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Abstract. The vibration signals provide useful information about the state of rolling bearing and
the diagnosis of the faults requires an accurate analysis of these signals. Several methods have
been developed for diagnosing rolling bearing faults by vibration signal analysis. In this paper, we
present an improvement of the technique Complete Ensemble Empirical Mode Decomposition
with Adaptive Noise (CEEMDAN), this technique is combined with the Minimum Entropy
Deconvolution (MED) and the correlation coefficient to diagnose defects. First, the vibration
signal was decomposed by the improved CEEMDAN decomposition into several oscillatory
modes called Intrinsic Mode Function (IMF). After calculation of the correlation coefficients
between the original signal and their IMFs, the modes with higher coefficients are selected as the
relevant modes. Secondly, the MED technique is applied to the selected modes in order to improve
the sensitivity of the scalar and frequency indicators of faults detection. Finally, kurtosis and
envelope analysis are used to detect and locate the defect position. The simulation is carried out
using the Case Western University data base and the results obtained show that the proposed
method provides very good results for the early detection and diagnosis of defects and can
efficiently extract the defective characteristics of the rolling bearing.

Keywords: vibration signal, rolling bearing fault, complementary ensemble empirical mode
decomposition, coefficient correlation, minimum entropy deconvolution, kurtosis, envelope
analysis.

1. Introduction

Vibration signal analysis is a very important tool in fault diagnosis and monitoring of rotating
machines. The vibration signal of rotating machines is generally non-stationary, non-linear and
noisy; therefore, the extraction of the defect characteristics is difficult. Appropriate processing of
the vibration signal is necessary to eliminate signals from other sources in the machine and to
improve the quality of the useful signal. Empirical Mode Decomposition (EMD) is a signal
processing tool used to analyze non-stationary, nonlinear signals [1-5]. It was first presented by
Huang et al. [3]. EMD decompose the signal into several intrinsic mode functions (IMF), from the
highest frequencies to the low frequencies. Mode mixing is a major problem of the EMD. Wu and
Huang [6] proposes an improved version of EMD called Ensemble Empirical Mode
Decomposition (EEMD) to solve this problem. The idea of EEMD is based on the addition of
Gaussian white noise to the original signal to generate an ensemble of noisy signal and
decomposition is performed on the ensemble. The final IMFs are calculated by the average of the
IMFs of all copies. The disadvantage of EEMD method appears in the reconstructed signal that it
contains a residual noise and the different realizations of the noisy signal can produce a different
number of modes and which makes it difficult to averages. Jia-Rong Yeh, et al. [7] present the
Complementary EEMD to solve the problem of reconstruction, based on the addition of set of
noise pairs (positive and negative) to the original signal to generate two sets [8]. The problem of
number of the modes of the different realizations still exists. The Complete Ensemble Empirical
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Mode Decomposition with Adaptive Noise (CEEMDAN) is presented by Torres M. E., et al. [9]
to solve the problem of reconstruction and production the number of modes for the different copies
of noisy signal in EEMD [8, 10]. In this work, an improvement of the CEEMADN is presented to
reduce the residual noise in the modes and solve the problem of the appearance of the parasitic
modes [8]. The improved CEEMDAN is combined with Minimum Entropy Deconvolution
(MED) and correlation coefficients to select the relevant modes and increase sensitivity to the
defect detection indicator. This paper is organized as follow: Section 2 introduce the basic of EMD
and their versions. Section 3 presents the improved CEEMDAN method. In Section 4, we
introduce the technique of selecting the relevant modes by the calculation of correlation
coefficient. Minimum Entropy Deconvolution (MED) is presented in Section 5. The hybrid
method based on improved CEEMDAN, correlation coefficient and MED technique and their
application to the measured data are presented in Sections 6, 7 respectively and in Section 8 the
conclusion.

