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Abstract: By simulating the actual working conditions of a cable, the temperature variation
rule of diﬀerent measuring points under diﬀerent load currents was analyzed. On this basis,
a three-dimensional finite element model (FEM) was established, and the diﬀerence and
influence factors between the simulation temperature and the experimental measured value
were discussed, then the influence of thermal conductivity on the operating temperature of
the conductor layer was studied. Finally, combined with the steady-state thermal conductivity model and the experimental measured data, the relation between thermal conductivity
and load current was obtained.
Key words: cable, finite element simulation model, thermal conductivity, operating temperature

1. Introduction
According to IEC 60216.3-2006, the deterioration degree of cable insulation material can
be assessed by the elongation at break (EAB) amounted to 50% of the initial value [1–4], and
the lifetime of insulation material is deduced using the Arrhenius model, which is expressed as
follows:
1g τ = Ea /RT + B,
(1)
where τ is the service lifetime of cable insulation materials (year), Ea is the activation energy
(kJ/mol), B is the constant related to material property; R is the molar gas constant (8.314 J/mol·K),
T is the core temperature (K) and the unit is in absolute temperature.
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When Formula (1) is used to extrapolate insulating material life, the working temperature is
one of the important factors aﬀecting the accuracy of extrapolation life value. How to acquire
accurate cable working temperature has the vital significance for the accurate prediction of the
cable insulation material life and the safe operation of the cable, which has also been attracting
close attention from the international community.
At present, the calculation of cable working temperature is basically based on IEC-60287,
a numerical analytical method, optical fiber measurement temperature and infrared thermometry
[5]. Reference 6 gives a discussion of the IEC calculation vs. FEM simulation for various cable
line layout, the result indicates that the FEM shows a stronger electromagnetic and thermal
interference than predicted by the IEC 60287 standard [6]. A new method of an optimized IEC
method to calculate the thermal resistance of air inside ducts was proposed, and it was in good
agreement with experiments as well as FEM simulations for a wide range of duct and cable sizes
[7]. The advantage of the FEM is that it is adaptable to irregular regions and can adapt to complex
material properties and boundary conditions. A boundary element method usually sets infinity
truncation area as boundary, and the boundary temperature is equal to the ambient temperature,
but the calculated amount of nodes is large when dealing with multi-layer soil or multi-cable
laying [8–11].
In this article, step currents were applied to a power cable at the actual working conditions
in order to get the temperature variation rules, at first. Secondly, a three-dimensional FEM was
established, and the errors between simulation and experimental results were comparatively
analyzed. Then the simulation had been conducted to find out the relations between the core
temperature and the thermal conductivity of the insulation layer and sheath layer. Finally, the
mathematical relationships between the cable core temperature and thermal conductivity were
revised, relied on the experimental results and validated under high current.

2. System design and result analysis
2.1. System design
In order to accurately analyze the variation rule of working temperature with the load current
and ambient temperature, a temperature measurement system of a cable was set up according to
mimic daily working conditions of the cable.
The schematic diagram of the measuring device and distribution of measurement points are
shown in Fig. 1. The cable length of EB and CD is three meters, BD is two meters. The distance
from measurement point 2 to point 3 is one and a half meters, and measurement point 1 to point 3
is two meters. GQ-AD3000 is a kind of high performance DC power supply, which cannot only
steady the output voltage and current but also can provide a maximum current of 300 A. During
the experiment, it was used to provide step currents to the cable.
When electricity is applied to a cable, heat is transferred from the conductor to the environment, and the heat at the bottom shifts upward in the process of transfer. Therefore, the top of the
cable was selected as the actual temperature measurement layer, in this paper. Several temperature
sensors (the margin of error is ±0.1◦ C and the resolution is 0.01◦ C) were installed in the cable
and the ambient temperature sensor was placed two centimeters from the surface of the cable
sheath, as shown in Fig. 2.
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Fig. 1. Schematic diagram of the measuring device

