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Abstract: High-voltage (HV) cables are increasingly used in urban power grids, and their
safe operation is critical to grid stability. Previous studies have analyzed various defects,
including the open circuit in the sheath loop, the flooding in the cross-bonded link box,
and the sheath grounding fault. However, there is a paucity of research on the defect of the
reverse direction between the inner core and the outer shield of the coaxial cable. Firstly,
this paper performed a theoretical analysis of the sheath current in the reversed-connection
state and established a simulation model for verification. The outcomes of the simulation
demonstrate that there are significant variations in the amplitudes of the sheath current
under different reversed-connection conditions. Consequently, a feature vector was devised
based on the amplitude of the sheath current. The support vector machine (SVM) was
then applied to diagnose the reversed-connection defects in the HV cable cross-bonded
grounding system. The artificial rabbits optimization (ARO) algorithm was adopted to
optimize the SVM model, attaining an impressively high diagnostic accuracy rate of 99.35%.
The effectiveness and feasibility of the proposed algorithm are confirmed through the
analysis and validation of the practical example.

Keywords: high-voltage cable; defect diagnosis; sheath current; ARO

1. Introduction

The scale of power transmission and distribution grids has been increasing year by year
with the development of urbanization. HV cables are widely used due to their advantages,
such as meeting the requirements of electric energy transmission and protecting the urban
landscape, and their proportion in the power grid is becoming larger and larger [1,2].
Therefore, the safe operation of cables plays an irreplaceable role in ensuring the stability
of the power grid [3-5].

Power grid workers usually refer to single-core coaxial cables with a rated working
voltage of 110 kV and above as HV cables. During operation, the principle of electro-
magnetic induction states that an induced voltage will appear on the metal sheath of the
cable [6]. This induced voltage will change due to the influence of the core current and
the cable length. The metal shielding layer of HV cables can reduce the mutual influence
between the internal and external electric fields. The grounding methods usually adopted
include direct grounding, grounding at both ends, and cross-bonded grounding [7]. The use
of cross-bonded grounding can effectively limit the excessive induced voltage and sheath
current of HV cables. In the maintenance and inspection of the HV cable cross-bonded
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grounding system, the sheath current is one of the important parameters reflecting the
cable state. Based on the changes in the sheath current, cable fault states can be effectively
diagnosed [8-10].

Damage to the sheath, incorrect wiring in link boxes, the puncture of epoxy pre-
fabricated parts, and the reversal of the direction of the core and outer shielding layer
of coaxial cables are all reasons that can cause changes in the sheath current of the HV
cable cross-bonded grounding system, affecting the normal operation of the cables [11,12].
In identifying abnormal sheath currents in HV cable cross-bonded grounding systems,
personnel are required to undertake a range of diagnostic procedures to ascertain the
nature and location of cable faults. These include partial discharge monitoring [13], in-
sulation resistance monitoring [14], grounding current monitoring [15], etc. This process
can significantly impact the stability of the power system. Consequently, the expeditious
diagnosis of cable fault types and the swift identification of fault locations are of paramount
importance [16]. Scholars both domestically and internationally have conducted research
and analysis in various directions regarding the cross-bonded grounding systems of HV
cables. Reference [17] proposed a methodology for analyzing the cable sheath current,
utilizing the separation of the cable sheath current and the resistive current from the leak-
age current to determine the presence of a cable fault. This approach was substantiated
through the utilization of both simulation and experimental methods. However, it should
be noted that the method is constrained in its capacity to analyze a wide range of cable
faults, encompassing only cable insulation faults, cable sheath loop faults, and cable joint
puncture faults. Reference [18] constructed a feature vector based on the amplitude and
phase angle of the sheath current in the grounding boxes at both ends, and employed
the long short-term memory (LSTM) algorithm to perform the intelligent classification
of faults in the cable cross-bonded grounding system. However, in practical engineering,
the phase angle of the sheath current was rarely used to assess cable faults, and the pro-
posed method required verification. Reference [19] proposed a fault location method based
on the electrical quantities at both cable ends. A substantial body of simulation results
demonstrated the capability of this method to locate the fault starting point accurately.
However, the data analysis of the proposed method was relatively complex. Reference [20]
introduced the defect of the coaxial cable core and shielding direction being reversed, and
analyzed its circulating current characteristics. Although it achieved the classification and
generalization of common reversal defects, the leakage current was overlooked, only the
induced current was considered, and it did not employ simulation for validation.

Current online detection methods for cable faults typically involve the construction
of feature vectors based on a substantial number of feature quantities to facilitate the
identification of faults. However, these methods are deficient in their coverage of fault
types, particularly in the context of coaxial cable core and outer shielding layer reversals, a
phenomenon that has received scant attention in the extant literature. When the connection
direction between the cable core and the outer shielding layer is reversed, the circulating
current in the sheath will increase significantly, leading to operational failures. This will
further endanger the stability of the power system, potentially causing power outages and
economic losses. Furthermore, the utilization of intelligent algorithms, such as machine
learning and deep learning, in the field of cable fault diagnosis for cross-bonded grounding
systems is also limited. Among them, due to its excellent classification performance, strong
nonlinear processing ability, and high anti-interference capacity, the SVM has been widely
applied in the field of fault diagnosis [21,22]. However, the selection of hyperparameters in
the SVM directly affects the results of the fault diagnosis.
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Therefore, this paper proposed a diagnosis method for reverse-connection defects in
the cross-bonded grounding system of HV cables based on an optimized SVM algorithm.
The main contributions of this paper were as follows:

1.  The reverse-connection defects between the core and the outer shielding layer of
coaxial cables were systematically integrated. The theoretical situations of sheath
currents under different reverse-connection states were analyzed, providing theoret-
ical guidance for grid workers to diagnose reverse-connection defects in the cable
cross-bonded grounding system.

2. A simulation model of the cable cross-bonded grounding system was built using
the Power System Computer-Aided Design (PSCAD) simulation software, version
v4.6.2. The theoretical situations of sheath currents under different reverse-connection
states were verified. It was found that the amplitude of the sheath current varied
significantly under different operating conditions, providing a basis for the subsequent
construction of feature vectors.

3. A feature vector based on the amplitude of the sheath current was constructed. The
ARO algorithm optimized the SVM model and compared it with the particle swarm
optimization (PSO) and sparrow search algorithm (SSA). This improved the accu-
racy and efficiency of multi-classification fault diagnosis, and the accuracy rate was
increased by 5.84% compared with the basic model.

2. Analysis of Sheath Currents Under Normal Operation

In HV cable lines with a length greater than 1000 m, the metal sheath grounding
system of HV cables generally employed a cross-bonded method to reduce the induced
voltage and sheath current. The configuration of the HV cable cross-bonded grounding
system was illustrated in Figure 1.

Figure 1. Model of cross-bonded grounding system for HV cables.

