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Featured Application: The proposed method of this paper is for the fault diagnosis of railway
wheelset bearings.

Abstract: A wheelset bearing is one of the main components of the train bogie frame. The early fault
detection of the wheelset bearing is quite important to ensure the safety of the train. Among numer-
ous diagnostic methods, envelope analysis is one of the most effective approaches in the detection of
bearing faults which has been amply applied, but its validity greatly depends on the informative
frequency band (IFB) determined. For the wheelset bearing faulty signal, it is often difficult to
identify the IFB and extract fault characteristics due to the influence of complex operating conditions.
To address this problem, a novel method to select optimal IFB, called the Mkurtogram, is proposed
for railway wheelset bearings fault diagnosis. It takes the multipoint kurtosis (Mkurt) of unbiased au-
tocorrelation (AC) of the squared envelope signal generated from sub-bands as assessment indicator
for the first time. The fundamental concept which inspires this proposed method is to make full use
of regular periodicity of AC of squared envelope signal. In the AC domain, the impulsiveness and
periodicity, two distinctive signatures of the repetitive transients, have achieved a united representa-
tion by Mkurt. A simulated signal with multiple interferences and two experimental signals collected
from wheelset bearings are applied to verify its performances and advantages. The results indicate
that the proposed method is more effective to extract the wheelset bearings fault feature under
complex interferences. It can not only decrease the influence of large impulse interference and the
discrete harmonics interference, but also effectively overcome the influence of amplitude fluctuation
caused by variable working conditions. Moreover, based on the periodic directivity of Mkurt, the
proposed method also can be applied to the compound faults diagnosis of the wheelset bearing.

Keywords: railway wheelset bearing; fault diagnosis; unbiased autocorrelation function; multipoint
kurtosis; envelope analysis

1. Introduction

The condition monitoring of railway infrastructure and vehicles is very important to
ensure the safe operation of trains, which has gradually attracted considerable attention in
recent years [1–3]. Among them, the wheelset bearing, as one of the key rotating elements in
the bogie frame of high-speed or heavy-duty locomotives, working status has a significant
impact on the safety of the vehicle [4–6]. Hence, it is essential to the diagnosis of the
wheelset bearing’s damage in its initial stages for preventing potential accidents [7,8].
For the fault feature extraction of bearings, vibration-based analysis has developed into
an effective approach after the development of recent years [9,10]. However, influenced
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by the complex wheel/rail excitation and the severe operating condition, the fault-related
repetitive impulses are usually submerged by strong background noise and complex
harmonic interferences, which bring some difficulties for the early fault detection of the
wheelset bearing. When a local defect occurs on the contact surfaces of the bearing, a typical
feature is that the fault-induced repetitive transients are modulated in a high-frequency
resonance band related to the machine structure [11]. Therefore, a valid strategy for the
extraction of fault-induced repetitive transients is to determine an IFB to filter the vibration
signal [12–14]. However, how to choose the IFB adaptively is still a difficult problem.

In order to determine the IFB adaptively, Antoni proposed the spectral kurtosis (SK)-
based method [15] and fast kurtogram (FK) [16], in which the kurtosis of the filtered time
signal is taken to extract the impulse-like characteristics from bearing fault signal. Up to
now, SK-based kurtogram and FK have been widely used in the fault diagnosis of rotating
machinery, such as railway locomotives, wind turbines, excavating machinery, and so on.
Afterwards, several research works have been made to improve the validity and stability
of the kurtogram. On one hand, more accurate bandpass filters have been developed to
improve the effect of decomposition (e.g., multiwavelets [17], wavelet packet transform
(WPT) [18,19], dual-tree wavelets [20,21], maximal overlap discrete WPT (MODWPT) [22],
dynamic Bayesian wavelet transform [23], tunable Q-factor wavelet transform [24,25], etc.).
On the other hand, more robust indicators are adopted to estimate the impulse-like charac-
teristics of the filtered time signal. Bozchalooi proposed a novel smoothness index-based
method to select the wavelet parameter to de-noise, and its performance is verified by
bearing experimental signal [26]. Miao used the Gini index to generate kurtograms for
bearing fault feature extraction [27]. Gryllias utilized a peak energy to choose the appropri-
ate morlet wavelet parameters for the demodulation of bearing vibration signal [28]. Wang
proposed spectral L2/L1 norm for characterizing non-stationary signals, and then some
extensions of spectral L2/L1 norm are also generalized to bearing fault diagnosis [29,30].
Antoni extended the applicability of the kurtogram by negentropy, which inspired by idea
derived from the field of thermodynamics [31]. Although the validity of these methods
have been extensively verified, one of the most severe limitations of the kurtogram is still
unsolved, that is, it is powerless to determine whether a sequence of transients is periodic
or not [31,32]. Recently, Wang [30] demonstrated that all of the L2/L1 norm, SK, Gini, and
the reciprocal of smoothness can be regarded as a monotonically incremental functions of
the maximum squared envelope by a strict mathematical derivation, which implies that the
above indicators are easily disturbed by the large impulse interference. Therefore, when
the faulty bearing signal contains large impulse interference, the stability of the above
methods based on the impulse-like characteristics will be greatly reduced.

