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ABSTRACT

This topic is centered around temperature and stress, and describes the theory of electric power
thermal characteristics. There are usually two methods for thermal coupling analysis, for direct
coupling and sequential coupling. Considering that the stress field of the cable does not have much
influence on the temperature field, it is proposed to use the sequential coupling method for the
calculation of the thermal characteristics of the cable. The calculated and solved cable temperature
and stress distribution values are put into the Lap-ML-ELM algorithm for training. When the contact
coefficient k=1, 4, 7, 10, 13 and 15, the cable joints and surfaces produce a monotonically increasing
law of temperature, and the stress exhibits the same situation.During the training of the model on the
thermal characteristics of the cables, it is found that the accuracy curve of the thermal characteristics
detection of the Lap-ML-ELM algorithm is higher than that of both the RNN network and the CNN
network, which shows that in the detection of the thermal characteristics of cables, the Laplace
Multilayer Extreme Learning Machine fusion algorithm performs more obviously.

Keywords: Laplace equation, ELM, cable, thermal property, detection model

1. Introduction

The Laplace equation is an important partial differential equation that is often used to describe the
distribution of potential functions. The Laplace equation has a wide range of applications in physics,
engineering and mathematics. In physics, the Laplace equation is usually used to describe the
distribution of potential fields [1-4]. Examples include the distribution of electrostatic and static
magnetic potentials, and the distribution of velocity and pressure fields in fluid mechanics. In
engineering, Laplace's equation is also widely used in the analysis of heat conduction, electric field
distribution and other problems [5-7]. And deep learning algorithm is one of the most promising and
popular technologies in the field of artificial intelligence in recent years. It simulates the working
principle of neural network of human brain and realizes the learning and understanding of complex
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data through multi-level neural network structure [8-11]. The algorithms fused with Laplace equation
and deep learning can play an important role in cable detection, and cable thermal characterization is
an important part of cable detection.

Cables are important equipment for power supply, communication and data transmission, and their
normal operation is crucial for the normal operation of modern society. However, when cables are used
for a long time or in harsh environments, various problems may occur, such as broken insulation,
broken wires or loose interfaces [12-15]. In order to ensure the safety and reliability of the cable,
timely cable testing is very necessary. Cable testing can be divided into online testing and offline testing
of two kinds [16-17]. Online detection refers to the normal operation of the cable in the process of its
detection. This detection method does not need to interrupt the use of cable, real-time monitoring of
cable performance parameters, such as resistance, voltage, etc.. Online testing can be carried out
through specialized cable testing equipment, but also through remote monitoring system [18-21].
Offline testing refers to the cable from the power supply system is removed, for detailed testing and
analysis. This type of testing allows for a more comprehensive examination of the physical and
electrical properties of the cable, such as insulation resistance, voltage withstand, leakage current, and
so on. Off-line testing can be performed by laboratory equipment or non-destructive testing [22-25].

An algorithm for cable damage detection based on the Hilbert transform of induced guided
ultrasound recorded signals was proposed in the literature [26]. Its applicability to multiple types of
cables and the possibility of damage identification by evaluating wave amplitude values were also
examined. Literature [27] describes the understanding and progress of inspection, monitoring and
evaluation of bridge cables, including damage types and detection techniques. Research directions and
challenges are envisioned. Provides reference for future research and innovation in bridge cable
inspection, maintenance and management. Literature [28] analyzed the application of ultrasonic
guided waves in cable defect detection. It was emphasized that in the pulse-echo configuration, the
defect detection coverage was expanded, proving the effectiveness of ultrasonic guided waves.
Literature [29] outlines the forms of cable termination faults found by field operators and researchers,
and the methods typically used to detect cable termination faults. It helps to provide a reference for
novices and provides a comprehensive summary of trends in cable terminal defect detection methods.
Literature [30] describes wireless distributed sensors for monitoring external disturbances in cables.
By carrying out vibration tests, the time domain and time-frequency characteristics of cable vibration
signals are obtained, which lays the foundation for the establishment of an intelligent early warning
system for cable breakage resistance. Literature [31] proposed a fusion prediction model for life
prediction of submarine cables by using an analytical model supported by accelerated aging data. And
the results of low-frequency sonar analysis of submarine cables are presented, aiming to monitor the
cables. And by integrating and validating these sonar data, the remaining service life of the cable can
be predicted.

