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Abstract: The traditional approaches for condition monitoring of roller bearings are almost
always achieved under Shannon sampling theorem conditions, leading to a big-data problem.
The compressed sensing (CS) theory provides a new solution to the big-data problem. However,
the vibration signals are insufficiently sparse and it is difficult to achieve sparsity using the
conventional techniques, which impedes the application of CS theory. Therefore, it is of great
significance to promote the sparsity when applying the CS theory to fault diagnosis of roller bearings.
To increase the sparsity of vibration signals, a sparsity-promoted method called the tunable Q-factor
wavelet transform based on decomposing the analyzed signals into transient impact components
and high oscillation components is utilized in this work. The former become sparser than the raw
signals with noise eliminated, whereas the latter include noise. Thus, the decomposed transient
impact components replace the original signals for analysis. The CS theory is applied to extract
the fault features without complete reconstruction, which means that the reconstruction can be
completed when the components with interested frequencies are detected and the fault diagnosis
can be achieved during the reconstruction procedure. The application cases prove that the CS theory
assisted by the tunable Q-factor wavelet transform can successfully extract the fault features from the
compressed samples.

Keywords: roller bearing; fault diagnosis; compressed sensing; sparsity; fault feature; tunable
Q-factor wavelet transform

1. Introduction

Since roller bearing are an integral component in rotating machinery, it is necessary to conduct
condition monitoring for them, aiming at preventing the occurrence of unpredictable failures [1,2].
Vibration-based diagnostic techniques are the most effective and widely-used methods for state
identification of roller bearings, as the vibration signals contain much dynamic information on machine
status [2–4]. So far, the vibration-based diagnostic techniques can be broadly classified into three parts:
time-domain analysis, frequency-domain analysis and time-frequency analysis. Various approaches
corresponding to these types have been developed, such as time synchronous averaging, symptom
parameters (time-domain analysis) [5–7], envelope analysis (frequency-domain analysis) [8], fractional
Fourier transform, wavelet transform, empirical mode decomposition and short time Fourier transform
(time-frequency analysis) [9–17].

The abovementioned approaches have received much attention. However, they are almost always
achieved by sampling the vibration signals under the Shannon sampling theorem. Under this sampling
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strategy, much redundant information will be measured, which creates big-data when continuous
condition monitoring is carried out. The big-data problem brings great pressure to data storage and
transmission. Although current storage capability is adequate enough to record the large amount
of vibration signals induced by the continuous condition monitoring under the Shannon sampling
theorem, it does not work well in many cases. For example: (1) in some conditions, less time is required
to make a quick evaluation of the running machinery from less transferred data. For example, for the
online monitoring of flying aircraft engine, it would be better if less data were transferred between
the flying aircraft and the ground supervision center and the running status can still be inferred
from these compressed transferred data. This will take less time to process the compressed vibration
signals and provide suggestions as quickly as possible both for the aircraft pilot and the monitoring
system on ground; (2) in several cases, the economic costs of condition monitoring should be taken
into account. The cost of the condition monitoring will be increased if a storage device with large
storage capacity is used. If the big data can be compressed enough, less transmission devices and
post-processing devices can be used, which can reduce the cost. Also, the big-data problem increases
the difficulty of vibration-signal processing. Numerous investigations have been conducted on the
data compression and several approaches have been developed, such as wavelet transform and cosine
transform. The main idea of wavelet-transform-based data compression is to decompose the raw data
at a predetermined level. Then a suitable threshold is selected to eliminate the interference and the
data capacity can be compressed [18–20]. This data compression strategy has been widely used in
imaging processing and power delivery, etc. However, the vibration signals of roller bearing cannot
be presented in a sparse way in wavelet domain as well as cosine transform [21,22]. Therefore, it is
difficult to determine a threshold to achieve the data compression. Thus, the studies related to the
big-data problem have been attracting researchers in various fields.

In 2006, Candès et al. [23] proposed the CS theory and a milestone was reached in solving
the big-data problem. In [23], they proved the mathematical principle that the raw signals can
be reconstructed from under-sampled data. With a sparse representation and a well-designed
measurement matrix, the original signals can be recovered from a very limited number of observations.
Compared to the above-mentioned data compression approaches, the amount of the original signals can
be reduced using the measurement matrix while the wavelet-transform-based data compression just to
eliminate the useless features in the signals with the amount of signals unaltered. The down-sampled
signals can be stored in the sending side and transmitted to receiving end. Moreover, the running time
can be decreased with a less amount of signals when a fault diagnosis algorithm is utilized. Owing to
the promising potential of CS theory, it has been widely used in numerous fields, such as image
processing, remote sensing and medical field. Chan et al. [24] described a novel and high-speed pulsed
terahertz Fourier imaging system based on CS theory. Wakin et al. [25] proposed a new hardware
to support a new theory of compressed imaging by acquiring random projections of the signals.
Kim et al. [26] applied the CS theory to magnetic resonance imaging. Ma [27] applied the CS theory to
aerospace remote sensing aiming at reducing data acquisition and imaging cost.

Considering the multiple applications of CS theory, there is a high probability that the theory is
applicable to the field of fault diagnosis. The fundamental idea of CS theory is that the vibration signals
must be sparse enough to meet the requirement of sparsity. However, the vibration signals induced
by the faulty bearings are inadequately sparse and it is difficult to select a suitable transformation to
promote the sparsity of the vibration signals using the traditional transforms, such as Fourier transform
and wavelet transform. Thus, the sparse representation becomes a major obstacle for the application of
CS theory in roller bearing fault diagnosis.

