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Abstract

The fault signatures in the real bearing vibration signals are relatively weak and are usually buried by strong background
noise due to the influence of multiple structures and the complex transmission path of the equipment, which brings many
difficulties to the accurate and effective fault diagnosis of rolling element bearing. To address this problem, an improved
spectral amplitude modulation method was proposed in this paper. First, in the process of SAM calculation, signal distortion
and interference components enhancement due to the existence of transmission path were suppressed in advance to improve
the analysis effect. Second, the selection range of magnitude order (MO) was determined from O to 2, and an optimal MO
selection strategy while the maximum value of the harmonics significant index was employed as the target. Finally, the
complexity of the bearing vibration signal was taken into consideration, the whole frequency band was divided and the
maximum value of the signals’ sparsity was set as the target for signal reconstruction, which further suppressed the inter-
ference of irrelevant components and the fault characteristics were highlighted. Abundant fault features could be extracted
in the envelope spectrum of the reconstruction signal. The effectiveness of this approach was verified using the simulation
bearing inner race fault signal, the measured bearing inner and outer race fault signals. The results show that the method in
this manuscript can extract the bearing fault signatures accurately from the strong background interference.

Keywords Spectral amplitude modulation - Transmission path - Resonance band selection - Rolling element bearing - Fault
diagnosis

1 Introduction

Rolling element bearings (REBs) are widely employed in
rotating machinery as an important part. However, as REBs
usually work in high-temperature and high-pressure condi-
tions, the probability of their failure is high, which greatly
threatens the stable operation of the whole equipment. The
bearing failures are often accompanied by the generation of
periodic impact components in the vibration signal, whose
frequency is known as the bearing fault characteristic fre-
quency (FCF). As a result, to ensure the safe and stable
operation of the equipment and avoid unnecessary losses,
it is of great importance to research the fault diagnosis of
REB, which key point is to extract a series of defect features.
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However, the fault characteristics of REB are weak, and
there are always multi-structures in the machinery, they are
also the vibration sources and lead to the existence of com-
plex transmission path, which can make the actual bearing
vibration signals buried by strong interference parts. Moreo-
ver, the signal distortion may also appears. Therefore, how
to suppress the interference of background noise and signal
distortion, how to select the appropriate analysis method to
highlight the fault characteristics components, and improve
the signal-to-noise ratio have become important research
contents.

To solve these problems, scholars have conducted exten-
sive research, and one of the most classical methods is reso-
nance demodulation. Fast Kurtogram [1] is a fast signal anal-
ysis method proposed by Antoni, which quickly determines
the location of the optimal analysis frequency band through
the spectral kurtosis index. Since then, many research has
been carried out on how to select the resonance bands
more effectively, and numerous improvements have been
made, mainly in the parameters selection and band division
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approaches. Wang [2] proposes the TIEgram method, the
traversal segmentation model is used to enhance the 1/3
binary tree structure segmentation model in Fast Kurtogram,
meanwhile, a fusion index which combines the kurtosis, the
correlation coefficient and the spectral negative entropy is
constructed for optimal band selection. The harmonic spec-
tral kurtosis index is proposed by Zhang [3] and applied to
the periodic impact components detection, which achieves
good results. The fault energy of correntropy is used by Ni
[4] to determine the location of the optimal frequency band.
The Enfigram technique is proposed by Xu [5], while the
division rule of the whole frequency band is improved and
the envelope Fourier index is also employed. Zhang [6] pro-
poses the Ewtfergram technique, the improved spectrum seg-
mentation method, and the weighted time—frequency energy
ratio are utilized to reconstruct the band segmentation and
optimal band selection. In addition, other methods such as
adaptive correlated kurtogram [7] and subband average kur-
togram [8], can also improve the accuracy of effective analy-
sis frequency band selection. However, problems are still not
solved as the heavy noise can also affect the determination
of the appropriate analysis frequency band.

Signal decomposition techniques have received great
attention as the complex components of real bearing vibra-
tion signals. The signals are decomposed adaptively into
mode functions which contain different frequency compo-
nents according to the characteristics of the signal, and the
fault signatures can be enhanced by selecting the effective
components and discarding the irrelevant ones. Some usu-
ally used signal decomposition techniques are the empiri-
cal mode decomposition (EMD) [9, 10], the local mean
decomposition (LMD) [11], the variational mode decom-
position (VMD) [12-15], the singular value decomposition
(SVD) [16, 17], the empirical wavelet decomposition (EWT)
[18-20], and so on. The application of blind deconvolution
algorithms considers the suppression of the transmission
path’s influence, for example, the minimum entropy decon-
volution (MED) [21, 22], the maximum correlated kurtosis
deconvolution (MCKD) [23, 24] and the maximum second-
order cyclostationarity blind deconvolution (CYCBD) [25,
26]. All the above blind deconvolution approaches have
been widely employed in bearing fault diagnosis and have
achieved good results. For either the signal decomposition
approaches or the blind deconvolution algorithms, the proper
selection of calculation parameters is extremely important.
Numerous improvements are conducted relying on the
optimization algorithms, and though the ideal results are
achieved, the analysis efficiency is hard to be guaranteed.

