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Abstract: This article introduces a new method for identifying anchor damage faults in fiber compos-
ite submarine cables. The method combines the Volterra model of Variation Mode Decomposition
(VMD) with singular value entropy to improve the accuracy of fault identification. First, the subma-
rine cable vibration signal is decomposed into various Intrinsic Mode Functions (IMFs) using VMD.
Then, a Volterra adaptive prediction model is established by reconstructing the phase space of each
IME, and the model parameters are used to form an initial feature vector matrix. Next, the feature
vector matrix is subjected to singular value decomposition to extract the singular value entropy
that reflects the fault characteristics of the submarine cable. Finally, singular value entropy is used
as a feature value to input into the Support Vector Machine (SVM) for classification. Compared
with Empirical Mode Decomposition (EMD) and Ensemble Empirical Mode Decomposition (EEMD),
the proposed method achieves a higher fault identification accuracy and effectively identifies an-
chor damage faults in submarine cables. The results of this study demonstrate the feasibility and
practicality of the proposed method.

Keywords: submarine cable; anchor damage; Volterra model; fault identification

1. Introduction

Offshore and deep-sea wind power generation relies heavily on submarine cables for
electricity transmission [1]. However, due to the complex marine environment, submarine
cables are vulnerable to anchor damage, especially when ships illegally enter prohibited
areas. Anchor damage can often cause insulation and armoring damage to submarine
cables, and some damage may not become immediately apparent. However, over time,
these damages can evolve into faults under the influence of seawater and electric fields,
leading to serious consequences [2]. Therefore, the timely identification of submarine cable
faults is of great significance for ensuring the safety of energy transmission.

In 2013, Zhang, X. et al., studied the damage to a 110 kV Cross-Linked Polyethylene
(XLPE) optical fiber composite submarine power cable under the action of anchor smash [3];
in 2018, Wang, Y. et al., used distributed fiber-optic sensing technology for the anchor
damage fault detection of a submarine cable and analyzed its fiber-optic vibration signal [4];
in 2020, Zhang, Z.P. et al., established a 500 kV optical fiber composite submarine power
cable anchor smash finite element model and simplified the anchor into a trapezoidal body
to study the stress and deformation of each structural layer during anchor smash [5]; and
in 2021, Shang Q.F. et al., used finite element analysis to obtain the acceleration data of
a submarine cable in the X, Y, and Z directions when it was subjected to anchor smash
and studied the vibration characteristics of the submarine cable under the action of anchor
smash [6]. For the study of feature extraction and fault identification of the submarine
cable anchor damage vibration signal, in 2021, Zheng used ESMD (Extreme-Point Sym-
metric Mode Decomposition) to perform the modal decomposition of a submarine cable
vibration signal, and extracted three features from it: energy, sheath degree, and the en-
velope entropy spectrum, and used SVM to classify the vibration signal of the submarine
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cable [7]. Although the ESMD algorithm is an improvement on the EMD algorithm, the
high-frequency components of the decomposition are characterized by strong fluctuations
and large absolute values, which still have some influence on the feature extraction. VMD,
as a non-recursive signal processing method, can not only effectively suppress the modal
mixing problem of EMD, but also transform the high-frequency components into simpler
subsequences [8], thus ensuring the reliability of fault feature extraction. In the research of
the fault diagnosis of nonlinear systems, the Volterra model is one of the most widely used
models [9], and it is not only able to express the objective laws of dynamic systems but
also has a high computational efficiency. Combining the singular value entropy with the
Volterra model can facilitate the signal evaluation of singular value entropy [10] to achieve
the accurate extraction of fault features. The SVM, with its short training time and high
recognition accuracy, is widely used in the field of vibration signal recognition [11], and
overcomes problems such as artificial neural networks relying on empirical selection.

