
1 

Transient Analysis of HVDC HTS Cable in Power 
Grid Using Discretized Electrical-Thermal Model 

Pavan Chaganti, Weijia Yuan, Senior Member, IEEE, Lie Xu, Senior Member, IEEE, Min Zhang, Member, IEEE, 
Eoin Hodge, John Fitzgerald and Paul McKeever 

 Abstract— High-temperature superconductor (HTS) power 
cables hold immense potential for efficient, low-loss, high-current-
density, and compact power transmission. However, the 
susceptibility of HTS cables to faults in the grid, resulting in 
quenching or permanent damage due to joule heating, poses a 
critical challenge for their real-world resilience. To address this, 
we developed a discretized electrical-thermal model using 
MATLAB/SIMSCAPE, partitioning the cable into discrete blocks 
to understand transient conditions and implement preventive 
measures in long-distance superconducting cable power 
transmission. The model should have the flexibility to change the 
fault location along the length of the cable, including the HTS and 
copper former and LN2 layers. In our simulations, we examined a 
100 km long 100 kV/10 kA HVDC HTS cable, varying the fault 
locations to 1, 5, 50, and 100 km. This investigation unveiled 
significant variations in both thermal and electrical behaviour, 
more impact was observed when faults occurred in proximity to 
the voltage source. This study underscores the benefits of 
integrating Superconducting Fault Current Limiters (SFCL) with 
HTS cables in the network, showcasing load sharing between the 
superconductor and copper former during steady and transient 
state operation, HTS quench and recovery time. 

Index Terms— Superconducting power cable, HTS, Line to 
ground (LG) Fault, and Superconducting fault current limiter 
(SFCL). 

I. INTRODUCTION
HE  demand for clean and reliable energy has led to 
significant advancements in power transmission 
systems. The utilization of offshore wind for clean 

energy generation has experienced significant growth. 
Currently, offshore wind farms are being constructed at great 
distances from the shore. An example of this is the Hornsea 
wind farm project, which is located 120 km from the Yorkshire 
coast and has a capacity of 1.2 GW. This project began full 
operation in 2019 and is capable of powering over one million 
homes. 

 The traditional method of using XLPE copper cables to 
handle higher power capacities involves raising the voltage 
levels to Ultra High Voltage (UHV)—to minimize energy 
losses and fulfill the increasing power demands. This approach 

results in the need for greater insulation quantities within the 
cables and also an increase in converters, switchgear and circuit 
breaker size. 

 One promising solution to that was the use of the 
superconductor power cable for the offshore power grids. The 
utilization of superconducting technology allows a significant 
increase in current capacity, up to 5 to 6 times more, due to its 
resistance-free nature. consequently, the voltage level drops, 
resulting in a reduction in the amount of insulation required for 
the cable. 