Figure 1 showed a cross-bonded main section, and a typical HV cable line generally
consists of several such sections. Each main section contained two direct grounding boxes
at the ends (G and Gy), two cross-bonded grounding boxes (J1 and J), nine minor metallic
sheath sections of approximately equal length (A1, A,,..., C3), and twelve cable joints
(Jao, Ja1,---, Jc3)- The sheath of the HV cable was transposed utilizing cross-bonded
boxes, forming three sheath return loops: A1-By-Cs, B1-Cp-A3, and Ci-Ay-B;. The cable
sheath currents, designated I 41, Ip1, Iic1, L1a2, Iiba, and Ijp, could be divided into leakage
currents [23] and sheath-induced currents. These sheath currents flowed directly to the
earth through G; and G;, completing the closed circuit.
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2.1. Leakage Current

The flow direction of the leakage current of the cable was from the cable core through
the insulating layer to the metal sheath. Taking minor section A; as an example for the
introduction, its flow direction schematic diagram was shown in Figure 2.

Core
Z; ‘I Al Insulation layer
ﬁ Z, Z I
Al mLAl mRA1 RAI
—  m— Metal sheath
y ml

Figure 2. Schematic diagram of the flow direction of the leakage current of the cable in minor
section Aj.

In Figure 2, I51 represented the leakage current of the cable, while I} o1 and Ira1
were the components of the leakage current flowing to the left and right in the metal
sheath, respectively. Their equivalent relationship could be seen in Equation (1). Z; was the
equivalent impedance of the insulating layer, and Z1.41 and Z,ra1 Were the equivalent
impedances of the left and right sides of the cable metal sheath, respectively.

In1 = Iat + Irat 1)

ZmAl = ZmLAl + ZmRA1 ()

where Z,a1 was the equivalent impedance of the minor section A1l of the metal sheath.
Since the capacitive current accounted for a relatively large proportion of the leakage
current, the leakage current was approximated as the capacitive current:

In1 = Icar = jwCUAIA1 3)

where Ica; represented the capacitive current, U was the voltage of the cable core, I4;
was the length of the minor section A; of the metal sheath, and C was the capacitance of
the cable with its value obtainable from Equation (4). Since the voltage of the HV cable
cross-bonded grounding system and the impedance of the cable insulating layer would
not change in a short period, the cable leakage current could be considered approximately
constant.

& x556x 1071 s
o Dc + 26 (4)
ln(iD )

C

C

where ¢, was the relative dielectric constant, D¢ was the diameter of the cable core, and
o was the thickness of the insulator. The relative dielectric constant of the cross-linked
polyethylene was 2.3.

The leakage current components in the sheath loop could be calculated according
to the current distribution rule. Take section A; as an example—Ij o1 and Ira; could be

obtained as follows:
I _ _Zmra1+Zmp2+Zmc3+Rg
LAl ZmAl +ZmB2+ZmC3+Re+Rg Al (5)

— ZniartRe
IRA1 - ZmAl+ZmBZ+ZmC3+Re+Rg IAl

where Zia1, Zmpz, and Zp,c3 were the equivalent impedances of the three minor sections Ay,
By, and C3 of the metal sheath, respectively, and Re and Rg were the grounding resistances
at both ends of the cross-bonded loop.
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2.2. Sheath-Induced Current

The current generated in the sheath loop based on the principle of electromagnetic
induction was called the sheath-induced current. The equivalent induced circuit of the
metal sheath of the cross-bonded cable was shown in Figure 3.

(]mAI ZmAl UmAZ ZmA2 ZmA3 []mAB

Iml
—_—
l]mB] ZmBI

Figure 3. Equivalent induced circuit of the metal sheath of the cross-bonded cable.

In the figure, Unan, Umpn, and Upcn (n =1, 2, 3) were the induced voltages of the
metal sheaths of each section of the cable. Zyan, Zmpn, and Zy,cn, were the equivalent
impedances of the metal sheaths of each section of the cable, respectively, and I1,1, I;m2, and
Im3 were the induced circulating currents of the three sheath loops whose values can be
calculated by Equation (6).

Umna1+Ump2+Umncs

1 = 7 o Zmca t Re TR
| U1 +Umcz+Umas (6)
M2 = Z, 51+ Zmc2+Zmas+Re Ry

) — Umci +Umaz +Umps
m3 = Z 1+ Zmaz+Zmes +Re Ry

Taking minor section A; as an example to calculate its induced voltage, the length of
the HV cable, the method of installation, and the core current could all have an effect on
the induced voltage of the sheath. However, since the induced current was much smaller
than the core current, the effect of the sheath-induced current on the induced voltage was
not considered. The calculation of its induced voltage was as follows:

Uma1 = —jw(IaLaa + IsLag + IcLac)la1 (7)

where I, Ig, and Ic were the cable core currents of phases A, B, and C, respectively. Laa
was the mutual inductance coefficient of the core of phase A to the metal sheath of phase
A, Mg was the mutual inductance coefficient of the core of phase B to the metal sheath
of phase A, and Mac was the mutual inductance coefficient of the core of phase C to the
metal sheath of phase A.

2.3. Current in the Grounding Boxes

The sheath current in the grounding boxes at both ends was the vector sum of the
leakage current and the sheath induced current. This paper stipulated that the positive
direction of the current flow is to the right. The change of the sheath current in the
grounding box could reflect the operation status of the sheath loop. According to the above
analysis, the sheath current in the grounding box was as shown in Equation (8). When
ideal conditions such as the same cable laying method, equal lengths of cross-bonded
sections, and balanced core load currents were met, the induced voltages on each section
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of the metal sheath generally satisfied the following relationships—Uma1 = Uma2 = Umas,
Ump1 = UmB2 = Umps, Umc1 = Umc2 = Unmcs—and the magnitudes of Upan, Umpn, and
Umcn were equal. The amplitude when the three voltages were equal was designated Up,.
The phase of Unyan preceded the phase of Uppn by 120°, and the phase of Uy,p, succeeded
the phase of Uycn by 120°. It was evident that the magnitude and phase relationships of
the voltages of each phase core were similar. Furthermore, the equivalent impedances of
each section of the metal sheath were approximately equal. We denoted this by Zy,. It was
evident that I,1, I, and I3 were close to 0 when the cable functioned within normal
parameters.

Consequently, when the cable functioned within normal parameters, the sheath current
within the grounding enclosure was predominantly influenced by the leakage current.

Lat = —(Iuar + Itg2 + Ics) + I
Ipr = —(Ip1 + Iz + ILaz) + Im2
Lia = —(Iuct + ILaz + Iies) + Im3
Lap = (IrB1 + Irc2 + Ira3) + Im2
Iy = (Irc1 + Ira2 + IrB3) + Im3
Lo = (Ira1 + IrB2 + Irc3) + Im1

®)

where I},1 and I}, were the currents at the beginning and end of the sheath loop A;-B,-Cs,
Iip1 and I,, were the currents at the beginning and end of the sheath loop B;-C;-A3, and
Iic1 and Iy, were the currents at the beginning and end of the sheath loop C;-A-Bs.