Based on the above analysis, this paper proposes a submarine cable anchor damage
fault recognition algorithm that integrates VMD, the Volterra model, and the SVM algorithm
to extract the feature quantity of the submarine cable anchor damage fault. Specifically, this
paper uses the VMD algorithm to decompose the vibration signal of the submarine cable,
establishes a Volterra model for each order of the IMF component, and then builds a feature
parameter matrix using the model prediction parameters. Then, the feature quantity is
extracted by solving the singular value of the matrix, and the singular value entropy is
used as the feature quantity and input into the SVM classifier to complete classification and
recognition.

2. VMD-Volterra-SVM Algorithm
2.1. VMD Principle

VMD, as a frequency-domain decomposition method, is essentially a group of multiple
adaptive Wiener filters with good noise robustness, which can effectively improve the
endpoint effect and mode mixing phenomenon of EMD [12]. The constrained variational
problem is obtained as follows [8]:

}
)

where x(t) is the anchor smash vibration signal; uy(t) is the decomposed modal component
of x(t); K is the sum of all modal components of the decomposition; d;(-) is the partial
derivative for time t; §(t) is the Dirac distribution; * is the convolution operator; and wy is
the center frequency corresponding to 1 (t).

Subsequently, a quadratic penalty term and the Lagrange multiplier are simultaneously
introduced to reconstruct the problem with constraints. The quadratic penalty term can
improve the reconstruction accuracy, while the Lagrange multiplier can strictly enforce the
reconstruction constraints. As a result, the reconstructed model is as follows:
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where L(-) is the Lagrange function, « is the quadratic penalty factor, and A is the Lagrange
multiplicative operator.
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The optimal solution of Equation (2) is found using the frequency-domain iterative
method and the modal components and central frequency are updated using the alternating
direction multiplier method [13]. The iterative equation is as follows:
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where x(w) is the Fourier transform of x(t), u;"’ (w) and A (w) are the n-th iterations of

ug(t) and A(t) in the Fourier domain, respectively, wlgn) is the n-th iteration of wy, w is the
frequency parameter, and T is the Lagrange multiplier step.
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When = H > < ¢ is satisfied, the iteration terminates. Where ¢ is the
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convergence parameter.

2.2. Principle of the Volterra Model

The Volterra model is a time-domain analysis method that can accurately express the
objective laws of dynamic systems. The prediction parameters of the Volterra model are
more sensitive to state changes, and, by taking them as feature quantities, they can be used
to analyze the state changes of the system.

Let V(n) = [v(1),v(2),- - - ,v(n)] be the IMF component of the submarine cable vibra-
tion signal obtained by VMD decomposition, which is reconstructed in phase space using
the delayed coordinate method [14], then:

Vi (n) = [o(n),0(n =), - ,o(n — (m—1)7)] ©)

where m is the embedding dimension and 7 is the time delay; let V' (1) be the input and
the output be y(n) = x(n + 1), then, the Volterra level expansion is [15]:

m—1 m—1
on+1)=ho+ Y hi(i)o(n—it)+ Y helin,i2)o(n —iyT)o(n —ip1) (7)
i1=0 i1,i2=0

where hy(i;, - - -, iy) is the k order Volterra nucleus.
Let the coefficient vector W (1) be:

W(n) = [ho, h1(0),h1(1),- - - hy(m —1),h2(0,0),h2(0,1),- - - ,hy(m —1,m —1)]"  (8)
The input signal vector Z(n) is

Z(n)= [lon),v(n—1),---v(n—(m—1)1),

(n),0(n),0(n—1),- - ,02(n— (m—1)7)]" ©)

Then, Equation (7) can be expressed as:

o(n+1) =2 (n)W(n) (10)
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The normalized least-mean-square adaptive algorithm is used to solve the above
equation and obtain an accurate value of the coefficient vector W(n), which is used to obtain
the model parameters representing the signal characteristics. The VMD decomposition is
performed on the submarine cable vibration signal, and each IMF component obtained
from the decomposition is solved to obtain the vector coefficients W (), which are formed
into the initial feature matrix A:

A=W, Wo,--, W]T (11)

Then, the problem of solving the eigenvalues of the vibration signal of the submarine
cable can be transformed into the problem of solving the singular values of the matrix A.
Let the singular values be p = {p1, p2, - - - , px} and normalize them [16], the singular value
entropy is:

k
H=-) PnPp (12)
i=1

where P; is the ratio of the i-th IMF component’s singular value to the whole singular value.

