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As the "blood vessels” and "nerves” of the power grid, cables are important carriers
for transmitting electric energy, and their failures will affect the safe and stable
operation of the power grid. In this paper, a digital twin model of thermal
characteristics is constructed for 10 kV YJVX400 cluster cable and its joint
model. Based on the multi-physical field coupling analysis method, the fluid
field, temperature field and current-carrying capacity of the cluster cable are
analyzed. The temperature rise and airflow distribution characteristics of the joint
and its external insulation when the defect of joint false connection occurs are
analyzed. Based on the fuzzy analytic hierarchy process (FAHP), weights are
assigned to the locations of multiple measurement points of the cable external
insulation, and the temperature distribution of each measurement point is
combined with the digital twin technology to calculate the hot spot
temperature of the cable, so as to assess the defects of the joints of the
cables. The digital twin platform is used for real-time monitoring of cable
status and assessment of defects. The temperature rise experiments of cables
under different carrying capacity and joint defects show that this method can
accurately and efficiently calculate hot spot temperatures and assess defects of
joints in cluster cables.

KEYWORDS

cluster cable, multi-physical field coupling, hot-spot temperature, digital twin
technology, thermal characteristics, virtual connection defect assessment

1 Introduction

Power cables are widely used in the line construction of power grid systems (Zhou et al.,
2014; Xiuchen et al., 2022). According to the analysis of accidents in recent years, more than
90% of operational faults occur in the joint parts of cables (Zeziani et al., 2017; Xu et al,,
2019; Zheng et al., 2019). At the same time, cable joints are located in unfavorable locations
for heat dissipation, which may lead to temperature rise exceeding the limit and shorten its
expected service life when the joints fail. Therefore, analyzing the temperature rise and
airflow distribution characteristics of cable joints and their outer insulation under different
current-carrying conditions and virtual connection states can provide a theoretical basis for
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FIGURE 1

Electromagnetic-fluid-thermal multi-physical field coupling diagram.

digital monitoring of power cable operation status (Ohki et al., 2013;
Xiong et al., 2019; Brakelmann and Anders, 2022; Long et al., 2023).

Computer simulation calculation methods are widely used to
analyze the current-carrying capacity and temperature field analysis
of cables in different environments. Researchers have used the
equivalent coefficient method, two-dimensional simplification
method and other methods to establish the cable temperature
calculation model and analyze the cable temperature under a
variety of current-carrying conditions (Lee et al, 2016; Meng
et al, 2016; Zhou et al, 2018; Liu et al, 2020). It can be found
that most of the existing research on the reduced dimensional
analysis as well as experimental tests, based on multi-physical
field coupling three-dimensional analysis of the research is rare.
Three-dimensional analysis model can be more conducive to the
electromagnetic field and other multi-field coupling analytical
calculations and analysis (Zhu et al., 2023).

Cables are affected by stress, temperature and humidity during
actual operation, which can easily lead to their failure. Researchers
have used methods such as Fourier transform algorithm or
frequency domain reflection method to diagnose and localize
cable faults (Ohki et al., 2013; Yang et al., 2013; Rong et al,
2021). It can be found that the current research rarely involves
the location of cable joints, and there is almost no diagnosis and
analysis about the defects of cable joints with false connections
(Zhang et al., 2019).

To analyze the temperature characteristics of cluster cables
and assess the defects of the cable joints, this paper establishes a
digital twin model of cluster cables and cable thermal
characteristics based on the multi-physical field coupling
analysis method for a single-core, four-circuit cluster cable
with a model of 10kV YJVx400. The temperature rise and
airflow distribution characteristics of the joints and their
external insulations were analyzed under different degrees of
virtual connection and current-carrying conditions (Bang and
Shin, 2021; Bragatto et al., 2023). The weights of the external
insulation measurement points of the cable are assigned by
FAHP, and the hot spot temperatures of the cable are deduced
by combining the digital twin technology and the simulation
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results to analyze and evaluate the defects of the cable joints with
false connections.

2 Multi-physical field coupling and
FAHP theoretical analysis

The current-carrying capacity and hot spot temperature of
cluster cables are investigated based on a electromagnetic-fluid-
thermal multi-physical coupled field analysis. The load current in
the cable conductor causes the temperature of the cable itself and the
surrounding air to increase, which in turn affects the fluid field
distribution around the cable. And the change in air flow rate affects
the heat dissipation, which in turn affects the temperature field
distribution. The resistivity of the cable is greatly affected by the
increase in air temperature, which further affects the current-
carrying capacity. This cyclic influence eventually converges to a
dynamic equilibrium. The coupling relationship between the multi-
physical fields of cluster cables is shown in Figure 1.