3. Analysis of Sheath Currents for Reverse-Connection Defects

In a normal cross-bonded grounding system, the inner core and outer shielding layer
of the grounded coaxial cable are connected to the aluminum sheath at the far and near
ends, respectively. Typically, we designate the aluminum sheath along the direction of the
coaxial cable as the proximal end, and the opposite end as the distal end, as illustrated in
Figure 4. If there is a reverse-connection defect between the inner core and outer shielding
layer of the coaxial cable, the induced voltage of the cable metal sheath cannot be canceled
out. This results in an increase in the sheath current and a reduction in the service life of the
insulation. The following analysis will examine the sheath current of the reverse-connection
defect, focusing primarily on one reverse connection and two reverse connections. The
specific reverse-connection defect states are shown in Table 1. Since the probability of three
or more simultaneous reverse connections is extremely low, this paper does not consider it.

Figure 4. Schematic diagram of coaxial cable joint.



Sensors 2025, 25, 590 7 of 25

Table 1. Classification of states of HV cable cross-bonded grounding system.

Defect Type Defect Location State Number
Normal / 0
Misconnection of joint Ja; 1
Misconnection of joint Jp; 2
A reversed connection in Misconnection of joint J¢; 3
the cable joint Misconnection of joint J a2 4
Misconnection of joint Jp, 5
Misconnection of joint Jc 6
Misconnection of joint J o1 and Jp; 7
Misconnection of joint Jp; and Jc1 8
Misconnection of joint Jc1 and Ja1 9
Misconnection of joint Ja, and Jp, 10
Misconnection of joint Jg, and Jc 11
Misconnection of joint Jc; and Ja» 12
Reversed connections in Mi.sconnecti.on of j.oi.nt Jarand ] 13
two cable joints M.lsconnect.lon of JO}nt Jg1 and Jp» 14
Misconnection of joint Jc1 and Jc 15
Misconnection of joint Jo1 and Jp, 16
Misconnection of joint Jg; and Jc 17
Misconnection of joint Jc1 and Ja» 18
Misconnection of joint Jg; and Ja» 19
Misconnection of joint J¢1 and Jp 20
Misconnection of joint Ja1 and Jco 21

3.1. One Reversal

There was a total of six types of single-reversal defects where the inner core and
outer shielding layer of the coaxial cable were reversed: Ja1, Js1, Jc1, Ja2, Iz, and Jco were
reversed. Taking the reverse-connection defect of the cable joint J41 as an example for
analysis, its equivalent circuit diagram was shown in Figure 5.

UmAl ZmAl []mAZ ZmA2 ZmA3 UmA3

Ja1 s reversed
Jan is reversed
Jg; is reversed
Jgo 1s reversed
Joo 1s reversed

Figure 5. Equivalent circuit diagram when Ja; is reversed.

When the Jo; had a reverse-connection defect, the sheath circuit changed. There were
three circuits in total. Loop 1 is A1-Cy, loop 2 is B1-C;-A3, and loop 3 is Ap-B3-C3-B;. The
induced current in the sheath would also change accordingly, as shown in Equation (9).
The induced sheath current of loop 2 was consistent with that during normal operation and
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its magnitude was close to 0. Since the impedance of loop 3 was 4Z,, and the impedance of
loop 1 was 2Zy, the induced current of loop 1 was twice that of loop 3.

_ Una1—Uncr
Ifl - ZmA1+ZmC1
Ip = Im2 )

Jen — Umao+Umps—Umcs—Umpy
f3 ZmAZ +ZmB3+ZmC3+ZmB2

where I, I, and I3 were the induced currents in the sheath circuits under the current
defect condition.

It could be seen from Figure 5 that the impedances of loops 1 and 3 had changed, so the
distribution of the leakage current in each section of these two circuits would also change
accordingly. Taking minor section Al as an example, the change in its leakage current
component was shown in Equation (10) (the leakage current components of each small
section in other reverse-connection defects could be written using the current distribution
rule, so no further analysis was carried out). Since loop 2 had not changed, its sheath
current could still be obtained by Equation (8). Based on the above equations, the current in
the grounding box could be obtained as shown in Equation (11). Since the leakage current
was smaller than the induced current, the sheath current magnitude could be judged by
the change in induced current. Among them, I},; and I;.; were at the two ends of the same
sheath loop, so their magnitudes and phases were approximately the same. Similarly, it
could be obtained that Iy, and Ij, were also approximately equal, and Iy, and Ij,, were
also approximately equal. Obviously, at this time, Ij,; and I}, were close to the current
values during normal operation and were much smaller than the other four values, while
I1a1 and Ij.; would be greater than Iy, and .

Zm?mLAl (10)

Ira1 = Zma1+Zmc1 In

{ ILay = ZaLtznay,
a1 = —(ILa1 + Irc1) + In
Ly = —(Ip1 + Ic2 + ILas) + Ip
L = —(Icr + Irat) — In 1)
Lap = (IrB1 + Irc2 + [RA3) + Ip
Ly = (Ira2 + Irez + ILg2 + ILc3) + I3
L = (ILa2 + Itgs + Irp2 + Irc3) — I3

3.2. Two Reversals

There were three categories of defects in which the inner core and outer shielding layer
of the coaxial cable were reversed at two positions: reversed connections within the same
cross-bonded link box, reversed connections of the same phase, and reversed connections
at joints across different phases and cross-bonded link boxes.

3.2.1. Reversed Connections Within the Same Cross-Bonded Link Box

There was a total of six cases where two reversed connections of the inner core and
outer shielding layer of the coaxial cable were located within the same cross-bonded link
box: Ja1 and Jp; were reversed simultaneously, Ja1 and Jc; were reversed simultaneously,
Jp1 and J¢1 were reversed simultaneously, a2 and Jg, were reversed simultaneously, J 42 and
Jc2 were reversed simultaneously, and Jp; and Jc; were reversed simultaneously. Taking
the case where J4;1 and Jp; were reversed simultaneously as an example for analysis, the
equivalent circuit diagram of this situation was shown in Figure 6.
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Unat Z,
mAl .
Jay is reversed
I Jaz is reversed
— Jpi is reversed
UnBl  Zg Iy is reversed
Jcy is reversed
I
e
UmCl ZmCl

Figure 6. Equivalent circuit diagram when Jo; and Jp; are reversed.

When J 41 and Jp; were reversed simultaneously, there were three sheath loops: loop
1 was A1-Cy, loop 2 was B1-A»-Bs, and loop 3 was B;-C3-A3-C,. Since the sheath circuits
were inconsistent with those in normal operation, both the induced current in the sheath
and the leakage current would change. It could be obtained from Figure 6 that the induced
current in the sheath of the faulty circuit was as follows:

— Unar—Unci
ZmA1+ZmC1
Jor — U1 +Umaz+Umps (12)
2 ZB1tZmA2+ZmB3+Re+Rg
Jen — UmB2+Umcs—Umaz—Umca
f3 ZmB2+ZmC3 +ZmA3 +ZmC2

There was a grounding resistance in loop 2, and the grounding resistance was much
larger than the equivalent impedance of the sheath. Therefore, I, was the smallest. The
impedance of loop 1 was twice that of loop 3, so the magnitude of Iy; was twice that of I3,
and there was a 120° phase difference between them.