2. The EMD and its improved versions
2.1. The EMD algorithm

The EMD method decomposes a signal into several intrinsic mode functions (IMF) and a
residual, where the IMF should meet the following two conditions [1-5]:

1) The number of extremes and the number of zero crossings must be equal or differ at most
by one.

2) The average value of the envelope of local maxima and local minima is zero.

For a given signal x, the EMD algorithm is described in the following steps:

Step 1: define all the local extrema of r, = x, and connect all the local maxima (resp. minima)
by a cubic spline line to find the upper envelope ey, .4 (resp lower envelope ep;in).

Step 2: calculate the mean envelope: m = (epin + €max)/ 2.

Step 3: calculate the difference between the signal 1, and m: hy, = 1, — m.

Step 4: if hy, is an IMF?

Yes: save hy as IMF, and compute the residue 7., = x — Y&, h;, do k = k + 1, then treat
Ty+1 as input data in step 2.

No: treat hy 4 as input data in step 2.

Step 5: Continue until the final residue 7;, satisfies predefined stopping criterion.

The stopping condition (SD) is calculated from the two consecutive sifting results, namely
hy_q and hy, as:

T hy_q(8) — by (£)
D= @ m

The process (step 2 to 5) requires certain number of iterations called the sifting process to
extract each mode.

The sifting process is terminated when the SD value is greater than a certain threshold.

The signal can be expressed as follows:

n
x = Z IMF; + 1, 2)

i=1
where 1;, the final residue, n the number of IMF.
2.2. The EEMD method

The Problem of EMD is the appearance of mode mixing effect. Wu and Huang [6] propose
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ensemble empirical mode decomposition (EEMD) to avoid mixing mode, thus algorithm is
described as follows [6, 11].

Step 1. Generate x' = x + ew’, where w' (i = 1, ..., I) is a zero mean unit variance white
noise realization, and noise standard deviation € > 0.

Step 2. Decompose x! (i = 1, ..., I) by EMD to obtain the modes IMF,@, wherek =1, ..., K.

Step 3. Compute the kth mode IMF,, of x by averaging the corresponding modes:

i .
TMF, = 727 IME 3)
i=

The relationship among the amplitude of added white noise and the number of ensemble trials
is given by:

&

-2 )

where ¢ is the amplitude of the added noise, and &, is the final standard deviation of error.
It ca be seen some disadvantages in the EEMD such as [8]:
1) The decomposition is not complete.
2) The different realizations of the noisy signal can produce different number of modes.

2.3. The complementary EEMD

In EEMD, the problems of white noise are not totally eliminated, and the disadvantages of this
technique are the interaction between the signal and the noise. The complementary EEMD has
been presented to solve this problem [7]. The idea of this technique is to add positive and negative
white Gaussian noises to the original signal to generate two sets of IMF [8]. The complementary
EEMD algorithm is summarized in the following steps [12-14]:

Step 1: Add in pairs the white noise to the original signal x and construct two new data sets
x* and x7:

[

Step 2: decompose x* and x~ by EMD and obtain IMF;*, IMF;” from those positive mixtures
and negative mixtures respectively.

Step 3: Repeat the above step I times to obtain two sets IM FL-J]’-, IMF;j, the ith IMF obtained
with addition of the jth positive mixtures and negative mixtures respectively.

Step 4: the final IMF is calculated by:

x+
x=

1 1
IMF; = ZZ- l(IMFJ- + IMF};). (6)
]:

The original signal can be expressed by:

n
xzz IMFE, + 7. (7
i=1

2.4. Complete ensemble empirical mode of decomposition with adaptive noise (CEEMDAN)

The problem of decomposition complementary EEMD is the high computational cost and there
is no guarantee that x* and x~ will produce the same number of modes. To solve these problems
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and retain the characteristics of complementary EEMD (elimination of mode mixing) [7, 12], an
algorithm called CEEMDAN was presented in the following steps [8, 10]:

Step 1: Decompose by EMD [ realizations of x + gy’ (i = 1, ..., I) to obtain its first modes
and calculate:

i .
TMF, = 72_ IME, ®)
i=

Step 2: Calculate the first residue: r; = x — IMF;.
Step 3: Decompose by EMD r; + &, E;(w"), i =1, ..., I to obtain its first modes and define
the second CEEMDAN mode as:

T .
TMF, = —Z Ey (1 + 1By (0)). ©)
I i=1

Step 4: for k = 2, ..., K calculate the kth residue:
Tk =Tk_1—IMFk. (10)

Step 5: Decompose the realizations 7y, + & Ex(w?) i =1, ..., I by EMD and define the
(k + 1)th CEEMDAN mode as follows:

I B v ;
IMFy4q = YZ 1E1 (Tk + & By (w )), (11)
i=

where Ej (.) is a function to extract the kth IMF decomposed by EMD.

Step 6: Go to step 4 for the next k.

Step 7: Iterate the steps 4 to 6 until the obtained residue cannot be further decomposed by
EMD. The final residue is given by:

n
T, =X— Z IMF,. (12)
i=1

So, the given signal can be expressed as:
n —
x=1,+ Z TME, (13)
i=1

where n the total number of modes, ¢, the amplitude of the added white noise, and w is the white
noise with unit variance.

3. Improved complete ensemble empirical mode of decomposition with adaptive noise
(ICEEMDAN)

In the original CEEMDAN, we decompose the various realizations 7, + Ej(w®) to extract the
(k + 1)th mode, which produces a strong overlap in the scales and consequently we notice
spurious modes and a residual noise in the modes. To reduce this overlap, we do not directly use
the white noise but use Ej(w?) to extract the mode kth. We use the operators Ej(.) and M(.)
which produce the local mean of the applied signal and (. ) denotes the action of the average during
the realizations. In EEMD and original CEEMDAN, the first mode is given by [7]:

IMF; = (E; (1) = (x' = M(xH) = (x) — (M (x)). (14
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So, to reduce the noise present in modes, we compute only the local mean and calculate the
first mode as:

IMF; = x — (M(x})). (15)

The improved CEEMDAN algorithm is given by following steps [8]:
Step 1. using EMD to calculate the local means of I realizations x! = x + g,E; (w'),
(i=1,2,...,I) and obtain the first residue:

r = (M(x)). (16)

Step 2. Calculate the first mode (k = 1): IMF; = x — 1.
Step 3. Calculate the second residue by averaging of local means of the realizations
1, + & E,(w") and define the second mode as:

IMFZ = 7"1 - Tz = Tl - (M(T’1 + glEz((Di)). (17)
Step 4. calculate the kth residue as:
Te = M (7i—1 + €1 Ex (@), (18)

where k =3, ..., K.
Step 5. Compute the kth mode as:

IMFk =Tk—1 — k- (19)

Step 6. Go to step 4 for next k.

The coefficients g, make it possible to select the SNR at each stage. Wu and Huang [6] have
suggested to use small amplitude values for data dominated by high frequency signals and vice
versa. In this paper, we used a few hundred realizations and the same SNR for all stages.

4. Selection the relevant modes

The important step is to find the relevant modes which contain the useful signal. The
correlation coefficient is a powerful tool to select the relevant modes. For a given time series x(t),
the correlation coefficient between the original signal and its IMFs obtained by improved
CEEMDAN is given by the following equation [15, 16]:

corr() = ZL x(6)IMF;(t)
=1 (VEEL 220 VIEL IMFED)

(20)

where L denotes the length of data, and i = 1, 2, ..., n number of IMFs.
5. Minimum entropy deconvolution technique

The Minimum Entropy Deconvolution (MED) was first presented by Ralph Wiggins [17]. The
objective of MED is to reduce the randomness of a signal by minimizing its entropy and
reconstruct the output signal with maximum value of kurtosis. The original signal
e; = (x + w) * h, where x denotes the fault impulse, w denotes the noise, and e; denotes the fault
impulses in original form. The deconvolution MED search to find the coefficients of the inverse
filter f (1) which achieves the output is approximately equal to x [18-20].

