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Figure 5. ICMS concerning the last acquisition for case study |: (a) raw vibration signal, (b) extracted signal (SOI).

ICMS: integrated cyclic modulation spectrum.

Figure 6. Case study 2. (a) Test rig, (b) gearbox schema.

based on the results of the vibration signal model Table 4. Induction motor data.
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sitions in order to evaluate the SOI’s cyclic frequency.
Figure 4(c) shows the ICMS of the extracted signal for
all acquisitions. Strongly enhancements can be seen in
the last acquisitions, which enable the detection of the
fault growth. De facto, Figure 5 focuses the attention
on the last acquisition comparing the ICMS evaluated
on the raw and on the extracted signal, respectively.
In particular, the benefits of the BSE as a pre-
processing tool are highlighted from the strong amp-
litude increase of the cyclostationary indicator.

Case study 2: Complex system

In this section, a gearbox is taken into account in
order to better understand the effectiveness of the
proposed approach. As a matter of fact, the periodic
components related to the tooth meshing can hid the
signature of the fault bearing.

Tests were performed in a test-rig designed and
built up at the Engineering Department of the
University of Ferrara. The test-rig consists of a
base, including two induction motors controlled by
inverters and a gear unit (Figure 6(a)). In more

phase winding

detail, the driving induction motor (BN80C?2) is con-
trolled in a feedback speed loop; an encoder evaluates
its speed with 360 pulses per revolution. The load
induction motor (BN132MB4) is controlled in a feed-
back torque loop, while an encoder evaluates the
speed with 3600 pulses per revolution. Table 4 lists
the data of the induction motors.

The gear unit (C312) contains two helical gear
pairs, the first of 18 and 71 teeth, the other of 12
and 55 teeth, for a global speed reduction ratio of
18:1. Further details about the test bench can be
found in Dalpiaz et al.*?

In order to assess the effectiveness of the BSE as a
pre-processing tool, an experimental campaign was
carried out in order to obtain distributed wear on
ball bearings. The bearings under test are single-row
sealed bearings, type SKF6007 and SKF6008; they
are mounted on the first stage of the gearbox,
Figure 6(b). The bearings were degreased in advance
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Table 5. Number of acquisitions for case study 2.

Test |
Day I 2 3 4 5 6 7

# Acquisition/day 3 4 4 4 6 6 6 6 6

Test 2
Day Il 2 3 4 5 6 7 8 9

# Acquisition/dday 3 4 4 4 6 6 6 6 6

12 13 14 15 16 17 18 19 20 21
6 6 6 6 6 6 12 12 12 12 5

Table 6. Characteristic fault frequencies for case study 2.

Description Symbol SKF6007 SKF6008
Rotation frequency (Hz) fr 45 45
Outer race fault frequency (Hz) f, 207 230
Inner race fault frequency (Hz) f; 288 310
Cage fault frequency (Hz) fe 18.8 19.2
Ball fault frequency (Hz) f 268 300

in order to accelerate the wear process and then
mounted on the test machine. In particular, sealed
types were chosen in order to avoid bearing lubrica-
tion by the gearbox oil.

Two consecutive tests were performed. Test 1 was
carried out over a time span of 12 days, whilst Test 2
was carried out over a time span of 21 days. For both
Tests, the gearbox was driven at 45 Hz and a torque of
20 Nm was applied at the gearbox output shaft. The
gearbox vibration signature was measured by means
of three piezoelectric accelerometers mounted in
radial direction nearby the bearing support of the
first stage pinion. The signals were acquired by
means of CompactRIO system controlled by self-
made NI LabVIEW software. In order to monitor
the fault evolution, the time between subsequently
acquisitions has been proportionally decreased, lead-
ing to an amount of 4728 and 1882 acquisitions in
total for Tests 1 and 2, respectively. Each signal
was acquired with a sample frequency of 50 kHz to
an extent of 40s. In this work, only a restricted
number of 64 and 140 significant acquisitions
are taken into account for Tests 1 and 2, respectively,
as depicted in Table 5. For the bearings under test,
the expected fault frequencies are collected in Table 6.
At the end of each Test, the bearings were un-
mounted to check the surface status. After Test 1,
the surfaces of SKF6007 outer race as well as
SKF6008 roller elements show distributed wear,
whilst at the end of Test 2 only the surfaces of
SKF6008 roller elements develop distributed wear.
It has to be noted that in Test 2, gearbox oil enters
into the SKF6007 bearing due to damage in the bear-
ing-sealing element. Figure 7 shows the outer race of
SKF6007 and a roller element of SKF6008 after Tests
1 and 2, respectively.

