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Abstract 

 

The carbon neutrality goal of achieving net zero by 2050 has sparked significant interest 

in offshore wind farms. With offshore wind farms being installed from short distances to 

long distances away from the seashore, a submarine power transmission infrastructure is 

a necessity. Considering power cable length and low net effective losses, a high-voltage 

direct-current (HVDC) system has been chosen over HVAC. HVDC cables are considered 

to be made out of high-temperature superconductor (HTS) material. HTS power cables 

hold immense potential for efficient, low-loss, high-current-density, and compact power 

transmission. But, unlike copper/aluminium, the HTS material has a sharp transient 

behaviour as a function of the operating current, temperature, and magnetic field. 

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 to their real-world 

resilience.  

The main aim of this thesis is to study and evaluate the long-distance HTS subsea power 

cable for offshore to onshore power transmission along the radial and axial direction of 

the 2G HTS power cable in terms of electrical, thermal, hydraulic and quench 

characteristics during the normal and grid fault conditions. Prior to the installation of long-

distance cable experiments and lab prototypes, modelling and simulation work is needed 

to predict cable behaviour. Furthermore, modelling the HTS power cable was necessary 

as part of enhancing cable performance and design. To tackle the problem described 

above, a computationally efficient high-fidelity model over the whole length of the cable 

was needed to understand HTS cable characteristics. The complex design of the 

superconductor power cable was modelled using Finite Element Method (FEM). 

However, for long-distance superconductor electrical-thermal-hydraulic studies, the FEM 



 

 

 

simulation involves a computational burden and for the electrical network, it is not 

suitable.  

Novel discretised electrical-thermal-hydraulic SIMSCAPE components with non-linear 

resistive behaviour dependent on current and temperature in MATLAB/SIMSCAPE 

software were modelled, partitioning the cable into discrete blocks to understand the 

temperature along the axial length and to determine the impact of transient conditions on 

a long-distance superconducting power cable in transmission. The model has the 

advantage of having the flexibility to change the fault location and cryocooler spacing 

length along the length of the cable, including the HTS and copper former and LN2 layers. 

The experiment measured the joint resistance of the tape incorporated into the model.  This 

study is unique in that it is the first to look at 100 km long-distance HVDC subsea HTS 

for offshore to onshore grid use capable of transmitting more than 1 GW of power at 100 

kV voltage and an ampacity of 10 kA. The primary technical challenges in modelling this 

long-distance HVDC subsea HTS cable are due to its non-linear resistive properties, 

which vary with temperature, current, and magnetic field. These variations result in the 

cable's electrical and thermal behaviour changes along its length, complicating accurate 

modelling. Distributed RLC network models are implemented using Simscape cable 

blocks to address these complexities. Each Simscape block includes thermal, electrical, 

and hydraulic parameters of respective cable layers, considering conduction, convection, 

radiation heat losses, non-linear resistance, critical current, and pressure drop and 

temperature. It allows the integration of cryocoolers at specific points along the cable.  

For this study, an HVDC HTS power cable was considered and modelled both as a 

lumped element and as a distributed element model with 100 elements to compare and 

evaluate the cable parameters along the length. The parameters include temperature 

distribution, resistance, critical current, current, and losses at different spots throughout 

the length of the cable. To simulate the transient condition, a pole-to-ground (PG) fault is 

considered and the current distribution between 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 has been evaluated and presented.  



 

 

 

This research is the first to develop a 2D T-A of a subsea HTS cable with a 10-kA 

transport current to investigate the electromagnetic behaviour of the superconductor and 

the impact of the harmonics generated in the AC/DC converters on the cable. The cross-

sectional area of the HTS cable was modelled in 2D using COMSOL Multiphysics to 

examine harmonic ripple losses in the cable. These findings were further validated through 

experimental investigations on the superconductor tapes.  

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 operations, HTS 

quench and recovery time. 
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D - former diameter 

Ὀ  - hydraulic diameter 

Ὡ - Electronic charge 

E - Electric field 

Ὁ - Electric-field criterion of 1 × 10ī4 V/m 

Ὁ - Critical electric field 

f - frequency 

Ὢ - friction factor 

Ὢ - Nominal frequency 

Ὃ  Grashof number 
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Hc - Critical magnetic field value. 

Ho - External magnetic field with amplitude 

Ὤ - Planck's constant 

Ὅ  - Critical current 

Ὅ - Transport current 

Ὥ  - Current in HTS layers 

Ὥ  - Current in the copper layer 

J - Current density 

ὐ Ὕ - Temperature-dependent current density at zero fields 

Jc - Critical current density 

K  current vector potential 

ὰ - Length of the single tape 

ὰ - The length of the twisted tape on the cable former 

ὰȟ  - Total length of ὔȟ  tapes in the cable 

l - length of the cable (metres) 

L - Inductance 

ὰ - Pitch length of the tapes. 

ὒ ͺ  - Self-inductance of HTS 

ὒ ͺ  - Self-inductance of copper 

M - Mutual inductance 
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ά - Mass flow rate (kg/s) 

ὔ  - Number of layers. 

ὔȟ  - Number of tapes 

n - Exponential coefficient that differs from the HTS material 

” - Density of LN2 

Pr - Prandtl number  

ὖὩ - Peclet number 

Ўὖ - Pressure change 

Q - Total losses in the superconductors. 

ὗ  - Volumetric flow rate (m3/s) 

ὗ  - Friction losses 

Re - Reynolds number 

Rs - Resistance across the shunt 

Ὑ  - Superconductor resistance 

Ὑ ȟὙ - Copper stabiliser and former resistance 

Ὑ  - Cable resistance 

Ὑ ȟ  - HTS tape resistance 

r - Radius 

ὶ - Copper former radius 
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t - Thickness of the superconducting section 

Ti - i th layer temperature 

T - Temperature. 

Tc - Critical Temperature 

ɝὝ - Temperature change 
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ὺ - Velocity of LN2 
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‍ - Filling factor 

‐ - The dielectric constant of the free space. 
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”  - HTS resistivity 



 

xxvii  

 

”  - Copper resistivity 

 - Viscosity of LN2 

• - Electrical scalar potential 

 Skin depth - ‏

   

   

   

 

  



 

1 

 

Chapter 1 

Introduction  

1.1. Electrical grid modernisation 

The energy sector is undergoing significant transformations as countries strive for 

carbon neutrality. This shift aims to reduce the level of greenhouse gas emissions, 

particularly carbon dioxide, resulting from burning coal, oil, and natural gas for electricity 

production. The push towards cleaner energy resources marks a new direction for the 

energy sector. 

The growing environmental consciousness has also influenced transportation, leading 

to the adoption of electric vehicles and, consequently, increased electricity consumption. 

In 2015, the United Nations General Assembly officially endorsed the Sustainable 

Development Goals (SDGs). Among these, SDG 7 is dedicated to global energy objectives 

and sets three key targets: to double the worldwide energy efficiency by 2030, to enhance 

the proportion of energy derived from renewable sources, and to ensure economic and 

universal access to modern energy services [1].  

The future energy pathways analysis shows that it can be achievable to get better energy 

access, energy security, and air quality while avoiding serious climate change.  This can 

be attained by an alternative combination of energy resources, technology, and policies 

[2].  

In particular, renewable energy sources like wind and solar power have led to numerous 

projects. The electricity demand has risen from previous years and will remain up for the 

next 20 to 30 years, it is necessary to meet this rising energy demand. The global energy 
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usage of data centres is estimated to be 1%, which is around 205 TWH as per 2018 

predictions.   

In the total energy supply, the share of renewable energy was 14% in 2015 and will rise 

to 63% in 2050.  In the renewable energy sector, wind power has risen from 25% to 85% 

from 2015 to 2050 [1].   

Governments have supported renewable energy initiatives by offering incentives and 

maintaining price caps on renewable energy. Technological advancements have also 

enhanced power generation capabilities, leading to more reliable and cleaner energy 

production. Many countries are setting targets to achieve 100% renewable energy 

generation.  

Solar and wind energy are prominent competitors in the renewable energy market. Solar 

power generation is limited to daytime, while wind turbines can operate continuously 

depending on wind availability. The choice of renewable energy source often depends on 

geographical location and weather conditions. Offshore wind farms, for instance, benefit 

from the higher wind availability to generate multi-megawatts of electricity.  

Advances in wind turbine technology have led to the development of variable-speed 

turbines and increased capacity, with modern turbines now reaching megawatt (MW) 

ranges. Both onshore and offshore wind turbines have distinct advantages and 

applications. 

1.2. High-Voltage AC vs. DC Transmission 

The high-voltage AC is suitable for use in a short to medium-range power transmission 

system. They have issues with long-distance transmission applications. The charging 

current generated by the cable capacitance leads to high losses. Additionally, controlling 

power flow is difficult. There is also an absence of asynchronous operation. Furthermore, 

the need for reactive power compensation makes it less suitable for long-distance 
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transmission compared to DC. The other key issues with AC are the skin effect and 

Ferranti effects [3].    

The DC cable exhibits many superior characteristics compared to its AC counterpart. 

Unlike the AC system, which consists of three single phases separated by insulation in a 

coaxial cable, the DC cable is more compact.  For instance, a 1 GW cable operating at 110 

kV DC is less than half the diameter of a comparable 3-phase AC cable.  

The advancement in this technology concerning wind power generation to reach GW at 

a particular site means that traditional copper cables are facing challenges carrying such a 

high level of power. To transmit power in the GW range using copper cables, the voltage 

must be stepped up to ultra-high voltage (UHV) or extra UHV levels to minimise I²R 

losses in the transmission system. This also increases the need for enhanced insulation in 

the cables.  Figure 1.1 illustrates the electricity generation from offshore wind farms and 

the subsea cable links in Europe. The European Commission aims to expand offshore 

wind farm energy generation from 12 GW in 2020 to 300 GW by 2050, necessitating 

modernization of the electrical grid infrastructure. 

Superconductors that have negligible resistance, high current density, and are compact 

compared with copper or aluminium material are the best option to replace it with. They 

can carry 5 to 6 times more current than copper and aluminium power cables. This study 

focuses on the feasibility of superconductor power cables and their reliability in the 

renewable energy sector.  

The DC superconducting cable has almost negligible losses when operating below the 

critical current limit of the superconducting layer. There is no reactive power; hence, there 

are no losses in insulation. The primary sources of loss are heat leakage and coolant 

friction. However, DC cables have specific issues related to the accumulation of charge 

in the extruded cable insulation. Additionally, harmonic ripples generated by 

semiconductor devices in converters can lead to extra losses, which vary depending on the 

transferred power. Another significant concern in DC systems is associated with abrupt 

changes in load current, proportional to the rate of current change (di/dt).  This can cause 
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flux jumps and the risk of thermal runaway. With proper cable system design these issues 

can be mitigated.  