The spectral amplitude modulation (SAM) method is pro-
posed to effectively extract the different frequency compo-
nents of the signal [27], which is calculated mainly by apply-
ing the magnitude order (MO) to the amplitude spectrum of
the original signal, changing the distribution characteristics
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of different frequency components, and then obtaining the
improved signal with the help of the phase information of
the original signal and the inverse Fourier transform. The
SAM method has been shown to achieve good results in
fault feature extraction of REB [28, 29], where the calcula-
tion process of the SAM is optimized with the MO value is
selected more properly; however, influence of the transmis-
sion path is not taken into consideration, and it is still worth
discussing how to further improve its analysis effect.
According to the description of some existing approaches,
especially the advantages and disadvantages of the newly
proposed SAM-based approaches, an ISAM approach is
proposed in this manuscript for the diagnosis of REB to
solve the problem of extracting bearing fault features under
strong background noise. First, based on the characteristics
of the signal itself, the influence of the transmission path
is suppressed in the analysis process of SAM to reduce the
signal distortion and initially remove the noise interference.
Then the maximum harmonics significant index (HSI) is uti-
lized as the target to determine the appropriate value of the
MO. Second, the optimal resonance band is determined and
employed for signal reconstruction with the sparsity value as
the index. Finally, the fault signatures can be detected in the
envelope spectrum of the reconstruction signal. The main
contributions of this manuscript are described as follows.

(1) The influence of the transmission path is suppressed
during the SAM calculations, which reduces the signal
distortion and preliminarily removes the noise interfer-
ence.

(2) A selection strategy of MO is constructed to avoid
blindness chosen of the parameter in the analysis based
on the principle of maximum HSI value.

(3) An optimal resonance band selection and signal recon-
struction strategy based on the maximum sparsity index
is proposed to further highlight the fault characteristics
of the signal and remove irrelevant interference.

The rest of this paper is organized as follows. The basic
principles are introduced in Sect. 2 including the theory of
the SAM and its improvements. Section 3 summarizes the
calculation steps of the proposed method. The simulation
and the experimental signals are employed, respectively, in
Sects. 4 and 5 to demonstrate the effectiveness of the pro-
posed technique. At last, conclusions are drawn in Sect. 6.

2 The basic principles

2.1 The SAM method

SAM is constructed based on the theory of the cepstrum, it
can preserve both the phase and amplitude characteristics
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of the signal, which can reflect the signatures of the whole
spectrum and can be applied to the fault detection of REBs.
SAM can be used without any pre-defined parameters, such
as the central frequency and bandwidth of the filter.

Suppose the signal x(¢) can be transformed from the time
domain to the frequency domain using the Fourier transform
(FT). The amplitude and phase information can be denoted
as A(f) and ¢(f), respectively, whose relationship can be
expressed as:

X(f) = / x(De P dr = A(f)e/ (1
where j denotes the imaginary units, and X(f) denotes the FT
results of x(¢). The basic principle of SAM is that the phase
contains more useful information than the amplitude, hence
the phase ¢(f) needs to be kept unchanged during the signal
analysis and reconstruction process, and only the amplitude
A(f) needs to be processed. The calculation process of the
SAM can be expressed as follow:

x,,(t,MO) = / A(f)MOe—j(w(f)ﬂﬂfr)df 2)
where x,, denotes the improved signal which is obtained
using the improved amplitude spectrum, the original phase
spectrum and the inverse FT. According to the results shown
in Ref.[27], the range of the weight MO is recommended
to choose between — 0.5 and 1.5. It can be observed from
Eq. (2) that when MO =0, the SAM is equal to the cepstrum
pre-whitening; when MO =1, the signal will be unchanged
throughout the whole process. Although the background
interference in the signal is difficult to avoid, the fault char-
acteristic embedded in the signal can be enhanced by select-
ing a suitable MO value.