2.1 Multi-physical field coupling analysis

In the electromagnetic loss of the cluster cable, taking the
electromagnetic loss generated by the load current in the cable
conductor as the heat source, it is concluded that:

—kV*0 + plclﬁ =Q (1)
ot

Where, c; is the specific constant pressure heat capacity of the cable
under solid standard atmospheric pressure; k is the thermal conductivity
of the cable; Qq is the heat generated by the loss of cable conductors
per unit volume; 0 is the temperature; p, is the solid density of cable.

By ignoring the time term, the heat conduction equation of the
temperature field in the cable trench region is simplified. The governing
equation of heat conduction of three-dimensional steady state isotropic
medium with internal heat source is selected. In Cartesian coordinate
system, the equation is written as follows:
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Where, A is the second viscosity coefficient. T is the temperature.
q is the heat transferred.

The flow of air in the cable trench area can be expressed by a
general governing equation, as follows:

@ +V- (pUg) = V- (T,V¢$) +S, (4)
Where, ¢ is a universal variable; Ty is the generalized diffusion
coefficient; Sy is a generalized source term. p is the density. U is the
velocity vector.
The direct coupling method is used to calculate the
temperature field of the cluster cable, and the coupling surface
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between the body and the body is iteratively calculated by
coupling boundary.

In the air fluid domain of a single channel cluster cable, the
energy transport equation is used to control the heat transfer of air.
The energy conservation equation is as follows:

9(pT) +V. (pUT)=V- <£-gde> + S (5)
ot p

Where, A is the thermal conductivity of fluid; Sy is the source
entry. T is the temperature. p is the density. p is the pressure; ¢, is
taken as a constant.

In the actual operation of the cable, the conductivity of
the cable conductor is not constant, but is affected by the
surrounding temperature. The relationship between the
conductivity and the temperature function (Lee et al.,, 2016) is

shown in Formula Eq. 6.

o= ©)
" oL+ o (T~ Ty

Where, T is the cable core temperature; Ty is the air temperature;
p, is the resistivity at air temperature; ac, is the temperature
correction factor.

2.2 Multi-physical field coupling
calculation flow

The temperature field and fluid field of the cluster cable were
calculated and analyzed according to the multi-physical field
coupling method. The flow chart of multi-physical field coupling
simulation calculation is shown in Figure 2.

2.3 Fuzzy analytic hierarchy process

Weights are the redistribution and reassignment of assessment
objects according to the target requirements, which can effectively
reduce the proportion of bad points affecting the assessment
accuracy. Fuzzy analytic hierarchy process (FAHP) is to form a
fuzzy judgment matrix by two-by-two comparison between
elements under the requirement index according to the
differences of the objects to be assessed, and to determine the
weight assignment of each element by calculation. The fuzzy

judgment matrix R is as follows:

ayp ... aly
R=[ : - ¢ |(x=L2"my=12,-n) (7

Aa v ay
Where a,, represents the relative importance degree of
comparison between equal representative elements a, and a,

The weights of the fuzzy consistent matrix W; are calculated
as follows:

=1,2,3,---,n) (8)
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TABLE 1 Cable trench basic parameters table.

Parameter Value

Number of circuits 4 circuit

Number of cables 16

Cable structure Single -core cable

Cable ditch size 1.6 m x 1.8 mx3 m

Way of arrangement Horizontal stack

Cable joint method Cold compression

Tangent plane 1

Cable 2

Cable 1

Tangent plane 2

Tangent plane 3

FIGURE 3
Three-dimensional calculation model and solution domain.
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FIGURE 4
Temperature field of single-core cluster cable.

3 Cluster cable finite element
simulation analysis

3.1 Simulation analysis of current
carrying capacity

This paper takes 10 kV YJVx400 single-core four-circuit cluster cable
as the research object, and its basic parameters are shown in Table 1.

A three-dimensional computational model of the cable was
created based on the physical parameters of the entity, which
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FIGURE 5
Hot spot temperature and maximum flow rate under
different loads.

includes the cable conductors, external insulation, joints and air.
The cooling system in the cable trench area is a closed air domain
heat sink. There are six walls in total, each of which is a sliding solid
wall with a constant temperature of 20°C. The specific structure of
the solution domain is shown in Figure 3.