 

Figure 1.1 Offshore wind farms and the subsea cable links in Europe.    

1.3. Superconductor power grids  

Since the discovery of superconductors based on ceramic materials in the late 1980s, 

the application interest of superconductors in the power industry has increased and been 

revived. High-temperature superconductors (HTS) are now becoming more popular due 

to their low losses when compared with traditional cables, and the advantage of using 

liquid nitrogen as a coolant is that it is more economical and environmentally friendly [4], 

[5]. The growing power demand in metro cities is leading to challenges in power 

transmission due to the lack of land present to install the cables. Load density is going to 

impact the security and economy in major areas [6]. HTS cables are more compact, around 

10 times than traditional cables, and can be applied to solve these issues [7].  The HTS 
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cable cost savings in terms of initial cost and operating cost are required to bring them 

into practical application. The practical cost can be reduced by the utilisation of a single 

cooling system for a long length of cable [8]. Over the last two decades, several projects 

using HTS cables have been tested and ongoing for the full application of HTS cables in 

the power grid. In 2000 (Milan), a warm dielectric HTS cable of 50 m length with a current 

carrying capacity of 1250 A was designed [9]. In 2007, at Long Island in the USA, a 600-

metre long HTS cable was commissioned rated at 138 kV and 2400 amps [10]. In 

Hannover, Germany the ENDESA super cable was developed at a length of 30 metres 

with a 3200 A rated current. It was implemented with the scope of application being in a 

medium voltage grid of 25 kV with a transmission capacity of 138 MVA  [11]. In Essen 

Germany, an AC HTS cable of 1 km in length was installed with a voltage of 10 kV and 

a current of 2.4 kA [12]. In Albany, in the real power grid, a 350 m HTS cable was installed 

with operating conditions of 34.5 kV and 800 A [13]. In Ishikari, Japan a 500 m and 1000 

m DC HTS was installed [14]. In Gongyi, Henan a 360-metre-long DC HTS cable was 

installed at Zhongfu Industrial Co., Ltd, with a capacity of 10 kA and 1300 V. 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. Since 2015 in the KEPCO grid, a South Korean HVDC 

cable of 500MW/80 kV has been in operation [11], [12].  

 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 

electrical grid installation. Following a successful trial, Shenzhen Power Supply installed 

a 400-metre-long HTS cable at the Ping'an Financial Centre on September 28, 2021, which 

has been operating smoothly [13], [14]. A demo project consisting of a 1.2 km, 35 kV/2.2 

kA Shanghai superconductor power cable began in 2019 and completed both prototype 

and commissioning test by November 2021 [15]. 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  [16]. In 
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August 2021, in Chicago, the AMSCôs AC power cable of 200 metres was integrated into 

an electric grid with a capacity of 62 MW/12 kV/3 kA [17].  

When it comes to designing HTS power lines, there are still some issues to work out. 

To make HTS applications competitive in terms of operational reliability compared to 

traditional applications, a significant amount of research effort must be put into 

understanding HTSôs loss characteristics and mitigation measures. Only by having a 

thorough grasp of the HTS loss characteristics can appropriate cooling and auxiliary 

systems be devised to assure the HTS applications' long-term stability. 

Nowadays, offshore wind farms are constructed more than 100 km away from the shore. 

DC is more suitable for transferring power than AC due to the low power loss and no 

limitation on the length of the cable [22] [23]. The current study available on the 

application of superconductors in the power grid is over short distances and MW power 

ratings. A simulation model of a 10 kV, 1 kA, 1 km-long tri-axial AC HTS cable was 

developed using MATLAB and Ansys to analyse cable performance under a 10-kA fault 

current lasting 10 ms [18]. Additionally, a 400 m, 2.5 kA, 10 kV tri-axial HTS AC cable 

was simulated using a finite element model in COMSOL software [19]. Another model 

represents a 30 m HTS cable system carrying a 3-kA current in both AC and DC forms, 

with cooling provided by cryogenic gaseous helium using the TNM [20].  

 The high energy transfer from renewable sources to loads and to achieve carbon 

neutrality can be achieved through the implementation of either point-to-point grids or a 

meshed or SuperGrid structure. 

This report explores the use of subsea high-voltage direct current (HVDC) high-

temperature superconductor (HTS) cables for linking offshore wind farms with the 

mainland power grid, as illustrated in Figure 1.2. It is crucial to analyse the thermal, 

hydraulic, and electrical characteristics of long-length HTS cables under various 

topologies and during transient conditions. The configuration of a meshed HVDC grid 

system is depicted in Figure 1.3. 
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Figure 1.2 Point-to-point HVDC superconducting power cable in the offshore to onshore 

energy transmissions. 

 

 

Figure 1.3 Meshed HVDC grid replotted from reference [27] 

Modular multilevel converters (MMCs) play a pivotal role in contemporary HVDC 

transmission technologies, enhancing the efficiency of power transfer between grids 

operating at different frequencies. At present, the connections for European offshore wind 

farms (OWFs) via HVDC are point-to-point, controlled by a singular entity. However, to 

accommodate an increasing number of OWFs, there is a need for a comprehensive 

offshore HVDC network. The SuperGrid concept is designed to augment the existing 

European grid by promoting the distribution of renewable energy from outlying areas 

abundant in wind and solar power to central demand zones. This approach enhances the 

diversity and security of the energy supply. The envisioned structure of a European 

SuperGrid is outlined in Figure 1.4. 
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Figure 1.4 Conceptual plan for the European Centre electrical grid [28] 

1.4. Research Problem 

A long-distance subsea HTS cable for offshore wind farms has not been applied until 

now and there are limited studies available in this area. While designing the HTS cable 

model, the elements used in the simulation are non-existent. In the HTS power cable 

analysis, it is necessary to consider the thermal, electrical, and hydraulic characteristics 

together in the design of the HTS cable. The quenching of the superconductor power cable 

due to a grid fault may lead to damage to the superconductor cable permanently. Another 

reason for the quenching of the superconductor is due to temperature changes along the 

cable.  

In the literature section of the thesis, only thermal-hydraulic and thermal-electrical 

models exist. The superconductor power cable behaviour depends on the current, 

operating temperature and magnetic field. These parameters have an impact on the 

superconductor power cable if they cross the critical limits, they will damage the HTS. 
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The electrical behaviour is nonlinear. There are no inbuilt components available for 

superconductors in the commercial simulation software. It is a key challenge to design 

non-linear resistance based on electrical, thermal, and hydraulic conditions. The 

superconductor topology and cryocooler arrangement for the superconductor power that 

suits the long-distance HVDC superconductor power cable best has not yet been studied. 

The influence of the grid fault current in the superconductor HVDC cable network means 

that the joule losses might lead to an increase in temperature and change its critical current 

behaviour along the length of the cable. This sudden inrush of current has the potential to 

quench the superconductor. It might recover back or lead to permanent damage. Replacing 

the damaged superconductor power cable is a complex process, expensive and the grid 

needs to go out for long hours. It is therefore necessary to protect the superconductor cable 

and keep its temperature below Tc. The study of superconductor behaviour in the fault 

condition and techniques to mitigate the fault current and temperature is necessary.  

There is a need to identify the following:  

1. Review the possible design of the superconductor and investigate its application 

as a subsea HVDC HTS cable.  

2. The temperature distribution along the length of the cable under study relates to 

the arrangement of the cooling system such as the distance between the cooling 

stations and the quantity of the cooling stations required to keep the HTS in a 

superconductivity state. 

3. Under fault conditions, the HTS cable generates joule heating, and this leads to the 

quenching of the cable by boiling the coolant. Whether quenching the cable can 

be withstood or degrade the cable permanently needs to be checked.  

4. Need to find the best topology for the HTS cable suggested to fit in the HVDC 

network. 
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5. The need for integrating a Superconducting Fault Current Limiter (SFCL) with 

High-Temperature Superconductors (HTS) to limit fault currents in electrical 

transmission systems.  

For the long-distance cable formation, there is a need to connect the developed 

components of a short length instead of a bulk cable consideration. This makes the system 

more complex and increases the simulation time.  

By addressing these research problems, this thesis aims to contribute to the advancement 

of HTS cable technology, making it a viable and sustainable option for enhancing the 

efficiency and reliability of  HTS power transmission systems. 

1.5. Research Contribution  

This research presents a novel modelling framework aimed at enhancing the assessment 

of HTS power cables within HVDC grids, specifically addressing offshore renewable 

energy transmission challenges. Key contributions include the innovative discrete element 

modelling approach for HVDC HTS power cables, as well as the development of custom 

SIMSCAPE superconductor elements in MATLAB. This model improves on previous 

work by allowing a more accurate examination of electrical and thermal dynamics along 

the cableôs length. 

The findings reveal that the distributed model provides significantly more precise 

insights into temperature distribution and electrical behaviour along the length of the 

cableôs cooling system compared to traditional lumped models. This thesis identifies 

critical points of thermal stress and demonstrates improved methods for predicting cable 

performance under both steady-state and transient conditions. Through comparative 

analysis, it establishes that the distributed model effectively predicts electrical and thermal 

behaviour, including current distribution and temperature, as well as quantifies losses 

under harmonic conditions more accurately than conventional models. 
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Another breakthrough, a PbSn joint was fabricated for HTS cable joints, and its 

resistance was rigorously measured and used in simulations. The critical current (Ic) 

characteristics of the superconductor tapes were analysed, revealing improved joint 

performance metrics essential for practical deployment. 

Furthermore, the research provides a comprehensive thermo-hydraulic analysis of a 10 

kA/100 kV/1 GW HTS HVDC cable across multiple topologies, detailing LN2 flow 

dynamics in both turbulent and laminar regimes and examining different flow 

arrangements. Notably, the analysis demonstrates that specific flow configurations 

significantly impact the thermal and electrical stability of the cable, offering guidance on 

optimal cooling strategies for high-power HVDC applications. The 100 kV rating in this 

study was chosen as a practical balance for current HVDC technology, considering 

breaker limits. Higher voltages face challenges like increased insulation needs, higher 

converter station and offshore platform costs, and more complex fault protection due to 

limited DC circuit breaker capacity. The study concludes with a comparative assessment 

of HTS cables with and without a superconducting fault current limiter (SFCL), revealing 

that SFCL integration can mitigate fault conditions while maintaining thermal stability. 