For the recommended MO range, its effects on the signal
can be divided into three kinds. When MO > 1, the compo-
nents with larger amplitudes in the frequency domain will be
enhanced and will be clearly distinguished from the compo-
nents with smaller amplitudes, which can be considered as
denoising. When 0 <M < 1, the frequency components with
larger amplitudes weakened, while the components with
smaller amplitudes will be relatively enhanced, and both
the two parts will be retained, so it is also the commonly
used MO range in fault diagnosis of REB. When M <0, the
amplitude will have the opposite effect, and if the signal
is dominated by noise, the smaller amplitudes frequency
components will be effectively extracted through the SAM
processing.

(1) To summarize the SAM method, the features enhanced
signal is acquired using the SAM by applying the
weight MO to the amplitude spectrum of the origi-
nal signal, which has been proven to achieve good

results in bearing fault feature extraction. However, as
the same MO is applied to the amplitude spectrum of
the signal, it is likely to result in a significant energy
enhancement of irrelevant interference components,
which reveals that not all values of MO can achieve
good results. Therefore, some shortcomings still need
to be improved in the SAM.

(2) Signal denoising in the frequency domain can be car-
ried out before applying the MO to the signal which
should not rely on too much prior knowledge of the
signal characteristics. Then the effects of fault feature
enhancement are improved, and the phenomenon of
both defect features and noise components enhance-
ment is avoided.

(3) The values of MO have a certain influence on the
analysis results of the signal, and different MO values
should be selected for signals with different character-
istics, thus, how to select the appropriate MO is also a
problem to be considered.

(4) Applying the envelope analysis directly to the analysis
results of SAM will retain the signal characteristics of
the full frequency band, and both the fault components
and the interference parts will be reflected, therefore,
the further selection of a proper analysis band is con-
ducive to highlight the fault feature components.

2.2 Theimproved SAM method

To address the above problems in the SAM method, the fol-
lowing improvements are made.

(1) The amplitude spectrum A(f) of the signal x(¢) obtained
by FT is analyzed based on the transmission path’s
influence suppression technique described in Ref.[15],
and the signal distortion and interference components
enhancement due to the influence of the transmission
path is suppressed in advance. The Savitzky-Golay fil-
tering (S-G filtering) is employed to simulate the trend
line, the window length of the S-G filtering, and the
polynomial order is set to 451 and 5, respectively.

(2) The weight MO is applied to the transmission path’s
influence suppressed amplitude spectrum, the rec-
ommended range of MO is — 0.5-1.5, as this paper is
to analyze the actual bearing fault signals, and when
MO =0, the signal is unchanged after analysis, only
MO >0 is taken into consideration. As the fault fea-
tures in bearing vibration signals are often submerged
by strong background interference, if the value of MO
is too large, the noise components in the signal will
also be significantly enhanced, which is not conducive
to the effective extraction of defect signatures. Hence,
the search range of MO is determined as 0 <MO <2 in
this manuscript.
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To obtain the optimal fault signatures extraction, the
value of MO needs to be selected accurately. The harmonic
significant index (HSI) can be used to detect the significance
of harmonic components spaced at @ in the frequency spec-
trum. When o is set to the fault characteristic frequency if
the fault features are more obvious, the HSI value is larger,
the HSI can be expressed as:

1

1 /K
_ [Ful®) _ FyQo) Fy(Ko)] 'K [
H@ =\ N X Naw) X NKw) ] = [gp (kav)
(3)
F(Kw) = max {F[K(w —5) : K(w +5)]} 4)

where F(w) indicates the amplitude at frequency o in the
envelope spectrum, which is the amplitude at the FCF.
Fy(w) is employed to solve the situation that the actual
characteristic frequency doesn’t correspond to the theoreti-
cal value. K=3 is the maximum harmonic order. N(w) is the
average level of noise around frequency w (the average of
the spectral lines” amplitude around w spaced at the rotating
frequency). P(w) denotes the significance of the characteris-
tic frequency components.

(3) The optimal resonance frequency band is selected in
the SAM-processed signal, and then the envelope spec-
trum is calculated. Many approaches can determine the
location of the resonance frequency band, whose aim is
to select the proper central frequency and bandwidth.
To ensure the valid fault feature extraction of bearing
fault signals, the analysis frequency band is usually
selected at least three times the FCF. In this paper, the
bandwidth is determined as four times the FCF, and
mband =ceil(4 f,), f, represents the FCF, ceil denotes
round the elements to the nearest the integers greater
than or equal to it. And the final envelope spectrum
should ensure to exhibit the frequency range of at least

