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Abstract: In order to reduce the noise of a defect electromagnetic signal of the steel cord conveyor belt
used in coal mines, a new signal noise reduction method by combined use of the improved threshold
wavelet and Empirical Mode Decomposition (EMD) is proposed. Firstly, the denoising method based
on the improved threshold wavelet is applied to reduce the noise of a defect electromagnetic signal
obtained by an electromagnetic testing system. Then, the EMD is used to decompose the denoised
signal and then the effective Intrinsic Mode Function (IMF) is extracted by the dominant eigenvalue
strategy. Finally, the signal reconstruction is carried out by utilizing the obtained IMF. In order to
verify the proposed noise reduction method, the experiments are carried out in two cases including
the defective joint and steel wire rope break. The experimental results show that the proposed method
in this paper obtains the higher Signal to Noise Ratio (SNR) for the defect electromagnetic signal
noise reduction of steel cord conveyor belts.

Keywords: steel cord conveyor belt; signal noise reduction; wavelet; Empirical Mode
Decomposition (EMD)

1. Introduction

In the modern coal mine, the belt conveyor [1] is one of the important transport machines. Due to
the high strength of steel wire rope, the steel cord conveyor belt is widely used in the coal transportation.
However, the coal mine steel cord conveyor belt is usually subject to the alternating heavy load and
complicated conditions, so the safety of the steel cord conveyor belt is very important. If the steel cord
belt breaks, there will be undesired production interruption and large economic loss [2]. A typical steel
cord conveyor belt break is shown in Figure 1.

Electromagnetic testing is a common kind of steel cord conveyor belt defect detection method.
However, under the complicated coal mine working conditions, the defect electromagnetic signal
collected from steel cord conveyor belt usually contains a large amount of non-stationary noise which
makes the signal feature extraction difficult. Thus, for the steel cord conveyor belt the research of a
reliable signal noise reduction method is necessary. It is well known that the wavelet transform is a
common signal noise reduction method [3,4] and it has been used for the denoising of electromagnetic
signals [5-7]. For the steel cord conveyor belt, the wavelet transform was used to denoise the
electromagnetic signal with the steel wire rope break defect [8] and the corrected linear B-wavelet
method was proposed to improve the Signal to Noise Ratio (SNR) [9]. However, the wavelet transform
result can be affected by the selection of wavelet basis, decomposition level and threshold value [10].
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This paper will propose an improved threshold wavelet method to reduce the signal distortion and
unsmoothed phenomenon after denoising [11,12]. Furthermore, the defect electromagnetic signal
of coal mine steel cord conveyor belt is a kind of complicated non-stationary signal, so the optimal
filtering cannot be obtained only by the wavelet method. The Empirical Mode Decomposition (EMD)
method need not select the basis function and can adaptively decompose the signal into many Intrinsic
Mode Functions (IMFs), so it is very suitable for the noise reduction of non-stationary signal [13,14].
However, the EMD is usually realized by directly removing the high-frequency functions, which can
cause these problems such as non-maximal noise removal rate and loss of useful signal. In recent
years, some effective IMF selecting methods were proposed, including the close eigenvalue [15],
great kurtosis contribution [16] and large correlation coefficient [17]. However, these IMF selection
methods are qualitative, in the actual operation the IMF selection rationality will affect the noise
reduction effect. This paper will propose a new kind of adaptive IMF selection strategy according to
the dominant eigenvalues.

Figure 1. Steel cord conveyor belt break scene.

Based on the above analysis, the new electromagnetic signal noise reduction method based on
the improved threshold wavelet and EMD with the dominant eigenvalue is proposed in this paper
and used for the coal mine steel cord conveyor belt testing. In Section 2, the basic theory of the
proposed electromagnetic signal noise reduction method will be introduced. In Section 3, the test rig
and experiment will be carried out to verify the effect of the newly proposed method for the steel cord
conveyor belt defect detection.

2. Basic Theory of Signal Noise Reduction Method

2.1. Wavelet Noise Reduction Principle

The wavelet threshold noise reduction method can be carried out according to the processing
flow, as shown in Figure 2. The main processing steps include the wavelet basis function selection,
multi-scale decomposition, wavelet threshold selection and signal reconstruction.

2.1.1. Wavelet Basis Function Selection

The wavelet basis function has a great influence on the signal noise reduction effect. In order to
obtain a better denoised signal, the basis function having the similar waveform as the original signal
should be selected. Because the joint electromagnetic signal waveform is close to the dB8 wavelet basis
function, the dB8 wavelet basis is adopted in this paper.