The above study describes various techniques and methods used in cable inspection such as
ultrasonic waves and highlights the effectiveness of these methods and their impacts, whereas with
the gradual maturation of robotics research and development techniques, robots are gradually being
used in various fields, and there is no exception in cable inspection. Literature [32] discusses the
application of robots in cable inspection. And based on the discussion of traditional inspection
methods and robots, the expected budget of cable inspection robots was examined. Literature [33]
points out the limitations of current cable condition inspections and proposes the use of robots in in
cable inspection. The effectiveness of the robot in cable inspection is emphasized by improving its
climbing ability. Literature [34] discusses the intelligent cable trench inspection robot in cable
inspection. A path planning method combining the improved a* algorithm with DWA and an
underground cable trench condition assessment method were also proposed. It reveals that the robot
can effectively acquire detection information as well as the effectiveness of this assessment method.
Literature [35] developed a small urban cable duct inspection robot prototype. The robot's support



RESEARCH ON CABLE THERMAL PROPERTY DETECTION BASED ON LAPLACE EQUATION 4689

module was able to effectively prevent tilting in the conduit, achieving the desired design goals and
improving the quality control of cable laying. Although emerging technologies such as robotics have
been applied in cable inspection, but as far as the current research is concerned, based on the Laplace
equation and deep learning fusion algorithm in cable inspection and is reflected.

In this paper, combining the basis of Laplace equation and deep learning theory, the Laplace
multilayer extreme learning machine is proposed to explore the cable thermal characteristic detection.
Combined with the actual working principle of the cable, the theory of thermal characteristics of the
cable can be divided into the theory of temperature characteristics and the theory of stress
characteristics. Since the use of direct coupling will lead to the situation that the temperature field and
the stress field interfere with each other, accordingly the sequential coupling method is used to
calculate the temperature and stress distribution value of the cable. The values are put into the Laplace
multilayer extreme learning machine fusion algorithm as inputs for training, and the model training
performance is evaluated and analyzed, aiming to test the model's ability to detect the thermal
characteristics of cables.

2. Cable Thermal Characterization Program
2.1. Laplace's Equation and Deep Learning Fusion Algorithm

2.1.1. Fundamentals of the Laplace equation. It is well known that the Laplace equation is one of the
simplest elliptic partial differential equations. To wit:

’u  O'u
L% _

e 6)}—0 (1)

From the physical point of view, the equation describes a steady-state phenomenon, such as the
distribution of temperature inside a flat metal plate at a given boundary temperature [36-38].
Boundary conditions for elliptic partial differential equations can be formulated in the following three
ways: (1) Fixed boundary conditions, i.e., the value of # is given on a given boundary, U,(x,y). (2)
Normal derivative values of ¥ are given on a given boundary, ou/on=U,(x,y).(3) Mixed boundary
conditions are given on a given boundary, Ou/0n,u=U,(x,y). Of these, the first one is the most
commonly provided, and the algorithm is validated in this subsection with the first formulation. The
following computational domain boundaries as well as boundary conditions are given:

0<x<2,0<y<2

u(0,)=0,u(2,y)=y(2-y) (2)
2—-x x>1

u(x,0)=0,u(x,2) ={
X

x<l1

The one-dimensional convection equation is a typical first-order hyperbolic partial differential
equation with the following form:

ou Oou

—+a—=0 3
ot Ox (3)

where ¢ is a nonzero constant. We know that it is hyperbolic and given the initial conditions, its
solution is unique. Without loss of generality, here let ¢=-1 and given the following initial
conditions:
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10x+1,-0.1<x<0
uy(x)=7-10x+1,0<x<0.1 (4)
0,-0.1>xorx>0.1

