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Abstract. Since the temperature distribution, electric field distribution and steady-
state current-carrying capacity of HVDC (high-voltage direct-current) cables affect
each other, the temperature field and electric field should be taken into account when
calculating the current-carrying capacity. In addition, in the actual operation of
submarine cables, not only their own characteristics but also the impact of the laying
conditions on the cable current-carrying capacity should be considered. In this paper,
COMSOL Multiphysics is used to calculate the temperature and electric field
distribution of + 500 kV XLPE (cross-linked polyethylene) HVDC submarine cable.
By comparing the results of the simulation with the equivalent thermal circuit model,
the validity of the heat transfer algorithm applied to engineering practice is verified.
And the temperature field models of submarine cables in seawater section, directly
buried section and submarine section are established. Through the simulation
calculation of the overall model, the effects of soil thermal conductivity and
seawater temperature on current-carrying capacity under different laying modes are
obtained, and the conclusion that the bottleneck section of the current-carrying
capacity of DC submarine cables is directly buried is drawn. The current-carrying
capacity analysis method and conclusion of + 500 kV submarine cable presented in
this paper can provide a theoretical basis for HVDC submarine cable transmission.

Keywords. HVDC, XLPE submarine cable, electric-thermal coupling, current-
carrying capacity.

1. Introduction

With the advancement of urbanization and the development of renewable energy, HVDC
cable plays an increasingly important role in the power system, especially the promotion
of VSC-HVDC, which increases the demand for HVDC cable. HVDC cable system is
more and more used in long-distance and large-capacity submarine transmission lines
due to its small size, light weight, easy maintenance and environment-friendly
characteristics[1]. However, there are still some difficulties in its engineering design.
Different from AC (alternating current) cables, the temperature distribution, electric field
distribution and steady-state current-carrying capacity of HVDC cables affect each other,
which are important operating parameters[2]. First, submarine cables are usually
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transported over a long distance, and surround by seawater and soil, where the calculation
of temperature field and the determination of the current-carrying capacity are more
complicated. Second, the conductivity of XLPE insulation material is a function of
temperature and electric field, while the electric field distribution in DC cable insulation
is not only determined by the conductivity, but also affected by the cable temperature.
Therefore, it is difficult to give accurate results either in simulation calculation or actual
measurement.

In recent years, a lot of research has been carried out at domestic and international
on the distribution of electric and thermal fields of cables. Chang Liu application of
equivalent of thermal conductivity simplifies the structure of the DC cable[3], Yanpeng
Hao studied the influence of maximum permissible conductor temperature and
temperature difference of insulation layer on steady-state current-carrying capacity of
DC cable[4]. Yanhui Wei discussed the influence of current-carrying capacity and laying
method of land cable on temperature field distribution of HVDC cable with different
insulation thickness[5]. Lin Yang carried out thermal-fluid-structure coupling simulation
for DC cables, circulating water and insulation water pipes, and studied the influence of
cooling water velocity on the temperature gradient of insulation layer and conductor
temperature[6]. S.Baggs calculated the steady-state electric field distribution in XLPE
insulation and analyzed the transient process of field intensity change after voltage
polarity reversal[7]. C.C.Eddy analyzed the field intensity distribution in XLPE
insulation by analytical method, and pointed out that the field intensity in the middle
position of coaxial insulation basically did not change with loading, which was
approximately equal to the average field intensity of insulation[8]. Huan Zheng studied
the field intensity distribution in XLPE insulation under DC superimposed impulse
voltage, and pointed out that the maximum field intensity always appeared on the inner
surface of insulation[9]. Although the current-carrying capacity and electric-thermal
characteristics of cables are more mature, most of the studies only focus on cable
characteristics and land environment, without putting cables into actual submarine
conditions. Since the laying method and environment of submarine cables are quite
different from overland cables, submarine cables should not only consider the maximum
permissible temperature of conductor, but also consider the influence of different laying
modes on the current-carrying capacity. To solve this problem, the solution domain
should be extended to the external area of cables when simulating the thermal field of
the cable.Taking the + 500 kV XLPE HVDC submarine cable as an example, this paper
establishes the electric-thermal coupling model of DC submarine cable by using the
professional finite element software COMSOL Multiphysics, calculates and analyzes the
temperature field of submarine cable under three common laying methods: seawater
section, directly buried section and sub-sea section. Finally, the influence of laying
methods and environmental factors on the current-carrying capacity of submarine cable
is further studied.

