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Rolling element bearings in rotating machinery are vulnerable mechanical components that are prone to
premature failure with dire consequences. Early warning of impending bearing failures is vital to the safety and
reliability of high-speed turbomachinery. At present, vibration monitoring is one of the most common procedures
used to detect online damage and early failure of rolling element bearings. This paper presents results from an
experimental rotor-bearing test rig with known induced damage in the supporting ball bearings. Two types of
damages are examined, namely, that of 1) the ball rolling element and 2) the inner race of the bearing. Four online
vibration signature analyzing schemes are used: 1) time averaging, 2) frequency domain analysis, 3) joint time-
frequency analysis (Wigner—Ville and wavelet transforms), and 4) chaotic vibration analysis (modified Poincaré
diagrams). The results from the various procedures are compared for efficiency in early pinpointing of damage and
reliability in the detection. Based on this study, it was found that, in the case of race damage in which interactions with
the damage area take place in a periodic manner during shaft rotation, vibration signals resulting from contacts with
the damage location can generally be found within a typical window of data sampling, and damage can be identified
using all four selected online procedures. For the case of ball-element damage, the vibration signals are chaotic in
nature due to the unpredictable rotational patterns of the ball elements. Under such conditions, interactions with the
ball-element damage area may not occur within the particular data sampling period, and as a result, damage cannot
be detected by the traditional time-frequency procedures. It is also demonstrated that, in this study, the modified
Poincaré map approach using a relatively large amount of sampling data can be effective in identifying damage in the

ball rolling element.

Nomenclature
a, b = scale and shift parameters used in wavelet
transform
CWTf(a, b) = continuous wavelet transform
f = frequency, Hz
j = imaginary part of a complex number
x(f) = frequency domain signal after FFT
x() = time domain signal
x*(1) = complex conjugate of time signal
t = time, s
W.(t, f) = Wigner—Ville distribution of time signal
T = time domain variable
Yap(t) wavelet function

I. Introduction

N THE rotating machinery industry, in which both weight-to-load
factor and efficiency are pushed to their design limits, one of the
major concerns is the fatigue failure in rolling element bearing
components. Such failures often result from excessive wear in
rolling-ball elements as well as damage/wear of the inner/outer races
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of the bearing. At present, rolling element bearings are significant
contributors to both flight safety incidents and maintenance costs,
especially in the aeronautics and aerospace industries. In the last 20
years, bearing replacement has composed almost 30% of the
maintenance costs in the aircraft industry. Current onboard condition
monitoring systems often fail to provide sufficient time between
warning and failure so that timely safety measures can be taken. At
times, a small fault in the bearing system can quickly develop into a
dangerous failure mode without any notable signs. In addition,
inaccurate interpretation of operational conditions may result in false
alarms and unnecessary repairs and downtime.

For preventing unexpected failure in rolling element bearing
systems, some work [1-3] has been carried out based on a statistical
model developed by Lundberg and Palmgren [3] using reliability
models based on classical fatigue theory and the Weibull failure
distribution. However, most of this work does not consider the
conditions of the machine components and their operating environ-
ments during various phases of their lifespan. Today, signature
analysis of machine vibration/acoustic signals [4-9] is one of the
advanced fault identification procedures used in high-speed rotor-
bearing systems. Besides the traditional approaches using time signal
and frequency spectrum analysis that have gained considerable
success, a joint time-frequency domain method, based on the
Wigner—Ville distribution, was recently applied by the authors [5-7]
to detect gear and bearing failures in a transmission system. The joint
time-frequency domain method provides an instantaneous frequency
spectrum of the system at various points of the rotation of the shaft. In
addition, this paper also applies the wavelet method [10,11] to
examine vibration data. Although these two joint time-frequency
methods are mostly used separately, their combined application can
sometimes provide accurate pinpointing of system failures and their
severities.
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Even though the use of chaotic vibration analysis was first
performed by Ehrich [12] in the early seventies, its full application in
identifying and quantifying ball bearing damage has not been fully
realized. As the ball element is rotating freely in all directions, the
interactions with the damaged ball element with the bearing races can
be quite chaotic, resulting in a highly nonperiodic type of vibration
signature. Using the statistical approach developed through chaotic
vibration analysis, the modified Poincaré map applied in this study
identifies and quantifies damage in bearings based on the acquired
experimental data. A complete discussion of the usage of the
modified Poincaré map and the other existing methods is also
presented in this paper.

II. Description of the Experimental Study

The study of damage identification and remaining life prognosis
for a ball bearing is carried out with a high-speed test rig. All eight
ball-element bearings used in this study have the following
characteristics:

1) Bearing o.d. is 1.85 in.