This research advances the modelling of HVDC superconducting cables, paving the way 

for efficient, large-scale offshore energy transmission. The outcomes offer a pathway to 

minimise HTS cable losses and advance the feasibility of HVDC SuperGrids, representing 

a substantial technical progression for future subsea energy networks. 

1.6. Thesis Organization 

Chapter 2: This chapter introduces superconductivity, superconducting materials, and 

their underlying theories. It provides information on the classification of superconductor 

power cables, discussing their advantages and disadvantages. 

 Chapter 3: This chapter begins with an introduction to the modelling of superconductor 

power cables. It presents different modelling approaches and reviews the relevant 

literature on various models. The chapter also reviews the current literature on various 
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ongoing superconductor power cable demonstrations, operational projects, and upcoming 

initiatives. 

Chapter 4: This chapter focuses on the development of superconductor cable 

components in MATLAB/SIMSCAPE. It details the methodology for superconductor 

cable modelling, including the calculation of inductance and capacitance in HTS cables. 

The study examines both lumped and distributed HTS cable models for thermal-electrical-

hydraulic analysis, exploring changes in electrical-thermal behaviour during PG faults in 

the grid and the impact of fault location on superconductor power cable performance. 

Chapter 4 is based on publications 1 and 4 in section 1.7.  

Chapter 5: This chapter elaborates on the electrical behaviour study of 2G HTS, 

including the critical current for HTS applications and a comparison of quench 

characteristics through experiments and simulations for validation. A joint on the 2G HTS 

tape for the superconductor power cable was fabricated, and its resistance behaviour was 

studied. The resistance achieved in this joint was used in the HTS power cable Simscape 

blocks implemented. 

Chapter 6: This chapter introduces the FEM model of the superconductor power cable 

and studies its electromagnetic behaviour. It addresses the impact of harmonic losses in 

HTS power cables. 

Chapter 7: This chapter explores the temperature and pressure studies of superconductor 

power cables based on LN2 mass flow and hydraulic diameter, as well as the roughness 

of the cryopath wall. It examines the thermal behaviour of CORC HTS cables with 

different LN2 cooling arrangements. Additionally, the chapter discusses the integration of 

SFCL in the grid with HTS power cables and demonstrates fault current limiting 

behaviour during faults. 

Chapter 8: This chapter concludes the present study and outlines the plans and necessary 

steps for implementing superconductor power cables for long-distance energy 

transmission. 
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Chapter 2 

Superconductivity Overview 

2.1. Introduction to superconductivity 

In 1908, Heike Kamerlingh Onnes discovered the superconductivity principle in 

mercury at a temperature of 4.2 K. He discovered that mercury resistance exponentially 

drops to zero when the temperature reaches 4.2 K or below [29], [30]. This phenomenon 

was named superconductivity and for this discovery, Onnes received the Nobel Prize in 

1911. The superconductor maintains the superconductivity region until the three 

interdependent parameters of current density, temperature, and magnetic field are below 

critical values. If any of these values exceed the critical value, the superconductor loses 

its superconductivity and resistance increases sharply, as shown in Figure 2.1.  

 

Figure 2.1 (a) Superconductivity in a 3D view defined by current density, temperature, 

and magnetic field and (b) resistivity behaviour with a change in temperature 

In 1933, researchers Meissner and Ochsenfeld discovered that a superconductor is 

purely diamagnetic, hence it repels the magnetic fields irrespective of the initial conditions 
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[31].  As shown in Figure 2.2, when the HTS tape cooled below the critical temperature 

Tc with and without an initial magnetic field application, the superconductor always repels 

the magnetic field applied. In the case of perfect or ideal conductors, the initial magnetic 

field conditions impact the conductor's behaviour. In an ideal conductor when there is no 

field, initially above Tc and cooldown to below Tc, it will behave the same as the 

superconductor. The ideal conductor with an initial magnetic field application above Tc 

and below Tc means there will be no change in behaviour. The magnetic field properties 

will not change irrespective of the critical temperature.  

 

Figure 2.2 Meissner effect in superconductors replotted from reference [31]. 

2.2. Classification of superconductors  

Since the discovery of superconductivity in mercury over a century ago, scientists have 

been on the lookout for new superconductor materials. Several superconductor materials 

have been discovered since then. They were categorised accordingly by the researchers.  

2.2.1. Based on the critical temperature  

Based on critical temperature, superconductors are classified as either low-temperature 

superconductors (LTS) or high-temperature superconductors (HTS). When 
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superconductivity at a high magnetic field became attainable, low-temperature 

superconductors were first used in electrical equipment in the early 1960s [32]. Magnetic 

resonance imaging (MRI), nuclear magnetic resonance (NMR), low-temperature 

superconducting magnets, and high-energy physics accelerators are just a few of the 

applications for NbTi, Nb3Al or MgB2 and Nb3Sn cables [33]. However, the widespread 

use of LTS was marred by issues from the usage of liquid helium for cooling purposes, in 

terms of cost and energy efficiency. The discovery of the first HTS in 1986 with a critical 

temperature of around Tc =35 K [34], reignited the interest in its use in electrical 

applications such as power cables, motors, generators, transformers, and fault current 

limiters [35], [36], [37], [38], [39], [40]. Superconductors with critical temperatures below 

30 K are considered LTS, while those with critical temperatures above 30 K are considered 

HTS [41], [42]. In 1987, the YBCO was discovered which can operate at the boiling point 

of liquid nitrogen, followed by BSCC-2223, and MgB2 [43], [44]. The evolution of 

superconductors is depicted in Figure 2.3.  

 

Figure 2.3 Superconductor evolution from the early 1900s to the present [45] 
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2.2.2. Based on the reaction to the magnetic field 

Superconductors can be classified into two types depending on how they respond to an 

external magnetic field and how rapidly they shift from a superconducting state to one 

that allows energy dissipation. There are type I and type II superconductors as shown in 

Figure 2.4.  

As a result, the significant Meissner effect type I superconductor loses its 

superconductive properties instantly when the field H surpasses the critical value Hc. 

While the type II superconductor behaves differently from Type I, it enters a total of three 

states capable of operating at higher magnetic fields. It has two operating critical points 

for the H (Hca and Hcb). When the H<Hca the type II superconductor behaves as a type I 

superconductor which is perfectly diamagnetic.  When the field reaches H> Hca and 

H<Hcb it starts forming vortices that allow the magnetic fields to penetrate into the 

superconductor, enabling larger transport currents. When H>Hcb it will move to a 

dissipative state.  In type II Hcb is much higher than the Hca which makes type II superior 

to type I superconductors. For YBCO tape, the Hca is 20 mT and the Hcb is 100 T. Type I 

superconductors that are LTS, and type II are considered to be HTS with a few LTS also.  

 

Figure 2.4 Critical field characteristics of Type I and Type II 

The current, known as the screening current, on the surface of a superconductor repels 

the external magnetic field. This screening current in the tapes is responsible for the 
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Meissner effect. The remainder of the superconductor forms vortices from the residual 

current. These vortices permit some of the magnetic fields to penetrate them without 

losing superconductivity.  

The vortices illustrated in Figure 2.5 depict small tubular regions, each encapsulating a 

single quantum of magnetic flux. 

•
Ὤ

ςὩ
ςȢπφψρπ  Ὕά  2.1 

Where 'e' represents the electronic charge and 'h' denotes Planck's constant. 

 The flux passing through the superconductor is referred to as pinning flux because it is 

immobilised by the pinning force. If the applied magnetic field Ὄ begins to increase, the 

vortices move closer together and may overlap. As the magnetic field intensifies from Hca 

to Ὄ   they start to overlap. Upon reaching Ὄ Ὄ , vortex and Cooper pairs disappear, 

and the applied magnetic field fully penetrates the superconductor, causing it to lose its 

superconducting properties. 

 

Figure 2.5 Type II superconductor mixed state.  

The magnetic flux is trapped by the pinning force, requiring additional energy to alter 

it. While carrying DC, no additional power is needed, as the magnitude and direction 

remain constant. However, when carrying AC currents, its magnetic field changes in both 

magnitude and direction continuously. 
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In 1948, Fritz London solved the phenomenal London equation to give the consequence 

of the coherence of the quantum state.  Later in 1953, Brian Pippard, motivated by the 

penetration experiments, modified the London equation using the new scale parameter 

coherence length ɚ.  

It is necessary to define a vortex line and a flux line to comprehend the meaning of 

penetration depth ɚ and coherence length ɝ  as shown in Figure 2.6. As previously 

mentioned, a flux line can enter a type II superconductor in the form of quantised 

circulation, which is the primary difference between type II and type I superconductors. 

Superconductivity is eliminated at the centre of each flux line, meaning that the density of 

the superelectrons is equal to zero, and the coherence length is roughly equivalent to the 

diameter of a vortex's normal core. Supercurrent circulates around the vortex line; the 

radius of this circulation around the vortex core is measured by the penetration depth [2]. 

It is evident that k < 1ȾЍς indicates a type I superconductor and k > 1ȾЍς indicates a type 

II superconductor if ə = ɚ/ɝ is established [46], [47]. The superconducting coherence is 

preserved within the sample over comparatively wide distances because ɝ > ɚ. External 

magnetic forces do not cause any disruption to the superelectrons' overall coherence. The 

k values for the type I and for the YBCO (type II) are 0.48 and 95, respectively [48], [49].  

The most famous among the (RE)BCO material and the first one found with a critical 

temperature above the boiling point of LN2 is Yttrium Barium Copper Oxide 

(YBa2Cu3O7-x) or (Y123).  The most known and popular rare earth materials choices are 

yttrium, lanthanum, samarium, neodymium, gadolinium, and europium. The number in 

the brackets indicates the molar ratio values of the rare-earth-barium-copper.  

It is a unit cell like the structure of perovskites and its molar mass is 1:2:3 for yttrium, 

barium, and copper, respectively. The overlapping structure of YBCO is shown in Figure 

2.7. It contains three subunit particles stacked along the axis as the barium subunits one at 

the top, another at the bottom, and yttrium at the centre. The copper in the lattice is at the 

corners which have two different coordinates concerning oxygen. The oxygen was 

arranged in the four possible crystallographic sites.   
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Figure 2.6  Coherence length and penetration depth of the Type I and Type II relationships.  