2.1.2. Wavelet Multi-Scale Decomposition

The discrete wavelet basis function [18] is shown as Equation (1)
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Wi (F) = ag™ (a1t — kbo) )

where ag represents the extension scale and by represents the time translation, usually ag = 2, by = 1.
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Figure 2. Wavelet threshold noise reduction flow chart.

Through the discrete wavelet transform, the original signal x(¢) including noise is shown as
Equation (2)

aixt) = | ¥ x(02 bt — k)dt %)

—00

The Mallat forward transform is shown as Equation (3) [19]

Cik = L hk—2nCj-1n
n

| = 1/ 2/ Yy 3
dij = ;gkfzndj—l,n J I )

where Cikis the smoothing signal of original signal, dj,k is the detail signal of original signal, g, is the
impulse response of band-pass filter concerned with wavelet function, 5, is the impulse response of
low-pass filter concerned with scaling function.

2.1.3. Wavelet Threshold Selection

The wavelet threshold determination method includes the default, penalty, Birge-Massart, rigrsure
rule, sqtwolog rule, heursure rule and minimaxi rule, and the threshold value can be defined by the
soft or hard strategy [20]. Based on the experimental investigation, the Birge-Massart is applied in
this paper.

2.1.4. Signal Reconstruction

The reconstruction of smoothing signal after filtering is shown as Equation (4)

i1k = Y M—onCim + Sk—2ndjn] (4)

n

Firstly, the signal is decomposed into time-frequency domain using Equation (3). Then the
reconstruction of denoised signal is realized by Equation (4).

2.2. New Improved Threshold Wavelet Method

In order to improve the noise reduction effect and reduce the signal distortion, an improved
threshold wavelet method is proposed. The improved threshold function is shown as Equation (5)



Algorithms 2016, 9, 62 40f 11

B { Sign(A)[(\A\—W)]/\A\ > A 5)
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where B is the wavelet coefficient after threshold processing, A is the wavelet coefficient after
decomposition, A is the threshold value.

The hard, soft and newly improved threshold function curves are shown in Figure 3. The B
value for the improved method is situated between soft and hard cases so that the estimated
wavelet coefficient is close to A. This improved kind of threshold processing method overcomes
the discontinuity at A compared to the hard method and the unavoidable signal deviation compared to
the soft method.

iB

= Improved threshold function curves
------ Hard threshold finction curves
= Soft threshold function curves

Y=

Figure 3. Three kinds of threshold function curve.

2.3. EMD Noise Reduction Method by Dominant Eigenvalues

2.3.1. Noise Reduction Principle by EMD

The EMD is to decompose the signal into the sum of a series of IMFs and one residual term. With
the increase of decomposition order the frequency of IMF will decrease, so the signal filtering can
be realized.

Assuming the input signal is x(t), the EMD by Equation (6) can be carried out to obtain all
IMF components including s;(t) and r,(t). The signal after noise reduction can be obtained by the
reconstruction of different IMF components.

n
x(t) = ) si(t) +ra(t) ©6)
i=1
The EMD flow is shown in Figure 4. The main processing steps include the determination of
local maximum values and minimum values, cubic spline fitting of signal, mean value calculation of
envelope and extraction of IMF component.

2.3.2. New IMF Component Extraction Method by Dominant Eigenvalue

Because the actual noise is variable, the effective IMF component should be obtained by the
adaptive strategy. Therefore, the IMF component extraction method according to the dominant
eigenvalue is proposed and carried out by the following two steps:
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1. Calculate the eigenvalues Aj, Ay, -+, A, of each order IMF component s;(t) and the residual
component r,,(t) by the Singular Value Decomposition (SVD) [21].
2. Extract the effective IMF component by the Dominant Eigenvalue Method (DEM) [22].

< Input signal >

\

Determination of local maximum
values and minimum values

'

Cubic spline fitting of signal

'

Mean value calculation of envelope

'

Extraction of IMF component

(1)

is monotone function?

Figure 4. EMD flow chart.

The variation tendency demarcation point of the ratio K; of adjacent singular eigenvalues is used
in this paper to determine the boundary between the dominant and non-dominant eigenvalues to then
extract the effective IMF components. The expression of K; is defined as Equation (7)

A
Aig1

Ki=-—t,i=12-,n—1 @)

The variation tendency demarcation point of K; is expressed as Equation (8)

K.
Ai=—,i=1,2,-,n—1 (8)
" Kin
For the Equation (8), the first point of A; less than 1.0 is the variation tendency demarcation point
of Ki-
From Equation (8), it can be seen that if A, is smaller than 1.0, the corresponding eigenvalues A1,
A2, ..., Aps1 are dominant. In other words, the components from IMF; to IMF,,,,; are effective.

