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Abstract

This paper presents a geomagnetic detection method for pipeline defects using complete ensemble empirical
mode decomposition with adaptive noise (CEEMDAN) and wavelet energy product (WEP) — Teager energy
operator (TEO), which improves detection accuracy and defect identification ability as encountering strong
inference noise. The measured signal is first subtly decomposed via CEEMDAN into a series of intrinsic
mode functions (IMFs), which are then distinguished by the Hurst exponent to reconstruct the filtered signal.
Subsequently, the scale signals are obtained by using gradient calculation and discrete wavelet transform and
are then fused by using WEP. Finally, TEO is implemented to enhance defect signal amplitude, completing
geomagnetic detection of pipeline defects. The simulation results created by magnetic dipole in a noisy
environment, indoor experiment results and field testing results certify that the proposed method outperforms
ensemble empirical mode decomposition (EEMD)-gradient, EEMD-WEP-TEO, CEEMDAN-gradient in
terms of detection deviation, peak side-lobe ratio (PSLR) and integrated side-lobe ratio (ISLR).
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1. Introduction

Buried pipelines play a significant role in the national economic operation and human daily
activities. Since oil & gas are flammable, explosive, and poisonous and can easy gather static
electricity, accidents like fire, explosion and pollution could occur during the process of oil & gas
storage and transportation. An explosion occurred in the pipeline often causes many casualties
and huge economic losses, also resulting in serious pollution of the environment. Therefore, early
damage inspection of the buried pipeline has become the top priority task.

In-line inspection (ILI) technologies, including magnetic flux leakage (MFL) [1], eddy cur-
rent testing (ECT) [2], ultrasonic technology (UT) [3] and electromagnetic acoustic transducers
(EMAT) [4], has been successfully employed to inspect pipeline defects. However, these tech-
nologies need pipeline pigs, constrained by space and angle, which always creates the conges-
tion problem in the pipeline. In order to perform comprehensive inspection of a buried steel
pipeline, non-contact testing technologies should be carried out without the need of excavation.
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The transient electromagnetic method (TEM) [5] and Nopig technique [6] as representatives
of external inspection technologies, has been widely applied to real detection. However, these
methods require excitation sources which largely decrease their efficiency. The geomagnetic de-
tection is a new technology that uses the magnetic field change created by geomagnetic field
traverse pipeline defects to perform non-destructive testing [7, 8]. It measures the magnetic
field with high-precision magnetic sensors to identify a possible defect existing in the buried
steel pipeline. During the geomagnetic detection, the measured signal contains a great deal
of noise caused by environmental disturbance, instrument zero/temperature drift and the de-
tection platform instability, which adds to the real defect signal. Therefore, it is necessary to
propose a method to filter noise from the measured signal. Nowadays, there are many filtering
methods available. The wavelet transform decomposes a signal into low and high-frequency co-
efficients, which are screened by hard or soft threshold functions to filter noise [9]. However,
the wavelet de-noising needs to predefine the basis function. The empirical mode decompo-
sition (EMD) proposed by Huang [10], which could perform an adaptive decomposition of
non-stationary and non-linear signals. The complex signals are expressed as the sum of multiple
oscillatory functions, called multiple intrinsic mode functions (IMFs). The IMFs have a mean-
ingful instantaneous frequency and carry the detailed information of the signal. The EMD has
excellent filtering performance for noisy signals [11, 12]. However, the EMD is always hin-
dered by mode mixing and false modes [13]. To overcome these shortcomings, the ensemble
empirical mode decomposition (EEMD) was proposed by Wu [14], which effectively settled
the EMD problem by adding a certain amount of Gaussian white noise. Based on the above
advantages, some filtering methods based on EEMD are studied [15, 16]. However, the pro-
cess of repeatedly adding noise often leads to residual noise and produces different numbers
of modes by different iterations, which reduces the filtering performance. Therefore, Yeh devel-
oped the complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN)
[17], which achieved insignificant reconstruction errors and high precision decomposition by
adding the adaptive Gaussian white noise to each stage of EMD. At present, this technology
is applied to gear fault diagnosis [18], power load forecasting [19] and ECG signal de-noising
[20]. However, the research on applying the CEEMDAN filtering to the magnetic signal is almost
non-existing.