 

Figure 2.7 Type II superconductor YBCO single crystalline structure. 
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2.3. High-temperature Superconducting material and tapes 

Several varieties of superconductor materials are depicted in Figure 2.8 below. In 

superconductors of the NbTi and Nb3Sn types, NbTi is more ductile, easier to fabricate, 

and less expensive for applications below 20 K. Nb3Sn, on the other hand, is brittle and 

cannot be easily formed into a wire-like NbTi. With a range of 9 to 11 T for 4.2 to 1.8 K, 

the NbTi superconductor is employed in MRI systems, magnetic levitation trains, and 

superconducting magnets. The Nb3Sn superconductors are employed in high-field 

magnets for scientific research that can reach up to 23 T, including MRI systems, NMR 

equipment, particle accelerators, and tokamak fusion devices. 

Copper oxide superconducting materials Bi-2223, Bi-2212, and REBCO have a critical 

temperature above 77 K which is the operating point for LN2. The cost of refrigeration of 

nitrogen is cheaper than helium and is available in abundance.  These tapes are more 

complex to form into wire because of the ceramic brittleness. Cuprate components are 

made by regulating the oxygen in the ceramic components during high-temperature heat 

treatment to create a superconducting phase. Because of the superior current density of 

REBCO tapes, Bi-2223 and Bi-2212 are 1G (1st generation) and REBCO (RE- rare earth 

materials) are 2G (2nd generation). The power in-the-tube (PIT) technology is used to 

make Bi-based 1G tapes, which have issues with grain control and low inter-grain 

conductivity. Increased conductivity necessitates the use of silver, which raises the cost. 

REBCO tapes, however, use a coated conductor (CC) that allows for grain orientation 

control and high current densities. The CC manufacturing process adopts either rolling-

assisted biaxially textured substrates (RABiTS) or ion-beam-assisted deposition (IBAD) 

technology.  

The MgB2 tapes are not sensitive to weakly linked grains like copper oxide 

superconducting materials. It was prepared using the PIT method and internal Mg 

diffusion method. The raw material cost is economical and more compact than others. The 

critical current Ic drops quickly as the magnetic field increases. It is used where there is a 

low magnetic field and high Tc. In iron-based superconductors, the inter-grain 
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conductivity across the mismatched grains is better than in REBCO tapes. The simple 

low-cost PIT method can be adopted for these tapes and comes with a variety of selections 

for the sheet materials, unlike Bi-2223 and Bi-2212 tapes.   

 

Figure 2.8 Superconducting material tapes and wires [45] 

2.4.  Superconductor model theories  

Superconductors are highly anisotropic and have nonlinear electromagnetic properties. 

Various writers have suggested simplified theories based on certain essential assumptions 

to simulate the HTS. Superconductor design is expensive and making prototypes is not 
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economical. Numerical modelling is the best approach to identifying electromagnetic 

behaviour. The proposed theories that describe the HTS from the macroscopic point of 

view are as follows: 

¶ Beanôs model 

¶ E - J Power law 

¶ Kim-Anderson model 

2.4.1. Beans model 

In 1962, C.P. Bean introduced Beanôs critical state model to explain the macroscopic 

behaviour of irreversible magnetization in type II superconductors [50], [51].  

Figure 2.9 (a) shows the superconductor slab with a magnetic field and current density 

J and Figure 2.9 (b) depicts the magnetization loop in the Type II hard superconductor, 

showing the hysteresis behaviour of the superconductor slab based on Beanôs model. In 

Type II superconductors, the magnetization curve demonstrates a hysteresis effect due to 

the presence of pinning centres, which directly influences this behaviour. This hysteresis 

arises from the superconductor's shield current, which is at the surface. Initially, up to a 

certain magnetic field strength (Bc1), flux lines are prevented from entering the 

superconductor and are instead anchored at the surface's pinning centres, leading to almost 

perfect diamagnetism. Once the magnetic field exceeds Bc1, flux lines begin to infiltrate 

the superconductor until the magnetization completely vanishes at Bc2. When the magnetic 

field is subsequently reduced, the flux lines remain confined within the superconductor, 

continuing to do so even when the field strength returns to zero. 

Current density Jc is assumed to be uniform across the superconductor and its values are 

considered either 0 or Jc based on the magnetic field or electric field as mentioned in the 

below equation.  

The current density is expressed as a function of the electric field. 
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Where E is the generated electric field, Ec is the critical electrical field and the critical 

current density Jc is a function of the Bi (local flux density inside the superconductor). 

 

Figure 2.9 (a) Infinite long HTS slab and (b) magnetization loop of the superconductor 

type II, indicating the initial curve (a, b) from zero induction and a pair of magnetization 

values (c, d) used to extract Jc [52] 

The bean model has the advantage of acting as both diamagnetic and paramagnetic and 

it is possible to remember the previous magnetic history data when it is used in the 

simulation.  In this context, ap refers to the depth of penetration within the HTS material, 

and H*  signifies the complete penetration magnetic field, meaning that the applied 

magnetic field penetrates fully to the centre of the superconductor shown in Figure 2.10. 

The screening current is within the London penetration depth during the Meissner phase. 

When increase in the magnetic field above Hca, vortices start to penetrate the 

superconductor and are pinned on the surface of the superconductor tapes. The current 

that was below this penetration depth will be Jc. If the field further increases above H* , 

the vortices fully penetrate the superconductor.   
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When the HTS carries a transport current rather than being exposed to an external 

magnetic field, its magnetic and current distribution is illustrated in Figure 2.11. It is a 

simplified model but still faces issues with accuracy due to uniform Jc. assumptions and 

applications to thin tapes. 

 

Figure 2.10 When increasing the external magnetic field on an infinite long HTS slab (a) 

magnetic field and (b) current distribution inside the HTS 

 

Figure 2.11 When long HTS slab carying transport current (a) magnetic field and (b) 

current distribution inside the HTS 
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2.4.2. E - J Power law 

Rhyner proposed the E-J power law for the non-linear behaviour of the superconductor 

[53]. The proposed V-I curve results fit well with many HTS material results conducted 

through experiments.  

The E-J characteristics of the HTS are nonlinear and represented as follows: 

Ὁ Ὁ   2.3 

Ὁ is the electric field due to flux creep at ὐ ὐ 

The resistivity of the tape is expressed as follows using the E-J power law. 

” ὐ
Ὁ
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ὐ
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 2.4 

n is the exponential coefficient that differs from the HTS material. 

Bean's model delineates a stark transition from the superconducting to the normal state 

as depicted in Figure 2.12. Specifically, in instances where n=1 and n=Ð, this correlates 

with the linear Ohm's law E=ɟJ and Bean's critical state model where the current density 

J is either zero or at the critical value Jc. For n=5, this indicates significant flux creep, 

while n=15 and n=50 represent weak flux creep and a demarcation between Low-

Temperature Superconductors (LTS) and High-Temperature Superconductors (HTS), 

respectively [54]. For n values exceeding 20, Bean's model is considered a robust 

approximation. Notably, for Bi-2212 materials, n ranges between 5 and 15, whereas for 

YBCO tapes, it ranges from 20 to 30 [55], [56], [57].  

The E-J curve is segmented into three phases: flux creep, flux flow, and normal phase. 

Anderson proposed the flux creep theory for hard superconductors [58]. During the flux 

creep phase, the transport current initiates a vortex motion within the HTS material. At 

this juncture, the Lorentz force acting on the superconductor equals the pinning force, 

causing the vortice flux lattice to move slowly. Conversely, in the flux flow state, the 
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Lorentz force surpasses the pinning force, leading to the unrestricted movement of the 

flux lattice. In this phase, n values typically range from 2 to 4 for both LTS and HTS 

materials. In the normal phase, the vortices dissipate, and the material loses its 

superconductivity. Here, the n value is typically 1. The E-J curve's three stages are shown 

in Figure 2.13. 

 

Figure 2.12 E-J power law figure based on then=1 to n=Ð 

 

Figure 2.13 E-J power law curve showing the three stages below Tc in log scale. 
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2.4.3. Kim-Anderson model 

Researchers Kim, Hempstead, Strnad, and Anderson studied the critical phenomenon in 

a superconductor of type II [59]. Chen and Goldfarb pointed out that the equation below 

is a more generalised model for the critical state model and that it is like a linear model 

where Bo>>B . Kim and Anderson showed a relationship where the critical current is 

dependent on the local magnetic field and temperature. It defines the Jc as a function of 

the magnetic field B. 

ὐὄȟὝ   2.5 

ὐ Ὕ is the temperature-dependent current density at zero fields and ὄ is constant. 

This model is more efficient than the Beans model but still fails to solve the anisotropic 

critical current behaviour under a magnetic field in a different direction. 

2.5. AC losses in superconductors  

Transport current losses and magnetization losses are the two types of AC losses found 

in superconductors. The flow of electrical current through the superconducting material 

causes transport current losses, and the voltage across the test specimen indicates the 

amount of power lost. Transport current can be classified into two types: hysteresis losses 

and flux flow losses. Hysteresis losses result from the self-field generated by the applied 

transport current. On the other hand, flux flow losses occur when the transport current 

intensifies, generating an additional magnetic flux, which in turn begins to unpin the 

vortex. As the vortex starts moving, it generates heat, leading to what is known as flux 

flow loss. With an increase in transport current, flux flow losses become increasingly 

dominant. 

Magnetization losses consist of hysteresis, coupling, and eddy current losses. Hysteresis 

losses stem from the non-reversible behaviour caused by vortex pinning. As the magnetic 

field increases and decreases, the magnetic flux does not replicate this behaviour due to 
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vortex pinning, leading to a hysteresis loop in the B-H curve for a single cycle. In the 

absence of a transport current, hysteresis losses correlate with the area enclosed by this 

loop. These losses manifest as heat and are significant due to the strong pinning forces, 

high critical current (Ic) values, and notable losses in type II superconductors. 

Eddy current losses occur when a time-varying magnetic field penetrates a normal 

conductor, such as Hastelloy, copper, or silver, inducing an electric field and 

consequently, eddy currents occur within sections of the superconductor tapes. These 

currents lead to resistive energy loss, particularly when the magnetic field is perpendicular 

to the plane of the superconductor tape. 

Coupling losses arise from ohmic losses in the metal matrix. As eddy currents flow 

through the layers of silver filaments, these inter-filamentary currents create a significant 

magnetic system, with the inherent resistance of silver opposing the current flow, leading 

to ohmic losses.  

According to the critical state model, a superconductor experiences no losses when 

subjected to direct current (DC) or a DC magnetic field. Redistribution of the magnetic 

field within the superconductor occurs due to transport current or magnetic field 

variations, with Faraday's law describing the relationship between flux motion and the 

induced electric field in the superconductor, where the current density and electric field 

align. This forms the basis for understanding magnetization losses in superconductors. 