To overcome the problem of inadequate sparsity, sparse representation has been receiving
considerable attention. Sparse representation implies representing a signal as a linear combination
of a few atoms of a dictionary. According to the applications, the dictionary can be divided into two
categories: fixed dictionary and learning dictionary. The former, such as the dictionaries with Fourier
basis or wavelet basis, can be used for various signals. However, the successful sparse representation
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cases are limited, which means it cannot decompose the signals sparsely. The latter is trained from
some given atoms and the learning process is carried out according to the structure and characteristics
of the target signals. Thus, the learning dictionary can decompose the signals in a sparse way. However,
the trained dictionary are learned from the target signals, which makes it more suitable for a specific
signal as it lacks adaptivity. Moreover, to establish a suitable dictionary for signal representation
involves great computation, which makes it more difficult to detect the fault as soon as possible.

Therefore, a sparsity-promoted method named the tunable Q-factor wavelet transform
(TQWT) [28,29] is utilized in this work to increase the sparsity of vibration signals, which is beneficial
to the application of CS theory. Then, a compressed fault detection strategy based on the TQWT
and CS is proposed. Assisted by the TQWT, the original signals can be decomposed into two parts.
One is the transient impact components, which contain the fault features with the sparsity promoted.
Another is the high oscillatory components, which include the noise. Through the decomposition
using the TQWT, the transient impact components replace the raw signals for analysis. In addition,
the decomposed signals are sparser than the original signals, which promotes the application of CS
theory. Furthermore, to our knowledge, the existence of noise in the vibration signals increases the
difficulty of fault diagnosis of roller bearings as the significant fault features might be covered in heavy
noise. To overcome this shortcoming, the noise in the original vibration signals can be eliminated by
using the TQWT and the fault features can be enhanced, which can help to increase the sparsity of
the target signals. With a given measurement matrix, the CS is utilized to extract fault features from
low-dimensional data, which cannot meet the requirement of the Shannon sampling theory. With the
help of the matching pursuit method, the components with the interested frequencies can be detected,
according to which the operating condition of roller bearings can be evaluated.

The rest of this paper is organized as follows: Section 2 introduces the theoretical background in
this work, including the TQWT and the CS. Section 3 describes the compressed fault detection strategy.
The application cases of the proposed method are presented in Section 4. The conclusions are drawn in
Section 5.

2. Theoretical Background

2.1. Tunable Q-Factor Wavelet Transform

The Q-factor can be acquired as follows, which is the ratio of its center frequency to its
bandwidth [28–33]:

Q =
fo

BW
(1)

Where f 0 is the center frequency, and BW is the bandwidth of the analyzed signals, which can
be determined by kurtogram of spectral kurtosis [34]. Q-factor reflects the oscillatory behavior of
a signal. Generally, a high Q-factor is more suitable to process oscillatory signals, whereas a low
Q-factor is usually utilized to process transient impact components. The traditional wavelet transform
decomposes the signals with a constant Q-factor, which imposes a limitation on tuning the Q-factor
to match different oscillatory behaviours of target signals. Furthermore, when using the traditional
wavelet transform, the selection of the wavelet basis has a significant influence of the results. However,
the TQWT is much more flexible, since the Q-factor can be easily turned for the concerned signals.
The TQWT was first proposed by Selesnick [28] and it can be implemented using a sequence of
two-channel filter bank as shown in Figure 1.
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Figure 1. Two-channel filter bank. 

In Figure 1, x(n) denotes the original signals. H(ω) and G(ω) represent the low-pass filter 
frequency response function and high-pass filter frequency response function, respectively. α and  
stand for low-pass scaling parameter and high-pass scaling parameter, respectively. v0(n) is the 
transient impact component, while v1(n) is the high oscillation one [28–33].  

For perfect reconstruction, the frequency response should be designed so that the 
reconstructed signal y(n) can be almost equal to x(n). Mathematically, the frequency response can be 
defined as follows: 
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Using different parameters, the TQWT can decompose the concerned signals into transient 

impact parts and high oscillatory parts. The main parameters in the TQWT are the Q-factor Q, the 
redundancy r and the stages (levels) L. According to the definition of Q-factor, it can be concluded 
that Q is a measure of the number of oscillations the wavelet exhibits. To our knowledge, the 
sustained oscillatory signals have narrow bandwidth and are corresponding to high Q-factor. On 
the contrary, the transient impact signals have low Q-factor. Frequency responses with different Q 
are shown in Figure 2. The parameter r denotes the redundancy of the TQWT through certain 
stages. The parameter J represents the number of filter banks. Figure 3 is an example of L = 3. When 
L is determined, L + 1 subbands can be obtained: the high-pass filter output of each filter bank and 
the low-pass filter output of the final filter bank [28–33]. 
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Figure 1. Two-channel filter bank.

In Figure 1, x(n) denotes the original signals. H(ω) and G(ω) represent the low-pass filter frequency
response function and high-pass filter frequency response function, respectively. α and β stand for
low-pass scaling parameter and high-pass scaling parameter, respectively. v0(n) is the transient impact
component, while v1(n) is the high oscillation one [28–33].

For perfect reconstruction, the frequency response should be designed so that the reconstructed
signal y(n) can be almost equal to x(n). Mathematically, the frequency response can be defined
as follows:

H(ω) =


1, |ω| ≤ (1− β)π.

θ(ω+(β−1)π
α+β−1 ), (1− β)π ≤ |ω| < απ

0, απ ≤ |ω| ≤ π

(2)

G(ω) =


0, |ω| ≤ (1− β)π.