The objective function is given by the following equation:
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le¥=1 y*(k)

0) D)= 21)
)= TP (
The optimal filtering parameters are obtained when the objective function achieves:
0w 22)
GO
| e, =M+ w*h H Deconvolution MED H Fault impact y = x |
Fig. 1. Deconvolution MED process
The general filter is given by:
L
y() =) FWeilk=D. 23)
Using the formula dy(k)/df (1) = e, (k — 1), and pervious Egs. (22), (23), we get:
Lo O seak-0=>" ) ele=Dek—p) ()
— ei(k—-1) = e1(k — Dey(k —p).
TNy () Laney” met? 0 L ep
Eq. (24) can be written in matrix form:
b = Af, (25)

where A is y(k) Toeplitz autocorrelation matrix, f is the column vector of inverse filter

coefficients, b is filter input and output cross-correlation matrix, b = (b(l)) , b(i) is expressed
as:

ﬁ=1 yz(k) N
§=1 y*(k) n=1

The solution for the optimum inverse filter is summarized in following steps [19-22]:

Step 1: Calculate the autocorrelation matrix A.

Step 2: Initialization the value of inverse filter coefficients f(0).

Step 3: Calculate the output signal y(0) using the input signal e, (0) and initial value of
inverse filter coefficients f(0).

Step 4: Calculate b(1) using y(0) and input e; (0).

Step 5: Solve for new filter coefficients f(1) = A~1bh(1).

Step 6: Calculate the error criterion:

(F(D) — uf()

b(D) = y¥(k)ey (k — 1. (26)

e O (27
(E(f(l))z)l/z. (28)

If E(err) < tolerance, the iteration is finishes, else E(err) > tolerance, update the filter
coefficient £(0) = f(1) and repeated the process.
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6. Bearing fault diagnosis using hybrid method based on improved CEEMDAN and MED
technique

The process of bearing fault diagnosis using hybrid method based on improved CEEMDAN
and MED technique is summarized in the following steps:

Step 1: Using improved CEEMDAN algorithm to decompose the measured vibration signal.

Step 2: Estimate the correlation coefficient between each IMFs and the original signal.

Step 3: Select the IMFs with a high correlation coefficient as the relevant modes.

Step 4: Applied MED technique to the selected IMFs.

Step 5: Calculate the kurtosis of signal obtained by the application of the MED technique to
detect the defect.

Step 6: Using envelope analysis to locate the location of the defect if it exists.

7. Application to experimental signals

The effectiveness of the proposed method is investigated by using the experimental data set of
the electrical engineering laboratory of Case Western Reserve University [24]. The data is
acquired from the test stand shown in Fig. 2, where it consists of a 2 hp motor, a torque
transducer/encoder, dynamometer and control electronics. The test bearing supports the motor
shaft which is the deep groove ball bearing with type of 6205-2RSJEM SKF. Vibration data was
collected at 48,000 samples per second using accelerometers, which are attached to the housing
with magnetic bases. Motor bearings were seeded with faults using electro-discharge machining.
Defects with a diameter 0.007, 0.014, 0.021 inches were introduced separately at the inner
raceway, outer raceway and ball. Faulted bearings were reinstalled into the test motor and
vibration data was recorded with motor speeds 1797 RPM, 1772 RPM, 1750 RPM and 1730 RPM.