2. Cable Structure and Parameters

In this paper, + 500 kV XLPE HVDC submarine cable is selected, the structure of the
cable is shown in figure 1. The radius of the Copper Conductor is 64 mm, the Conductor
Screen thickness is 2 mm, the XLPE Insulation layer thickness is 30 mm, the Insulation
Shield thickness is 1.5 mm, the Water-blocking Tape thickness is 4 mm, the Lead Sheath
thickness is 4.9mm, the HDPE Sheath thickness is 4.6 mm, the Filled Bands thickness is
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6 mm, the PE Bedding thickness is 1 mm, the Armor thickness is 6 mm, and Serving
layer thickness is 4.5 mm.

Copper Conductor
HDPE Sheath

Conductor Screen
Filled Bands

XLPE Insulation
PE Bedding
Insulation Shield

Armor
Water-blocking Tape

Serving Lead Sheath

Figure 1. Cross-section of the + 500 kV XLPE HVDC submarine Cable
The thermal physical properties of cables need to be defined in temperature field
simulation studies, and in the electric-thermal coupling, the conductivity changes with
the change of temperature and electric field, it needs to be accurately defined by the
calculation formula. Main performance parameters are listed in table 1.

Table 1. Electric-thermal physical parameters of cable materials.

Thermal Conductivity/

Structure (W/(m-K)) Conductivity / (S/m)
1
Copper Conductor 400 7 T 1 72x10° 1+ 1.39x10°(7,-20)]
Conductor Screen 10 o, = _irsc + 877
’ 670 670
XLPE Insulation 0.29 0,=0.9x10"exp (0.17, +0.3E)
Insulation Shield 10 o, =1, 437
670 670
Water-Blocking Tape 0.28 o, =1 377
670 670
Lead Sheath 353
HDPE Sheath 0.46
Filled Bands 0.22
Not involved in electric field solution
PE Bedding 0.46
Armor 445
Serving 1.25

o, , 0, and O; are respectively conductor conductivity, semi-conductive material

conductivity and XLPE Insulation conductivity, the units is S/m; T , Ts. and T; are
respectively conductor temperature, semi-conductive material temperature and XLPE
insulation temperature, the units is °C; E is the electric field intensity, the units is kV/mm.
Due to the metal sheath plays the role of shielding the electric field, the lead sheath and
the outside do not participate in the electric field calculation in this paper[10].
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3. Fundamental Principle of Current-carrying Capacity
3.1. Equivalent Thermal Circuit Model Method

The cable loop is equivalently considered as a thermal circuit model, and the numerical
derivation is carried out based on IEC60287 series formula to study the relationship of
submarine cable between the current-carrying capacity and temperature[11]. Since
HVDC cable does not have metal sheath loss, insulation loss can be neglected in normal
operation, so only conductor loss of DC submarine cable can be calculated. The
equivalent thermal circuit model is shown in figure 2.