The initial signal is triangular with width 0.2 and discontinuous first order derivative at *=0_ In
order to check the accuracy of the algorithm in this paper, the algorithm in this paper and the finite
difference windward format algorithm are used to solve the initial value problem of the above
hyperbolic partial differential equation respectively. Ideally, the solution should result in triangular
signal shapes distributed at different spatial locations at different moments.

2.1.2. Laplace Multilayer Extreme Learning Machine (Lap-ML-ELM).In this paper, Laplace's equation
is fused with multilayer polar learning machine in the context of deep learning algorithms, which can
be used for subsequent cable thermal exploration. The regularization framework based on multilayer
polar learning machine is currently a hot topic in deep learning research, which utilizes the
streamform assumption, which takes the labeled and unlabeled samples as the vertices of the data
graph, and the edges of the vertices as the weights, and if two samples % and " are close to each
other, their labels Yi and %’ should be close to each other as well, and in order to achieve this
assumption, the streamform regularization framework minimizes the cost function in the first
instance:

L =YLY (5)

where Y= [yi,ij, D are diagonal matrices and L is the Laplace equation matrix.

We introduce the streamform regularization framework into the multilayer extreme learning
machine model and propose the Laplacian multilayer extreme learning machine Lap-ML-ELM.The
structure of the Lap- ML-ELM model is the same as that of the ML-ELM, but the Lap-ML-ELM trains
labeled samples together with unlabeled samples. The biggest difference between the Lap-ML-ELM
and the ML-ELM is that the final output weights £ are derived differently: the ML-ELM is derived
directly by minimizing a generalized regularized cost function of least squares estimation, and the Lap-
ML-ELM is derived using a streaming regularization framework. In semi-supervised learning, we have
a small number of labeled samples {XI,YI} :{x,.,y,.}izl, and a large number of unlabeled samples
X, = {xi}?:l, and Lap-ML-ELM takes the labeled and unlabeled samples and trains them layer-by-layer
using ELM pairs. Assuming that Lap-ML-ELM has k hidden layers, the output of the & th hidden layer
can be found by taking the 6th hidden layer output f{, by Eq. We find the output weights £ by
minimizing the following cost function. i.e:

) 1 C A
mlnLLap—ML—ELM 25”13”2 +EW||Y_Hkﬂ||2 +5Tr(ﬂTHkTLHkﬂ) (6)

where C is the external regularization parameter, A is the intrinsic regularization parameter,
Y € R consists of the labels Y, of the labeled samples and the labels Y, =0 of the unlabeled
samples, and W is the diagonal matrix of (l+u)><(l+u), with the diagonal elements of the first /
being W, =1/ N, and the rest 0.

If the derivation of L, y; z is equal to 0, then we get:
B-CH'W(Y-H,B)+AH,LH =0 (7)
The output weight £ can be obtained by the following equation:

(1+CHWH, + AHILH,) HICWY1+u2n,

B= i (8)
H! (1+CWH, H! +ALH,H!) CWY,l+u<n,
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where 7, isthe number of nodes in the 4 nd hidden layer in Lap-ML-ELM.
2.2. Theory of thermal properties of cables

2.2.1. Theoretical analysis of temperature characteristics. The high temperature from the arc is the
main heat source, and heat propagation occurs throughout the cable work, with heat spreading both
between the fused cladding layers by heat conduction and spontaneously with the forming
environment by convection and radiation at the surface and ends. At the same time, the heat
dissipation changes as the experimental process continues. Thus the temperature of the molding
process is in a constant state of flux. Temperature changes result in thermal stresses, while
deformation of the formed part occurs, causing the temperature to change continuously, and a coupled
analysis of the thermal properties must be carried out in order to improve the accuracy of the
simulation solution. The following is an analysis of various heat transfer methods:

1) Heat conduction. The essence of heat conduction is completely in contact with each other between
the two objects or based on the same object in different parts of the temperature distribution is not
uniform and triggered by the conversion of thermal energy, this way requires a medium, and the
propagation of heat follow Fourier's law. For the thermal characteristics of the cable, heat conduction
occurs mainly between the fusion cladding and the melting process of the wire and the experimental
substrate.