3,

To determine the optimal resonance frequency band, it is
still necessary to choose the appropriate target index. Con-
sidering that the HSI may be disturbed by noise components
whose frequency is similar to fault feature components,
which may lead to errors in analysis results. A sparsity indi-
cator is introduced and calculated in the time domain, which
has a strong sensitivity to irrelevant noise. The sparsity is
calculated as:

\/1/N2§i1xi2

S= Q)
1/NZY,
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where x; represents the ith data in signal x. The location of
the optimal resonance frequency band can be then deter-
mined based on this indicator. It is found that when this
paper’s method is employed to decompose the signal, there
exist several other resonance frequency bands that share
similar sparsity values with that of the optimal resonance
frequency band. Therefore, to further enrich the fault charac-
teristics of single-band signals, five band signals are selected
with the largest sparsity values for signal reconstruction,
and then the bearing defect signatures can be detected in the
reconstruction signal.

3 The whole structure of the proposed
method

Based on the previous description, an ISAM method is pro-
posed in this manuscript and is applied to real fault diagnosis
of REB which achieves the suppression of irrelevant inter-
ference components and the enhancement of fault feature
components in vibration signals. The flow chart of this tech-
nique is depicted in Fig. 1. The detailed steps are described
below.

Step 1: The vibration signal of REB is acquired.

Step 2: The amplitude spectrum and phase spectrum of
the original signal are obtained using the FT. The influence
of the transmission path is suppressed in the amplitude
spectrum.

Step 3: The search range of MO is decided, and then the
optimal weight MO is acquired based on the maximum HSI.

Step 4: The optimal MO value is applied to the enhanced
amplitude spectrum, and the final improved signal is
acquired with the help of the original phase spectrum and
the inverse FT.

Step 5: The search principles of the bandwidth and central
frequency are decided.

Step 6: The whole frequency band of the signal acquired
in step 4 is divided, and the reconstruction signal is obtained
using the maximum sparsity values as the target.

Step 7: The envelope spectrum of the reconstruction
signal is achieved, where the fault features of REB can be
detected to accurately determine the fault type of bearing.

4 Simulation analysis

To verify the effectiveness of the proposed algorithm, a
simulation bearing inner race fault signal is constructed in
this paper, which consists of the periodic impacts, harmon-
ics and white noise components, and the influence of the
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Fig. 1 The flow chart of the
approach in this manuscript
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Table 1 Parameters in simulation signal 8
Letters Meaning values o 6
T
3
A, Amplitude modulation 1/f, 5 4
I Rotating frequency 42 Hz s; .
R Damping coefficient of the system 0.05
fa Natural frequency of the system 3200 Hz 00 4000 8000 12000 16000
T Interval of two adjacent impulses 1/185 s Frequency/(Hz)
A Delay due to the slippage of rolling ele- 001 7~0.02T
ments Fig.2 Amplitude spectrum of the transfer function
n(r) Random white noise

transmission path is further taken into consideration. This
simulation signal can be expressed as:

’ y(#) = x() * h(z)
N

x(0) = X As(t = iT = 1;) + B() + n(t)
i=1

] A, = 4cos (2aft +7/2) +0.5 ©)
B(#) = cos(200z¢) 4+ 0.8 cos(100x¢) + 0.5sin(220x1)
s(t) = e > sin (2zf,1)

where * denotes the convolution operation, and the descrip-
tion of other parameters is presented in Tablel. x(¢) and y(#)
denote the excitation and response signals, respectively,

and the response signal is used for subsequent verification.
B(t) denotes the irrelevant harmonic components. S(7) is
employed to simulate the single fault impact signal.i(%) is
the unit pulse response of the transfer function, which can be
expressed as Eq. (7) and its amplitude spectrum is presented
in Fig. 2.

2 2
H(s) = (4500x) + (2000x)

52 +46555 + (45007)> 52 + 19855 + (20007)?
@)

According to the values of all parameters employed in
the simulation signal, the FCF of the signal is 185 Hz.
The random noise is employed, and the signal-to-noise
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ratio of this signal is determined as — 15 db to make this
simulation signal more complex. Based on the character-
istics of the Fourier transform, and to facilitate subsequent
analysis, the sampling frequency is determined as 2. If
the sampling frequency is too large, the signal storage
and processing pressure will increase, if the sampling fre-
quency is too small, some high frequency signals will be
ignored. Hence, the sampling frequency of all signals used
in the simulation is 32768 Hz. The length of the signal for
analysis is 1 s. Figure 3a and Fig. 3c display the simulation
signal where only 0.2 s of the signal is shown to make the
signals’ characteristics more clear. Due to the interference
of harmonics, noise and the transmission path, the periodic
impact components cannot be detected in both excitation
and response signals. The amplitude of the response signal
in Fig. 3d is generally larger than that of the excitation
signal in Fig. 3b by comparison. Significantly distortion
also occurred in the response signal since the fluctuation
trend is clearly displayed at the bottom of its amplitude
spectrum, which is similar to that in Fig. 2. The envelope