Several demo projects are using superconductors, extending 
this new technology in modern power grids due to its superior 
characteristics. In 2007, a 600-meter-long HTS cable with a 
rating of 138 kV and 2400 amps was commissioned in Long 
Island, USA [1]. In Hannover, Germany the ENDESA super 
cable was developed for a length of 30 meters with a 3200 A 
rated current. It is implemented with the scope of application in 
a medium voltage grid of 25 kV with a transmission capacity of 
138 MVA  [2]. In Essen Germany, an AC HTS cable of 1 km 
length was installed with a capacity of 10 kV/ 2.4 kA [3]. In 
Albany, in the power grid, a 350 m HTS cable was installed 
with operating conditions of 34.5 kV and 800 A [4]. In Ishikari, 
Japan a 500 m and 1000 m DC HTS was installed [5]. In 
Gongyi, Henan a 360-meter-long DC HTS cable was installed 
at Zhongfu Industrial Co., Ltd, with a capacity of 10 kA and 
1300 V [6]. In St.Petersburg, Russia a DC HTS cable link was 
developed with a capacity of 2.5 kA, 20 kV, and 50 MW for a 
length of 2.5 km [7]. Since 2015 in the KEPCO grid, South 
Korean HVDC cable of 500MW/80 kV was in operation [8], 
[9].  In 2017, a prototype of a 30 m long medium voltage 3-
phase AC concentric HTS cable, rated at 10 kV/2.5 kArms with 
a current capacity (Ic) of 6 kA per phase, was developed for grid 
installation. Following a successful trial, Shenzhen Power 
Supply installed a 400-meter-long HTS cable at the Ping'an 
Financial Center on September 28, 2021, which has been 
operating smoothly [10], [11].  A demo project of 1.2 km, 35 
kV/2.2 kA Shanghai superconductor power cable began in 2019 
and completed both the prototype and commissioning test by 
November 2021 [12]. Another significant endeavour, supported 
by the New Energy Technology Development Organization 
(NEDO) and BASF Japan Ltd., showcased a 6 kV/3 kA triaxial 
HTS cable. This cable was specifically deployed in the 
chemical plant grid of BASF to bypass the need for substations  
[13].  In August 2021, in Chicago, integrated the AMSC’s AC 
power cable of 200 meters into an electric grid with a capacity 
of 62 MW/12 kV/3 kA [14].  
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 Superconductors offer several advantages over traditional 
cables. However, a comprehensive analysis is essential to 
assess its performance in the event of a fault. During a fault, 
joule heating intensifies, causing a temperature increase that 
can result in either quenching without damaging the 
superconductor or permanent damage. Using modelling 
methods is crucial for predicting and studying HTS power 
systems' behaviour, offering a cost-effective and time-saving 
alternative to physical experiments. In safeguarding the HTS 
cable and the power electronic converters from potential 
damage during faults, an SFCL proves beneficial in mitigating 
high inrush currents in the HTS cable. Different types of SFCLs 
are under investigation and are in operation within power grids 
[15]–[20].  

To study how HTS cables behave, researchers use numerical 
models created with tools like MATLAB, PSCAD, ANSYS, 
and COMSOL [21]–[25]. The models built in MATLAB, and 
PSCAD are simplified models, while those in ANSYS and 
COMSOL are extremely complex and time-consuming to run. 
Inbuilt components, in these tools, typically offer resistive 
components that exhibit linear behaviour with temperature, but 
the HTS cables have nonlinear resistance affected by factors 
like cable current, critical current, and temperature. To address 
this, we build SIMSCAPE components in 
MATLAB/SIMSCAPE one for HTS cable and the other for 
SFCL. These components incorporate thermal, hydraulic, and 
electrical equations specific to HTS cable, and SFCL. This 
paper aims to investigate how the location of the fault impacts 
the quench behaviour of the superconductor cable and the 
distribution of current within the HVDC superconductor power 
cable.  

II. METHODOLOGY

The superconductor tape and cable structure are shown in 
Fig. 1(a) and 1(b). The flow chart in Fig. 1(c) gives in detail the 
procedure for the design of the cable electro-thermal model in 
MATLAB/SIMSCAPE. The tape twist angle and its twist pitch 
length (P) are shown in Fig. 1(d). The cable specifications are 
mentioned in Table 1.  The resistance of the HTS was calculated 
by the EJ-power law using the Ic vs temperature data from the 
reference [26]. The model considered the conduction, 
convection, and heat transfer between the layers in radial and 
axial directions.  

The inductance of the superconductor cable depends on the 
twist pitch of the superconductor tapes, and the radius and 
diameter of the cable. The self-inductance of the HTS cable-
based pitch angle (𝛽𝑖) is as follows [27], [28].

𝐿𝑠𝑒𝑙𝑓_ℎ𝑡𝑠 =
𝜇0
4𝜋

𝑡𝑎𝑛2(𝛽𝑖) +
𝜇0
2𝜋

𝑙𝑛(
𝑟4
𝑟2
) (1)

The mutual inductance between the HTS layer and copper 
former was calculated by applying Amperes law and total 
enclosed magnetic energy. 