2) Convective heat transfer. The essence of convective heat transfer between the fluid and its mutual
contact with the solid surface, and due to the temperature difference induced by different locations of
heat transfer, the academic use of Newton's cooling formula to calculate the size of the heat and the
direction of propagation in this way. Cable part of the heat will be transferred to the molded parts and
substrates in this way.

3) Thermal radiation. All objects every moment to the outside world in the radiation of heat, the
essence of its occurrence is the object to the outside world to emit electromagnetic waves are absorbed
by the outside world into the savings of internal energy. Thermal radiation does not require any
medium, the cable part of the heat will be dissipated by thermal radiation.

For the temperature of the cable and the characteristics of the spatial distribution of heat flow with
time, the Laplace equation is used to characterize the universal law of the three-dimensional heat
propagation process of the cable, based on the principle of conservation of energy and without taking
into account the internal dynamic response of the molten metal layer:

T-LaDrZahrLalho 9

cL_9o
Pora "o oy ey oz

In the formula:

P - density of the material, kg-m”.

C, - Specific heat capacity of the material, J/kg-°C.,

A - thermal conductivity of the material, W/m-°C.

T -temperature, °C.

¢t - Heat propagation time of the additive molding process, s.

X,¥,Z - aposition inside the heat source, m.

Q - Energy intensity at a point inside the heat source, W/m’.

Boundary conditions are the key to a definite solution of the partial differential equation, and the
solution of the partial differential equation (10) depends on the following thermal field boundary
conditions:

1) The temperature on the boundary of the molded part is known:

T =T (x,y,z,t) (10)

2) The heat flow density at each point of the boundary of the molded part is known:
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T
la—zq(x,y,z,t) (11)
on

3) The heat exchange between the boundary of the molded part and its surrounding medium is known:

oT
A—=a(T,-T,) (12)
on
Eq:
P Temperature gradient of temperature on the boundary surface.
n

@ - coefficient of heat transfer on the surface of the molded part, W/m?*-°C.

1, -temperature on the boundary surface of the molded part, °C.

1, -temperature of the surrounding medium, °C.

Cable thermal properties and welding technology has a similarity, can be calculated with the help of
the relevant approach to solving the latent heat of phase change, usually solve the latent heat of the
material contains enthalpy method, the apparent heat capacity method, the equivalent heat fusion
method, as well as the method of temperature recovery, etc.,, and this paper is mainly used in the
equivalent heat fusion method. Equivalent hot melt method: The principle is similar to the sensible
heat capacity method, which is formed by the superposition of the specific heat capacity of the wire
itself and the specific heat generated by the latent heat of phase change. Among them, the former can
be obtained by looking up the table, the latter can be calculated by the formula (13) and (14). Namely:

G = (13)

Co=C, G (14)

In the formula:
L - Latent heat of the molded part, J/kg.
C,. -equivalent specific heat capacity, J/kgx°C.

2.2.2. Theoretical analysis of stress characteristics.The difference between the thermal
characterization of cables and common welding techniques is obvious, mainly in the fact that the
process of thermal characterization of cables is regional and temporal. Under the influence of the
movement of the heat source, the layers constrain each other, forming a complex temperature change
in the body of the molded part. Various forms of stresses are coupled during the cooling time, which
ultimately limits the surface morphology, molding accuracy and mechanical properties of the
component. The total (equivalent) stresses generated in cables are the result of the superposition of
various stresses, mainly by means of the finite element method and the intrinsic strain method, for the
study of cable stress characteristics. Firstly, the total strain consists of elastic strain, thermal strain,
plastic strain and strain due to phase transformation, etc. Secondly, according to the generalized
Hooke's law, the equivalent stresses on the internal components are superimposed by the component
stresses corresponding to these strains.

