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Abstract: Fault transient impulses induced by faulty components in rotating machinery usually
contain substantial interference. Fault features are comparatively weak in the initial fault stage, which
renders fault diagnosis more difficult. In this case, a sparse representation method based on the
Majorzation-Minimization (MM) algorithm is proposed to enhance weak fault features and extract
the features from strong background noise. However, the traditional MM algorithm suffers from two
issues, which are the choice of sparse basis and complicated calculations. To address these challenges,
a modified MM algorithm is proposed in which a sparse optimization objective function is designed
firstly. Inspired by the Basis Pursuit (BP) model, the optimization function integrates an impulsive
feature-preserving factor and a penalty function factor. Second, a modified Majorization iterative
method is applied to address the convex optimization problem of the designed function. A series
of sparse coefficients can be achieved through iterating, which only contain transient components.
It is noteworthy that there is no need to select the sparse basis in the proposed iterative method
because it is fixed as a unit matrix. Then the reconstruction step is omitted, which can significantly
increase detection efficiency. Eventually, envelope analysis of the sparse coefficients is performed to
extract weak fault features. Simulated and experimental signals including bearings and gearboxes are
employed to validate the effectiveness of the proposed method. In addition, comparisons are made
to prove that the proposed method outperforms the traditional MM algorithm in terms of detection
results and efficiency.

Keywords: rotating machinery; sparse representation; feature enhancing; Majorzation-Minimization;
fault detection

1. Introduction

Rotating machinery is widely applied in industrial fields. However, it generally operates under
tough working conditions and is, therefore, subjected to mechanical failure. Faults occurring in rotating
machinery may result in the fatal breakdown of the entire machinery system and can even cause
casualties [1]. Therefore, condition monitoring and fault diagnosis of the rotating machinery have
extremely vital significance. This is important for guaranteeing the production efficiency and plant
safety in modern enterprises [2].
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Since considerable fault information is displayed via vibration signals, the vibration-based
diagnostic technique has emerged as an effective approach for mechanical fault diagnosis [3]. However,
in the initial fault stage, fault features are comparatively weak. They possess low-amplitude and are
mixed with more noise so that the fault features may be completely obscured by strong background
noise [4]. Therefore, an efficient method is needed to enhance weak fault features and reduce noise [5].
Proper analysis for transient detection from the weak fault signals has attracted substantial scholarly
attention throughout the past decades. Various methods have been proposed to extract weak fault
features such as wavelet transform, empirical mode decomposition (EMD), higher order spectrum,
and energy difference spectrum. Wang et al. [6] developed a fault feature enhancement method based
on ensemble empirical mode decomposition (EEMD) and tunable Q-factor wavelet transform, which
could extract the weak fault features of roller bearings. Chen et al. [7] studied a fault feature extraction
method based on over complete rational dilation discrete wavelet transform (ORDWT), which aims
to reduce the noise of fault signals and extract different types of fault features. The achieved results
demonstrated that the ORDWT-based technique successfully identified the incipient fault features
of gearbox. Tian et al. [8] proposed a novel modulation signal bispectrum (MSB) based robust
detector for bearing fault detection, which allows effective suppression of both stationary random
noise and discrete aperiodic noise and it can also enhance the modulation effects of a bearing fault
and can be used to provide optimal frequency bands for fault detection. Zhang et al. [9] proposed
a feature extraction method based on variational mode decomposition (VMD) and singular value
energy difference spectrum in which the effectiveness is verified through wind turbine bearing fault
experiments. Despite their relative successes, some drawbacks of existing methods persist. For instance,
the decomposing thresholds of wavelet transform are not adaptive, but the method is easily influenced
by multiple factors and the modal aliasing is always occurred based on EMD, which exacerbates the
difficulty of feature extraction.

Given these weaknesses, an emerging method called sparse representation brought a new
insight toward extracting the weak fault features [10]. There are several applications of sparse
representation such as signal compression [11], de-noising [12], and weak fault feature extraction [13].
Sparse representation is employed to describe signals as linear combinations of a few atoms from a
pre-specified dictionary. Research on sparse representation has thus far focused on two aspects [14].
First, scholars have examined the design of the sparse representation basis such as the orthogonal basis
and over complete dictionary wherein representation coefficients can be computed as inner products
of the signal and the pre-specified dictionary. Guo et al. [15] proposed a novel sparse representation
method based on an online dictionary learning algorithm to satisfy real-time fault signal processing
requirements. Second, pursuit methods have been applied toward solving the optimization problems
such as the Basis Pursuit (BP) and Matching Pursuit (MP). In this case, the sparse coefficients of the
most correlation between signals and atoms are calculated at each iteration, after which the sparsity
vector can be obtained upon meeting the terminal iteration condition [16]. Fan et al. [17] proposed a
sparse representation approach based on the traditional Majorzation-Minimization (MM) algorithm
and by seeking to achieve fault signal de-noising and extract the weak fault features. Simulated
studies and gearbox experiments both verified the effectiveness of the proposed method. However,
the selection of sparse bases had a substantial impact on the fault diagnosis result. This method also
contained more computations, which compromised efficiency [18].

In an effort to solve the aforementioned drawbacks and address the problem of weak fault feature
extraction, an emerging method called Majorzation-Minimization algorithm brought a new insight
to sparse representation. There are several applications of MM algorithm such as feature extracting,
image processing, machine learning, and more. Jiang et al. [19] utilized MM algorithm to estimate the
maximum likelihood of magnetic resonance images. Sun et al. [20] introduced the application of MM
algorithm in signal processing, communication, and machine learning. In this paper, a novel sparse
representation method based on the MM algorithm and BP algorithm was investigated to extract
fault features. Essentially, the core idea of the MM algorithm is to utilize a series of simpler convex
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optimization problems to replace the original objective function [21]. However, the traditional MM
algorithm must initially select an optimal sparse basis, which has a great impact on fault diagnosis
results. Then a constrained optimization algorithm with the obtained special basis is incorporated
to derive a series of sparse coefficients, which increases the computation and associated burden of
fault diagnosis.