To overcome the above-mentioned drawbacks, some researchers have shifted the focus
to the cyclostationarity of the repetitive transients. The protrugram [32] and enhanced
kurtogram [19] were proposed as a breakthrough attempt for the optimal band selection,
where the kurtosis of the envelope spectrum is adopted as an indication of repetitive
transients. The main innovation is that it takes advantage of the cyclostationarity of
repetitive transients in the frequency domain, that is, its envelope spectrum shows an
impulsiveness with a series of harmonics. However, new drawback is exposed with in-
depth research that it may invalid when the discrete harmonic components, produced by
uncorrelated excitation sources, are dominant in the envelope spectrum compared with
fault characteristic frequencies [22]. To further utilize the traits of repetitive transients,
another attractive method, named Infogram, was proposed by Antoni [31], where the
negentropy of the squared envelope and squared envelope spectrum (SES) are respectively
generated to measure both the impulsiveness and the cyclostationarity of the repetitive
transients. After that, some excellent improvements were proposed to extend the original
Infogram. The pareto optimal solution [33] and a grey strategy [34] have been utilized to
balance the contributions due to the spectral negentropys generated from two evaluation
domains, differ from simply synthesize by the equal weight adopted in original Infogram.
Nonetheless, the above-improved methods still inherit the drawbacks that the negentropy
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of the squared envelope is prone to be disturbed by the large impulse interference and
the negentropy of the SES is easily affected by discrete harmonic components. Recently,
one of the exciting attempts was proposed Autogram [22], which adopts the kurtosis
of AC of the squared envelope of the filtered time signal as an evaluation strategy to
determine the IFB. The intensity of the fault-induced repetitive transients is enhanced and
the uncorrelated background noise is further decreased after the AC process. However, the
Autogram only depicts the impulsiveness of AC of the squared envelope signal through
the evaluation indicator of kurtosis. Another significant merit, the periodic property of
AC, has not been fully utilized in Autogram, which suggests that it will be sensitive to
the discrete harmonic interferences generated by other sources such as shafts, gears and
so on. Therefore, although the above methods pay attention to the cyclostationarity of
fault-induced repetitive transients and avoid the interference of large impulses, they still
can’t avoid the influence of discrete harmonic interference.

According to the above discussion, it can be seen that the determination of IFB is still
not a simple matter when there are multiple complex interferences in the faulty signal, such
as large impulse interference and discrete harmonic interference. However, influenced by
the complex wheel/rail excitation and the complex vibration transmission, the wheelset
bearing faulty signal usually contains multiple complex interferences. In order to decrease
the effect of multiple complex interferences on the selection of the IFB, a novel approach,
named Mkurtogram, is proposed for the railway wheelset bearings fault diagnosis in this
paper. It takes the Mkurt [35,36] of unbiased AC of the squared envelope signal generated
from sub-bands as assessment indicator for the first time. The AC process is firstly used
to decrease the large impulses interference and enhance the strength of the fault-induced
repetitive transients. Then, based on the regular periodic distribution of fault-related
peaks in AC domain, a unified representation of the impulsiveness and periodicity is
performed by MKurt, thus, the influence of irrelevant discrete harmonic interferences is
further eliminated. Moreover, based on the periodic directivity of Mkurt, the proposed
method also can be applied to the compound faults diagnosis of the wheelset bearing.

The paper is organized as follows: A novel method for fault diagnosis of wheelset
bearing is presented in Section 2. In Section 3, a simulated signal with multiple interferences
is applied to testify the validity of the proposed method. Moreover, experimental data
collected from two different wheelset bearing test rigs are taken to verify the validity and
advantages of the proposed method. At last, some conclusions are proposed in Section 4.

2. The Proposed Approach for Fault Diagnosis of Wheelset Bearing

The usage of kurtosis as the assessment index to identify the optimal IFB has gained
extensive attentions, of which FK is a typical benchmark. However, it is powerless to esti-
mate whether a sequence of transients is periodic or not, which has reduced its effectiveness
to some extent. Therefore, in some cases, the kurtosis easily leads to a wrong result, and the
typical situation is that when there is high randomly impulse noise in the filtered signal or
the repetition rate of the cyclic impulses is high [32]. To improve the traditional kurtogram,
Autogram provides a new procedure in which the kurtosis of AC of squared envelope
signal is adopted to reduce the interference generated by impulse noise in the filtered time
signal. It is no doubt that the SNR can be improved in the AC domain, and a more stable
result will be gained. However, this method still inherits the drawbacks of kurtosis, which
suggests that it still be sensitive to the cyclostationary noise and the new outliers imposed
in the AC domain. In Section 2.3, another unique trait will be further revealed that the
fault-induced impulses are regularly reordered in the AC domain, which is important to
estimate the presence of a fault and is underutilized in Autogram. In order to better extract
the wheelset bearing fault-induced repetitive transients, this special periodicity feature
is fully utilized in this paper, and the Mkurt is adopted to estimate the intensity of the
enhanced and reordered periodic peaks in the AC domain.
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2.1. Maximal Overlap Discrete Wavelet Packet Transform