𝑀 =
𝜇0
𝜋
log (

𝑟4
𝑟3
) +

𝜇0
𝜋
(𝑟2 − 𝑟1) (2) 

The voltage of the superconductor layer and copper former 

are as follows: 

𝑉ℎ𝑡𝑠 = 𝑖ℎ𝑡𝑠𝑅ℎ𝑡𝑠 + 𝐿𝑠𝑒𝑙𝑓_ℎ𝑡𝑠
𝑑𝑖ℎ𝑡𝑠
𝑑𝑡

+ 𝑀
𝑑𝑖𝑐𝑢
𝑑𝑡

(3) 

𝑉𝑐𝑢 = 𝑖𝑐𝑢𝑅𝑐𝑢 + 𝐿𝑠𝑒𝑙𝑓_𝑐𝑢
𝑑𝑖𝑐𝑢
𝑑𝑡

+ 𝑀
𝑑𝑖ℎ𝑡𝑠
𝑑𝑡

(4) 

Where 𝑟1 to  𝑟9 are the radius of the superconductor cable
layers as shown in Fig. 1(b). where 𝜇0 (vacuum permeability
coefficient) = 4𝜋10−7N/A2 and 𝑉ℎ𝑡𝑠, 𝑖ℎ𝑡𝑠, and  𝑅ℎ𝑡𝑠 are the
voltage, current, and resistance of the HTS layer. Similarly, for 
the copper former with subscript cu.  

(a) 

(b) (c) 

(d) 
Fig. 1. (a) top and side view of HTS tape, (b) HTS cable 
structure, (c) Flow chart of the cable component design in the 
MATLAB/SIMSCAPE, and (d) HTS tape twist pitch schematic 
view  

TABLE 1 
HTS cable parameters when the pitch angle is 20 

Parameter Value 
Critical current (Ic) 22 kA@70K 
Capacitance (C) 0.191 µF/km 
Self-inductance of HTS (Lself_hts) 0.0579 mH/km 
Self-inductance of former (Lself_cu) 0.188 mH/km 
Mutual inductance (M) 0.0455 mH/km 
Number of tapes 74 
Cable length 100 km 

The cable components are discretized both radially and 
axially, illustrated in Fig. 2. Utilizing the first law of 
thermodynamics, as outlined in reference [29], we applied it to 
these discretized elements. 

Heat conduction takes place within the solid layers along 
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both radial and axial directions. Equation 5 represents the heat 
transfer through conduction within the same material layer in 
the axial direction, while equation 6 expresses the conduction 
between different materials in the radial direction accoridngly.  

𝑄𝑐𝑜𝑛𝑑,𝑖,𝑖+1 =
𝑘𝑟𝐴𝑟(𝑇𝑟

𝑖+1 − 2𝑇𝑟
𝑖 + 𝑇𝑟

𝑖−1)

∆𝑙
(5) 

𝑄𝑐𝑜𝑛𝑑,𝑟2,𝑟3 = (𝑇𝑟3
𝑖 − 𝑇𝑟2

𝑖 )(
ln(

2𝑟2
𝑟1 + 𝑟2

)

2𝜋𝑘𝑟2∆𝑙
+
ln(

𝑟2 + 𝑟3
2𝑟2

)

2𝜋𝑘𝑟3∆𝑙
)−1 (6) 

The convection heat transfer happens either in the liquid 
medium or between the liquid and solid materials. The 
convection heat transfer in the radial direction is given in 
equation 7 and the axial direction is given in equation 8.  

𝑄𝑐𝑜𝑛𝑣,𝑟4,𝑟5 = −ℎ𝐴𝑟4,𝑟5(𝑇𝑟5
𝑖 − 𝑇𝑟4

𝑖 )
(7) 

𝑄𝑐𝑜𝑛𝑣,𝑖,𝑖+1 = 𝑚𝑐𝑝(𝑇𝑟
𝑖+1 − 𝑇𝑟

𝑖 ) (8) 

The heat through the radiation between the layers is given in 
equation 9.   