In this study, a modified MM algorithm is investigated that does not depend on the choice of
sparse basis and remarkably reduces the computation. The simple flowchart of the proposed method is
shown in Figure 1 and specific steps and flowchart are described in Section 3. First, vibration signals are
collected by acceleration sensors. Second, the sparse optimization objective function is designed based
on the Basis Pursuit (BP) model, which integrates the impulsive feature-preserving factor and penalty
function factor. The feature-preserving factor measures signal sparse representation error while the
penalty function factor measures the sparsity of the fault signals. Third, a non-quadratic Majorization
iterative method based on the modified MM algorithm is applied to address the convex optimization
problem of the designed function. It is noteworthy that there is no need to select the sparse basis in the
modified iterative method because it is fixed as a unit matrix. Signal reconstruction is also omitted
in the modified MM algorithm, which significantly increases detection efficiency. With the aid of the
proposed method, a series of sparse coefficients can be obtained in which the background noise can be
reduced and the weak fault features can be highlighted. Finally, envelope analysis of sparse coefficients
is conducted to extract the weak fault features. According to the proposed method, the period of
transient impulses can be effectively identified and the beneficial characteristic frequencies can be
extracted from the envelope spectrum of sparse signal.

Design sparsity Perform majorization Obtain the sparse
Collect the AT - . . . .
e ot : optimization iteration based on coefficients with Envelope analysis
vibration signals by b T : o . .
: objective function modified MM transient of sparse signals
acceleration sensor :
based on BP model algorithm components

Figure 1. Flowchart of the proposed method.

The remaining parts of this paper are organized as follows. Section 2 describes the basic theory
behind the BP algorithm and the Majorization iterative algorithm based on the MM method. The weak
fault feature extraction strategy is outlined in Section 3. Simulated and experimental data, which
consists of the roller bearing and gearbox, are presented in Section 4 along with a comparison method
based on the traditional MM algorithm. Final conclusions are drawn in Section 5.

2. Basic Theory

Considering the problem of weak fault feature extraction, sparse representation is often applied to
enhance the weak fault features and reduce noise. Consequently, the BP algorithm, which ensures that
sparse signals contain adequate faulty information, is introduced in Section 2.1. The MM algorithm,
which is capable of solving the convex optimization problem, is presented in Section 2.2.

2.1. Basis Pursuit Algorithm

This is fully obvious that signals induced by faulty mechanical components often mix with much
noise. Therefore, the BP algorithm is applied to capture the useful fault characteristic x from the signal
with noise y [22], which is expressed in Equation (1) below.

y(#) = x(t) +n(t) @

where y(t) is the sampled signal captured from the sensors, x(t) represents the characteristic signal
containing the fault components, and #(t) denotes noise.
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Basic Pursuit algorithm is adopted to identify redundant atoms from the library of the signal
sparse representation after which the weak transient components are extracted from the sampled
signal. The resultant model can be represented as Equation (2).

y(t) = Da(t) +n(t) @

where D € RV*M g a matrix called orthogonal basis that contains M atoms d; € RN, i=1,2...M.
a € RM denotes the sparse representation coefficient.

Assuming that the sparse matrix D and sampled signal y are fixed, it is keen for obtaining the
succinct representation coefficient, which demonstrates that the majority of the atoms in the coefficient
vector are close to zero. This means only a handful of atoms will contribute to approximate the sampled
signal [1]. To ensure the signal can be effectively expressed in sparse representation, Equation (2) can
be converted into an optimization problem, which is shown below.

min||a|, s.t. |ly—Dal <e ©)]

where ||«||, represents the number of nonzero items in x and & denotes the error threshold.

Strictly speaking, [y norm is the best method to measure the sparsity. Nevertheless, it doesn’t
belong to a continuous function and, in this case, the continuous derivative cannot be achieved.
To solve this problem, Chen S., Donoho D. L. et al. [23] proposed that utilizing the I; norm to measure
the sparsity, which can be converted in the following equation.

min||a|; s.t. |y —Dall, <e 4)

With the constraint of [; norm minimization, sparse representation is defined as a series of
constrained extremum problems that can be solved by a linear programming approach. Therefore,
the aforementioned optimization problems can be expressed as seen in Equation (5).

~ . 1
&= argmm{P(o«) =5lly - Dw||%+A|zx||1} 5)
o

where F(«) is the sparse representation function.

There are two parts in this function. The first part is the impulsive feature-preserving factor
measuring the signal sparse representation error and the second part is the penalty function factor
measuring the sparsity of fault signals. Two variables exist in this function where one is the penalty
factor A that will adjust the weight of the two parts in the objective function. It is generally proportional
to the transients and noise components in the signal. Another one is the sparse matrix D, which directly
affects the degree of sparsity. In order to reduce computational complexity, the sparse matrix is fixed
as a unit matrix.

In light of this convex optimization problem, the difference between sampled signal y and
characteristic signal x can be gradually decreased such as where the noise components are reduced
by minimizing F(«). Since it is difficult to minimize the object function F(«) unless it is quadratic,
a Majorization iterative method based on the MM algorithm is applied in this study.

2.2. Majorzation-Minimization Algorithm

As mentioned earlier, the minimization of the object function F(a) can be easily solved if the
function is quadratic. Based on this core idea, a modified MM approach is studied in which the
objective function F(«) can be replaced by a sequence of simpler minimization problems [24]. Hy(«) is
defined as the replaced function and satisfies the properties as seen in Equation (6).

Va, Hi(a) > F(a)

Hy(ax) = F(ag) ©
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To minimize F(a), an iterative algorithm based on MM is presented and a series of the sparse
coefficients {ay, k =1,2,3...} can be obtained according to Equation (7).

fg41 = argminHy(a) @)
L4

where k denotes iterations.

Generally, the Majorization iterative algorithm consists of two sections. First, it consists of finding
the initial value ap, meeting F(xg) = Hy(ag) and stipulating that the other values of F(«) are less
than Hy(«), which is shown in Figure 2. Second, minimizing the objective function Hy(«) as the
minimum value a7 so that a7 is a new iterative value making F(a1) = Hy(«), which is the same as the
previous step. With an increase of iterations, the minimum value of the object function can be clearly
obtained [24].