Different from WPT, MODWPT [37–39] ignores down-sampling process at each de-
composition level and enjoys a full-time resolution, which is indispensable to the imple-
mentation of this proposed approach in this paper. In order to introduce the MODWPT
understandably, the maximal overlap discrete wavelet transform (MODWT) is introduced
at first briefly. MODWT can be seen as a modified edition of the discrete wavelet transform
(DWT), which is a highly redundant non-orthogonal wavelet transform and does not have
a strict requirement for the sample length of N [39]. Here, {gl, l = 0, 1, . . . , L−1} and {hl, l = 0,
1, . . . , L−1} are assumed as low-pass and high-pass filters of MODWT, and L represents the
length of the filter. gl and hl satisfy the equation constraints as follows:

∑L−1
l=0 g

2
l = 1

2 , ∑L−1
l=0 gl gl+2n = ∑+∞

−∞ gl gl+2n = 0
hl = (−1)l gL−l−1, gl = (−1)l+1hL−l−1

(1)

In order to overcome the shortcoming that the points of signal data half at each
decomposition level due to down-sampling process, a new filter at different jth level by
inserting 2j−1 zeros in {gl} and {hl}is rebuilt by MODWT:

{gl} = {g0, 0, . . . , 0, g1, 0, . . . , 0, . . . , gL−2, 0, . . . , 0, gL−1}{
hl

}
= {h0, 0, . . . , 0, h1, 0, . . . , 0, . . . , hL−2, 0, . . . , 0, hL−1}

(2)

Based on Mallat pyramid algorithm, the jth level scaling transform coefficients V’j,t,
and wavelet transform coefficients W’j,t of MODWT are as follows:

V ′j,t = ∑L−1
l=0 glVj−1,(t−2j−1l)modN (t = 0, . . . , N − 1)

W ′
j,t = ∑L−1

l=0 hlVj−1,(t−2j−1l)modN (t = 0, . . . , N − 1)
(3)

Similar to DWT, MODWT also cannot decompose the high-frequency band of the
signal. As we know, the discrete wavelet packet transform (DWPT) can make up for the
drawback that the DWT can’t further decompose the high-frequency band. Therefore,
similar to the DWPT deriving from DWT method, the MODWPT is developed on the
basis of MODWT to further decompose the high-frequency band. The MODWPT not
only has all the advantages of MODWT, but can also decompose the high-frequency band.
The MODWPT coefficients Wj,n can be calculated as:

Wj,n,t = ∑L−1
l=0 rn,tWJ−1,[n/2],(t−2j−1l)modN (t = 0, . . . , N − 1)

rn,t =

{
gl , if nmod4 = 0 or 3 ;
hl , if nmod4 = 1 or 4 .

(4)

where j is the decomposition level, and n is the number of frequency bands under each
decomposition level.

2.2. The Noise Reduction Signature of AC Process

The AC process is an adaptive noise reduction strategy, which has been extensively
applied. Its advantage mainly benefits from the property that the Gaussian white noise in
the signal declines rapidly to 0 as the time lag τ increases. The definition of AC of a signal
x(n) can be described as follows:

R(τ) =
1
N

N

∑
n=1

x(n)x(n + τ) (5)

For bearings with a local fault, its vibration signal, apart from the fault-induced repet-
itive transients, usually contains multiple harmonic interference components generated
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from other rotating parts and strong background noise [40]. Therefore, the vibration signal
derived from a defective bearing can be expressed as:

y(n) = x(n) + h(n) + w(n) (6)

where x(n) signifies the fault-induced repetitive transients, h(n) represents harmonic inter-
ference and w(n) signifies background noise. As a result, the AC of the compound signal
y(n) can be expressed as:

Ryy(τ) = 1
N ∑N

n=1 y(n)y(n + τ)

= 1
N ∑N

n=1[x(n) + h(n) + w(n)][x(n + τ) + h(n + τ) + w(n + τ)]

= Rxx(τ) + Rxh(τ) + Rxw(τ) + Rhx(τ) + Rhh(τ) + Rhw(τ) + Rwx(τ) + Rwh(τ) + Rww(τ)

(7)

Since the Gaussian white noise is random, Rww(τ) is approximately 0. Due to the
periodic signal x(n), harmonic interference h(t) and background noise w(t) are independent
from each other, thus, the cross-correlation among them are can be ignored: Rxh(τ) ≈ 0,
Rxw(τ) ≈ 0, Rhx(τ) ≈ 0, Rhw(τ) ≈ 0, Rwx(τ) ≈ 0, Rwh(τ) ≈ 0. Consequently, the influential
contribution to the final result Ryy(τ) just remains two terms: Rxx(τ) and Rhh(τ):

Ryy(τ) ≈ Rxx(τ) + Rhh(τ) (8)

Therefore, the AC process can realize noise cancellation and periodic signal enhancement.