2.3.3. New Noise Reduction Method Based on the Improved Threshold Wavelet and EMD by
Dominant Eigenvalue

The newly proposed method by combined use of the improved threshold wavelet and EMD
with the dominant eigenvalue can be carried out according to the process shown in Figure 5. Firstly,
the improved threshold wavelet denoise and EMD are carried out in sequence, then the IMF component
is extracted. Secondly, the eigenvalue is calculated and then the dominant eigenvalue is obtained.
Finally, the effective IMF component is determined and then the signal is reconstructed.
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Figure 5. Noise reduction flow chart of combined method of improved wavelet and EMD.

3. Verification of Noise Reduction Method by Combined Use of Improved Wavelet and EMD

3.1. Test Rig Setup

The defect electromagnetic test rig used for the steel cord conveyor belt was built in our laboratory,
as shown in Figure 6a. The belt length is 11.0 m and width is 0.8 m. The electromagnetic testing device
was installed close to the lower surface of the downward belt, as shown in Figure 6b. The sensitivity
of the electromagnetic transducer is 0.5 V/Gs. The location detection resolution is 0.1 mm, and the
detecting speed is 0 to 8 m/s. The data transmission rate is 10 M /100 Mbps, the working temperature
is —20 °C to +55 °C, and humidity is 95% RH. The detection distance is 50 mm to 110 mm. The whole
electromagnetic testing system is shown in Figure 6¢c. The magnetic loading module was installed to
magnetize the steel wire rope. The operating velocity of belt was set to 0.5 m/s by a variable frequency
inverter. The data were collected by the electromagnetic testing device and transmitted to a computer
by TCP/IP protocol.

Steel cord belt conveyor
Main d Secondary

| Z

[ TCP/IP S

\> 2
@ ’ Mprotocol Electromagnetic Nl:ls
testing system Magnetic

loading module
PC

()

Figure 6. Electromagnetic testing rig of steel cord conveyor belt: (a) Tested belt conveyor prototype;
(b) Installed electromagnetic testing device; (c) Electromagnetic testing system setup.
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3.2. Noise Reduction Evaluation Index

The main evaluation indexes of signal noise reduction effect mainly have the Signal-to-Noise
Ratio (SNR) and Root Mean Square Error (RMSE). The SNR is higher or RMSE is smaller, the noise
reduction effect is better.

Assuming the original signal is x (1), the signal after denoising is x’ (1), so the SNR Equation is

L)
SNR = 101 . 9
RO ¥

The RMSE Equation is

RMSE — \/ %Z [x(n) — %' (n)]2 (10)

3.3. Electromagnetic Signal Collection

The steel cord conveyor belt joint structure, steel wire rope break photo and their respective
corresponding electromagnetic signals are shown in Figure 7.
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Figure 7. Joint and break of steel cord conveyor belt and responding electromagnetic signal: (a) Internal
structure of conveyor belt joint; (b) Electromagnetic signal at joint; (c) Steel wire rope break of belt;
(d) Electromagnetic signal of wire rope break defect.

3.4. Denoising Analysis of Defect Signal

3.4.1. Noise Reduction of Joint Electromagnetic Signal

The conveyor belt joint electromagnetic signal containing the noise is shown in Figure 8a,
the noise includes 10 dB Gaussian white noise and non-stationary noise with frequency and amplitude
modulations, the noise function is shown in Equation (11). Figure 8b is the normalized spectrum
diagram of joint electromagnetic signal with noise, it can be seen that the noise function has the same
frequency band with the signal before denoising. The denoised result by the improved threshold
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wavelet is shown in Figure 8c, while the denoised result by combined use of improved wavelet and
EMD is shown in Figure 8d.

froise = (0.2 +0.2-sin(2-pi-3-t))-cos(2-pi-5-t + 0.2-sin(2-pi-6-t)) + 0.2-sin(2-pi-2-t) (11)
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Figure 8. Comparison of two noise reduction methods for joint electromagnetic signal: (a) Joint
electromagnetic signal with noise; (b) Normalized spectrum diagram of joint signal; (c) Denoised result
by improved threshold wavelet; (d) Denoised result by combined use of improved threshold wavelet
and EMD.

Based on the experimental investigation, the wavelet basis function is selected as dBS,
the threshold determination strategy is Birge-Massart, and the wavelet decomposition level is six.
The eigenvalues of 11 IMF components are A;, the ratio K; and ; is shown in Table 1.