According to the sparse representation noted in Equation (5), two factors should be taken into
account. One is the impulsive feature-preserving factor, which is more easily minimized due to
its quadratic term. Therefore, it can be solved by running several steps of the conjugate gradient
algorithm. The other one is the penalty function factor, mark it as ||a[|; = ¥(«), term |a| as ¢(a),
and then ¥(a) = [la]l; = LN |a(n)| = L ¢(x(n)). ¢(a) is an absolute value function, which
imposes a challenge for minimization. According to MM algorithm, assume a quadratic function /(«)
as seen in the following equation.

h(a) = Aa®* + Ba+C (8)

where A, B, and C are constants.

The surrogate function #(«) should be the upper bound of ¢(a) that agrees with ¢(a) at ay,
as shown in Figure 2. Therefore, conditions in Equation (6) are equivalent to h(ay) = ¢(ay), h/(ag) =
¢!(ag). In order to simplify the Majorization algorithm, consider a special form of ii(«) that assumes
an unknown parameter B = 0 [25]. Then, /(a) can be expressed as seen in the following equation.

h(a) = Aa® +C )
Next, solving for A and C makes A = (¢/(ag)/2ax),C = ¢p(ax) — (ax/2)$p(ay). Then,

h(oc) — (Pl(’xk)

2 90) = G () (10)

According to the aforementioned algorithm, the conditions in Equation (6) are equivalent to the
following equation.

Vo y(a) > ¢(a)
Q%) 02 4 () — For(ax) > ¥(a)

2ﬂék

(11)

In attempting to simplify the concrete form of «, the above function will be converted into a

matrix format. 1

o
S Al > [l (12

where Ay denotes the diagonal matrix with Ay = diag(|ax|), A; ' represents the inverse of Ay, and a*
denotes the complex conjugate transpose of «.
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Hy(a ,a)), F(oy

0 a

Figure 2. Sparse iterative algorithm based on MM.

Incorporated with the impulsive feature-preserving factor, the majorization function Hy(«a) can
be expressed as Equation (13).

1 11
Hy(a) = EHV—D“Hz“‘/\(E“*Ale“F§||“k||1) (13)

According to the Majorization Iteration Algorithm, Equation (7) for a can be updated as
seen below.

. (1 2 A _ A
et = avgmin (3 ly = Dl + 3 A Mo+ 5ol (19
14
The last part of this function 4 ||a||; can be omitted because it is a fixed value. Therefore, a new
updated equation can be simplified as seen in the equation below.

. (1 A _
Wpyq = argm1n<2||y — Dal)5+ 5"‘*Ak 1¢x) (15)
o

Equation (15) is thereby quadratic in «. With the aid of the traditional MM algorithm [17],
the solution to this problem can be converted explicitly using linear algebra and leads to the following
updated equation.

* -1 -1,
g = (D D + AA; ) Dy (16)

However, some issues remain and should be taken into account [17]. Due to the sparsity of «,
when the atoms of « go to zero, those of Ak_1 would go to infinity, which leads to incorrect results.
To solve this issue, the updated equation is converted into Equation (17).

1 .
ti1 = A% |D'y = D*(DAD* + A1) ' DAD"y| (17)

The other issue pertains to the selection of the optimal sparse matrix. This problem can be solved
by correlation filtering. Afterward, the constrained optimization algorithm with the obtained special
basis is incorporated to achieve a series of sparse coefficients.

By contrast, the sparse matrix in the modified MM algorithm doesn’t need to be selected because
it is fixed as a unit matrix. The updated equation can be simplified using matrix inverse lemma, which
will not lead to infinite values and erroneous results [26]. Furthermore, since the sparse matrix is a unit
matrix, signal reconstruction can be omitted and thus xj,1 = aj1. In summary, the modified MM
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algorithm can significantly reduce the computational complexity and markedly increase the detection
efficiency. The simplified update equation is thus converted into the calculation below.

1 1
Xei1 =y —DT (/\Ak + DDT> Dy (18)
By running the iterative procedure expressed in Equation (18), an optimal sparse signal £

containing the fault transient components can eventually be obtained.

3. Weak Fault Feature Enhancing Strategy Using Sparsity-Promoted Method

As mentioned earlier, vibration signals captured from faulty mechanical components often mix
with much noise by imposing significant obstacles to weak fault feature extraction. It is, therefore,
reasonable to enhance weak features and reduce noise by sparse representation [4]. As such, a fault
feature extraction strategy based on the BP algorithm and MM method is investigated in this paper.

The flowchart of the weak fault feature enhancing strategy is presented in Figure 3. The process is
as follows: inspired by BP theory, a convex optimization objective function is designed that integrates
the impulsive feature-preserving factor and penalty function factor. The feature-preserving factor
measures the signal sparse representation error and the penalty function factor measures the sparsity
of the fault signals. Essentially, this function reveals the differences between the fault signal without
noise and the sampled signal. Then the Majorization iterative method based on the modified MM
algorithm is applied to minimize this function. It is noteworthy that there is no need to select the sparse
matrix G in the modified iterative method because it is fixed as a unit matrix. The penalty coefficient A
should be adjusted according to signal energy, which is generally proportional to the noise and fault
impact components in the signal [27]. Through iteration, a series of sparse coefficients containing the
transient components can be achieved. For the sparse matrix is the unit matrix, according toy = D x* x,
the sparse signals are the same as sparse coefficients, which means signal reconstruction is omitted in
the proposed method and inspired by sparse representation. The fault transients are reflected as the
nonzero value of the sparse signal, which means it is the same as the sparse coefficients. Furthermore,
the reciprocal of the transient period is consistent with the characteristic frequency. Finally, envelope
analysis is employed to extract the fault features. Experiments on roller bearings and gearboxes were
conducted in this study to verify the effectiveness of the proposed method. Comparison experiments
show that the proposed algorithm outperforms the traditional MM method in terms of detection
results and efficiency.

