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Abstract

Early fault identification of the rolling element bearings remains difficult because the repetitive transient signature
generated via localized incipient damage is easily submerged by various interference components and strong noise.
Spectral coherence (SCoh) is a break- through approach for revealing the second-order cyclostationary of bearing faults
by displaying the energy flow of vibration signal jointly in a two-dimensional plane comprising the resonance frequency
and bearing fault frequency. Considering the non-uniformity of fault in- formation distribution in the whole spectral
frequency band, the enhanced envelope spectrum (EES) obtained by integrating over the full spectral frequency band
is vulnerable to strong background noise. Thus, how to identify an informative spectral frequency band for constructing
a diagnostic improved envelope spectrum (IES) is crucial to accurately identify bearing faults. To address this issue, a
feature- adaptive method called IES via Candidate Fault Frequency Optimization-gram (IESCFFOgram) is proposed to
determine the in- formative spectral frequency band from SCoh for bearing fault diagnosis. The innovation of this
method is to fully excavate the fault information hidden in the SCoh and adaptively determine the informative spectral
frequency band according to the identified candidate fault frequencies. The proposed method is tested and validated on
simulated signals, vibration datasets obtained from artificial fault bearing experiments, and accelerated bearing
degradation tests. In addition, comparisons with state-of-the art methods have been conducted to highlight the
superiority of the proposed methodology.
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1. Introduction

Rolling element bearing is a precise mechanical component of the modern industrial system [1]. It is affected by axial
load, radial load, impact load, and various external excitations under harsh operating conditions, through which
structural fatigue cracks can be easily induced in internal components. If appropriate maintenance strategies are not
implemented in time, it is easy to cause the breakdown of the mechanical system, which may result in considerable
economic losses. There- fore, incipient fault detection of the rolling element bearings is vital for ensuring the safety and
reliability of the mechanical systems [2, 3].

The typical methods for rolling element bearing fault detection can be roughly considered as a cascade of the filtering
algorithm and envelope spectrum (ES) analysis. The filtering algorithm is utilized to enhance the repetitive transients
induced by the localized defects observed in bearings or determine the frequency band containing diagnostic
information, whereas ES is applied for identifying the fault types and severity.

Blind deconvolution [4] is a typical filtering algorithm used to recover fault- related periodic or quasi-periodic impulses
from raw vibration signals, in which a finite-impulse response filter is used to eliminate the influence of the transmission
paths of various external signals and extract fault-related repetitive transient sig- natures by maximizing a certain
criterion of the filtered signal. By considering kurtosis, D-norm, multi-D-norm, correlated kurtosis, and cyclostationarity
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indicators as the criteria to be maximized, blind deconvolution algorithms, such as minimum entropy deconvolution
(MED) [4, 5], maximum correlated Kkurtosis deconvolution (MCKD) [5], multipoint optimal minimum entropy
deconvolution adjusted (MO- MEDA) [6], and cyclostationarity-based blind deconvolution (CYCBD) [7], have been
developed, respectively, for enhancing the fault-related repetitive impulses. Based on statistical optimization
algorithms, Cheng et al. [8, 9, 10] proposed a new strategy for solving the deconvolution inverse filter and applied it to
the ex- traction of weak fault features of bearings. The pioneered filtering algorithm used to determine informative
frequency band is spectral kurtosis (fast kurtogram, FK) proposed by Antoni [11, 12, 13], in which the bandpass filtering
is used to divide the vibration signal into different frequency bands; subsequently, the frequency band with the largest
kurtosis is automatically selected for further analysis. In- spired by the FK algorithm, various frequency band selection
algorithms, such as Protrugram [14], Autogram [15], Sparsogram [16], and average Inforgram [17], have been proposed
for identifying the resonance frequency band of rolling bearing fault. In Protrugram, kurtosis of the ES of the
demodulated signal is considered as the criterion for determining the informative frequency band; this method is more
robust to non-Gaussian noise in comparison with FK. Unlike FK and Protrugram, Sparsogram/Inforgram measures the
information level for fault detection based on the ratio of the L2 and L1 norms (L2/L1 norm)/Negentropy (NE) of the
squared envelope/squared ES (SES) of the narrowband filtered signal. All these