Rc Ri Rl R\’vb Rl Rns Rf Rh Rﬂ R>
O I e R o I e I o E e N |
T, T, T T, T, T T, T, 1, T, T,
Copper
Conductor -[
| | | | | »l -l »l e »l |
= | I el I I I . 1 I I . 1
Conductor  XLPE  Insulation ~ Water- Lead HDPE Filled PE Armor  Serving
Screen  Insulation  Shield Blocking Tape Sheath Sheath Bands Bedding

Figure 2. Equivalent thermal circuit model of HVDC submarine cable

In figure 2, W, is the conductor loss, the unit is W/m. T, Tis, Two, 115 Tpss> Tt, T,
T, and T are respectively the temperature of Conductor Screen, Insulation Shield, Water-
Blocking Tape, Lead Sheath, HDPE Sheath, Filled Bands, PE Bedding, Armor and
Serving, the units is °C; Res, Ri, Ris, Rwb, Ri, Rps, R, Rv, Raand R are respectively the
thermal resistance of Conductor Screen, XLPE Insulation, Insulation Shield, Water-
Blocking Tape, Lead Sheath, HDPE Sheath, Filled Bands, PE Bedding, Armor and
Serving, the units is K-m/W, the calculation method is as follows:

1 r
R =——Imnh-2 1
oo r M

T rl

R: is the thermal resistance of any layer, the unit is K-m/W; A, is the thermal conductivity
of the layer, the unit is W/(K-m); 71 and rr; are the inner radius and outer radius of the
layer, the units are mm.

In a thermal circuit, the temperature difference between the ends of the thermal
resistance is equal to the loss multiplied by the thermal resistance, so the difference
between the temperature of the conductor and the temperature of the outer surface of the
cable is equal to the product of the conductor loss and the total thermal resistance of the
cable:

Te - Ts= W, Ra (2)
Rall = Rcs + Ri + Ris + wa + RI + Rps + Rt‘+ Rb+Ra + Rs (3)
Rai is the total thermal resistance of the cable, the unit is K-m/W.
According to IEC60287 standard[12], the formula of unit length conductor loss W,
is:

Wc =[2RDC (4)
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Rpc is unit length DC resistance of conductor, the units is /m.
By combining (2), (3) and (4), the calculation formula of DC cable current can be
derived as follows:

)

Iiec is the steady-state current-carrying capacity of the conductor at the highest operating
temperature, the unit is A; T is the highest operating temperature of the conductor, the
units is °C; R is unit length DC resistance of conductor when the conductor temperature
is T, the unit is Q/m, which can be obtained from the following equation:

Ry =R, [1+ a(T},-20)] (6)

Ry is unit length DC resistance of conductor at 20 °C, the unit is /m; « is the Conductor
DC Resistance Temperature Coefficient, the units is 1/°C.

3.2. Heat Transfer Methodology

Because the cable is axially symmetrical distribution based on the center line, in order to
reduce the calculation amount, this paper uses COMSOL Multiphysics to establish a 2D
axisymmetric model (figure 3). Joule heating is generated by applying current to the
cable conductor area, and is used as the heat source in the heat transfer process to
simulate the effect of current-carrying capacity on the temperature distribution.

Axis

-+ e
Rotate ‘ ‘ ‘ Surface

Conductor

Figure 3. Simulation model of = 500kV HVDC submarine cable

e Control equation

In COMSOL multiphysics, the temperature field is controlled by the heat transfer
equation. Because the cable conductor needs to be loaded with current, the electric field
control equation should also be added to study the change of the cable temperature
distribution with the current-carrying capacity.

1)The heat transfer control equation is:

pC,-VT+V-(=AVT) =0, ()
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P is density, the unit is kg/m?; C, is the specific heat capacity, the unit is J/(kg'K); T is
temperature, the unit is K; V is the vector differential operator; 4 is the thermal
conductivity, the unit is W/(K-m); Q. is the heat of unit length heat source, the unit is
W/m’.

2)The electric field control equation is:

V-J=0,
J=GE+J, (8)
E=-VU

J is the current density vector, the unit is A/m?; Q; is the current source, the unit is A/m?;
o is the electrical conductivity, the unit is S/m; E is the electric field intensity vector,
the unit is V/m; J. is the external injection current density, the unit is A/m?; U is the
electric potential, the unit is V.