According to the superposition theorem, the current in the grounding box was as
follows:

Lo = —(ILa1 + Irc1) + In

It = —(Iugr + Iraz + Iigs) + I

Ly = —(ILcr + Ira1) — In (13)
D = (Ig2 + Iucs + Iras + Irc2) — Is

o = (Irp1 + Iraz2 + Irs) + Ipp

o = (Irp2 + Ircs + Iras + Ic2) + Iz

As shown in Figure 6, I},1 and I;;; were located at the two ends of loop 1, so they

were approximately equal. Similarly, it could be obtained that Ij,; and I}, were also
approximately equal, and I}, and Ij; were also approximately equal. Judging from the
magnitude relationship of the induced currents: Ij,; and Ij,, were greater than the current
values during normal operation but smaller than the other four sheath currents. Ij,; and Ij;
were the largest among the sheath currents at this time and were approximately equal to
the corresponding current values when J41 was reversed. Due to the influence of leakage
current, the phase difference between Ij,; and Ij.,, as well as between I,, and I}, was
not 120°.

3.2.2. Reversed Connections of the Same Phase

There was a total of three cases where the two reversed connections of the inner core
and outer shielding layer of the coaxial cable were of the same phase: Jo; and Ja» were
reversed, Jg; and Jpp were reversed, and Jc; and Jcp were reversed. Taking the case where
Ja1 and Jao were reversed as an example for introduction, the equivalent circuit diagram of
this situation was shown in Figure 7.
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Umal  Zya Unaz Zipas Zmas  Umas )
Ja1is reversed
I Jaz is reversed
fl I . d
— 0 g —_— Iy is reverse
UnBl  Zp U2 Zypo 53 Unmbs T is reversed
Joy is reversed
Ip
—_— >
UmCl Zucl UmC2 Znca ch3 (]mC?s

iRe iRg

Figure 7. Equivalent circuit diagram when Jo; and Ja» are reversed.

When Ja1 and Jop were reversed simultaneously, the sheath circuit was different from
that in normal operation. Loop 1 was A1-Cy, loop 2 was B1-Cy-A;-B,-Cs, and loop 3 was
A3-Bs. The induced current in the sheath of the corresponding circuit and the leakage
current of each minor section of the metal sheath also changed accordingly. It could be
obtained from Figure 7 that the induced current in the sheath of the faulty circuit was as

follows:
I — Umar—Umc
f1 ZmA&-i- Zm%
Iy — mB1+Umc2 —Umar +Umpr +Umcs (14)
2 = Zomi+ Zmco+ Zmaz + ZmB2 + Zincs +Re+Rg 7
Jin — Umas—Umps
3 = Zmas+Zmss

As could be seen from Equation (14), the impedances of loops 1-3 were 2Z,, 5Zy, +
Re + Rg, and 2Zy,, respectively. Since the grounding resistance was much larger than the
sheath impedance, the current of loop 2 was much smaller than that of the other loops.
However, at this time, I, was slightly larger than the induced current value of loop 2 when
Ja1 and Jp; were reversed, while the magnitudes of If; and I3 were equal.

According to the superposition theorem, the current in the grounding box was as
follows:
a1 = —(ILa1 + Irc1) + In
by = —(Iupr + Iz + Iraz + Iug2 + Iues) + I
e = —(Itcr + Ira1) — In (15)
lay = (Iras + ILg2) + I3
Io = (ILas + Irss) — I3
heo = (Irp1 + Irc2 + ILaz + Ire2 + Ircs) + I

Since the topology of loop 1 was consistent with that of loop 1 when J 41 and Jg; were

reversed, and the topology of loop 3 was similar to it as well, the sheath currents were
approximately equal. However, loop 2 had undergone significant changes and contained
five minor sections of the metal sheath. Judging from the relationship of the induced sheath
currents, the magnitudes of I},1, Iic1, l1a2, and I,y were approximately equal, while the
current values of Ij,; and I were the smallest.

3.2.3. Reversed Connections at Joints Across Different Phases and Cross-Bonded
Grounding Boxes

There was a total of six cases where the two reversed connections of the inner core
and outer shielding layer of the coaxial cable were located at joints across different phases
and cross-bonded grounding boxes: Ja1 and Jp, were reversed simultaneously, Ja1 and Jc
were reversed simultaneously, Jp; and Ja, were reversed simultaneously, Jp; and J¢p were
reversed simultaneously, J¢1 and Ja» were reversed simultaneously, and J¢; and Jp, were
reversed simultaneously. According to the reversed topology, it could be further divided
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into two cases. One case was that Jo; and Jp; are reversed simultaneously, Jg; and Jcp were
reversed simultaneously, and Jcj and Ja2 were reversed simultaneously. The other case was
that Jp; and Ja» were reversed simultaneously, Jc1 and Jgp were reversed simultaneously,
and Ja1 and Jcp were reversed simultaneously.

Take the simultaneous reversal of J51 and Jp; as an example for the first case. The
equivalent circuit diagram under this circumstance was shown in Figure 8.

Unal Zpy UnA2  Zpao Zas  Umas

Ja11s reversed
Jan is reversed
Jg1 1s reversed
Jgo 1s reversed
Jco is reversed

iRe iRg

Figure 8. Equivalent circuit diagram when Jo; and Jp; are reversed.

When Ja1 and Jp; were reversed simultaneously, there are four sheath loops: loop
1 was A1-Cq, loop 2 was B1-Cp-Ag3, loop 3 was Aj-B,, and loop 4 was B3-C3. Since loop
2 operated as in normal conditions, the induced current and leakage current in loop 2
remained unchanged, while those in other sheath circuits varied. It could be obtained from
Figure 8 that the induced current in the sheath of the faulty circuit was as follows:

I = Ymar—Umc
fl Znar+Zmca
Iy = Ump1 +Umco+Umas
2= Zop1+Zmc2+Zmas+Re TRy (16)
Jin — Umar—Umpp
3 = Zmaz+Zms2
ey — UmB3—Umcs
f4 Zmp3+Zmcs

Loop 2 eliminated the induced voltage through a three-phase superposition. The
voltages and impedances of the remaining loops were consistent. Therefore, the induced
current of loop 2 was zero, and the magnitudes of the induced currents of the remaining
loops were equal.

