transitionary states. Conversely, the time periods where there are no change-points correspond to
the actual health states. An example of this partitioning of the time series data for Bearing 1_1,
in the first operating condition, can be found in Figure 3.6a, where the shaded areas represent the
transition stages and the unshaded represent the estimated health states. The other training set in
this operating condition had a similar trend in its Z-score plot over time, as can be seen in Figure
3.6b. Given these similar grouping trends from operating condition 1, we can build a complete
overview of health states and transition stages of the bearing from start to failure, as seen in Figure
3.7. In this overview, we can see 5 distinct health states and 4 transitionary stages between them.
From this, we can determine that there is a healthy state (0), 3 intermediary health states (1-3), and
the failure state (4).

The Z-score trends for the two training datasets in operating condition 2 can be seen in Figure
3.6c and 3.6d. These training sets provided a different trend from the first operating condition,

which could be attributed to the different load speeds and forces. An overall view of the health
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2.

states for operating condition 2 can be seen in Figure 3.8. In this operating condition, we see that

the health state (0) is relatively longer in relation to the healthy states found in operating condition

1.

3.2.3.2 Performance of Multiple Features

As stated before, the time-varying trends of the features used in this chapter can be seen in Figure

3.5. From these plots, we can see that certain features do not provide clear trends. For instance,

the variance and mean of the 236-256 Hz frequency band would only provide one change-point,
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Figure 3.7 Health state progression for Bearing 1_2.
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Figure 3.8 Health state progression for Bearing 2_1.

while others, such as the two entropy features, would result in multiple change-points due to their

fluctuations.

In this section, we evaluate the use of different number of features for change point detec-
tion. For instance, in Figure 3.9, we can see the effect of computing the Z-score using only two
(skewness of 236-256 Hz band and entropy of 160 - 200 Hz band) of these 6 features for Bearing
1.2. The Z-Score is high throughout the entire training set. This is because it is hard to detect

change-points in signals with high volatility, such as bearing vibration data. However, when we
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Figure 3.9 Z-Score computation using 2 features on Bearing 1_2.

use more features, we can see that the change-point detection algorithm becomes more robust to
noise and can identify more distinct change-points. This phenomenon can be seen as the features
increase from 2 to 6 in increments of 2. Figure 3.10 shows the Z-score for the algorithm which
utilizes 4 features (skewness, entropy of both freq. bands, and the variance of 236-256 Hz band).
In this plot, we can see that the change-points become more conspicuous. Furthermore, as the
number of features is increased to 6, seen in Figure 3.11, the change-points become even more
apparent, as some change-points towards the beginning of the run are combined into one, showing
that there is a direct relationship between the number of features used and the ease of identifying

the change-points.

3.3 Hidden Health State Identification via Event Detection

3.3.1 Temporal Hidden Markov Models

The HMM is a statistical method and has been extensively used in the modeling and analyzation
of stochastic processes. The HMM has been used in a variety of applications such as speech
recognition [75], motor fault diagnosis [29,76], and bearing failure prognosis [23]. The HMM is

used to model systems which have a finite number of hidden states (57, S9, . .. Sjs) which are each
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are three parameters that govern the HMM:

.op ), they exhibit. There

1) An initial probability matrix, 7, which determines the initial probability of a given state,

mathematically represented as

WZ:P(QO:SZ)a1§Z§M>

where ¢ is the first state in a state sequence.
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2) A state transition probability matrix, A = a;;, which gives the probability of a state S; given

the previous state was S;, where

ajj = Plg = Sjlat—1 = 5;). (3.5

3) An observation probability matrix, B = b;(ot), which determines how likely an observation

is given the state is S, where

bj (Ot) = P(Ot‘Qt = Sj) (3-6)

For simplicity, an HMM can be written as A = (7, A, B). However, there is a limitation in using
HMM for time-series data since HMM assumes that each observation is statistically independent of
the previous. For time-series data, this is usually not the case. The temporal HMM was proposed to
avoid this limitation by assuming that each observation is statistically dependent on its predecessor.
If we assume a finite number of observable states, (W = wy,wo,...w;},), the probability of oy

taking the value w; is given by

P(op = wilop—1 = wp_1,00—9 = wy_9,...01 = wy) = Pop = wi|op_1 = w_1). (3.7)

This is similar to a first order Markov process in that the probability of an observation at time ¢
only depends on the observation at time ¢ — 1. Using this condition, the observation probability
matrix is updated to contain two parameters, ¢ and p, where ¢(i) = P(o; = wj;) and p(7,j) =

P(ot = wjlog—1 = w;). Itis noted that these parameters must satisfy the conditions

N N
daliy=1, > pli,j)=1 1<i,j<N. (3.8)
i=1 j=1

The probabilities ¢ and p can be calculated using [77]
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L
ali) = 7 3 Plwilof’ (3.9)
1=1

and
T
2R PSilo VPS o)

T
Zlel Ztiz P(Sz"Onga A)

where 1 < 1,5 < N,1 <[ < L, L is the number of training sequences, 7; is the length of the

p(i, j) : (3.10)

lth
observation sequence, and P (Si|0£l), A) is the posterior probability of a particular state, S;, given

(1)

a observation sequence, o, © and HMM model, A. Once these parameters, which characterize the

HMM model, are defined, the probability of an observation sequence, with length 7', is calculated

as [77]
P(O|X) =) P(O,S|A) =Y P(O]S, ) P(S|)), (3.11)
S S
where
T
P<O|S7 )\) = Q(Ol = U)1|S, )\) Hp<0t = Wt|0t—1 = W1, Su )‘> (312)
t=2
and
T T
P(SIA) = P(S1IN) [T P(SilSi—1,3) = 75, [ ] as,_ys,- (3.13)
t=2 t—2

3.3.2 Feature Extraction

The vibration data from the accelerated bearing degradation platform via electrical stress, described
in Chapter 2, is used for feature extraction in this section. The vibrations from this experiment fol-
lowed a similar trend as those in the PRONOSTIA setup. At the beginning of the run, the amplitude
of the vibrations is at its smallest point. At the end of the run, when the bearing moves towards
failure, the vibrations increase exponentially (see Figure 3.12). The variance of the vibrations also

increases exponentially over the duration of a run (shown in Figure 3.13). Thus, the variance of
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Figure 3.13 Variance of the horizontal vibration data.

the vibrations is again selected as a feature. An example of raw vibration signals from the initial

(healthy state) and final (failure) sample can be found in Figures 3.14 and 3.15, respectively.