methods exhibit a similar working mechanism, that is, a bandpass filter bank (e.g., wavelet packet filter bank [14, 16] or
1/3-binary tree filter bank [13, 17]) is initially used to divide the vibration signal into different frequency bands, and
the optimal frequency band carrying information about the rolling element bearing faults is subsequently selected
according to a specified sparsity indicator. In addition, sim- ilar frequency band selection methods have been developed
and applied to bearing fault identification recently, such methods can be observed in works of literature [18, 19, 20].

Another effective method used as an alternative to the ES-based methods for bearing fault identification is the spectral
correlation (SC)/spectral coherence (SCoh)-the normalized version of SC [21]. SC/SCoh is an important vibration signal
analysis method that reveals the second-order cyclostationary of bearing faults by mapping the vibration signal into a
two-dimensional plane comprising spectral frequency and cyclic frequency. The physical meaning of spectral fre-
quency is identical to that of the frequency obtained via Fourier transformation, and cyclic frequency contains repetitive
transient impulses frequency and its multipliers that need to be identified in bearing fault diagnosis. However, SC/SCoh
involves advanced stochastic process theory and requires considerable calculation time in some cases, substantially
preventing the wide application of the SC/SCoh for quickly solving fault diagnosis problems. To address this issue, a fast
and effective SC estimator with suitable convergence performance and low complexity, i.e., the fast SC algorithm, was
proposed by Antoni [22]. The fast SC algorithm is based on short-time Fourier transformation and uses the fast Fourier
transform to evaluate the scanning cyclic frequency spectrum. The squared ES (SES)/enhanced ES (EES) generated by
integrating SCoh over the full spectral frequency band is a suitable tool for extracting the bearing fault information, but
sensitive to strong interference noise. Therefore, the spectrum obtained by integrating the SCoh over a certain spectral
frequency band with rich fault information, namely improved ES (IES), was suggested to enhance the fault-related cyclic
components and perform fault detection. Wang et al. [23] proposed an L2/L1 norm-based guideline for determining the
informative spectral frequency band with a fixed bandwidth. In this method, a spectral frequency band with a
bandwidth covering three times the inner race fault frequency is used to scan the entire spectral frequency band of
SCoh. Further, it selects the frequency band with the largest L2/L1 norm as the optimal spectral frequency band for
producing diagnostic IES. Schmidt et al. [24] proposed a signal-to-noise ratio-based indicator to determine an
informative spectral frequency band for generating a narrowband IES from SCoh. Mauricio et al. [25] proposed IES via
feature optimization-gram (IESFOgram) for rolling element bearing diagnostics under non-stationary operating
conditions. In this method, the spectral frequency band is initially divided into a 1/3-binary tree structure and the
informative narrow band for generating IES is selected according to a fault characteristic frequency (FCF) based
diagnostic feature. This method has been applied to the vibration signal analysis of rotating machinery and has achieved
effective diagnostics performance under different conditions [26, 27, 28, 29]. Similarly, Chen et al. [30]developed an
FCF-based method to identify the optimal spectral frequency band of the SCoh for bearing fault detection, and systemati-
cally compared the performances of various blind and target features under the framework of IESFOgram. Furthermore,
Zhang et al. [31] proposed an FCF-based strategy to construct the envelope spectrum tool by integrating the SCoh over
the full spectral frequency band with weights. However, small fluctuations of the shaft speed around the nominal speed
may hurt the FCF-based methods, and even result in poor fault detection capability. Therefore, a more robust method
that does not rely on sparsity indicators and FCF is required for adaptively guiding the generation of an IES from the
SCoh for bearing fault detection.