ὗ ὉὐὨὛ
 

 2.6 

Where Q is the total losses in the superconductors. 

2.5.1. Analytical techniques for AC loss  

Norris and Brandt proposed the equations used to calculate transport current and AC 

magnetization losses in a superconductor. These two are used in the verification of the 

accuracy of AC losses using FEM (Finite Element Method) and other techniques.   
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2.5.1.1. Norris  

The Norris model provides an approach to estimate AC losses in a self-field situation. 

It utilises the London model as a foundation. In this model, resistance undergoes a step 

change when the transport current exceeds the critical current (I > Ic), ensuring that the 

ohmic voltage drop perfectly counterbalances the driving electromotive force (emf) while 

maintaining a constant current density. However, the current density depends on the 

magnitude and direction of the magnetic field, contrary to the assumption made here that 

it is field-independent. 

In a superconductor strip carrying a transport current I, the AC losses can be described 

as follows. 

ὖ ρ Ὂὰὲρ Ὂ ρ Ὂὰὲρ Ὂ Ὂ     [w/m]

  
2.7 

Where Ὂ  , f is the frequency, and ‘ is the permeability of the free space.  

2.5.1.2. Brandt 

Brandt introduced an innovative approach to evaluate the alternating current (AC) losses 

within the two-dimensional domain of high-temperature superconductors (HTS) by 

applying the E-J power law within the context of Maxwell's equations for a HTS strip 

under the influence of perpendicular magnetic fields. Hc represents the critical magnetic 

field value.  

 In this context, where there are AC losses in the HTS strip subject to an external 

magnetic field with amplitude, Ho, can be computed using the following equation: 

ὖ τ“‘ὥὌὌὪ ὰὲὧέίὬ ὸὥὲὬ     [w/m]   2.8 
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2.6. Summary of Chapter 2 

In this chapter, embarked on a comprehensive journey through the evolution and 

conceptual framework of superconductivity. Beginning with a historical overview, we 

explored the incremental discoveries and theoretical advancements in superconductor 

materials from the 18th century to the present. This narrative set the stage for 

understanding the complex landscape of superconductivity, categorizing materials into 

type I and type II superconductors, each with distinct properties and applications. Further, 

we delved into the critical state models, particularly the beam and the Kim-Anderson 

models, which play a pivotal role in understanding the phenomena of flux pinning, flux 

creep, and the nonlinear characteristics governed by the E-J power law. These models not 

only enhance our grasp of the physical mechanisms at play but also pave the way for 

engineering applications and innovations in superconducting technologies. Additionally, 

the chapter addressed the crucial aspect of AC losses in superconductors, which are 

significant for practical applications, especially in magnetization and transport 

phenomena. The analytical definitions provided by the Norris and Brandt equations offer 

a foundational understanding of these losses, enabling further research and development 

in reducing AC losses in superconductor applications.  
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Chapter 3 

Review of Superconductor Modelling 

Methods and Power Cables 

3.1. Introduction to modelling  

3.1.1. Mathematical models  

One of the primary challenges when modelling superconductors is the non-linearity of 

the E-J power law relationship. To address this problem and to analyse the 

electromagnetic and thermal behaviour of superconductors, various model formulations 

have been proposed, including H, E, A-V, J-A, and K- .ʟ These are based on state variables 

in Maxwell's equations, and each offers distinct advantages and limitations. The 

formulations are explained in the below section.  

3.1.1.1. H-formulation  

Many research groups worldwide use the H-formulation for modelling the 

electromagnetic behaviour found in high-temperature superconductors (HTS) [60], [61], 

[62], [63]. The H-formulation is favoured across various superconductor topologies due 

to its good convergence, accuracy, and reasonable computational time. The first 

commercial finite element method (FEM) of the H-formulation was implemented in 

COMSOL Multiphysics [64] [59]. The name "H-formulation" originates from the single 

dependent variable, magnetic field intensity (H), which is used to calculate the 

macroscopic current and field distribution in the superconductor. 
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The H-formulation utilises the Finite Element Method (FEM) to solve Faraday's law 

through mathematical formulation [65], [66], [67], [68]. 

​ Ὁ
‬ὄ

‬ὸ
 3. 1 

The strength of the magnetic field is determined by applying both Ampère's and 

Faraday's laws, along with the relationship between the electric field, current density, and 

resistivity. The equation is represented as follows: 

​ ” ​ Ὄᴆ ‘‘
‬Ὄᴆ

‬ὸ
 3. 2 

where ‘  denotes the magnetic permeability of free space, ‘ is the relative 

permeability of the material, and Ὄᴆ is the vector representing magnetic field strength. 

The current density can be derived from the magnetic field by utilising the quasi-static 

approximation of Ampere's Law, as expressed in equation 3.3.  

ὐ ​ Ὄᴆ 3. 3 

Not as effective when handling complex, multi-material domains, especially in mixed 

systems. Although effective, there is scope for improving its performance in dynamic fault 

scenarios involving rapid magnetic field changes, where computational efficiency 

becomes a challenge. 

3.1.1.2. J-A formulation  

Wang Sijian and his colleagues developed a formulation known as the J-A formulation, 

which enhances the accuracy and versatility of superconductor modelling [69]. In this 

formulation, the current density vector (J) and magnetic vector potential (A) are coupled. 

It utilises Maxwell's equations to solve A in the expression. 

​
ρ

‘
​ ὃ ὐ 3. 4 
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The non-linear superconducting behaviour of high-temperature superconductors (HTS) 

is described by the following equation, using the J expression. This relationship is used to 

explain the characteristics observed in the HTS materials. 

Ὁ ” ὐ
‬ὃ

‬ὸ
​• 3. 5 

Where • is the electrical scalar potential.  

The J-A formulation is similar to the A-V formulation governing equation. By replacing 

the ὐ „ •ɳ  in the equation (% ” *), it converts to an A-V formulation if we 

substitute this in the equation above.  

The nonlinearity of the conductivity in superconductors introduces numerical 

complexities into simulations. The J-A formulation separates E in Equation 3.5 from 

Maxwell's equation calculations to mitigate these numerical complexities. Although this 

approach increases the number of variables, it facilitates easier convergence of the 

simulation. Increases variables, leading to longer simulation times. The separation of E 

and J calculations can hinder performance in high-frequency transient studies, where the 

demand for real-time analysis is high. 

3.1.1.3. A-V formulation  

A numerical method for addressing two-dimensional and axially symmetric issues 

employs Maxwell's equations and the E-J power law within the A-V formulation [70]. 

The governing equation to solve nonlinear 2D electromagnetic behaviour using the A-

V formulation is as follows [71], [72]: 

​
ρ

‘
​ὃ „Ὁȟὄ

‬ὃ

‬ὸ
„Ὁȟὄ​ὠ 3. 6 

In this equation, ὃ  represents the magnetic vector potential, and  6ɳ denotes the 

voltage gradient. The electric field, E, is derived using the formula: 
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Here „Ὁȟὄ ,  the non-linear conductivity, is defined as follows: 

„Ὁȟὄ
ὐὄ

Ὁ

ȿὉȿ  3. 8 

In this case, the driving source is a voltage gradient, and J and A are directed along the 

length of the HTS tapes in the Z-direction. The model's 2D constraint suggests that future 

work should focus on adapting this approach for 3D simulations in complex, 

heterogeneous environments. 

3.1.1.4. K-Ý formulation  

The numerical model for superconductors is developed using the current vector 

potential (K) and magnetic scalar potential (ɋ), employing the Finite Element Method 

(FEM), known as the T-ɋ formulation. This approach utilises the current vector potential 

(K) to calculate the current density (J) in the superconducting tapes, as outlined in 

references [73], [74], [75], [76]. 

ὐ ​ ὑ 3. 9 

In superconductors, the flow of current generates a magnetic field described by: 

​ Ὄ ὐ 3. 10 

The total magnetic field (H) is the cumulative effect of the magnetic field generated by 

the High-Temperature Superconductor (HTS) and the external magnetic field (Ὄ . 

Ὄ Ὄ Ὄ  3. 11 

The magnetic scalar potential (ɋ) is defined by: 

​  ὑ Ὄ 3. 12 

Substituting the relevant equations, we obtain the total magnetic field: 



 

36 

 

Ὄ ὑ ​  Ὄ  3. 13 

To determine the electromagnetic behaviour using the current distribution in the HTS 

cable and the resultant magnetic fields, Faraday's law and Gauss's law are employed as 

follows: 

​ „​ ὑ ‘‬‬ὸὌ ὑ ​  3. 14 

​Ȣ‘‬‬ὸὌ ὑ ​  π 3. 15 

In the K-ɋ formulation, the transport current (Ὅ) is established through a boundary 

condition, derived from K at the boundary by integrating ὐ ᶯ ὑ across the entire 

domain. 

Ὅ ​ ὑȢὲὨὛ ὑȢὨί 3. 16 

Effectively captures current distribution within superconductors. Suitable for large-

scale FEM applications. Computationally intensive, requiring substantial processing 

power. Improvements in computational efficiency are needed, especially for long-duration 

simulations essential in energy applications. 

3.1.1.5. Mixed formulation  

When a system comprises both superconducting and nonlinear ferromagnetic materials, 

the classical formulations employed are not very efficient as they encounter convergence 

issues. By utilising the Newton-Raphson method, the power law can be easily determined 

in the 'H' formulation, which relates to resistivity. The 'A' formulation proves to be more 

effective than the 'H' formulation in addressing the typical saturation law associated with 

ferromagnets. In choosing the most suitable methods to resolve the solution, the 'H-A' 

formulation presents an efficient approach when addressing systems involving both 

materials [77], [78].  
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3.1.2. Numerical methods 

Numerical methods employ techniques for solving equations numerically. By 

discretizing models, we can obtain solutions. This involves creating a mesh or grid within 

the geometry of the problem area. The dimensions of this discretization, specifically how 

the mesh and grid conform to the boundaries, determines the number of unknowns, 

referred to as the degree of freedom. This degree of freedom is crucial in determining 

computational time as well as matrix size and memory requirements. These numerical 

methods can be either the integral method, Finite difference method, volume element 

method, discontinuity and minimum of energy method, or another hybrid of any two 

methods, etc. 

3.1.2.1. Integral methods  

One benefit of integral approaches is their ability to remove boundary conditions. They 

are employed to define the current distribution in the superconductor field, and the 

integrated parameters of the magnetic vector potential and the magnetic field are used to 

determine the total energy within the domain. The integrator and optimised mathematical 

techniques are utilised to find the optimum current distribution in the HTS.   

