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Abstract

The vibration signal of a gearbox carries important information which can be used in early damage detection
and fault diagnosis, however this signal is usually noisy and the information about the fault in the early stage
of its development can be lost. Ensemble Empirical Mode Decomposition (EEMD) is a new method and a
powerful tool in signal processing. In this paper, a de-noising technique based on ensemble empirical mode
decomposition and fast Fourier transform (FFT) is used to post processing the noisy vibration signal taken
from a test bench. Firstly, the signal is decomposed into a number of IMFs using the EEMD decomposition.
Secondly, the denoising method based on the thersholding of Donoho and FFT is applied to IMFs to remove the
noise. To detect the damage at an early stage a statistical method based on Kurtosis is used. The different stages
of the technique, which is named (DEEMDFFT), are introduced in detail. The results given by this technique
are compared to those given by wavelet transform (WT') by using simulated and experimental signals.

1 Introduction

Vibration signals are widely used in rotating machines faults diagnosis and precisely in gearboxes fault
detection. These signals carry important information which is very useful in early detection of defect [1],[2].
Many techniques have been proposed for processing vibration signals [3]-[8]. The time-frequency analysis
methods can provide both time and frequency information of signal [9]. Particularly the Short Time Fourier
Transform (STFT) [6], Wigner-Ville distribution (WVD) [5] and Wavelet Transform (WT) [7] are widely used
in gearbox diagnosis. However, these techniques present some limits and drawbacks. The STFT is appropriate
to analyzing the signals with slowly varying [9] and it is inefficient for the analysis of non-stationary signals
such the gearbox vibration signals. The WVD method suffers from the cross terms as by indicated the ex-
istence of negative energy for some frequency ranges and from the aliasing problem [9]. The use of pseudo
WVD eliminates negative power and therefore also the aliasing problem. However, the results obtained with
pseudo WVD can be difficult to interpret [10]. The limitations of STFT and WVD can be overcome by using
the WT [11]. However the main drawback of the WT is the difficulty of choosing wavelet base function and the
number of levels [7], [12]. To avoid the disadvantage of the choice of wavelet basis function, empirical mode
decomposition (EMD) was originally proposed by Huang et al. [13]-[14] for nonlinear and non-stationary sig-
nals and was recently applied in fault diagnosis of rotating machinery [12], [15]-[17]. The EMD does not use a
priori determined basis functions and can iteratively decompose a complex signal into a finite number of intrin-
sic mode functions (IMFs). Each resulting elementary component IMF can represent the local characteristic
of the signal. However, EMD method cannot sometimes reveal the signal characteristics correctly due to the
mode mixing effect [18]. Mode mixing shows that oscillations of different time scales reside in a given IMF
or oscillation of the same time scale exits in different IMFs. To prevent the problem of mode mixing in EMD,
the ensemble empirical mode decomposition (EEMD) was used recently [19]-[20]. The principle of the EEMD
is based on the addition of the white noise in the signal with many trials. The noise in each trial is different.
The EEMD method defines the IMF components as the mean of an ensemble of trials. On the other hand,



the measured signal is contaminated by noise, which can be generated by different sources, as the hardware
employed during data collection. Then the presence of noise may increase the amplitude noise used by EEMD
which increases the EEMD error and decreases the accuracy of the IMFs. In that case, the use of this technique
alone may display low sensitivity to faults detection, precisely in the early stage of their development [20]. In
this work, we present a new method to denoise the vibration signals by the EEMD in purpose to analyze the
gearbox data. Firstly, the gearbox signal is decomposed into a collection of IMFs by the EEMD, next, the coef-
ficient of correlation (coefcor) between the signal and each IMF is calculated, the IMF which the coefcor is less
than 0.1 was eliminated because it considered as a noise, after that, a de-noising method based on thersholding
[21] and FFT are applied to de-noise the noisy IMFs. Finally, the signal is reconstructed using the denoised
IMFs. The main advantages of this procedure are that no artificialinformation is introduced into the de-noised
signal and the IMFs are independently threshold. The results obtained by this method are compared to those
obtained by using wavelets. In this paper we have also used Kurtosis as indicator to extract periodic impulses
due to defects. Simulation signal was initially used to evaluate the performance of this new de-noising method.
Experimental results show that the noise contaminating the gearbox signal was considerably removed and the
defect has been detected at very early stage compared to the results given in the literature. The structure of
the paper is as follows: section 2 introduces the basic of EMD and EEMD methods. Section 3 presents the
procedure of the denoising method based on EEMD. In section 4, we present a simulated signal to illustrate
the behavior of the algorithm proposed then in section 5 the method is applied for gearbox faults diagnosis. In
section 6, a conclusion of this paper is given.