The details of this iterative procedure are summarized as seen below.

(1) Collect the vibration signals y using acceleration sensors,

(2) Construct the Majorization iterative function and initialize k = 1, sparse matrix D, penalty factor A,
and Ay = diag(|ax(n)]),

(3) According to Equation (18), carry out the Majorization iterative steps and update the iterative
number k<k + 1.

(4) Obtain sparse signal x;.1, which only contains the transient components.

(5) Perform envelope analysis and extract the fault characteristic frequency.



Sensors 2018, 18, 1003 8 of 19

Step1: Vibration Signal
Collection

: Spar'sity. optimiza;ltion
I objective function
I

I
I
I
> 5 I
Step 2: Basic Pursuit [ |
algorithm I v v |
I Impulsive feature penalty function factor :
: preserving factor (Coefficient A , matrix G) I
, | T |
[ e e St S 1

Optimization problem |_

solution with MM

Majorization iterative

i ;

I
I
I
I
I
I
Step 3: Majorization- babk |
Minimization | :
| |
I Sparse coefficients Adjust !
: (Sparse signals. coefficient A :
: Fault transients) 0 :
I

[L:::::::::::t:::::::::::::t::::::::.:::::,‘

Transients period Envelope analysis

I
I
I
: I ]
Step 4: Envelope analysis —>:

Fault characteristi
frequency

Fault diagnosis

Figure 3. Feature enhancing algorithm framework based on MM.

4. Application Cases

To demonstrate the effectiveness and applicability of the proposed method, experiments including
simulated data, roller bearings, and gearboxes were conducted. In addition, comparisons were made
to prove that the proposed method outperformed the sparse representation method based on the
traditional MM algorithm.

4.1. Simulation Analysis

Vibration signals induced by bearing faults can be simulated as in the following equation.

Y(tn) = A(ty)e 2 me(tn=T) s sin(27tfy (b — Ti) + o) + 0(t),

19)
Ty =Ty +AT, mk=123.. . N—1

where {A(t,),n=0,1,2,...,N — 1} denotes the amplitude of transient responses. The sampling
frequency is f; = 10 kHz, the system resonance frequency is f; = 3 kHz, the initial phase angle is
¢o = 5rad, and the relative damping ration is ¢ = 0.1. T} represents the trigger time of the kth impulse
and ATy = 0.01 is the time between the (k — 1)th and kth impulse in which fault characteristic frequency
is 100 Hz. In order to simulate the background noise, Gaussian noise v(t) is added to the simulated
signal and the SNR is —5 dB [28].
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The signals in this paper are all normalized to guarantee the signal amplitude at the same
magnitude. The waveform and the spectrum of the simulated signal are shown in Figure 4a,b,
respectively, where the fault characteristic frequency can be obtained and is close to the theoretical
frequency 100 Hz. To simulate the strong background noise, Figure 4c shows the waveform of the
simulated signal with noise where the impact peak is unclear. Envelope analysis is selected as a
comparison to validate whether the proposed algorithm can extract the weak fault features from the
signal with noise. Fault frequencies of interest are submerged in the envelope spectrum, which is
shown in Figure 4d.

1 1
o8l 9766Hz o n . 3027Hz 1
005 B i
E 20.6
= E'OA
go
0.2} i
5 0.02 0.04 0.06 0.08 0.1 % 100 200 300 400 500
' T Timels : ' Frequency/Hz
(a) (b)
1 T T T 1 T T T T
05l 0.8}
() (0]
g 206}
50 | =
E €04+
< <
05} 02
A1 | I | I 0
0 0.2 004 0.06 008 0.1
Timels

(©)

Figure 4. Simulated signals: (a) time-domain waveform of simulated signal, (b) envelope spectrum of
simulated signal, (c) simulated signal with noise, and (d) envelope spectrum of signal with noise.

As noted, the proposed method aims at enhancing the weak fault features and detecting
features from the sparse signal. According to the proposed strategy, in the optimization iterative
in Equation (18), the simulated signal with noise y is regarded as the initial iterative value, the sparse
matrix G is marked as the unit matrix, the penalty coefficient A = 0.24, and iterations k = 20. Through
iteration, a series of sparse coefficients only containing the transient components can be obtained,
which is illustrated in Figure 5a. Figure 5b shows the envelope spectrum of the sparse signal where the
defect frequency can be clearly extracted and the SNR of sparse signal is —0.649 dB. Compared with
Figure 4c,d, the sparse signal demonstrates an excellent effect on transient detection. The noise can be
well discarded and the fault characteristic frequencies can be clearly captured. Since the unit matrix
is selected as the sparse basis, the reconstructed sparse signal is the same as the sparse coefficients.
This means the signal reconstruction is omitted. Besides that, in order to verify the effectiveness of
the proposed method for signals with different SNR, some supplementary experiments were also
carried out and the following results were obtained: the SNR of simulated signals were —8 dB and —2,
with the aid of the proposed method, the SNR of sparse signals could be got with —0.904 dB and
—0.524 dB. Therefore, the proposed method, not only improves detection precision but also increases
the detection efficiency.
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Figure 5. Detection results of simulated signals using the proposed method: (a) waveform of sparse
signal and (b) envelope spectrum of the sparse signal.

4.2. Experimental Verification and Discussion

4.2.1. Test Rig

To verify the feasibility of the proposed method in practical engineering applications, several
experiments were performed by testing set-ups with roller bearings and a gearbox. Figure 6a
shows the testing set-up of roller bearings, which is comprised of a motor, roller bearings (NTN204),
and acceleration sensors. Two accelerometers were mounted in opposite directions (horizontal and
vertical) of the bearing housing. In addition, in this study, defective gearbox signals were analyzed.
The testing set-up for the gearbox was equipped with a motor, a gearbox, loading equipment, and two
accelerometers. The vibration signals of the defective gear were collected through two accelerometers
mounted on the gearbox in vertical and horizontal directions. The fault gearbox was a two-stage
gearbox that contained a driving shaft I (a driving gear), a middle shaft II (two gears: a driving gear
and a driven gear), and a driven shaft III (a driven gear).