2.3. The Regular Distribution of the Periodic Peaks after AC Process

In addition to the property of noise reduction, AC process [41] can also change the
arrangement of periodic impulses. Provided a periodic signal x(n) has a fault period 2L, it
can be expressed by the sum of the cosines and sines as:

x(n) = a0 + ∑N
k=1

(
ak cos( 2πk

L n) + bk sin
(

2πk
L n
))

= a0 + ∑N
k=1

[√
ak

2 + bk
2 cos

(
2πk

L n− arctan bk
ak

)]
, N ≥ 1

(9)

The AC process of x(n) can be described as:

Rxx(τ) = 1
2L ∑L−1

n=−L x(n)x(n + τ)

= 1
2L ∑L−1

n=−L

[
a0 + ∑N

k=1

(
ak cos 2πk

L n
+bk sin 2πk

L n

)][
a0 + ∑N

k=1

(
ak cos 2πk

L (n + τ)

+bk sin 2πk
L (n + τ)

)]
= a2

0 + ∑N
k=1

(
a2

k+b2
k

2 cos 2πk
L τ

) (10)

The AC of a periodic signal is still a periodic signal and it shares a same period 2L
with the original signal. In addition, another quality of AC process is revealed that the
initial phase of the AC signal at time lag τ = 0 is zero, which implies the AC signal is not
changed with the initial phase of the original signal. Hence, the positions of the periodic
peaks are rearranged in the AC domain, and the first peak will be adjusted to the position
of the time lag τ = 2L (fault period) no matter where the first periodic peak appears in the
original signal.

In order to better highlight the advantages of AC process, a simple example is gener-
ated by a simulated wheelset bearing fault signal with a periodic fluctuation of 2% and a
signal-to-noise ratio (SNR) of −15 dB (the bearing model, not explained here, will be dis-
played in Equations (14) and (15) below). The fault frequency is set as 54 Hz, the resonance
frequency band is set as 3200 Hz and he sampling frequency is set as 25.6 kHz. The squared
envelope signal resulted from the optimal IFB and its corresponding AC process signal are
displayed in Figure 1.
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Figure 1. (a) The original simulated signal; (b) the squared envelope signal generated from the IFB of
(a); (c) the AC of (b).

From Figure 1b,c, it is evident that the residual in-band noise is further reduced and
fault-related peaks are enhanced after AC process. Furthermore, as depicted in Figure 1c,
the positions of the periodic peaks are rearranged and first periodic peak is transferred to
the position of the fault period, which is consistent with the theoretical derivation above.

2.4. The Advantages of the Mkurt in Extracting Repetitive Transients

In order to better understand the Mkurt, a short introduction of the kurtosis is pre-
sented in this part at first. Kurtosis is a statistical indicator that can be used to quanti-
tatively represent the non-Gaussian of the vibration signal. On account of this property,
the impulse-like characteristics of the bearing fault signal can be detected easily. For this
reason, the kurtosis has been a popular indicator used to identify the IFB for envelope
analysis. Kurtosis can be defined as:

Kurtosis =
∑N

n=1(xn)
4(

∑N
n=1 xn2

)2 (11)

However, in some cases, the kurtosis is easily interfered. As mentioned in [32], the
kurtosis is prone to make a misdiagnosis when there is a relatively strong impulse in the
measured signal or the fault-related impulses enjoys a high rate repetition. The main
reason lies in that the cyclostationarity attribute of the bearing fault signal is not considered.
Different from kurtosis, a target vector tn is adopted in Mkurt, which sets the locations and
weightings of the target peaks will to be taken. Mkurt can be defined as follows:

Mkurt =

(
∑N

n=1 tn
2
)2

∑N
n=1 tn8

∑N
n=1(tnxn)

4(
∑N

n=1 xn2
)2 (12)

This definition is derived from kurtosis and has been modified to multiple peaks at spec-
ified positions based on the target vector tn. A simple instance, tn = [00001000010000100]T,
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the target vector tn will be limited only to pick up three peaks in the signal xn: peaks at
n = 5, 10, 15. In addition, another outstanding virtue worth mentioning is that the Mkurt
is a normalized index so that it will reach to the maximal value 1 provided a candidate
input signal xn in the direction of tn is reached. Therefore, the Mkurt has a potential ability
to describe the presence and strength of the periodic components with a given period.
The detailed derivation of the normalization factor, please refers to [35]. As discussed in
Section 2.3, the positions of the periodic peaks are rearranged in the AC domain. Hence,
this unique characteristic makes it possible to use Mkurt to identify the strength of con-
cerned fault-related peaks and avoid the impacts of non-interested fault peaks and outliers
in the AC domain.

