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Abstract. Aiming at the problem that traditional fast spectral correlation (Fast-SC) cannot
effectively extract the fault feature of rolling bearings under strong background noise, we propose
to select a band with abundant fault information on the spectral frequency axis by Spectral Gini
Index (SGI) and integrate over them to obtain the Improved Enhanced Envelope Spectrum (IEES).
The proposed method doesn’t rely on the selection of precise fault characteristic frequency, and
has a good industrial application prospect. The simulated and experimental results of rolling
bearings prove the effectiveness of the algorithm.
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1. Introduction

Rolling bearings have been widely used as one of the important parts of rotating machinery,
and their operating status directly affects the performance of the whole machine. Therefore,
condition monitoring and fault diagnosis for rolling bearings are particularly necessary. However,
due to the complexity of mechanical equipment, cyclostationary signals generated by early bearing
defects are often submerged in strong background noise, and the measured vibration signals are
usually non-stationary and nonlinear, which greatly increase the difficulty of rolling bearings’
fault feature extraction.

Time domain analysis [1, 2] is the earliest technology used for rolling bearings’ fault diagnosis.
It utilizes the basic digital and statistical characteristics of vibration signals to analyze the signal.
However, it heavily relies on the experience of analysts. Spectrum analysis [3, 4] is the description
of the original signal distribution in the frequency domain, it can provide more intuitive
characteristic information than the time-domain waveform. But, owing to the non-stationarity and
non-linearity of the measured vibration signal, the applications of the above methods are restricted.
So, methods based on time-frequency analysis [5-7] and Al technology [8-10] are developing
rapidly in these years and have achieved great success. Whereas, Al-based technologies usually
require abundant of data and often run for a long time, which undoubtedly limit the applications
of such algorithms. In contrast, time-frequency analysis technology is much more convenient.

As one of the time-frequency analysis techniques, resonance demodulation has been widely
used because of its simplicity and effectiveness. When the faulty bearing is operating, the system
will resonate. Therefore, how to find the resonance frequency band of the signal becomes the key
to the fault diagnosis of the rolling bearings. However, strong background noise such as impulse
electromagnetic noise and periodic harmonic noise generated by shaft rotation etc. has great
influence on the selection of the resonance frequency band [11]. To solve the problem, Antoni [12]
proposed Fast Kurtogram based on maximum kurtosis, Wang et al. [13] combined ensemble local
mean decomposition and Fast Kurtogram to extract the fault features of rolling bearings. However,
when the non-Gaussian noise in the signal is strong or the fault period is shorter than the response
time of a single pulse due to the high speed of rolling bearings, Fast Kurtogram cannot achieve a
great demodulation effect [14]. To take the cyclic periodicity of the fault features into account,
McDonald et al. [15] proposed to find the resonance frequency band by maximum correlated
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kurtosis; Zhang et al. [16] used flexible analytical wavelet transform to filter the vibration signal
adaptively, then windowed correlated kurtosis was conducted on the filtered signals to isolate each
fault mode, experimental results proved its effectiveness. However, algorithms based on
correlated kurtosis rely on the selection of precise fault characteristic frequency, which limits their
applications.

Gini index was originally used to measure the inequality of economic wealth. It has recently
been applied to the field of fault diagnosis and has achieved great success [17]. Miao et al. [18]
used Gini index instead of kurtosis to select the resonance frequency band, results showed that
Gini index was more robust; Muhammad N. Albezzawy et al. [19] introduced Gini index into the
MED, AR model and Morlet wavelet filtering, and the combination of them was successfully
applied to the fault diagnosis of rolling bearings; On the basis of the Gini index, Wang et al. [20]
proposed the spectral Gini index and applied it to Fast Kurtogram, Compared with the traditional
Fast Kurtogram, results showed that spectral Gini index is more suitable for the fault diagnosis of
rolling bearings.