According to the IEC 60287 standard, the load current is defined
as the maximum load current when the hot spot temperature of the
middle joint of the cable reaches exactly 363.15K (60°C) After
iteration calculation, the load current of the cable at this time is
700A, and the temperature field distribution of the single-core
cluster cable is shown in Figure 4. Simulation results show that
when the hot spot temperature of the conductor inside the cable
intermediate joint reaches 363.15K (60°C), the temperature of the
cable conductor 1.5m outside the intermediate joint is 348.65K
(75.5°C). Therefore, the project is generally used in the cable
intermediate joints of the maximum load capacity as the cable
line load capacity. At this point, a temperature gradient appears
in the cable, which can lead to cable aging and a decrease in the
insulation performance of the cable material.

Calculate and analyze the temperature and airflow distribution
of the cluster cables in the cable trench under the four cases of load
current of 500A, 600A, 700A and 800A respectively, the hot spot
temperature of the cables in the cable trench and the maximum flow
rate of the air are shown in Figure 5, and it can be seen that there is a
large temperature difference between the air in the cable trench
when the load current is 500A, and therefore the air flow rate is the
largest. When the load current is 800A, the hot spot temperature has
exceeded 110°C, exceeding the standard.

3.2 Temperature and fluid field analysis
under joints virtual connection defect

When the cable load current is 5004, the temperature field and
fluid field of section 1 under different connector false connection
conditions are shown in Figure 6. It can be seen that the temperature
of the two cables in the middle of the upper part of the cable trench is
the highest, about 336.05K (62.9 °C), when there is no false
connection condition of the cable joints. Along the cable axial
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FIGURE 6

The temperature and fluid fields of section 1 under different joint states. (A) Joint normal and (B) Joint 70% virtual connection.
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FIGURE 7
The temperature field of section 2 and section 3 under normal state.
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height and downward, the temperature in the middle outward
basically shows a decreasing trend. The air flow velocity at the
two side walls of the cable trench is larger, about 0.67 m/s. From the
fluid field diagram, it can be seen that the air flow velocity in the area
near the cable is also larger than that in the cavity.

When the cable joints are in 70% defective connection, it can be
seen that the temperature of the cables increased by 275.45K
(2.3°C). The trends of temperature and flow distribution are the
same as in the absence of defects. The temperature fields of sections
2 and 3 in the normal state are shown in Figure 7. It is clear from
the figure that the temperature of the cable in section 2 is higher
than that in section 3, and the temperature of these two sections of
the cable decreases from the center to the ends. section 2 is more

Frontiers in Energy Research

prone to overheating failures and has relatively poor insulation
compared to section 3.

In this paper, the temperature and airflow distributions of
cluster cables are calculated and analyzed for five levels of virtual
connections: 70%, 75%, 80%, 85%, and 90% of the cable joints. The
hot spot temperature of the cable joints, the surface temperature of
the outer insulation of the cable joints, and the axial temperature
distribution under different degrees of false connection are
observed. As shown in Figure 8, the hot spot temperature of
the cable joint increases with the decrease of the contact area of
the cable joint, and the outer insulation temperature is about
0.85 times of the hot spot temperature. When the joint is 90%
false, the hot spot temperature is the highest, increasing by 35.3%.
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Temperature acquisition experimental platform

FIGURE 9

Digital twin analysis platform

Experimental temperature acquisition platform and digital twin analysis platform.

The axial temperature distribution curve of cable 1 is in an inverted
“V" shape, with the highest temperature at the location of the
middle joint and little change in the temperature at the cable
end. The curve becomes sharper as the quality of the joint
connection decreases.

4 Cluster cable virtual connection
defect assessment

4.1 Experimental temperature acquisition
and digital twin analysis platform

Based on the 10kV YJVx400 single-core cluster cable, an

experimental platform for temperature acquisition of cable joints
under simulated actual operating conditions and a digital twin

Frontiers in Energy Research

analysis platform are designed as application systems. The
temperature acquisition and digital twin analysis platform is
shown in Figure 9.