3)According to Equations (7) and (8), the electric-thermal coupling equation is:

C VT +V-(-AVT)=0,
{p,, +V( )=0, ©

0.=JE

e Boundary conditions and meshing
Common heat transfer problems can be summarized into the following three boundary
conditions[13].The first type of boundary conditions are known boundary temperatures.

or* or’

—5+—5=0

ox~ oy (10)
T(X,J’)|r:f(x,y) |r

The second type of boundary condition is the known boundary normal heat flux.

or* orT’
EC
A—I-+q=0
5, 4

The third type of boundary conditions is the heat transfer coefficient and fluid
temperature between fluid and solid are known.

oT* or?
Lo

— =0
2 2
ox~ Oy (12)

oT
A= BT,
n
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T is the temperature at (x,y), the unit is °C; T" is the integral boundary; ¢ is heat flux, the
unit is A/m?; 8 is the heat transfer coefficient, the unit is W/(m?-K); 7T; is the temperature
at any point in the temperature field, the unit is °C. Ty, is the fluid temperature, the unit
is °C.

In this section, the outer surface of the cable is assumed to be the first type of
boundary conditions, that the temperature value of the outer surface of the cable is
specified, and the analytic domain is meshed by triangular elements.

3.3. Analysis and Comparison of Results

Assuming that the external surface temperature of the cable is 25°C, the current-carrying
capacity of each calculation method is calculated respectively when the conductor
temperature is from 70°C to 100°C and the step length is 10°C. The calculation results
are shown in table 2. The current-carrying capacity calculated by the equivalent heat
model and the heat transfer method is compared. The data deviation is analyzed, and the
results of the equivalent heat model are similar to those of the heat transfer method,
which meet the deviation standard.

Table 2. The amount of capacity carried by each calculation method at different conductor temperatures.

Conductor Method of equivalent Heat transfer method Absolute deviation
temperature thermal circuit model (A) (%)
O (A)
100 1982 1955 1.3%
90 1871 1841 1.6%
80 1749 1734 1.5%
70 1608 1582 1.6%

Figure 4 shows the cable temperature distribution when the conductor temperature
is 90 °C.

Temperature ('C)

Temperature ('C)

%
87.39
8477
8216
79.55
76.93
74.32
.
69.09

66.48

61.87

o 61.26
20 60 58.64
56.03

° 53.42
s0 s0.8

48.19
4558
42.96
4035
37.74
35.13

50 mm 0

32.51
299
27.29
F

Figure 4. Temperature contours of + 500kV HVDC submarine cable
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4. Factors and Bottlenecks of Current-carrying Capacity
4.1. Effect of Temperature Field

Figure 4 shows that the cable has radial temperature difference. In order to study the
influence of radial temperature difference on the current-carrying capacity, the cable
temperature field is solved by selecting the current-carrying capacity from 500 to 2000
A and taking 250 A as the step. It can be seen from figure 5 that when the current-carrying
capacity increases, the difference between conductor temperature and surface
temperature increases. When the capacity reaches a certain limit, the calculation of the
current-carrying capacity based on monitoring the surface temperature of the cable will
have a large error from the actual allowable operating capacity, which makes it difficult
to ensure the safe operation of the cable.

m - conductor temperature
190 ®  surface temperature
radial temperature difference
100 4

804
60 4
10 4

204

temperature ('C)

500 750 1000 1250 1500 1750 2000

current-carrying capacity (A)

Figure 5. Effect of current-carrying capacity on temperature field
4.2. Effect of Electric Field

Due to the existence of radial temperature difference, the temperature distribution of
Insulation is uneven which affects the electric field distribution| 14-16]. The electric field
of cable is simulated by heat transfer and results are shown in figure 6. The simulation
results show that under no-load condition, the maximum field strength in the Insulation
is located in the inner side of the layer. With the increase of the current-carrying capacity,
the position of the maximum field strength begins to move. When the current-carrying
capacity reaches 2200 A, the polarity of the electric field distribution reverses, and the
position of the maximum field strength shifts from the inner side the outer side.
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24 - Inside of Insulation
—@®— Outside of Insulation

electric intensity (kV/mm)