2.5. The Implementation of the Proposed Method

Based on the above principles and discussions, a novel approach to determine
the optimal IFB, named MKurtogram, is proposed for wheelset bearing fault diagno-
sis. This method takes the Mkurt of the AC of the squared envelope of the filtered signal
as a new assessment strategy. Based on the directivity of Mkurt, the impulsiveness and
periodicity, two distinctive signatures of the repetitive transients, have achieved a united
representation, which makes the proposed method immune to both outliers and uncon-
cerned repetitive peaks in the AC domain. The flowchart of the MKurtogram is shown in
Figure 2, and the details can be concluded as follows:
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Step 1: The original signal obtained by a vibration accelerometer is loaded as an input
at first. And then, the fault period T is calculated based on the speed and the structure
parameters. The fault period represents the fault sampling period in this paper, that is, the
number of sampling points between two adjacent fault-induced impulses. Considering the
effect of speed fluctuation and the slips of rolling elements, a small searching zone [T−∆T,
T+∆T] is set as the input fault period and ∆T is generally suggested less than 2–3% of T.

Step 2: The MODWPT is used to decompose the original vibration signal into different
depths. Different from DWPT, the down-sampling process is removed in the MODWPT
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and it enjoys a full-time resolution [22,37,38]. Therefore, at different nodes, the sampling
points between two consecutive fault-induced impulses are always consistent, which is
indispensable to the implementation of this proposed approach. Besides, the bandwidth
of the wavelet packet coefficients at the largest scale is advised to be three times greater
than the inner race fault characteristic frequency (FCF) in order that adequate fault-related
information will be reserved.

Step 3: The unbiased AC is conducted on the squared envelope of the demodulation
signal for all nodes, where the filtered signals are collected from Step 2. As shown in
Figure 1c, with increasing of the delay factor τ, the remaining number of signal samples
for generating the AC will be less, and the later results may be distorted due to the lack of
a sufficient estimation variance. Consequently, a portion of the rear AC will be cut out for a
stable investigation [22].

Step 4: The Mkurt of the ACs are calculated based on the input fault period, and then
MKurtogram is generated by employing values of the Mkurt of each node. The node with
the maximal Mkurt is picked out as the optimal IFB to filter the signal.

Step 5: The Fourier transform is applied to the squared envelope of filtered signal to
identify the bearing faults.

3. Simulation and Experimental Verification
3.1. Case 1: A Numerical Experiment with Multiple Interferences

In order to demonstrate the noise immunity and anti-periodic interference of the
Mkurtogram, a simulated out race bearing fault signal with the is formed with Gaussian
white noise, abnormal impulsive noise and gear meshing harmonic interferences. In this
case, the above mentioned multiple interferences are added to the simulated signal referring
to [33,34]. Then, the simulated bearing signal can be modeled as:

x(t) = s(t) + δ(t) + m(t) + n(t) (13)

The first part s(t) is a sequence of repetitive impulses, which is generated as follows:

s(t) = A(t)∑
n

h(t− n/ fo − τ) (14)

where A(t) signifies the amplitudes of the fault-induced repetitive impulses, and it is
randomly selected from the uniform distribution U (1.2,1.5) in this section. Additionally,
n is the impulse number, f o = 54 Hz is the FCF and τ represents the random fluctuation
generated by the rolling elements, which generally enjoys a percentage of 2–3% of Td. Td is
the time lag between two successive impulses. The impulse expression function h(t) can be
modeled as:

h(t) = e−αt sin(2π f t) (15)

where α = 860 represents the damping ratio, and f = 3200 Hz signifies the structure
resonance frequency.

The second part δ(t) simulates the impulse interference, which shares the same form
with Equation (15). The parameters are different from Equation (15), which match a large
amplitude of 3.6, a damping ratio of 480, and the resonant frequency of 7200 Hz. The dis-
turbance impulse is set at the time of 0.17 s. The third part m(t) is a harmonic interference
generated by gear meshing, which can be modeled as:

m(t) =
11

∑
i=1

[(1.3− 0.01i) cos(i2π× 12 frt)] + 0.1× cos(2π fr) (16)

where the rotating frequency f r is set as 7 Hz and the meshing frequency fm = 84 Hz can
be calculated. The last part n(t) is the Gaussian white noise with the SNR of −12 dB.
The sampling frequency Fs = 25.6 kHz with a sampling time length of 1 s. The time domain
waveform of the first three parts and synthesized signal x(t) are depicted in Figure 3.
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Figure 3. The time-domain waveform of the simulated signal. (a) the repetitive transients generated
from outer race fault; (b) the interference impulse; (c) the cyclostationary noise; (d) the combined signal.