Fig. 2. Schematic diagram of sensors and cross-section of the cable

In order to observe the change trend of the working temperature in diﬀerent currents, load
currents of 50 A, 100 A, 140 A and 200 A were selected in the experiment. The cable was loaded
with 50 A at first, and when the core temperature became steady altering less than 1◦ C in 1 h and
the step load current increased to 100 A, then we proceeded to the next load.
2.2. Result analysis
Fig. 3 shows the temperature curves at diﬀerent measurement points with step currents and
it is observed that the core temperature, insulation temperature and surface temperature of each
point have the same change trend. With the increase of loading time, the temperature curves
increase in terms of logarithm, and as the current increases, the cable temperature needs to take
more time to reach a steady state. For example, with a load current of 50 A the core temperature
needs about 4 hours to reach a steady state, and when it is of 200 A the core temperature takes
about 10 hours to reach this steady state. The increase of the load current also causes the increase
of the temperature diﬀerence between diﬀerent layers. The reason of this phenomenon is that the
sustained increase of a load current causes more heat in a conductor, but the heat cannot be sent
out through the insulation and sheath layer, which also results in the increase of the temperature
diﬀerence and time to reach a steady state.
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Fig. 3. Temperature curves at diﬀerent measurement points

Fig. 4 shows the diﬀerence of core temperatures among three measurement points. It can be
seen that the temperature of measurement point 1 is higher than measurement point 2 and point 3,
as well as the temperature diﬀerences at 6 h, 9 h, 14 h and 22 h are larger than others. Each of
them, except the one at 9 h, appeared after the change of the current and the temperature diﬀerence
also gradually increased with the current enhancement. For 9 h, the environmental temperature
increased from 5 h to 12 h, the eﬃciency of convection and radiation between the cable skin and
environment are decreased and the heat produced by the conductor cannot spread out in time.

Fig. 4. Core temperature diﬀerences of cable in axial
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Besides, when load current increases, the contact resistance between the terminal of a cable
and power supply will generate more heat, a part of heat will transmit from terminal stud to the
core. Since points 1 and 2 were closer to the terminal stud, the temperature of point 1 was higher
than point 3 and point 2 in the moment of load current mutation. But after a period of time, the
temperatures of the cable core rose and reached a stable state, the temperature diﬀerences became
smaller. The maximum core temperature diﬀerence between measurement point 1 and point 3
was 1.6◦ C when a current of 200 A was applied.
From the above discussion, in order to reduce the eﬀects of contact resistance, the measurement
values of point 3 were selected as the representative of the cable. Because the cable temperature is
not easy to be measured directly in actual operation, it can only be deduced by measuring the sheath
temperature, load current and environmental temperature. Therefore, in order to accurately analyze
the variation of the cable temperature when a load current and ambient temperature change, the
temperatures of the surface and environment are used as initial and boundary conditions to
establish the FEM.

3. Finite element model analysis
3.1. Geometric modeling
The FEM analysis of a three dimensional convection diﬀusion equation was given by using
an 8-node hexahedral element. The boundary condition was set as the adjacent model, that is, the
area around the cable with a radius of 50 mm was used for the analysis, the ambient temperature
was taken as the boundary condition of the simulation model as has been shown in Fig. 5, and
the model parameters have been shown in Table 1.

Fig. 5. Boundary condition of FEM

Table 1. Basic parameters of FEM
Parameter

Conductor

Insulation

Sheath

Environment

Material

Copper

EPR

Neoprene

Air

Thickness (mm)

8.74

2.24

1.78

50

Thermal conductivity (W/m·K)

386.4

0.4

0.42

0.023

Specific heat capacity (J/kg·K)

385

221.2

190

–

Density (kg/m3 )

8890

1150

1240

–

Resistivity (Ω · m)

1.7241 e−8

–

–

–
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3.2. Mesh generation
When the cable model was divided into finite element meshes, while all the meshes were
small, the calculation turned out to be very time-consuming, and the calculation could not be
carried out due to non-convergence. Therefore, two kinds of mesh divided methods were used
comprehensively in the analysis process in this paper. For example, because of the characteristics
of the cable, its small structure and large temperature gradient, the cable layer was divided by
the use of a fine-mesh land model with a grid length of 0.5 mm, which helped to achieve high
calculation accuracy. The environment layer was a non-linear aerodynamics model and the change
of the temperature gradient was small, so it was just divided by the use of a coarse-mesh scale
and the grid length was 2 mm. It is shown in Fig. 6.