2 EMD and EEMD Algorithms
2.1 EMD algorithm

The EMD consists to decompose iteratively a complex signal into a finite number of intrinsic mode func-
tions (IMFs) which verify the two following conditions:

1. the number of extrema and the number of zeros of an IMF must be equal or differ at most by one,
2. an IMF must be symmetric with respect to local zero mean.

For a given signal x(¢) the EMD algorithm used in this study is summarised as follows [13]-[14]:

1. Identify the local maxima and minima of the signal x(r)

2. Generate the upper x,,(t) and lower envelops x;,,,(¢) of x(z) by the cubic spline interpolation of the all
local maxima and the all local minima.

3. Average the upper and lower envelops of x(#) to obtain the local mean function:

m(t) _ xup(t) ";xlow(t) (1)

4. Calculate the difference
d(t) =x(t) —m(t) 2

If d(t) verifies the above two conditions, then it is an IMF

5. replace x(¢) with the residual r(¢) = x(¢) — d(t) otherwise, replace x(¢) with d(r)

Repeat steps (1)-(5) until the residual satisfies the criterion of a monotonic function. At the end of this
algorithm, the signal can be expressed as:

N
x(1) =Y cnlt)+rn() 3)
n=1

where ¢, (t) are IMFs, N is the number of IMFs extracted named and ry(¢) is the final residue.



2.2 EEMD algorithm

To alleviate the mode mixing effect of EMD, the EEMD was used. The EEMD decomposition algorithm
of the original signal used in this work is summarised in the following steps [19]:

1. Add a white noise with given amplitude to the original signal to generate a new signal:
(1) = x(1) + Bin(1) ©)
2. Use the EMD to decompose the generated signals x;(z) into N IMFs
Cnk(t)yn=1,--- N ®)

where ¢, (¢) is the nth IMF of the kth trial.

3. Repeat steps (1) and (2) K times with different white noise series each time to obtain an ensemble of
IMFs:
an(t>ak:17"'>K (6)

4. Determine the ensemble mean of the K trials for each IMF as the final result:

1 K
n = li - n ) :17”'7N 7
cn(?) 1mK1§lck(t)n (N

K—o0

The relationship among the amplitude of the added white noise and the number of ensemble trials is
given by [19]:

_ P
&= 72 @®)

where K is the number of ensemble trials, is the amplitude of the added noise and is the corresponding
IMEF(s). The results given by EEMD are strongly influenced by the choice of the sampling frequency
[22].

3 Fourier Transform Threshold de-noising
Let y(z) be a clean signal corrupted by an additive white Gaussian noise b(¢) as follows:
x(t) =y() +b(1) ©)

The aim of denoising technique is to recover an approximation y(t) as closely as possible to the original clean
signal y() in order to eliminate noise components. The most famous denoising approach is wavelet thresh-
olding, the fundamental reasoning of wavelet thresholding is to set to zero all the components that are lower
than a threshold related to the noise level, and then reconstruct the denoised signal utilizing the high-amplitude
components only. The three steps of de-noising used to denoise a signal using FFT are:

1. Apply fast Fourier transform (FFT) to noisy signal,
2. Revise the FFT coefficients with the threshold operator,
3. Perform inverse fast Fourier transform (IFFT) to obtain the denoised signal.