10 T T T T T T T
0 500 1000 1500 2000 2500 3000

current-carrying capacity (A)

Figure 6. Effect of current-carrying capacity on electric field
4.3. Effect of Laying Methods

In this section, the third type of boundary conditions is used to determine the heat transfer
conditions between the cable and the outside region[17].The heat transfer coefficients of
seawater and soil are 200 W/(m™2-K) and 8 W/(m-K)[18], and the soil temperature is
constant at 25 °C.The conditions model of submarine cable laying is shown in figure 7.

Seawater Im Seawater Seawater
2m 2m
Im
,_Zm_.(othn__ ._Zm__coﬁ_m__ o) 2m
Cable Cable S Cable
2m 2m 2m
Soil Soil
(a) seawater section (b) directly buried section (c) sub-sea section

Figure 7. Conditions model of submarine cable laying

e  Soil thermal conductivity

Calculate the soil thermal conductivity are 0.8, 1.0, 1.2, 1.4 W/(m'K) the current
carrying capacity when the cable reaches the limit temperature[19], The variation of the
current-carrying capacity with the thermal conductivity is shown in figure 8. It can be
concluded from the results that the cable capacity raises with the increase of soil thermal
conductivity. When the cable is laid, the cable current-carrying capacity can be increased
by selecting the soil area with appropriate thermal conductivity.
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Figure 8. Effect of soil thermal conductivity

e  Seawater temperature

When the temperature of the cable conductor reaches 90 °C and the buried depth is
1 m, the seawater temperature is selected from 15°C to 35°C with 5°C as the step to study
the variation of the current-carrying capacity with sea water temperature under different
laying conditions. The variation trend is shown in figure 9. It can be seen from the results
that with the increase of seawater temperature, the current-carrying capacity decreases
when the cable reaches the limit temperature. Among them, the seawater section is the
most affected by seawater temperature, followed by the sub-sea section, and the directly
buried section is negligible.

—=— seawater section
2050 —ea— sub-sea section

2000 directly buried section

1950
1900 4
1850
1800
1750

1700

current-carrying capacity (A)

*~—— . —

1650 T T T T T

15 20 25 30 35
seawater temperature ('C)

- o

Figure 9. Effect of seawater temperature

e Comparison of laying method

In order to study the effect of the laying method on the current carrying capacity,
calculate cable conductor at 70 °C, 80 °C and 90 °C of the current carrying capacity under
each mode (figure 10). Except for the laying method, other environmental factors are the
same. The sea water temperature is 30 °C, and the soil thermal conductivity coefficient
is 1 W/(m-k). It can be seen from figure 8 that under the same conductor temperature,
due to the cooling effect of seawater, the current-carrying capacity is close to the sub-sea
section, while the directly buried section is slightly lower than that of other methods.
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2000 - directly buried section
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0 T T T
70 80 90

conductor temperature (°C)

Figure 10. Comparison of capacity in different laying methods

5. Conclusion

For £500kV flexible HVDC submarine cable, its current-carrying capacity is a very
important parameter. This paper takes the = 500 kV XLPE HVDC submarine cable as
the research object, constructs the equivalent thermal circuit and heat transfer model, and
studies its current-carrying capacity under different laying methods. The conclusions are
as follows:

1) The accuracy of the heat transfer method is verified by comparing the calculation
results of the heat transfer method and the thermal circuit model. This method can
effectively provide theoretical basis and data support for power grid dispatching
operators.

2) The cable has radial temperature difference, so it is difficult to ensure the safe
operation of the cable by only monitoring the cable surface.

3) When the carrying-capacity reaches a certain limit, the electric field of the
Insulation will have polarity reversal, which is equivalent to applying several times the
voltage to the cable instantaneously.