Their corresponding TF representations, using the Choi-Williams distribution with o = 10, can be

found in Figures 3.16 and 3.17, respectively. As the fault progresses, there is a significant amount

of energy in the 80 - 90 Hz frequency band. This may be due to the rotational speed of the motor

being 80 Hz. As the bearing nears failure, the energy across the surface becomes more impulsive.
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Figure 3.14 Raw Data of Initial Vibration Signal for Bearing 2.
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Figure 3.15 Raw Data of Final Vibration Signal for Bearing 2.

We also saw little energy distribution in the 20 - 80 Hz frequency band until the bearing reached
failure. In Figure 3.18, snapshots of the Bearing 2 run from start to failure in the TF domain is
shown. These frequency bands, as well as the energy over the entire TF plane, were used for fea-
ture extraction. Entropy and concentration measures were again used to capture the changes in
the spread of energy in the TF domain across time. In the time domain, the first four statistical
moments, mean, variance, skewness and kurtosis were extracted. In the frequency domain, the

max, variance and RMS were also chosen as features. Finally, in the TF domain, the concentration
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measure over the entire TF plane, and entropy from the 80-90 Hz frequency band and the entire

TF plane were extracted as features.

3.3.3 Calculating the HMM parameters

In this section, we will describe how each parameter of the HMM is calculated from the selected
features.
1) The initial probability vector, 7, and the state transition matrix, A.

First, the number of classes, K, is set arbitrarily at the beginning. In this work, we selected a
range of three to five classes. Next, a k-NN classification is run on the feature matrix, classifying
the feature vector at each time point into one of K states. The initial probability vector, 7, is
initialized using the ratio of the number of feature vectors in each state to the total number of

feature vectors given as

(3.14)

where K; is the number of feature vectors in the ith class and N is the total number of feature
vectors. The probabilities of the state transition matrix, A, are then calculated in a brute force
manner, where a;; is given by the number of times a feature vector is found in state j at time ¢,

given the state at time ¢ — 1 was ¢, divided by the total number of feature vectors.

2) The observation probability matrix, B = (¢, p).

To calculate the parameters of the observation probability matrix, the features are first quantized
to the nearest tenth to create a finite number of observable outcomes, W = (wy, wo, ... w;). The
transitional probabilities, p(i, j) = P(o; = wi|o;—1 = wy_1) are again calculated in a brute force

manner similar to the calculation of A, being
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Figure 3.18 Progression of the fault for Bearing 2 in the TF domain.
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Number of times observation wy directly follows wy_q

p(i, ) (0r = wilop—1 = wi-1) Total number of observations

(3.15)

3.3.4 Unsupervised Clustering via Temporal HMM

The proposed method was applied to the data from the accelerated bearing degradation via electri-
cal stress platform. In this work, we extracted a total of 11 features from the TF domain (shown in
Figure 3.19):

1) Variance over the entire surface of the TF representation

2) Entropy from the 80-90 Hz frequency band

3) Entropy over the entire surface of the TF representation

4) Concentration measure over the entire surface of the TF representation

5) Max magnitude from the frequency domain

6) Variance from the frequency domain

7) RMS from the frequency domain

8) Mean from the time domain

9) Variance from the time domain

10) Skewness from the time domain

11) Kurtosis from the time domain

The parameters of the HMM were calculated as outlined in section 3.3.3. For this work, we
chose to look at K" = 3, 4, and 5 clusters. After performing the unsupervised clustering of the
vibration data, we can see a trend in the transitions of the hidden health states across all bearings
as we increase the number of classes.

In Figure 3.20(a), the clustering results for Bearing 1 are shown, with X' = 3. As the number of

classes increases to four (shown in Figure 3.20(b)) and five (shown in Figure 3.20(c)), the classes
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Figure 3.19 Features used in temporal HMM clustering for Bearing 1 across time.
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Figure 3.20 Temporal HMM Clustering results for Bearing 1.

become unevenly distributed, with the majority of classes at the end of the run. This trend is also
shown in Figures 3.21, 3.20 for Bearings 2 and 4, respectively.

In Bearing 4 the first class divides into two states as we increase the number of clusters from 3
to 4. Although this is slightly contrary to the trend, there are still more transitions between classes
at the end of the run when the number of clusters is increased to 5. This analysis is congruent with
what is happening physically in the bearing and its vibrations. As the bearing nears failure, more

significant information is found, thus requiring more states to capture the changing trend.
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Figure 3.21 Temporal HMM Clustering results for Bearing 2.

3.4 Conclusions

In this chapter, we have introduced two complementary methods for hidden health state estima-
tion in bearing vibration data. First, we proposed a multivariate event detection framework to
learn the hidden health states of bearings from unlabeled training data. We have shown that these

health states are not necessarily discrete and evolve continuously over time. Moreover, we have

shown how including more relevant features for health state estimation improves the accuracy and

48

increases the reliability of state estimation. We also showed that different operating conditions re-



Bearing 4 - 3 Classes Bearing 4 - 4 Classes

sl
[%2] 12}
2 L
S 2r g
(9] 5]
2
] ‘ ‘ ‘ ‘ ‘ ‘ | ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
time (days) time (days)
(a) 3 Classes (b) 4 Classes

Bearing 4 - 5 Classes

States
w

0 5; 16 1‘5 26 2‘5 36 35
time (days)
(c) 5 Classes

Figure 3.22 Temporal HMM Clustering results for Bearing 4.

sulted in contrasting state transition profiles, alluding to the need for prognosis to be conducted on
an operating condition specific basis. Second, we introduced an unsupervised clustering method
based on temporal HMM clustering to obtain the hidden health states of a bearing when degraded
by electrical stress. As the number of classes increase, there is less separation between the lat-
ter classes. This corresponds to the physical process of bearing degradation, in which significant
changes in the data occur towards failure.