In addition to the algorithms based on resonance demodulation, spectral correlation analysis
also plays an important role on the fault diagnosis of rolling bearings. However, it is difficult to
directly calculate the spectral correlation of the signal, so averaged cyclic periodogram [21], cyclic
modulation spectrum [22] and Fast-SC [23] was proposed to calculate the spectral correlation of
the signal in succession. Among them, Fast-SC has been widely used due to its efficiency and
accuracy. Moreover, Antoni integrated over the full band of spectral frequencies to obtain
Enhanced Envelope Spectrum (EES). Zhu et al. [24] combined Fast-SC and Teager-Kaiser energy
operator to extract the fault features of rolling bearings under variable speed. However, the
traditional EES retains too much noise component in the signal, which is not conducive to the
fault diagnosis of rolling bearings under strong background noise; Tang et al. [25] preprocessed
the signal with singular negentropy difference spectrum firstly, then analyzed the denoised signal
by Fast-SC and obtained its fourth-order energy Spectrum, finally determined the best integration
interval of the signal by observation. Simulated and experimental results indicated its
effectiveness. However, the algorithm proposed by Tang still needs to determine the integration
interval through our own observation, while when the background noise is too strong, it is difficult
to select a suitable integration interval through artificial observation. Alexandre Mauricio et al.
[26] proposed to utilize alpha maximization to improve the enhanced envelope spectrum, but it
relied on the selection of accurate fault characteristic frequency, which is usually difficult in the
measured signal due to speed fluctuations or rolling element slippage.

To solve the above problems, while considering the robustness of the spectral Gini index and
the powerful fault feature extraction capability of Fast-SC, the idea of resonance demodulation is
introduced into Fast-SC in this paper. Firstly, the signal is analyzed by Fast-SC; then, the
bandwidth of integration interval is fixed and spectral Gini index of the signal under different
integration intervals is calculated; finally, the integration interval with the largest spectral Gini
index is selected, then the corresponding enhanced envelope spectrum can be obtained.

2. Basic principles
2.1. Fast-SC

Spectral correlation is a function of the spectral frequency f and the cyclic frequency a. Since
the bearing fault signal can be described as a second-order cyclostationary signal, it can be
defined as:

R, (t,7) = R, (t +T,7) = E{x(t)x(t — 1)*}, €))

where, R, stands for the auto-correlation function, E is the ensemble average operator, x(.) is the
signal, t stands for time variable, T is the fault period and t represents the time delay. Based on
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Eq. (1), spectral correlation can be defined as:
R S,
Se(a f) = Jim - EQGiy (A Xw (f + @)}, @)

where Xy, (f) = f_JrVVVV//sz(t)e'jz’Tf tdt is the Fourier transform of the signal x(t) over a time

interval W, and the spectral coherence of the signal can be obtained by normalizing the spectral
correlation:

~ Se(a, f)
(@, f) = 5.0, F —a/2)5,(0, f + a/2) 3)

where, y, (@, f) is the spectral coherence of the signal.
On this basis, Antoni [23] further proposed Enhanced Envelope Spectrum (EES), which is to
integrate the spectral coherence y, («, f) over the full frequency, the expression is as follow:

1 fs/2
Sess(@ =573 | (@ plaf, @

where, f; is the sampling frequency.

However, integrating spectral coherence of the signal over the full frequency band will
introduce excessive noise interference, which will affect the extraction of fault features. Therefore,
it is necessary to select a suitable integration interval to minimize the interference of noise
components, and we propose to select the optimal integration interval based on spectral Gini index
due to its robustness.