To study the defect identification method as signal filtering only is far not enough to pipeline
detection. Li [21] studied the relationship between the detection distance and the defect signal
by measuring the normal and tangential components of the magnetic field. The spectral analysis
[22, 23] is a common technique employed in the fields of measurements and sensing systems.
Because the frequency of magnetic field caused by buried pipeline defects is very low, this
method is not suitable for the geomagnetic detection. Some scholars have researched defect
identification methods. Song [24] used the wavelet transform to decompose and reconstruct the
magnetic field, further recognizing the indoor pipeline defects. The gradient can provide a more
clear interpretation of the defect region. Dubov [25] used the gradient peak of three-axis magnetic
field intensity to locate defects in a buried oil & gas pipeline and an insulated process pipeline.
However, a powerful method is still lacking as the working conditions of buried pipelines are too
complex.

In this paper, we propose a method based on CEEMDAN and wavelet energy product (WEP) —
Teager energy operator (TEO) to improve efficiency of the geomagnetic detection. The measured
signal is first decomposed by CEEMDAN into a series of IMFs and a residue, and then valid
modes are selected by the Hurst exponent to refactor the filtered signal. Subsequently, the gradient
calculation and discrete wavelet transform (DWT) are used to obtain scale signals, which are then
fused by WEP- TEO to detect pipeline defects.
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2. Complete ensemble empirical mode decomposition with adaptive noise de-noising

9),'N3 BUBRI 35861

2.1. Complete ensemble empirical mode decomposition with adaptive noise

CEEMDAN can alleviate the mode mixing problem in EMD and residual noise & additional
modes in EEMD. The CEEMDAN process can be defined as follows:
1. Decompose x + aonU) (j=1,...,N) to obtain first IMF by EMD:

15
= >ond, (1)
j=1
where « is the amplitude of the added white noise and n) is white noise occurring in the
Jj-th ensemble trial. N is the total number of ensemble trials.
2. Calculate the first residue:

r=x-— hl . (2)
3. Decompose | + a1 E{(nY) to acquire the first mode and compute the second IMF:
1Y
- (©))
hy = NZEI (r1+a/1E1 (I’l )) (3)

Jj=1
4. Fori =2,...,1, compute the ith residue:
ri =ri-1—h;i. “)

5. Decompose r; + @, E;(n9) to acquire the first mode and calculate the (i+1)-th IMF as:

N
hiy1 = %Z E; (ri + a; E; (n(j))), (@)
=1

where E; represents the ith IMF obtained by EMD.
6. Repeat steps (4) to (5) until the residue cannot be longer decomposed. A signal x can be

represented as:

1
x=Zhi+r1. (©6)

i=1

2.2. IMFs selection method based on Hurst exponent

The Hurst exponent is an effective index to examine randomness of time series, which is used
to distinguish signal IMFs and noise IMFs in this study. The calculation steps of Hurst exponent
can be defined as follows:

1. For a time series x;,i = 1,2,3,..., N, set the window size 7 = 1.

2. Compute the standard deviation of x; and record the point (7,7 - 07¢).

3. Average data of adjacent points and overwrite the original data:

X2i-1 + X2i
Xj=———.
2
4. Rescale appropriately as N « N/2, T « 27.
5. When N > 4, repeat steps (2) to (4).
6. Plot a log-log graph and calculate its slope as the Hurst exponent 4.
In this paper, we define IMFs of & > 0.5 as signal IMFs decomposed by CEEMDAN.