In future work, discovering hidden health states may improve the current state of the art di-

agnosis and prognosis methods. Once the different health states are identified, typical RULs for
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each health state can be determined from training data. This information along with representative
features corresponding to each state can provide a probabilistic way of estimating the RUL from
new testing data. Furthermore, the temporal HMM clustering method can be used on other types
of sensor data, such as current, and fused across different sensors. The hidden health states found
in this analysis can be compared to the results using only vibration signals to determine any corre-
lations. Lastly, more historical data is needed to assure the certainty of this method across all types

of bearings and operating conditions.
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CHAPTER 4

FAULT PROGNOSIS AND RUL ESTIMATION ON BEARINGS VIA EXTENDED
KALMAN FILTER

4.1 Background

Kalman filtering is a recursive algorithm that estimates the true state of a system based on noisy
measurements. The Kalman filter has been used in many applications involving navigation, on-
line system identification and tracking [78, 79]. Recently, Kalman filtering has been successfully
applied to fault prognosis [52]. For example, in [30], Kalman filtering is used to interpolate the
signal feature trends learned from the labeled data and then to estimate the evolution of the faults
for diagnosis purposes. However, Kalman filtering assumes a linear system dynamics model with
Gaussian noise in the measurements which is not always realistic in real life applications. Ex-
tended Kalman Filtering (EKF) is an extension of this framework to nonlinear system dynamics
and has been used by Lall et al. [52, 53] for prognostics of electronic interconnects and by Saha
et al. [80] for battery life management. The EKF equation in the presence of process noise and
measurement noise is:

Xp = f(Xg—1,0p—1) + Wg_1 4.1)
where x;. is the state being estimated, f is a nonlinear function of states, uy, is the input at time
sample k, w;. is random zero mean noise with covariance matrix Q. In EKF, the relationship

between system states (X;.) and measurements (z;.) can also be nonlinear:
zj, = h(x}) + vy, (4.2)

where z;. is the measurement, / is a measurement function which is a nonlinear function of states
and vy, is zero-mean random process described by the measurement noise covariance matrix, Ry.
In order to carry out the normal Kalman Filter operations, the nonlinear functions, f and h, must be
locally linearized around the estimated state by calculating their respective Jacobian, producing the

matrices F and H, respectively. One important point in the implementation of EKF is the choice
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of the initial parameters, as the speed of convergence depends on the initial estimate, X and the

uncertainty matrix, Pq [81].

4.1.1 EKF Parameter Learning

For the two different types of features, i.e. vibration and entropy, time dependent degradation
models are obtained through curve fitting. For example, for the variance feature, an exponential

bt was found to be the most suitable whereas for the time-frequency entropy feature

of the form ae
a curve in the form of a — be =’ was more suitable (see Figures 4.2a and 4.2b). The parameters
of the degradation function are updated with each new measurement. To accomplish this, a state
vector x containing the equation for the curve fit as well as the unknown parameters describing

this degradation model at each time point are defined for each feature. For the variance feature, the

parameters a;. and b;. of the exponential curve are used to define the state vector as [51, 82]:
x; = [ae’® a )T (4.3)
and for the entropy feature:
X = [ag — bpe™ K ap by )" (4.4)
both with the measurement equation given by:
2, = hixy) = xp(1). (4.5)

It is also noted that there is no input to this system, so in our case u; defined in equation 4.1 is
equal to zero . With each time step, the parameters of the degradation model are updated to form a
new model, f., and an estimate of the next state, X;. is calculated. The functions f and h are then

locally linearized about that estimate to produce F;, and H;, by:

0 elk¥ k:akebkk

_ o) 0 1 0 ; (4.6)

F. = -
k 8x Xk

0 0 1
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Figure 4.1 Median filtered time-domain variance across all 6 training sets for the FEMTO data.
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Figure 4.2 Curve fitting to variance and entropy features.

oh
Hk:a_ 2{100}, 4.7)
T ﬁk
for the variance trend and
0 1 —e %F kbpe k"
0 1 0 0
F) = g_f - : (4.8)
Llx,, 0 0 1 0
0 0 0 1
oh
Hk:a_ 2{1000}, (4.9)
T ﬁk

for the entropy trend.

The initial state estimate given to the EKF, x(, consisting of the initial value for the degradation
feature as well as the initial guesses for the parameters was found through use of the training
data. Averages of these values within operating conditions were then used as the initial parameter
estimates in x( in the RUL prediction stage. Furthermore, the initial values for each training set

was extracted and the average for each operating condition was used as the initial value for the
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degradation feature in x(. The initial uncertainty matrix, P, was chosen empirically as:

0.1 0 0
Po=| 0 01 0 (4.10)
0 0 0.1

4.1.2 RUL Prediction

The failure thresholds, ~y;, where ~; is the ith threshold for a given operating condition, were
extracted as the value at the final sample of each training dataset. The final testing threshold for

each operating condition was computed as the average of these per operating condition, given by:

1 K
Yo = E;%’; (4.11)
1=

where K is the number of training sets in operating condition o. Tracking of the test features
begins after a certain amount of time has passed since the data at the first time points are not
usually reliable for RUL estimation and may not follow the trend learned from the training data.

An overall view of the algorithm and all its steps are given below:

1) Initialize x( and Py.

2) Predict the next state, X;., and uncertainty matrix, My
X = f(Xp—1) + Wi_1, (4.12)

My, = F_1Pp_1Fp1 + Qi1 (4.13)

3) Take in measurement, zj,.

4) Update the predictions and their uncertainties using the Kalman gain, K;.:
T T -1
K; = MyH] (HMH] +R;) (4.14)
f(k — f(k + Kk(zk — ka(k), 4.15)
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P, = (1 — K. H,)M;. (4.16)

5) The current value of the feature state is extrapolated out to failure threshold. The total number

of time steps, n, required to reach the failure threshold is taken as the RUL at time k.

Yo = f‘k—i—n = fk (ﬁk—l-n—l) + Wiain (4.17)

6) Calculate the confidence intervals of RUL predictions (see section III-E).

7) Repeat process starting at step 3.