Hence, a feature-adaptive method called IES via Candidate Fault Frequencies Optimization-gram (IESCFFOgram) is
proposed to identify the informative spectral frequency band from SCoh for bearings fault diagnosis in this project. In
the new method, the candidate fault frequencies (CFFs) instead of the nominal FCF are automatically identified based
on the local features of the SCoh and further used to guide the selection of the informational band. This new method

368



International Journal of Science and Research Archive, 2023, 08(01), 367-382

completely gets rid of the dependence on FCF or sparsity indicators and can adaptively gener- ate diagnostic IES by
excavating the fault information hidden in the SCoh plane. Therefore, the proposed IESCFFOgram is suitable for the fault
identification of rolling bearings under complex operating conditions. The simulated signals, vibration datasets
obtained from artificial fault bearing experiments, and accelerated bearing degradation tests are served to illustrate the
effectiveness and superior- ity of the proposed methodology for adaptively generating the IES and enhancing weak
bearing fault diagnosis.

2. Problem Identification

Generally, the localized damage on rolling element bearings tends to arouse cyclic transient signatures under constant-
speed conditions. Identification of the cyclic transient signatures from the measured vibration signal is the major part
associated with the detection and tracking of localized defect evolution. SC is an effective approach for revealing the
second-order cyclostationary of bearing faults by mapping the vibration signal into a two-dimensional plane comprising
spectral and cyclic frequencies. Let x(t,,) be a vibration signal of faulty bearings, where t, = n/F,n=0,1,..,L — 1is
the discrete-time series and F; is the sampling frequency. According to the cyclostationary theory, the instantaneous
autocorrelation function of the bearing vibration signal comprises period T [22]:

Ry(t, Tr) = E{x(t)x(ty, = Tim) } = Ry (tn + T, Tp) eveve v (1)

where E indicates the ensemble average operator, * indicates the complex conjugate, and t,,, = F;. SC is defined as the
double discrete Fourier transform of the instantaneous autocorrelation function as follows [22]:

a

—j2nn -
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The bivariate function S, («, f) quantifies the correlation level between two frequency components of the signal at fand
f + a, therefore can be interpreted as the decomposition of the analyzed signal concerning the “modulation frequency”
a and “carrier frequency" f. It is continuous in the case of spectral frequency fand discrete in the case of cyclic frequency
a when considering x(t,,) to be a second-order cyclostationary signal [22]:

k —
Suta ) =[O e =k

E elsewhere

where, S¥(f) (k = 0,41,42,...) indicates the cyclic spectra. SCoh is the normalized version of the SC, wherein the
amplitude is normalized between 0 and 1 [22]:

_ __ Ssalphaf)
(@ f) = oo e r—ay 4)

where, S, (0, f)s the classic power spectral density. The SES is calculated by integrating the SCoh over the full spectral
frequency band as follows:

SES(@) = 2 |3 V(@ f)df | o (5)

In the case of the fast-rotating phases, integration of the complex values vy, («, f) may converge toward zero, resulting
in the loss of bearing damage signature information [22]. To address this problem, adjusting the Equation 5 to integrate
the modulus of SCoh along the spectral frequency axis delivers the so-called EES as follows [22]:

EES(@) = 2 |[7 Y@, ) | o 6)

The integration’s in Equations 5 and 6 are replaced by the discrete sum of the spectral frequency f for fast numerical
calculation. In the case of weak bearing fault characteristics, the high-level noise, and strong interruptions from other
cyclic frequencies in full-band EES are likely to dominate the entire EES and considerably submerge the bearing
diagnostic information. Thus, a more sensible and effective approach is to implement spectrum analysis by integrating
the modulus of SCoh over a specific spectral frequency band carrying diagnostic information for rolling element bearing
fault detection.
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Figure 1 Schematic description of the EES, IES, and the proposed AWCES

3. Methodology & Flow chart

3.1. IESviaCandidateFaultFrequenciesOptimization- gram (IESCFFOgram)

In this subsection, a feature-adaptive method called IES via Candidate Fault Frequencies Optimization-gram
(IESCFFOgram) is proposed to discriminate the in- formative band from SCoh for bearing fault diagnosis. First, the local
extrema of the cyclic frequency spectrum slices (CFSSs) on SCoh is employed to identify the cyclic frequencies that may
be induced by the local defects of rolling element bearings, which is called candidate fault frequencies (CFFs) in the
project. Then, the ratio of the energy of all CFFs to the energy of IES is applied as an indicator to quantify the level of
fault information of each narrowband divided from full spectral frequency band using 1/3-binary tree filter banks. Last,
the narrowband IES with the largest RE is selected as the optimal spectrum tool to perform bearing fault diagnosis.
Figure 1 presents the flowchart of the proposed IESCFFOgram for generating IES from SCoh for bearing fault detection.