2.3. SVM Principle

SVM can be used to identify sample data, and the classification interval between
samples can be maximized by constructing a classification hyperplane [17]. The optimal
plane problem for SVM can be represented as:

w-P(xj)+b=0 (13)

where w is the weight vector, ¢ is the objective function, and b is the hyperplane constant
term. The optimal hyperplane problem can be equated to solve the following problem:

{ ming(w, &) = 3w+ C-
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where C is the penalty parameter and ¢; is the relaxation variable. The sample optimal
vector classification function is:

f(x) = sgn (f afyiK (xi, xj) + b*) (15)
i=1

where sgn(-) is the function that represents the return integer variable, «; is the optimal
Lagrange multiplier, b* is the classification threshold, and K (x;, x;) is the kernel function.

2.4. VMD-Volterra-SVM Algorithm Flow

Figure 1 shows the algorithm flowchart for the VMD-Volterra-SVM algorithm. The
algorithm decomposes the vibration signal using VMD, establishes Volterra prediction
models for each decomposed mode, and uses the Volterra model parameters to form an
initial feature-vector matrix. The algorithm then calculates the singular value and singular
value entropy of the feature-vector matrix. The singular value entropy is used as a feature
quantity and fed into SVM for training. After meeting the termination condition, the
algorithm is used to classify and identify the test set.
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Figure 1. The VMD-Volterra-SVM flow chart.

3. Simulation Analysis
3.1. Finite Element Model Building

A submarine cable is a type of cable laid on the sea floor; it is mainly used to transfer
data and energy across the ocean. Its structure is usually composed of conductors, insulat-
ing materials, sheathing, and optical fibers. Among them, optical fiber, as an important part
of a submarine cable, mainly plays the role of optical signal transmission, to achieve the
goal of undersea communication and data transmission. By injecting optical signals into
optical fibers, the vibration data of marine cables can be obtained by detecting the reflection
and scattering of optical signals, thus realizing the status monitoring and fault diagnosis
of marine cables. Vibration data can be analyzed and processed at land-based centralized
control stations to realize real-time monitoring and provide early warning of submarine
cable status. In the application to marine cables, the finite element analysis method can
effectively simulate the vibration of a marine cable in the process of anchor breaking. By
obtaining the vibration acceleration data from the optical unit, it is possible to accurately
detect the change of vibration acceleration of the optical unit when anchor damage occurs.

To sum up, a 500 kV single-core optical fiber composite submarine power cable with
a diameter of 180 mm is selected as the research object in this paper, and finite element
simulation is carried out to obtain the vibration acceleration of the optical unit at the time
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of anchor collapse. The submarine cable contains 12 layers, including a copper conductor,
conductor shield, XLPE insulation, insulation shield, and buffer water barrier. To reduce
the computational effort, the model is simplified to ensure computational accuracy. Among
them, because the thicknesses of the conductor shield and insulation shield are too small
and the mechanical properties are similar to those of XLPE insulation, the conductor
shield, XLPE insulation, and insulation shield can be combined into one layer [18], and the
simplified model is shown in Figure 2, in which the conductor shield and insulation shield
are omitted and combined in the XLPE insulation layer.

Quter serving

Steel wire armoring
Inner liner

Optical fiber unit
Inner sheath

Allay lead sheath

Semi—conductive waterblocking laver

HLPE insulation

Copper conductor

Figure 2. Simplified model structure of the submarine cable.