(b) (9

Figure 6. Experimental system, (a) experimental table, (b) gear broken-tooth fault, (c) bearing outer-race
fault, and (d) bearing inner-race fault.
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During the test, roller bearing faults occurred on the outer-race and inner-race, the gearbox
fault occurred on the driven gear of the third speed, which is displayed in Figure 6b—d, and the
red circles represent the location of faults. It is apparent that the inherent frequencies of roller
bearing are generally distributed in the high-frequency band. To fully analyze the signal, a larger
sampling frequency is selected to acquire more comprehensive information of the machinery
conditions [29]. Therefore, the sampling frequency of bearing experiment was 100 kHz and the
frequency of the gearbox experiment was 10 kHz. The roller bearing operated at a speed of 1300 rpm
while the gearbox of the third speed operated at a speed of 340 rpm. The size of the flaw in the
roller bearing was 0.05 mm x 0.3 mm (depth x width) in which the gear flaw was broken-tooth.
The technical characteristics of the roller bearings and gearbox are displayed in Tables 1 and 2.
The corresponding fault characteristic frequencies of the bearing and gearbox are computed according
to Equations (20) to (22) [30,31].

Table 1. Structure parameters of roller bearing.

Number of Rollers  External Diameter (mm) Inner Diameter (mm) Width (mm)

11 47 20 14

Table 2. Structure parameters of gearbox.

Research Object ~ Number of Teeth ~ Rotating Period (s)  Rotating Frequency (Hz) = Meshing Frequency (Hz)

Driving Gear I 80 3.448 0.29 23.15
Driven Gear II 19 0.824 1.214 .
Driving Gear II 80 0.824 1.214 9713
Driven Gear III 17 0.175 5.714 :

The fault characteristic frequency of bearing with outer race is shown in the equation below.

fr= Z;](1 - %cos zx>f0 (20)

The fault characteristic frequency of bearing with inner race is shown in the equation below.

N d
fn= > (1 + D €os lX)fo (21)
The fault characteristic frequency of gear with broken-tooth is shown in the equations below.

fm =711 = Zaf2
fz= 7

where N denotes the number of roller elements, D is the pitch diameter, 4 is the roller diameter, fy, f

(22)

and f, represent the rotating frequency of roller bearing, driving gear, and driven gear, respectively,
« is the contact angle, f;, fj,, f. represent the characteristic frequency of the outer race, inner race,
and broken-tooth, respectively, f; is the gear meshing frequency, and Z;, Z; denote the number of
gear teeth. Based on these parameters, the computed results of characteristic frequencies are listed in
Table 3.

Table 3. Fault characteristic frequencies.

Fault Category Outer Race  Inner Race  Broken-Tooth
Fault characteristic frequency (Hz) 86.32 145.84 5.714




Sensors 2018, 18, 1003 12 of 19

4.2.2. Detection of the Bearing Fault in the Outer Race

To demonstrate the effectiveness of the proposed method for weak feature extraction, the proposed
method is initially utilized to extract the weak fault features of roller bearing with a fault in the
outer race. Figure 7a depicts the time-domain waveforms of the vibration signal in which the transients
submerge in other noise components. Accordingly, it is difficult to detect fault transients as the transient
cyclic period cannot be captured clearly. Envelope analysis is selected as a comparison to validate
whether it is possible to extract the weak fault features from the vibration signal. Figure 7b shows
the spectrum of Figure 7a in which the resonance bands can be selected as 8000-15,000 Hz and then
calculate envelop spectrum, which is illustrated in Figure 7c. However, the fault frequencies of interest
are too weak to extract in the envelope spectrum.

=}

5

bAmpIitude

0 0.02 0.04 0.06 0.08 0.1 0.12
Time/s

—
o0
=~

-

o o
o @

Amplitude
o
S

0.2

(©)

Figure 7. Bearing signals: (a) time-domain signal with outer-race fault, (b) spectrum of the time-domain
signal, and (c) envelop spectrum of the time-domain signal.

Based on the proposed method, a convex optimization objective function of the roller bearing
is designed and inspired by BP theory. The sampled signal is regarded as the initial value y of the
majorization iterative. Considering fault diagnosis efficiency, a unit matrix is chosen as the sparse
orthogonal matrix G. Next, simplify the objective function and convert it into the modified iterative
expression in which the penalty coefficient A = 0.32 and iterations k = 20. Via the above steps,
the vibration signals can be sparsely represented. As shown in Figure 8a, the proposed method is
effective in reducing noise and the signal only contains the fault impact peak. Figure 8b displays
the envelope spectrum of the sparse signal where weak fault feature frequencies can be successfully
extracted and it is consistent with the theoretical frequency (86.32 Hz). Compared Figure 7a with
Figure 7c, the sparse signal exerts an excellent effect on transient detection. The transient cyclic
period can be captured accurately and the fault characteristic frequencies can be clearly extracted.
Since the unit matrix is selected as the sparse basis, the reconstructed sparse signal is the same as the
sparse coefficients. In other words, signal reconstruction is omitted. Therefore, the proposed method
improves detection precision along with detection efficiency.



Sensors 2018, 18, 1003 13 of 19

06 : :
04}
[}
02} ‘
=Wl | |
E 0 1‘| 1‘ J‘ L ’ | I'llL[L\‘I‘I" -
02!
04 ' . ‘ ‘ ' 0 100 200 300 400 500
02 004 006 008 0.1 012
Timels Frequency/Hz

C) (b)

Figure 8. Detection results of outer-race fault using the proposed method: (a) waveform of sparse
signal and (b) envelope spectrum of the sparse signal.