3.1.1. Identification of CFFs

Repeating the original intention of SCoh, the amplitude of y, (e, f) has a clear physical significance-to quantify the
correlation between two frequency components of the bearing vibration signal at f and f + a. The vibration signal x(t,,)
exhibits pure second-order cyclostationarity at « if its SCoh y, («, f) has non-zero values along lines parallel to the
spectral frequency axis in the (a, f) plane, that is, the spectral frequency spectrum slice (SFSS) y,(«,.) has nonzero
values. Due to the presence of interference signal components (such as discrete harmonics, background noise, etc.), the
measured vibration signal often exhibits mixed cyclostationarity rather than the pure second-order cyclostationarity.
The direct result of this fact is that even if the vibration signal has no pure tone at cyclic frequency «, the SFSS at cyclic
frequency a y,(a,.) may have a non-zero value along the spectral frequency axis. The vibration signal exhibiting
second-order cyclostationary at frequency « is often manifested as a series of local maxima distributed on some CFSSs
parallel to the cyclic frequency axis. Extensive usage of the information regarding local maxima on all CFSSs can help to
develop a narrowband IES indicating the presence of modulations and facilitating the identification of fault frequencies.

Assume that y£5(a, f) is the estimator of y,(a, f) with an equidistant discrete spectral frequency fg=9-F/Ny, g =
0,..,N,, — 1 and equidistant discrete cyclic frequency @y, @y, ..., @y = Qmqx For any spectral frequency f;, defining
& (m,g),n=1,..,N as a binary variable determined by the local maxima distribution of the g* CFSS &t (, fg) such
that:
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£.(ng) = {1 ifL <1< N = Land&e (ane f) L = £1,0 2L o

0 elsewhere

where L (recommended to have a value of 3-5) is a parameter controlling the sparsity of the local maxima on CFSSs.
The nonzero elements in the matrix § = (§,(n, g))nxw,, correspond to the local maxima of CFSSs on the entire SCoh
plane. If @, is a fault-related frequency (e.g. FCF or its multiples, sidebands) attributed to the localized defect on the
rolling element bearings, the majority of the CFSSs have relatively larger amplitudes at this cyclic frequency «,, than
those determined in its neighborhood, indicating that the matrix xi contains more nonzero elements in the nth row.
Therefore, the rows of the matrix £ with more nonzero elements correspond to the cyclic frequencies more likely to be
caused by the localized defects on rolling element bearings. To capture this key information, let n =
[7(1),n(2), ...,n(N)]T be a vector delivered by summing the row vectors of the matrix ¢ as follows:

nm)=¥M"_,&mm)n=12,..,N....... (8)

The n'" element n(n) quantifies the number of local maxima contained in the n‘* SFSS y,f“(a(n),.). Let 1 =
(775,771, -, Tn] T be the arranged version of 77 satisfying the following conditions:

e Foranyi<j,#, =7, should hold.
o If 7, = 1,11 then, k; and k;,; should exist such that 7; =n(k;) and 7j;;,; = eta(k;y;) and satisfying
SFSSAmp(k;) > SFSSAmp(k;,,), where, SFSSAmp(n) = XM _, & .(n,m). v (ay, fn)

The function SFSSAmp(n) quantifies the sum of the amplitudes of the local maxima contained in the n'*
SFSSy&st(ay,.), and is used to solve the sorting problem of two or more equal elements in the vector 1. The cyclic
frequencies corresponding to the first D SFSSs with the most local maxima can be expressed as follows:

a(d) ={ayIn(n) =fgn=12,..,N},d=12,..,D........ )

The cyclic frequencies a(d),d = 1,2,..., D are defined as CFFs, which may be simultaneously composed of the fault-
related and the interference frequencies. These CFFs are distributed on each CFSS and serve as the cornerstone for
identifying IBF in the [IESCFFOgram.