2) Bearing i.d. is 0.625 in.

3) Bearing length is 0.625 in.

4) Ball diameter is 0.2813 in.

5) Pitch diameter is 1.1228 in.

6) Train frequency is 0.375.

7) Ball pass frequency to the outer race is 3.

8) Ball pass frequency to the inner race (shaft speed) is 5.

During the test, the ball bearing on the driving electric motor side
was kept intact while the bearing on the belt side was changed for
three different cases of study: 1) with an undamaged eight-ball
bearing, 2) with a bearing damaged at the inner race (Fig. 1), and
3) with a bearing having one of the eight ball elements damaged
(Fig. 2).

The measured damage profiles are given in 3-D form in both
Figs. 1b and 2b (with accuracy of measurement of 0.0001 in.). The
shaft speed is set at 80 Hz (4800 rpm was found to be the optimal
speed for constant speed operation of the electric motor based on its
size) and vibration data is obtained through a set of x- and y-direction
accelerometers positioned at the bearing supports of the damaged
bearing. The data is then transmitted to a PC-based 12-bit high-speed
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Fig. 1 Inner race damage: a) photo, b) profile.
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Fig. 2 Ball-element damage: a) photo, b) profile.

analog-to-digital data acquisition system. With accelerometer
sensitivity of 10 g/V and digital conversion settings of —10 to
+10 V, the accuracy of measurement is estimated to be within
0.005 V (0.05 g). Both shaft speed and bearing ball cage speed are
also measured using optical encoders. The sampling rate of the
vibration data is set to 375 samples per revolution of the shaft, as
determined by the optical encoder. Vibration signals for
approximately 2000 revolutions are acquired during a typical
window sampling time and stored for fault identification vibration
signature analysis.

III. Vibration Signature Analysis Procedures

To provide for an accurate identification of the faulty bearing
components, four major vibration signature analysis procedures are
used: 1) the frequency spectral analysis, 2) the Wigner—Ville
distribution (WVD), 3) the wavelet transform, and 4) the chaotic
vibration-based modified Poincaré map.

The frequency spectral analysis is based on the numerical FFT
transform on the original time signal to provide an average estimation
of the excited frequency components during the period of sampling
used in the analysis. Because a 1024-point transform is used in this
study, the length of the sampling time window period is relatively
short and covers only two revolutions of the shaft. (1024 points
sampling at 30,000 Hz equals to 0.034 s of acquired data, which
corresponds to less than three revolutions of the shaft rotating at
80 Hz.) Thus the results can sometimes be nonconclusive due to the
chaotic motion or rotation of the damaged rolling element (damaged
locations in the rolling element may not make contact with the inner/
outer race during the short period of operations). Frequency spectra
from data sampling windows at different times have been added to
provide a more accurate representation of the vibration signature of
the system.

The WVD is a time-frequency decomposition that provides a 3-D
(time, frequency, amplitude) representation of an input signal, which
is well-suited for describing transient or other nonstationary
phenomena. It provides an instantaneous display of the frequency
components at each time instant within the sampling time window
period, which is not available in standard Fourier spectral analysis. In
other words, the WVD is capable of detecting any instantaneous
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amplitude and phase change of the vibration signals during the short
data sampling time period. In the time domain, the WVD distribution
is defined as [4-9]

WGt f) = / " t + 1/ — 12 exp(—2nfrde (1)

where x(7) is restricted to a complex continuous time analytic signal
with a Fourier transform x(f).

The wavelet transform provides a time-frequency (specifically
time-scale) analysis of an input signal [10,11]. Similar to the WVD in
this respect, it has an advantage over the Fourier transform, in that it
can indicate the frequencies that are present in a signal but cannot
determine at what times those frequencies are present. The wavelet
transform has the advantage over the WVD in that it is linear in its
application. The WVD, because of its inherent nonlinearity,
produces interference terms that introduce nonzero values into the
WVD at unexpected locations of the time-frequency plane. These
interference terms for the WVD can make it difficult to correctly
analyze a signal.

