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Abstract —The carbon neutrality goal of achieving net-zero by 
2050 has sparked significant interest in offshore wind farms. With 
the offshore wind farms installed > 100 km away from the sea-
shore, underground power transmission infrastructure is a neces-
sity. Considering the power cable length and low net effective 
losses, a high-voltage direct-current (HVDC) system is chosen for 
this study.  Also being lossless in DC operation, the HVDC cables 
are considered to be made out of high-temperature superconduc-
tor (HTS) material. But, unlike copper/aluminium, HTS material 
has a sharp transient behaviour as a function of the operating cur-
rent, temperature and field. Thus, under transient conditions, as 
the fault current ramps up, this can lead to an increase in the HTS 
operating temperature, causing either degradation or permanent 
damage to the HVDC cable. In this paper, an HTS HVDC cable 
model has been developed in MATLAB/Simscape coupling both 
electrical and thermal models. For this study, a 100 km long coax-
ial 100 kV/1 GW DC HTS power cable is considered and modelled 
both as a lumped element and distributed element model with 100 
elements to compare and evaluate the cable parameters along the 
length. The parameters include temperature distribution, re-
sistance, critical current, and losses at different spots throughout 
the length of the cable. To simulate the transient condition, a line-
to-ground (LG) fault is considered and the current distribution be-
tween the copper former and HTS tapes is studied. Using this cable 
model, the maximum temperature of the HTS and coolant both in 
the superconducting state and transient state are evaluated and 
presented. In comparison to the distributed model, the lumped 
model displayed different thermal and electrical values.  

Index Terms— High-temperature superconductor, HVDC, LG 
fault, and offshore wind farm (OWF). 

I. INTRODUCTION

he environmental concern has shifted energy generation
from non-renewable to renewable energy to reduce carbon

emissions to net zero. Energy generation especially from off-
shore wind farms (OWF) has increased. The present global gen-
eration from offshore wind farms is around 40 GW and is pro-
jected to be 640 GW by 2050. Nowadays offshore wind farms 
are constructed upto 100 km away from the shore. DC cables 

are more suitable to transfer power than AC  cables due to the 
low power loss and no limitation on the length of the cable [1], 
[2]. 

With the increased number of OWFs, the power rating of the 
HVDC system is in the GW range. To reduce transmission 
losses, extra or ultra-high voltage direct current (EHVDC or 
UHVDC) cables were developed to transfer high power where 
the voltage is above 500 kV. This increases the footprint of the 
offshore platforms makes them uneconomic. Superconductors 
have the advantage of high current density and coolants like 
LN2 are used for both cooling and insulation purposes. Super-
conductors have advantages such as their low losses,  no elec-
tromagnetic interference, and small footprint. All these ad-
vantages make the HTS suitable for OWF energy transmission 
applications. Over the last two decades, several projects using 
HTS cables were tested and operated for the full application of 
HTS cables in the power grid  [3]–[5]. The bulk application of 
the HTS in the power grid is limited by the factors such as the 
reliability of the cooling system, the cost of the HTS and overall 
complexity [6].  Prior to the installation of long-distance cable 
experiments or lab prototypes, modelling and simulation work 
is required to predict cable behaviour. Furthermore, modelling 
the HTS power cable is necessary for enhancing cable perfor-
mance and design. 

Recently various numerical models have been developed 
based on a time-dependent thermal and electromagnetic model 
in MATLAB [7], [8], ANSYS [9], PSCAD [10], [11], and 
COMSOL [12]. The proposed numerical models employ finite 
element analysis (FEA), finite-difference time-domain (FDTD) 
analysis and time-frequency domain reflectometry (TFDR) 
mainly for calculating local electromagnetic behaviours of the 
cable i.e. local hot spot, AC losses. A recent cable model devel-
oped in A1 investigates the HTS model with single-element and 
single-layer cable model by considering the LN2 temperature 
always at 77 K in steady and transient conditions [13]. For the 
long-distance and fault scenario condition simulations, a circuit 
model considering LN2 layer temperature is needed. 

In this work, the long-distance cable electrical-thermal model 
by volume element method is developed in MATLAB/Sim-
scape by dividing the cable into 100 1 km long sections con-
nected in series by considering the copper former and Coolant 
layers along with the HTS tapes in each section. This model's 
advantage is its ability to realistically show the thermal model 
at various cable sites by including several cryocoolers and joint 
resistance along the length of the cable. When simulating the 
HTS cable under transient conditions, we concentrated on the 
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lumped and distributed LC model as well as element size sim-
ulation models. 

