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Abstract

Condition monitoring (CM) of rolling element bearings (REBs) rotating at low speeds poses some challenges in practice
because of the low signal-to-noise ratio produced by the faults. Both vibration-based and ultrasound/acoustic emission
(AE) based sensing techniques have been proposed in the literature to detect faults in rolling element bearings running at
low speeds. The vibration-based technique generally works within the frequency band from 0 to 20 kHz. Meanwhile, the
ultrasound/AE-based techniques work in a very high-frequency band, from 20 kHz up to 1 MHz. Consequently, processing
ultrasound/AE sensor data requires more computational resources compared to processing vibration data. Moreover, the
hardware investment to build an ultrasound/AE-based CM system is more expensive than that of a vibration-based CM
system. Since hardware and software cost is one of the main bottlenecks of the adoption of CM systems in the industry, it is,
therefore, necessary to develop a cost-effective vibration-based CM system for critical bearings mounted on low-rotational
speed machines. The paper presents a feasibility study in evaluating the performance of an off-the-shelf low-cost vibration
sensor (10 — 20 times cheaper than high-end vibration sensors) with a low resonance frequency (around 75 Hz) to diagnose
faults on REBs operating at a low rotational speed of 30 - 60 rpm. The low-resonance frequency characteristic of the
low-cost sensor allows us to acquire the data at a low sampling rate of 400 Hz. A theoretical justification of why a vibration
sensor with low-resonance frequency can still be effective for low-speed bearing fault diagnosis is given. This feasibility
was experimentally validated on a test rig on which an REB with a seeded fault on the outer race was tested as a case
study. A high-end vibration sensor (accelerometer) acquired at a 20 kHz sampling rate was also used as a benchmark. The
vibration signals measured by the low-cost and high-end sensors in four different operating conditions were analysed with
the well-established envelope analysis. In addition, the high-end sensor signals were also analysed with the state-of-the-art
Spectral Correlation (SC) technique to compute the Enhanced Envelope Spectrum (EES) for bearing fault detection and
diagnosis. The results confirmed that the bearing fault could be successfully detected and diagnosed in all the test conditions
by the low-cost sensor analysed with the envelope analysis technique. On the other hand, the high-end sensor analysed
with the SC technique could only diagnose the bearing fault for the least challenging test condition. The outstanding
diagnostic capability of the low-cost sensor sampled at a low sampling rate has set a milestone that would enable the future

development of a low-cost CM system for low-speed bearing applications.

1 Introduction
The development of condition monitoring (CM) systems for
rolling element bearings, hereafter called bearings, has been
the main point of attentions in the predictive maintenance
(PdM) research community for many decades because these
mechanical components play a very vital role in the operation
and availability of rotating machinery [1]. Despite successful
implementations in real-life applications, CM of bearings still
poses some challenges. One of the challenges is fault detection
and diagnosis of bearings subject to low (rotational) speed. As
signals generated by the faults of low-speed bearings are very
weak and often covered by strong noise from other mechani-
cal components such as gears, screws, etc., extracting the fault
signatures from such signals is not an easy task [2-6]. Having a
robust and reliable CM system for low-speed bearings will have
significant impacts to reduce machines downtime in some in-
dustrial applications, including steel casting, paper mill, food
industry, wind energy, etc, which leads to the operation and
maintenance cost (OPEX) reduction.

Numerous methods have been developed for more than
a decade for CM of low-speed bearings. In general, these

methods can be divided into vibration-based [2,4] and ultra-
sound/acoustic emission (AE) based methods [3,6-8]. De-
spite the success of ultrasound/AE-based techniques for CM
of low-speed bearings, high computational cost due to the re-
quirement of high sampling rate as well as the hardware (pre-
amplifiers and data acquisition) investment required for the
sensors, are the most common drawbacks for these techniques.
In the case of vibration-based techniques using conventional
vibration sensors (i.e. frequency bandwidth up to 20 kHz),
the fault diagnosis effectiveness for low-speed applications can
be hindered due to the low signal-to-noise ratio [5].