The continuous wavelet transform [10,11] of input signal x(z) is
defined as

CWT /(a.b) = % A x(t)l//(?) dr 2)

where a € RT isthe scale and b € R is the shift parameter. The factor

ﬁ is used to conserve energy. The fundamental operations applied in

this definition are scaling and shifting the particular wavelet function
used in the integrand. Then the integral measures the similarity
between the signal x(#) and the shifts and scales of the wavelet
function ¥, ,(f), where

1 t—>b
Wa,b(t)zjva'W( a ) (3)

The use of chaotic theory in analyzing damage problems in
rotating machinery for nonsynchronous vibration components is first
performed in detail by Ehrich [12]. The chaotic dynamics of the
system due to damage in the ball element is quite similar to the
contact problem in its nonrepeatable nature. As the ball element is
allowed to rotate freely in all directions, the contact of the damaged
location on the ball with the inner or outer races can be quite chaotic,
resulting in a highly nonperiodic type of vibration signature. Using
the statistical approach developed in chaotic vibration analysis, the
Poincaré map, the average phase and amplitude of vibration at a
certain point on the shaft over a number of periodic time can be
determined by averaging the vibrations measured at the particular
point every time after a complete revolution (complete revolution of
the shaft or the cage). Applying this procedure repeatedly to different
points on the shaft over a large number of revolutions, a dependable
statistical representation of the shaft vibration signature for each
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shaft/cage position can be determined. Normalizing vibration
amplitudes in both x- and y-directions, a modified Poincaré map of
the vibration signals can be constructed. The results and applications
of this modified Poincaré map will be given in detail in the next
section.

IV. Discussion of Results

To study the dynamic characteristics of the experimental test rig,
frequency response functions of the system are evaluated from the
results based on impact hammer applications. Results of the
frequency excitation functions for both the x- and y-directions are
given in Figs. 3a and 3b, respectively. In the x direction, a major
response frequency is excited at 3000 Hz with some sideband
excitations at around 2300 Hz and 3500 Hz or higher. Comparing
Fig. 3a with Fig. 3b, itis found that the major frequency has shifted to
approximately 3200 Hz due to the variations in the x- and y-
supporting stiffness. As the loading is applied in the y direction, the
amplitudes of frequencies excited in the x direction are generally
higher than those in the y direction. Based on this result, the vibration
analysis will be predominantly performed on data collected by the x-
direction accelerometer.

To perform an overall vibration signature analysis of the system
due to damage/wear in the bearing, vibration data from
accelerometers are collected for cases 1) with no bearing damage,
2) with damage at the inner race, and 3) with damage in the ball
element, (see damage pictures in Figs. 1 and 2). The vibration signals
from the accelerometers for each of the three cases mentioned are
acquired at two different time windows to demonstrate the chaotic
nature of some of the vibration results. Typical results acquired from
two separate time windows for the three cases of study are shown in
Fig. 4. Note that there are only slight differences between the time
signals collected at different times for case 1 with no damage
(Figs. 4a and 4b) and case 2 with inner race damage (Figs. 4c and 4d).
However, the two time vibration signals for case 3 with ball-element
damage (Figs. 4e and 4f) show substantial differences due to the
chaotic rotational motion of the ball element ensuing contact
between the ball element and the inner/outer races of the bearing.
Figure 5 depicts the frequency spectra of the three cases of study. For
case 1 (Fig. 5a), there is practically no excited frequency component
at the system’s natural frequency of 3000 Hz. Only a very small
frequency component can be detected at the ball pass frequency of
640 Hz (eight ball bearings rotating at 80 Hz). For case 2 (Fig. 5b),
large frequency components around the system’s natural frequency
appear in the frequency range of 2300-3000 Hz. Large frequency
components are also found between 1500 and 2000 Hz, seemingly
due to the excitation of secondary natural frequencies at multiples
(three and four times) of the ball passing the frequency of 640 Hz.
Figure 5c shows the frequency spectrum of the vibration signal due to
ball-element damage, (case 3), corresponding to the time signal
acquired in time window 1, as shown in Fig. 4e. In this case only very
small frequency components at multiples of the shaft speed and the
ball pass frequency can be seen in the spectrum, similarly to the case
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Fig. 3 System frequency excitation using an impact hammer: a) x direction, b) y direction.
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Fig. 4 Time signals for different bearings at time windows 1 and 2.

with no damage (Fig. 5a). The damage cannot be detected in this time
period because the sampling time window did not “catch” a contact
event between the chaotically rotating balls and the races. However,
the frequency spectrum (Fig. 5d) resulting from the other vibration
signal window shown in Fig. 4f shows large frequency components
near the 3000 Hz region with a sizable vibration component at the
ball pass frequency of 640 Hz. In this case the sampling window is
sufficient to register the interactions between the damaged ball and
the races. However, aside from indicating the slight shifting of the
excited frequencies, the analysis still does not provide a definite
identification of the type of bearing damage.