θ( απ−ω
α+β−1 ), (1− β)π ≤ |ω| < απ

1, απ ≤ |ω| ≤ π

(3)

where: 0 < α < 1, 0 < β ≤ 1, θ (ω) = 1
2 (1 + cosω)

√
2− cosω for

∣∣∣ω∣∣∣≤ π.
Using different parameters, the TQWT can decompose the concerned signals into transient impact

parts and high oscillatory parts. The main parameters in the TQWT are the Q-factor Q, the redundancy r
and the stages (levels) L. According to the definition of Q-factor, it can be concluded that Q is a measure
of the number of oscillations the wavelet exhibits. To our knowledge, the sustained oscillatory signals
have narrow bandwidth and are corresponding to high Q-factor. On the contrary, the transient impact
signals have low Q-factor. Frequency responses with different Q are shown in Figure 2. The parameter
r denotes the redundancy of the TQWT through certain stages. The parameter J represents the number
of filter banks. Figure 3 is an example of L = 3. When L is determined, L + 1 subbands can be
obtained: the high-pass filter output of each filter bank and the low-pass filter output of the final filter
bank [28–33].
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Figure 2. Frequency response with different Q-factor values (a) Q = 1, R = 3; (b) Q = 5, R = 3.
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When Q and r are determined, α and β can be calculated [28]:{
β = 2

Q+1

α = 1− β
r

(4)

It is known that the vibration signals generated by faulty roller bearings always consist of the
fault transient impact component and the oscillation component. Hence, the TQWT is appropriate for
processing the vibration signals generated by fault bearings.

Suppose that the original vibration signals measured by the sensors can be expressed as follows:

x = x1 + x2 (5)

where x is the original signals induced by the faulty bearings. x1 denotes the fault transient impact
components, which conclude the fault features. x2 represents the high oscillation components,
which are almost the surrounding noise.

Considering that TQWT1 and TQWT2 denote the TQWT with a high and a low value of Q-factor.
Then the decomposition can be achieved by solving the following optimization problem:{

arg min
ω1,ω2

λ1‖ ω1 ‖1 + λ2‖ ω2 ‖1

x = TQWT1
−1(ω1) + TQWT−1

2 (ω2)
(6)

To utilize the TQWT flexibly, the sub-band-dependent regularization will be used: arg min
ω1,ω2

J1+1
∑

j=1
λ1j‖ ω1j ‖1 +

J2+1
∑

j=1
λ2j‖ ω2j ‖1

x = TQWT−1
1 (ω1) + TQWT−1

2 (ω2)

(7)
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where ωij represents the sub-band j of TQWTi. When ω1 and ω2 are determined, the x1 and x2 can be
gained as follows: {

x1 = TQWT−1
1 (ω1)

x2 = TQWT−1
2 (ω2)

(8)

It is well known that the vibration signals measured from the faulty rotating machinery are
usually flooded by the noise. Therefore, the representation of the original signals can be modified
as follows:

y = x1 + x2 + n (9)

Then, the solution can be changed into the following model:

arg min
ω1,ω2
‖ y−Φ1ω1 −Φ2ω2 ‖+

J1+1

∑
j=1

λ1j‖ ω1j ‖1 +
J2+1

∑
j=1

λ2j‖ ω2j ‖1 (10)

where Φ1 represents the inverse TQWT with a high value of Q-factor, while Φ2 denotes the inverse
TQWT with a low value of Q-factor.

2.2. Basic Idea of the Compressed Sensing Theory

In the fault diagnosis of roller bearings, data-collection under the Shannon sampling theorem
results in the big-data problem and the large amount of vibration signals increases the cost of data
storage and puts great pressure on signal processing. Furthermore, the fault diagnosis needs timely
detection and the big data increase the time of fault diagnosis, which means there is a contradiction
between the detection accuracy and efficiency.

To overcome the problems induced by the big data, the CS developed, which can ease the pressure
of signal processing by reconstructing a signal from limited samples [35–42].

Provided x1 (t) is a N × 1 transient impact signals obtained by the TQWT with a low Q-factor,
which can decompose the original signals in a sparse way. In other words, x1 (t) can be expressed by
a group of N × 1 basis [36,37]:

x1(t) = Ψα (11)

where Ψ = {ψ1, ψ2, · · · , ψN} ∈ N × N is the basis vector. The representation coefficients are denoted
by α.

The signals can be considered K-sparse, when the representation coefficients α contain only K
non-zeros (K � N). Then, a measurement matrix works as a compressor to reduce the dimension of
the target signals [43,44]:

y = Φx1(t) (12)

so:
y = ΦΨα = ACSα (13)

where Φ is a M× N(M� N) measurement matrix. Acs is called the sensing matrix. The N × 1 signal
can be compressed to a M× 1 signal using a measurement matrix according to Equation (12).

The accurate sparse solution may be pursued by a `0 − norm problem:

min ||α ||0 s.t. y = ACSα (14)

However, the above solution is a NP-hard problem. Thus, the solution is achieved by
`1 − norm optimization:

min ||α ||1 s.t. y = ACSα (15)

When Acs meets the principle of restricted isometry property (RIP) as follows, the raw signals can
be reconstructed with small error:
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(1− ε) ‖ x1 ‖2
2 ≤ ‖ ΦΨx1 ‖2

2 ≤ (1 + ε) ‖ x1 ‖2
2 (16)

where ε ∈ (0, 1) and its equivalent condition is Φ should be uncorrelated with Ψ.

3. The Proposed Fault Detection Method

The flow diagram of the proposed method is presented in Figure 4. First, the polluted vibration
signals measured from a faulty bearing are decomposed by the TQWT, through which high oscillation
components and transient impact components can be obtained with the former containing the noise
and the latter containing fault features. Moreover, the TQWT can decompose the raw signals in
a sparse way and the decomposed signals are sparser than before as a result of the noise reduction,
which is suitable for the application of CS theory. Then, the transient components are used to replace
the original signals in the compressed-sensing-based signal processing in order to extract the fault
features. It is known that when a failure occurs in an operating bearing, a certain frequency named
the fault characteristic frequency generates, which can be decomposed into a series of harmonic
signals. To investigate the sparsity performance of the harmonic signal in Fourier domain, a simulated
signal is generated with a frequency of 50 Hz. The simulated signal and its sparsity are presented
in Figures 5 and 6, respectively. Thus, a fault detection strategy can be formulated that a harmonic
signal with interested frequency can be detected instead of directly detecting the existence of the fault
characteristic frequency.
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Figure 6. The sparsity of the harmonic signal in the Fourier domain.