Table 1. IMF component, eigenvalue and ratio of joint signal.

IMF Component Eigenvalue A; K; = 7\71'&1 A= Kﬁl
IMF; 29.62 1.68 1.37
IMF, 17.61 1.23 1.04
IMF3 14.34 1.18 1.008
IMF, 12.19 1.17 1.04
IMF5 10.45 1.12 1.06
IMF¢ 9.36 1.05 0.30
IMF; 8.91 3.50 0.82
IMFg 2.55 421 0.38
IMFy 0.60 11.21 0.15
IMFy 0.054 73.43 —
IMFq; 0.00073 — —

According to Table 1, A4 is smaller than 1.0. Thus, the selected IMF components are IMF; to
IMF;. The reconstruction result of seven IMF components is shown in Figure 8d, and two denoising
methods are compared, as shown in Table 2. According to Table 2 and Figure 8c,d, the proposed
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method obtained by combined use of the improved wavelet and EMD has the better noise reduction
effect for the non-stationary strong-noise joint electromagnetic signal and the SNR is bigger.

Table 2. Comparison of two denoising methods for joint signal.

Method SNR (dB) RSME
Before denoising —2.72 0.36
Improved threshold wavelet 5.027 0.17
Combined use of improved threshold wavelet and EMD 11.63 0.069

3.4.2. Noise Reduction of Electromagnetic Signal with Wire Rope Break

The conveyor belt steel wire rope break electromagnetic signal containing the noise is shown in
Figure 9a, the noise includes 10 dB gaussian white noise and non-stationary noise with frequency and
amplitude modulations, the noise function is shown in Equation (11). Figure 9b is the normalized
spectrum diagram of wire rope break electromagnetic signal with noise, it can be seen that the noise
function has the same frequency band as the signal before denoising. The denoised result by the
improved threshold wavelet is shown in Figure 9¢c, while the denoised result by combined use of
improved wavelet and EMD is shown in Figure 9d.
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© I 5 0
T £
g <
D1 0.02 T 1
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Figure 9. Comparison of two noise reduction methods for wire rope break electromagnetic signal:
(a) Electromagnetic signal with noise of wire rope break; (b) Normalized spectrum diagram of wire
rope break; (c) Denoised result by the improved threshold wavelet; (d) Denoised result by combined
use of improved wavelet and EMD.

The eigenvalues of 11 IMF components are A;, the ratio of K; and A; is shown in Table 3.

According to Table 3, A6 is smaller than 1.0. Thus, the selected IMF components are IMF1 to IMF?7.
The reconstruction result of seven IMF components is shown in Figure 9d, two denoising methods are
compared, as shown in Table 4. According to Table 4 and Figure 9c,d, the proposed method obtained
by combined use of the improved wavelet and EMD has the better noise reduction effect for the
non-stationary strong-noise wire rope break electromagnetic signal and the SNR is bigger.
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Table 3. IMF component, eigenvalue and ratio of wire rope break signal.

IMF Component Eigenvalue A; K; = )\7;‘1 A= KIi(-:—l
IMF, 25.28 1.25 1.045
IMF, 20.20 1.20 1.034
IMF; 16.87 1.16 1.035
IMF, 14.57 1.12 1.034
IMFs 12.99 1.083 1.025
IMFq 11.99 1.056 0.21
IME; 11.36 498 0.28
IMFg 2.28 17.54 0.32
IMFy 0.13 54.24 7.27 x 10~11
IMFy 0.0025 7.46 x 101 —
IMFy; 3.35 x 10715 — —

Table 4. Comparison of two denoising methods for wire rope break signal.

Method SNR(dB) RSME
Before denoising —0.76 0.34
Improved threshold wavelet 6.42 0.14
Combined use of improved threshold wavelet and EMD 7.08 0.13

4. Conclusions

Aiming at the denoising problem of the non-stationary strong-noise defect electromagnetic signal
for coal mine steel cord conveyor belt, a new kind of combined use of the improved threshold wavelet
and EMD with the dominant eigenvalue is proposed. The new kind of belt defect electromagnetic
signal denoising method is introduced and verified by two groups of experimental test including
joint defect and wire rope break. The experimental results show that the proposed method with the
dominant eigenvalue can obtain the effective IMF components according to the original signal feature,
and has a better noise reduction effect than the improved threshold wavelet only. Therefore, the newly
proposed method in this paper can be used for the noise filtering of steel cord conveyor belt defect
electromagnetic signal in order to provide a good base for further signal feature extraction in the future.
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