3.2. Proposed IESCFFOgram method

The proposed IESCFFOgram method combines the full spectral frequency band division strategy of the 1/3-binary tree
filter structure and the diagnostic feature calculated from the identified CFFs to optimally discriminate the informative
band of the specified fault type. For the ith (i =0,1,1.6,2,2.6,3, ...) narrowband at the [th level, the resulting IES is
formulated as follows:

1 Fgi/2lt1)
IESl,i(a) = FS/21+1 st(i—l)/ZHl) |yx(a'f)df| """"" (10)

Then, the ratio of the energy of all CFFs to the energy of IES, ;(«), abbreviated as RE, as the diagnostic index to quantify
the level of fault information hidden in IES, ;(a). The diagnostic index ER, ; of IES, ;(a)is defined as follows:

2
ER,. = Yn=1lacd)d=1.z,.,0@)-|IESyi(an)]
b SN S i(an)|

where I, s the indicative function, which refers to a binary function with a value of 0 or 1 such that:

(1 ifa, € {ad),d=12,..,D}
Ia(a),d=1,2,...,u(0(n) = {0 ifa, € (a(d),d =1,2,..,D} " (12)

AlargerER,;; indicates more information about CFFs hidden in IES, ; (a). Finally, the IES with maximum diagnostic index
is employed to perform bearing diagnostics. The IESCFFOgram and the corresponding scheme, consisting of the
identification of CFFs and the selection of optimal diagnostic spectral frequency band, are presented in Fig 1. The
detailed implementation procedure of the IESCFFOgram is described as follows:
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+ Estimate the SCoh of the bearing vibration signal following the fast SC algorithm [?] by setting the appropriate
window length N,, and maximum cyclic frequency to scrutinize.

¢ Divide the full spectral frequency band of the SCoh into a set of narrow bands using the 1/3-binary tree structure
strategy. Then, construct /ES, ;(«) by integrating the SCoh over the ith (i=0, 1, 1.6, 2, 2.6, 3, ...) narrow spectral
frequency band at the [t" level.

¢ Identify the CFFs based on the distributions of local maxima of all CFSSs on the entire bivariate SCoh plane and
further calculate the diagnostic index ER of the narrowband /ES, ;(a) by using Eq. 11.

¢ Select the IES with the maximum ER value as the optimal envelope tool to perform bearing fault diagnosis

4. Results and discussion

In this section, the diagnostic performance of IESCFFOgram is demonstrated on three bearing experimental datasets
collected from different test rigs. Comparisons with ES, EES, average Infogram, and IESFOgram were conducted to
highlight the superiority of the proposed method in adaptively identifying the informative spectral frequency band of
SCoh.

4.1. Experimental verification 1: Bearing rolling element fault detection

In this section, the effectiveness of the proposed method is validated using experimental signals obtained from the
Bearing Data Center of the Case Western Reserve University (CWRU) [32]. Fig.2 displays the experimental test rig used
in this study comprising a 2HP and three-phase induction motor (left), torque sensor (middle), and dynamometer
(right) connected through self-aligned coupling (middle). An accelerometer is mounted on the motor housing at the
drive end of the motor for collecting the vibration signals produced by experimental bearings. The data collection
system comprises a high-bandwidth amplifier, which has been particularly designed for vibration signals and a data
recorder with a sampling frequency of 12 kHz per channel. Herein, the signal length is set to 11.0973 s for experimental

analysis.
\

Dynamometer

3 l
Rotorly 1orque transducer/
k self-aligning coupling

— »