)
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2.3. Application

The noisy signal is filtered to determine effectiveness of the CEEMDAN de-noising. A signal
x(t) comprises three periodic signals of differing frequencies:

x(t) = cos(2n fit) + sin(2x fot) + 2 * sin(27x f31), ®)

where f| = 3, f» =5, f3 = 11, the length of data is 1024. A white Gaussian noise is added to the
signal with the input signal-to-noise ratio (SNRj,) of 0 dB. As shown in Fig. 1, the noisy signal
is decomposed into 8 IMFs and a residue using CEEMDAN (the amplitude of the added white
noise is 0.1 and the total number of ensemble trials is 300). It is difficult to identify which IMFs
belong to the signal IMFs by direct observation. Subsequently, the Hurst exponent of each IMF
is calculated; the results are shown in Table 1. According to the selection rule, IMF5-IMFS are
the signal IMFs, whereas IMF1-IMF4 are the noise IMFs. The filtered signal is reconstructed
by summing all signal IMFs and the residue. The noisy signal is presented in Fig. 2a, and the
original signal x(#) and the filtered signal are shown in Fig, 2b. It can be seen that the filtered
signal removes the redundant noise and recovers the actual signal waveform accurately.
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Fig. 1. The decomposition results using CEEMDAN. a) IMF1-IMF4; b) IMF5-IMF8 and residue.

Table 1. Hurst exponents of IMFs.

IMFs IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8
Hurst exponent | 0.2623 0.2175 0.1354 | 0.3003 | 0.7209 | 0.9234 | 0.9665 1
a) b)
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Fig. 2. The noisy and filtered signals. a) The noisy signal; b) the original and filtered signals.
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3. Wavelet energy product — Teager energy operator method

19),'NG! 2 B! 3451361,

3.1. Wavelet energy product

The wavelet transform has a good time-frequency characteristic and the ability to represent
local features in the time and frequency domains. Let ¢/ (¢) € L%(R) and its Fourier transform
satisfies the following conditions:

2
Cy = f de < oo, ©)]
J ol

where R* represents real numbers except for zero. ¥ (¢) is called the mother wavelet. For signal
f(t), the continuous wavelet transform is defined as:

1 -b
Wr(a,b) = (f (D). ¢ap (1)) = Vial f fy (t )dl, (10)
R

a

where a represents the scale parameter, b represents the translation parameter, and ¥, p(t)
represents the wavelet basis function.
For the real signal, a and b are discrete, and the DWT of signal f(¢) is denoted W, (j, k):

1 -b
Wik = (£©-0540) = = f f(t)w(t )dr, (11)
R

a

where a = aé, b= kaébo, ap>1,bp>0,jeZ,andk € Z.
According to the Mallat algorithm, the DWT decomposes a discrete signal f(¢) into two parts:
the approximation and detail scales, which can be expressed as:

00

Aﬁ=§3cMQMUL (12)
k=—00

D; = Z dj ik (D), (13)
k=—o00

where ¢; (1) represents the scaling function, i i (¢) represents the wavelet function, c; x repre-
sents the scaling coeflicient, and d; ; represents the wavelet coeflicient.

According to the wavelet decomposition characteristics of noise and signal, the wavelet
transforms of noise with different scales have no significant correlation, but the wavelet transforms
of the signal with different scales are strongly correlated and the maximum value of correlation
appears in the same location. Based on the above property, the wavelet energy product (WEP) is
proposed to enlarge the defect signal amplitude and decrease the noise amplitude:

WEP; ; = S; X S}, (14)

where §; and S; represent the scale signals of levels i and j, respectively.
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3.2. Teager energy operator

The Teager energy operator (TEO) can enhance the feature of the transient signal, which is
used to improve the defect identification ability. For an original signal x with amplitude A and
frequency f, it can be expressed as a discrete form when the sampling frequency is f;:

xp = Acos(Qn + ¢), (15)

where Q = 2x f/ fs, ¢ is the initial phase angle. A, Q and ¢ are obtained by solving the following
equations:

x(n=1)=Acos(Q(n—-1)+¢) . (16)

x(n) = Acos(Qn + ¢)
{ x(n+1)=Acos(Qn+ 1) + phi)

Solving (16) gives:
A sin®(Q) = x2 = Xpy1 X0 1 . (17)

When Q is small enough, sin(2) ~ Q. When the sampling frequency is high enough, (17)
can be rewritten as:
A2Q% ~ X2 — xpe1Xn1 (18)

Therefore, TEO can be defined as:

J(x,) = A%sin*(Q) ~ A2Q?. (19)

4. Geomagnetic detection for pipeline defect using CEEMDAN and WEP-TEO

In order to improve efficiency of the geomagnetic detection, a detection method based on
CEEMDAN and WEP-TEO is proposed, a flowchart of which is shown in Fig. 3.