Fig. 2.”The bearing tests stand [24]

The information of bearing is given in Table 1. The type of defect can be determined by
identifying the characteristic frequency. These characteristic frequencies are given by the
following equations [23]:

Pass frequency of inner race is:

Fgppr = gfr [1 + %cos(a)] Hz. (29)

Pass frequency of outer race is:

d
Fappo = % £, [1 . Ecos(a)] Hz. (30)

Pass frequency of ball is:
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D d 2
Fpou = Efr 1- <5cos(a)) Hz, (31)
where D is intermediate diameter (mm), d is ball diameter (mm), n is rolling element number, a
contact angle (rad), f, is rotating frequency (Hz).

According to the parameters in Table 1 and the equations above, calculated pass frequencies
are shown in Table 2.

Table 1. The parameter of bearing

Contents Parameters
Bearing specification 6205-2RSJEM SKF
Inside diameter 25 mm
Outside diameter 52 mm
thickness 15 mm
Intermediate diameter 39 mm
Ball diameter 8 mm
Rolling element number 9
Contact angle 0 rad
Table 2. The calculated pass frequencies
Rotational speed | Inner race (Hz) | Outer race (Hz) | Ball (Hz)
1797 162.44 107.10 139.86
1772 160.18 105.61 137.91
1750 158.20 104.30 136.20
1730 156.36 102.93 134.64

7.1. Case 1: bearing with inner race defect

In the first case, the vibrations signals of the bearing with inner race fault are studied. The
measured vibrations of defect diameter 0.007 inches are displayed in Fig. 3(a). The improved
CEEMDAN is applied to decompose the vibrations data and the first four IMFs are plotted in
Fig. 3(b-d) and (e)). After calculating the correlation coefficient between the original signal and
its IMFs (Fig. 3(f)), it is can be seen that the first two IMFs have a higher correlation coefficient,
so these are relevant modes, then we applied the MED technique to selected modes and the results
is shown in Fig. 4(a). Table 3 compares the Kurtosis values of the measured signals, the
reconstructed signals for each bearing condition by EMD-MED method [20] and the proposed
method. For the bearing with an inner race defect, the kurtosis of the measured vibrations is 6.10,
7.40, 7.39 and 5.95 for the motor speeds 1797 RPM, 1772 RPM, 1750 RPM and 1730 RPM
respectively, the kurtosis of obtained signals by EMD-MED method are 8.70, 9.84, 10.65 and
10.60 for the motor speeds 1797 RPM, 1772 RPM, 1750 RPM and 1730 RPM. These values
increase by the application the proposed method to 12.52, 17.01, 13.17 and 12.91 for the motor
speeds 1797 RPM, 1772 RPM, 1750 RPM and 1730 RPM respectively. We can see that the effect
of the proposed method on kurtosis is obviously superior to the other method.

Table 3. Kurtosis values of measured vibration and reconstructed signal (defect diameter = 0.007 inches)

Kurtosis
Signal Inner race fault Outer race fault
Rotational Measured EMD- Proposed Measured EMD- Proposed
speed vibration MED method vibration MED [20] method
1797 6.10 8.70 12.52 4.25 6.42 13.61
1772 7.40 9.84 17.01 4.00 10.60 11.47
1750 7.39 10.65 13.17 4.36 7.86 15.74
1730 6.95 10.60 12.91 4.039 7.70 11.01
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Fig. 3. Signals of bearing inner race defect with diameter 0.007 inches: a) the measured signal,
b) IMFs signal with speed motor 1797, ¢) IMFs signal with speed motor 1772,
d) IMFs signal with speed motor 1750, e) IMFs signal with speed motor 1730,
f) The coefficient correlation between the signal original and its IMFs

The envelopes spectrums are plotted in Fig. 4(b). The characteristic frequencies 162.44 Hz,
160.18 Hz, 158.2 Hz and 156.36 Hz for motor speeds 1797 RPM, 1772 RPM, 1750 RPM and
1730 RPM respectively can be clearly observed which is very close to the calculated inner race
pass frequency in Table 2. Therefore, it is identified as the inner race defect. Fig. 13 represents the
reconstructed signal obtained by the EMD-MED method and their envelope spectrums of
vibration signal of bearing defect with diameter 0.007 inches and speed motor 1797 RPM. As we
see, the EMD-MED method also identifies the frequency of the inner race defects at 162.4 Hz,
whereas the proposed technique shows these frequencies more clearly and with higher amplitudes.