Considering the advantage of the vibration-based tech-
niques in terms of the sampling rate, as opposed to the coun-
terpart ultrasound/AE-based techniques, one might raise a
fundamental question of whether the vibration-based tech-
niques can still be effective for fault diagnosis of low-speed
bearings if the used sampling rate is much lower compared
with the sampling rate used for common vibration sensors
(accelerometers). If this question is addressed, hence, a more
cost-effective CM solution for low-speed bearing applications
can be realised.

This paper aims to address the raised question through a
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feasibility study where a vibration sensor with low resonance
frequency (in the range of tens Hz) is used for the first time for
fault diagnosis of low-speed bearings. Using such a vibration
sensor suggests that a sampling frequency of a few hundred
Hz should be sufficient to acquire vibration signals. To justify
this hypothesis and motive this feasibility study, a theoreti-
cal analysis of the effectiveness of a low resonance frequency
vibration sensor for faults diagnosis of low-speed bearings is
given in the following section.

The remainder of this paper is structured as followed. Sec-
tion 2 presents the theoretical justification of why a vibration
sensor with low-resonance frequency can still be used for fault
diagnosis of low-speed bearing applications. Section 3 dis-
cusses the research methodology. Section 4 discusses the ex-
perimental procedure. Section 5 discusses the results obtained
from the data analysis. Section 6 draws relevant conclusions
and proposes future work.

2 Theoretical Justification

It is commonly accepted in the literature that a fault in op-
erational bearings generates an impact force F;(t). As shown
by Khanam et al., [9], the duration of the impact force is
inwversely proportional to the bearing rotational speed. This
implies that the impact force duration of high speed bearings
is shorter than that of low-speed bearings. Without loss of
generality, let us assume that the impact force F;(t) is repre-
sented by a half sinusoidal signal:

Fi(t) = { OFosm (T—ft> , 0<t<Ty (1)

else,
where F;, denotes the impact force amplitude, ¢ is the time,
and T is the impact force duration. By applying the Fourier
transformation to Eq. (1), one can analytically show that the
frequency spectrum magnitude of the impact force signal can
be expressed as follows, see Harris and Piersol [10]:

F(jw) =7 {F(t)} o
F(w)| = Jo | S22

where % {-} denotes the Fourier transformation operator,
|F'(w)| denotes the frequency spectrum magnitude of the im-
pact force signal F;(t), Jy = QF;’TTf, wp = Tlf, w = 2nf, and
f is the frequency in Hz. A careful examination on Eq. (2)
shows that the frequency spectrum magnitude is zero at the

frequency f = % These zero magnitudes are also observed
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at other frequencies, namely %, 3T AT

Figure 1 illustrates the impact forces and the correspond-
ing frequency spectra for different impact duration. It is seen
that the frequency bandwidth of the impact force with a short
duration is larger than the frequency bandwidth of the impact
force with a longer duration. This suggests that the energy of
the impact force generated by the faults in low-speed bearings
is mainly concentrated at low frequency range. Therefore, for
fault diagnosis of low-speed bearings, it is necessary to select
a vibration sensor with the resonance frequency f, within the
main frequency bandwidth of the impact force i.e. f. < %
This way, the bearing fault signature in the vibration signals
is amplified by the sensor resonance.
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Figure 1: Simulated impact force F;(t) and the frequency spec-
trum F(f) for different impact duration T’.

3 Methodology

This section discusses three aspects, namely: (1) the selection
of a low-cost off-the shelf sensor model with low resonance
frequency from the market and a high-end accelerometer as
a benchmark, (2) the design, manufacturing and assembly of
a test rig dedicated for fault diagnosis of low-speed bearings,
and (3) the signal processing method.