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = −
𝜀1

1 − 𝜀1
𝐴𝑟6(𝐵1 − 𝜎(𝑇𝑟6

𝑖 )4)

+
𝜀2

1 − 𝜀2
𝐴𝑟7(𝜎(𝑇𝑟7

𝑖 )4 − 𝐵2)
(9) 

Where ℎ is the heat transfer coefficient 𝐴𝑟 is the cross-section
area,  𝑘𝑟 is thermal conductivity, ∆𝑙 is the element size,𝑚 is
mass flow in kg/s, and 𝑐𝑝 is the specific heat (J/kg-K). Where
𝜀1and 𝜀2 are the material emissivity and 𝜎 is the Stefan-
Boltzmann constant, 𝐵1 and 𝐵2 are from reference [30]. The
initial temperature for 𝑇𝑟10  to 𝑇𝑟50  are kept constant at 70 K same
as LN2 inlet temperature.   

Fig. 2.   Discretized electrical-thermal model of the HTS cable 

The HTS cable is divided into 100 subsections i.e. 100 pi 
sections (1 km long each) in the cable model and its electrical 
equivalent circuit as shown in Fig. 3(a). The heat transfer 
through the layers by conduction, and convection is used in 
each element, and the consequent elements are considered in 
this modelling to get electrical and thermal characteristics of the 
DC HTS cable under different fault locations. In our model, we 
posited that the flow of liquid nitrogen (LN2) initiates at the 0 
km mark, extending to 5 km as the endpoint, before returning 
to the cryocooler via a distinct return path. We utilized a 
cryocooler to cool each subsequent 5 km cable segment. This 
procedure was replicated for every consecutive 5 km section of 

the cable. We established an initial temperature of 70 K as the 
boundary condition at the start of each segment, spanning 
intervals such as 0-5 km, 5-10 km, 10-15 km, and so on, up to 
the 95-100 km cable section as shown in Fig. 3(a). A joint was 
considered for each one-kilometer cable segment. 

(a) 

(b) 
Fig. 3.   (a) Electrical equivalent circuit used in the Discretized 
MATLAB/SIMSCAPE model with the cooling system 
arrangement and (b) fault location in the cable scenarios. 

III. RESULTS AND DISCUSSION 

The simulation results show the temperature of the 
superconductor varies along the cable, ranging from 70 K to 
73.8 K for each 5 km section. The critical current (Ic) of the 
superconductor is influenced by the cable's temperature. A total 
of 20 cryocoolers were used for the 100 km long cable. Initially, 
the Ic of the cable is 22.2 kA, but it decreases to 18 kA at the 
end of the 5 km cable section in the 100 km long cable. The 
thermal and electrical behaviour of the superconductor follows 
a repeating pattern for each 5 km cable section, as depicted in 
Fig. 4(a) and (b) for temperature and Ic respectively. The copper 
former has a resistance of 1.5 mΩ/km, while the HTS resistance 
is negligible compared to the copper former. During steady-
state conditions, the current flowing through the HTS layers is 
10 kA, while the current through the copper former layer is 0 
A, due to the high resistance of the copper former. 

Fig. 4. Under normal operating conditions (a) HTS temperature, 
(b) critical current of the cable.
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The fault occurs due to abnormalities in the dielectric [31] 
and the length of 2G HTS tapes produced has limitations and 
needs joints and terminations to connect the cable to the 
distributed network. An example was the Europe-centered grid 
mentioned in reference [32]. We conducted fault tests on the 
superconductor power grid at various locations to investigate 
the impact of fault location on the thermal and electrical 
behaviour superconductor. When a fault occurs, the current 
flowing through the superconductor exceeds the critical current 
threshold, resulting in an increase in resistance within the HTS 
tapes. This results in joule heating, causing a rise in temperature 
within the superconductor, ultimately leading to quenching. 
During this process, the resistance of the superconductor 
becomes higher than that of the copper former and consequently 
shifts current from the superconductor to the copper former.  