Since sea cables are mostly laid in offshore waters, where there are a large number
of small ships, their anchors pose the greatest threat to sea cables. The anchors on small
ships are selected as references in this paper; when anchor damage occurs, the contact
area between the ship anchors and sea cables is small, and the anchor damage is basically
irrelevant to the shape of the ship anchors; therefore, the ship anchors can be considered as
equivalent to a trapezoid body for calculation. Set the mass of the anchor to m = 140 kg,
volume to V = 0.038 m?, projection of the anchor bottom against the water surface to A =
0.048 m?2, seawater density to py, = 1030 kg/ m3, seawater resistance coefficient to Cp = 1.1,
medium gravity acceleration to g = 9.8 m/s?, velocity of the anchor striking the cable to v,
ignore the influence of sea tide on the anchor, and use the motion equation of a ship anchor
in the process of falling, which is as follows:

mg — pwV — %CDprv2 =0 (16)

According to Formula (16), the velocity, of v = 7 m/s, when the anchor strikes the sea
cable can be obtained. The overall model of anchor damage is shown in Figure 3, and this
model is 1 m long.

Anchor damage is a part of the large deformation dynamics process. Therefore, we
use the LS-DYNA module in Workbench to solve it. In the finite element analysis, mesh
partitioning has an important impact on the reliability of the calculations. Therefore,
Workbench provides a variety of mesh division methods. In order to ensure the accuracy of
the calculation and reduce the number of meshes as much as possible, this paper chooses
the combination of swept mesh division and mapped phase mesh division.
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Figure 3. Anchor damage overall model diagram.

After mesh partitioning, a gravitational acceleration of 9.8 m/s? is applied to the entire
model, and a downward velocity v is applied to the anchor separately. In this paper, v is
taken as 7 m/s. To prevent the anchor from sliding during the anchor smashing process,
the movement of the anchor in the x and z directions is constrained so that the anchor can
only move in the y direction. Since the anchor damage failure only occurs locally in the
submarine cable, the length is much smaller than the total length of the submarine cable, so
the two sections of the submarine cable can be completely fixed with the bottom end on
the soil.

3.2. Finite Element Simulation Results

The vibration acceleration of the light unit was extracted and the vibration acceleration
curve of the ship anchor acting on the cable within 0—0.3 s was drawn, as shown in
Figure 4a. Under the influence of the sea velocity, the cable will also vibrate under the
action of the wave force when the anchor is not broken. In [19], under the condition of a
uniform wave scour with a period of 1 s and a velocity of 2 m/s, a finite element model of
the sea cable scour by the sea wave was established. The flow direction of the model was
the x direction. By referring to the simulation results of the model, the vibration acceleration
curve of the sea cable under the action of a wave force, as shown in Figure 4b, was obtained.

x 10 %107

acceleration/m/s?
w & O O N ©®
acceleration/m/s?

0 0.1 0.2 0.3 0 0.1 0.2 0.3
t/s t/s

(a) (b)

Figure 4. Vibration acceleration curve of the submarine cable. (a) Vibration acceleration curve at the
moment of anchor smashing; (b) vibration acceleration curve at the moment of scouring.

4. VMD-Volterra-SVM Algorithm Validation
4.1. VMD Decomposition and Feature Extraction

The VMD decomposition is performed on the vibration signal of the submarine cable
obtained in Section 3.2. « is taken as 2000, the Lagrange multiplier step 7 is taken as 0,
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the number of IMF decomposition K is taken as 5, the convergence parameter is taken
as 1077, the decomposed modal components are obtained, and the waveforms of each
modal component are shown in Figure 5. The horizontal axis represents time, measured in
seconds, while the vertical axis represents the magnitude of the acceleration. From Figure 5,
it can be seen that the VMD decomposition results are more reasonable and can effectively
suppress the modal mixing phenomenon.
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Figure 5. The VMD decomposition waveform of a submarine cable vibration signal. (a) Scouring
vibration signal decomposition; (b) anchor smash vibration signal decomposition.

One hundred groups of each type of vibration signal were taken, and the VMD
decomposition was performed on each set. A Volterra prediction model was established
for each modal component of the decomposition. The Volterra model parameters were
formed into an initial eigenvector matrix, and their singular values and singular value
entropy were calculated to extract a total of 200 groups of feature values. Table 1 shows
the extracted singular values and singular value entropy based on the first three sets of
samples of the two types of vibration signals.
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Table 1. Singular values and the entropy of singular values for different submarine cable states.