II. SIMULATION METHODOLOGY 
The resistance of the superconductor is calculated using the 

Ic, temperature, and n values from the experimental results 
mentioned in the reference [14].  

The E-J characteristic of the HTS tape was used to calculate 
the resistance of HTS [15]: 

𝑅ℎ𝑡𝑠 =
𝐸0

𝐽𝑐
(

𝐽

𝐽𝑐
)𝑛−1

𝑙

𝐴
 1 

𝐸0 = electric-field criterion of 1×10−4 V/m,  𝐽𝑐 = critical cur-
rent density and 𝐽 = current density. The n value gives the de-
pendency of the V on the electric current in terms of transition 
𝐼𝑐 and l is the length of the tape.  

The resistance of the Copper layer is dependent on the tem-
perature and geometrical structure. The resistance of the copper 
stabilizer  (𝑅𝑐𝑢)  and the copper former  (𝑅𝑓)  is calculated for 
a temperature range of 65 to 600 K using equation 2 [10].  

𝑅𝑐𝑢 = 𝑅𝑓 = (0.0635𝑇𝑖 − 2.4641)10−9 𝑙

𝐴
  2 

Where A is the cross-sectional area of the respective layer.  
The resistance of the HTS cable is determined by equation 3 

𝑅 =
𝑅𝑐𝑢𝑅𝑓𝑅ℎ𝑡𝑠

𝑅𝑐𝑢𝑅𝑓 + 𝑅ℎ𝑡𝑠𝑅𝑓 + 𝑅𝑐𝑢𝑅ℎ𝑡𝑠
 3 

The key parameters that need to be studied for the tran-
sient analysis are temperature, resistance, critical current, and 
current in the network. The cable parameters used in the simu-
lation of the network model was listed in Table 1. In the cable, 

each element is divided into four layers along the r direction.  

The pressure drop (∆P) in the cryogenic pipe is calculated by 
the Darcy-Weisbach equation [16]: 

∆P =
𝑓𝐿𝜌𝑣2

2𝐷ℎ
 4 

Where 𝑓 friction factor, 𝐷ℎ- hydraulic diameter of HTS cable 
and return path, 𝜌 density of LN2, and 𝑣 – velocity of LN2. The 
condition pressure drop is proportional to the length of the cable 
only if the mass flow is maintained constant. 

The hydraulic diameter is equal to   

𝐷ℎ = 𝑑𝑜 − 𝑑𝑖  5 

𝑑𝑜, and 𝑑𝑖 are the outer and inner diameters of the coolant 
cross-section, respectively. 

The heat load per unit length due to friction losses between 
the coolant and pipe surface is a product of the volume flow and 
pressure drop [17].  The friction losses are given as  

𝑄𝑓 =
∆𝑃

𝐿
�̇� =

∆𝑃.𝑚

𝐿.𝜌
   6 

The first law of thermodynamics is applied to each layer in 
the cable. Consecutive equations are used to evaluate the heat 
fluxes and physical properties between layers in the r and z di-
rections. During the steady state the term 𝑑𝑇

𝑑𝑡
 is assumed as 

(𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑖𝑛𝑖𝑡𝑎𝑖𝑙).   
For the copper layer,   

𝑀𝑐𝑢𝑐𝑝𝑐𝑢
𝑑𝑇1

𝑑𝑡
= (𝑄12 + 𝑄1𝑖𝑛 − 𝑄1𝑜𝑢𝑡 + 𝑄𝑓𝑜𝑟𝑚𝑒𝑟)  

7 

For superconductor layer 

𝑀ℎ𝑡𝑠𝑐𝑝ℎ𝑡𝑠

𝑑𝑇2

𝑑𝑡
= (𝑄ℎ𝑡𝑠 − 𝑄12 − 𝑄23 + 𝑄2𝑖𝑛 − 𝑄2𝑜𝑢𝑡) 

8 

𝑐𝑝ℎ𝑡𝑠 = (2𝑇2𝑑ℎ𝑡𝑠𝑡ℎ𝑡𝑠 + 2𝑇2𝑑ℎ𝑎𝑠𝑡𝑒𝑙𝑙𝑜𝑦𝑡ℎ𝑎𝑠𝑡𝑒𝑙𝑙𝑜𝑦

+ 𝑐𝑝𝑐𝑢𝑑𝑐𝑢𝑡𝑐𝑢)𝑤 × 𝑙 × 𝑛1 

 