Before applying the Mkurtogram to detect the optimal IFB, the input period T should
be determined at first. In this case, the outer race fault period To = Fs/f o = 474 can be
calculated. Then, the Mkurtogram is applied to the simulated data and its corresponding
results are displayed in Figure 4. From the Mkurtogram plotted in Figure 4a, the optimal
IFB is found at level 5, which represents the decomposition scale of MODWPT. Meanwhile,
the optimal center frequency f c = 3000 Hz with a bandwidth Bw = 400 Hz is obtained,
which is adjacent to the set resonant frequency of 3200 Hz. The optimal IFB is then taken to
filter the simulated signal. From the SES shown in Figure 4c, the outer race FCF f o and its
multiple harmonics can be found obviously. Thus, the result indicates that the proposed
Mkurtogram is valid to identify the bearing fault under the multiple interferences. As an
additional detection in this case, the Mkurtogram is also applied to detect the gear meshing
component based on the gear meshing period Tm = Fs/f d = 304.7. The results are presented
in Figure 5. From Figure 5a, the Mkurtogram finds a low-frequency band with the optimal
center frequency f c = 800 Hz and bandwidth Bw = 1600 Hz. From the filtered signal plotted
in Figure 5b, the gear meshing repetitive transients are clearly revealed and the meshing
frequency fm along with its multiple harmonics are also dominated in the SES as displayed
in the Figure 5c.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 20 
 

 

In this case, the FK fails to detect the bearing fault due to the large interfering im-
pulse. After AC process, the Autogram avoids the interference of tremendous impulse, 
while it is still disturbed by gear meshing interference. It mainly because the kurtosis in-
dicator can’t distinguish whether the repetitive impulses is generated by the bearing de-
fect. However, based on the regular periodic distribution of fault-related peaks in AC do-
main, a unified representation of the impulsiveness and periodicity is performed by 
Mkurt. Therefore, the Mkurtogram method has successfully decreased the interference of 
both the large impulses and cyclostationary noises. By setting different interested input 
periods, the Mkurtogram can detect the different fault-related peaks in turn. 

 
Figure 4. Case 1: The results of Mkurtogram based on bearing fault period To. (a) Mkurto-
gram; (b) the filtered signal obtained by Mkurtogram; (c) the SES of (b). 

 
Figure 5. Case 1: The results of Mkurtogram based on the gear meshing period Tm. (a) Mkur-
togram; (b) the filtered signal; (c) the SES of (b). 

Figure 4. Case 1: The results of Mkurtogram based on bearing fault period To. (a) Mkurtogram; (b)
the filtered signal obtained by Mkurtogram; (c) the SES of (b).



Appl. Sci. 2021, 11, 9 10 of 20

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 20 
 

 

In this case, the FK fails to detect the bearing fault due to the large interfering im-
pulse. After AC process, the Autogram avoids the interference of tremendous impulse, 
while it is still disturbed by gear meshing interference. It mainly because the kurtosis in-
dicator can’t distinguish whether the repetitive impulses is generated by the bearing de-
fect. However, based on the regular periodic distribution of fault-related peaks in AC do-
main, a unified representation of the impulsiveness and periodicity is performed by 
Mkurt. Therefore, the Mkurtogram method has successfully decreased the interference of 
both the large impulses and cyclostationary noises. By setting different interested input 
periods, the Mkurtogram can detect the different fault-related peaks in turn. 

 
Figure 4. Case 1: The results of Mkurtogram based on bearing fault period To. (a) Mkurto-
gram; (b) the filtered signal obtained by Mkurtogram; (c) the SES of (b). 

 
Figure 5. Case 1: The results of Mkurtogram based on the gear meshing period Tm. (a) Mkur-
togram; (b) the filtered signal; (c) the SES of (b). 
Figure 5. Case 1: The results of Mkurtogram based on the gear meshing period Tm. (a) Mkurtogram;
(b) the filtered signal; (c) the SES of (b).

As a comparison, the FK and the Autogram are applied to analyze the simulated signal,
and the results are given in Figures 6 and 7, respectively. As depicted in the Figure 6a, the
optimal center frequency f c = 7200 Hz and bandwidth Bw = 533.3 Hz can be found, which
correspond to the resonant frequency of the added interfering impulse. From the filtered
signal displayed in Figure 6b, a prominent large impulse at the time of 0.17 s is found,
which indicates that the FK is sensitive to the large disturb impulse. From the SES given in
Figure 6c, we cannot find any fault-related fault characteristic frequencies. The Autogram is
depicted in Figure 7a, where the center frequency f c = 800 Hz and bandwidth Bw = 1600 Hz
are obtained. It can be noted that the IFB identified from Figure 7a is the same with result
as shown in Figure 5a, which is determined by Mkurtogram based on the gear meshing
period Tm. From the SES displayed in Figure 7c, the gear meshing frequency f m and its
harmonics are found clearly. From this case, we can see that the Autogram fails to avoid
the interference of cyclostationary noise. In this case, both FK and Autogram are unable to
detect the outer race fault duo to the complex interferences.
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In this case, the FK fails to detect the bearing fault due to the large interfering impulse.
After AC process, the Autogram avoids the interference of tremendous impulse, while it is
still disturbed by gear meshing interference. It mainly because the kurtosis indicator can’t
distinguish whether the repetitive impulses is generated by the bearing defect. However,
based on the regular periodic distribution of fault-related peaks in AC domain, a unified
representation of the impulsiveness and periodicity is performed by Mkurt. Therefore, the
Mkurtogram method has successfully decreased the interference of both the large impulses
and cyclostationary noises. By setting different interested input periods, the Mkurtogram
can detect the different fault-related peaks in turn.