Changes in the cable's fault location lead to variations in its 
electrical characteristics. When a fault happens farther from the 
power source, the cable's fault current is lower than when the 
fault occurs closer to the generation side. This phenomenon is 
clearly illustrated in Fig. 5, where a fault occurring in (S1) at 1 
km from the source results in the highest fault current 
amplitude. However, as the fault location shifts to greater 
distances from the source i.e. Scenarios S2, S3, and S4, the fault 
current amplitude decreases. Specifically, when the fault is 
nearer to the power generation side, the current in the cable rises 
more rapidly, consequently affecting the temperature increase 
in the superconductor. 

Fig. 5.  The current in the cable during fault at different 
scenarios S1 to S4. 

The analysis of current flow within the circuit during a fault 
at different sections of the cable revealed intriguing insights. 
The cable pattern for every five-kilometer section was found to 
be repetitive until the point of the fault in our model. 
Specifically, a fault occurring at the 5 km point is illustrated in 
Fig 6, highlighting the corresponding changes in current within 
the HTS and former layer along the length.  

Fig. 6.   Current in HTS and copper former during scenario 2. 
Specifically, when a fault occurs at the 5 km point (S2), the 

current in the HTS begins to rise, eventually exceeding 18 kA. 
At this point, the cable's 4-5 km section experiences quenching, 
driven by an increase in Rhts and 𝑖ℎ𝑡𝑠decays. Similarly, as the 
current surpasses 19 kA, the 3-4 km section undergoes 
quenching, followed subsequently by the 2-3 km, 1-2 km, and 
0-1 km sections as their current levels exceed their respective
Ic values. In our modelling, we introduced a temporary fault
scenario for 20 msec, the short-circuit impedance was 0.01 Ω
and after the fault cleared, the current reverted from the short
circuit path back to the HTS cable. At this point, we noticed a
negative current peak in the HTS layer due to abrupt changes in
𝑀

𝑑𝑖𝑐𝑢

𝑑𝑡
as mentioned in equation 3. Even after the fault is 

cleared, the HTS cable's temperature remains above Tc, and the 
drifted current flowing in the copper former layer persists until 
it returns to below Tc. 

When the fault occurs at 100 km (S4), the current distribution 
in the layers is depicted in Fig 7(a) and (b). Its behaviour is 
similar to the fault at 5 km shown in Fig. 6(a). During the fault, 
it exhibits a more resistive pathway, effectively limiting the 
fault current at a maximum of 25.6 kA. 

Fig. 7.   Current in (a) HTS and (b) copper former during 
scenario 4 (S4) 

Based on the aforementioned analysis, the electrical 
characteristics are influenced by the fault location, and this also 
has an impact on thermal behaviour. As depicted in Fig. 8, we 
observe a variation in the HTS temperature based on fault 
locations at 5 and 50 km points. Notably, faults occurring closer 
to the generation side exhibit a more significant thermal impact, 
with an HTS temperature variation of 20.38 K for faults at 5 
(S2) and 50 km (S3) points and for S3 and S4 (100 km) points 
the temperature variation is 30.15 K. The recovery of the HTS 
temperature to reach below the critical temperature (<Tc), for 
the S2 scenario takes approximately 13 seconds longer than the 
S3 scenario. The temperature of the HTS section that 
experienced quenching reaches a peak of approximately 
(𝑇𝑟2100=222.15 K), (𝑇𝑟250=252.4 K) and (𝑇𝑟25 =272.78 K), taking
roughly 144 seconds, 150 seconds and 163 seconds to recover 
and return to a pre-fault condition, respectively, for faults at 50 
and 5 km points. As a result of the fault current within the HTS, 
the temperature is depicted within the magnified portion on the 
right side of Figure 8. Subsequently, as the superconductor 
experiences quenching, the HTS current (𝑖ℎ𝑡𝑠) diminishes while 
the former current (𝑖𝑐𝑢) escalates. Besides the internal heat 
generated within the HTS layer due to (𝑖ℎ𝑡𝑠2 𝑅ℎ𝑡𝑠), the
temperature further elevates due to heat transfer from the 
copper former through conduction.  This is due to the amplitude 
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of the current in the cable during the fault condition shown in 
Fig 5. The joule losses in the cable increase which results in the 
increases of joule heating. For the fault that occurs near the 
source takes a longer time to recover to the superconducting 
state than far faults. The heat generated by the cable's 
conducting layers causes the LN2 to undergo boiling. In the 
stable condition, the LN2 temperature fluctuates along a 5 km 
cable section (from𝑇𝑟5