According to the superposition theorem, the current in the grounding box was as
follows:

Iar = —(ILa1 + Irc1) + In

It = —(Iugr + Iz + ILas) + I

ha = —(Icr + Ira1) — In 17
Ix = (Irp1 + Irc2 + IRa3) + I

Ip = (Irss + Iuca) + I

Iieo = (Iugs + Ircs) — Ins

As could be seen from Figure 9, I},1 and I};; were located at the two ends of loop 1,
so they were approximately equal. Similarly, it could be obtained that I,y and I}, were
also approximately equal, and Iy,; and Ij., were also approximately equal. Loop 3 did not
pass through the grounding box, so the current of this loop was not analyzed. Since the
induced current value of loop 2 was zero, its sheath current was only the leakage current.
It could be known that I, and Ij,, were close to zero. The magnitudes of the induced
currents of loop 1 and loop 4 were equal, so the magnitudes of I1,1, I}c1, Iy, and I, were
also approximately equal.
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Figure 9. Equivalent circuit diagram when Ja; and Jc are reversed.

Another case was analyzed by taking the simultaneous reversal of Jo; and Jc as an
example. The equivalent circuit diagram under this circumstance was shown in Figure 9.

When J 41 and J¢p were reversed simultaneously, there were three sheath loops in total.
Loop 1 was A1-Cy, loop 2 was B;-Cy-B;-Aj-Bs, and loop 3 was A3-C,. Loop 2 contained
five minor sections of the metal sheath, and both the beginning and the end of loop 2 were
of the B phase. The topologies of loop 1 and loop 3 were consistent, both containing the
metal sheaths of phases A and C. As could be obtained from Figure 9, the induced sheath
currents of the loops were as follows:

I = Unar—Umnc1 \/gumxeiﬁoc>

f1 = 7., +sz& - 27m

| p— mB1 +Umc2 —UmpB2 +Uma2+Umps -0 (18)
2 = ZoB1+ Zmco+ Zmb2 + Zmaz + Zmps+ Re T Ry

Unas—Umcs _ v/BUpxe 3%

I;s = Zinaz+Zmcs 2Zm

As could be known from the above equation, loop 2 eliminated the induced voltage
through voltage superposition, thus resulting in its induced current being zero. The induced
currents of loop 1 and loop 3 were equal.

L1 = —(ILa1 + Irc1) + In

Ly = —(Ip1 + Iz + Ire2 + ILaz + ILgs) + Ip

L = —(Itcr + Irat) — In (19)
Lap = (Ira3 + Itc3) + I3

Ly = (Irp1 + Irc2 + ILB2 + IRA2 + IRB3) + I

Lo = (ILaz + Irc3) — I3

As could be seen from Figure 9 and Equation (19), 1,1 and I;.; were located at the
two ends of loop 1, while I,; and I}, were at the two ends of loop 3. The currents at the
corresponding beginning and end of the two loops were basically equal. Since the induced
current of loop 2 was zero, its sheath current, that is, leakage current, was close to zero and
nearly identical to the current magnitude during normal operation.

Although these two reversed-connection cases both occurred in different phases and
different cross-bonded grounding boxes, one had four loops while the other had three loops.
In both reversed-connection cases, the sheath currents of two loops were basically equal,
and the circulating current of the other loop was normal. However, the loop topologies of
the two were not completely consistent.

3.3. Selection of Feature Quantities

Different reverse-connection defects in the cross-bonded grounding system signifi-
cantly altered the metal sheath circuit compared to normal operation, thereby affecting
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the sheath current in the grounding boxes at both ends. Therefore, we could use the
sheath current as a feature to judge the operating state of the HV cable. The sheath cur-
rent included two signals: amplitude and phase. However, in engineering practice, the
measurement of the amplitude signal was relatively simple, and the data processing was
more straightforward. In contrast, the phase signal was susceptible to electromagnetic
interference, and its measurement was more difficult. Moreover, at present, the staff mainly
rely on the amplitude signal of the sheath current to determine whether a fault occurs in
the cable grounding system. Considering these practical factors, the current phase signal
was excluded, and the feature quantities were constructed based solely on the amplitude
signal to reflect the sheath circuit’s operating state.

As could be known from the above analysis, during normal operation, the sheath
currents Ij,1 and [, jointly reflected the operating state of loop A1-B,-C3, i1 and I}, jointly
reflected the operating state of loop B1-C»-A3, and [1; and Iy, jointly reflected the operating
state of loop C1-Ap-Bs. During the reversed operation, the sheath loops changed, and I},1,
Iio, Iiv1, Ta2, Lic1, and Iy might not necessarily reflect the operating state of the same loop
anymore. Therefore, feature quantities could be constructed based on the amplitudes of the
above six currents. To reduce the influence of the cable operating voltage and parameters,
the cable ratios were selected as the feature quantities, as shown in Equation (20).

Since the sheath currents [},; and [}, jointly reflected the operating state of the loop
A1-By-C3, I1p1 and I}, jointly reflected the operating state of the loop B1-C;-A3, and [} and
Ips jointly reflected the operating state of the loop C1-Ay-Bs; the feature quantity could be
constructed based on the amplitudes of the above six currents, as shown in Equation (20).

t = Lo —la1 ty = ‘ Lap—Iip ty = ’ Iy~
max(lia1,ie2) | max(Iz2 Ip1) |7 max (i1, ip2) (20)
Ip1” L’ L

where t1, t, and t3 were the absolute values of the ratio of the amplitude difference of
the same sheath circuit to the maximum amplitude of the circuit, which could reflect the
operating state of the same metal sheath circuit. ¢4, t5, and t; were the amplitude ratios of
the sheath current in the grounding box at the front end, which could reflect the operating
state of different metal sheath circuits. According to the changes in the above six feature
quantities, the type and location of the cable reverse-connection defect could be determined.
Thus, the feature quantity matrix used in this paper to reflect the operating state of the

HYV cable was as follows:
[tl,tz, t3, t4, t5, t6] (21)

4. Simulation Analysis

In this paper, the cable of type YJLW03-64/110-1x800 was chosen for constructing the
simulation model. The cables were arranged horizontally, with a burial depth of 1 m and a
spacing of 0.27 m, spanning a total length of 1500 m. The three interconnected segments of
the cross-bonded system each had a length of 500 m. The specific parameters are shown in
Table 2 [24]. In the PSCAD v4.6.2 software, the cable line was modeled using a frequency-
dependent model. The voltage level was set at 110 kV, and a three-phase balanced load was
configured as a resistive load with a resistance value of 500 (). Meanwhile, the grounding
resistance of the sheath circuit was 1 Q). The simulation model built using PSCAD v4.6.2
software was shown in Figure 10.
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Table 2. Simulation parameters of cable [24].

Cable Parameters Value
Outer diameter of conductor/mm 34.2
Inner diameter of metal sheath/mm 78.6
Outer diameter of metal sheath/mm 82.6
Thickness of semiconductor shielding layer/mm 2
Thickness of insulation layer/mm 16
Outer diameter of cable/mm 94
Relative dielectric constant of XLPE 2.3
Resistivity coefficient of conductor/(nQ-m~1) 16.8
Resistivity coefficient of the earth/(Q-m™1) 100
Resistivity coefficient of sheath/(nQ-m~1) 28.4
A A /%@\
Cable_2 Cable_3
Cah\efl%’ %/ %/
A4
a1 §£ Ci@@ c1 15700 [ohm]
— Is c?,j %’97500 [ohm]
o—s . 500 [ohtfi]
Ji Icg B3 ; 23

Figure 10. Simulation model.