Submarine
Cable Status Sample IMF1 IMF2 IMF3 IMF4 IMF5 H

Sample 1 2.5037 1.1586 0.6795 0.3894 0.1958 1.5193
Scrubbing Sample 2 2.5023 1.1659 0.6775 0.3954 0.1965 1.5237
Sample 3 25113 1.1548 0.6804 0.3904 0.2005 1.5272
Anch Sample 1 2.3902 1.0962 0.5535 0.2973 0.1159 1.2056
ne ‘}’f Sample 2 2.4037 1.0804 0.5221 0.2932 0.1522 1.2061
smas Sample 3 2.3954 1.0965 0.5361 0.2896 0.1561 1.2105

According to Table 1, the singular value entropy solved for the scouring vibration
signal of the sea cable is maintained at about 1.52, while the singular value entropy solved
for the anchor smash vibration signal is about 1.20. The fluctuation of the singular value
entropy between samples of the same type is small, while there is a significant difference
in the singular value entropy between samples of different types. This indicates that the
Volterra model established after VMD decomposition can effectively extract the characteris-
tics of the submarine cable vibration signals in different states, and improve the reliability
of the submarine cable anchor damage identification.

4.2. Fault Identification Results and Analysis

The singular value entropy extracted in 4.1 was sent to SVM for training as a data set
composed of eigenvalues. Specify the output label of the scouring vibration signal as 1
and the output label of the anchor smashing vibration signal as 2. The 200 sets of feature
values obtained in 4.1 are fed into the SVM as the data set for training, and the first 80%
of the feature values corresponding to each type of signal in the data set are used as the
training set and the last 20% as the test set, which results in 160 training samples and 40
test samples.

The SVM was used to identify and classify, and the parameters of the SVM algorithm
were determined. The penalty parameter C of the SVM and non-negative relaxation factor
¢; were combined to search for optimization, and the particle swarm optimization algorithm
was used to select the parameters. The value range of ¢ was [0.1, 100], and the value range
of {; was [0.01, 1000]. Finally, the optimal parameters are ¢ = 3.586 and {; = 2.248.

The hyperparameters involved in the VMD-Volterra-SVM algorithm are shown in
Table 2. The recognition and classification results are shown in Figure 6.

Table 2. The VMD-Volterra-SVM algorithm parameters.

Hyperparameter Size Hyperparameter Size
Quadratic penalty factor « 2000 Convergence parameter & 10~7
Lagrange multiplier step T 0 Penalty parameter 3.568

Number of IMF Non-negative relaxation

. 5 2.248
decomposition K factor ;

As shown in the figure, the VMD-Volterra-SVM model made correct judgments for all
40 samples tested, and the classification running time was 10.36 s; thus, the effectiveness of
this method can be verified.

As a comparison, the EMD and EEMD methods were used to decompose the above
signals in turn, to establish the Volterra model for each IMF component and obtain the sin-
gular value entropy, and to set the same parameter part in the three algorithms consistently.
The SVM classification algorithm was also used to identify the test samples, and the results
are shown in Figures 7 and 8.
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Figure 6. Anchor smash fault identification results based on the VMD-Volterra-SVM method.
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Figure 7. Anchor smash fault identification results based on the EMD-Volterra-SVM method.
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Figure 8. Anchor smash fault identification results based on the EEMD-Volterra-SVM method.

As can be seen from the figure, among the 40 test sets, the recognition results of the
EMD method have a total of five test samples with recognition errors, the recognition
accuracy is lower than 90%, and the classification running time is 13.26 s. The recognition
results of the EEMD method have a total of two test samples with recognition errors, and
the classification time was 11.49 s. Table 3 shows the confusion matrix analysis table of
VMD, EMD, and EEMD.

Table 3. The VMD, EMD, and EEMD confusion matrix analysis table.