n end bearing

Drive end bearing

ey

'y
. ¥

Figure 2 Case Western Reserve University Test Rig

The vibration signal of the fan-end bearing with a rolling element defect of 0.07 in collected at a shaft rotation speed of
1797 rpm is analyzed. The ball spin frequency (BSF) and cage characteristic frequency are 119.4 Hz and 11.4 Hz,
respectively. Fig. 3 depicts the time-domain waveform and corresponding ES of the rolling element fault signal to be
analyzed. As shown in Fig. 3(b), the ES of the raw vibration signal is composed of complex frequency components, and
the BSF and its harmonics can hardly be discovered under the interferences of the surrounding spectral lines. Using
SCoh to loosen the fault-related cyclostationary characteristics hidden in the vibration signal, the result is shown in Fig.
4(a), wherein the energy in the narrowband centered around 1700 Hz is relatively large. The EES of the SCoh plotted in
Fig. 4(b) demonstrates that the raw vibration signal is contaminated by background noise below 400 Hz, causing the
BSF and its harmonics to be invisible. Setting the parameter p1 to 2.5%, Fig. 4(c) displays the IESCFFOgram of the raw
vibration signal, from which the identified informative spectral band is centered at 4125 Hz with a bandwidth of 250
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Hz. Fig 4(d) depicts the IES of IESCFFOgram, wherein BSF and its first two harmonics are outstanding without
intolerable interference spectrum lines around. The results obtained by using the average Inforgram (setting the
decomposition level to four) to process the signal displayed in Fig. 3(a) are presented in Figs. 5(a) and (b). As observed
in Fig. 5(b), amplitudes of BSF and its harmonics are completely concealed in the spectral lines. The results of the
IESFOgram assisted with accurate FCF 119.4 Hz are presented in Fig. 5(c) and (d). Compared with IESCFFOgram, the
frequency band selected by IESFOgram is narrower, and the informative frequency bands selected by these two

methods coincide in [4000 Hz, 4125 Hz]. The IES depicted in Fig. 5(d) prominently shows the existences of BSF and its
harmonics, which.

(a) 25 T T T T T T T T T T
2
= 0
<
25 1 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10
Time [s]
(b)

Amplitude

400 500 600 700 800
Frequency [Hz]

0 100 200 300

Figure 3 Raw rolling element fault signal and its envelope spectrum: (a) raw signal and (b) envelope spectrum
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Figure 4 Results obtained from EES and IESCFFOgram (p1 = 2.5%): (a) SCoh; (b) EES from Scoh; (c) IESCFFOgram; (d)
IES from IESCFFOgram
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Figure 5 Results obtained from average Infogram and IESFOgram: (a) average Infogram and (b) its SES; (c)
IESFOgram and (d) its IES

is similar to IES from the IESCFFOgram shown in Fig. 4(d). This subsection finally explores the robustness of
IESCFFOgram and IESFOgram. Varying the parameter p1 from 1% to 10% with a step of 0.09/25, the ADF obtained by
using IESCFFOgram to process the fan-end bearing signal plotted in Fig. 3(a) is presented in Fig. 6(a), in which the ADF
only fluctuates slightly, reflecting the robustness of the IESCFFOgram to the parameter p1. Further, the robustness of
the IESFOgram to the deviation of the FCF is conducted. Introducing a deviation in the FCF as follows:

fm = fm + G (13)

where parameter § quantifies the deviation of FCF. Fig. 6(b) displays the ADFs of the IESFOgram for processing the fan-
end bearing signal under different deviations. It shows that IESFOgram is sensitive to the deviation of the FCF to be
interested, causing its ADF to drop sharply below 10 or even close to 5 when the parameter § is far away from zero

(a) 154 T T T T T T T T
15k -
£
=
14.6 -
1421 i i i i i i i i ]
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Parameter P,
(b)
a
<
1 1

4 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1

Parameter 4

Figure 6 (a) ADFs of the IESCFFOgram for processing rolling element fault signal under different parameter p1; (b)
ADFs of the IESFOgram for processing rolling element fault signal under different 8. Parameter H in ADF is specified as
6
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4.2. Experimental verification 2: Bearing inner race fault detection

The second experimental dataset was collected from the bearing test rig of the University of Electronic Science and
Technology of China (UESTC) [33]. The test rig is mainly composed of the motor and speed controller, support bearing,
loading disk, and test bearing, as displayed in Fig. 7. A local defect was implanted into the inner race of the test bearing.
During the experiment, the spindle was rotated at a constant speed of 3600 rpm (60 Hz), and the acceleration sensors
were mounted on the housing of the faulty bearing to record the vibration data using a sampling frequency of 51.2 kHz.
In this case, the ball passing frequency on the inner race (BPFI) of the faulty bearing is 325.8 Hz.