4.1.3 RUL Confidence Intervals

An important aspect of prognosis is not just to predict the RUL, but to add a confidence measure
to it as well. In the testing phase, the confidence interval of the RUL prediction is calculated
by using the error covariance matrix, P. At the end of each step, the error covariance matrix
is updated giving the uncertainty measurement between the predicted state, Z and the true mea-
surement. Since the first value in the state variable is the actual feature value, being either en-
tropy or variance, P(1,1) contains the uncertainty of the predicted state. Given this uncertainty,
a 95% confidence interval can be placed around the estimate and the upper and lower bounds,
Tubd = (1) + 2.567P(1,1) and 254 = (1) — 2.567P(1, 1), are extracted. Similar to original
RUL estimation, these values can also be extrapolated to the failure threshold to obtain upper and

lower confidence bounds on the RUL predictions.

4.1.4 RUL Estimation via Extended Kalman Filter

4.1.4.1 Feature Extraction and Curve Fitting

For all of the datasets described in Table I, both time domain variance and time-frequency domain
entropy features are extracted. A degradation trend is extracted from the training data based on

these features by analytical curve fitting. The accuracy of curve fitting was quantified by the

=l
[zl

normalized mean square error (NMSE), given by , where 7 is the fitted curve and z is the
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Table 4.1 NMSE Between Curve Fits and Features

Operating Condition | Training set | Entropy | Variance
| 1 0.0510 | 0.3525
2 0.0434 | 0.3326
’ 3 0.0537 | 0.7146
4 0.0515 | 0.5462
3 5 0.0335 | 0.8422
6 0.0485 | 0.3680

Table 4.2 Curve Fitting Parameters for Training Data

Operating | Training Entropy Variance
Condition Set a b C a b
) 1 9.296 | 1.286 | 0.3661 | 1.429¢=%0 | 0.03397
2 9434 | 1.832 | 0.4021 | 5.556e=1° | 0.03916
5 3 9.963 | 8.92 | 0.01413 | 0.1862 | 0.001592
4 10.2 | 7.509 | 0.007981 | 0.1349 | 0.002287
3 5 9.747 | 8593 | 0.037 | 3.026e=% | 0.03364
6 8.851 | 4.694 | 0.007381 | 1.181¢=%° | 0.09228

raw data. For the variance feature, it was noted that the first and third operating conditions behave

b across the lifetime

similarly, with the degradation trend modeled by an exponential function ae
of the bearings. The average NMSE across the four training sets in operating conditions 1 and 3 for
the variance feature is 0.526. However, for the second operating condition, the degradation trend
for the variance feature in the testing data does not fit the trend learned from the training data. This
may be due to the fact that the testing samples provided for operating condition 2 were truncated
before the variance feature could capture the degradation, i.e. the testing life history is shorter,
average of 152 minutes, compared to the other operating conditions. For the entropy feature, we
determined the best curve fit to be of the form a — be ¢, and the average NMSE between this fit
and the entropy from all the training sets was 0.048. Table 4.1 shows all of the NMSE values for
both features and all training sets. Table 4.2 shows the values of the parameters for each training

set. We also note that the NMSE is usually higher for the variance feature since its range is larger

compared to entropy as seen in Figure 4.2.
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4.1.4.2 RUL Estimation

As noted above, we used two different features in order to estimate the RUL based on the operating
condition. In Table 4.3, the RUL estimation results using entropy versus variance on all of the
testing datasets are given. The results are quantified by the percentage of RUL estimations that fall
within +/— 20% of the true RUL in the last 500 seconds. It is shown that using variance in the Ist
and 3rd operating conditions will provide the user with accurate RUL estimations towards the end
of the test sets. However, the variance feature cannot predict the true RUL for operating condition
2. This is due to the fact that the variance feature, as shown in Figure 4.2a, stays constant all the way
through the run until the very end, where it is able to capture the failure of the bearing. Therefore,
if the testing dataset is truncated too early, i.e. before the bearing gets close to failure, the variance
feature is not a good indicator of failure and cannot perform well in the subsequent RUL estimation.
On the other hand, the entropy feature shows an initial increase in value, indicative of the bearing’s
health deterioration, and then stays stable around this value as shown in Figure 4.2b. As such, when
the test set is short compared to the lifetime of the bearing, as in the case of operating condition
2, the entropy feature is successful in tracking the early deterioration of bearing health and in
predicting the true RUL in most of the test cases. When the test data set is longer, entropy does not
yield accurate RUL estimates since during the last 500 seconds of the lifetime of the bearing the
entropy values do not change that much. Therefore, in the final analysis, the variance feature was
used for operating conditions 1 and 3, and the entropy feature was used for operating condition 2.
It is also important to note that for certain test sets from condition 2, in particular for Bearing 2_3
and Bearing 2_7, neither feature gets close to the true RUL estimate. This is due to the fact that the
test data set is very short, e.g. only 29 minutes in the case of Bearing 2_7.

In particular, Figure 4.3a shows the results of RUL predictions on bearing 1_3. Predictions
were started at the half point since early RUL predictions with the variance feature are not very
reliable and meaningful. As shown in this figure, the RUL predictions at the beginning have a lot

of error but as time goes on they converge to the true RUL. Figure 4.4 shows the RUL estimations
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Table 4.3 Comparison of RUL using Variance vs. Entropy

Operating Condition | Test set | Duration (min) | Variance | Entropy

1 300 96% 0%
2 190 100% 0%

1 3 384 46% 0%
4 384 54% 0%
5 250 40% 0%
6 200 0% 4%
7 102 0% 70%

2 8 334 0% 24%
9 95 0% 36%
10 29 0% 0%

3 11 59 56% 0%

over time for the only testing set in the third operating condition, bearing 3_3. Here, too, we can
see that the trend of RUL predictions across time converges to the true RUL line. It is noted that
the convergence of this set is slower than that of the previous. This is due to the lack of substantial
number of samples for updating, i.e. shorter test data set (59 minutes). Figure 4.5 illustrates the
performance of the entropy feature in RUL prediction for bearing 2_4 from the second operating
condition. Although the dataset is more truncated compared to the other two operating conditions,
entropy is able to track the actual RUL value.