1) Yield criterion:

Ezg\/(o]—az)%r(az—0'3)2+(0'1—0'3)2 (15)
- V2 2 2 2
8—2(1+ﬂ)\/(81_82) +(& &) (& —&) (16)

In Eq:
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0,,0,,0; - Principal stress of the formed part along the forming direction.

&,6,,&; - the principal strain of the molded part in the direction corresponding to the principal
stress.
2) Flow criterion:

.
{de} =¢ yj} (17)

In Eq:
& -the principal strain of the metallic material.
E- Quantity factor.

2.3. Coupling of thermal properties

This subsection calculates the thermal coupling performance of the cable and analyzes the mechanical
properties of the structure with different design parameters under thermal and compressive loading
conditions to provide data support for the subsequent testing of the thermal properties of the cable.

2.3.1. Sequential coupling.There are two general approaches to thermal coupling analysis: direct
coupling and sequential coupling. Direct coupling requires the use of a coupled unit type that contains
all physical degrees of freedom and uses only one solver. This method solves for both the temperature
and stress fields of the cable, and is used in cases where the temperature and stress fields have a very
large influence on each other. Sequential coupling first calculates the temperature field of the structure
under thermal loading, and then the temperature field obtained from the solution is applied as a
boundary condition to the solution process of the stress field, which is simpler and more convergent
than direct coupling. In this paper, considering that the stress field of the cable has little influence on
the temperature field, in order to facilitate the calculation, the sequential coupling method is used to
calculate the thermal characteristics of the cable.

2.3.2.  Coupling process.Sequential thermal coupling can be divided into the following steps:

1) Establish a heat transfer unit model of the cable, apply thermal loads and thermal boundary
conditions, perform transient or steady-state thermal analysis of the cable, and solve to obtain the
temperature field of the structure under thermal loads.

2) Establish the stress unit model of the structure, define the mechanical properties of the material,
apply mechanical loads and boundary conditions to the decoupled strands, and apply the temperature
field obtained from (1) as the boundary conditions, and finally carry out the stress calculation on the
structure.

In order to consider its generality, thermal loads are applied to the upper surface of the cable, the
parameters in the heat transfer model are determined, and the temperature field results for the heat
transfer of the cable are calculated.

For the stress analysis, the static, generic analysis steps Stepl and Step2 are created with the
boundary conditions: the initial temperature field of the cable is 293 K. Then the temperature field of
the results of the heat transfer calculation of the cable is loaded as a temperature load into the Step1
analysis step and a fixed load is applied to the lower panel, and finally the upper surface is set up to
apply the compressive load P in the Step2 analysis step.

2.4. Cable Thermal Characterization Model

In order to improve the accuracy of the cable sequential thermal coupling results, the cable
temperature and stress distribution values are solved by sequential coupling, which are used as the
input features of the Lap-ML-ELM model, and the Adam optimization algorithm is used to iteratively
train the features to ensure the stability and accuracy of the model in different scenarios. The trained
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model is deployed to the actual scene to analyze and process the real-time collected cable data. Based
on the model output, it determines whether there is a fault in the cable as well as the problem and
severity of the fault, providing decision support for repair and maintenance.

3. Cable thermal characterization and testing
3.1. Thermal characterization of cables

3.1.1. Calculation and analysis of thermal-force characteristics.Figure 1 shows the three-
dimensional temperature distribution of the cable joint, where (a) to (c) are the temperature field
cloud, cross-section at z=2700 mm, and cross-section at z=4800 mm, respectively. The temperature
distribution results from the figure can be seen:

1) The temperature at the cable joint conductor connection is the highest, reaching 58.268°C.