We can now proceed to show the results of two other time-
frequency procedures, the WVD and the wavelet transform, as they
are applied to the same four sets of time data shown in Fig. 5. One can
see that in the WVD representation (the vibration amplitude is
represented by color/gray scale with the darkest color related to a
fixed maximum amplitude for comparison purposed, the time-scale
for one revolution of the shaft is along the vertical axis, and the
corresponding frequency spectrum is on the horizontal axis) for the
case 1, Fig. 6a does not show any particular features for bearing
damage. For case 2, the WVD results (Fig. 6b) show the formation of
along hollow diamondlike cross pattern, which indicates a short term
phase change in the time signal as the ball element rolls over the
damaged inner race portion of the bearing [9]. For case 3 when the

ball element is damaged, the WVD indicates in Fig. 6d a short solid
diamondlike cross pattern, representing the existence of a short-term
increase in amplitude (burst) [9]. Such a burst effect is due to a
sudden change in the overall bearing stiffness when the damaged
portion of the ball element makes contact with the inner/outer race of
the bearing. (The position for the location of the ball-element
damage, with reference to the 360 deg of shaft rotation in the vertical
time axis, is adjusted to be in the same position as the inner race
damage for comparison purposes.) Based on the results from this
study using the previously developed pattern recognition schemes
[9], one can conclude that WVD is not only capable of pinpointing
the damage and its location, it can also, in some degrees, identify the
types existing bearing damage. Although the WVD gray scale
provides relative magnitudes of the vibration components, in this
case, only limited information can be extracted concerning the level
of damage. To further examine the damage in the bearing, a wavelet
transform procedure is applied to the vibration signals. The Db3 of
the Daubechies family [10,11] of wavelets are selected due to their
similarity to the pattern of the time signal at the damaged location. A
scaling factor of 3 to 100 is chosen for an output frequency range of
200-6666 Hz. Figures 7a and 7c represent, respectively, the wavelet
transform for case 1 with no damage (Fig. 5a) and case 3 with no
contact between the damaged ball and the race (Fig. 5c). Note that for
both cases, there are very few vibration amplitudes in the plot to
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Fig. 5 Frequency spectra for different bearing cases.

indicate any type of damage. The wavelet plot in Fig. 7b represents
the case 2 in which damage is located in the inner race at around
200 deg from the reference mark as indicated by the WVD in Fig. 6b.
In this case, substantial vibration amplitudes can be found between
the frequencies of 1500-3000 Hz. The results for the case of ball-
element damage, as shown in Fig. 7d, depict larger vibration
amplitudes than the previous three cases, as indicated by the
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significant darkening in the gray scale. Because the vibration
frequencies in both the race and ball-element damage cases are all
excited between the frequency ranges of 1500-6600 Hz, a
comparison of the gray scale can provide information on relative
vibration amplitudes, which can be used to relate to the levels of
damage. Although the wavelet transform, in this case, seems to
provide better insight in quantifying the damage in the bearing, it
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Fig. 6 Wigner-Ville distributions of vibration signal for different bearings.
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Fig. 7 Wavelet transforms of vibration signal for different bearings.

cannot provide a good indication of the type of damage in the
bearing.

Because of the chaotic nature of the motion of the ball element, a
modified Poincaré map [12,13] based on chaotic vibration theory
with data averaging over 2000 revolutions is used to detect and
quantify the damage at both the inner race (case 2) and the ball
element (case 3). The use of a large data set of vibration
information, namely, for 2000 revolutions, will ensure ample
opportunities for the damaged location at the ball element to contact
with the inner/outer races. In this study, modified Poincaré maps
using both shaft speed and relative cage speed are used based on the
following reasons: The shaft speed modified Poincaré map
represents the dynamic characteristics of the shaft during one
complete shaft (inner race) revolution. For the case of inner race
damage, the vibration due to the race damage can be detected by the
sudden increase in vibration amplitude during one shaft revolution
and the damage location on the shaft/inner race can be determined
by the relative angular position with the shaft triggering/timing
mark. The relative cage speed modified Poincaré map represents the
dynamic characteristics of the shaft during one complete revolution
of the ball cage relative to the inner race. In other words, the
modified Poincaré map will represent the period for all the ball
elements to travel over once a particular location at the inner race.
For bearing with inner race damage, such time period will include
the period for interactions of all ball elements with the race-
damaged area such that the number of vibration peaks will be equal
to the number of ball elements. The existence of such multiple
peaks phenomena can provide further confirmation of the inner race
damage detection.