We also noticed in the RUL prediction algorithm that the time at which EKF tracking is started
has an effect on how quickly the estimated RULs converge to the true RUL. If the tracking is
started at the beginning of the testing data, the convergence is much slower as there is more irrel-
evant samples or noise in the data that lowers the accuracy of the RUL prediction. An example
of this phenomena can be seen in Figure 4.6, where we show the RUL estimations of the same
bearing with different start times for tracking. The convergence of the algorithm is faster when the
procedure is started midway, instead of at the very beginning. Neither one of these starting points

converges as fast as starting past halfway, as seen in Figure 4.4.
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Figure 4.3 RUL Estimation for Bearing 1_3 with the variance feature.
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Figure 4.4 RUL Estimation for Bearing 3_3 with the variance feature.
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Figure 4.6 RUL Estimation for Bearing 3_3 with different EKF tracking start times.
4.1.4.3 Comparison of EKF vs. KF

In this section, we compare the performance of the proposed Extended Kalman Filter (EKF) ap-
proach to the regular Kalman Filter (see Table 4.4), which is commonly used in literature for
prognosis, in terms of the percentage of estimated RUL values within +/— 20% of the true RUL
in the last 500 seconds. For the majority of the datasets, the Kalman Filter (KF) shows no accuracy
towards the end of the testing dataset with the exception of test set 6. Overall, EKF based RUL

algorithm performs better than the KF for all operating conditions.
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Table 4.4 Comparison of RUL estimations using EKF vs KF

Operating Condition | Test set | EKF | KF
1 96% | 0%

2 100% | 0%

1 3 46% | 0%
4 54% | 0%

5 40% | 0%

6 4% | 92%

7 70% | 8%

2 8 24% | 0%
9 36% | 4%

10 0% | 24%

3 11 56% | 0%

4.1.4.4 Confidence Interval Estimation

In Figure 4.3b, we can see a closer view of the end of the run, along with the confidence intervals
of the RUL estimations. We also show a bandwidth around the true RUL (+/- 20% of the true RUL
value) to see how well the estimated RULs fall within this band. At the beginning of the algorithm,
the true RUL is not within the confidence bounds of the predictions. This is due to the fact that
samples towards the beginning of the testing data may not provide enough information to perform
feature tracking. However, towards the end of the run, the predictions as well as their confidence

intervals are both within 20% of the actual RUL.

4.2 Conclusions

In this chapter, we have introduced an Extended Kalman Filtering based approach for tracking the
RUL of bearings. First, we introduced both time and time-frequency domain features of vibration
signals and illustrated that different features may work better under different operating conditions.
Second, we gave a detailed description of RUL estimation based on EKF along with a procedure
to estimate the confidence interval along the RUL estimates. Finally, we applied the proposed
algorithm to bearing vibration data to illustrate the convergence of the algorithm along with its

behavior under different conditions.
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Future work should consider several improvements to our RUL estimation methodology. First,
as the results indicate the starting point of EKF in the testing data has a direct effect on the con-
vergence rate of the RUL estimates. Future work should consider sliding window based EKF
implementation such that at each time point only the most recent past time points are used to esti-
mate the RUL. This type of an approach may help with fitting the learned trend of the degradation
profile to the testing features. Since the testing data is a truncated version of the full lifetime of
a bearing, the trends obtained for training data may not always be good fits to the testing data
resulting in large amount of prediction error. Second, future work should consider fusion of differ-
ent features and corresponding degradation profiles for a more accurate system model. Moreover,
different pre-processing methods to the data should be explored. Third, future work should con-
sider alternative approaches to learning the degradation models from extracted data such as neural
networks. Finally, the proposed framework should be extended to different types of sensor data,

such as the current, from bearings to improve the RUL estimation accuracy.
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CHAPTER 5

THE USE OF BEARING CURRENTS AND VIBRATIONS IN LIFETIME ESTIMATION
OF BEARINGS

5.1 Background

5.1.1 Bearing Characteristic Frequencies

Due to the nature of the rotating elements of bearings, specific frequencies have been shown to be
present in frequency analysis of bearing vibrations. These bearing characteristic frequencies are
calculated from the geometry of the bearing and are given in Table 5.1, where d is the diameter of
the rolling elements, D is the pitch circle diameter, Z is the number of rolling elements and « is the
contact angle. These equations are only valid if the rotating elements do not exhibit any sliding,

which is usually not the case in most applications [83].

5.1.2 Data

The data in this chapter comes from the accelerated degradation platform via electrical stress,

described in Chapter 2.

Table 5.1 Bearing Characteristic Frequencies

Fundamental train freq. relative to outer ring J;—T 1-— CZCO%

Fundamental train freq. relative to inner ring f77” 1+ d“’%
Ball pass freq. of outer ring A % 1— dcf)%
Ball pass freq. of inner ring 7 % 1+ dw%
Rotating element spin freq. DZ—{lT 1_ ( dco%> 2
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Figure 5.1 Accelerometer recordings for Bearing 1 from start to failure. (a) The vibrations from
the horizontal accelerometer and (b) the vibrations from the vertical accelerometer.

5.2 Methodology

5.2.1 Feature Extraction

5.2.1.1 Bearing Vibration Features

At the beginning of the run, the amplitude of the vibrations is at its smallest point. At the end
of the run, when the bearing starts to fail, the amplitude of the vibrations increases exponentially
(see Fig. 5.1). Some common features extracted from bearing vibration data to capture trends
are statistical moments, such as variance, from the time domain and RMS frequency from the

frequency domain [28, 35,36, 84]. In this chapter, the RMS frequency feature is chosen, given by:

n

1
RMS Freq. = EZ(}XW,,.})% (5.1)
=1

where 7 is the number of frequency samples and X f 74 ; is the gth sample of the Fourier transform

of the vibration signal.
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5.2.2 Detection and Tracking of EDM Currents

In these experiments, the bearings are found to be mostly in the ohmic state, in which the bearing
current follows the same behavior as the bearing shaft voltage. Fig. 5.2a shows a normal current
sample without any discharge events. In Fig. 5.2c, a closeup plot of the normal bearing current is
shown and it can be seen that the trend is pulse-like resembling the shaft voltage. As the bearing
degrades, it begins switching between the three electrical states: ohmic, capacitive and discharge.
In Fig. 5.2b, a current sample for the same bearing at a later time is shown. In this time period, a
spike occurs indicating a discharge event. As shown in Fig. 5.2d, the current starts in the ohmic
state, transitions into a capacitive state, and finally discharges and goes back into an ohmic state.
The tracking of these discharge events is important for determining the health state of a bearing.
Large influxes of bearing discharge events in a short period of time produce significant, irreversible
damage to a bearing, thus failure is accelerated.