Similar observations are made for the results obtained by applying the proposed method to
measured vibration signals of bearing with inner race defect with diameter 0.014 and 0.021 inches.
Fig. 5(a), 6(a) shows the measured signals of bearing with inner race defect with diameter 0.014
and 0.021 inches respectively and the results are presented in Fig. 5(b), 6(b). The kurtosis values
of the vibrations signals with the defect diameter 0.014 inch and 0.021 inches are presented in
Table 4 and Table 5 respectively for different motor speeds. We thus see that the proposed method
is better than the EMD-MED method to improve the value of kurtosis and thus the early detection
of defects.
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Fig. 4. The reconstruction signals by the proposed method of bearing with inner race defect
with diameter 0.007 inches: a) time signals, b) envelopes spectrums
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Fig. 5. The signals of bearing with inner race defect with diameter 0.014 inches:
a) the measured signals, b) the reconstructed signal, c) the envelopes spectrum

Table 4. Kurtosis values of measured vibration and reconstructed signal (defect diameter = 0.014 inches)

Kurtosis

Signal Inner race fault Outer race fault

Rotational Measured EMD- Proposed Measured EMD- Proposed
speed vibration MED [36] method vibration MED method
1797 11.91 13.62 20.02 3.13 10.26 10.31
1772 18.80 30.08 40.26 3.21 9.95 10.09
1750 21.04 31.80 50.86 3.04 4.79 7.94
1730 20.06 26.69 32.67 3.19 6.03 10.10

The envelopes spectrums are showed in Fig. 5(c), 6(c) for fault diameter 0.014 and
0.021 inches respectively. It can be clearly seen for the two cases of diameter the frequency of
motor rotation and its harmonics and also other frequencies can be observed at 162.44 Hz,
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160.18 Hz, 158.2 Hz and 156.36 Hz for the motor speeds 1797 RPM, 1772 RPM, 1750 RPM and
1730 RPM respectively which are equals the fault frequency at the inner ring calculated in Table 2,
so it can be concluded that the defect has been detected at the inner ring.

Table 5. Kurtosis values of measured vibration and reconstructed signal (defect diameter = 0.021 inches)

Kurtosis
Signal Inner race fault | Outer race fault
Rotational Measured EMD- Proposed Measured EMD- Proposed
speed vibration MED method vibration MED method
1797 4.01 13.25 14.19 24.12 57.13 62.09
1772 34 12.69 14.77 21.59 34.82 30.72
1750 3.85 10.49 22.16 26.03 38.08 42.83
1730 3.44 10.79 14.46 22.68 40.70 43.75
(a) motor speed 1797 RPM R (a) motor speed 1797 RPM (a) motor speed 1797 RPM
60
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Fig. 6. The signals of bearing with inner race defect with diameter 0.021 inches:
a) the measured signals, b) the reconstructed signal, ¢) the envelopes spectrum

7.2. Case 2: bearing with outer race defect

In the second case, the measured vibrations of the bearing with a defect diameter 0.007 inches
located on the outer race are displayed in Fig. 7(a) and the first four IMFs obtained by the
improved CEEMDAN decomposition are presented in Fig. 7(b-d and ¢) for the motor speeds 1797
RPM, 1772 RPM, 1750 RPM and 1730 RPM respectively. The curves in Fig. 7(f) represent the
values of the correlation coefficient between the original signal and its IMFs for different motor
speeds. The first tow IMFs have higher correlation coefficients, so they are selected as relevant
modes. The results of applying the MED technique to the selected IMFs are shows in Fig. 8(a).
The kurtosis values of the measured vibrations are 4.25, 4, 4.36 and 4.03 for the motor speeds
1797 RPM, 1772 RPM, 1750 RPM and 1730 RPM respectively, after application of the proposed
method; the kurtosis values increased remarkably to 13.61, 11.47, 15.74 and 11.01 for the motor
speeds 1797 RPM, 1772 RPM, 1750 RPM and 1730 RPM respectively. As see in Table 3, the
proposed method gives the best results for enhancement of sensitivity of kurtosis and therefore
better detection than EMD-MED.