Enlargement
Filtering Gmdicrﬂ
calculation
CEEMDAN
4
l DWT
IMFs
Measured
= o Defect
gcosni':f;cuc # l # Scale signals # i
Hurst
exponent 4
l WEP
Reconstruction
TEO

Fig. 3. A flowchart of CEEMDAN-WEP-TEO.

350



RS WA @},’Mﬁ}v()l.) @

. Decompose the measured signal by CEEMDAN into a series of IMFs and a residue.

2. Distinguish all IMFs by the Hurst exponent as signal IMFs and noise IMFs, and sum the
signal IMFs and the residue to reconstruct the filtered signal.

3. Calculate the gradient of the signal, and then use DWT to obtain detail and approximation
coefficients to construct the scale signals.

4. Adopt WEP to fuse different scale signals, and use TEO to enlarge the amplitude of the
defect signal.

5. Identify the pipeline defect by seeking the peak of the final signal.

19),'NG! 2 B! 3451361,

—

5. Simulation

Generally, a pipeline defect can be considered as a magnetic dipole as the distance between
the defect and the measurement point is 2.5 times greater than the maximum dimension of the
defect. If the magnetic moment is m = myi + myj + m_k and the displacement vector from the
source to the measurement point is 7 = r.i + r,j + r;k, the magnetic field vector is:

o |3(m-r)ir m
_ K =, 20
4n [ r r3] @0
where p is the permeability of vacuum. The magnetic moment m can be defined as:
m=V y,H, 2y

where V is the defect volume, y,, is the magnetic susceptibility and H is the geomagnetic field
intensity.

The defect signal is generated by the stress and the geomagnetic field, and its magnetic signal
is obtained in the process of magnetomechanical coupling. The magnetic susceptibility can be
expressed as:

2p0 M
"9 0

where Mj is the saturation magnetization, A is the magnetostriction coefficient and o is the
stress.

Assuming that the pipeline is subjected only to the internal pressure, both the hoop stress o7,
and the axial stress o, can be considered as invariable for the pipeline:

(22)

o, = PD/26, (23)
o4 = PD/4s, (24)

where P is the internal pressure, D is the diameter of the pipeline, ¢ is the thickness of the
pipeline.

Figure 4 illustrates a defect on the pipeline upper surface located at the origin of coordinates,
with a length @ = 0.1 m, a width » = 0.15 m, a depth ¢ = 0.001 m. A3, = 57 ppm, M =
1.76 X 106 A/m, P = 3 MPa, D = 300 mm, and § = 10 mm. The measurement length is
2L = 10 m and the sampling interval is s = 0.01 m. The distance from the sensor to ground is
h1 = 0.5 m, the distance from ground to the pipeline upper surface is 7, = 1 m. The geomagnetic
field intensity is H = 43.56 A/m, the magnetic declination is D = —6°, the magnetic inclination
is I =59°.
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Fig. 4. A pipeline defect model.

The axial component of the defect magnetic signal generated by the model presented in
Fig. 4 is considered as the input signal to evaluate the proposed method feasibility. First, we
observe the filtering performance of EEMD de-noising and CEEMDAN de-noising. For EEMD
and CEEMDAN, the amplitude of the added white noise is 0.1 and the total number of ensemble
trials is 300. To ensure quantitative comparison, the output signal-to-noise ratio (SNRy,;) and
root mean square error (RMSE) are used to evaluate the filtering performance:

n

2,5

SNRoy = 10log § — =11 (25)
D Ls) = 5)P?
i=1

_ 1 S N a2
RMSE = J . Z [s(i) — $())]%, (26)

i=1

where s(i) is the original signal, §(i) is the de-noised signal, n is the number of sampling points.