Early formulations were created by C.J. Carr, who used the transport current and an 

external magnetic field to study AC losses in superconductors. To characterise the 

penetration in the Type II superconductor, Brandt created the Brandt model. Subsequently, 

researchers began solving the time derivative of the current density based on basic 

geometric shapes such as thin tapes, rectangular bars, and cylindrical bulks using integral 

equations. 

To avoid dealing with the integral equation, a discrete model was offered as an 

alternative to the original formulation of the integral method. This involved splitting the 

superconductor's geometry into N elements, each of which was given a uniform current 

density.  
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3.1.2.2. Finite difference method  

The finite difference method is a numerical technique that addresses differential 

equations by approximating derivatives with finite differences. This method can be 

segmented into finite intervals, either in the time or spatial domains, where the final values 

of the solution at the endpoints are approximated by solving algebraic equations derived 

from the finite differences at adjacent points. The finite difference approach transforms 

partial or ordinary differential equations, which may be nonlinear, into a system of linear 

equations using algebraic matrices. 

3.1.2.3. Finite volume method 

The volume method is a technique where we use the integral of the volume in coordinate 

systems. It uses aspects from both the finite element and difference methods according to 

the partial differential equations in the physical conversion law. It can be applied to the 

complex geometry shapes of the superconductor.  

A numerical integration method based on point-wise calculation is utilised within the 

volume integral formulation for each control volume, employing a predefined polynomial 

approximation. This involves the computation of flux integrals that traverse the 

boundaries of the established control volumes within the mesh, which are then linearly 

approximated as numerical fluxes. The finite volume approach requires only a limited 

number of degrees of freedom to approximate a solution closely. In the case of structured 

meshes, the resultant matrix is banded and sparse. Conversely, with unstructured meshes, 

the matrix does not exhibit a linear structure. 

3.1.3. Superconductor power cable modelling  

In contrast to conventional power cables, high-temperature superconductors (HTS) have 

been rapidly designed for efficient electricity transmission due to their low losses, high 

transmission capability, small size, and absence of electromagnetic pollution [79]. As they 

are used in a transmission system, however, they are often exposed to over-currents 
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induced by a short circuit fault. A large amount of joule heat is generated in these 

situations, which can compromise the HTS cable's stability and reduce power transmission 

performance. To study the behaviour of any HTS system, detailed electrical and cryogenic 

thermal models of the device are needed. Coupled thermal and electrical models are 

needed because the electrical and thermal outputs of HTS devices are intertwined.  

Finite-element modelling (FEM) is a sophisticated and effective computational 

approach for solving boundary-value problems based on the discretization of a domain 

into a finite number of elements. Such software can successfully replicate non-linear 

behaviour in superconducting cables [80]. The effect of various parameters on the steady-

state and transient heat transfer phenomena in HTS power cables is frequently studied 

using FEM methods. However, because of the long simulation time, the computational 

effort needed to obtain accurate results is typically high, making FEM applications 

inefficient.  

Modelling the complex behaviour of a superconducting magnet using a network of non-

linear lumped elements and solving it with in-house or commercial network solvers such 

as Simulink, PSpice, SPICE, or Simscape is an alternative method. In certain cases, the 

electromagnetic and thermal dynamics of a superconducting magnet can be reliably 

replicated using only limited differential-algebraic equations. 

To discover a quick and adaptable modelling technique that enables system-level 

parametric analyses of the electrical-thermal behaviour of HTS devices, a Thermal 

Network Model (TNM) was examined. The TNM, which consists of thermal resistors, 

thermal capacitors, heat sources, and temperature potentials comparable to an electrical 

circuit, is based on the analogy between thermal and electrical fields to determine the 

temperature distribution with the aid of Kirchhoff's Law, Ohm's Law, and the 

superposition principle [26]. 

This technique necessitates a detailed understanding of the phenomena that exist in coil 

strands and cables since they have a direct effect on the device dynamics. This results in 
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a substantial reduction in CPU time for solving the model compared to FEM when 

properly implemented. 

A numerical approach using partial differential equations (PDEs) can model these 

interactions by dividing the cable into domains with specific state variables. The thermal 

domain models temperature changes via diffusion equations, while the hydraulic domain 

accounts for cooling flow dynamics through conservation equations. Lastly, the electrical 

domain includes circuit equations for current flow, with each domain interconnected 

through state variable dependencies, ensuring a consistent and comprehensive simulation 

of superconductor performance [81].  

A critical factor when assessing the effectiveness of each cooling strategy is the 

maximum length of the HTS cable. Every cooling design is required to meet the 

established technical specifications. This compliance can be verified through a 

comprehensive analysis of the cable's electrical, hydraulic, and thermal characteristics, as 

detailed in sections 3.1.3.1 to 3.13.3. Additionally, when designing the HTS cable, it is 

essential to consider the parameters [4] illustrated in Figure 3.1 below. 

 

Figure 3.1 HTS cable design requirement considerations when LN2 is used in the system 

replotted from reference [4]  
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3.1.3.1. Hydraulic parameter formulations  

The electrical characteristics of the HTS cable depend on the temperature of the coolant 

used, and the coolant temperature needs to be maintained below a specific limit range. 

The coolant or refrigerant's flow rate should be sufficient to restrict the temperature 

increase along the cable's length. The losses caused by resistance between the coolant and 

the pipe increase the pressure drop inside the cable. This pressure drop leads to an increase 

in the mass flow rate which disturbs the pump that circulates the coolant and also depends 

on the geometry of the pipe such as diameter. Especially, in long-distance transmission 

cables, it is essential to measure the pressure drop, mass flow, and temperature rise in the 

cable design  [82]. 

The pressure drops (æP) in the cryogenic pipe (within the former and annular gap) where 

the cable is installed is calculated by the Darcy-Weisbach equation [83]: 

Ўὖ
Ὢὰ”ὺ

ςὈ
 3. 17 

The friction factor, represented as Ὢ, along with the hydraulic diameter of the HTS cable,  

Ὀ , the density of LN2, denoted as ”, and the velocity of LN2, ὺ, are key parameters. The 

pressure drops along the cable correlates directly with its length and the mass flow rate is 

considered unchanged. 

The hydraulic diameter is equal to   

Ὀ Ὠ Ὠ 3. 18 

Ὠ, and Ὠ are the outer diameter of the pipe and the inner diameter of the hydraulic 

path. 

When disregarding the thermal loads at the terminations, the necessary mass flow rate 

of LN2 to dissipate both the incoming and friction-generated heat can be calculated as 

follows: 
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The flow velocity is calculated as 

ὺ
ά

”Ȣὃ

ά
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τ  

 3. 20 

 

where ά is the mass flow rate in kg/s, ὅ is the specific heat of the coolant in J/kg-K 

and  ὃ is the area of the hydraulic path. 

The friction factor is used to calculate the pressure loss in the pipes. For different pipe 

structures and coolants, the friction factors derived by researchers are given in Table 3.1.   

Table 3.1 List of friction factors proposed for the cryostat. 

Year 
Type of 

cryostat 
Coolant Friction factor Ref. 

1977 Smooth He Ὢ πȢππρτπȢρςυτὙ Ȣ  [84] 

1996 - H2O 

Ὢ ÌÎ ρȢπυ πȢχςρπὙ

πȢχτρπ

Ὑ  

[85] 

2001 Corrugated LN2 Ὢ πȢωφὙ Ȣ [86] 

2004 Corrugated LN2 Ὢ ςȢφπ
Ὡ

Ὠ
Ȣ
ὴ

Ὠ
Ȣ  [87] 

2011 Corrugated LN2 Ὢ
‐

σȢχρὈ

υȢρςψφ

Ὑ Ȣ  [88] 

2012 Smooth LN2 Ὢ πȢσρφτὙ Ȣ  [89] 

2015 Corrugated 
LN2 and 

LH2 

ρ

ЍὪ
ÌÏÇ 

υȢπς

ὙЍὪ
 

 

[90] 

2016 Smooth LN2 Ὢ ὙȾφτ [82] 
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2017 Corrugated LN2 

ρ

ЍὪ
ςÌÏÇ 

ὙЍὪ

ςȢυρ
 

 

[91] 

2017 Corrugated LN2 

ρ

ЍὪ
ςÌÏÇ 

‐

σȢχὈ

ςȢυρ

ςȢυρὙЍὪ
 

 

[92] 

2019 Corrugated LN2 Ὢ
ςЎὴ Ὀ

”ὰὺ
 [93] 

2019 Corrugated LN2 

ρ

Ὢ
ςÌÏÇ 

ὙЍὪ

ςȢυρ
 

 

[94] 

2019,2022 Corrugated LN2 Ὢ
ψ†

”ὺ
 [95] 

2022 Corrugated 
LH2, 

LNG 
Ὢ πȢπσςπȢπςρτὙ Ȣ  [96] 

 

The Reynolds number Re is as follows.  

Ὑ
ὺὈ”

 3. 21 

where  is the viscosity of LN2. 

To inhibit the bubbling of liquid nitrogen, the maximum temperature was maintained 

below 78 K, and a minimum pressure range of 3-5 bar was sustained to ensure that the 

liquid nitrogen remained in a non-boiling state. To prevent the structure deformation of 

the corrugated pipe and to maintain a safe operation considering bursting pressure, a 

maximum pressure limit of 16-20 bar was established. The lowest operational temperature 

for liquid nitrogen was established at 65 K to prevent it from solidifying. 
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To ensure the circulation of LN2 through both the inner and outer corrugated sections 

of the high-temperature superconducting (HTS) cable, a pump is necessary. The power 

needed for this pump is determined through the calculations below [93]. 

ύ ЎὴȢὗ  3. 22 

The formula ὗ ! Ø Ö represents the volumetric flow rate (m3/s), where A denotes 

the cross-sectional area of the corrugated pipe in m2. 

3.1.3.2. Electrical parameter formulations 

The electrical layout involves determining the necessary number of tapes based on the 

critical current. The number of tapes needed for the HTS cable has been estimated 

electrically [94]. 

ὔȟ 

Ὅȟ  

ὑ  Ὅ 
 
Ὅȟ  Ѝς

ὑ  Ὅ 
 3. 23 

ὔȟ is the number of tapes in the ith layer, Ὅȟ   is the peak current, ὑ  is the safety 

margin, and Ὅ  is the critical current of the HTS tape. The geometrically required number 

of tapes in the cable should always need to be higher than or equal to  ὔȟ  

In the electrical distribution network, the short circuit faults lead to overcurrent in the 

tapes and result in quenching. To avoid quenching, a safety margin of 50% to 70% is 

considered [97]. Here, we consider a safety margin of 70%. 