3.1 Sensor selection and data acquisition

A market scan was performed to select any low-cost off-the-
shelf vibration sensor types with low resonance frequency (in
the range of tens Hz). It was found that there was no so many
options available on the market for a sensor with low resonance
frequency, relatively small dimension and low cost. Through
the market scan, a low-cost cantilever-type vibration sensor
(the Minisense 100), which costs less than £10 per unit, was
selected. The sensor weighs less than 1 gram, with a resonance
frequency of around 75 Hz and a dimension of Imm x 7mm x
18mm. Notably, this low-cost sensor needs to be coupled with
a charge amplifier for the operation. For benchmarking, a
high-end IEPE Dytran 3055D2 accelerometer, with 100 mV /g
sensitivity and a frequency range of 1-10,000 Hz was selected.

3.2 Test rig design & assembly

The selected test bearing was an N 203 ECP bearing due to its
size, minimum radial load and also the easiness of disassem-
bly and reassembly, which facilitates seeding fault on the outer
race. The 20 mm diameter shaft was supported by two an-
gular contact bearings resulting in a cantilever configuration,
with the test bearing located beyond the outermost bearing
as shown in Figures 2 and 3. A structure of metal rods and
bars was used to position the test-bearing housing axially and
constrain rotation. Calibrated static radial loads were hung
from the housing vertically. The shaft was driven by a Nema
23 stepper motor, model 23HS22-2804S-HG10, with a built-in
1:10 reduction gearbox. A dedicated controller was used to
control the rotational speed.



Figure 2: 3D CAD model of the test set-up.

Figure 3: Final assembly of the test setup.

The high-end and low-cost sensors were mounted on a
metal plate at the bottom of the bearing housing using high-
strength adhesive to ensure an equivalent transmission path,
see Figure 4. When installing the test bearing with an outer
race defect, it is necessary to align the position of the defect to
the bottom position of the bearing housing which corresponds
to the load zone. This is done to ensure a realistic scenario
where outer race defects are typically formed around the load
zone. A couple of G-clamps were used to fix the base of the
test setup on the experimental bench.
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Figure 4: Sensors mounted on test setup.

3.3 Signal processing technique

For a fair comparison, the same signal processing technique
for bearing fault diagnosis, based on the well-established en-
velope analysis method (see Randall [1]), was applied to the
low-cost and high-end sensor signals. This method is graphi-
cally explained in Figure 5.
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Figure 5: The block diagram of the envelope-based signal pro-
cessing technique.

As the resonance frequency of the low-cost sensor is rela-
tively low, prior to applying the envelope analysis, the low-cost

sensor signals were decimated at a new sampling rate of 400
Hz. This way, the advantage of the low-cost sensor with a low
sampling rate capability for low-speed bearing fault diagnosis
can also be demonstrated.

The first step of the envelope analysis is band-pass filter-
ing of the vibration signal around the resonance frequency
of the low-cost sensor. The second step is demodulating the
band-pass filtered signal to shift to a low-frequency regime.
The third step is to low-pass filter and decimate the signal
resulting from the second step to a lower sampling rate. The
final step is to compute the squared enveloped signal followed
by applying the Fourier transformation to obtain the Squared
Enveloped Spectrum (SES).

As the resonance frequency of the low-cost sensor is around
75 Hz, the frequency band for applying the envelope analy-
sis to the low-cost sensor signals was set to [50,90] Hz. On
the other hand, the frequency band for applying the envelope
analysis to the high-end sensor signals was selected by means
of spectral kurtosis analysis using Kurtogram, as described in
Antoni and Randall [13].

For a more rigorous comparison, the high-end sensor sig-
nals were also analysed with the Spectral Correlation (SC)
technique to compute the ”Enhanced Envelope Spectrum
(EES)” being defined as:

fa
SBES () = / e (e )]df (3)

1

where SEF5(q) denotes the EES as a function of the cyclic
frequency « that corresponds to the bearing fault frequency, f
is the frequency, and 7, (c, f) denotes the Spectral Coherence
being defined as:

Saz(a, f)

where S, (o, f) denotes the SC being defined as the double
discrete Fourier transform of the instantaneous autocorrela-
tion function. The interested readers are referred to Antoni
et al. [14] for detailed descriptions of the method.