30
20
o 10}
£
k=) |
@ 1ol
& 10
-20
-30 : : :
0 0.05 0.1 0.15 0.2
Timel(s)

(a) Time domain waveform of the excitation signal

30

Asig/(m/s?)
o

-30 ! !
0 0.05 0.1 0.15 0.2

Timel(s)
(c) Time domain waveform of the response signal

spectrum of the response signal is exhibited in Fig. 3e,
which fails to extract any useful information related to
bearing fault. The ISAM approach is then applied to the
simulation signal.

First, to suppress the signal distortion and interference
components enhancement due to the influence of the trans-
mission path in advance, the amplitude spectrum shown in
Fig. 3d is processed using a trend-line-based transmission
path’s influence suppression technique. Then the weight MO
is applied to the transmission path suppressed amplitude
spectrum. To improve the enhancement of the fault features,
the optimal MO is selected according to the principles in
Sect. 2, with the maximum HSI of the processed signal as
the target. The minimum value of the MO to be selected
18 0.1, the maximum value is 2, and the MO is increased
at the interval of 0.1. Figure 4a displays the relationship
between different MO values and the corresponding HSI.
Based on this curve, the maximum HSI 0.07 of the improved
signal can be obtained when MO = 1.7, so this MO value is
determined as the optimal one and the improved amplitude

1.2
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o
(-]

I
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0 P T T ROy WS
0 4000 8000 12000 16000
Frequency/(Hz)
(b) Amplitude spectrum of the excitation signal
1.2
<08
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(d) Amplitude spectrum of the response signal
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9
Eoa
so.
c
)
<o.2|
0 ‘
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Frequency/(Hz)

(e) Envelope spectrum of the response signal

Fig.3 The simulation signal. a Time domain waveform of the excitation signal
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Fig.4 Results of signal improvements

spectrum is exhibited in Fig. 4b. The fluctuation trend at the
bottom of its amplitude spectrum can hardly be detected
which indicates that the influence of the transmission path is
effectively suppressed. With the help of the phase spectrum
of the original signal and the inverse FT, the improved signal
shown in Fig. 4c can be obtained, which shows obvious har-
monic components. The envelope spectrum of this improved
signal in Fig. 4d extracts obvious harmonic features, and no
obvious bearing fault characteristics can be detected.
Subsequently, the improved signal is analyzed to deter-
mine the optimal resonance frequency band. The band-
width of each analysis band for selection is determined as
185 x4 =740 Hz based on the FCF of REB. Figure 5a exhib-
its the sparsity values of signals in different frequency bands,
based on the principle of maximum sparsity, five bands with
central frequencies of 3160 Hz, 3253 Hz, 3067 Hz, 3346 Hz
and 2974 Hz are selected for subsequent signal reconstruc-
tion, their corresponding sparsity values are 1.2793, 1.2787,
1.2786, 1.2774 and 1.2767, respectively, the reconstruction
signal is obtained and presented in Fig. 5b. When comparing
the original simulation signal and the reconstruction signal,
it can be found that through a series of feature enhancement
and noise suppression processes, the fault signatures in the
signal are significantly enhanced and the impacts can be
observed. Figure 5c presents the envelope spectrum of this
reconstruction signal, where the rotating frequency compo-
nents, the bearing inner race FCF 185 Hz and its harmonics
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(b) The improved amplitude spectrum
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(d) Envelope spectrum of the improved signal

are detected with little interference. The fault features are
abundant which shows the validity of the proposed approach,
it can conclude that the bearing has inner race defect and
the importance of determining an appropriate resonance
frequency band is also demonstrated.

To highlight the importance of using SAM to enhance the
fault features, the resonance frequency bands are selected
directly using the original signal, and results are depicted in
Fig. 6. The bandwidth for all the bands is still determined
as 740 Hz, and the central frequencies of the five selected
bands based on the principle of maximum sparsity are
649 Hz, 556 Hz, 742 Hz, 463 Hz and 835 Hz, with sparsity
values are 1.271, 1.27, 1.2699, 1.2693 and 1.2676, respec-
tively. Figure 6a and b shows the reconstruction signal and
its envelope spectrum, where no valid fault information is
identified. The envelope spectrum shows a complicated fea-
ture map with numerous irrelevant frequency components,
which indicates that the use of the SAM method to enhance
the feature components is of great meaning.