4.2.3. Detection of the Bearing Fault in the Inner Race

The proposed method is then utilized to extract the weak fault features of the roller bearing
with a fault in the inner race. Figure 9a shows the time-domain waveforms of the vibration
signal in which most transients are submerged in other noise components. Envelope analysis is
selected as a comparison to validate whether it can extract the weak fault features from the vibration
signals. Figure 9b shows the spectrum of Figure 9a in which the resonance bands can be selected
as 3000-10,000 Hz and then calculate envelop spectrum. However, as shown in Figure 9¢, the fault
frequency is hidden in other noise frequencies and the status of the roller bearing is difficult to identify.
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Figure 9. Bearing signals: (a) time-domain signal with inner-race fault, (b) spectrum of the time-domain
signal, and (c) envelope spectrum of the time-domain signal.

According to the proposed strategy, with the optimization iterative Equation (18), the vibration
signal is regarded as the initial iterative value y, the sparse matrix G is marked as the unit matrix,
the penalty coefficient A = 0.55, and iterations k = 20. Through iteration, the vibration signal can be
sparsely represented and the weak fault feature can be clearly enhanced. As illustrated in Figure 10a,
a series of sparse coefficients containing the transient components can be achieved. Figure 10b shows
the envelope spectrum of the sparse signal in which the twice rotating frequency equaling 42.72 Hz and
the defect frequency equaling 146.5 Hz can be obviously extracted. Due to the existence of the structural
defects in testing set-up such as misalignment fault, the twice rotating frequency (42.72 Hz) can be
clearly extracted in Figure 10b. Compared Figure 9a with Figure 9c, the sparse signal demonstrates an
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excellent effect on transient detection: the transient cyclic period can be well captured and the fault
characteristic frequencies can be clearly extracted.
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Figure 10. Detection results of inner-race fault using the proposed method: (a) waveform of sparse
signal and (b) envelope spectrum of the sparse signal.

4.2.4. Detection of the Gearbox Fault with Broken-Tooth

To prove the commonality of this method, the proposed method is utilized to analyze the gearbox
signal. The vibration signal caused by the gear with tooth-broken is shown in Figure 11a in which the
transient period cannot be identified due to the existence of noise and other interfering components.
As illustrated in Figure 11b, the meshing frequency can be extracted equal to 97.05 Hz and it is
consistent with the theoretical frequency (97.13 Hz). Consequently, the malfunction appeared to
occur on the second meshing, which may be the driving gear II or the driven gear III. However,
it is impossible to diagnose which gear is faulty since the fault characteristic frequency is too weak
to extract.

97.05Hz

50 100 200 250 300

150
Frequency/Hz

(@) (b)

Figure 11. Gearbox signals: (a) time-domain signal with tooth-broken fault and (b) envelope spectrum
of the time-domain signal.

At a constant rotating speed, the localized fault in the gearbox tends to cause periodic shocks and
thereby arouses periodic transients in vibration signals. Therefore, the gearbox fault can be diagnosed
based on the transient period. However, due to the weak faulty, the fault transient period is obscured
by strong background noise. Therefore, it is necessary to enhance the weak features. With the help of
the proposed method, a convex optimization objective function (18) is designed. The sampled signal
is regarded as the initial value y of the Majorization iterative. Considering fault diagnosis efficiency,
a unit matrix is chosen as the sparse orthogonal matrix G. Next, simplify the objective function and
convert it into the modified iterative expression, the penalty coefficient A = 2.7, and iterations k = 20.
Via the above steps, the vibration signals can be sparsely represented as a series of periodic transients
and the cyclic period AT = 1/f, = 0.175 s can be obtained in Figure 12a, which corresponds to the
theoretical fault characteristic frequency (5.714 Hz). Figure 12b shows the envelope spectrum of the
sparse signal in which the defect frequency, the meshing frequency, and its side band can be obviously
extracted. Based on the mentioned analysis, the fault appears to occur on the driven gear III. Compared
with the vibration signal in Figure 11a, it is disclosed that the sparse signal represents an excellent
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effect on transient detection as the transients’ cyclic period can be clearly captured as well as fault
characteristic frequencies can be extracted obviously.
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Figure 12. Detection results of tooth-broken fault using the proposed method: (a) waveform of sparse
signal and (b) envelope spectrum of the sparse signal.

4.3. Comparison with the Traditional MM Algorithm

To further validate the superiority of the proposed method on detection results and efficiency,
the same signals are processed using the traditional MM algorithm in which the optimal wavelet
bases parameters of different research objects are firstly constructed by correlation filtering. Different
wavelet bases may result in different detection results, which may lead to poor detection. Next the
constrained optimization algorithm with obtained special basis is incorporated to achieve a series
of sparse coefficients and the reconstructed signal can eventually be obtained through the sparse
coefficients and special basis. In general, the traditional approach mainly involves correlation filtering,
the constrained optimization algorithm, and signal reconstruction, which may increase the amount of
calculation. By contrast, there is no need to select sparse basis in the modified MM algorithm or to
reconstruct the signals for the sparse matrix is fixed as the unit matrix. Therefore, the modified MM
algorithm can reduce computational complexity and boost detection efficiency considerably.

The traditional method is firstly utilized to extract the weak fault features of the roller bearing
with outer-race fault. The bearing signal is shown in Figure 7a and its spectrum is illustrated in
Figure 7b. According to the method based on the traditional MM algorithm, the wavelet basis can
be obtained via correlation filtering (see Figure 13a). Then the constrained optimization algorithm
with obtained special basis is incorporated to achieve a series of sparse coefficients (see Figure 13b).
Figure 13c illustrates the reconstructed signal where the noise can be reduced effectively, but the
transient cyclic period cannot be clearly observed. Figure 13d displays the envelope spectrum of the
reconstructed signal. The feature frequencies of interest are not clear. Then the traditional method is
utilized to extract the weak fault features of the simulated fault, the roller bearing with inner-race fault
and gearbox fault, which is shown in Figure 14a—c. Compared with the detection results using the
proposed method, the modified method shows better transient detection as the fault characteristic
frequencies can be extracted more obviously.
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Figure 13. Cont.
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Figure 13. Detection results of outer-race fault signals using the traditional method: (a) Optimal
wavelet basis, (b) sparse coefficients, (c) reconstructed signal, and (d) envelope spectrum of the
reconstructed signal.
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Figure 14. Detection results using the traditional method: (a) envelope spectrum of simulated sparse
signal, (b) envelope spectrum of the inner-race sparse signal, and (c) envelope spectrum of the gearbox

sparse signal.