4) The current-carrying capacity of submarine cables is the strongest in the seawater
section, and the directly buried section is the bottleneck area that limits the current-
carrying capacity. It is necessary to pay attention to the environmental factors and load
conditions of the directly buried section of cables.

References

[1] Giovanni M, Massimo M. Extruded Cables for High-Voltage Direct-Current Transmission: Advances in
Research and Development[M]. 1st edn. Wiley-IEEE Press, 2013.

[2] Choo W. Electric field in polymeric cable due to space charge accumulation under DC and temperature
gradient[J]. IEEE Transactions on Dielectrics & Electrical Insulation, 2011,18(2): 596-606.

[3] Liu C. A simplified finite element algorithm for steady current carrying capacity of DC cable based on
equivalent thermal conductivity [J]. High voltage appliances, 2016, 52(05): 7-13.

[4] Hao Y P. Analytical calculation method for steady-state current carrying capacity of HVDC cables [J].
Power grid technology, 2016, 40(04):1283-1288.

[5] Wei Y H. Influence of insulation thickness on the distribution of Electric Field and Temperature Field of
High-Voltage Direct-Current Cable [J]. Transactions of China Electrotechnical Society, 2022, 37(15):
3932-3940.



444

Y. Wang et al. / Study on &= 500 kV VSC-HVDC Submarine Cable Transmission Bottlenecks

[6] Yang Lin: Simulation Study on Temperature Control of Load Circulation System of +500 kV DC Cable

[J]. High voltage electrical apparatus, 2020, 56(01): 155-161.

[7]1 BOGGS S: Effect of insulation properties on the field grading of solid dielectric DC cable[J]. IEEE

Transactions on Power Delivery, 2001, 16(4): 456-461.

[8] REDDY C. C.: On the DC conductivity of HVDC cable insulation-cautions in using the empirical

models[C]//Conference Record of the IEEE International Symposium on Electrical Insulation. IEEE,
2008, pp. 39-42.

[9] Zheng H. Study on transient electric field distribution characteristics of HVDC cable under DC

[10]
[11]
[12]

[13]
[14]

[15]
[16]
[17]
[18]
[19]

superimposed impulse voltage [J] Chinese Journal of Electrical Engineering, 2016, 36(24): 6682-6692.
Huang J.C. Study on Electrothermal coupling of HVDC XLPE cable and Calculation of Steady-state
load [D].South China University of Technology, 2016.

Sedaghat, A.: Thermal analysis of power cables in free air: Evaluation and improvement of the IEC
standard ampacity calculations [J]. IEEE Transactions on power delivery, 2014, 29(5): 2306-2314.

IEC 60287-1-1, Electric cables - Calculation of the current rating - Part 1-1: Current rating equations
(100 % load factor) and calculation of losses[S], 2006.

G. J. Anders: Rating of electric power cables in unfavorable thermal environment[M]. Wiley (2005)
Andersson J.: Comparison of Test Setups for High Field Conductivity of HVDC Insulation Materials[J].
Proceedings of the Nordic Insulation Symposium, 2018(23).

REDDY C.C.: On the computation of electric field and temperature distribution in HVDC cable
insulation [J]. IEEE Transactions on Dielectrics and Electrical Insulation, 2016,13(6): 1236-1244 .
Fazal A: The effect of composition and processing on electric characteristics of XLPE in HVDC cable
applications[C]// IEEE Electrical Insulation Conference (EIC). IEEE, 2016, pp. 440-443.

Anders G. J.: Power cable thermal analysis with consideration of heat and moisture transfer in the soil[J].
IEEE Transactions on Power Delivery, 1988, 3(4): 1280-1288.

Ying Liu: Thermal field and electric field simulation of 500 kV DC XLPE submarine cable [J].High
voltage electrical apparatus, 2020, 56(12): 7-15.

S. Maximov: Analysis of under- ground cable ampacity considering non-uniform soil temperature
distributions[J]. Electric Power Systems Researchl, 2016, 32(Mar.), 22-29.