Before performing TQWT, two Q-factor values should be determined. Since the kurtogram
can represent the bandwidth and the center frequency of a signal, it is employed to calculate the
high Q-factor. The low Q-factor is artificially set to be 1.5 by experience. When performing the
TQWT to the original signals, the decomposed transient impact signals will be sparser with noise
reduced, which makes it easier to detect the harmonic signal of interest. To meet the requirement of
RIP principle, Gaussian random matrix is selected as measurement matrix for dimension reduction,
which has low correlation with the Fourier basis [39,42,45]. The elements in Gaussian random matrix
Φ ∈ M× N (M � N) obey the Gaussian distribution with a mean of zero and a variance of 1/M.
Each row of the Gaussian random matrix works like a sensor to measure the original vibration signals
randomly. Assisted by the Gaussian random matrix, the concerned signals can be projected form
an original dimension N to a lower dimension M. With a sparse representation and a well-designed
measurement matrix, the faults can be detected with a high possibility. Finally, the harmonic signals
with the interested frequency can be detected with limited samples far below the Nyquist sampling rate.

4. Application Cases

The vibration signals of roller bearing faults are measured through accelerometers. The faulty
bearings are placed in a fan system which consists of a motor, a belt, a fan and a couple of bearings,
as shown in Figure 7a. The flow diagram of the fan system is presented in Figure 7b. The sensors
are installed on the bearing housing as shown in Figure 7c, where the collected vibration signals
might be valid and easily measured. The faulty roller bearings are presented in Figure 8a,b. In all
experiments, the sampling frequency is 100 KHz and the roller bearings are at a speed of 500 rpm.
The fault characteristic frequencies can be computed according to Equations (17)–(19) and the results
are shown in Table 1 [46,47].Sensors 2016, 16, 1524 9 of 20 
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Table 1. Fault characteristic frequency.

Fault Location Inner-Race Rolling Element

Fault characteristic frequency (Hz) 56.09 39.33
Twice value (Hz) 112.18 78.66

The fault characteristic frequency of the outer race:

fo =
z
2
(1− d

D
cosα) fr (17)

The fault characteristic frequency of the inner race:

fi =
z
2
(1 +

d
D

cosα) fr (18)

The fault characteristic frequency of the rolling element:

fb =
D
2d

(1− (
d
D

cosα)2) fr (19)

where Z denotes the number of roller elements, f r is the rotating frequency, d is the roller diameter,
D represents the pitch diameter and α is the contact angle.

4.1. Detection of the Bearing with an Inner-Race Fault

The proposed method is first utilized to extract the fault features of roller bearing with a single
fault in the inner race. The experimental results are presented as follows: as presented in Figure 9,
the original vibration signals contain noise and the amount of vibration signals for fault diagnosis is
a bit larger, which increases the difficulty of fault diagnosis. Moreover, the original vibration signals
are inadequately sparse, which is a major obstacle for the application of CS. Applying CS to the original
signals using the method in reference [37], we cannot extract the fault features successfully in the first
two attempts due to the inadequate sparsity as well as the interference, as shown in Figures 10 and 11.
The fault features might be detected through a few more attempts, however, it wastes lots of time in
this way. Therefore, the TQWT is regarded as a sparsity-promoted approach to represent the analyzed
signal in a sparse way and to reduce the influence of noise as well, which can make it much easier to
detect the fault features.
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Figure 9. Original vibration signals collected from roller bearing with an inner-race fault.
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Figure 10. First detection result using the raw signals based on the method in [37].
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Figure 11. Second detection result using the raw signals based on the method in [37].

From Figure 12, the bandwidth and the center frequency of analyzed signals can be determined
as 6250 Hz and 21,875 Hz, respectively. According to Equation (1), the value of the Q-factor can be
obtained as 3.5 and the other Q-factor is artificially set to 1.5 by experience. The transient component
containing the fault features can be gained through the TQWT by discarding the high oscillation
component, as shown in Figure 13. Compared with the original signals, the noise is reduced and the
decomposed signals are much sparser, which is beneficial to the application of the CS. The envelope
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spectrum of the transient impact component in Figure 14 indicates that the fault features still cannot be
extracted using the envelope analysis.
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To extract the fault features, the CS theory is employed to detect the failure from limited sampling
points and the amount of the analysed signals is compressed to 600 sampling points as shown in
Figure 15 through random sampling assisted by a Gaussian random matrix. It is well-known that
once there is a local defect in the roller bearing, a force impulse occurs when the surface with fault
strikes to another surface, leading to a resonance phenomenon. The resonance frequency is about
several thousand Hertz. To meet Shannon sampling theorem, the sampling frequency should be big
enough. That is to say, the amount of sampling points for signal processing should be much more than
600. However, the amount of target signals used in the proposed method are much less than that of
traditional methods based on Shannon sampling theorem and the fault features can be extracted as
predicted by the matching pursuit in the proposed method. As presented in Table 1, the theoretical fault
characteristic frequency of inner-race fault is 56.09 Hz and the twice value is 112.18 Hz. The detected
results through TQWT-based CS theory are 56.15 Hz and 112.3 Hz, as presented in Figures 16 and 17,
respectively. Thus, since the detected results are almost equal to the theoretical ones, a conclusion can
be drawn that there is a fault in the inner race of this roller bearing.
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Figure 15. Random sampling of transient impact component through Gaussian random matrix.
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4.2. Detection of the Bearing with an Rolling Element Fault

To fully validate the effectiveness of the proposed fault detection strategy, a roller bearing with
a faulty rolling element was employed. From the experimental results in Figure 18, a conclusion can be
drawn that the noise in the raw vibration signals is so strong that the fault features are submerged by
the heavy noise.
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Figure 18. Original vibration signals collected from roller bearing with a rolling-element fault.