2) The temperature of the cable core conductor in the cross-section at z=3000 mm and z=5500 mm is
58.267°C and 58.268°C, respectively, and the temperature of the cable core conductor in the center of
the jointis 9.31% higher than that in the body. The corresponding surface temperatures were 41.723°C
and 58.427°C, and the surface temperature at the center of the joint was 12.721% lower than that at
the body. The reason for this phenomenon is due to the large outer diameter of the cable connector,
resulting in a larger heat dissipation area and a correspondingly higher convective heat dissipation
capacity.

.
L —
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(a)Temperature field cloud picture
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Fig. 1. Three-dimensional temperature distribution of cable joints
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Fig. 2 shows the axial distribution curve of cable core conductor and surface stresses in cable joints,
where (a)~(b) are the cable core conductor and surface, respectively. z=3000 mm at the center of the
joint cable core conductor stress is smaller than that at the body, which is due to the fact that at the
center of the joint, the highly elastic prefabricated rubber material on the outer side of the cable
conductor is subjected to thermal expansion and produces compressive stresses on the cable core
conductor, whereas in the body of the cable, the compressive stress is less. The compressive stress is
smaller at the cable body. The surface of the cable joint is a free boundary condition, not subject to
other external forces, and its stress is closely related to its own temperature. As the surface
temperature of the cable joint is smaller than the body surface temperature, so that the center surface
stress of the cable joint is also smaller than the body at the surface stress.

%100
6.31 A4
5.6 2.5
T4.9 €201
%42 215
%35 %10 u\
2.84 0.5
2.11 : : : 0.0 : : ;
0 1500 3000 4500 6000 0 1500 3000 4500 6000
z(mm) z{mm)
(a) Cable core conductor (b)Surfaces

Fig. 2. Cable stress axial distribution curve

3.1.2. Temperature Characterization

1) The effect of contact coefficient k on temperature characteristics. When the contact coefficient k =
1,4, 7,10, 13 and 15, the temperature distribution curve of the core of the cable joint is calculated as
shown in Figure 3. As the contact coefficient k increases, z = 3000 mm at the center of the joint cable
core conductor temperature increases, and the magnitude of the temperature increase is also a small
increase. For example, when the value of contact coefficient k increases from 1 to 4, the temperature
increases from 48.9°C to 53.99°C, which is an increase of 5.09°C, while when the value of contact
coefficient k increases from 10 to 13, the temperature increases from 69.09°C to 74.37°C, which is an
increase of 5.56°C. The conductor temperature of the cable body core at z=5500 mm remains almost
unchanged as the contact coefficient k increases. This is because the heat conduction along the axis of
the cable core within the range of z<500 mm and z>5500 mm has become very weak, making the
temperature of the cable body core 2.5 m from the center of the connector negligible by the change in
the contact coefficient k of the connector. As the value of the contact coefficient k increases, it makes
the volumetric heat generation rate of the equivalent conductor at the joint connection increase, but
the larger outer diameter size of the joint makes the convective and radiative heat dissipation between
its surface and the air stronger.
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Fig. 3. Temperature distribution curves of cable core with different k

The cable core conductor is a good conductor of heat, and there is only a temperature gradient
along the axial direction, but the value of this temperature gradient is much smaller than the value of
the temperature gradient on the surface of the cable. Therefore, the cable joint surface temperature
gradient law is analyzed. Figure 4 gives the distribution curve of the temperature gradient on the
cable surface under different values of contact coefficient k. Since the cable surface radial
temperature gradient is a linear function of the surface temperature. So that the cable surface

temperature gradient distribution curve in Figure 4 and the cable surface temperature distribution
curve in Figure 3 have the same shape and change rule.