3.2. Case 2: A High-Speed Locomotive Wheelset Bearing Fault Signal under Variable
Load Conditions

In this case, the vibration signal has been collected from a high-speed locomotive
wheelset bearing under variable load conditions, which is carried out to further testify the
validity of this proposed method. The test rig structure is presented in Figure 8. The basic
experimental setups and the test bearing are depicted in Figure 9. The sensor is located at
the top of the end-shield of the test bearing in Figure 9b and the vibration signal is collected
by a PCB 356A25 accelerometer. The dynamic loads can be obtained by the radical and
axial actuators. The structure parameters of the bearing are listed in Table 1. There is an
artificial local defect in the outer race of test bearing as plotted in Figure 9d, of which the
width is 1 mm and length is 5 mm. It can be noted that the artificial defect is relatively
slight in comparison with its geometries.

Table 1. Parameters of the bearing.

Spaces Roller Diameter Pitch Diameter Contact Angle Roller Number

FAG F-80781109 26.5 mm 185 mm 10 deg 17

To simulate the load changes during the operation process of a wheelset bearing, the
random force is added to the vertical direction with a mean force of approximately 80 kN
and a frequency range among 0.2 to 20 Hz. A random force with a maximum of 50 kN
and a frequency range among 0.2 to 20 Hz is applied on the axis. The dynamic loading
forces generated by the actuator are depicted in Figure 10. The sampling frequency Fs is
set as 51.2 kHz and the set speed is 2 000 r/min. The measured time domain signal of the
axle-box under the variable load conditions is presented in Figure 11. It can be seen that the
amplitudes of the vibration signal change dramatically due to the variable loads. Therefore,
this example can be used as an excellent experimental case to testify the effectiveness of
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the Mkurtogram for the selection of IFB under the influence of variable load conditions.
The outer race FCF f o, inner race FCF fi and rolling element FCF f rb can be calculated as
243.4 Hz, 323.3 Hz, and 114 Hz, respectively.

Based on the speed, its corresponding outer race fault period To = 210.5 can be
calculated. The Mkurtogram is presented in Figure 12a, where optimal center frequency
f c = 13.2 kHz and bandwidth Bw = 800 Hz are found. Then, the optimal IFB is taken to filter
the vibration signal. From the SES depicted in Figure 12c, we can find that the outer race
FCF f o and its multiple harmonics are clearly, which indicates that the test wheelset bearing
has an outer race fault. Hence, in this case, the result indicates that the Mkurtogram has the
ability to identify weak outer race fault even when the amplitudes of the vibration signal
change dramatically due to the applied variable loads.
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Figure 10. Case 2: Dynamic loading forces; (a) the axis direction; (b) the vertical direction.
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Figure 11. Case 2: Time domain signal.
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For better comparison, the same vibration data is processed by the FK and the Autogram,
and the results are given in Figures 13 and 14, respectively. The center frequency f c = 12 kHz
and bandwidth Bw = 1600 Hz are determined from FK as displayed in Figure 13a. There is
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an obvious interfering impulse in the filtered signal as plotted in Figure 13b. From the
SES in Figure 13c, we can see that only the outer race FCF f o is found and the background
noise interference is obvious. Figure 14a displays the IFB determined by Autogram, where
the center frequency f c = 9200 Hz and the bandwidth Bw = 800 Hz are found. From the
Figure 14c, the SES obtained by Autogram, it can be seen that the outer race FCF f o is
almost surrounded by the strong background noise. By the comparison, the analysis
results validate that the IFB determined by Mkurtogram contains more fault characteristics
information than the IFBs identified from the FK and the Autogram.
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Due to the influence of the variable load conditions, the amplitude of vibration signal
fluctuates dramatically, which brings some difficulty to the determination of the optimal
IFB. Since FK and Autogram only represent the impulse-like characteristics by kurtosis, they
both fail to identify the optimal IFB in this example. Benefiting from a unified representation
of impulsivity and periodicity performed by Mkurt, the Mkurtogram characterizes the
strength of concerned fault-related peaks in the sub-bands and has successfully determined
an IFB contained more fault features. Therefore, the Mkurtogram is more effective to extract
the wheelset bearings fault feature under complex interferences.

3.3. Case 3: A Freight Locomotive Wheelset Bearing Signal with Compound Faults

To further demonstrate the performance of the Mkurtogram, a compound fault experi-
ment is carried out in this section. It is worth noting that the wheelset bearing defections
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are not manufactured manually. They are natural damages generated during the operation
of the railway freight vehicles, which are located in the outer and inner raceway, respec-
tively. The experimental setup and the tested wheelset bearing are shown in Figure 15,
respectively. Parameters of the bearing are listed in Table 2.
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Table 2. Parameters of the wheelset bearing.