The results detected through the method in [37] are presented in Figures 19 and 20. Compared
with the theoretical values of rolling-element fault features, the first detected result in Figure 19 and
the second detected result in Figure 20 are not the fault features of rolling-element fault, according to
which the existence of rolling-element fault cannot be determined
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Figure 20. Second detection result using the raw signals based on the method in [37].
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Assisted by the kurtogram of the vibration signals in Figure 21, the high Q-factor can be
determined as 2.5 and the low Q-factor is artificially determined as 1.5 by experience. As presented
in Figure 22, the decomposed transient impact components are much sparser than before and the
noise are mostly eliminated. To highlight advantage of the proposed method, the envelope analysis is
utilized as a comparison. However, the fault features cannot be extracted through envelope spectrum
in Figure 23. Thus, the proposed TQWT-based CS method is utilized to perform the fault detection.

Sensors 2016, 16, 1524 14 of 20 

 

 
Figure 20. Second detection result using the raw signals based on the method in [37]. 

Assisted by the kurtogram of the vibration signals in Figure 21, the high Q-factor can be 
determined as 2.5 and the low Q-factor is artificially determined as 1.5 by experience. As presented 
in Figure 22, the decomposed transient impact components are much sparser than before and the 
noise are mostly eliminated. To highlight advantage of the proposed method, the envelope analysis 
is utilized as a comparison. However, the fault features cannot be extracted through envelope 
spectrum in Figure 23. Thus, the proposed TQWT-based CS method is utilized to perform the fault 
detection. 

 
Figure 21. Kurtogram of the signals as shown in Figure 16. 

 
Figure 22. The transient impact component using TQWT. 

0 100 200 300 400 500 600 700 800 900 1000
0

1

2

3

4
x 10-3

X: 48.83
Y: 0.00337

Frequency/Hz

A
m

pl
itu

de
/V

frequency [Hz]

le
ve

l k

fb-kurt.2 - Kmax=355.3 @ level 2.5, Bw= 8333.3333Hz, fc=20833.3333Hz

 

 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

x 104

0

1

1.6

2

2.6

3

3.6

4
4.6

5

5.6

6

6.6

7

7.6

8
0

50

100

150

200

250

300

350

0 0.5 1 1.5 2 2.5 3

x 104

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Data No.

A
m

pl
itu

d/
V

Figure 21. Kurtogram of the signals as shown in Figure 16.
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A Gaussian random matrix is used as measurement matrix to acquire low-dimension signals,
as shown in Figure 24.
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Figure 24. Random sampling of transient impact component through Gaussian random matrix.

To successfully extract the fault features, the matching pursuit is utilized and the detected results
can be acquired through the matching pursuit, as presented in Figures 25 and 26, containing the fault
characteristic frequency and its twice value, which are almost equal to the theoretical values in Table 1.
Thus, the judgment that there is a rolling-element fault in this roller bearing can be concluded.

Sensors 2016, 16, 1524 15 of 20 

 

 
Figure 23. Envelope spectrum of the transient impact component in Figure 20. 

A Gaussian random matrix is used as measurement matrix to acquire low-dimension signals, 
as shown in Figure 24.  

 
Figure 24. Random sampling of transient impact component through Gaussian random matrix. 

To successfully extract the fault features, the matching pursuit is utilized and the detected 
results can be acquired through the matching pursuit, as presented in Figures 25 and 26, containing the 
fault characteristic frequency and its twice value, which are almost equal to the theoretical values in 
Table 1. Thus, the judgment that there is a rolling-element fault in this roller bearing can be 
concluded. 

Figure 25. The detected fault characteristic frequency through matching pursuit. 

0 50 100 150 200 250 300 350 400 450 500
0

2

4

6

8
x 10-3

Frequency/Hz

A
m

pl
itu

de
/V

0 100 200 300 400 500 600
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Data No.

A
m

pl
itu

de
/V

0 50 100 150 200 250 300 350 400
0

2

4

6
x 10-3

X: 39.06
Y: 0.004597

Frequency/Hz

A
m

pl
itu

de
/V

Figure 25. The detected fault characteristic frequency through matching pursuit.Sensors 2016, 16, 1524 16 of 20 

 

 
Figure 26. Second harmonic of the detected fault characteristic frequency through matching pursuit. 

4.3. Detection of the Healthy Bearing 

In this part, the vibration signals from healthy roller bearing are utilized to show that the 
proposed method does not suffer from false alarms. The collected healthy data are presented in 
Figure 27 and the kurtogram in Figure 28 shows that the Q-factor can be determined as 8.5, which is 
the ratio of 1660.1583 Hz to 195.3125 Hz. Another Q-factor is also set to 1.5. Through the TQWT, the 
transient impact component can be obtained as shown in Figure 29 and the sampling points of the 
vibration signals can be compressed to 600 as presented in Figure 30. Using matching pursuit, the 
frequencies can be detected as shown in Figures 31 and 32. However, they are not the fault 
characteristic frequency and its second harmonic, which means that no fault exists. Thus, a 
conclusion can be drawn that this roller bearing is in normal status.  

 
Figure 27. Original vibration signals collected from healthy roller bearing.  

 
Figure 28. Kurtogram of the signals as shown in Figure 25. 

0 50 100 150 200 250 300 350 400
0

1

2

3
x 10-3

X: 80.57
Y: 0.002759

Frequency/Hz

A
m

pl
itu

de
/V

0 0.5 1 1.5 2 2.5 3

x 104

-0.1

-0.05

0

0.05

0.1

Data No.