The time-domain waveform of the inner race fault signal and its ES are dis- played in Fig. 8, where the diagnostic
information on the ES is not evident because of a large amount of interference spectral lines attributed to strong noise.
Adjust- ing the maximum cyclic frequency amax to 1200 to cover 3xPBF]I, the SCoh for processing the raw inner race
fault signal is plotted in Fig. 9(a), from which the resonance frequency band caused by bearing inner race fault cannot
be directly observed. The EES from the SCoh is presented in Fig. 9 (b), wherein BPFI and its two harmonics can be
identified; however, their corresponding amplitudes are relatively small. Setting the parameter p1 to 2.5%, results of
the proposed IESCFFOgram method for dealing with the raw vibration signal are depicted in Fig. 9(c) and (d). The
informative spectral band selected by IESCFFOgram is [6400 Hz.

Figure 7 UESTC bearing test rig

Frequency [Hz]
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L
E
=
g
<
51 ! \ ! 1 ]
0 1 2 3 4 5 6
Time [s]
(b) 0.32 T T T
g e s ]
2
g
< ........ 2li.PFI ..... . . 3BPFI trsrersarrnaen —
TORI T 2 [y gl T B R |
0 200 400 600 800 1000 1200

Figure 8 Raw inner race fault signal and its envelope spectrum: (a) raw signal and (b) envelope spectrum
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7200 Hz], and the responding IES plotted in Fig. 9(d) provides more sufficient information about the defect on the
bearing inner race when compared with that provided by the EES from SCoh.

The results of the average Inforgram obtained by specifying the decomposition level as five are displayed in Fig. 10(a)
and (b). The SES determined by the average Inforgram is dominated by interference spectrum lines and does not carry
diagnostic information. Taking the accurate BPFI as input, the IESFOgram and its IES are presented in Fig. 10(c) and (d),
respectively. Similar to IESCFFOgram, the spectral frequency band [6400 Hz, 7200 Hz] is selected as an informative
band by IESFOgram, indicating the same performances of these two methods in this case study.

Fig. 19(a) plots the ADFs obtained by IESCFFOgram for analyzing the inner race fault signal under parameter p1
changing from 1to 10%. This result demonstrates the surprising robustness of the proposed method to the key
parameter pl. ADFs obtained by IESFOgram using the BPFI with deviation & to analyze the inner race fault signal are

depicted in Fig. 11(b), which shows that only the absolute deviation less than 0.2 Hz can guarantee the diagnostic
performance of the IESFOgram.
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Figure 9 Results obtained from EES and IESCFFOgram (p1 = 2.5%): (a) SCoh; (b) EES from Scoh; (c) IESCFFOgram; (d)
IES from IESCFFOgram

4.3. Experimental verification 3: Bearing outer race fault detection

Atlast, the bearing accelerated degradation datasets obtained from Xi’an Jiaotong University (XJTU), Shaanxi, China, and
the Changxing Sumyoung Technology Co. Ltd. (SY), Zhejiang, China [34] are applied to demonstrate the performance of
the proposed methodology in extracting incipient fault features. The tested bearings were of the LDK UER204 type and
two PCB 352C33 accelerometers were mounted on the housing of the tested bearings to collect vibration data, as shown
in the bearing test rig presented in Fig. 12. 15 rolling element bearings were tested under three different load conditions
(10 kN, 11 kN, and 12 kN, respectively) until they completely failed. The sampling frequency was 25.6 kHz, and 32,768
samples (i.e., a single data segment of 1.28s) were recorded per minute.