4.1. Simulation of Cable in Normal Operation

According to the ammeter in the simulation model, the conductor current of the
cable was 126.875 A. The simulation time was set to 0.3 s. When the cable was in normal

operation, the waveforms of the sheath current in the grounding boxes at both ends were
shown in Figure 11.

3 4 3
Ty I 5 I
fex ) ho | | )
1+ | 1
% 0 % 0 g 0
] —1F o o —1
-2
=2t -2
-3 = : —4 . . : . - . -3 . . : . : .
0 005 01 0.5 02 025 03 0 005 01 015 02 025 03 0 005 01 015 02 025 03
Time/s Time/s Time/s
(a) (b) (c)

Figure 11. Waveform diagram of sheath current when the cable is in normal operation: (a) I},; and
Li; (b) Iipy and Ij2; and (¢) Ijep and Iypp.

It could be seen from Figure 11 that, when the cable was in normal operation, the
sheath currents in the grounding boxes at both ends of each sheath circuit were almost
the same. The slight differences in the currents of different sheath circuits were due to the
electromagnetic induction phenomenon between the conductor and the sheath. According
to the oscilloscope in the simulation model, the sheath currents in the grounding boxes
at both ends of different sheath circuits were measured as follows: Ij,; = 2.0883£152.3° A,
Iip =2.0832£152.1° A, Ity =2.433£35.68° A, I1,p =2.437/35.55° A, I} =1.803Z — 61.86° A,
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Current/A

and I, = 1.805£ — 61.77° A. The corresponding feature quantity matrix was [0.00244,
0.00164, 0.0011, 0.858, 1.349, 1.158].

4.2. Simulation of One-Reversal Operation

Taking the reverse connection of the inner core and outer shielding layer of the coaxial
cable at cable joint J4; as an example for simulation analysis, when the Jo; had a reverse-
connection defect, the waveforms of the sheath current in the grounding boxes were shown
in Figure 12.

0 005 0.1 0.15
Time/s

(@)

— 5 : — 150 ————
Dy ] 2 Iy I
100
Lo Do To
i 50
LI g g
I 5 5 0
5 =
&) Oo50t
=100 |
150 ———
02 025 03 0 005 01 015 02 025 03 0 005 01 015 02 025 03
Time/s Time/s
(b) (0)

Figure 12. Waveform diagram of sheath current when J5; is reversed: (a) Ij;; and Ip; (b) I1p1 and I1.p;
and (c) [j; and Ijy.

Figure 12 showed that, when J 51 had a reverse-connection defect, the sheath currents
in the grounding boxes at both ends of each sheath circuit changed significantly. However,
the amplitudes and phases of I,y and I}, were still approximately the same, because
the sheath loop 2 was the same as that in normal operation. According to the oscillo-
scope in the simulation model, the sheath currents in the grounding boxes were measured
as follows: Ij,; = 103.581/81.75° A, I)p = 67.2194 — 94.67° A, I,; = 3.10845/49.91° A,
;o = 3.11119./49.8° A, Ig = 105.347/ — 98.63° A, and I, = 65.512/86.04° A. The corre-
sponding feature quantity matrix was [0.351, 0.00088, 0.3781, 33.322, 0.0295, 0.9832].

Based on the above current values, the magnitudes of I},; and I).; were nearly identical,
with a phase difference of approximately 180°. The magnitudes of Ij,; and I},, were basically
the same as those during normal operation, and their phases were also basically equal.
Since loop 3 contained four small sections of the metal sheath and loop 2 only contained
two, the magnitudes of I,, and I), were smaller compared to I1,; and Ij¢.

4.3. Simulation of Two-Reversal Operation

Taking the reverse connection of intermediate joints Jo; and Jp; as an example when
the same cross-bonded grounding box was reversed, and taking the reverse connection
of Ja1 and Ja as an example for the same-phase reverse connection, for the simulation of
the reverse connection in different phases and different cross-bonded grounding boxes,
the reverse connections of Jo1 and Jpp, as well as Jo1 and Jcp, were taken as examples. The
waveforms of the sheath currents in the grounding box when these two joints were reversed
were shown in Figure 13.
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Figure 13. Waveform diagram of sheath current when the cable is in two-reversal operation: (a) Ja;

and Jp; are reversed; (b) Ja1 and Ja» are reversed; (c) Ja1 and Jg, are reversed; and (d) Ja1 and Jc; are
reversed.

When J 41 and Jg; had a reverse connection, the sheath currents in the direct ground-
ing boxes were measured as follows: Ij;; = 103.5832481.75° A, I, = 42.16£ — 50.69° A,
I = 8.178472.15° A, I1,p = 44.0269£128.9° A, I}, = 105.3484 — 98.64° A, and Iy, =
5.14868260.85° A. The corresponding feature quantity matrix was [0.59298, 0.8143, 0.9511,
12.666, 0.07763, 0.98325].

When Ja1 and Jap had a reverse connection, the sheath currents in the grounding
boxes were measured as follows: [},1 = 103.575/81.75° A and I}, = 9.84574/ — 28.24° A,
Iy =11.5434/ — 23.82° A and I},p = 99.4441/132.8° A, I);; = 105.3434 — 98.64° A, and I},
=101.32£ — 47.48° A. The corresponding feature quantity matrix was [0.90494, 0.88392,
0.03838, 8.97266, 0.10958, 0.98322].
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When ] 51 and Jg, had reverse-connection defects, the sheath currents in the grounding
boxes were measured as follows: Ij,; = 103.532/81.71° A, I, = 102.0034 — 143.2° A,
I = 1.82066210.29° A, I1p = 1.82713/10.18° A, I}.q = 105.2984 — 98.67° A, and [, =
100.494/37.42° A. The corresponding feature quantity matrix was [0.014768, 0.003541,
0.045623, 56.8651, 0.017291, 0.98323].

When ] 51 and ], had reverse-connection defects, the sheath currents in the grounding
boxes were measured as follows: [},1 = 103.581£81.76° A, [;; = 102.923/ — 100.8° A, I, =
3.06403.249.64° A, I}, =104.717/78.83° A, ;.1 = 105.346 £ — 98.63° A, and I}, = 0.95605/ —
84.73° A. The corresponding feature quantity matrix was [0.006353, 0.97074, 0.9909, 33.8055,
0.02909, 0.98325].