900
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(a) Distribution along the axis (b) z=4800 and 2700mm

Fig. 4. Temperature gradient distribution curves of cable surface with different k

2) The influence of ambient temperature on temperature characteristics. Keep the load cable I = 638A
and contact coefficient k = 7 unchanged, calculate the ambient temperature Tamb were 10, 15, 20, 25,
30 and 35 C cable core and surface temperature distribution curve shown in Figure 5 and Figure 6,
respectively. Cable core and surface temperatures are with the ambient temperature Tamb rise and
rise, the ratio between its temperature rise and the environmental temperature rise is approximately
constant, i.e., the ambient temperature Tamb every 1 C, the cable core conductor and the surface of
the temperature of each part of the cable core is also correspondingly increased by 1.17 C. z =
4800mm and z = 2700mm at the cable cable core conductor temperature difference and the surface
temperature difference of the cable by the ambient temperature Tamb change has less influence,
respectively. Tamb change has less influence, respectively, about constant 5.244 ‘C and 6.443 C.
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Fig. 5. Temperature distribution curve of cable core
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Fig. 6. Cable surface temperature distribution curve

3.1.3. Analysis of Stress Characterization Laws

1) Influence of contact coefficient k on stress characteristics. The contact coefficient k at the cable
joints directly affects the distribution of its temperature field, but also an important factor affecting
the distribution of the thermal stress field of the cable joints. The larger the contact coefficient k is, the
higher the temperature of the joint is, the greater the thermal stress, and vice versa. In the load current
[ = 638A and the ambient temperature Tamb = 25 °C, change the size of the value of contact coefficient
k, calculated to obtain the cable core and surface stress cloth curve shown in Figure 7 and Figure 8,
respectively. The stress curve results can be seen:

(a) With the increase of the contact coefficient k, the stress of the conductor and the surface of the
cable core increases, and the increase of the stress also increases slightly. Taking the cable core
conductor as an example, if the contact coefficient k increases from 1 to 4, the stress at z=2700mm and
z=5500mm increases from 2.42062x107N/m? and 5.99063x107N/m? to 2.48211x107N/m? and
6.21261x107N/m? respectively, which increases by 6.249x105N/m?® and 2.2342x106N/m?,
respectively. When the contact coefficient k increases from 10 to 13, it increases by 7.231x105N/m?,
respectively.

(b) With the cable core conductor stress distribution is different, the cable surface for the free
boundary, the stress distribution is mainly affected by the temperature, the external is not affected by
other phase contact medium material, therefore, the cable surface stress curve distribution law and
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temperature curve distribution law is the same, and z = 4800mm at the cable body surface stress by
the contact coefficient k is very small.
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Fig. 7. Cable core stress distribution curve
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Fig. 8. Cable surface stress distribution curve

2) The effect of ambient temperature Tamb on stress characteristics. The higher the ambient
temperature, the higher the temperature of the cable, the stress of the cable increases, and vice versa.
Keeping the load current [ = 638A and contact coefficient k = 7 unchanged, the calculated ambient
temperature Tamb were 10, 15, 20, 25,30 and 35 °C cable core and surface stress distribution curve
shown in Figure 9 and Figure 10, respectively. The results are shown as follows:

(a) Cable core conductor and surface stress with the ambient temperature Tamb increase and
increase, the increase in the amount of ambient temperature Tamb increase between the ratio remains
constant. Take the cable core conductor as an example, every 1°C increase in ambient temperature,
z=2700mm and z=4800mm at the cable core conductor stress increased by 87286N/m? and
223190N/m? respectively.

(b) The difference between the core and surface stresses at z=2700 mm and z=4800 mm are less
affected by the change in ambient temperature and are approximately constant.
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Fig. 10. Cable surface stress distribution curve
3.2. Cable thermal characterization

3.2.1. Environment configuration and training.The operating system used for the experimental
training is Ubuntul 8.04 system with 32GB of RAM and GPU .NVIDIA GeForce RTX4090.The
programming language is Python.4.0.The software libraries used include OpenCV, Pytorch, Pillow and
so on.