Fig. 6. Diagram of finite element mesh generation

3.3. Simulation results analysis
In the simulation process, there was no external heat sources and the structural parameters
of the cable were fixed as shown in Table 1 and were brought into the simulation model in
order to analyze the eﬀect of influence factor on the core temperature. The simulation results are
obtained when the cable working temperature reaches steady state under a diﬀerent load current
and ambient temperature as shown in Fig. 7.
The steady-state temperature values of the conductor, insulation layer and jacket layer in Fig. 7
were compared with these in Fig. 3, when measurement point 3 of a diﬀerent load current reaches
steady state, the results were shown in Table 2.
According to Table 2, when the load current is 50 A, the diﬀerence between the simulation
temperature and the experimental data is small. But when the load current increases, the temperature of the conductor, insulation layer and sheath layer is higher than that of the experimental
measurement. On the basis of the heat transfer theory and the governing equation of boundary
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(a) load current is 50 A

(b) load current is 100 A

(c) load current is 140 A

(d) load current is 200 A
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Fig. 7. The steady state simulation values under diﬀerent load currents

Table 2. Comparison of temperatures of simulation and experiment

Simulation temperature (◦ C)

Experiment temperature (◦ C)

50 A

100 A

140 A

200 A

conductor

21.6

29.9

38.0

58.9

insulation

21.1

28.7

35.6

54.2

sheath

18.6

22.8

24.1

30.6

conductor

21.1

28.4

35.4

45.1

insulation

19.4

26.9

32.7

41.3

sheath

18.4

21.1

23.7

26.8

conditions, the influencing factors of cable operating temperature mainly include structural parameters, thermal conductivity, an external heat source and environmental temperature. During
the simulation process, the cable structure parameters were fixed, there was no influence of the
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external heat source, and the ambient temperature was taken into the simulation model as a known
boundary condition, therefore, only the influence of the change of thermal conductivity needs to
be considered.
In the simulation process, the thermal conductivity of the insulation layer and the sheath
layer remained unchanged, which led to the case, where the heat generated by the insulation
layer couldn’t be transferred to the sheath layer according to the actual situation, resulting in the
temperature of the conductor layer and the insulation layer much higher than the experimentally
measured value. Therefore, in order to obtain a more accurate simulation model, it is necessary
to analyze the change rule of thermal conductivity of an insulation layer and sheath layer under
diﬀerent load currents.
3.4. Thermal conductivity analysis
In order to analyze the influence of thermal conductivity of an insulation layer and sheath
layer on the temperature of a cable conductor layer, the steady-state temperature variation rule
of the conductor layer, when the thermal conductivity of the insulation layer and sheath layer
increased by 10%, 20%, 30% and 40%, was carried out as shown in Table 3.
Table 3. Eﬀect of the thermal conductivity on conductor temperatures
I (A)

T (◦ C)

Insulation

Sheath

50

100

140

200

10%

21.4

29.3

37.2

56.6

20%

21.2

28.8

36

54.6

30%

21

28.4

35.4

52.9

40%

20.9

28.0

34

51.5

10%

21.5

29.8

37.8

57.4

20%

21.3

29.2

37.1

56.7

30%

21.2

28.7

36.5

56.1

40%

21.1

28.5

35.9

55.6

Fig. 8 and Fig. 9 show the eﬀect of thermal conductivity of insulation and sheath layers on
conductor temperature. It can be noted that:
a) the higher the load current, the greater the eﬀect of the thermal conductivity on the conductor
temperature,
b) at the same time, the thermal conductivity of the insulation layer has greater influence on
the conductor temperature than that of the sheath layer.
Therefore, in order to obtain the change rule of thermal conductivity with temperature under
diﬀerent load currents, the thermal conductivity of the insulation and sheath layers was assumed
to be a one-dimensional steady-state heat conduction problem along the radius [12, 13], as
shown in Fig. 10. There, the radius of the conductor, insulation and sheath layers were r c , r 1 ,
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Fig. 8. Eﬀect of thermal conductivity of insulation on conductor temperature

Fig. 9. Eﬀect of thermal conductivity of sheath on conductor temperature

r 2 , respectively. T1 was the inner surface temperature of the insulation layer, T2 was the external
surface temperature.
According to the heat conduction theory, the diﬀerential equation of heat conduction at any
point of the insulation layer is:
(
)
d
dθ
r
= 0.
(2)
dr
dr
The boundary condition is r = r c :T = T1 , r = r 1 :T = T2 .
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Fig. 10. Steady-state heat conduction model of insulation layer

Integrating Function (2) and conjunction with boundary conditions yields:
C1 =

T2 − T1
,
ln (r 1 /r c )

C2 = T1 −

T2 − T1
ln r c .
ln (r 1 /r c )

(3)