9 

Where 𝑤 is the width of the tape, n1 is the number of tapes, 
𝑑ℎ𝑡𝑠, 𝑑ℎ𝑎𝑠𝑡𝑒𝑙𝑙𝑜𝑦 , 𝑑𝑐𝑢 are the density of the materials in the HTS 
tapes and similarly 𝑡ℎ𝑡𝑠, 𝑡ℎ𝑎𝑠𝑡𝑒𝑙𝑙𝑜𝑦 , 𝑡𝑐𝑢 are thickness.  

For the dielectric layer,  

𝑀𝑝𝑝𝑙𝑝𝑐𝑝𝑝𝑝𝑙𝑝
𝑑𝑇3

𝑑𝑡
= (𝑄23 + 𝑄3𝑖𝑛 − 𝑄3𝑜𝑢𝑡 − 𝑄34 + 𝑄𝑝𝑝𝑙𝑝)  

10 

For the cryogenic coolant layer, 

𝑀𝑙𝑛2𝑐𝑝𝑙𝑛2
𝑑𝑇4

𝑑𝑡
= (𝑄34 + 𝑄4𝑖𝑛 − 𝑄4𝑜𝑢𝑡 + 𝑄𝑓 + 𝑄𝑜)  

11 

The losses in the copper, HTS and PPLP are measured as fol-
lows    

𝑄𝑓𝑜𝑚𝑒𝑟 = 𝑖𝑓𝑜𝑟𝑚𝑒𝑟
2 𝑅𝑓 

12 

𝑄𝑔𝑒𝑛 = 𝑄ℎ𝑡𝑠 + 𝑖ℎ𝑡𝑠
2 ∗ 𝑅ℎ𝑡𝑠 + 𝑖𝑐𝑢

2 𝑅𝑐𝑢  
13 

𝑄𝑝𝑝𝑙𝑝 = 2𝜋𝑓tan(δ)ε(10−11) 
𝑣2

2log (
𝑟3

𝑟2
)2

 14 

The 𝑄ℎ𝑡𝑠 calculated using the Norris equation from reference 
[18]. The heat through the conduction, convective and radiative 
in the cable (𝑄12, 𝑄23, 𝑄34, 𝑄1𝑖𝑛, 𝑄1𝑜𝑢𝑡, 𝑄2𝑖𝑛 , 𝑄2𝑜𝑢𝑡, 𝑄3𝑖𝑛, 𝑄3𝑜𝑢𝑡, 𝑄4𝑖𝑛 , 𝑄4𝑜𝑢𝑡, 
𝑄𝑜) is calculated as mentioned in reference [7]. Where  M and 
𝑐𝑝 are mass in [Kg] and specific heat at constant volume in 
[J/KgK] with subscript indicates particular layer of the cable. 

The flowchart in Fig. 1(a) illustrates the detailed steps from 

resistor component design to network modelling. The compo-

nent R was developed in MATLAB/Simscape using the equa-

tions mentioned above. Fig. 1(b) shows the HTS HVDC Subsea 

cable structure.  

TABLE I 
HTS CABLE DETAILS 

 

Layer Radius 
(mm) Parameter Value 

Copper 
former 20.5 Cable length 100 km 

Joint resistance 90 nΩ 
HTS 
tapes 27 Critical current (Ic) 13900 A 

PPLP 37 Capacitance (C) 0.076 µF/km 
LN2 90 Inductance (L) 1.43 mH/km 
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The MATLAB simulation model schematic view was shown 
in Fig. 2. Fig. 2(a) shows the lumped network model of the ca-
ble where L, C and R values for 100 km long. Fig. 2(b) shows 
the lumped L, C  with distributed R model and Fig. 2(c) shows 
the distributed network model where L, C and R values for 1 
km long. Each R, L, and C are arranged as a 𝜋 section. R repre-
sents the four layers of the cable. It is assumed that the super-
conducting tape is a homogeneous medium that describes all of 
the tape layers. The initial temperature of all the layers in the 
cable is considered 70 K.  