3.2.2. Comparative analysis of training curve results.The cable temperature and stress distribution
values are solved using sequential coupled lines, which form the training dataset, which is put into the
RNN network, CNN network, and the proposed Lap-ML-ELM algorithm to complete the training,
respectively, and the average Loss value of each training cycle is recorded in order to more intuitively
demonstrate the decreasing trend of the Loss value along with the training process, and the Loss
curves of the three networks are shown in Fig. 11. Different colors are used to distinguish the loss
curves of different network models: the red line represents the RNN network, the orange line
represents the original CNN network, and the magenta line represents the Lap-ML-ELM algorithm
proposed in this paper. By observing the graphs, it can be clearly found that the absolute value of the
loss function of the Lap-ML-ELM algorithm is lower compared to that of the RNN network and the CNN
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network, no matter in the early stage of training or in the late stage of convergence. In particular, after
the number of iterations exceeds 60, the decline rate of the loss curve of the Lap-ML-ELM algorithm
slows down, and the reduction of the loss function value decreases, but the overall trend still tends to
be 0. Meanwhile, the CNN network starts to slow down the decline rate of the loss function when the
iteration reaches about 70 times. The RNN network, on the other hand, reaches its lowest loss value
after about 100 iterations.
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Fig. 11. loss curves of three kinds of networks

Next, the thermal property detection accuracies of the three networks are analyzed, and Fig. 12
shows the thermal property detection Accuracy curves of the three networks. In Fig. 12, the red curve
represents the evolution of thermal property detectionaccuracy for CNN networks, the orange curve
corresponds to RNN networks, and the magenta curve represents the Lap-ML-ELM algorithm
proposed in this paper. It is found that the thermal property detection accuracies curves of the Lap-
ML-ELM algorithm are consistently higher than those of the RNN network and the CNN network
throughout the training iteration cycle. Especially at the 60th iteration, the thermal property detection
accuracies based on the Lap-ML-ELM algorithm have reached a steady state with high accuracy. In
contrast, the RNN network reaches stability only at the 30th iteration when the accuracy approaches
0.80. The CNN network, on the other hand, stabilized at the 40th iteration. Summarizing the above
analysis, by comparing the changes of the loss curve and the accuracy curve during the training process,
it can be concluded that the Lap-ML-ELM algorithm proposed in this paper not only performs well in
convergence speed, but also outperforms the other two traditional network models in the detection of
the thermal characteristics of the cables, which indicates that on the basis of sequential coupling to
solve for the temperature and stress characteristics of the cables, the use of Laplacian This indicates
that the thermal property detection performance of the Laplace MLM fusion algorithm is better than
the other two traditional network models on the basis of sequential coupling to solve the cable
temperature and stress characteristics, which is of great significance for the intelligent management
and monitoring of cables.
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Fig. 12. The thermal characteristics of the three networks detect the accuracy curve
4. Conclusion

Based on the Lap-ML-ELM algorithm, the internal structure of the cable, the article interprets the
theory of electric power characteristics in terms of temperature and stress. The structural mechanical
properties of different design parameters under thermal and compressive loading conditions are
explored to provide data support for cable thermal characterization. The cable temperature and stress
distribution values are solved based on sequential coupling, which are put into the model as inputs for
training, and the trained model is applied to the real scenario to analyze and process the real-time
collected cable data. When the contact coefficient increases, the corresponding temperature and stress
of the cable also increase. Under the effect of ambient temperature Tamb, the cable core and surface
temperatures also show a single picking increasing trend, while the core and surface stresses are the
same. In the whole thermal characteristic detection process, Lap-ML-ELM algorithm performs better
than RNN network and CNN network, which indicates that Laplace multilayer Extreme Learning
Machine fusion algorithm is able to realize intelligent management and monitoring of cables for the
development of electric power enterprises.
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