The vibration signals of Bearing1-2, i.e. Bearing 2 under load 10kN, are an- alyzed in this subsection. A total of 161 sets
of vibration signals were collected during the fatigue test lasting to 161min, at a rotation frequency of 35Hz and a

localized defect was found on the outer race of the bearing at the end of the test. The ball passing frequency on the outer
race (BPFO) is 107.8 Hz. Fig. 13
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Figure 10 Results obtained from average Infogram and IESFOgram: (a) average Infogram and (b) its SES; (c)
IESFOgram and (d) its IES
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Figure 11 (a) ADFs of IESCFFOgram for processing inner race fault signal under different parameter p1; (b) ADFs of

IESFOgram for processing rolling element fault signal under different parameter 8. Parameter H in ADF is specified as
3
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Figure 13 Accelerated degradation signals of Bearing1-2

Displays the accelerated degradation signals of Bearing1-2, in which the energy of the bearing vibration signal increased
significantly one hour after the start of the test, indicating the deterioration of the bearing performance. Appling ES,
EES, average Infogram, IESFOgram, and IESCFFOgram to detect the fault in- formation hidden in the raw vibration
signals of Bearing1-2, the corresponding ADFs are presented in Fig. 14. Except for the average Infogram, the other four
methods all detected the mutation of bearing performance at the 36th sampling point with a sharp increase in ADF.
Compared with ES and EES, IESFOgram and IESCFFOgram exhibit better fault detection performance, judging from the
ADFs determined by these two methods. In addition, without using FCF 107.8 Hz as input, the proposed IESCFFOgram
has delivered the same ADF values as IESFOgram when analyzing the accelerated life datasets of bearing 1-2. To further
compare IESFOgram and IESCFFOgram, the IESs of these two methods obtained by analyzing signals from the 28th to
40th samples are displayed in Fig. 15. The periodic flow of signal energy caused by the outer race fault is enhanced after
the 32th sample signal, which is simultaneously detected by IESFOgram and IESCFFOgram in the form of the amplitudes
of BPFO and its harmonics prominently appearing in IESs.
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Figure 15 The IESs of the 32th to 40th sample signals of bearing1-2 obtained from: (a) [IESFOgram (Setting p1 to

10%), and (b) IESCFFOgram (Using accurate BPFO as input)
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5. Conclusion and Future scope

This paper proposes a feature-adaptive method called IESCFFOgram for generat- ing a narrowband IES from the SCoh
for bearing fault diagnosis. The core and key innovation of this method is to use CFFs instead of nominal fault-related
frequencies to identify informative frequency bands. First, a method using the local maximum information of the SCoh
plane is designed to automatically identify CFFs without any prior information about bearing faults. Then, the 1/3-
binary tree filter banks adopted by IESFOgram are applied to divide the spectral frequency band into a series of
narrowband for generating candidate IESs, and a CFFs-dependent indicator called RE is utilized to quantify the fault
information of the candidate IES. Last, the IES with the largest RE is served as the optimal spectrum tool for bearing
fault diagnosis. The performance of the proposed IESCFFOgram is evaluated and verified using simulated signals,
bearing experimental datasets, and bearing degradation dataset, accompanied by comparison analysis with EES from
SCoh, SES from average Inforgram, and IES from IESFOgram. The following conclusions can be drawn from this study:

¢ The IESCFFOgram method can adaptively generate diagnostic IES on the basis of excavating the fault information
hidden in the SCoh. Therefore, it is suitable for the fault identification of rolling bearings under complex operating
conditions.

e The qualitative and quantitative analysis conducted on the simulated and experimental bearing datasets fully
demonstrated the effectiveness and superiority of IESCFFOgram in comparison with EES and average Inforgram.
Without using the fault-related frequencies information, the fault diagnosis performance delivered from
IESCFFOgram is similar to that of IESFOgram, especially in the analysis of experimental datasets.

e Simulation and experimental analysis indicated that the parameter p1 varying within 1%~10% has a limited
influence on the performance of the IESCFFOgram. The parameter p1 ensuring that the IESCFFOgram can more
fully identify the informative spectral frequency band to produce diagnostic IES is recommended to set around
5%.
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