Confusion Matrix . True Value
Scrubbing Anchor Smash
VMD Ar?(?;?rgzzgsh 0 2
Predicted Value EMD Anchon smech 5 5
EEMD oo e v 19

This shows that, although the classification accuracy of EEMD is higher than that
of EMD, it is lower than that of VMD. This is because, although EEMD can suppress the
endpoint effect and modal confusion of EMD to a certain extent, it still cannot completely
avoid them. Compared with the above three methods, the VMD-Volterra-SVM model
has the highest recognition accuracy, the fastest classification running time, the lowest
algorithm complexity, and a better classification effect, which indicates that the VMD
method can extract the information from individual frequency bands in the signal more
effectively than the EMD and EEMD methods, and provides a strong guarantee for the
subsequent extraction of anchor damage fault characteristics.

5. Conclusions

This paper proposes a new identification algorithm based on the VMD-Volterra-
SVM algorithm to address the problem of low accuracy in identifying submarine cable
anchor damage. Firstly, a vibration model of the submarine cable under anchor impact
is established, and finite element analysis is used to simulate and analyze the vibration
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signals of the cable during scouring and anchor impact. Then, the VMD algorithm is
used to decompose the vibration signals of the cable, and a Volterra prediction model is
established for each modal component. The singular value entropy is calculated as the
feature value of the cable vibration signal. Finally, the SVM algorithm is used to identify
the submarine cable anchor damage. The proposed algorithm significantly improves the
accuracy of identifying submarine cable anchor damage.

The analysis of submarine cable vibration signals using this method resulted in correct
judgments for all 40 test samples, demonstrating its effectiveness. Compared with the
EMD and EEMD methods, in the forty test samples, EMD had five misjudgments, and
EEMD had two misjudgments. It can be seen that the classification accuracy using the
VMD method is higher than that using the EEMD method, and both methods have a higher
classification accuracy than the EMD algorithm. In terms of running time, the VMD method
has the shortest running time, followed by the EEMD method, and the EMD method has
the slowest classification time. The results indicate that the VMD-Volterra-SVM model is
more accurate and faster in extracting the fault features of submarine cable anchor damage
compared to the other two methods. The algorithm also has lower complexity but higher
accuracy in identifying faults.

Author Contributions: Conceptualization, L.Z.; methodology, C.F; validation, C.X.; investigation,
H.D.; resources, W.Z.; data curation, J.G.; writing—original draft preparation, C.F,; writing—review
and editing, A.L.; visualization, C.X.; project administration, W.Z. and L.Z.; funding acquisition, H.D.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Science and Technology Project of China Southern Power
Grid, grant number 037700KK52220011, Key Research and Development plan of Shannxi Grant/Award
Numbers: 2023-YBGY-069.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhao, Z.H.; Zheng, Q.Z,; Sun, TX,; Huang, Y.H.; Li, H.J. Submarine cable fault location system and method based on optical fiber
pulse transmission. Electr. Meas. Instrum. 2020, 57, 24-29+87.

2. Lv, A.Q;Li,J. On-line monitoring system of 35 kV 3-coresubmarine power cable based on phi-OTDR. Sens. Actuators A Phys.
2018, 273, 134-139. [CrossRef]

3. Zhang, X,; Yin, C.Q.; Lv, A.Q. Method of Constructing Finite Element Model and Simulating of Photoelectric Composite
Submarine Cable. Comput. Simul. 2013, 30, 120-124+147.

4. Wang, Y,; Zhou, B.D,; Lin, X.B.; Li, S.Q.; Hu, K,; Lv, A.Q. Anchor Damage Detection of Submarine Power Cable based on
Distributed Optical Fiber Vibration Sensing Technology. Study Opt. Commun. 2018, 2, 40-43.

5. Zhang, Z.P;; Meng, S.X.; Hu, L.X,; Huang, X.Y.; Wang, S.H.; Li, T. Influence of Anchor Damage on Structure Layer of 500 kV
Submarine Power Cables. High Volt. Eng. 2020, 46, 561-568.

6. Shang, Q.F; Gong, B.; Zheng, G.Q. Analysis of vibration Characteristics of Optical Fiber Composite Submarine Cable under
Anchoring. Study Opt. Commun. 2021, 5, 45-49+56.