The temperature of the insulation at any point is:
T2 − T1
r
ln .
ln (r 1 /r c ) r 1

T = T1 +

(4)

Take the logarithm of both sides, and the heat flux q of the insulation layer obtained by
Fourier’s law is:
λ T2 − T1
q=
.
(5)
r c ln (r 1 /r c )
The total heat flux Wd through the insulation layer of unit length is:
Wd =

2πλ(T2 − T1 )
.
ln (r 1 /r c )

(6)

The thermal resistance Td of the insulation layer is:
Td =

ln (r 1 /r c )
.
2πλ

(7)

So, the insulation layer temperature diﬀerence between θ 2 and θ 1 can be expressed as:
T2 − T1 = (I 2 R + 0.5W )Td ,

(8)

where: W is the insulation loss, W = U02 , ωC tan δ, U0 is the insulation voltage, ω is the angle
frequency, tan δ is the dielectric loss tangent, C is the capacitance per unit length.
Therefore, the thermal conductivity λ of the insulation layer is:
λ=

I 2 R + 0.5U02 ωC tan δ
2π (T2 − T1 )

ln (r 1 /r c ) ,

where: I is the load current, R is the AC resistance per unit length.

(9)
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First, the thermal conductivity of the insulation layer was calculated by bringing the temperature values on both sides of the insulation layer under diﬀerent loads into Equation (9). Then,
the results and load currents were taken into the simulation model and corrected the thermal
conductivity of the insulation and sheath layer by using the experimental temperature data. The
simulation results are shown in Table 4.
Table 4. Computing results of temperature and thermal conductivity

Simulation temperature (◦ C)

Experiment temperature

Thermal conductivity

(◦ C)

50 A

100 A

140 A

200 A

conductor

21.6

28.8

35.3

46.5

insulation

21.1

27.7

33.3

42.3

sheath

18.6

22.4

23.2

26.2

conductor

21.1

28.4

35.4

45.1

insulation

19.4

26.9

32.7

41.3

sheath

18.4

21.1

23.7

26.8

insulation

0.4

0.48

0.54

0.64

sheath

0.42

0.44

0.46

0.5

The thermal conductivity could only be estimated according to the cable temperatures and load
current, but could not be calculated by using the cable temperature distribution as the temperature
of the conductor, and the insulation layer could not be measured directly under normal operating
conditions. According to the above analysis, the temperature of the cable conductor layer was
mainly determined by the load current and the thermal conductivity of the insulation layer and
sheath layer. On the other hand, the fundamental factor that aﬀected the change of the thermal
conductivity of the conductor temperature, insulation layer and jacket layer was the load current.
In order to get the thermal conductivity at other load currents, the equations were obtained by
fitting the curve of the thermal conductivity to the load current, as shown in Fig. 11.

Fig. 11. The relationship between thermal conductivity and current
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In order to verify the accuracy of the relationship between the thermal conductivity and load
current of the insulation layer and sheath layer, the load current was set at 250 A under the experimental conditions, and the temperature value of each layer of the cable and the environmental
temperature value of measuring point 3 were recorded. The simulation results are shown in Fig. 12
and Fig. 13.

Fig. 12. The steady state simulation result of 250 A

Fig. 13. The contrast curve of experiment and simulation result

4. Conclusion
The temperature measurement system was constructed by simulating the actual working
conditions of the cable and the temperature of diﬀerent measuring points under diﬀerent load
currents was obtained. Then, the error and influence factors of the temperatures during the
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experimental tests were measured and the FEM under the fixed condition of the cable parameters
were analyzed. In addition, the relationship between the thermal conductivity and the load current
was studied by combining the steady-state thermal conductivity model with the experimental
measured data. The proposed method has the following advantages:
1. When the cable parameters are fixed, there is a large deviation between the simulated
temperature and the experimental measured value, and it increases with the increase of the
load current.
2. The steady-state temperature change law of a conductor layer was analyzed when the thermal
conductivity of an insulation layer and sheath layer was increased by 10%, 20%, 30% and
40%, the results show that the influence of the thermal conductivity of an insulation layer
on the temperature of a conductor layer was greater than that of a sheath layer.
3. The relationship between thermal conductivity and load current was obtained by combining
the steady-state thermal conductivity model and the experimental measurement temperature, and the measurement value of the load current was taken as 250 A for verification. The
results showed that the error between the simulated temperature value and the experimental
measurement value was small.
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