Figures 8 and 9 depict the time signal captured
during the first and last acquisitions for Tests 1

and 2, respectively. It is possible to see an increase
of the overall vibration level from the first to the
last acquisition. This increase cannot be related to a
fault in the tested bearings, since the related spectra
clearly show an increasing of the meshing component
from the first to the last acquisition (Figures 8 and 9).
Therefore, in this case, the increase of the signal
energy cannot be related to bearing faults, but to
the relative increase of the meshing components.

As for case study 1, the classical envelope analysis
is carried out for both Tests 1 and 2. Figures 8 and 9
do not show particular frequency bands on which the
bearing signatures manifest themselves. Several fre-
quency bands were taken into account in this work;
the best outcomes were obtained by filtering the signal
in the 4.5-6.5kHz frequency band. The results of the
envelope analysis are depicted in Figure 10. In par-
ticular, Figure 10(a) shows the presence of the outer
race fault frequency for SKF6007 bearing in Test 1
(i.e. 207 Hz), whilst Figure 10(b) highlights the pres-
ence of the ball fault frequency for SKF6008 bearing
in Test 1 (i.e. 300 Hz). The ball fault frequency of
SKF6008 bearing for Test 2 (Figure 10(c)) is slightly
visible just in the acquisition range 30—60. The slightly
changes in the fault frequencies for Test 1 are due to
the fluctuation of the pinion rotation frequency among
the different acquisitions. The Envelope Spectrum
highlights the beginning of the faults whilst it cannot
supply further information concerning the extension of
the wear. It is worth noting, that this technique is sen-
sitive to slight impacts originated at the beginning of
the fault manifestation. However, when the localized
defects grown, no impulses are generated and the enve-
lope analysis loses its effectiveness, especially on the
outer race (Figure 10(a)).

Cyclostationary analysis is carried out seeking to
obtain information on the fault evolutions. The amp-
litude of the ICMS has been tracked for all the 64 and
140 acquisitions of Tests 1 and 2, Figure 11. It is pos-
sible to see that cyclostationary analysis better high-
lights the fault presence. In particular, this indicator
brings extra information than the envelope analysis,
since it is able to monitor the fault growth. In particu-
lar, see Figure 11(c), the SKF6008 ball fault frequency
for Test 2 is now perfectly detectable (i.e. 300 Hz).
However, harmonics of the pinion rotation frequency
are clearly present in the CMS, i.e. 200 and 205 Hz.
These harmonics can alter the effectiveness of the
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Figure 7. Case study 2: (a) outer race of SKF6007 after Test |, (b) roller element of SKF6008 after Test 2.
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Figure 8. Time signal and frequency spectrum for Test | of case study 2: (a) first acquisition, (b) last acquisition.
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Figure 9. Time signal and frequency spectrum for Test 2 of case study 2: (a) first acquisition, (b) last acquisition.

indicator, hiding the cyclic fault frequency; therefore
they have to be removed from the signals.

In order to highlight the second-order cyclostation-
ary content, which is related to the bearing fault fre-
quencies, two pre-processing methods were applied
afterwards. The first method deals with the extraction
of the residual signal. As stated before, the residual
signal embodies the second-order cyclostationary part
and random noise. Therefore, the deterministic part,
related to gears meshing and shaft rotations, is cleared

out. In this work, the computation of the residual
signal is performed by subtracting from the raw vibra-
tion the deterministic component relative to the first
stage pinion. Then, the deterministic part due to the
meshing of the second gearbox stage is still present in
the residual signal. However, as it possible to see from
Figures 8 and 9, only the meshing frequency of the
first stage is visible in the raw vibration signal, due to
the position of the accelerometers, which are mounted
nearby the bearings that support the first stage pinion.
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Figure 10. Envelope spectrum for case study 2: (a) SKF6007 outer race fault frequency of Test I, (b) SKF 6008 ball fault frequency of
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Figure 11. ICMS of the raw signal for case study 2: (a) SKF6007 outer race fault frequency of Test |, (b) SKF 6008 ball fault frequency

of Test |, (c) SKF 6008 ball fault frequency of Test 2.