Bearing Spaces Roller Diameter Pitch Diameter Contact Angle Roller Number

197,726 24.74 mm 176.29 mm 8.833 deg 20

The sampling frequency Fs is 25.6 kHz and the set speed is 465 r/min. Then, the
bearing fault characteristic frequencies are given in Table 3. The measured time domain
waveform is shown in Figure 16. In this case, the corresponding outer race fault period is
To = 383.5 and the inner race fault period is Ti = 290, respectively.

Table 3. Bearing characteristic frequencies.

f r f o fi f rb

7.75 Hz 66.75 Hz 88.25 Hz 27.08 Hz
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Figure 16. Case 3: The bearing time domain waveform.

In this case, we use the proposed method to identify the wheelset bearing compound
faults. Firstly, based on the outer race fault period To, the Mkurtogram is carried to detect
the outer race fault. The IFB identified by Mkurtogram is displayed in Figure 17a. It can be
seen that the center frequency f c = 10 kHz with bandwidth Bw = 800 Hz has the highest
Mkurt. Then, the filtered signal generated from the IFB and its corresponding SES are
calculated as plotted in Figure 17b,c. As shown in Figure 17b, the fault-induced repetitive
transients can be observed obviously in the filtered signal. From Figure 17c, it can be found
that the outer race FCF f o is dominated in the SES. Therefore, the proposed Mkurtogram
has successfully detected the outer race fault.
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Mkurtogram; (b) the filtered signal; (c) the SES of (b).

Then, based on inner race fault period Ti, the Mkurtogram is taken to detect the
inner race fault. The IFB determined by Mkurtogram is plotted in Figure 18a, where the
center frequency f c = 4800 Hz and bandwidth Bw = 3200 Hz are determined. Then, the
filtered signal generated from the IFB and its corresponding SES are plotted in Figure 18b,c.
From the filtered signal in Figure 18b, the repetitive transients generated by the bearing
defect are seen clearly. In addition, from the SES presented in Figure 18c, the first seven
harmonics of inner race FCF fi can be identified and their multiple side-bands are also
dominated in the SES. As a result, the inner race fault is also identified by Mkurtogram.
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To compare the proposed Mkurtogram with FK and the Autogram, the above vibration
signal is processed by the two approaches, and the results are given in Figure 19. In this
case, we can see that the FK and the Autogram find a same IFB (f c = 10 kHz and Bw
= 800 Hz). By contrast, it can be seen that the IFB determined by FK and Autogram is
also identical with Mkurtogram as displayed in Figure 17a. Similarly, the filtered signal
generated from the IFB and its corresponding SES are same with Figure 17b,c. Hence, both
the FK and the Autogram only identifies the outer race fault in this case and fail to detect
the compound faults completely. The results indicate that the Mkurtogram is more effective
to deal with the signals with compound faults than FK and Autogram.
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4. Conclusions

In order to decrease the effects of complex interferences on the selection of the IFB,
a novel approach, named Mkurtogram, is proposed in this paper, which is applied for
fault detection of wheelset bearing. It takes the Mkurt of AC as a new evaluation index
to extract fault-induced repetitive transients for the first time, where the impulsiveness
and periodicity are taken into consideration, simultaneously. Its main contributions are
summarized as follows:

(i) Apart from improving the SNR and increasing the strength of the periodic peaks, the
phase synchronization property of AC process is further revealed in this paper. The AC pro-
cess ignores the initial phase information, and the signal in the AC domain is synchronous
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with a phase of 0. As a result, the positions of the fault-related peaks are reordered regu-
larly and the first fault peak will occurs at the time lag of fault period in the AC domain
signal, which is beneficial to further distinguish the fault information from interference
components.

(ii) Based on the regular periodic distribution of fault-related peaks in AC domain,
a unified representation of the impulsiveness and periodicity is performed by MKurt.
Through the directivity of the MKurt, only the reordered fault-related peaks are considered,
thus, the influence of background noise and irrelevant periodic interferences is further
eliminated.

(iii) By inputting different fault period, the proposed method can detect the fault-
induced repetitive transients with different periods, thus, it can be extended to the com-
pound fault diagnosis of the wheelset bearings.

The performance of the proposed approach is verified by a simulated signal with
multiple interferences and experimental signals collected from two wheelset bearings
under different operating conditions. The analysis results show that this method has
high anti-interference ability. It can effectively decrease the influence of large impulse
interference, the discrete harmonics, and amplitude fluctuation caused by variable working
conditions. Further, benefit from periodic directivity of Mkurt, it has successfully applied to
the compound faults diagnosis of the wheelset bearing. Compared with FK and Autogram,
the results indicate this proposed method is more effectiveness and robustness to extract the
wheelset bearing fault feature from complex interferences and to diagnose composite faults.
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