To further show the effectiveness of the technique, the
Fast Kurtogram method is employed, and the optimal fre-
quency band signal is selected for analysis, results are dis-
played in Fig. 7. As shown in Fig. 7(a), the optimal fre-
quency band is determined with the central frequency, and
bandwidth are 4096 Hz and 8192 Hz (highlight in red).
Figure 7b presents the square envelope spectrum of the
optimal band signal where no fault-related signatures are
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Fig.5 Analyzed results of the simulation signal using the proposed technique
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(b) The envelope spectrum of the reconstruction signal

Fig.6 Analyzed results of the simulation signal by choosing the optimal resonance band directly

successfully extracted, and the fault type of bearing is hard
to judge. The phenomenon described previously reveals that
the Fast Kurtogram method is hard to extract features from
the signal buried by heavy noise.

5 Experimental analysis
Based on the results of the simulation analysis, the measured
fault signals of REB in the laboratory are further employed

to verify the effectiveness of the algorithm. Figure 8 exhibits
the structure of the test rig, which can be used to simulate

@ Springer

the actual operation of different work conditions and fault
types of REBs. The measuring point is selected far away
from the fault bearing to increase the complexity of the
measured signals. The signals generated by the bearing
faults will pass through several mechanical interfaces and
be affected by multiple structures before being collected by
the sensors, which brings more difficulty to the extraction
of bearing fault signatures.

During the tests, the type of bearing is selected as 6010,
and the parameters of this bearing are shown in Tab.2. To
simulate the existence of inner race and outer race fault,
the laser wire-electrode cutting is employed and a defect
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Fig. 7 Analyzed results of the simulation signal using the Fast Kurtogram

Measuring point

Fig. 8 Structure of the test rig

Table 2 Parameters of the test bearing

Inner Outer Pitch Ball Number  Contact
diameter/ diameter/ diameter diameter of balls Z angle
mm mm D/mm d/mm al®

50 80 65 9 13 0

is generated (the width and depth of the defect are both
0.2 mm). The rotating speed is 3000r/min (rotational fre-
quency f.=50 Hz), the radial and axial loading are both 1kN,
and the sampling frequency is 32768 Hz. The FCF of inner
(f)) and outer (f,) race defect can be expressed as:

fi= %Z(l + %cosa)fr

]‘0=%Z<1—%cosa>fr ®

Asenv/(mlsz)

1.2

0.8 ’
0.4
0
0 2000 4000 6000 8000
Frequency/(Hz)

(b) The square envelope signal of the optimal band signal

By calculation, the theoretical fault characteristic fre-
quency for this REB with inner race and outer race defect
are ;=370 Hz and f, =280 Hz.

5.1 Analysis of REB with inner race fault

Figure 9 presents the time domain waveform, envelope spec-
trum and amplitude spectrum of the measured inner race
defect signal. The noise interference is obvious, and the
fault impact characteristics are not able to be detected in
Fig. 9a. In Fig. 9b, only one of the FCF components can be
barely identified, the interference of irrelevant components
is obvious and the fault signatures are not prominent and rich
enough, which does not achieve an ideal result. As a result,
the signal is analyzed using the method in this paper.
Similar to the simulation analysis, according to the cal-
culation process in Sect. 2, the influence of the transmission
path in the amplitude spectrum displayed in Fig. 9c is first
suppressed. Then the weight MO is applied to the transmis-
sion path suppressed amplitude spectrum, the HSI values are
calculated for the case of applying different MO values, the
search range of MO values are still 0.1-2 with the interval
of 0.1, and the analyzed results are depicted in Fig. 10a.
According to the curve, the maximum HSI value of 0.211 of
the improved signal can be acquired when MO =1.5, so this
value is determined as the optimal MO value for subsequent
analysis. Figure 10b and c shows the amplitude spectrum
and time domain waveform of the improved signal. The
fluctuation trend at the bottom of Fig. 10b can be hardly
detected which shows the effect of the transmission path is
eliminated. The improved signal is obtained by combining
the improved amplitude spectrum, the phase spectrum of the
original measured signal and the inverse FT, which shows
obvious harmonic features. Figure 10d shows the envelope
spectrum of the improved signal, the amplitude of the spec-
tral lines at the rotating frequency components is prominent,
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Fig. 11 Analyzed results of the bearing inner race fault signal using the proposed technique

the bearing inner race FCF f; and its harmonics can be identi-
fied but not obvious, the influence of irrelevant frequency
components is significant, hence some further analysis is
needed to highlight the fault signatures.