By using EEMD the noisy signal is expressed as:

N
x(1) =Y cnlt)+ra(r) (10)
n=1

The extracted IMFs include the noise since each IMF, indexed by n, can be approximated as follows:

cn(t) =ccp(t)+by(t) (11)



where: cc,(t) : is the noiseless IMF. When we applied the FFT to each IMF we get Cy; coefficients and the two
classical thresholding functions hard thresholding and soft thresholding can be used. The hard thresholding
estimator can be expressed as:

. _ Cniold lf |Cm‘ >TH
Chinew = { 0 if |Cul <TH (12)

The soft thresholding estimator decreases the amplitude of all noisy coefficients. The soft thresholding function
is can be expressed as:

C.: — Sigl’l (Cm'old> (|Cm'old - TH|> lf ‘Cl’ll’ >TH (13)

Donoho [21]gave the uniform threshold in equation (14) that can be applied in the hard and soft thresholding:
TH = 6+/2 log (1) /1 (14)
In this study [ is the length of the IMF, and o : is the noise variance and can be estimated by
6 = MAD/0.6754 (15)

MAD is the median of the absolute deviation value. The main purpose of de-noising step is to suppress the com-
ponent representing noise and to regain the cC as the estimate of the noiseless IMF. And finally, the estimated
signal,j(¢) is given by :

N
F(1) =) c@ult) +ru(r) (16)
n=1
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Figure 1: Diagram of EEMD FFT denoising.



4 Simulation
Consider a signal , which involves two sin components of S0Hz and 100Hz, as defined below:

y (t) = sin(27.120.¢) + sin (27.50.7) (17)

Fig.2 shows the multicomponent signal. By using the EEMD, the signal is decomposed into two IMFs and a
residue. Fig.3 gives the signal IMFs and the residue. The first IMF illustrates the harmonic components of sin
of 120Hz, and the second IMF illustrates the harmonic components of sin of 50Hz, the residue is nearly zero
vectors. In practice, it is sure that noise will be introduced into the vibration signal. If we take the same signal
and introduced a white noise Fig.4.

X (t) = sin (27.120.1) 4 sin (27.50.¢) + noise(t) (18)
The EEMD results of x(r) are shown in Fig.5, the figure demonstrates that the signal is over decomposes
because the noise introduce some false local extrema and the sampling frequency is 20000Hz, we have taken a
very large sampling frequency to get many IMFs which represent only the noise. Table.1 gives the coefficients
of correlation between the signal and each IMF. The first three IMFs were eliminated because their coefficients
of correlation are less than 0.1. In order to remove the noise from the IMFs, we have applied two different
methods, the first method is the de-noised method based on FFT (Fig.6) and the second method is based on
wavelet transform (WT), and we have compared between results given by the two methods (Fig.7), we can see
clearly that FFT gives best results. Fig.8 shows the zoom of the de-noised signal given in figure 7 . In order to
control the error and the level of noise, we have calculated the mean square error (MSE) between the noiseless
signal and the denoised signal and the values of signal to noise ratio (SNR) after denoising. The results given
by DEEMDFFT method were compared to the results given by WT (Table.2 ). MSE is given by :

MSE =\ /X (50 ()T (19)
The SNR before denoising is given by:
Yy?
l
SNR = 10log Zb,z (20)
The SNR after denoising is given by:
ry?
SNR = 10log—— 1)
Y- )’i)2

i

where,y(¢) : is the noiseless signal, J(¢): is the denoised signal and b(¢): is the noise.

IMF1
0.056

IMF2
0.035

IMF3
0.53

IMF4
0.77

IMF5
0.71

Res
0.16

Table 1: Coefficient of correlation (x(¢),IMF's)

SNR (dB) before denoising | Denoised signal (WT) | Denoised signal (EEMDFFT)
SNR(dB) MSE SNR(dB) MSE
20 28.58 4.15 29.22 3.58
10 20.88 24.45 21.62 20.65
5 15 99.5 17.92 48.39

Table 2: Comparison between wavelets and the proposed method
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Figure 2: The simulated signal(noisless), a) the time domain, b) the spectrum.
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Figure 3: EEMD decomposition of the simulated signal.