The envelope method (Fig 8(b)) distinguishes the harmonics at frequencies 107.10 Hz,
105.61 Hz, 104.30 Hz and 102.9 Hz for the motor speeds 1797 RPM, 1772 RPM, 1750 RPM and
1730 RPM respectively, these frequencies are similar to the calculated values of the outer race
pass frequencies (Table 2); therefore, it can be judged that the fault is located at the outer race of
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bearing. For a comparison, the signal of bearing defect with diameter 0.007 inches and motor
speed 1797 RPM is treated by EMD-MED method and the result is shown in Fig. 13. We can see
more interfering noise component than the corresponding result obtained by the proposed method.
This makes the proposed method better than EMD-MED method for the diagnosis of defects.
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Fig. 7. Signals of bearing with outer race defect with diameter 0.007 inches: a) the measured signal,
b) IMFs signal with speed motor 1797, ¢) IMFs signal with speed motor 1772,
d) IMFs signal with speed motor 1750, e) IMFs signal with speed motor 1730,
f) The coefficient correlation between the signal original and its IMFs

For fault diameter 0.014 and 0.021 inches, the measured vibrations are showed in Fig. 9(a),
10(a) respectively and the result of the proposed method are plotted in Fig. 9(b), 10(b). As shown
in Table 4, the kurtosis values of the vibratory signals of the bearing having a defect diameter of
0.014 inches are 3.13, 3.21, 3.04, and 3.19 for motor speeds 1797 RPM, 1772 RPM, 1750 RPM
and 1730 RPM respectively, these values are increased by the EMD-MED method to 10.26, 9.95,
4.79 and 6.03 for motor speeds 1797 RPM, 1772 RPM, 1750 RPM and 1730 RPM. When we
apply the proposed method the values of kurtosis become 10.31, 10.09, 7.94, and 10.10 for motor
speeds 1797 RPM, 1772 RPM, 1750 RPM and 1730 RPM respectively. Therefore, it can be found
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the effect in kurtosis of the proposed method is obviously superior to the other method.

Similar observations for the signals of bearing with fault diameter 0.021 inches; the kurtosis
increases to a remarkable degree when the proposed method is applied (Table 5) and gives better
results than the EMD-MED method. The envelopes spectrum of obtained signals by proposed
method are showed in Fig. 9(c), 10(c) for signals of fault diameter 0.014 and 0.021 inches
respectively. We can be clearly detected in two case of fault diameter the frequencies 107.10 Hz,
105.61 Hz, 104.30 Hz and 102.9 Hz for the motor speeds 1797 RPM, 1772 RPM, 1750 RPM and
1730 RPM respectively, which are equal to the theoretical values of frequency of outer race fault
calculated in Table 2. Therefore, we locate the defect on the outer ring.
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Fig. 8. The reconstruction signals by the proposed method of bearing with outer race defect
with diameter 0.007 inches: a) time signals, b) envelopes spectrums
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Fig. 9. The signals of bearing with outer race defect with diameter 0.014 inches:
a) the measured signals, b) the reconstructed signal, ¢) the envelopes spectrum