In order to real-time monitoring of cluster cable operation
status, to provide fault diagnosis and predictive maintenance and
other functions, the cable temperature collection experiment
consists of cable wunits, transformers, current transformers,
electrical cabinets and temperature sensors, the experiment can
be realized in the boosting, adding current, more realistically
simulate the actual operation of the cluster cable. The digital
twin analysis platform of cluster cable is based on the
temperature acquisition platform for real-time data interaction,
which can visualize the cable operating environment data, sensor
measurement temperature, hot spot temperature derivation
calculation, comparison of measured values and simulation, and
evaluation results.
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4.2 Cable joints virtual connection defect
evaluation and analysis

In the complex engineering environment of cluster cables, it is
difficult to obtain accurate surface hot spot temperatures at cable
joints due to uncertainties in the ambient temperature inside the
pipe and the location of temperature measurement sensors. In this
paper, the joints of cable 1 are taken as an example, and
electromagnetic-fluid-thermal multi-physical field coupling is
utilized to analyze the joints of cluster cables in 70%, 75%, 80%,
85% and 90% of the virtual connection cases, and the cables in the
500, 600, 700 and 800A loading capacity cases, respectively. Five
measurement points were selected on the outside of the cable, and
the temperature sensor was used to collect the temperature of each
measurement point on the surface of the joint. The calculation
procedure is as follows:

Frontiers in Energy Research

1. Joint temperature measurement points. The T-joint of the
cable is divided into five temperature measurement points, including
1 and 2 at the end of the joint, 3 in the middle of the joint, 4 and 5 at
the end of the joint, and two measurement points are set in each
joint, as shown in Figure 10.

The measured temperature matrix T}, is as follows:

2. According to the temperature measured at each temperature
measurement point, the corresponding hot spot temperature can be
deduced. According to the average temperature measured at two
temperature measurement points in each temperature measurement
section, and the ratio coefficient ki between the temperature measured
at each temperature measurement point and the hot spot temperature,
the hot spot temperature Ti of the intermediate connector deduced
from each temperature measurement point is calculated by the digital
twin platform as follows:

T+ T

T =k
2

(i=1,2,3,4,5) (10)

3. Weighting coefficient assignment. According to the location of
the temperature measurement part, the distance from the intermediate
joint and the degree of influence on the location of each measurement
point when the hot spot temperature of the cable intermediate joint
changes, a fuzzy judgment matrix is established based on FAHP, and
the correlation between the location of each measurement point and the
location of the intermediate joint is judged as shown in Figure 11 below.

The weights for the five thermometric components were
calculated as follows:

W = [0.15,0.20625, 0.2875, 0.20625, 0.15]" (11)

4. Calculate the hot spot temperature on the joint surface by
deduction. According to the calculated fuzzy weights, the hot spot
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TABLE 2 Calculation result of hot spot temperature on the surface of the cable when carrying current changes.

Current carrying capacity/A

Calculation result/°’C

Simulation result/°C Accuracy rate (%)

500 66.4 63.8 96.1
600 78.2 74.9 95.8
700 92.1 85.4 96.3
800 113.7 110.2 96.9

TABLE 3 Calculation result of surface hot spot temperature when the joint virtual connection status changes.

Virtual connection degree (%)

Calculation result/°C

Simulation result/°C Accuracy rate (%)

Accuracy rate (%)

88 [ ]

— T T T T T T T T T T
o 1 2 3 4 5 6 7 8 9 10 11

Number of diagnoses

FIGURE 12
Diagnostic accuracy of cable temperature rise samples.

temperature calculation model of the joint is established in the
digital twin platform of the cluster cable, and the hot spot
temperature T}, of the intermediate joint is weighted by the hot
spot temperature obtained by extrapolation from each measurement
point. The calculation formula is as follows:

Ty =[T,T5T5TyTs] xW (12)

The hot spot temperature of the cable joint can be deduced by
measuring and calculating the temperature under different current-
carrying conditions and different degrees of joint misconnection. By
comparing the results with the simulation results, the calculation
results and accuracy of the surface hotspot can be derived when the

Frontiers in Energy Research

cable current-carrying capacity and the degree of joint false
connection change, as shown in Table 2 and Table 3 below.

Table 3 shows the results of calculating the hot spot temperature
of the cable joints when the cable current carrying capacity is fixed at
500A and the degree of joint misconnection is varied.