In this chapter, a wavelet decomposition based method is used to detect these discharge events
from the raw current samples. First, Haar wavelet decomposition is conducted on each current
sample with 8 levels of decomposition. The Haar wavelet is chosen because it closely resembles
the square-wave nature of the bearing current data and it is ideal for detecting discontinuities.
In the wavelet domain, each discharge event (shown in Fig. 5.3) can be observed in the signal

reconstructed in the subspace spanned by the level 8 wavelet functions given by:

N
D8(n) = Y dgto(2°n — k), (5.2)
k=1

where N is the length of the signal, dg j, are the level 8 wavelet coefficients and ¢ is the wavelet
function, which in this case is the Haar wavelet. This reconstruction or projection to this sub-
space yields a significant peak at the time of the current discharge event. Conversely, a cur-
rent sample with no discharge events shows no significant peaks (shown in Fig. 5.4). To de-
termine whether a breakdown occurred, a threshold 7' = p(D8) + 40(D8) is chosen, where

D8 = [D8(1) D8(2)...D8(N)] is a vector of projected signal samples in this subspace, y is the
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Figure 5.2 Bearing current samples from Bearing 1. (a) Current sample from a bearing under
normal condition and (c) a close up of this sample. (b) Current sample in which a discharge event
has occurred and (d) a close up of this discharge event.
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mean and o is the standard deviation. Each instance where the reconstructed signal crosses this
threshold, 7', is categorized as a bearing discharge event:

1, ifD8(k)>T
Discharge Fvent(k) = (5.3)

0, otherwise.

These discharge events are then tracked over time, and a cumulative sum (shown in the top 3
plots of Fig. 5.7 for Bearings 1, 2, and 3, 4, and 5 respectively) is obtained as T'otal Discharges(t) =
> k<t Discharge Event(k), where t is the time variable. At the beginning of the run, the occur-
rence of discharge events is few. For Bearing 1, for the first 3 days, there are only 0.5 discharge
events per minute. At some point during the run, the number of discharge events per minute
increases significantly, which causes irreversible damage to the bearing leading to failure. For
Bearing 1, this damaging period incurs 400 discharge events per minute, occurring around day 10.
Directly after this point, the bearing reaches its final stage. After the critical period in the discharge
event profile, the amplitude of the vibrations start to exponentially increase (shown in the second
column of Fig. 5.7).

In order to determine when a current discharge influx has occurred, a history of m minutes of
discharge events is built. m is chosen such that it is large enough to acquire a significant amount of
history for training, yet small enough to capture changes in the data. Next, the cumulative number
of discharges are tracked across time. For each time point after the first m time points, a line of
the form a + bt is fit over the last m minutes of the current discharge events and the normalized
mean square error (NMSE) between the fitted line and the actual data points is computed. This
NMSE is tracked over time. Once this NMSE crosses a threshold, the event flag is triggered, and
the current discharge influx point is located. The threshold is set to 8¢~ 14, to capture occurrences

of high discharge influxes (more than 100 discharge events per minute).
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Figure 5.3 Current sample w/ discharge event and corresponding reconstructed signal using the
level 8 detail coefficients from a Haar wavelet decomposition.
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coefficients from a Haar wavelet decomposition.
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5.2.3 RUL Prediction via EKF

The RUL is calculated based on the framework presented in [85] with a different realization of the
EKF based on a continuous-time state equation [86]. First, curve fitting is used on the training

data to extract a suitable degradation, or observation, model h. For the RMS frequency feature,

the best fit is an exponential function of the form ae®. The RMS frequency feature for each
bearing is shown in Fig. 5.5. Second, the state variables are chosen to be x = [a b w] where
dw

7 = b. Itis also assumed that a and b are updated linearly: z—? = wq and % = wy, where wg

and wy, are white Gaussian processes. In this work, the continuous-time state equation is given by

000 10
w
% =Ax+Lw,andA = |0 0 0o|.L=1|0 1|,andw = ¢ . In order to predict the RUL
wy
010 00
L i L
of the bearings, a failure threshold, ¥ = % >~ 74, where ~; is the value of each individual training
=1

set at failure and K is the number of training datasets, is defined. In this chapter, K is equal to 3,
and determined using the datasets that only contain vibration data. Second, the EKF is initialized
and the prediction step is run repeatedly until the value of ael® reaches the failure threshold, 7.
The time to reach the threshold is taken as the RUL. Finally, the EKF parameters are updated with
each new measurement point and RUL estimation based on 7 is continued.

In this chapter, an update to this framework is proposed by using information from the current
discharge events. As it is shown in [85], the RUL estimations using the EKF provided more
accurate results when the bearing vibrations followed an exponential growth, which happens closer
to failure. Before this time, RUL estimations can be highly inaccurate. This work proposes to use
the event of a sharp increase of bearing discharge events in a short period of time as an indicator
to start predicting RUL. There are three significant reasons why starting RUL estimations from
this point is beneficial. First, bearing vibrations of a healthy bearing are usually not an accurate
predictor of failure at the beginning of a run. Thus, RUL predictions based on early vibration

data tend to give highly inaccurate RUL estimations [85]. Second, using vibration data for RUL
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Figure 5.5 RMS Frequency feature for Bearings 1, 2, 3, 4 and 5.

estimations falls into a 20% confidence interval towards the end, and sometimes without warning.
After the current discharge influx point, significant information starts to be found in the vibration
data, making all RUL estimations more accurate and meaningful. Lastly, it is computationally
inefficient to run RUL estimation algorithms from the beginning of a run especially if the user is
not certain of the accuracy of the estimates. Starting after the current discharge influx proposes a
solution to this as no computation is done before the influx.

The overview of this algorithm is as follows. The training of the EKF starts after 1 minutes.
Next, the discharge events are tracked across time to detect the current influx event. Once this

event is realized, RUL estimation based on vibrations via EKF is started.