ICMS: integrated cyclic modulation spectrum.
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(a)

Figure 12. ICMS of the residual signal for case study 2: (a) SKF6007 outer race fault frequency of Test I, (b) SKF 6008 ball fault

frequency of Test |, (c) SKF 6008 ball fault frequency of Test 2.
ICMS: integrated cyclic modulation spectrum.

Hence, the effect of the second stage deterministic part
in the residual signal is negligible.

Figure 12 depicts the ICMS for the 64 and 140
acquisitions of Tests 1 and 2 computed on the residual
signal. It is possible to see that the harmonics of the
cyclic frequency relative to the pinion rotation are
cleared out. Nevertheless, noise is still present, affecting
the evaluation of the fault cyclic frequency for the last
acquisitions. De facto, random noise is still present in
the residual signal, and so, even if this pre-processing
method better highlights the fault growth, the results
are still affected by the random noise especially in the
last acquisitions. This drawback can be overcome by
the application of the BSE method. As stated before,
BSE seeks to recover the actual contribution of a par-
ticular signal component from the raw signal. In this
case, there are three SOI’s, the first two are related to
the SKF6007 outer race fault frequency and to
SKF6008 ball fault frequency for Test 1, and the
third one is related to SKF6008 ball fault frequency
for Test 2. It is important to notice that the SOI’s
related to the outer race fault and ball fault can be
extracted from the raw vibration signal because they
do not share the same cyclic frequency. The extraction

is carried out with the RRCR algorithm; the extraction
parameters are set based on the results of the vibration
signal model foregoing described. A clarification is
needed upon the simulated and experimental data.
The simulated data principally rely on bearing loca-
lized fault while the experimental data rely on distrib-
uted faults. The proposed procedure has been tuned on
localized fault data and then applied to the distributed
faults data. What may see like a contradiction is
instead shown to be correct. As mentioned in
“Optimization of the RRCR parameters using a
signal model” section, the localized fault model
describes the nature of the signal in terms of periodicity
related to the geometry of the bearing. As the wear
increases, the signal itself becomes random in nature,
but it is modulated by the impacts (energy flow) that
are still related to the geometry of the bearing.
Cyclostationary methods—Ilike the Cyclic Spectrum—
could extract this information from the raw data. As a
consequence, the tuning of the parameters could be
done on the localized fault model, but subsequently
used for the distributed fault case also.

Before all else, in order to extract the three SOI’s,
their cyclic frequencies have to be known a priori. The

Downloaded from pic.sagepub.com by guest on April 26, 2016


http://pic.sagepub.com/

Proc IMechE Part C: | Mechanical Engineering Science 0(0)

(a)

ICMS

(b)

ICMS

Figure 13. ICMS of the SOI for case study 2: (a) SKF6007 outer race fault frequency of Test I, (b) SKF 6008 ball fault frequency of

Test I, (c) SKF 6008 ball fault frequency of Test 2.
ICMS: integrated cyclic modulation spectrum.

determination of the three SOI’s cyclic frequencies is
performed by computing a Cyclic Spectrum (i.e. the
Spectrum of the squared signal'’) for the different
acquisitions. De facto, during the first acquisitions
of both tests, the faults do not manifest themselves,
leading the determination of the cyclic frequencies of
interest infeasible. Consequently, the RRCR was
applied only from 18th acquisition for the outer race
fault, and from 19th acquisition for the ball fault in
the case of Test 1, and from 23rd acquisition for the
ball fault in the case of Test 2. Figure 13 shows the
ICMS of the extracted signals. Strongly enhancements
can be seen with respect to the analysis of the residual
signal. In particular, the fault signatures are notably
highlighted especially for the last acquisitions; noise is
strongly reduced, leading straightforward the detec-
tion of the fault grow. Figures 14 and 15 focus the
attention on acquisition number 64 of Test 1 and 140
of Test 2, comparing the ICMS evaluated on the raw,
residual, and extracted signal respectively, in the
SKF6007 outer race fault cyclic frequency range,
Figure 14, and in the SKF6008 ball fault cyclic fre-
quency range, Figure 15. The advantage of BSE as a
pre-processing tool for the analysis of distributed
faults in bearings is pointed out. The amplitude of