Yol f) = (4)

4 Experiment

4.1 Characterisation of the low-cost sensor

Prior to using the low-cost sensor for bearing fault diagnosis,
it was necessary to characterise the sensor and then compare
the identified characteristics with the specifications provided
by the supplier. To this end, an impact test was performed by
hitting a structure on which the low-cost sensor was mounted.
This impact test was repeated several times to check the re-
peatability. The impact response signal obtained from the
low-cost sensor can be used for characterising the sensor by
identifying the resonance frequency and damping factor.

4.2 Design of Experiment

One of the objectives of this study is to explore whether the
low-cost sensor can be used to diagnose bearing faults un-
der different loads and rotational speeds. In this study, a
low speed is defined based on the criterion formulated in [11],



where the low-speed range is determined by the bearing pitch-
line diameter. This criterion suggests that the low-speed range
for the test bearing (N 203 ECP bearing) used in this study is
below 100 rpm. Another consideration is the radial load range.
According to the supplier mounting guideline, the minimum
radial load that needs to be applied to the test bearing when
it is in operation is 0.12 kN (12 kg). Based on these require-
ments, two radial loads (12.5 kg and 20 kg) and two rotational
speeds (30 rpm and 60 rpm) were selected. Hence, there were
four test conditions in total, namely (1) 12.5 kg and 30 rpm;
(2) 12.5 kg and 60 rpm; (3) 20 kg and 30 rpm; and (4) 20 kg
and 60 rpm. A fault with a dimension of 1 mm width and 1
mm depth was seeded on the outer race of the test bearing
by means of the EDM wire-cutting technique as shown in Fig-
ure 6. The theoretical outer race fault frequency of this test
bearing is about 3.7 Hz at 60 rpm shaft speed.

Figure 6: Test bearing with a seeded fault on the outer race.

Vibration signals from both the low-cost and high-end sen-
sors were digitised and acquired using a PicoScope 4224 TEPE
digital oscilloscope. All the signals were sampled at a sam-
pling frequency of 20,000 Hz. The signal length for every data
acquisition is 20 seconds to ensure that the shaft has rotated
multiple revolutions.

5 Results and Discussions

5.1 Characteristics of the low-cost sensor

Figure 7 shows the signal of the low-cost sensor obtained from
the impact test. Notably, the raw signal is mainly dominated
by the electromagnetic interference (EMI) noise at the fre-
quency of 50 Hz and some higher harmonics. After removing
the EMI noise, the transient response is evident as seen in
the figure. The Hankel Total Least Squares (HTLS) method,
see Ompusunggu et al. [12], was applied to the filtered signal
to identify the resonance frequency and the damping factor of
the low-cost sensor. It was found that the estimated resonance
frequency is around 75 Hz which is very close to the resonance
frequency provided in the supplier datasheet. Figure 8 shows
the frequency response of the low-cost sensor reconstructed
by using the estimated resonance frequency and the damping
factor.
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Figure 7: The impact response signal of the low-cost sensor.
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Figure 8: The estimated frequency response of the low-cost
sensor. The vertical dashed line indicates the resonance fre-
quency.

5.2 Signal analysis and fault diagnosis

Figure 9 show a representative time waveform of the low-cost
sensor signal obtained from the most challenging case in this
study, namely the lowest speed (i.e. 30 rpm) and the lowest
radial load (i.e. 12.5 kg). As mentioned earlier, the raw sig-
nal of the low-cost sensor is highly contaminated by the EMI
noise. However, after applying a comb filtering to the raw
signal to remove the EMI noise and the higher harmonics, as
theoretically predicted in Section 2, the low-cost sensor am-
plifies the repeated impulsive signature caused by the bearing
fault in the vibration signal, as shown in the figure.
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Figure 9: A representative time domain signal of the low-cost
sensor. Note that the filtered signal (blue solid line) obtained
after the removal of the EMI noise and the higher harmonics.