Am
pl

itu
de

/V

f requency [Hz]

le
ve

l k

fb-kurt.2 - Kmax=4.3 @ level 8, Bw = 195.3125Hz, fc=1660.1563Hz

 

 

0 1 2 3 4 5

x 104

0
1

1.6
2

2.6
3

3.6
4

4.6
5

5.6
6

6.6
7

7.6
8

0

0.5

1

1.5

2

2.5

3

3.5

4

Figure 26. Second harmonic of the detected fault characteristic frequency through matching pursuit.



Sensors 2016, 16, 1524 16 of 20

4.3. Detection of the Healthy Bearing

In this part, the vibration signals from healthy roller bearing are utilized to show that the proposed
method does not suffer from false alarms. The collected healthy data are presented in Figure 27 and
the kurtogram in Figure 28 shows that the Q-factor can be determined as 8.5, which is the ratio of
1660.1583 Hz to 195.3125 Hz. Another Q-factor is also set to 1.5. Through the TQWT, the transient
impact component can be obtained as shown in Figure 29 and the sampling points of the vibration
signals can be compressed to 600 as presented in Figure 30. Using matching pursuit, the frequencies
can be detected as shown in Figures 31 and 32. However, they are not the fault characteristic frequency
and its second harmonic, which means that no fault exists. Thus, a conclusion can be drawn that this
roller bearing is in normal status.
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Figure 27. Original vibration signals collected from healthy roller bearing.
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Figure 29. The transient impact component using TQWT.
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Figure 30. Random sampling of transient impact component through Gaussian random matrix.
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5. Conclusions

A TQWT-based CS method is utilized in this work to extract the fault features of roller bearings.
To overcome the inadequate sparsity when the CS is performed, TQWT is employed to promote the
sparsity of vibration signals while reducing the interference. Kurtograms are employed to determine
the Q-factor. Through TQWT, the original vibration signals can be decomposed into transient impact
component and high oscillation component. The former contains fault features and the latter is almost
full of noise. Thus, the transient impact component can be used to represent the raw signals for
diagnosis and the high oscillation component is eliminated. In the application of CS, Gaussian random
matrix is selected as the measurement matrix to obtain compressed signals and the matching pursuit
is employed to detect the fault features, based on which the performance of roller bearing can be
determined. Furthermore, the roller bearing faults at 800 rpm and 1300 rpm have also utilized to
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validate the effectiveness of the proposed method and the experimental results show that the proposed
method can successfully assess the performance of roller bearing.

Acknowledgments: This work is partially supported by the National Natural Science Foundation of China (Grant
No. 51375037, 51405012).

Author Contributions: Huaqing Wang, Gang Tang and Liuyang Song conceived and designed the experiments;
Yanliang Ke and Liuyang Song performed the experiments and collected the experimental signals; Peng Chen
analyzed the data; Yanliang Ke wrote the paper. Huaqing Wang and Gang Tang reviewed and edited the
manuscript. All authors contributed to discussing and revising the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhou, H.T.; Chen, J.; Dong, G.M.; Wang, H.C.; Yuan, H.D. Bearing fault recognition method based on
neighbourhood component analysis and coupled hidden Markov model. Mech. Syst. Signal Process. 2016,
66–67, 568–581. [CrossRef]

2. Ruiz-Carcel, C.; Jaramillo, V.H.; Mba, D.; Ottewill, J.R.; Cao, Y. Combination of process and vibration data
for improved condition monitoring of industrial systems working under variable operating conditions.
Mech. Syst. Signal Process. 2016, 66–67, 699–714. [CrossRef]

3. Saravanan, N.; Cholairajan, S.; Ramachandran, L.L. Vibration-based fault diagnosis of spur bevel gear box
using fuzzy technique. Expert Syst. Appl. 2009, 36, 3119–3135. [CrossRef]

4. Straczkiewicz, M.; Czop, P.; Barszcz, T. The use of a fuzzy logic approach for integration of vibration-based
diagnostic features of rolling element bearings. J. Vibroeng. 2015, 17, 1760–1768.

5. Sugumaran, V.; Ramachandran, K.I. Automatic rule learning using decision tree for fuzzy classifier in fault
diagnosis of roller bearing. Mech. Syst. Signal Process. 2007, 21, 2237–2247. [CrossRef]

6. Zhang, J.H.; Ma, W.P.; Lin, J.W.; Ma, L.; Jia, X.J. Fault diagnosis approach for rotating machinery based on
dynamic model and computational intelligence. Measurement 2015, 59, 73–87. [CrossRef]

7. Li, K.; Chen, P.; Wang, S.M.; Wang, H.Q. Intelligent diagnosis method for bearing using non-dimensional
symptom parameters and ant colony optimization. Int. Inf. Inst. (Tokyo) Inf. 2012, 15, 867–877.

8. Rai, V.K.; Mohanty, A.R. Bearing fault diagnosis using FFT of intrinsic mode functions in Hilbert–Huang
transform. Mech. Syst. Signal Process. 2007, 21, 2607–2615. [CrossRef]

9. Zhang, Y.D.; Chen, S.; Wang, S.H.; Yang, J.F.; Philips, P. Magnetic resonance brain image classification based
on weighted-type fractional Fourier transform and nonparallel support vector machine. Int. J. Imaging
Syst. Technol. 2015, 25, 317–327. [CrossRef]

10. Peter, W.T.; Peng, Y.H.; Yam, R. Wavelet analysis and envelope detection for rolling element bearing fault
diagnosis—Their effectiveness and flexibilities. J. Vib. Acoust. 2001, 123, 303–310.