2.2. Spectral Gini index

Gini index was first proposed by Corrado Gini [27] to measure the inequality of society and
economic wealth, it is essentially a sparsity index. Niall Hurley pointed out that the concentration
of signal’s energy is proportional to its sparsity [28]. Meanwhile, the energy of the resonance
frequency band which contains the most abundant fault information in the fault signal appears the
most concentrated, so the resonance frequency band appears the sparsest. Based on this
characteristic, Gini index can be utilized in the field of fault diagnosis of rolling bearings. Given
x = [x(1),x(2), ...,x(N)], and rearrange them in ascending order |x[1]| < |x[2]| << |x[N]|,
then Gini index can be calculated as:

|%p| (N —k+0.5
G106 = 1‘22k Tl (%) ®

where, ||x]|; is the [; norm of x, k is the subscript of x after rearrangement and N is the length
of x.

Furthermore, Wang et al. [19] defined spectral Gini index and used it to extract bearings’ fault
features:

SElh[n N—k+05
SGIG) =1— ZZ ( )
()= k=1 ||SE],[n] N (6)

where, [ and h are the left and right cutoff frequencies of the band-pass filter, SE; , [n] represents
the squared envelope of the filtered signal, SE]}, [n] means rearranged SE; ,[n] in ascending order.
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2.3. Enhanced envelope spectrum improved by spectral Gini index

Barszcz pointed out that the bandwidth of filter should be no less than 3 times of fault
characteristic frequency [29]. So we set the length of the integration interval at 3 times the fault
characteristic frequency. Combining with spectral Gini index, we use the following formula to
select the optimal integration interval:

f+3ffault
o) = 1_22 sort, ly (a,f)|) *(N—n+0.5), -

Cell(l Oszault) f+3f fauit N
a floor (0. 98ffault) Z | (0(, f)l

where, frq,¢ represents theoretical fault characteristic frequency, sort(.) means rearranged the
data in ascending order. The subscript n indicates the position of the data after reordering, and N
indicates the length of the signal. What’s more, floor(.) means rounding down, and ceil(.)
represents rounding up. Taking into account speed fluctuations and rolling element slippage, the
actual fault characteristic frequency may have an error with the theoretical value but within 2 %,
so the range of cyclic frequency a should be selected as [0.98f¢qy,¢, 1.02f7gu¢]-

The higher the value of g(f) is, the larger the spectral Gini index of the corresponding
integration frequency band is, which means the richer fault information it contains, and the easier
it is to extract fault features. Therefore, we can determine the optimal integration frequency band
by the maximum value of g(f). The proposed method doesn’t rely on the precise fault
characteristic frequency determined in advance, nor does it need to manually find the optimal
integration interval, which means it has a good industrial application prospect.

3. Simulation verification

In order to verify the effectiveness of the proposed algorithm, this section constructs a
simulated signal of rolling bearings under strong background noise. The model of the simulated
signal is as follow:

(x,(6) = Z;Ais(t —iT — t) + B(t) + n(t) + m(D),

/s
A; = 4cos (2nfrt + E) + 0.5, (8)

T
B(t) = 1.2cos (27tf1t + E) + 0.9cos(27f,t),
s(t) = e 2Ttsin(2nf,t),

where, f,, = 42 Hz represents rotating frequency, 4; denotes the amplitude modulation with the
cycle of 1/f,, f, = 3200 Hz is the natural frequency of the system and r = 0.05 represents
damping coefficient. t; = 0.01T-0.02T denotes the delay caused by the slippage of rolling element
in ith cycle. T = 1/185 s represents the period during which the fault occurs, which means the
fault characteristic frequency is 185 Hz. The harmonic B(t) is applied to simulate the interference
components and the value of f; and f, are 80 Hz and 100 Hz respectively. m(t) represents
random impulsive noise, n(t) represents Gaussian noise. The signal-to-noise ratio of this signal
is —6.36 dB if no white noise is added, and the ratio is —16.7 dB after adding white noise. The
sampling frequency is 32768 Hz and the sampling time is 1 s. Fig. 1 is the time domain waveform
of the simulated signal, disturbed by strong background noise, periodic impulses related to the
local damage can hardly be observed.