The network model built in MATLAB/Simscape was 100 km 
long with 100 kV DC and the operating current is 10 kA. A 
temporary Line to Ground fault at the end of the cable was ini-
tiated at time=10 sec in the simulation for a duration of 20 ms. 
The simulation is carried out by keeping the consistency toler-
ance=10-9 and sample time=10-3 sec.  

Fig. 3(a) represents the cable structure used in the R compo-
nent. It consists of copper, HTS, polypropylene laminated paper 
(PPLP) and liquid nitrogen (LN2) layers. Fig. 3(b) shows the 
volume element discretization of the HTS and shows the heat 
transfer between the layers along the r and z direction. The heat 
transfer from the outside cable environment through the 

vacuum layer is numerically measured, and element discretiza-
tion is not considered for this layer. For the distributed LC 
model with 100 components, the computational burden is 4.5 
hours, using an Intel(R) Core (TM) i7-7700 CPU @ 3.60 GHz 
with installed of RAM 32 GB. 

III. RESULTS AND DISCUSSION 
The HTS cable is energised with DC voltage using AC/DC 

converter circuit which gives an output of 100 kV DC voltage. 
Under steady-state conditions, the temperature of the supercon-
ductor is almost similar along the length of the cable. Under 
transient conditions, the receiving end of the cable is short-cir-
cuited to the ground.  The run time for the lumped LC model 
shown in Fig. 2(a) takes 2 minutes and for distributed LC shown 
in Figs. 2(b) and 2(c) takes 4.5 hours each. 

Fig.4 (a) depicts the temperature of the HTS and copper for-
mer. The HTS tapes reach 230.5 K, and the copper former 
reaches 234.6 K. The resistance of the cable is shown in Fig.4 
(b). The resistance of the cable reaches the maximum value of 
0.93 Ω. The quench recovery time of the superconductor takes 
around 227 sec for the lumped model to reach T<Tc (critical 
temperature (Tc)=87.5 K). During the fault, the current rises to 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. Simulation circuit schematic view (a) lumped cable model, (b) 
Lumped L,C and distributed R and (c) Distributed L,C,R cable model with 
100 cable blocks. 

 
(a)                                       (b)                                

 

 
                        (c)                                         (d) 
Fig.  4.   Lumped model single element (a) temperature of HTS and 

copper former, (b) resistance of the cable, (c) current flow in the 

HTS and former layers and (d) current flow in the cable.   

  
(a)                                                  (b)  

Fig. 3.  (a) Cross-section view and (b) volume element discretization of 
HTS cable.  

(a)                                       (b) 
Fig. 1.  (a) Flow chart explains the step-by-step simulation procedure in 
MATLAB and (b) HTS HVDC Subsea cable structure  
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22 kA, and once the current reaches the critical current value of 
13.9 kA, the resistance of the HTS increases with a rise in the 
temperature, 𝑅ℎ𝑡𝑠>𝑅𝑓 the current shifts from the HTS to the cop-
per former as shown in Fig. 4(c) and prevents damage to the 
HTS layers. Fig. 4(d) depicts the current in the cable.  

The behaviour of the cable is the same whether it is distrib-
uted LC or lumped LC with distributed R, as shown in Fig. 5. 
This is so because the cable's overall LC values are the same in 
both scenarios. The distributed model has a higher temperature 
than the lumped L, C and R model, and its current limiting dif-
ference during the fault is about 1 kA. 

 The HTS temperature and pressure are shown in Fig. 6(a) at 
various locations throughout the cable's length in a steady state. 
The LN2's pressure was kept between 3 and 20 Bar. For pressure 
higher than 20 Bar it deforms the cable and maintained >3 to 
prevent the boiling of LN2. To prevent the quenching of the 
HTS cable, the temperature of the LN2 was maintained between 
65 and 77 K. Ten cryocoolers were taken into consideration for 
a 100 km long cable to meet these requirements. Under normal 
conditions, the cable's pressure drop is 1.5 bar/km. The ac losses 
are small, the reason for the temperature rise is the heat transfer 
from the outside environment to LN2 and friction losses in the 
hydraulic path. Fig. 6(b) shows the critical current of the cable 
along the length of the cable. The Ic is 13.9 kA at 70 K, and as 
the temperature rises, it decreases until it is 12.1 kA at 76.4 K. 