Figure 10 shows the frequency spectrum of the low-cost
sensor signal obtained by applying the Fourier transformation
to the signal shown in Figure 9. It is seen that the resonance
frequency (see the peak around 75 Hz) of the low-cost sensor
is clearly highlighted in the frequency spectrum. Notably, the
EMI noise at 50 Hz and higher harmonics are evident as shown
in the figure. Further examination of the frequency spectrum
of the low-cost sensor signal, it is worth mentioning that there



also exist a few of resonance-induced phenomena around the
frequencies of 25 Hz and 110 Hz that was captured by the
sensor. However, at this stage it is not clear the origin of
these resonance frequencies. Most likely that these resonance
frequencies originate from the structure of the test rig, which
will be investigated in the future. Notably, amplitude mod-
ulations around the resonance frequency of 25 Hz and 75 Hz
can be observed in the frequency spectrum.
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Figure 10: The frequency spectrum of the low-cost sensor sig-
nal in Figure 9.

For the high-end sensor signal, one can see in Figure 11
that no strong EMI noise was captured in the measurement.
However, the high-end sensor signal does not show a clear re-
peated impulsive signature as opposed to the low-cost sensor
signal (after the EMI noise removal).
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Figure 11: A representative time domain signal of the high-

end sensor.

To further evaluate the high-end sensor signal, the fre-
quency spectrum of the high-end sensor signal was calculated
as shown in Figure 12. The frequency spectrum shows that the
main signal components are concentrated at a high frequency
range, around 240 and 490 Hz. For a fair comparison, the
frequency spectrum of the high-end signal is zoomed in from
0 to 200 Hz, as shown if Figure 13. It is seen in the figure that
amplitude modulations around the resonance frequency of 25
Hz and 75 Hz can also be observed in the frequency spectrum
of the high-end signal. As both the high-end and low-cost
sensors were mounted next to each other during the test, it is
likely that the resonance of the low-cost sensor triggered by
the impact excitation from the bearing fault was also captured
by the high-end sensor.
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Figure 12: The frequency spectrum of the high-end sensor sig-
nal in Figure 11.
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Figure 13: The zoomed-in frequency spectrum of the high-end
sensor signal.

To verify this hypothesis, the the raw signal of the high-
end sensor was analysed with the spectral kurtosis (SK) tech-
nique as mentioned in Section 3.3 From this SK analysis, the
Kurtogram shown in Fig 14, from which a frequency band
for performing the envelope analysis can be selected, is gen-
erated. For this test condition, the kurtogram suggests that
the frequency band (with the central frequency of 65 Hz and
the bandwidth of 30 Hz) for the envelope analysis should be
selected. This frequency band is very close to the resonance
frequency of the low-cost sensor, as mentioned earlier.
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Figure 14: The Kurtogram obtained from the raw signal of
the high-end sensor.

To decouple the resonance effect of the low-cost sensor, the
high-end sensor raw signal was re-analysed with the SK tech-
nique. However, the raw signal was high-pass filtered with the
cut-off frequency of 100 Hz prior to re-applying the SK tech-
nique. Figure 15 shows the kurtogram obtained after applying
a high-pass filtering to the raw signal. For this test condition,



the kurtogram suggests that the frequency band with the cen-
tral frequency of 0.95 kH and the bandwidth of 20 Hz, should
be used for the envelope analysis.
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Figure 15: The Kurtogram obtained from the high-pass fil-
tered signal of the high-end sensor with the cut-off frequency
of 100 Hz.