Figure 5 presents the noisy signal SNR;, = 5 dB) and filtered signal using EEMD de-noising
and CEEMDAN de-noising. It can be seen that both de-noising methods have the capability to
filter out noise. Furthermore, the SNRo,; and RMSE of two filtered signals are shown in Table 2.
From Table 2 it can be seen that the SNR,,; of CEEMDAN de-noised signal is higher than

a) b)

Noisy signal Noisy signal
Filtered signal using EEMD 3 | Filtered signal using CEEMDAN

W

=
)

B(nT)
BinT)

=2f 2
3 -3
4l . I L ey R 4l i + = 4 . % s 1
S5 -4 30 20 - 0 1 2 3 4 3 S5 -4 30 20 - i} 1 2 3 4 3
Lim) L{m)

Fig. 5. The noisy signal and filtered signals: a) EEMD de-noising; b) CEEMDAN de-noising.
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that of EEMD de-noised signal, and the RMSE of CEEMDAN de-noised signal is smaller than
that of EEMD de-noised signal. In conclusion, the CEEMDAN de-noising has a better filtering
performance than the EEMD de-noising.

RN AT LB

Table 2. SNRoy: and RMSE values of two filtered signals.

Indexes EEMD denoising CEEMDAN denoising
SNRout 18.1247 18.9664
RMSE 0.1347 0.1222

We use EEMD-gradient, EEMD-WEP-TEO, CEEMDAN:-gradient, and the proposed method
to process the magnetic signal in the noisy environment. The wavelet basis function is symS8, the
number of decomposition layers is 6, and the last three scale signals are selected to be fused. The
detection deviation, peak side-lobe ratio (PSLR) and integrated side-lobe ratio (ISLR) are used to
evaluate accuracy and distinguishability. The detection deviation is defined as the absolute value
of the difference between the signal peak location L, and the actual defect location L,:

D= |LP - La| . 27
PSLR [26] and ISLR [27] are indicators used in the radar signal; they are determined as:
PSLR = 10log 22, (28)
Pm
E
ISLR = 10log E (29)

where p; is the value of the highest side-lobe (the second highest peak), p,, is the value of the
main-lobe (the highest peak), E; represents all side-lobe energy and E,, stands for main-lobe
energy. Smaller PSLR and ISLR values mean better detection capability.

Figure 6 presents the detection results of four methods. It can be seen that the detection results
based on EEMD-gradient and CEEMDAN-gradient have a poor effect. Further, the detection
deviation, PSLR, and ISLR based on four detection results are presented in Table 3. The deviation
of detection result based on the proposed method is smaller than those of other methods. In
addition, the PSLR of detection result based on the proposed method is higher than that of EEMD-
gradient by approximately 3.4 dB, EEMD-WEP-TEO by approximately 3.2 dB, CEEMDAN-
gradient by approximately 2.5 dB. For the ISLR index, the ISLR of detection result based on the
proposed method is higher than that of EEMD-gradient by approximately 6.4 dB, EEMD-WEP-
TEO by approximately 1.1 dB, CEEMDAN-gradient by approximately 5.5 dB. As expected,
the proposed method has better detection accuracy and defect identification ability than other
conventional detection methods. Therefore, the proposed method is more suitable as a detection
method for recognizing pipeline defects.

Table 3. The evaluation indexes of different simulation results.

Indexes EEMD-gradient | EEMD-WEP-TEO | CEEMDAN-gradient | Proposed method
Detection deviation(m) 0.27 0.2 0.25 0.02
PSLR (dB) —0.4139 —0.6695 —-1.3128 —3.8494
ISLR (dB) 8.5171 3.2121 7.6752 2.1322
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Fig. 6. The simulation results of different methods: a) EEMD-gradient; b) EEMD-WEP-TEO; ¢) CEEMDAN-
gradient; d) the proposed method.