1 = 70 K to 𝑇𝑟55 = 74 K), during the fault
and recovery process, peaks at a maximum (from𝑇𝑟5

5 =

75Kto𝑇𝑟5
5 =80.5 K). The resistance and joule losses in the

HTS layer and copper former are depicted in Fig.9. 

Fig. 8.   Temperature of the HTS cable (𝑇𝑟25 , 𝑇𝑟250, 𝑎𝑛𝑑𝑇𝑟2100)
during fault at scenarios S2, S3, and S4 respectively. 

Fig. 9.   (a) Resistance and (b) Joule losses during scenarios S2 
and S3. 

The temperature increase in the copper former is depicted in 
Fig.10, attributed to the current ramp within the former section 
as presented in Fig. 6(b). The temperature rise initially 
commences at the 5 km mark, followed by the 4 km to 1 km 
segments. From the thermal analysis, it becomes evident that 
the superconductor requires a significant duration, 
approximately 2.5 to 3 minutes depending on the fault location, 
to recover from a quench. 

Fig. 10.     The temperature of the copper former layer during 
fault occurs at 5 km (S2). 

To mitigate these circumstances, the implementation of a 
SFCL can be considered. This SFCL serves to restrict the fault 
current, affording additional time for the DC circuit breaker to 
trip in the event of a prolonged fault condition. It's self-
triggering, returning to normal operation once the fault is 
cleared and the superconductor cools below the critical 

temperature, without requiring additional hardware. 
The schematic in Fig. 11 illustrates a straightforward design 

of the resistive superconducting fault current limiter. In this 
configuration, the High-Temperature Superconductor is linked 
in parallel with the copper conductor, and an inductor is 
connected in series with this parallel resistance branch. This 
setup enhances the transient stability of the power system by 
mitigating fault currents when faults occur. We incorporated a 
SFCL into the model depicted in Fig. 3 and then conducted the 
simulation, introducing a temporary fault lasting 10 msec.  

Fig. 11.   A simple Resistive fault current limiter 
  Fig. 12(a) illustrates that, when utilizing the SFCL, the 

current within the cable is effectively restricted during the fault, 
maintaining it at 17.5 kA maximum, which is below the cable's 
critical current (Ic) threshold, thus preserving the 
superconducting state of the HTS. During the fault, once the 
current reaches critical current (SFCL Ic=13.9 kA, 
n_tapes=44), its resistance Rhts increases more than Rcu and the 
temperature of the SFCL rises current starts flowing to the Rcu 
path. Fig. 12(b) displays the temperature profile of the HVDC 
superconductor cable. Conversely, in the circuit without the 
SFCL, the current surges to 40 kA, leading to the quenching of 
the HTS cable. 

Fig. 12.   (a) current in the cable with and without SFCL and 
(b) HTS temperature of 4-5 km section with SFCL

IV. CONCLUSION 

The investigation focused on analyzing the effects of faults 
at different points within the superconducting power cable grid. 
The results revealed significant variations in both thermal and 
electrical behaviour depending on the location of the fault. The 
study also examined the current sharing between the HTS and 
copper former, highlighting how the fault's location affects the 
amplitude of these currents. Furthermore, the evaluation of 
superconductor temperature and quench recovery based on fault 
location provided valuable insights. The use of the SFCL in 
conjunction with the HTS cable limited the fault current and 
prevented the HTS from quenching. These findings contribute 
to a deeper understanding of the behaviour of superconducting 
power cables during faults and offer valuable insights for the 
design and operation of such systems in real-world grid 
applications.  
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