7.3. Case 3: bearing with ball defect

The measured signals are plotted in Fig. 11(a), 12(a) for different motor speeds and defects
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diameter 0.007, 0.014 inches respectively. The results obtained by the proposed method are
displayed in Fig. 11(b), 12(b) for different defect diameter and the kurtosis values of measured
signals, EMD-MED method and proposed method are presented in Table 6. We can see that there
is a significant increase in kurtosis according to the proposed method than the EMD-MED method
and consequently a better detection.
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Fig. 10. The signals of bearing with outer race defect with diameter 0.021 inches:
a) the measured signals, b) the reconstructed signal, c) the envelopes spectrum
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Fig. 11. The signals of bearing with ball defect with diameter 0.007 inches:
a) the measured signals, b) the reconstructed signal, c) the envelopes spectrum

The envelopes spectrums of the signals obtained by the proposed method are shown in
Fig. 11(c), 12(c) for different motor speeds and defect diameters. We note the existence of the
frequencies 139.8 Hz, 137.9 Hz, 136.2 Hz, 134.6 Hz which are equal to the theoretical frequencies
of ball defect calculated in the Table 2 and these mean that the defect is located at the ball of
bearing. By comparing these results with those obtained by the EMD-MED method, we note that
the peak of the fault frequency is unclear and with amplitude less than the proposed method.
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Fig. 12. The signals of bearing with ball defect with diameter 0.014inches:
a) the measured signals, b) the reconstructed signal, ¢) the envelopes spectrum

Table 6. Kurtosis values of measured vibration and reconstructed signal of bearing with ball defect

Signal Kurtosis
Motor speed (RPM) | Diameter | Measured vibration | EMD-MED | Proposed method
1797 0.007 3.12 5.17 12.73
0.014 5.67 17.47 20.19
1772 0.007 3.0021 7.71 8.69
0.014 22.64 10.40 35.2
1750 0.007 3.19 4.28 9.25
0.014 26.58 29.33 30.12
1730 0.007 3.05 4.47 8.30
0.014 6.95 17.15 21.88

7.4. Case 4: healthy bearing

The measured vibration signals of healthy bearing are displayed in Fig. 14(a) for different
motor speeds and the results of proposed method are showed in Fig. 14(b). As we see in Table 7,
we notice that the kurtosis remains almost to the same value before and after the application of
the proposed method which means there is no defect in the bearing.

Table 7. Kurtosis values of measured vibration and reconstructed signal of healthy bearing

Signal Kurtosis
Rotational speed | Measured vibration | Proposed method
1797 2.76 3.08
1772 2.92 3.10
1750 2.90 3.12
1730 2.94 3.13

The envelopes spectrums clearly show (Fig. 14(c)) the rotation frequencies and its harmonics
29.9 Hz, 29.5 Hz, 29.1 Hz, 28.3 Hz for the motor speeds 1797 RPM, 1772 RPM, 1750 RPM and
1730 RPM respectively. We note that there is no other peak and therefore there is no fault in the
bearing.
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Fig. 13. The reconstruction signals by EMD-MED method of bearing with defect diameter 0.007 inches
and speed motor 1797 RPM: a) original signals, b) reconstructed signals, ¢) envelopes spectrums
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Fig. 14. The reconstruction signals by the proposed method of healthy bearing:
a) original signals, b) reconstructed signal, ¢) envelopes spectrums signals
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8. Conclusions

This paper presents a novel rolling bearing fault diagnosis method based on improved
CEEMDAN combined with correlation coefficient and MED technique. The avoidance of the
spurious modes and the reduction in the amount of noise contained in the modes are important
features were improved by the novel version of CEEMDAN. The relevant modes are selected by
estimation of coefficients correlation between the original signal and its IMFs obtained by
improved CEEMDAN. Before to reconstruct the signal, MED technique is applied to selected
modes to reduce the noise and improve the kurtosis value. The bearing fault at early stage of its
development was detected by using the kurtosis analysis. The precise nature of the bearing fault
was defined by the spectral analysis of envelope. The results indicated that the proposed method
can effectively to extract the fault characteristics and enhance the precision of fault diagnosis of
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rolling bearing compared with other method.
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