To substantiate the efficiency of these two methods, several comparative experiments were carried
out to obtain the detection time. The average detection time of the simulated signal using the proposed
method is 0.1865 s and the average detection time using the traditional method is 9.0883 s. Due to the
fewer data points, there are fewer differences in fault detection time of the simulated signal. However,
the detection time of bearing and gear fault signals is quite different actually. Figure 15 shows the
detection time for 10 sets of experiments using the two methods. It can be seen that the detection time
of the proposed method is far less than that of the traditional method. Therefore, the proposed method
can greatly reduce computational complexity and significantly increase detection efficiency.
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Figure 15. Detection time using two methods.

5. Conclusions

In this study, a sparsity-promoted method based on the BP and modified MM algorithm is
proposed to extract weak fault features. The optimization objective function is initially designed to
make the noise-polluted signal approximate to the transient impact, which means that fault feature
enhancement can be converted into a convex optimization problem. Then the Majorization iterative
method based on a modified MM algorithm is applied to solve the convex optimization problem.
Through iteration, not only the strong background noise reduces but also a series of sparse coefficients
only containing transient components can be obtained. To verify the validity of the proposed method,
simulated and experimental signals of bearings and gearboxes are analyzed. The results indicate that
the sparse signal represents an excellent effect on transient detection. The transient cyclic period can
be well captured and the fault characteristic frequencies can be clearly extracted. Envelope analysis is
selected as a comparison to validate whether it can extract the weak fault features from the vibration
signal. It can be seen that the fault frequencies of interest are too weak to extract in the envelope
spectrum, but they can be successfully extracted using the proposed method. In addition, comparisons
using the traditional method demonstrate that the proposed method outperforms the traditional
method in terms of detection results and efficiency.

Acknowledgments: This work is partially supported by the National Natural Science Foundation of China
(Grant No. 51675035).

Author Contributions: Huaqing Wang conceived and designed the experiments. Bangyue Ren and Liuyang Song
carried out the experiments and collected the date under the supervision of Huaqing Wang. Gang Tang and
Hongfang Yuan analyzed the experimental results. Bangyue Ren wrote the paper. Huaging Wang and Yansong Hao
reviewed and edited the manuscript.

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

References

1. Han, T, Jiang, D.; Zhang, X; Sun, Y. Intelligent Diagnosis Method for Rotating Machinery Using Dictionary
Learning and Singular Value Decomposition. Sensors 2017, 17, 689. [CrossRef] [PubMed]

2. Wang, H; Li, R; Tang, G.; Cao, X. A compound fault diagnosis for rolling bearings method based on blind
source separation and ensemble empirical mode decomposition. PLoS ONE 2014, 9, €109166. [CrossRef]
[PubMed]

3.  Wang, H;Ke, Y,; Luo, G; Li, L.; Tang, G. A Two-Stage Compression Method for the Fault Detection of Roller
Bearings. Shock Vib. 2016, 4, 1-11. [CrossRef]


http://dx.doi.org/10.3390/s17040689
http://www.ncbi.nlm.nih.gov/pubmed/28346385
http://dx.doi.org/10.1371/journal.pone.0109166
http://www.ncbi.nlm.nih.gov/pubmed/25289644
http://dx.doi.org/10.1155/2016/2971749

Sensors 2018, 18, 1003 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Tang, H.; Chen, J.; Dong, G. Sparse representation based latent components analysis for machinery weak
fault detection. Mech. Syst. Signal Process. 2014, 46, 373-388. [CrossRef]

Wang, D.; Guo, W.; Wang, X. A joint sparse wavelet coefficient extraction and adaptive noise reduction
method in recovery of weak bearing fault features from a multi-component signal mixture. Appl. Soft Comput.
2013, 13, 4097-4104. [CrossRef]

Wang, H.; Chen, J.; Dong, G. 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]

Chen, B; Zhang, Z.; Sun, C; Li, B.; Zi, Y.; He, Z. Fault feature extraction of gearbox by using overcomplete rational
dilation discrete wavelet transform on signals measured from vibration sensors. Mech. Syst. Signal Process. 2012,
33, 275-298. [CrossRef]

Tian, X.; Gu, J.; Rehab, I.; Abdalla, G.; Gu, F. A robust detector for rolling element bearing condition
monitoring based on the modulation signal bispectrum and its performance evaluation against the
Kurtogram. Mech. Syst. Signal Process. 2016, 100, 167-187. [CrossRef]

Zhang, W.; Bai, K,; Song, P.; Yang, W.; Zhao, H. Wang, Z. Wind Turbine Rolling Bearing Fault Feature
Extraction Method Based on VMD and Singular Value Energy Difference Spectrum. N. C. Electr. Power 2017,
3, 59-64.

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

Figueiredo, M.; Nowak, R.; Wright, S. Gradient projection for sparse reconstruction: Application to
compressed sensing and other inverse problems. IEEE ]. Sel. Top. Signal Process. 2007, 1, 586-597. [CrossRef]
Li, S.; Yin, H.; Fang, L. Group-sparse representation with dictionary learning for medical image denoising
and fusion. IEEE Trans. Biomed. Eng. 2012, 59, 3450-3459. [CrossRef] [PubMed]

He, G.; Ding, K,; Lin, H. Fault feature extraction of rolling element bearings using sparse representation.
J. Sound Vib. 2016, 366, 514-527. [CrossRef]

Huang, K.; Aviyente, S. Sparse representation for signal classification. Adv. Neural Inf. Process. Syst. 2007, 19,
609-616.

Guo, L.; Gao, H; Li, J.; Huang, H.; Zhang, X. Machinery vibration signal denoising based on learned
dictionary and sparse representation. J. Phys. Conf. Ser. 2015, 628, 012124. [CrossRef]

Zayyani, H.; Babaie-Zadeh, M.; Jutten, C. Bayesian pursuit algorithm for sparse representation.
Acoust. Speech Signal Process. 2009, 11, 1549-1552.