6. Experimental verification

6.1. Indoor experiment

The indoor experiment was performed to understand the effect of the proposed method. Fig. 7a
shows the experimental system, which consists of a magnetic sensor, a high-speed acquisition
card, a three-dimensional console and a computer. The magnetic sensor is a Mag-03 three-axis

a)

Fig. 7. The indoor experiment of geomagnetic detection: a) the experimental system; b) the hole defect.

354



RS WA 'S"}\‘yk}.‘,lv£§é(

fluxgate magnetometer (noise < 10 pTrms/VHz at 1 Hz and the measurement range is +1000 uT).
The acquisition card is an NI USB6281 (the resolution is 18 bits and the sampling rate is 625 kS/s).
The test pipeline is made of Q235 steel with a diameter of 75 mm and a wall thickness of 3 mm.
The lift-off is three times the pipe diameter and the detection length is 180 mm. Fig. 7b shows
the 12 mm diameter hole made on the outer surface of the pipeline, located at 90 mm along the
detection route.

19),'NG! 2 B! 3451361,

~_/

The axial component of the measured magnetic field signal and the gradient signal are shown
in Fig. 8. Due to the noise influence, the gradient signal has lost its ability to identify defects.
First, EEMD de-noising and CEEMDAN de-noising were used to filter out noise in the measured
signal. Since the original signal was unknown, the SNR,,; and RMSE could not be calculated.
The detrended fluctuation analysis (DFA) is an analysis method based on the stochastic process
theory and chaotic dynamics, used to detect the physical characteristics of time series. The scaling
exponent represents the roughness of time series: its larger value means a smoother time series.
DFA has been successfully used to evaluate the filtering performance for the impact signal [28]
and the pipeline leakage signal [29]. The scaling exponents of two de-noised signals are equal to
1.9498 and 1.9676, respectively, which shows that CEEMDAN de-noising has a better filtering
performance than EEMD de-noising.

a) b)

;
L - . . . - 300;

B(nT)
B(nT/mm)

=200}

28 b =300
1] 30 60 a0 120 150 180 {
L{mm)

i 30 60 Q0 120 150 180
L{mm)

Fig. 8. The measured signal in the indoor experiment: a) the original signal; b) the gradient signal.

Figure 9 presents the detection results based on EEMD-gradient, EEMD-WEP-TEO,
CEEMDAN-gradient and the proposed method. The detection deviation, PSLR, and ISLR of
four detection results are shown in Table 4. The table shows that the proposed method has
a higher detection precision and a stronger defect identification capability than other methods.

Table 4. The evaluation indexes of the four detection results.

Indexes EEMD-gradient | EEMD-WEP-TEO | CEEMDAN-gradient | Proposed method
Detection deviation (mm) 21.70 19.90 9.62 9.21
PSLR (dB) —-0.0224 —-0.4611 —-1.0315 —6.9897
ISLR (dB) 13.3916 5.0530 10.4912 —6.1001
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Fig. 9. The results of four detection methods in the indoor experiment: a) EEMD-gradient; b) EEMD-WEP-TEO;
¢) CEEMDAN:-gradient; d) the proposed method.

6.2. Field testing

In order to certify the engineering practicability of the proposed method, the field testing is
presented. The measurement system is shown in Fig. 10a, which contains 5 high-precision mag-
netic sensors TMR2309 (the measurement range is +10 Oe and the sensitivity is 100 mV/V/Oe),
an ADLINK USB-1901 data acquisition card (the resolution is 16 bits and the sampling rate is
250 kS/s), an industrial personal computer and a GPS. The pipeline segment is made of Q235
steel with a diameter of 323 mm, a wall thickness of 5 mm, buried at a depth of 1 m and operating

Fig. 10. The field testing of the buried pipeline: a) the measurement system; b) the field testing process.