the cyclostationary indicator is strongly increased in
the case of the extracted signal, emphasizing the fault
presence. As a matter of fact, the application of this
algorithm has several drawbacks compared to a
simple evaluation of the residual signal, such as the
need of more than one sensors and the a priori know-
ledge of the cyclic frequency of interest. However, the
output of BSE is the SOI, on which all the effects of
the other system sources, i.e. noise and other excita-
tion forces are cancelled out. Therefore, the BSE can
be a useful pre-processing tool for the analysis of
complex systems.

Concluding remarks

This work proposes the application of the BSE as a
pre-processing tool for the analysis of distributed fault
in ball bearings. In order to assess its effectiveness, the
BSE is compared to a more common pre-processing
tool for the analysis of cyclostationary signals, such as
the extraction of the residual signal. The effectiveness
of this method is discussed on the basis of both simu-
lated and real data. Because the efficiency of the
RRCR algorithm relies on the choice of several par-
ameters, a simulated vibration signal is generated
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Figure 14. ICMS concerning the last acquisition in outer race fault frequency range of SKF6007 bearing (Test |): (a) raw vibration

signal, (b) residual signal, (c) extracted signal (SOI).
ICMS: integrated cyclic modulation spectrum.
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Figure 15. ICMS concerning the last acquisition in ball fault frequency range of SKF6008 bearing (Test 2): (a) raw vibration signal, (b)

residual signal, (c) extracted signal (SOI).
ICMS: integrated cyclic modulation spectrum.

which takes into account the main vibration phenom-
ena involving in gearbox, such as gear meshing and
bearing vibrations. The RRCR is tested on this simu-
lated signal, and the window length that at the best
extracts the bearing signature from the gearbox mix-
ture is used in the analysis of the real vibration data.
An experimental campaign was carried out in order to
obtain distributed wear on ball bearings. In particu-
lar, two case studies are taken into account. The first
one addresses the diagnosis of bearing distributed
faults in a simple machine (i.e. a bearing testing
machine), whilst the other involves a more complex
machine (i.e. a gearbox).

From the present analysis, it could be concluded
that cyclostationary analysis can highlight the pres-
ence of the bearing faults. However as the fault
growth, the ICMS loses its effectiveness. More in
detail, for the gearbox case, the fault growth is also
masked by noise and meshing frequencies. Therefore,

in order to highlight the fault grow, pre-processing
tools have to be applied on the raw vibration signals.

The extraction of the residual signal is one of the
most used pre-processing tool for the analysis of
cyclostationary signals. Even if it is simple implemen-
tation, it requires an extra sensor, i.e. a tachometer
signal, for its evaluation. For the second case study,
the application of the ICMS on the residual signals
clearly shows an increment on the readability of the
results. In particular, all the interferences due to the
meshing frequency are cancelled out. However, noise
is still present in the residual signals and the detection
of the fault evolutions is again difficult, especially in
the last acquisitions.

The application of BSE on the raw vibration sig-
nals for both case studies gives the better results. In
particular, the extracted signals clearly highlight both
the beginning as well as the growth of the faults. As a
matter of fact, this technique requires the use of more

Downloaded from pic.sagepub.com by guest on April 26, 2016


http://pic.sagepub.com/

16

Proc IMechE Part C: | Mechanical Engineering Science 0(0)

than one sensor, i.e. several accelerometers. However,
the pros of this pre-processing tool overcome the cons
of the use of more sensors. Moreover, the extracted
signal can be used as a starting point for the applica-
tion of several techniques, not only cyclostationary,
bringing out simple parameters which can be used in
on-line detection system. Therefore, the RRCR algo-
rithm can be a useful pre-processing tool in order to
analyse cyclostationary signals of complex machines.
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