7. Zheng, G.Q. Research on the Vibration Signal Analysis Method of Optical Fiber Composite Submarine Cable Based on ESMD and
SVM. Master’s Thesis, North China Electric Power University, Beijing, China, June 2021.

8. Konstantin, D.; Dominique, Z. Variational Mode Decomposition. IEEE Trans Signal Process. 2014, 62, 531-544.

9. Wei, R.X.; Han, C.Z.; Zhang, Y.Y.; Kong, X.Y.; Song, Z.P. Volterra model method for fault diagnosis of a nonlinear system. J. Syst.
Eng. Electron. 2004, 11, 1736-1738+1752.

10. Zhang, C.; Zhao, R.Z.; Deng, L.E. Weak fault identification of rolling bearings based on VMD singular value entropy. J. Vib. Shock.
2018, 37, 87-91+107.

11.  Fouda, BM.T; Yang, B.; Han, D.Z.; An, B.W. Pattern Recognition of Optical Fiber Vibration Signal of the Submarine Cable for Its
Safety. IEEE Sens. ]. 2021, 21, 6510-6519. [CrossRef]

12.  Jiang, X.X,; Song, Q.Y.; Du, G.F,; Huang, W.G.; Zhu, Z.K. A review on research and application of variational mode decomposition.
Chin. J. Sci. Instrum. 2023, 1-24.

13.  Yang, G.Y;; Ding, X.N.; Wang, ].Q.; Wei, Y.D.; Zhou, X.L. Rotor fault diagnosis method of singular value entropy of Volterra modal

based on VMD. Manuf. Technol. Mach. Tool 2022, 3, 150-156.


http://doi.org/10.1016/j.sna.2018.02.033
http://doi.org/10.1109/JSEN.2020.3041318

Energies 2023, 16, 3053 13 of 13

14.

15.

16.

17.

18.

19.

Yang, Y.F. Applications of Empirical Mode Decomposition in Vibration Analysis, 1st ed.; Defense Industry Press: Beijing, China, 2013;
pp- 82-98.

Xu, Y.Q.; Zhou, C,; Geng, ] H.; Gao, S.G.; Wang, P. A Method for Diagnosing Mechanical Faults of On-Load Tap Changer Based
on Ensemble Empirical Mode Decomposition, Volterra Model and Decision Acyclic Graph Support Vector Machine. IEEE Access
2019, 7, 84803-84816. [CrossRef]

Li, D.Z.; Zheng, X.; Xie, Q.W,; Jin, Q.B. A sequential feature extraction method based on discrete wavelet transform, phase space
reconstruction, and singular value decomposition and an improved extreme learning machine for rolling bearing fault diagnosis.
Proc. Inst. Mech. Eng. Part E |. Process Mech. Eng. 2018, 232, 635-649. [CrossRef]

Yu, T. Research on Identification of Voltage Sag Source Based on IVMD and M-SVM. Master’s Thesis, Liaoning Technical
University, Huludao, China, June 2019.

Hu, Y.J. Research on Finite Element model of Optical Fiber Composite Submarine Cable Mechanical Behavior. Master’s Thesis,
North China Electric Power University, Beijing, China, March 2018.

Feng, Y.S.; Shang, Q.F,; Lv, A.Q. Dynamic Finite Element Analysis of Fiber-Optic Composite Submarine Cable Under Wave. Study
Opt. Commun. 2017, 4, 30-34.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1109/ACCESS.2019.2925046
http://doi.org/10.1177/0954408917733130

	Introduction 
	VMD-Volterra-SVM Algorithm 
	VMD Principle 
	Principle of the Volterra Model 
	SVM Principle 
	VMD-Volterra-SVM Algorithm Flow 

	Simulation Analysis 
	Finite Element Model Building 
	Finite Element Simulation Results 

	VMD-Volterra-SVM Algorithm Validation 
	VMD Decomposition and Feature Extraction 
	Fault Identification Results and Analysis 

	Conclusions 
	References