356



W1 '@a‘s“&'ﬁy&k,‘v@9>)w&~'@:'ﬁfszl~3a‘<s'_~g'61.
~_/

at a pressure of 2.5 Mpa. It has been installed in Hebei Province, China. The field testing process
for the buried pipeline is shown in Fig. 10b.

Figure 11 shows the magnetic signal measured by the middle sensor and the gradient signal.
Since the original signal contains a great deal of random noise, it is difficult to identify the pipeline
defect form Fig. 11b directly. Therefore, we carried out EEMD de-noising and CEEMDAN de-
noising to filter out noise — the results are shown in Fig. 12. It can be seen that the CEEMDAN
de-noised signal is smoother than that of EEMD de-noised signal. Fig. 13 shows the scaling
exponents of filtered signals based on EEMD de-noising and CEEMDAN de-noising. The scaling
exponent of the CEEMDAN de-noised signal is higher than that of EEMD de-noised signal,
which means that the noise is reduced to a much greater extent.
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Fig. 11. The measured signal: a) the original signal; b) the gradient signal.
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Fig. 12. The filtered signals of two de-noising methods: a) EEMD de-noising; b) CEEMDAN de-noising.

In order to clearly verify the feasibility of the proposed method, same as in the simulation
and the indoor experiment, EEMD-gradient, EEMD-WEP-TEO, CEEMDAN-gradient and the
proposed method were used to process the measured signal; their detection results are presented
in Fig. 14. The proposed method has more evident detection results than other methods.

The detection deviation, PSLR, and ISLR for four detection results are calculated; the results
are shown in Table 5. After opening the pavement, a mechanical defect was found in the pipeline
at 9.2 m. The mechanical damage was a scratch that is 24 mm long, 4 mm wide, with a 1.2 mm
depth. For detection deviation, the location result of the proposed method is more accurate
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Fig. 13. The scaling exponents of filtered signals based on two de-noising methods: a) EEMD de-noising;
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Fig. 14. The detection results of different methods: a) EEMD-gradient; b) EEMD-WEP-TEO; ¢) CEEMDAN-

than those of other methods. Furthermore, the PSLR of detection result based on the proposed
method is higher than that of EEMD-gradient by approximately 6.6 dB, EEMD-WEP-TEO by
approximately 4.2 dB, CEEMDAN-gradient by approximately 6.2 dB. The ISLR of detection
result based on the proposed method is higher than that of EEMD-gradient by approximately
21.5 dB, EEMD-WEP-TEO by approximately 7.9 dB, CEEMDAN-gradient by approximately
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13.8 dB. Thus, it can be seen that the proposed method can detect a defect in a buried pipeline
successfully and efficiently.

9),'N3 BUBRI 35861

Table 5. The evaluation indexes of the detection results using different methods.

Indexes EEMD-gradient | EEMD-WEP-TEO | CEEMDAN-gradient | Proposed method
Detection deviation (m) 1.4 0.5 1 0.2
PSLR(dB) -0.6731 —-3.0446 —-1.0970 -7.2771
ISLR(dB) 9.9004 -3.6931 22121 -11.6279

7. Conclusion

In this paper, a geomagnetic detection methodology based on CEEMDAN and WEP-TEO is
presented. This method first decomposes measured signal by CEEMDAN and then selects signal
IMFs by the Hurst exponent to reconstruct the filtered signal. The scale signals are obtained by
gradient calculation and DWT and then fused by WEP-TEO to perform the defect detection. The
CEEMDAN and Hurst exponent can reduce redundant noise and extract useful defect information.
The WEP-TEO can enlarge the defect signal amplitude and improve the geomagnetic detection
efficiency. The simulation experiment based on the magnetic dipole theory in the presence of
background noise, the indoor experiment and the field testing were used to verify the performance
of the proposed method. The results show that the proposed method exhibits an obvious superiority
over other detection approaches (EEMD-gradient, EEMD-WEP-TEO, and CEEMDAN-gradient)
in terms of detection deviation, PSLR, and ISLR.
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