In order to highlight the difficulty of extracting the fault feature of the simulated signal,
Fast-SC is utilized to analyze the simulated signal, and the corresponding enhanced envelope
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spectrum is shown in Fig. 2. Due to the interference of strong background noise, only fault
characteristic frequency 185 Hz can be identified vaguely, which means the traditional Fast-SC

doesn’t perform well.
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Fig. 1. Time domain waveform Fig. 2. The result of the simulation
of simulation signal signal analyzed by Fast-SC

Now, the proposed algorithm is used to analyze the simulated signal, and the window length
of STFT (Short Time Fourier Transform) is selected as 512. Due to the limitation of spectral
frequency resolution, the length of integration interval is slightly larger than 3 times of fault
characteristic frequency, which is taken as 576. The relevant curve is shown as Fig. 3(a), and the
integration interval corresponding to the maximum value of g(f) is [2752 3328]. Its
corresponding improved enhanced envelope spectrum is shown in Fig. 3(b), where background
noise is significantly suppressed, fault characteristic frequency 185 Hz and its harmonics 370 Hz
and 555 Hz are prominent. What’s more, sidebands 101 Hz, 269 Hz and 454 Hz modulated by
rotating frequency can also be observed too.
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Fig. 3. Results of the proposed method: a) the curve of g(f);
b) corresponding improved enhanced envelope spectrum

In addition, kurtosis is utilized to select the optimal integration interval, and the length of
integration interval is also set as 576. Fig. 4(a) shows the relationship between kurtosis and
integration interval, where several points have a high value of kurtosis, which indicates that
kurtosis is less robust than spectral Gini index. It is worth noting that in the integration interval
[2752 3328], kurtosis also has a peak value. However, the optimal integration interval selected by
kurtosis is [1344 1920], and its corresponding enhanced envelope spectrum is shown in Fig. 4(b).
Due to the interference of strong background noise, fault characteristic frequency and its
harmonies cannot be identified, which means the algorithm based on Fast-SC and kurtosis fails to
extract the fault feature.

In order to further highlight the superiority of the proposed algorithm, the algorithm based on
traditional resonance demodulation and spectral Gini index is applied to analyze the simulated
signal. The bandwidth is also fixed at 3 times the fault characteristic frequency. Fig. 5(a) shows
the relationship between spectral Gini index and center frequency, and the optimal center
frequency selected by the algorithm is 900 Hz; its corresponding squared envelope spectrum is
shown in Fig. 5(b), where 42 Hz is rotating frequency, and no fault feature can be identified.
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Fig. 4. Results of the algorithm based on Fast-SC and kurtosis: a) the relationship between kurtosis
and integration interval; b) corresponding improved enhanced envelope spectrum
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Fig. 5. Results of the algorithm based on traditional resonance demodulation and spectral Gini index:
a) The relationship between spectral Gini index and center frequency,
b) corresponding squared envelope spectrum

What’s more, the algorithm named Improved Envelope Spectrum by Alpha Maximization
(IESAM) proposed in the literature [26] is also used for comparison, the algorithm is described as
follow:

k
SDAM(f) = 1_L21y(i X afaultﬂf) )
maX(SDAM(f)) * thres = SDyy(f1) = SDau(f2),

Sips(@) = ly(a, Fldf,

fl <fmax <f21 (9)

=l
fo=fily
where, SD4, (f) is used to select the integral frequency band with the most obvious fault features,

thres = 0.7 is the threshold parameter, f,,,, is the frequency corresponding to the maximum
value of SDyp (f), and gy, represents the fault characteristic frequency.
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Fig. 6. Results of the simulation signal analyzed by IESAM when a4, = 185 Hz: a) the relationship
between SD and integration interval; b) corresponding enhanced envelope spectrum
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Fig. 7. Results of the simulation signal analyzed by IESAM when a4, = 184 Hz: a) the relationship
between SD and integration interval; b) corresponding enhanced envelope spectrum