Subsequently, the optimal resonance frequency band is
determined, and results are depicted in Fig. 11. The band-
width for the resonance frequency band selection is decided
as 370 x4 =1480 Hz. Figure 11a shows the sparsity val-
ues of the signals in different bands, and the five optimal
resonant frequency bands are selected based on the maxi-
mum sparsity index, whose central frequencies are 2035 Hz,
2220 Hz, 4440 Hz, 4625 Hz and 2405 Hz, respectively, their
sparsity values are 1.282, 1.281, 1.2805, 1.2804 and 1.2801.
The reconstruction signal is acquired using the five bands
signal and shown in Fig. 11b, which exhibits certain com-
ponents of impacts that may result from the bearing defect.
Its envelope spectrum in Fig. 11c shows abundant fault fea-
tures, where the rotating frequency components, the bearing
inner race FCF and its harmonics are all prominent. The
side bands around the FCF components are also successfully
extracted, and the influence of irrelevant frequency compo-
nents is limited. The phenomenon described above reveals
that the bearing has inner race defect, which also shows that
this method can deal with the actual fault feature extraction
of REB.

Two comparisons are made to highlight the effectiveness
of the method in this paper. First, the optimal resonance

frequency bands are selected directly in the original signal
without feature enhancement by the SAM, the bandwidth
for band selection is still 1480 Hz, and results are exhib-
ited in Fig. 12. Based on the principle of maximum sparsity
value, five optimal frequency bands are selected with the
central frequencies are 4440 Hz, 4995 Hz, 2775 Hz, 4625 Hz
and 4810 Hz, and the sparsity values of the corresponding
band signals are 1.2778, 1.2775, 1.2775, 1.2774 and 1.2769,
respectively. The optimal band selection results are different
from the results using the proposed technique. The signal
reconstruction is conducted using the five band signals, and
the result is shown in Fig. 12a. Figure 12b shows the enve-
lope spectrum of the reconstruction signal, though both the
rotating frequency components and the FCF components are
able to be observed, the fault signatures are not abundant
enough when compared with results in this paper, and the
interference components are also more obvious.

The analyzed results using the Fast Kurtogram are shown
in Fig. 13. According to the kurtogram in Fig. 13a, the cen-
tral frequency and bandwidth of the optimal analysis fre-
quency band are determined as 15018 Hz and 2730 Hz,
respectively. The squared envelope spectrum of this band
signal is shown in Fig. 13b, where no useful information
related to the bearing fault can be identified. Based on the
previous comparisons, the effectiveness of the method in this
paper is further highlighted.

@ Springer



257 Page120f16 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:257

30 1.5 ‘ ‘ :
20
% 10 o 1
é; 0 é? r k/ﬁ k/zﬁ
[=)
= c } L 2f
2 -0 S05 | [ 3, 1
-20
_30 1 1 0 | I |
0 0.05 0.1 0.15 0.2 200 400 600 800 1000 1200 1400
Frequency/(Hz)

Timel(s)

(a) The reconstruction signal (b) The envelope spectrum of the reconstruction signal

Fig. 12 Analyzed results of the bearing inner race fault signal by choosing the optimal resonance band directly

0 0.3 :
1
1.6 —
x 26 % 0.2 1
23 S
>
3 3.
- 4 c
4.6 2 0.1 | |
5 <
5.6
6 0 0 ‘ ‘ ‘
0 5000 10000 15000 0 500 1000 1500 2000 2500 3000

Frequency/(Hz)

Frequency/(Hz)
(b) The square envelope signal of the optimal band signal

(a) The kurtogram

Fig. 13 Analyzed results of the bearing inner race fault signal using the Fast Kurtogram

30 0.3 : : :
20
o T 0.2
E £
k=) S
— c
(7]
< g 0.1 ‘
-30 : 0 : ‘ ‘
0 0.05 0.1 0.15 0.2 0 200 400 600 800 1000

Frequency/(Hz)

Timel(s)
(b) The envelope spectrum

(a) The time domain waveform

T

0.8 .