5 Application to experimental data

The vibration signals used in this work were carried out at CETIM, France [23]. The system under test is
composed of a pair of spur gears which have a number of teeth respectively Z1 = 20 teeth and Z2 = 21 teeth,
the 20 reeth gear has a rotation speed of 1000 »pm. The experiment was carried out for 13days length and the
measurements were collected every 244, on the last day the fault was in an advanced stage close to the breakage
of the tooth. The rotating speed of the input shaftis: fr1 =16.67 Hz and the rotating speed of the output shaft is
fr2 =15.87 Hz the meshing frequency is fe = Z1.frl =Z2.fr2 thenitis fe =333 Hz, Fig.9 shows the accel-
eration signals in time domain; they correspond to five days of the experiment “2™day, 6"*day, 9" day, 11" day
and 13"*day”. The time trend of the vibration signals corresponding to 2"day, 6" day, 9" dayand 11" day indi-
cate that it is not possible to detect the fault of the gear only by looking at the time trend plot since impulses due
to faults are masked by the noise. For the vibration signals corresponding to the last day 13, we can see that
the fault is characterized by periodical impulses caused by cracked teeth. Then the fault is in advanced stage.
Table. 3 gives the expert report, we note that for the first day there is no acquisition of data. Our purpose is to
identify the fault from the collected vibration signals before the tooth was broken. In this section, first we have
calculated the kurtosis values for acceleration signals from day 2 to 13, and then each signal was decomposed
by the EEMD method, we have obtained 12 IMFs which are reduced to (4 or 5) IMFs, because we have taken
only the IMFs of which their coefficient of correlation with the signal is greater than 0.1, (Figure.10 and Fig-
ure.11) show the EEMD results for 2nd day and last day. Then, every IMF was decomposed using Fast Fourier
Transform (FFT), and the soft thersholding method was applied to select the highest FFT coefficients, these
coefficients are used in IMF reconstruction, and finally we have obtained the denoised signal by adding the
different denoised IMFs. Fig.12 shows the time domain of the IMF1 and the denoised IMF1 which correspond
to the signal of the last day. To display the difference between the raw signals and the de-noised signals using
DEEMDFFT method and as the Kurtosis (Ku) is an indicator used for the detection of the impulses, the kurtosis
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Figure 5: EEMD decomposition of the noisy signal.

values were calculated from day 2 to day 13 (table 4), for the raw signals and for the de-noised signals based
on (DEEMDFFT) method.

Day Observations Day Observations
2 | First day of acquisition, not of anomaly | 8 No evolution tooth 1/2 no evolution
3 No anomaly 9 | Tooth 1/2 no evolution , Tooth 15/16 beginning of chipping
4 " 10 Evolution of chipping tooth 15/16
5 1 11 n
6 m 12 n
7 Chipping tooth 1/2 13 Chipping over all the width of tooth 15/16

Table 3: Expert report

6 Discussion and conclusion

Fig.13 shows clearly that the Kurtosis values of raw signals increase rapidly after day 11, which indicates
development of the fault, but before that the variation of the Kurtosis values are arbitraries Fig.14. However,
the Kurtosis values of the de-noised signals starts increasing in a uniform way from the seventh day which
indicates that the fault appears on gear from the seventh day.The results presented in this study demonstrate
that the combination method of EEMD and denoising based on FFT can be used to identify early damage
in gear boxes. We note that the proper choice of the thersholding parameters in the post processing stage is
important. Numerical results prove that the de-noising method (DEEMDFFT) can increase the precision of
results given by the two methods EEMD and denoising based on FFT. This method is very simple, does not
require any choice of wavelet or the scale and it is capable of reducing noise and preserving signal information.



IMF3
I

IMF4

IMF5

=3
o

res
i
‘

-0.0!

.
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time(s)

Figure 6: The denoised IMFs using the denoising algorithm based on FFT.
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Figure 7: The denoised simulated signal using DEEMDFFT and WT.
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Figure 10: EEMD of signal of second day.
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Figure 11: EEMD of signal of the last day.
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Figure 12: Comparaison between IMF1 and the denoised IMF1of the last day.
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Figure 14: Kurtosis value of the acceleration signal from day 2 to day11 before and after de-noising (Zoomed).

Day 2 3 4 5 6 7

Ku (Raw signal) 273 1 2.68 | 296 | 2.77 | 3.08 | 2.98

Ku (denoised signal ) (DEEMDWT) | 2.65 | 2.90 | 2.83 | 2.94 | 298 | 2.90
Day 8 9 10 11 12 13

Ku (Raw signal) 297 | 2.87 | 3.16 | 3.11 | 12.64 | 13.44

Ku (denoised signal ) (DEEMDWT) | 3.01 | 3.05 | 3.31 | 3.43 | 14.78 | 16.69

Table 4: Kurtosis values of the raw signals and denoised signals using DEEMDEFFT.
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