Figure 8 shows the modified Poincaré maps of both averaged and
maximum vibrations (measured in volts) for 2000 shaft revolutions
at a shaft speed of approximately 80 Hz (based on the optical
encoder for each shaft revolution to minimize the effects of the
variations of speed due to the electric motor). Figure 8a shows the
modified Poincaré map for averaged vibrations with no damage.
Results from the inner race damage and the ball-element damage

cases are given in Figs. 8b and 8c, respectively. Note that the
modified Poincaré map with the inner race damage given in Fig. 8b
shows a very substantial increase in vibration amplitude at the 9
o’clock position (relative to the reference mark at the positive x
axis). Such a large increase in the vibration amplitude not only
indicates bearing damage, but it also provides a more definite
quantification of the damage. The modified Poincaré map due to
ball-element damage given in Fig. 8c shows some increase in
vibrations when compared to the one with no damage, but does not
provide a good indication of the ball-element failure. The plots of
maximum vibrations show a very significant increase in vibration
amplitudes for the ball damage case in Fig. 8f, but are not as
pronounced in the inner race damage case in Fig. 8e.

Further investigation showed that using the cage speed (instead
of the shaft speed for the modified Poincaré map) provides a better
identification and quantification of the bearing damage. Figure 9
shows the results of both averaged and maximum vibrations for all
three cases at the cage speed of approximately 2.5 times the shaft
speed (based on the optical encoder for each cage revolution). Note
that in Fig. 9b, the vibration signature displays eight peaks around
the bearing circumference as a result of the eight ball elements
rolling past the inner race damaged location during one revolution
of the cage. In this case, not only is the damage at the inner race
easier to identify, but it can also be readily quantified by the
change in peak vibration amplitudes when compared to the
baseline undamaged case in Fig. 9a (about three times larger).
Results from the ball-element damage, as shown in Fig. 9c, are
significantly higher than those with no damage as shown in
Fig. 9a. The results shown in Figs. 9d-9f display a much more
distinct increase in vibrations for both the race damage and ball
damage cases. Based on examinations of the plots given in Fig. 9,
one can conclude that the inner race damage can be better detected
by the averaged vibration map, whereas maximum vibration map
will be better for identifying the ball-element damage. However,
due to the chaotic motion of the ball elements, the statistical
averaged vibrations will provide a better estimation of the level of
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Fig. 8 Modified Poincaré maps, shaft speed.

damage in the bearing, as discussed in a recent publication by the
author [14].

V. Conclusions

In conclusion, the study shows that, in the case of bearing race
damage, where interactions with the damage area occur in a periodic
manner during shaft rotation, vibration signals resulted from the
damage interactions can usually be found within a typical sampling
window. The four selected online procedures, the time domain
analysis, the frequency domain analysis, the joint time-frequency
analysis, and the modified Poincaré map, can be effective in various
degrees in identifying the existing damage. For the case with ball-
element damage, the vibration signals are chaotic in nature due to the
unpredictable rotational patterns of the ball elements and interactions
with the damage in the ball element may not occur within the
particular data sampling period. As a result, the damage cannot be
detected by the traditional time-frequency procedures, whereas the
modified Poincaré map procedure using a relatively large amount of
sampling data can be effective in identifying such damage.

Specific conclusions based on the results of this study can be
summarized as follows:

1) The use of time signature data can provide information on the
overall increase of vibration amplitudes without any specific
indications of the type or location of the damage.

2) The use of frequency spectrum analysis can provide good
indications of the component damage by the existence of large side
band components. However, the vibration spectrum can sometimes
be difficult to interpret, and it does not provide specific information
on the types and location of the damage.

3) The Wigner—Ville distribution can provide a relatively good
indication of the type and location of the damaged component, but it
does not provide a very good estimation of the level of the damage.
Using the wavelet transform in conjunction with the WVD can
provide a better estimate of the level of damage in the bearing.

4) The use of the modified Poincaré map can provide a good
identification of the ball element and inner race damages in the
bearing system. The statistical approach based on time data taken
over a longer period of time can ensure interactions between the
damaged location on the ball element with the inner/outer races of the
bearing during the sampling window. The level of damage can
generally be determined by the amplitudes of the peaks displayed in
the modified Poincaré map.

5) Using the modified Poincaré map with the shaft speed, the
location of the race damage relative to the shaft reference/timing
triggering mark can be determined. When the modified Poincaré map
with cage speed is used, the vibration characteristics of each ball
element rolling over the inner race damage area will be displayed,
with number of peaks equal to the number of ball elements, for
damage confirmation and quantification. The existence of such
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Fig. 9 Modified Poincaré maps, cage speed.

multiple peaks phenomena can provide further confirmation of the
inner race damage detection.

6) Using the modified Poincaré map with average vibration
amplitudes, a data bank on the relationships between vibration
amplitudes and various degrees of bearing damage can be established
to provide upper limits for real time bearing life prognosis. The
results on such statistical analysis based on a large quantity of
industrial bearings will be reported in a forthcoming paper.
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