To prove that the effectiveness of IESAM depends on the precise selection of fault
characteristic frequency, we choose @fqyr = 185 Hz and afqy = 184 Hz respectively for
comparison, and k is both taken as 3. Fig.6(a) shows the curve of SD,u,(f) when
Qpar = 185 Hz, and the selected integration interval is [2880 3136], which is close to the
integration interval selected in Fig. 3(a). Fig. 6(b) is the corresponding enhanced envelope
spectrum of the selected integration interval, from which we can see that noise components have
been effectively suppressed, fault characteristic frequency 185 Hz and its harmonies 370 Hz and
555 Hz can be identified clearly, what is more, sidebands 101 Hz, 269 Hz and 454 Hz modulated
by rotating frequency can be observed too. Comparing Fig. 3(b) with Fig. 6(b), both perform well.
Fig. 7(a) is the curve of SD4y (f) when afq,;; = 184 Hz, and the selected integration interval is
[10304 10560]. Fig. 7(b) is the enhanced envelope spectrum of the selected integration interval.
Due to the interference of strong background noise, fault characteristic frequency and its
harmonies cannot be identified. Comparing Fig. 6 with Fig. 7, we conclude that the effectiveness
of IESAM depends heavily on the correct selection of fault characteristic frequency, which
restricts the application of this method in industry. In contrast, the algorithm proposed in this paper
does not rely on the actual fault characteristic frequency determined in advance and has a wider
application prospect.

4. Experimental verification

Data used in this paper is obtained from the Case Western Reserve University Bearing Data
Center database [30]. The experimental test rig (shown in Fig. 8) is comprised of a 2-hp motor, a
torque sensor/encoder, a power meter, accelerometers, and electronic control unit. The drive end
motor shaft is supported by deep groove ball bearing (JEM SKF 6205-2RS) which contains outer
race fault generated by electro-discharge machining, and the fault diameter is 0.3556 mm. The
outer diameter of the bearing is 52 mm and the inner diameter is 25 mm, the rolling element
diameter is 8§ mm, the number of rolling elements is 9, and the contact angle is 0°. The fault data
used in this paper is 198 mat whose sampling frequency is 12000 Hz and the test speed is
1772 r/min. In order to reduce calculation time, we only take 12000 points for analyzed, and the
theoretical fault characteristic frequency is calculated as 105.87 Hz.

. Fig. 8. The test rig
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Now we use Fast-SC to analyze the signal and the result is shown in Fig. 9. Due to the
interference of strong background noise, the spectral line of 106.5 Hz which is close to the
theoretical fault characteristic frequency is faintly visible, and its harmonies cannot be identified.
What’s more, the frequency of 29.24 Hz represents rotating frequency and 118 Hz is one of its
harmony. So, we come to the conclusion that the performance of Fast-SC is not ideal.

0.2
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Fig. 9. Result of the experimental signal analyzed by Fast-SC
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Fig. 10. Results of the proposed algorithm: a) the curve of g(f);
b) corresponding improved enhanced envelope spectrum

Then, the proposed algorithm is applied to analyze the experimental signal, the window length
of STFT is choose as 512 and the length of the integration interval is selected as 351, which is
slightly larger than 3 times of fault characteristic frequency due to the limitation of the spectral
frequency resolution. Fig. 10(a) shows the relationship between the value of g(f) and integration
interval, from which the optimal integration interval is selected as [2883 3234]; Fig. 10(b) is the
corresponding improved enhanced envelope spectrum, where fault characteristic frequency
106.5 Hz and its harmonies 213.1 Hz and 318.5 Hz can be identified. Comparing Fig. 10(b) with
Fig. 9, we come to the conclusion that the proposed algorithm can suppress the noise components
obviously and has the stronger capability to extract the fault feature.
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Fig. 11. Results of the algorithm based on Fast-SC and kurtosis: a) the relationship between kurtosis
and integration interval; b) corresponding improved enhanced envelope spectrum

In addition, kurtosis is utilized to select the optimal integration interval. Fig. 11(a) shows the
relationship between kurtosis and integration interval, where several points have a high value of
kurtosis, which indicates that kurtosis is sensitive to background noise. It is worth noting that the
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kurtosis is also very large at the interval [2789 3140], but the integration interval corresponding
to the maximum kurtosis is [3867 4218]. Fig. 11(b) is the enhanced envelope spectrum under the
corresponding integration interval, where 58.49 Hz represents the double of rotating frequency,
and there is no useful information can be extracted.