Fan, W,; Cai, G.; Huang, W.; Shang, L.; Zhu, Z. Sparse Representation of Transients Based on Wavelet Basis
and Majorization-Minimization Algorithm for Machinery Fault Diagnosis. Math. Probl. Eng. 2014, 1-11.
[CrossRef]

Wang, H.; Ke, Y.; Song, L.; Tang, G.; Chen, P. A sparsity-promoted decomposition for compressed fault
diagnosis of roller bearings. Sensors 2016, 16, 1524. [CrossRef] [PubMed]

Jiang, Q.; Moussaoui, S.; Idier, J.; Collewet, G.; Xu, M. Majorization-Minimization Algorithms for Maximum
Likelihood Estimation of Magnetic Resonance Images. In Proceedings of the Seventh IEEE International
Conference on Image Processing Theory, Tools and Applications (IPTA"2017), Montreal, QC, Canada,
28 November—1 December 2017.

Sun, Y.; Babu, P; Palomar, D.P. Majorization-Minimization Algorithms in Signal Processing, Communica-tions,
and Machine Learning. IEEE Trans. Signal Process. 2016, 65, 794-816. [CrossRef]

Sriperumbudur, B.K.; Torres, D.A.; Lanckriet, G.R.G. A majorization- minimization approach to the sparse
generalized eigenvalue problem. Mach. Learn. 2011, 85, 3-39. [CrossRef]

Chen, X.; Cheng, G.; Shan, X.; Hu, X.; Guo, Q.; Hou, G. Research of weak fault feature information extraction
of planetary gear based on ensemble empirical mode decomposition and adaptive stochastic resonance.
Measurement 2015, 73, 55-67. [CrossRef]

Chen, S.; Donoho, D.L.; Saunders, M.A. Atomic decomposition by basis pursuit. SIAM |. Sci. Comput. 1998,
20, 33-61. [CrossRef]

Yaghoobi, M.; Blumensath, T.; Davies, M.E. Dictionary learning for sparse approximations with the
majorization method. IEEE Trans. Signal Process. 2009, 57, 2178-2191. [CrossRef]

Yin, W.; Osher, S.; Goldfarb, D.; Darbon, J. Bregman iterative algorithms for /;-minimization with applications
to compressed sensing. SIAM |. Imaging Sci. 2008, 1, 143-168. [CrossRef]


http://dx.doi.org/10.1016/j.ymssp.2014.01.011
http://dx.doi.org/10.1016/j.asoc.2013.05.015
http://dx.doi.org/10.1016/j.ymssp.2014.04.006
http://dx.doi.org/10.1016/j.ymssp.2012.07.007
http://dx.doi.org/10.1016/j.ymssp.2017.07.037
http://dx.doi.org/10.1016/j.mechatronics.2015.04.006
http://dx.doi.org/10.1109/JSTSP.2007.910281
http://dx.doi.org/10.1109/TBME.2012.2217493
http://www.ncbi.nlm.nih.gov/pubmed/22968202
http://dx.doi.org/10.1016/j.jsv.2015.12.020
http://dx.doi.org/10.1088/1742-6596/628/1/012124
http://dx.doi.org/10.1155/2014/696051
http://dx.doi.org/10.3390/s16091524
http://www.ncbi.nlm.nih.gov/pubmed/27657063
http://dx.doi.org/10.1109/TSP.2016.2601299
http://dx.doi.org/10.1007/s10994-010-5226-3
http://dx.doi.org/10.1016/j.measurement.2015.05.007
http://dx.doi.org/10.1137/S1064827596304010
http://dx.doi.org/10.1109/TSP.2009.2016257
http://dx.doi.org/10.1137/070703983

Sensors 2018, 18, 1003 19 of 19

26.

27.

28.

29.

30.

31.

Sorel, M.; Sroubek, F. Fast convolutional sparse coding using matrix inversion lemma. Digit. Signal Process.
2016, 55, 44-51. [CrossRef]

He, W.P; Zi, Y.Y,; Chen, B.Q. Majorization Minimization Oriented Sparse Optimization Method for Feature
Extration Technique in Machinery Fault Diagnosis. J. Xi’an Jiaotong Univ. 2016, 50, 94-99.

Wang, H.; Hou, W.; Tang, G.; Yuan, H.; Zhao, Q.; Cao, X. Fault Detection Enhancement in Rolling Element
Bearings via Peak-Based Multiscale Decomposition and Envelope Demodulation. Math. Probl. Eng. 2014, 1,
135-142. [CrossRef]

Hao, Y.; Song, L.; Ke, Y.; Wang, H.; Chen, P. Diagnosis of Compound Fault Using Sparsity Promoted-Based
Sparse Component Analysis. Sensors 2017, 17, 1307. [CrossRef] [PubMed]

Li, M.; Wang, H.; Tang, G.; Yuan, H.; Yang, Y. An improved method based on CEEMD for fault diagnosis of
rolling bearing. Adv. Mech. Eng. 2014, 1-10. [CrossRef]

Feng, Z.; Zhao, L.; Chu, F. Vibration Spectral Characteristics of Localized Gear Fault of Planetary Gearboxes.
Proc. CSEE 2013, 33, 119-127.

@ © 2018 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.dsp.2016.04.012
http://dx.doi.org/10.1155/2014/329458
http://dx.doi.org/10.3390/s17061307
http://www.ncbi.nlm.nih.gov/pubmed/28587296
http://dx.doi.org/10.1155/2014/676205
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Basic Theory 
	Basis Pursuit Algorithm 
	Majorzation-Minimization Algorithm 

	Weak Fault Feature Enhancing Strategy Using Sparsity-Promoted Method 
	Application Cases 
	Simulation Analysis 
	Experimental Verification and Discussion 
	Test Rig 
	Detection of the Bearing Fault in the Outer Race 
	Detection of the Bearing Fault in the Inner Race 
	Detection of the Gearbox Fault with Broken-Tooth 

	Comparison with the Traditional MM Algorithm 

	Conclusions 
	References