When J41 and Jp; were reversely connected, the loop 2 was Bj-A;,-Bs. Its induced
voltage could not cancel each other out, so its amplitude was larger than that of the current
during normal operation. Based on the measured current values, the amplitude of loop 2
was clearly larger than that during normal operation. Except for the reverse connection
of Ja1 and J¢p, loop 1 of the other three reverse-connection cases was the same as that of
loop 1 when Ja; was reversed. It could be seen from the measured current values that
the current of this loop was basically equal to that when J41 was reversed. Since the
loop topology in some reverse-connection cases was similar to that of loop 1, its current
amplitude was also close to it. The amplitudes measured in loop 2 when Jo; and Jp; were
reversely connected and when Ja; and Jcp were reversely connected were both close to
those during normal operation.

4.4. Dataset Construction

Based on the above-built HV cable simulation model, simulations of different defect
types were carried out. Under constant cable structure parameters, sheath current data were
obtained by varying the cable length and load resistance. The feature quantity matrices
reflecting the operating state of the HV cable were constructed according to Equations (20)
and (21). The length of each section of the HV cable using the cross-bonded grounding
method was generally 500 m. Therefore, the value range of each cable section’s length
was set from 400 m to 600 m, and then increased by 50 m successively, resulting in five
selection methods. In actual power systems, the load resistance was determined by the
equipment used by users. Hence, the value range of the load resistance was set from 500 ()
to 800 (), increasing by 50 (2 successively, which leads to seven selection methods. There
were 35 parameter combinations for each defect location, and there were 21 defect locations
in total. The dataset had 770 groups in total.

The selection of cable length and load resistance was based on the actual operation of
HV cables. By designing a reasonable parameter range, both the diversity and represen-
tativeness of the simulation dataset were ensured, providing sufficient data support for
subsequent defect diagnosis.

5. Reverse Defect Diagnosis Model
5.1. SVM Model

The SVM is a machine-learning algorithm used for regression and classification [25].
Its core idea is to find an optimal hyperplane to distinguish between different categories of
data. By maximizing the margin, the robustness of the algorithm is improved, and it has
significant advantages in dealing with problems such as small samples, nonlinearity, and
overfitting.

SVM processes nonlinearly separable data through kernel functions. Common kernel
functions include the linear kernel function, RBF kernel function, sigmoid kernel function,
etc. Due to the excellent generalization ability and wide application of the radial basis
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function (RBF) kernel function, this paper selects the RBF kernel function. At this time,
the accuracy of the SVM model is greatly affected by the penalty factor C and the kernel
function parameter g. Adjusting C affects the model’s generalization ability and training
speed, while g determines the kernel function’s shape and complexity, influencing data
mapping in high-dimensional space. To give the SVM model a better classification ability,
appropriate parameters need to be selected to achieve the best effect.

5.2. Artificial Rabbits Optimization Algorithm

The artificial rabbits optimization algorithm was proposed by Liying Wang et al. in
2022 [26]. This algorithm originates from the survival strategies of rabbits in nature. These
strategies mainly consist of detouring foraging and random hiding, which are exploration
and exploitation, respectively. The switch between them is based on the energy contraction
mechanism. To avoid predators detecting their burrow, rabbits forage randomly in areas
distant from their burrow during the foraging process. This behavior greatly improves the
exploration efficiency and global search ability of the algorithm. At each iteration of the
ARO algorithm, each rabbit digs d burrows along each dimension of the search space and
randomly selects one in which to hide, promoting search diversity through the random
hiding strategy. In the initial stage of iteration, the rabbits in the population tend to detour
foraging due to their relatively high energy. As the energy decreases, they will execute the
random hiding strategy. In the ARO algorithm, when the energy factor A > 1, the rabbit is
in the exploration stage; otherwise, it is in the exploitation stage. After implementing either
the detouring foraging or the random hiding strategy, the position of the rabbit is called
the candidate position. The actual position of the rabbit will change according to the fitness
value between the candidate position and the current position. If the candidate position
has better fitness, the rabbit will move to that position; otherwise, it will stay in its current
position. The flowchart of the ARO algorithm is shown in Figure 14.

5.3. Defect Diagnosis Model Based on ARO-SVM

This paper used the ARO algorithm to optimize the SVM model. The specific diagnosis
steps are as follows:

1. The acquisition and preprocessing of sheath current amplitude information. Simulate
various defects using PSCAD v4.6.2 software, collect the sheath current amplitude
data from the grounding boxes at both ends of the HV cable, and construct feature
vectors based on Equations (20) and (21). The formed dataset is then randomly
divided into a training set and a test set at a ratio of 4:1.

2. Model training. Firstly, the parameters of the ARO algorithm are initialized. Selecting
an appropriate initial population size and maximum number of iterations is crucial to
balancing the search accuracy and computational efficiency. The population size was
set to 30, and the maximum number of iterations (tmax) was set to 50. The population
size and iteration count should be adjusted based on whether the fitness function
converges when the maximum iteration is reached. Select the population strategy
based on the energy factor value and calculate the defect diagnosis accuracy after each
parameter update. Update the optimal accuracy and parameters until the stopping
condition is met and the maximum iterations are reached to obtain the optimal SVM
model. Defect identification. Input the test set into the SVM model obtained in the
previous step for defect identification.
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Figure 14. Flowchart of ARO algorithm [26].

The flowchart of the defect diagnosis model based on ARO-SVM was shown in
Figure 15.

The optimization effect of the ARO-SVM model could be verified by comparing with
the decision tree (DT), extreme gradient boosting (XGBoost), back propagation (BP), SVM,
PSO-5VM, and SSA-SVM models through control experiments [27-31]. By inputting the
same training set and test set, the defect diagnosis accuracy of each model could be obtained
as shown in Table 3.

As shown in Table 3, the defect diagnosis accuracies of the DT, XGBoost, BP, SVM,
ARO-DT, ARO-XGBoost, ARO-BP, PSO-SVM, SSA-SVM, and ARO-SVM models were
92.86%, 98.05%, 90.26%, 93.51%, 97.40%, 98.70%, 91.56%, 98.05%, 95.45%, and 99.35%,
respectively. The accuracy of the ARO-SVM model was increased by 6.49%, 1.3%, 9.09%,
5.84%, 1.95%, 0.65%, 7.79%, 1.3%, and 3.9% compared with those of the DT, XGBoost, BP,
SVM, ARO-DT, ARO-XGBoost, ARO-BP, PSO-SVM, and SSA-SVM models, respectively.
Since the ARO-SVM model exhibited the highest accuracy, this paper selected the ARO
algorithm to optimize the SVM model. Compared with the SVM model, the ARO-SVM
model could accurately identify the defects with state numbers 3, 4, and 6, and the accuracy
of the defect with state number 2 was also 90.91%. Therefore, the algorithm proposed in this
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paper can accurately identify the reverse-connection defects in the HV cable cross-bonded