In order to further highlight the superiority of the proposed algorithm, the method based on
traditional resonance demodulation and spectral Gini index is applied to analyze the experimental
signal, and the bandwidth is fixed at 3 times the fault characteristic frequency. Fig. 12(a) shows
the relationship between spectral Gini index and center frequency, the optimal center frequency is
selected as 2000 Hz; its corresponding squared envelope spectrum is shown in Fig. 12(b), due to
the influence of strong background noise, there is no useful information can be extracted, which
means the method does not perform well. Comparing Fig. 10(b) with Fig. 12(b), the proposed
algorithm has stronger fault feature extraction capability.
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Fig. 12. Results of the method based on traditional resonance demodulation and spectral Gini index:
a) the relationship between spectral Gini index and center frequency;
b) corresponding squared envelope spectrum
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Fig. 13. Results of the experimental signal analysed by IESAM when a4,y = 105.5 Hz:
a) the relationship between SD and integration interval; b) corresponding enhanced envelope spectrum

Then, IESAM is applied to analyze the experimental signal, the window length of STFT is
choose as 512, dfqy¢ is selected as 105.5 Hz, which is closest to the theoretical value, and k is
taken as 3. Fig. 13(a) is the curve of SD,,(f), where the optimal integration interval is selected
as [1852 1969]; Fig. 13(b) is the corresponding enhanced envelope spectrum, due to the
interference of strong background noise, fault characteristic frequency 106.5 Hz and one of its
harmonies 318.5 Hz is faintly visible, comparing Fig. 10(b) with Fig. 13(b), the proposed
algorithm performs better.

What’s more, Mantas Landauskas et al. [31] combined permutation entropy and convolutional
neural network for bearings’ fault classification, and the data was obtained from the Case Western
Reserve University Bearing Data Center database too. Results showed that the classification
accuracy of outer ring fault data when the defect is on drive end (sampled at 12k) was 0.779, which
was not high enough. Wade A. Smith et al. [32] further pointed out that the data used in the paper
was difficult to be analyzed. However, the proposed algorithm can extract the fault feature
effectively, which represents the superiority of the algorithm.
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5. Conclusions

From the analyses of simulated signal and experimental signal, we conclude that the proposed
algorithm based on Fast-SC and spectral Gini index can extract fault features of rolling bearings
effectively, and have the following conclusions:

1) In actual engineering, strong background noise as well as the deviation of the actual fault
characteristic frequency from the theoretical value caused by speed fluctuations or rolling element
slippage will increase the difficulty of extracting fault features of the rolling bearings.

2) We use spectral Gini index and the kurtosis to select the optimal integration interval, results
show that spectral Gini index is more robust than kurtosis. What is more, results of simulated and
experimental signal indicate that the proposed algorithm performs better than the algorithm based
on resonance demodulation and spectral Gini index.

3) The proposed algorithm is also compared with IESAM and traditional Fast-SC. Results
show that the effectiveness of IESAM highly depends on the precise selection of fault
characteristic frequency, while traditional Fast-SC will introduce excessive background noise,
which is not conducive to the extraction of fault features. In contrast, the proposed algorithm does
not rely on the precise selection of fault characteristic frequency, and the selection of the optimal
integration interval can filter out the interference of background noise effectively. So, it has
stronger fault feature extraction capability and has a good industrial application prospect.
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