11. Peng, Z.K.; Peter, W.T.; Chu, F.L. A comparison study of improved Hilbert–Huang transform and wavelet
transform: Application to fault diagnosis for rolling bearing. Mech. Syst. Signal Process. 2005, 19, 974–988.
[CrossRef]

12. Kumar, R.; Singh, M. Outer race defect width measurement in taper roller bearing using discrete wavelet
transform of vibration signal. Measurement 2013, 46, 537–545. [CrossRef]

13. Zarei, J.; Poshtan, J. Bearing fault detection using wavelet packet transform of induction motor stator current.
Tribol. Int. 2007, 40, 763–769. [CrossRef]

14. Yu, D.J.; Cheng, J.S.; Yang, Y. Application of EMD method and Hilbert spectrum to the fault diagnosis of
roller bearings. Mech. Syst. Signal Process. 2005, 19, 259–270. [CrossRef]

15. Cheng, J.S.; Yu, D.J.; Yang, Y. A fault diagnosis approach for roller bearings based on EMD method and AR
model. Mech. Syst. Signal Process. 2006, 20, 350–362.

16. Yang, Y.; Yu, D.J.; Cheng, J.S. A fault diagnosis approach for roller bearing based on IMF envelope spectrum
and SVM. Measurement 2007, 40, 943–950. [CrossRef]

17. Yan, R.Q.; Gao, R.X. Multi-scale enveloping spectrogram for vibration analysis in bearing defect diagnosis.
Tribol. Int. 2009, 42, 293–302. [CrossRef]

18. Hamid, E.Y.; Kawasaki, Z.I. Wavelet-based data compression of power system disturbances using the
minimum description length criterion. IEEE Trans. Power Deliv. 2002, 17, 460–466. [CrossRef]

http://dx.doi.org/10.1016/j.ymssp.2015.04.037
http://dx.doi.org/10.1016/j.ymssp.2015.05.018
http://dx.doi.org/10.1016/j.eswa.2008.01.010
http://dx.doi.org/10.1016/j.ymssp.2006.09.007
http://dx.doi.org/10.1016/j.measurement.2014.09.045
http://dx.doi.org/10.1016/j.ymssp.2006.12.004
http://dx.doi.org/10.1002/ima.22144
http://dx.doi.org/10.1016/j.ymssp.2004.01.006
http://dx.doi.org/10.1016/j.measurement.2012.08.012
http://dx.doi.org/10.1016/j.triboint.2006.07.002
http://dx.doi.org/10.1016/S0888-3270(03)00099-2
http://dx.doi.org/10.1016/j.measurement.2006.10.010
http://dx.doi.org/10.1016/j.triboint.2008.06.013
http://dx.doi.org/10.1109/61.997918


Sensors 2016, 16, 1524 19 of 20

19. Istepanian, R.S.H.; Petrosian, A.A. Optimal zonal wavelet-based ECG data compression for a mobile
telecardiology system. IEEE Trans. Inf. Technol. B 2000, 4, 200–211. [CrossRef]

20. Dash, P.K.; Panigrahi, B.K.; Sahoo, D.K.; Panda, G. Power quality disturbance data compression, detection,
and classification using integrated spline wavelet and S-transform. IEEE Trans. Power Deliv. 2003, 18, 595–600.
[CrossRef]

21. Meng, J.E.; Chen, W.; Wu, S. High-speed face recognition based on discrete cosine transform and RBF neural
networks. IEEE Trans. Neural Netw. 2005, 16, 679–691.

22. Benzid, R.; Messaoudi, A.; Boussaad, A. Constrained ECG compression algorithm using the block-based
discrete cosine transform. Digit. Signal Process. 2008, 18, 56–64. [CrossRef]

23. Candès, E.J.; Romberg, J.; Tao, T. Robust uncertainty principles: Exact signal reconstruction from highly
incomplete frequency information. IEEE Trans. Inform. Theory 2006, 52, 489–509. [CrossRef]

24. Chan, W.L.; Moravec, M.L.; Baraniuk, R.G.; Mittleman, D.M. Terahertz imaging with compressed sensing
and phase retrieval. Opt. Lett. 2008, 33, 974–976. [CrossRef] [PubMed]

25. Wakin, M.B.; Laska, J.N.; Duarte, M.F.; Baron, D.; Sarvotham, S.; Takhar, D.; Kelly, K.F.; Baraniuk, R.G.
An architecture for compressive imaging. In Proceedings of the 2006 IEEE International Conference on
Image Processing, Atlanta, GA, USA, 8–11 October 2006.

26. Kim, I.; Vu, N.L. Parallel compressed sensing method to accelerate MRI. In Proceedings of the
2012 12th International Conference on Control, Automation and Systems (ICCAS), Jeju Island, Korea,
17–21 October 2012.

27. Ma, J.W. Single-pixel remote sensing. IEEE Geosci. Remote Sens. Lett. 2009, 6, 199–203.
28. Selesnick, I.W. Wavelet transform with tunable Q-factor. IEEE Trans. Signal Process. 2011, 59, 3560–3575.

[CrossRef]
29. Wang, H.C.; Chen, J.; Dong, G.M. Feature extraction of rolling bearing’s early weak fault based on EEMD

and tunable Q-factor wavelet transform. Mech. Syst. Signal Process. 2014, 48, 103–119. [CrossRef]
30. Chaibi, S.; Lajnef, T.; Sakka, Z.; Samet, M.; Kachouri, A. A reliable approach to distinguish between transient

with and without HFOs using TQWT and MCA. J. Neurosci. Meth. 2014, 232, 36–46. [CrossRef] [PubMed]
31. He, W.P.; Zi, Y.Y.; Chen, B.Q.; Wu, F.; He, Z.J. Automatic fault feature extraction of mechanical anomaly

on induction motor bearing using ensemble super-wavelet transform. Mech. Syst. Signal Process. 2015, 54,
457–480. [CrossRef]

32. He, W.P.; Zi, Y.Y.; Chen, B.Q.; Wang, S.; He, Z.J. Tunable Q-factor wavelet transform denoising with
neighboring coefficients and its application to rotating machinery fault diagnosis. Sci. China Technol. Sci.
2013, 56, 1956–1965. [CrossRef]

33. Luo, J.S.; Yu, D.J.; Liang, M. A kurtosis-guided adaptive demodulation technique for bearing fault detection
based on tunable-Q wavelet transform. Meas. Sci. Technol. 2013, 24, 055009. [CrossRef]