Fig. 7 shows the behaviour of the cable going from normal to 
a quenched state and back to normal condition. The 10 km cable 
section in fig. 7(a) shows that the initial portion of the cable 
temperature is a little lower than the final portion. The temper-
ature difference is 6.3 K. Fig. 7(b) displays the temperature of 
the LN2 along the length w.r.t time on a 10 km cable section.  
The maximum temperature reached by the LN2 is 91.8 K. Due 
to the heat transfer coefficient, a second peak is seen at 200 sec-
onds. The reference [19] shows that the h value changes 

dramatically when the temperature differential between the 
HTS and LN2 is between 5 and 50 K. After the fault occurs, the 
LN2 temperature is below the boiling point, or 77 K, for a dis-
tance of 0-2 km. Due to joule heating, the LN2 begins to boil 
along the remaining 2–10 km of cable. 

Fig. 7(c) shows the resistance of the superconductor layer 
and copper former. Under normal conditions, the resistance of 
the HTS layer is almost zero. But at the instant of the fault, the 
𝑅ℎ𝑡𝑠 reaches above 1.4 Ω/km. During the normal condition the 
𝑅ℎ𝑡𝑠<< 𝑅𝑓 and during the transient, there is a sharp rise in the 
𝑅ℎ𝑡𝑠>>𝑅𝑓 . During the steady state, the losses in HTS and former 
layers are 0.175 W/km. Whereas during a fault condition, it 
reaches 2.7×104 W/m as depicted in Fig. 7(d).  

During the transient condition, the temperature difference be-
tween lumped model and distributed model with 50 elements is 
around 14 K. Whereas the difference between the distributed 
model with 50 and 100 elements is less than 7 K as shown in 
Fig. 8(a). The temperature deviation is not much and other char-
acteristics are similar, so the distribution LC model with 100 
elements is sufficient for the cable model to study the thermal 
behaviour along the length of the cable. It takes 55 seconds 
longer to reach the pre-fault condition for this 7 K temperature 
difference. In the quenched state condition, the former temper-
ature is higher than HTS in all scenarios. 

The superconductor quench recovery along the length of the 
cable changes. The cable's initial part which is near the voltage 

 
(a)                                       (b) 

 
(c)                                        (d) 

Fig.  7. With 100 elements 1 km long each  (a) HTS temperature, (b) Tem-
perature of LN2 after fault initiates, (c) Resistance of HTS and copper for-
mer and (d) cable losses 

 
(a)                                       (b) 

Fig.  5. Distributed elements used are 50 with element size 2 km (a) HTS 
Temperature and (b) current in the cable. 

(a) (b)

 
(a)                                      (b)     

Fig.  8. Thermal behaviour of the superconductor of 100 km long (a) ele-
ment size comparison and (b) 3D view of HTS temperature. 

(a) (b)

(a) (b)
 

(a)                                         (b)   
Fig.  6. Cable with 100 elements with element size 1 km (a) Temperature 
and pressure of LN2 for m=4 kg/s and (b) critical current of the cable. 
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source recovers from the quench faster than the end part near 
the fault. As this is due to the low temperature of the cable at 
the initial section and the other was due to LN2 first passing 
through this section and cooling it down. For every 10 km cable 
section, the initial part of the cable recovers from the quench 
and operates as pre-fault condition 6 sec ahead of the endpoint 
of the 10 km cable section as shown in Fig. 8(b). The cable ther-
mal behaviour repeats every 10 km under stable and transient 
conditions since the model uses 10 cryocoolers. 

IV. CONCLUSION 
To interconnect the offshore and onshore grids, we devel-

oped a simplified distributed model of a multilayer HTS power 
cable for a long-distance HVDC system. The simulation results 
show, the temperature, resistance and losses and current distri-
bution in normal and in transient conditions along the length of 
the cable. No difference exists in the thermal properties whether 
the LC is distributed or lumped. We can use either lumped or 
distributed L and C with distributed R in the model. The super-
conductor quenches and current flows through the copper for-
mer for 6 minutes after the temporary LG fault.  After the fault 
is cleared, the current drops instantly below the operating cur-
rent, and the temperature begins to decay slowly and reaches 
below Tc then it back to a superconducting state.  Multiple cry-
ocoolers are required rather than a single cryocooler to prevent 
LN2 from boiling for such long-distance power transmission. 
The quantity of distributed R elements required was demon-
strated.  Investigation results indicate that the cable cannot be 
permanently damaged in this fault condition. 
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