5.3 Experimental Results

5.3.1 Temperature Analysis

Bearing temperature did not provide any significant information about the state of the bearings.

There are no significant changes in the temperature for the duration of the run for any bearing.
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Figure 5.6 Temperature signal for Bearings 1, 2, 3, 4 and 5.

The temperature signal exhibited a slight and steady decrease over the course of the run as shown
in Figure 5.6. Since this trend is not clear, temperature data is neglected in further analysis. One
reason for this decrease might be due to noise generated in the thermocouple readings from the
high frequency switching across the bearing shaft. However, the EDM events would not have
caused a significant rise in temperature, as the energy of these events is dissipated in the entire

bearing [47].

5.3.2 Comparison with Conventional Vibration Analysis

In this section, we compare conventional vibration analysis to the proposed methodology. From the
analysis of the sensor signals, a clear relationship is seen between the current and the vibrations.
It has already been reasoned that a large amount of current discharges in a short period of time
causes irreplaceable damage to bearings [50]. As stated before, the number of discharges slowly
increases during the beginning stages of failure. When the number of discharges increases rapidly,
the vibrations begin their exponential growth and the bearing is forced into failure (shown in Fig.

5.7 for all 5 test Bearings).
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Figure 5.7 Relationship between bearing current discharges and vibrations for the 5 test bearings.
The first row shows the cumulative bearing discharges across the entire run. The second row shows
the RMS Frequency of the vibrations, extracted from the frequency domain.

In comparison, Fig. 5.8 illustrates the bearing characteristic frequencies across time for each
bearing. It can be seen that there are no significant changes in the magnitude of the frequency
spectrum for the majority of the extracted features until the bearing nears failure. The signals show
little variation until after the number of discharges rapidly increases. In Bearings 2 and 3, there is
some initial information in the fundamental cage frequencies (fco and fci) at the beginning of the
run, but this is too early to use as an indicator. After this initial abrupt change, these signals in both
bearings reach a steady state until near failure. Furthermore, there is no monotonic trend across all
bearings that can be exploited for a warning indicator or for RUL estimation purposes. This shows
again that the influx of current discharges in a short period of time precedes the vibration growth,
thus providing more useful information. Using these findings, this influx of current event can be

used to provide an early indication for the remaining useful life and imminent failure of a bearing.
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Figure 5.8 Magnitude of the frequency spectrum at each bearing characteristic frequency tracked
in time for the 5 test bearings.

5.3.3 Event-triggered RUL Estimations using Current Discharge Influx

In the algorithm proposed in Section 5.2.3, the first step is to detect the influx event. It is shown
in Fig. 5.9 that the algorithm is able to capture the influx of current discharges, which signifies
an impending failure. In this section, the accuracy of the RUL estimates for the traditional and
proposed EKF training method are compared to each other. The traditional method starts RUL
estimation at the beginning of the run whereas the proposed method uses the influx event as a
cue to start RUL estimation. These comparisons are quantified through both MAE of the RUL
estimates and the percentage of estimates that fall within a 20% confidence interval of the true
RUL value.

For both bearings shown in Fig. 5.10, the RUL estimates of the proposed method fall more

frequently within the 20% confidence intervals compared to the traditional method. To quantify
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Table 5.2 Comparison of RUL accuracy for training across all time versus training after the influx

event
Bearing MAE (days) Within 20% C.I.
Full* | Before* | After* | After** %* %0**
1 1.40 1.77 0.90 0.66 27.65% | 46.89%
2 0.99 1.18 0.87 0.61 28.16% | 57.21%
3 3.51 4.67 0.88 0.57 13.78% | 52.84%
4 1046 | 17.79 54 3.97 11.53% | 19.42%
5 35.12 | 43.22 16.54 7.73 0.81% | 0.94%

* RUL estimations start from beginning of run
** RUL estimations start from influx point

this, the percentage of RUL estimates that fall within the 20% confidence intervals after the current
influx point are calculated for both cases. These results are shown in Table 5.2. For every bearing,
the percentage of RUL estimates within the 20% confidence intervals is higher for the proposed
method. On average, our proposed method offers a 200% increase in the confidence of the RUL
estimates over the traditional method.

Also shown in this table are the MAE between the estimated and true RULs. For the tradi-
tional method, there is more error between the estimated and true RULs due to the lack of useful
variations in vibration data at the beginning of operation. Since there is little accuracy during this
time period, this approach is computationally inefficient. However, the RUL estimations starting
from the beginning show greater accuracy after the influx point and the MAE across all bearings
reduces (shown in column 3 of Table 5.2). This corresponds to the presence of more significant
information found in the vibration data after this influx point. For the proposed method, the MAE
between the true and estimated RUL is the smallest across all bearings (shown in column 4 of
Table 5.2), thus providing the highest accuracy while decreasing computational time. On average,
the MAE between the true and estimated RULs is only 2.7 days for the proposed, while being 10.3
days for the traditional method. Overall, the proposed method begins making more accurate RUL

predictions on average of 9.95 days before the traditional method.
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Figure 5.9 Detection of the current discharge influx event. The top plot shows the number of
discharge events across time. The bottom plot shows the NMSE between the fitted line and the
data points, with each point representing the error over the previous m minutes.
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Figure 5.10 RUL Estimations for Bearings 1 and 2. Each plot shows the results of starting RUL
estimations from the beginning and from the current discharge influx event. Confidence intervals
around the true RUL are shown to evaluate the accuracy of the estimations.
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5.4 Conclusions

In this chapter, bearing failure and its relation to bearing current flow is investigated through a
novel test bed and a computational approach. A new test bed which allows the accelerated degra-
dation of bearings due to an electrical stress placed on the bearings via shaft voltage is presented.
Over the course of the experiment, temperature, vibration and current data are collected. The
temperature data did not provide any useful information related to the state of bearing failure.
However, a distinct relationship is observed between the number of current discharge events and
the energy of the vibrations over time. The bearing enters failure state directly after an influx of
bearing discharge events. It is shown that tracking the number of discharge events over time can
provide an early warning detection which is not available through tracking the bearing characteris-
tic frequencies in vibration analysis. This is because bearing currents cause an increase in bearing
vibration and eventually failure. An improved RUL estimation algorithm is proposed using this
surge of bearing discharge event as a cue to start estimating the RUL of a bearing. This new RUL
estimation algorithm provides more accurate results and requires less computation time compared
to RUL estimation starting from the beginning of a bearing’s life. This chapter also provides some
insight into the hidden health states of a bearing by relating the cumulative discharges with bearing
vibrations.