34. Antoni, J.; Randall, R.B. The peactral kurtosis: Application to the vibratory surveillance and diagnostics of
rotating machines. Mech. Syst. Signal Process. 2006, 20, 308–331. [CrossRef]

35. Stankovic, L.; Stankovic, S.; Amin, M. Missing samples analysis in signals for applications to L-estimation
and compressive sensing. Signal Process. 2014, 94, 401–408. [CrossRef]

36. Gishkori, S.; Leus, G.; Lottici, V. Compressive sampling based differential detection for UWB impulse radio
signals. Phys. Commun. 2012, 5, 185–195. [CrossRef]

37. Wang, H.Q.; Ke, Y.L.; Luo, G.G.; Tang, G. Compressed sensing of roller bearing fault based on multiple
down-sampling strategy. Meas. Sci. Technol. 2015, 27, 025009. [CrossRef]

38. Tang, G.; Hou, W.; Wang, H.Q.; Luo, G.G.; Ma, J.W. Compressive sensing of roller bearing fault via harmonic
detection from under-samples vibration signals. Sensors 2015, 15, 25648–25662. [CrossRef] [PubMed]

39. Tang, G.; Yang, Q.; Wang, H.Q.; Luo, G.G.; Ma, J.W. Sparse classification of rotating machinery faults based
on compressive sensing strategy. Mechatronics 2015, 31, 60–67. [CrossRef]

40. Do, T.T.; Lu, G.; Nguyen, N.; Tran, T.D. Sparsity adaptive matching pursuit algorithm for practical
compressed sensing. In Proceedings of the 2008 42nd Asilomar Conference on Signals, Systems and
Computers, Pacific Grove, CA, USA, 26–29 October 2008.

41. Baraniuk, R.G. Compressive sensing. IEEE Signal Proc. Mag. 2007, 24, 1–9. [CrossRef]
42. Candes, E.J.; Tao, T. Near-optimal signal recovery from random projections: Universal encoding strategies?

IEEE Trans. Inform. Theory 2006, 52, 520–544. [CrossRef]

http://dx.doi.org/10.1109/4233.870030
http://dx.doi.org/10.1109/TPWRD.2002.803824
http://dx.doi.org/10.1016/j.dsp.2007.08.003
http://dx.doi.org/10.1109/TIT.2005.862083
http://dx.doi.org/10.1364/OL.33.000974
http://www.ncbi.nlm.nih.gov/pubmed/18451957
http://dx.doi.org/10.1109/TSP.2011.2143711
http://dx.doi.org/10.1016/j.ymssp.2014.04.006
http://dx.doi.org/10.1016/j.jneumeth.2014.04.025
http://www.ncbi.nlm.nih.gov/pubmed/24814526
http://dx.doi.org/10.1016/j.ymssp.2014.09.007
http://dx.doi.org/10.1007/s11431-013-5271-9
http://dx.doi.org/10.1088/0957-0233/24/5/055009
http://dx.doi.org/10.1016/j.ymssp.2004.09.002
http://dx.doi.org/10.1016/j.sigpro.2013.07.002
http://dx.doi.org/10.1016/j.phycom.2011.09.005
http://dx.doi.org/10.1088/0957-0233/27/2/025009
http://dx.doi.org/10.3390/s151025648
http://www.ncbi.nlm.nih.gov/pubmed/26473858
http://dx.doi.org/10.1016/j.mechatronics.2015.04.006
http://dx.doi.org/10.1109/MSP.2007.4286571
http://dx.doi.org/10.1109/TIT.2006.885507


Sensors 2016, 16, 1524 20 of 20

43. Zhang, Y.D.; Dong, Z.C.; Phillips, P.; Wang, S.H.; Ji, G.L.; Yang, J.Q. Exponential wavelet iterative shrinkage
thresholding algorithm for compressed sensing magnetic resonance imaging. Inform. Sci. 2015, 322, 115–132.
[CrossRef]

44. Zhang, Y.D.; Peterson, B.S.; Ji, G.L.; Dong, Z.C. Energy preserved sampling for compressed sensing MRI.
Comput. Math. Method Med. 2014, 2014, 546814. [CrossRef] [PubMed]

45. Fowler, J.E.; Du, Q. Anomaly detection and reconstruction from random projections. IEEE Trans. Image Process.
2012, 21, 184–195. [CrossRef] [PubMed]

46. Li, M.J.; Wang, H.Q.; Tang, G.; Yuan, H.F.; Yang, Y. An Improved Method Based on CEEMD for Fault
Diagnosis of Rolling Bearing. Adv. Mech. Eng. 2014, 6, 676205. [CrossRef]

47. Wang, H.Q.; Li, R.T.; Tang, G.; Yuan, H.F.; Zhao, Q.L.; Cao, X. A compound fault diagnosis for rolling
bearings method based on blind source separation and ensemble empirical mode decomposition. PLoS ONE
2014, 9, e109166. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ins.2015.06.017
http://dx.doi.org/10.1155/2014/546814
http://www.ncbi.nlm.nih.gov/pubmed/24971155
http://dx.doi.org/10.1109/TIP.2011.2159730
http://www.ncbi.nlm.nih.gov/pubmed/21690013
http://dx.doi.org/10.1155/2014/676205
http://dx.doi.org/10.1371/journal.pone.0109166
http://www.ncbi.nlm.nih.gov/pubmed/25289644
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical Background 
	Tunable Q-Factor Wavelet Transform 
	Basic Idea of the Compressed Sensing Theory 

	The Proposed Fault Detection Method 
	Application Cases 
	Detection of the Bearing with an Inner-Race Fault 
	Detection of the Bearing with an Rolling Element Fault 
	Detection of the Healthy Bearing 

	Conclusions 