For each test condition, the kurtogram was generated by
applying the SK analysis technique to the high-pass filtered
signal of the high-end sensor to determine the frequency band
for the envelope analysis. The SES as mentioned in Section
3.3 were calculated from the high-end sensor signals. In addi-
tion to this, the EES were also calculated as a state-of-the art
benchmark.

Figures 16 - 19 show the SES of the high-end and low-cost
sensor signals and the EES of the high-end sensor signal, ob-
tained from all the test conditions. The vertical dashed lines
in the figures indicate the theoretical fault frequency and the
higher harmonics. It is seen in the figures that the peaks in
the SES match closely with the theoretical outer race fault
frequency and the higher harmonics for the low-cost sensor,
which suggests that the bearing fault was successfully diag-
nosed with the low-cost sensor and envelope analysis technique
for the given test conditions.
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Figure 16: Envelope spectra of the outer race damaged bear-
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Figure 17: Envelope spectra of the outer race damaged bear-
ing under 12.5 kg radial load and 60 rpm shaft speed obtained
from the low-cost and high-end sensor signals.
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Figure 18: Envelope spectra of the outer race damaged bear-
ing under 20 kg radial load and 30 rpm shaft speed obtained
from the low-cost and high-end sensor signals.

On the other hand, the expected peaks around the theo-
retical fault frequency and the higher harmonics are not very
obvious on the SES and EES of the high-end sensor for the
following test conditions: (1) 12.5 kg radial load and 30 rpm,
(2) 12.5 kg radial load and 60 rpm, and (3) 20 kg radial load
and 30 rpm. This suggests that the high-end sensor signal
analysed with the state-of-the art processing techniques was
not able to detect and diagnose the bearing fault for such test
conditions, see Figures 16 - 18.

However, as shown in Figure 19, the EES obtained by
analysing the high-end sensor signal with the SC technique
shows that the bearing outer race fault could still be detected
for the test condition of 20 kg radial load and 60 rpm.
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Figure 19: Envelope spectra of the outer race damaged bear-
ing under 20 kg radial load and 60 rpm shaft speed obtained

ing under 12.5 kg radial load and 30 rpm shaft speed obtained from the low-cost and high-end sensor signals.

from the low-cost and high-end sensor signals.



6 Conclusion & Outlook

The feasibility to use a low-cost vibration sensor with low-
resonance frequency for fault diagnosis of low-speed bearings
has been demonstrated theoretically and experimentally in
this paper. A low-cost vibration sensor with a resonance fre-
quency of 75 Hz was selected from the market, tested on a
low-speed bearing test rig recently developed at Cranfield Uni-
versity, and benchmarked with a high-end sensor (accelerome-
ter). Four test conditions were selected in this feasibility study,
namely (1) 12.5 kg radial load and 30 rpm, (2) 12.5 kg radial
load and 60 rpm, (3) 20 kg radial load and 30 rpm, and (4)
20 kg radial load and 60 rpm. It was shown that the low-cost
sensor analysed with the envelope analysis technique could
successfully diagnose the outer race fault in a test bearing for
all test conditions. On the other hand, the high-end sensor
analysed with the state-of-the-art analysis technique (Spec-
tral Correlation to compute an Enhanced Envelope Spectrum
(EES)) could only detect and diagnose the bearing fault for
the least challenging test condition, i.e. 20 kg radial load and
60 rpm. As the low-cost sensor signals were sampled at 400 Hz,
a low-cost embedded platform with low computational power
could be selected and integrated with the low-cost sensor for
the development of a smart low-cost IoT vibration sensor.

It is worth mentioning that the low-cost sensor used in
the study was not packaged. Hence, the measurement signals
were significantly polluted by the electromagnetic interference
(EMI) noise. In addition, a high-end charge amplifier avail-
able at Cranfield University was used with the low-cost sensor.
Future work would be to develop a robust casing for the sen-
sor to reduce the EMI noise and to package the sensor with
an integrated charge amplifier.
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