To build sufficient collection of historical data for bearing fault prognosis, additional tests are
needed. The additional cumulative effects of radial and axial loads should also be investigated
to provide a complete picture of all the components that attribute to bearing failure. Future work
also entails detecting bearing currents indirectly, using either an RF system or bearing current
estimation techniques from measured bearing voltage. This would provide a way for practically
implementable RUL estimation of bearing faults in industry, preventing system downtime or motor

failure due to bearing failure.
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CHAPTER 6

CONCLUSIONS

Motors are widely used in a variety of applications in industry. Problems arise when these motors
fail without warning. Since bearings constitute a large portion of these failure cases, much interest
has been shown over the years in studying bearing failure. Bearings fail due to a number of
factors including mechanical stress, such as axial or radial loads, and electrical stress, such as EDM
currents. Currently, the most widely used solution to bearing failure is to perform fixed interval
maintenance and there are no well-known and accepted techniques for bearing fault prognosis. The
goal of this work was to propose methodologies for effective prognosis so that routine maintenance
on bearings can be changed to condition-based maintenance. This is critical for system reliability,
safety and is cost efficient as it decreases the amount of down-time for the system.

In Chapter 2, we reviewed several test rigs which were designed to accelerate the degradation
process of a bearing. We also presented two platforms. The first was the PRONOSTIA platform
which used radial loads to degrade bearings. The second was an experimental setup we constructed
which used electrical stress via a shaft voltage to accelerate bearing degradation. This shaft voltage
induced EDM currents to flow through the bearing, causing damage. Data from both of these
platforms were used in the subsequent chapters for hidden health state estimation from bearing
vibration data and bearing fault prognosis.

In Chapter 3, we presented two novel methods for health state estimation from bearing vibra-
tion data. The first method was based on change-point detection and finding transient periods in the
data. These transient periods corresponded to the transitionary periods between the hidden health
states. We also showed that different loading conditions resulted in different health state durations
and transitions. The second method utilized a statistical modeling tool, the temporal HMM, to
perform unsupervised clustering on bearing vibration data. This method suggested a more statis-
tical approach to estimating the hidden health states and provided a better understanding of how

bearings transition through their degradation. Since the health states of a bearing are hidden, using
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a temporal HMM to estimate them only seems fitting.

In Chapter 4, we used the EKF to perform RUL estimation for bearings. First, we introduced
TF features from bearing vibration data for fault prognosis, due to the fact that TF features have
the ability to provide more information than the time and frequency domain. We showed that RUL
estimation algorithms are more accurate if the algorithm is trained in the middle of a run rather than
at the beginning, since the vibration data is too noisy to provide useful features at the beginning of
a run. We also showed that different features were better suited to capture trends under different
operating conditions. For certain operating conditions, entropy was able to capture information
at the start. In these cases, tracking the entropy across time was able to provide more accurate
RUL estimates. The variance was more suitable to capture information at the end for any operating
condition. This suggests the need for operating condition-specific RUL estimation algorithms.

In Chapter 5, we studied the isolated effects of EDM currents to gain a better understanding of
how electrical stress alone can cause damage to bearings. We also provided some updates to our
RUL estimation work in Chapter 4. First, we changed the implementation of our EKF by using a
continuous-time dynamic equation to model our system. We also presented a novel approach based
on wavelet decomposition to detect a current discharge influx event from bearing current data. This
influx event occurred before there was any significant change in vibration data. We proposed to
use this current discharge influx event as a cue to start RUL estimation, providing more accuracy

and efficiency.

6.1 Future Work

6.1.1 Using the Hidden Health States of Bearings for Effective Fault Prognosis

In Chapter 3, we proposed a framework which grouped unlabeled bearing vibration data into dis-
crete health states. We saw that these health states changed in accordance to the operating con-
ditions the bearing was under. Future work should take a step further and utilize these results to

obtain accurate RUL estimations. One approach to achieve this is to perform prognosis in two
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steps. The first step would be to diagnose which health state the bearing is in based on the features
at that time instant. The next step would be to estimate the time it will take for the bearing to reach
the following state(s) until the bearing reaches the failure state. To accomplish this, a degradation

model should be built for each state, tracking the evolution of the features to the next state.

6.1.2 RF Detection of Bearing Discharge Events

As stated before, one of the fundamental shortcomings of using current data is that direct measure-
ment of bearing currents is not possible in real-world applications. Furthermore, the shaft voltage
we artificially induced is normally unknown to the user. Future work in this experimental setup
would be to detect bearing discharge pulses indirectly. One way to achieve this is through radio
frequency (RF) detection [47,87]. Each bearing discharge event contains a finite amount of energy
given by:

Ee = %ctotvg, (6.1)

where vy, is the bearing voltage at the time instance just before the discharge, and
Ctot = Crf + Y, (6.2)

where C). ¢ is the rotor-to-frame capacitance, Cj is the bearing capacitance. As stated in [6], a
portion of this energy is radiated outside of the motor and these radiations can be detected by an
RF antenna. The frequency of bearing discharge events (shown in Figure 6.1) has been found to
be in the range of 100 - 400 MHz, with a duration of approximately 50 ns [6, 88]. In [47], the
discharge events detected by the antenna were then counted using a field programmable gate array
(FPGA) and the bearing discharge events could be tracked throughout the duration of the run.

In future work, an addition to our accelerated bearing degradation platform could be made in
the form of an RF system to detect the bearing current pulses. Once accurate detection of bearing
current discharges is obtained, the detected pulses can be used to replace the measured pulses in

Chapter 5. The detected bearing pulses would then be used as a means to trigger RUL estimation
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Figure 6.1 Bearing Current Discharge Event [6].

on the bearings and will provide an industry ready solution to the problem of unanticipated bearing
failure.
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