The necessary length of the 2G HTS tape for the HTS cable was determined using these 

formulas: 

ὰ
ὰ

ὧέί ‌ὸ
 3. 24 

ὰȟ ὔ  ὰ 3. 25 
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where ὰis the length of the single tape, ὰ is the length of the twisted tape on the former 

of the cable, ὰȟ  is the total length of ὔ   tapes in the cable,  ‌ὸ is the twisting angle, 

and ὔ  is the number of layers. 

The electric field in the superconductor strands or cables is measured through 

experimental methods and fitted using a power law, as documented in the literature [81] 

as follows: 

ὠ Ὁ
Ὅ

Ὅ
 3. 26 

The Ὁ is the electric field used to set the critical current Ὅ with a range of 1 µV/m. The 

n value gives the dependency of the V on the electric current in terms of transition Ὅ.  

The E-J characteristic of the HTS tape was assumed by the following power law which 

gives the resistance of HTS [98]: 

”
Ὁ

ὐ

ὐ

ὐ
 3. 27 

Ὁ = electric-field criterion of 1 Ĭ 10ī4 V/m,  ὐ = critical current density and ὐ = current 

density.  

The DC resistance of the cable former was calculated using the resistivity of the copper 

”  as follows: 

ὶ
” ὰ

ὃ
 3. 28 

Where ὃ is the effective area of the copper former (m2), l is the length of the cable 

(metres), and Ti of the ith layer is the temperature.  

ὃ “ὶ 3. 29 

Where r f is the radius of the copper former. 
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Skin depth (‏) is defined as the below equation and it was used to find the AC resistance 

of the former ὶ  as follows [99]: 

‏
”

“Ὢ‘‘
 3. 30 

ὶ ὶ
“ὶ

“Ὀ ‏‏
 3. 31 

Skin depth is dependent on the resistivity of the copper. Here, f is the frequency of the 

system, D is the former diameter, and  ‘  and ‘ are the permeability of free space and 

the relative permeability of copper.   

The typical current density of the superconductor and the highest magnetic field it 

encounters can be calculated as follows [90]. 

ὐ
Ὅ

‍ ὶ ὸ ὶ ὧέί‌
 

 

3. 32 

 

ὄ
‘Ὅ

ς“ὶ ὸ
 3. 33 

Where ὶ is the cu former radius and t is the thickness of the superconducting section. 

‍ is the filling factor and it is estimated as 0.6-0.7, t=2 mm. The average winding angle ‌ 

is between 10-20.   

The necessary insulation thickness, represented as ŭins, for a given rated voltage, denoted 

as ὺ , can be determined through the following calculation. 

‏  Ὑ ὸὩ ρ 3. 34 

– (=0.3) is the appropriate safety margin and Ὁ (=20 kV/mm) is the breakdown voltage 

of the insulation.  
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3.1.3.3. Thermal formulations 

The thermal model is used to solve the temperature behaviour in HTS cables. The 

temperature gradient affects the cable parameters. How the temperature affects the 

operating conditions can be observed using this thermal study. The below-mentioned have 

been used in coupled studies such as electrical-thermal and hydraulic-thermal.  The 

researchers carried out the modelling in the HTS cable either along the radial direction or 

along the axial direction. 

¶ Along the radial direction 

The different kinds of models developed by the researchers are discussed in the below 

section. 

In the design of the cable, thermal distribution along the length of the cable is vital. AC 

losses and the heat load losses of the cryostat influence the temperature rise of LN2. The 

thermal distribution along the radial and axial axes is needed to focus on maintaining the 

cryostat temperature in a safe operating condition. The thermal distribution along the 

radial direction of the cable is derived from solving a layer-wise group of Laplace 

differential equations. The heat transfer in the solid layer between the conductor and 

ground layer is given by [94] 

ρ

ὶ

‬

‬ὶ
ὶ
‬Ὕ

‬ὶ
π 3. 35 

Where r is the radius and T is the temperature. 

Additional heat sources with a heat-conducting coefficient are available in the solid 

conductor as explained by the Poisson equation with ‗ as the internal heat source and ‫ 

as heat conductivity [98] [100] 

‬Ὕ

‬ὶ

ρ

ὶ

‬Ὕ

‬ὶ

‫Ὕ

‗
π 

3. 36 
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For angularly arranged tapes, the hysteresis losses without any gaps between the tapes 

are as follows [101]: 

ὗὥὧὗ ρ Ὂὰὲρ Ὂ ς ὊὊȾς 3. 37 

Ὂ =
 Ѝ

Ȣ
 

3. 38 

 

Where ὗ ‘ὍȾ“   and  ‘ τ“x10-7 are the permeability of the vacuum.  

The critical current at a particular temperature is as follows.  

ὍὝ Ὅ
Ὕ Ὕ

Ὕ Ὕ
 3. 39 

 Tc represents the critical temperature, while TLN denotes the temperature of LN2.  ‌ is 

referred to as the heat-rising coefficient.  

The energy losses of the tapes are evaluated using energy loss.  

ὖὝ ὗὥὧȢὔȟ Ὢ 3. 40 

Where Ὢ is the nominal frequency, ὔ  is the number of layers. 

To calculate temperature, the rise using an external cryostat is [102] 

ῳὝὒ Ὕ
ή “Ὠȟ
άὅ

ὒ 3. 41 

Here ɝὝ is the temperature rise, and ή   is the thermal loss of the external cryostat.  

Ὠ ȟ is the inner diameter of the external cryostat. ὅ  is the heat capacity of liquid 

nitrogen.  

Guangyu and colleagues conducted transient analysis using MATLAB and ANSYS. 

The model was characterised by coupling electrical, thermal, and magnetic parameters 

under three-phase short circuit conditions. A 10 kV power system with a triaxial cable 
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was modelled and the current and temperature distribution under short circuit conditions 

was studied. A maximum of 79.4 K in temperature was observed among the three phases 

when a short circuit fault happened [24].  

Developed a model of a second-generation HTS cable across its cross-section in 

MATLAB and validated the finite element method (FEM) results with the FLUX software 

package. This is a method tool that establishes temperature distribution among the layers 

of the HTS cable at normal operating conditions. The parameters used in the modelling 

were 138 kV and 2500 A/phase. It was observed that the dielectric thermal conductivity 

is four times less than HTS, leading to detectable temperature differences between 

consecutive nodes [103]. 

A numerical model was created using MATLAB/Simulink to examine electrical and 

thermal parameters in power systems under transient conditions. FEM models with the 

same parameters were developed as in MATLAB for comparison. The advantages of 

using Simulink are that it runs in 0.2 sec while COMSOL needs 6 minutes, that Simulink 

does not require software interactions to run the power system model as is required in 

COMSOL, and finally, it is simple to construct self-inductance and mutual inductance 

without a complex magnetic coupling geometry process. The simulation focuses on 

analysing temperature, quench resistance, and current behaviour for a 10 kV, 2 kA peak 

current scenario, utilising an efficient solution approach and a rapid calculation method 

[104]. 

Conducted an overcurrent analysis on a 66 kV class HTS cable, exposing it to a fault 

current of 31.5 kA RMS for a period of 2 s. They carried out multiple experiments and 

created a computer program using the 3D Finite Element Method (FEM) along with an 

equivalent circuit model. The current was measured using a Rogowski coil and the 

temperature using thermocouples. The thermal behaviour and current distribution under 

the fault current were measured using the above methods and only a slight variation was 

found between the simulation and experimental results. This minor difference can be 

attributed to the resistive and inductive properties of the terminals, as well as errors in 
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measurement. Here, two cases were studied, one with four and the other with three copper 

shield layers. The shield current decreases with the decrease in shield layers [105].  

Wang and colleagues used the above-mentioned process to study the thermal behaviour 

of 275 kV/3kA class HTS cables subjected to a fault of 63 kArms with 50 and 100 µm 

thick cable stabilisers [106].  

A new MO structure that uses a weighted sum technique and employs new indices for 

angular and voltage stability is introduced. The methodology was tested using the New 

England network, specifically the IEEE 39-bus system, to assess the optimization 

challenges. They confirmed the effectiveness of their solutions through root mean square 

and transient analysis simulations in MATLAB and PSCAD, respectively [107]. 

¶ Along Axial direction 

A 3-D FEM model was built to examine the dynamic thermal properties and to 

determine the optimal operational parameters and setup duration for a protective system. 

The model ensures that the high-temperature superconducting (HTS) cables remain below 

their critical temperature using liquid nitrogen (LN2) in the cooling system. The two 

primary concerns that may affect temperature fluctuations include failures in the cooling 

system and fault currents. Consequently, assessing the thermal stability of HTS cables 

under such fault conditions is crucial. A 50 cm HTS cable is computed in an axial direction 

for thermal distribution using FEM. Within the LN2 environment, the heat transfer is 

mainly convective, influenced by the flow velocity and physical characteristics of the LN2 

[108].  

When the LN2 is in a steady state, the convective heat transfer is computed as follows.  

Ὤ ‗ ὔ Ὠ  3. 42 

Ὠ
τὛ

ὒ
ςὙ Ὑ  3. 43 

The Gnielinski formula is an empirical method used to calculate the Nusselt number. 
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ὔ
Ὢ

ψ
Ὑ ρπππρ ρςȢχ

Ὢ

ψ

Ȣ

ὖ
Ⱦ
ρ  3. 44 

The coefficient of friction is represented by Æ, and the Prandtl number is denoted by Pr. 

These terms are defined as follows: 

Ὢ πȢχωὰὲὙ ρȢφτ  
3. 45 

 

ὖ –ὅ ‗  
3. 46 

 

When there is no flow of LN2, the convective heat transfer is computed as follows.  

Ὤ ‗ ὔ ‏  
3. 47 

 

The Nusselt number can be computed as  

ὔ πȢς Ὃὖ Ȣ  
3. 48 

 

The Grashof number denoted as Ὃ, can be calculated using the following formula: [80] 

Ὃ Ὣ‌Ὕ Ὕ ‏ –Ⱦ”  
3. 49 

 

To protect the HTS, it is necessary to limit the current, as the joule heating accumulates 

copper former temperature increases very fast.  The limiting current in the system is given 

in equation 3.50. 

Ὅ ”ὰὃ Ὠὸὧ ” ὰὃ Ὕ Ὕ  3. 50 

The action time necessary to protect the HTS cable, the relay protection system 

involving T1, is based on the temperature variation analysis of copper former while T2 is 

based on the HTS layers. 
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Ὅ”ὃ Ὠὸὧ ” ὃ Ὕ Ὕ  3. 51 

ὠ ὍὨὸὧ”ὃ Ὕ Ὕ  3. 52 

The study was conducted along the cableôs axial direction using the FEM in COMSOL.  