Afft/(m/s?)
e o
- o

e
N

0 s e
0 4000

SO T TP AT TP TORP AP T

8000 12000 16000
Frequency/(Hz)
(c) The amplitude spectrum

Fig. 14 The experimental bearing outer race fault signal

@ Springer



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:257

Page 130f 16 257

5.2 Analysis of REB with outer race fault

To demonstrate the wide applicability of the proposed
algorithm, the measured bearing outer race fault signal is
employed. Figure 14 shows its time domain waveform, enve-
lope spectrum and amplitude spectrum of the signal. Due to
the effects of the complex transmission path and the multi-
structures of the equipment, the periodic impact components
caused by bearing faults are unable to be distinguished. The
frequency components in the envelope spectrum and ampli-
tude spectrum are complex while no valid fault information
can be observed.

The influence of the transmission path in Fig. 14c is sup-
pressed in advance, and then the weight MO is applied to
the transmission path suppressed amplitude spectrum. The
optimal MO value is determined based on the curve pre-
sented in Fig. 15a. According to the curve, when MO =2,
the improved signal has the maximum HSI value, so this
MO is determined as the proper weight value for analysis.
Figure 15b shows the improved amplitude spectrum where
the fluctuation trend is eliminated, and the improved signal
shown in Fig. 15¢ can be obtained with the help of the phase
spectrum of the original signal and the inverse FT. The har-
monic components are prominent in this improved signal,
but no valid bearing fault information can be extracted from
its envelope spectrum, and the rotating frequency compo-
nents may result from the unbalance of the system.
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Fig. 15 The improvements of the bearing outer race fault signal

Subsequently, the optimal resonance frequency band of
the improved signal is selected, and results are depicted
in Fig. 16. The analysis bandwidth is determined to be
280x 4 =1120 Hz, and the sparsity values for each band’s
signals are shown in Fig. 16a. Five optimal frequency
bands are chosen with the maximum sparsity value as
the target, which are 1.276, 1.275, 1.27, 1.269 and 1.268,
respectively, their central frequencies are 1820 Hz,
1960 Hz, 1680 Hz, 2100 Hz and 4200 Hz. The above five
band signals are employed for signal reconstruction, which
is exhibited in Fig. 16b. Figure 16¢ shows the envelope
spectrum of this reconstruction signal, where the outer
race FCF and its harmonics can be identified, the influence
of irrelevant noise components is able to be detected but
are significantly suppressed when compared with those in
the envelope spectrum of the original signal. The experi-
mental bearing can be judged to have an outer race fault
by the features introduced above.

Analogously, two comparison analysis is carried out to
further demonstrate the validity of the proposed technique.
The results of selecting the resonance frequency bands
directly in the original experimental outer race fault sig-
nal are shown in Fig. 17. The bandwidth of each band is
still fixed at 1120 Hz. Five optimal resonance frequency
bands are determined, whose central frequencies are
7840 Hz, 7420 Hz, 7560 Hz, 7700 Hz and 8680 Hz, their
corresponding sparsity values are 1.2743, 1.2741, 1.2738,
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Fig. 17 Analyzed results of the bearing outer race fault signal by choosing the optimal resonance band directly

of the optimal analysis band are 8533 Hz and 682 Hz
respectively, but no fault information is identified from the
squared envelope spectrum of the optimal band signal, the
strong background interference components result in large
impacts. Based on the previous analysis, the effectiveness
of the method in this paper is further verified.

1.2737 and 1.2736. These five band signals are used to
construct the reconstruction signal presented in Fig. 17a,
and its envelope spectrum is presented in Fig. 17b. This
feature map fails to extract any fault feature information,
and the interference components are obvious.

Then the measured bearing outer race defect signal is
analyzed using the Fast Kurtogram method. According to
the results in Fig. 18, the central frequency and bandwidth
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Fig. 18 Analyzed results of the bearing outer race fault signal using the Fast Kurtogram

6 Conclusion

In this paper, an ISAM-based fault diagnosis method for
REB is proposed to detect the bearing faults seriously
affected by strong background interference, and both the
feature components enhancement and the interference
components suppression are taken into consideration,
which has certain practical engineering value. Through
the research some conclusions can be drawn as follows.

(1

2

3)

The signal distortion and interference enhancement
are suppressed first, and then the optimal MO selection
based on the maximum HSI index can ensure the effect
of fault feature enhancement and reduce the blindness
of the analysis.

The optimal resonance frequency band selection and
signal reconstruction is conducted with the maximum
sparsity value as the target, which can further reduce
the interference of irrelevant components, and highlight
the fault signatures of REB.

Simulation bearing inner race defect signal, experi-
mental bearing inner and outer race defect signals are
all employed to verify the effectiveness of the method.
Results show that this method can effectively suppress
the interference of strong background noise and extract
the abundant bearing fault characteristics. A series
of comparisons further highlight the validity of this
paper’s method in weak fault feature extraction.
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