Collect the magnitude of sheath currents
in the initial and terminal cable.
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Construct the feature vector according
to Equations (20) and (21).
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v
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Figure 15. Flowchart of the defect diagnosis model based on ARO-SVM.
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Table 3. Defect diagnosis accuracy of different models.
State ARO- PSO- SSA- ARO-
Number DT XGBoost BP SVM ARO-DT XGBoost ARO-BP SVM SVM SVM
0 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
1 100% 100% 100% 100% 88.89% 100% 100% 100% 100% 100%
2 47.62% 100% 0% 77.78% 90.91% 100% 66.67% 100% 83.33% 90.91%
3 100% 100% 0% 0% 100% 100% 62.50% 100% 0% 100%
4 100% 100% 37.50% 37.50% 100% 100% 0% 50% 37.50% 100%
5 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
6 0% 100% 52.38% 75% 91.67% 100% 100% 100% 100% 100%
7 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
8 100% 75% 100% 100% 100% 85.71% 100% 100% 100% 100%
9 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
10 100% 88.89% 100% 100% 100% 100% 100% 100% 100% 100%
11 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
12 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
13 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
14 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
15 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
16 100% 100% 100% 100% 80% 100% 100% 100% 100% 100%
17 100% 100% 100% 100% 100% 87.50% 53.85% 100% 100% 100%
18 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
19 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
20 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
21 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Accuracy 92.86% 98.05% 90.26% 93.51% 97.40% 98.70% 91.56% 98.05% 95.45% 99.35%

5.4. Influence of Noise Interference

In actual operation, noise interference distorted the sheath current waveform of the
HYV cable cross-bonded grounding system, affecting measurement accuracy. To test the
model’s robustness against noise, noise with SNRs of 20, 30, and 40 dB was added to the
simulated sheath current waveform. The smaller the SNR, the stronger the noise signal.
The feature vectors obtained after adding noise interference were input into the model,
and various types of reverse-connection defects were tested. The specific test results were
shown in Table 4.

Table 4 showed that, under noise interference with different SNRs, the model accu-
rately identified defect types and demonstrated strong resistance to noise.

5.5. Case Verification

In this paper, a 220 kV HV cable line was taken as an example for analysis [32]. The
total length of this cable line was 6.77 km, and it adopted the cross-bonded grounding
method, including 2 GIS terminals and 11 intermediate joints. After a certain grounding
circulating current measurement, the operators found that the data between box No. 9 and
the GIS terminal were abnormal. The measured values of the sheath current were shown in
Table 5.

According to the measured values of the sheath current, the actual wiring method
causing the defect in the grounding system was shown in Figure 16. It could be clearly
seen that the defect was the simultaneous reverse connection of the inner core and outer
shielding layer at intermediate joints Jao; and Ja». This state corresponded to the fault
numbered 13 as defined in Table 1 of this paper. Calculate the sheath current feature
matrix according to Equations (20) and (21) as [0.094506, 0.92391, 0.009365, 13, 0.07353,
0.95588]. Input it into the ARO-SVM model, and the diagnosis result was 13, which was
the same as the actual state number. Therefore, the proposed model effectively diagnoses
reverse-connection defects in HV cables and is unaffected by the operating voltage and
cable structure parameters.
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Table 4. Robustness test results.
Actual Operating State Corresponding Number SNR/dB Test Results
20 0
Normal 0 30 0
40 0
20 1
Misconnection of joint Ja1 1 30 1
40 1
20 7
Misconnection of joint Jo; and Jp; 7 30 7
40 7
20 13
Misconnection of joint Ja1 and Ja2 13 30 13
40 13
20 16
Misconnection of joint Ja1 and Jp; 16 30 16
40 16
20 21
Misconnection of joint Ja1 and Jcp 21 30 21
40 21
Table 5. Measured values of sheath current [32].
Location Sheath Current of Sheath Current of Sheath Current of
Phase A/A Phase B/A Phase C/A
Box No. 9 91.0 7.0 95.2
Box No. 10 6.8 8.3 83.9
Box No. 11 87.0 7.3 4.3
GIS terminal 92.0 96.1 5.0
91.0A 6.8A 87.0A 92.0A

Figure 16. Actual wiring method.

Existing detection methods [33] can only determine whether a defect has occurred
in the HV cable cross-bonded grounding system, but cannot accurately identify the type
of defect. In contrast, the algorithm proposed in this paper not only accurately identifies
reverse-connection defects in the grounding system but also roughly locates the defect
position in the cable, significantly reducing the maintenance time for technicians.

5.6. Discussion on Practical Deployment and Challenges

According to the above analysis, the ARO-SVM-based cable reverse-connection defect
diagnosis model effectively identifies defects in the sheath grounding system. However,
in practical applications, we still need to consider the possible challenges that this model
may face.

To integrate the proposed method with the existing HV cable cross-bonded ground-
ing system, current transformers and data acquisition modules must be installed in the
grounding boxes at both ends for online sheath current monitoring. Additionally, as the
cable system expands, we must further optimize the ARO-SVM model to adapt to more
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complex power system environments and maintain a high diagnostic accuracy. For the
computational cost of the ARO-SVM model, future research could explore an improved
version based on lightweight optimization algorithms to reduce the demand for hardware
resources. Meanwhile, during deployment, real-time diagnosis through edge computing
can reduce latency and improve overall system efficiency. The proposed model is appli-
cable not only to diagnosing cable reverse-connection defects but also to detecting other
defects in the HV cable cross-bonded grounding system. In future research, we also need to
consider building a more comprehensive and multifunctional diagnostic model. During the
actual operation process, the operators need to pay special attention to the following points:
Firstly, before the cable line is put into operation, the correct installation and calibration
of the current sensors must be ensured. During the cable line operation, the sensors and
data acquisition modules should be regularly checked to ensure real-time data updates
and validity. To effectively reduce cable reverse-connection defects, operators should also
conduct comprehensive connectivity checks before cable installation.

In conclusion, the application of the cable reverse-connection defect diagnosis model
based on ARO-SVM in the HV cable grounding system has high potential and can effectively
identify reverse-connection defects and improve the reliability of the power system.

6. Conclusions

This paper proposed a method to judge cable reverse-connection defects by using
the sheath current amplitude in the grounding boxes at both ends of the HV cable. An
equivalent model of the HV cable cross-bonded grounding system was established, and
defect diagnosis was carried out with the help of simulation and ARO-SVM models. The
conclusions were as follows:

1.  The amplitude of the sheath current will change with different reverse-connection
defects. Based on this, different reverse-connection defects can be diagnosed.

2. The ARO algorithm was used to optimize the SVM model. The diagnostic accuracy
rate of the ARO-SVM model for reverse-connection defects was increased by 6.49%,
1.3%, 9.09%, and 5.84%, respectively, compared with those of the DT, XGBoost, BP,
and SVM models. It can be seen from this that the proposed algorithm can effectively
diagnose the reverse-connection defects of HV cables.

3. The defects of the HV cable cross-bonded grounding system do not only include the
reverse-connection defect. In future research, we will focus on constructing a model
with more comprehensive fault identification capabilities.
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Abbreviations

The following abbreviations are used in this manuscript:
HV  High-Voltage
SVM  Support Vector Machine
ARO  Artificial Rabbits Optimization
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