According to Tables 2 and 3, it can be seen that the average
assessment accuracy is 96.275% under different current-carrying
conditions when evaluating the defects of cable joints with false
connections based on multi-physical field simulation combined
with digital twin technology and fuzzy weights to derive the hot
spot temperature. When the degree of cable joint virtual connection
varies, the average accuracy of deducing the hot spot temperature of
the cable is 97.04%. The hot spot temperatures of cables under
different operating conditions can be accurately deduced, thus
combining the digital twin platform and the thermal characteristics
of cables to provide temperature characteristics for the assessment of
defects in cluster cables with false connections. When a cable
overheats, heat is dissipated through the air. When the system
detects a cable overheating fault, an alarm sounds and the faulty
cable can then be repaired and replaced.

Through the experiment, the cable temperature under different
cable operating conditions can be measured, at this time, the
ambient temperature of the test site is 17.6°C, the initial
measurement of the power cable joint temperature is 59.8°C, and
the simulation extrapolates and calculates the temperature of the
cable joints as 62.9°C, with an error of 5.18%. In the case of
constantly changing the cable current-carrying capacity and the
degree of false connection of the cable joints, the temperature rise of
the cable in different states is measured at 10 measurement points.
Repeatedly collect 100 groups of cable temperature rise data as test
samples, through the digital twin platform to randomly disrupt the
50 groups of test samples corresponding to the temperature of the
measurement point and the degree of false connection for the
deduction of diagnosis, and compared with the experimental
temperature measurement results as shown in Figure 12.
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As can be seen from the figure, the lowest accuracy rate of the
randomly disrupted 50 groups of test samples with different
operating states diagnosed by the cluster cable digital twin
platform for 10 extrapolations reaches 88%, and the average
diagnostic accuracy rate of the experimental samples reaches
93.2%, which proves that the cable joints false connection defect
assessment technique based on fuzzy weight and digital twin
technology proposed in this paper can accurately and effectively
assess the different false connection of the cable defect status.

5 Conclusion

In this paper, for the single-core four-loop cluster cable with the
model of 10 kV YJVx400, based on the assessment method of cable joint
virtual connection defects based on the multi-physical field coupling
analysis and fuzzy weight combined with the digital twin technology,
the hot spot temperature of the cable and the airflow distribution are
calculated and analyzed and the joint virtual connection defects are
deduced and evaluated, and the following conclusions are drawn:

(1) In this paper, through iterative analysis, the maximum load
current of single-core cluster cable structure is 700 A. When the
load current of the cable is 500 A, the temperature of the middle
two cables in the upper part of the cable trench is the highest,
which is about 62.9°C, and meanwhile, the temperature of the
cable joints is measured experimentally to be 59.8°C, with an
error of 5.18%. The maximum wind speed on both sides of the
cable is about 0.67 m/s. When the load current is 800A, the hot
spot temperature reaches 110°C, which exceeds the standard
requirement. After simulation analysis, real-time observation is
required when the cable load current exceeds 700A.

(2) When the cable joint is at 70% of the degree of false connection,
the temperature of a single cable rises 2.3°C, the distribution of
temperature and fluid field trend is the same as when there is no
defect, the temperature distribution from the center to the ends
and axial height decreases. As the contact area of the cable joint
decreases, the hot spot temperature of the cable rises gradually,
the outer insulation temperature is about 0.85 times of the hot
spot temperature, and when the degree of defective connection
reaches 90%, the hot spot temperature rises by 35.3%. Cable
axial temperature distribution curve is inverted “V” shape.

(3) In different load capacity and joint false connection state, the
same cable temperature measurement experiment, through the
experimental results and simulation calculation analysis can be
obtained, based on the fuzzy weight combined with the method
of digital twinning technology when the hot spot temperature is
deduced. When the cable load flow changes, the average accuracy
of the hot spot temperature deduction on the surface of the cable
can reach 96.275%; when the load flow is fixed at 500A, change
the degree of the cable connector false connection, the average
accuracy of the hot spot temperature deduction on the surface of
the cable can reach 97.04%. The hot spot temperature of the
cable under different operating conditions can be accurately
deduced, providing temperature characteristics for subsequent
thermal fault diagnosis of cluster cables.
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(4) Based on the data from the temperature measurement
experiments, the method based on fuzzy weight assignment
combined with the digital twin platform is used to deduce the
diagnosis of the samples and compared with the experimental
results. It can be obtained that the average accuracy of this method
for diagnosis of randomly disrupted multi-group experimental
samples reaches 93.2%, which can accurately and efficiently assess
the cluster cable joint virtual connection defects.

The computational and analytical results of this paper can be used
to monitor the operation status of cables and assess the defects of false
connection by the outer insulation temperature, which provides a
theoretical basis for the real-time monitoring of power cables.
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