A 400 m/2.5 kA/10 kV tri-axial HTS cable was fabricated. The turbulence in the cable 

was solved using the Reynolds averaged Navier Stokes (RANS) equation [25] 

Analysed the thermal losses of the AC HTS cable in radial and axial directions using 

COMSOL Multiphysics. A 2-D model was developed to determine the convective and 

conductive heat fluxes in the HTS cable during the transient and study state models. A 

coupled study was performed on the fluid and thermal zones. The simulation was 

performed on 100 m and 1000 m cables to discern temperature distribution. For 1000 m, 

the total thermal non-load leak power flow is 5.632e-4 and 6.032 W/m respectively in the 

axial and radial directions [109]. 

Developed a detailed mathematical formulation for the thermo-electrical modelling of 

a long-distance DC HTS cable. The analytical mathematical formulation employs the 

volume element method (VEM) and finite-difference time-domain (FDTD) to solve the 

heat transfer equations for a two-dimensional axisymmetric cable model, determining the 

temperature distribution across length and time. It is also observed that cable energization 

increases the temperature along the cable, but it is within the safe limit. Lighting surges 

occur for a short period, and they have a negligible impact, and the short circuit leads to 

quenching and the deterioration of the equipment [110], [111]. 

A thermal model network (TMN) of HTS cables was presented using MATLAB, 

utilising helium gas as the cooling medium for the cable system. The unidirectional 

coupling between the thermal and electrical model equations is as follows. 
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The total heat flux generated by the three resistors as shown in [26] is as shown in 

equation 3.53. 

ὗ ὙὍ Ὑ Ὑ Ὅ 3. 53 

The temperature of the heat sink is  

Ὕ Ὑ ὗ
ρ

ὅ
ὗ Ὠὸ 3. 54 

The flow of electrical currents through resistors generates joule heating. This heating 

leads to a heat flux ὗ , which in turn causes a temperature decrease across the heat sink's 

heat capacity (ὅ  ) and thermal resistance (Ὑ ) to the surrounding ambient 

temperature (Tamb). 

The applied current changes in a step from 0 to 3000 A, and the temperature changes 

from 49 to 63 K. When no current is applied, the heat flux associated with joule heating 

is 38 W, and the current is 3000 A. Here, the heat flux reverses its direction and changes 

to -65 kW due to additional joule heating. The fastest simulation time is less than 1 s. This 

model needs a more iterative process to converge the solutions of the thermal model, and 

the initial results are promising. Further research focus is required [26]. 

Xianhao and colleagues also focused on the thermal behaviour of the HTS cable under 

faults to determine recovery time. The key parameters for the HTS property are current 

density and temperature. Here, the model was developed using MATLAB , and individual 

electrical and thermal models. In the electrical model, the resistivity of the HTS was given 

as follows [112], [104]: 

”
” ” ” ”

” ” ” ”
 3. 55 

The thermal analysis effective method used is an electrical analogy. It is sufficient and 

the high degree of consistency of the equations reduces the computational complexity of 

the coupling of both electrical and thermal parameters. In the thermal model, HTS tape is 

expressed by an RC circuit with and without an internal heat source. Based on the HTS 
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structure, each layer is connected to solve the temperature of the final circuit. The thermal 

analysis under short circuit conditions in different locations has different thermal 

behaviours and recovery times [112]. 

 In the Volume Element Method (VEM), the domain is segmented into small volume 

elements (VEs) along both the radial (r) and axial (z) directions. The energy equation, 

which represents the first law of thermodynamics, is applied to each of these VEs. 

Consecutive equations are then utilised to determine the heat fluxes and physical 

properties between adjacent VEs. There is a total of 9 layers divided into 9 VEs [113].   

The thermal-hydraulic model for the Cable-in-Conduit Conductor (CICC) utilises the 

4C code developed by Savoldi and colleagues [114]. The model accounts for heat transfer 

within the cable through two primary mechanisms: advection through the parallel 

hydraulic channels and conduction via the aluminium core of the CICC. These two 

mechanisms are compared by Peclet number ὖὩ and evaluated based on the whole cable.   

ὖὩ
Ὠά

Ὠὸ
ὧ Ὕ Ὕ ȾὯ ὃ Ὕ Ὕ Ⱦὒ 3. 56 

 

Figure 3.2  (a) One-dimensional model of the hydraulic channel, with the location of the 

longitudinal 2D cross-sections (cuts) adopted in 4C. (b) Mesh of the idealised 2D solid 

cross-section (reduced to 1/5 thanks to the symmetry). (c) Regions 1ï5 are available for 

cable cooling [114] 

An open-source, two-dimensional finite difference model to study the transient electro-

thermal behaviour of three-phase superconducting power cables. The model, developed 
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using MATLAB and employing the alternating direction implicit method, aims to enhance 

computational efficiency and simulate thermal responses accurately. This tool helps 

predict cable performance, including temperature changes and heat distribution during 

operations and faults, providing valuable insights for cable design and operational safety 

[115], [116].  

A new approach was introduced for detecting faults in high-temperature 

superconducting (HTS) power cables using machine learning and electromagnetic 

modelling. Its novelty lies in employing a machine learning model, combined with S-

parameter analysis, to identify series faults non-destructively and improve the reliability 

of HTS power systems. This method is significant because it offers a way to predict and 

detect faults without interrupting cable operation, using changes in transmission 

characteristics. However, the approach has limitations. The need for advanced and 

sensitive equipment for real-time monitoring [117].  

Employing sophisticated numerical models, researchers have utilised tools like 

MATLAB, PSCAD, ANSYS, and COMSOL to simulate and analyse these behaviours 

[103], [118], [119], [120], [121]. This analysis not only aids in understanding the non-

linear resistance characteristics of HTS cables affected by variables such as current load, 

and temperature. To develop more resilient power transmission systems, improvements to 

the mentioned models are necessary to enhance the simulation of long-distance 

superconductors while minimizing the computational burden. 

3.2. High-temperature superconductor power cables  

Superconducting tapes are used in a variety of industries, such as power lines, 

transformers, generators, energy storage systems, and fault current limiters (FCL) [36], 

[37], [39]. There are currently several manufacturers of these tapes on the market. 

Terminations, junction boxes, and cooling systems are a must for installing 

superconductor power cables.  
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In terms of materials manufacturing, several key players dominate the scene, including 

AMSC, Fujikura, Sumitomo Electric, Theva, Shanghai Superconducting Technology, 

SuNAM, and ASG Superconductors. These manufacturers contribute to the development 

of superconducting tapes, exemplified by the structure displayed in Figure 2.8.  

AMSC's signature product is the Amperium wire, representing their second-generation 

high-temperature superconducting (HTS) wire, notable for its slender ribbon-like form. 

This wire, encapsulated within thin metal layers such as copper or stainless steel, delivers 

superior power density and efficiency over traditional copper wires. In the realm of power 

cables, the typical width of Amperium wire is 4.4 mm, while the wire used for generators 

and motors stands at 12 mm. Recently, AMSC has initiated the transition to manufacturing 

strips that are 100 mm wide, promising an expansion in production capacity and a 

reduction in costs. Additionally, the company produces Amperium wires tailored for 

various applications, including high-current cables and fault current limiters, each 

distinguished by their lamination materials and dimensions.  

Fujikura is recognised for its YBCO (2G) superconductor wires, designed for use in 

extensive applications. These tapes, which can be manufactured at lengths exceeding half 

a kilometre, leverage Ion Beam Assisted Deposition and Pulsed Laser Deposition 

techniques. They are available with different stabilisers, catering to various operational 

demands.  

Sumitomo Electric Industries, Ltd. offers a range of HTS wires suitable for magnets, 

cables, and current leads, primarily based on the Bi-2223 superconducting material. These 

wires are integral to numerous projects and are distinguished by their mechanical and 

electrical properties.  

Shanghai Superconductor Technology Co., Ltd. excels at producing high-temperature 

superconducting tapes on a large scale, utilising physical vapour deposition to achieve 

superior electrical properties at low temperatures and high fields.  
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THEVA, another key player, produces the THEVA Pro-Line HTS wire using the PVD 

method, offering tapes with different stabilisers to meet varied application needs. SuNam 

offers four types of REBCO HTS tape, catering to diverse requirements with options 

available in different widths, made using the IBAD process.  

ASG superconductors, utilising the PIT method, focus on MgB2 materials for their 

wires, catering to applications requiring high current intensity.  

In the cable manufacturing domain, companies like Nexans and LS Cable & System 

have advanced the deployment of superconductor cables for AC and DC grid systems. 

Nexans, for instance, has been instrumental in projects like the AmpaCity project in 

Germany, while LS Cable & System specialises in cables that maintain superconductivity 

at extremely low temperatures, which is significant for both demonstration and 

commercial projects. Each of these entities plays a pivotal role in advancing the 

infrastructure for superconducting applications, contributing to the development of more 

efficient and robust power transmission and storage solutions. 

The critical temperature, coolant type, critical temperature, wire form, and final 

suitability for what kind of transmission are given in Table 3.2.  

Table 3.2 HTS material properties [45]  

Material Coolant  Tc (K) Wire technology Wire forms 
Suitable 

for 

YBCO LN2 93.15 CC Flat tape AC or DC 

BSCCO (Bi-2223 

& Bi -2212) 
LN2 113.15 PIT Flat tape AC or DC 

MgB2 Liquid He 38.15 
PIT internal Mg 

diffusion 
Wire or tape DC 
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3.2.1. High-temperature superconductor compactness 

In the manufacturing of superconductor cables, superconducting tapes are stranded 

around the former made out of copper or aluminium which in turn acts as a fault current 

limiter. The number of tapes needed is based on the current rating and derating factor 

( =70-75%Ὅ).  The superconductors are 25 times lighter and take up 12 times less space 

than conventional cables [90]. The XLPE and HTS footprint is shown in Figure 3.3 below. 

  

Figure 3.3 Comparison of the overhead, XLPE, and HTS footprints from reference [90] 
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3.2.2. Cable structure based on HTS arrangement 

Various designs of HTS cable are structured based on the tapes wound around them. 

These include coaxial cables, twisted stacking tape cables, Roebel assembled coated 

conductor (RACC) cables, Rutherford cables, and CRPP cables. These designs are further 

categorised according to the operating temperature of their insulation, distinguishing them 

as warm dielectric and cold dielectric cables. 

3.2.2.1. Coaxial cable 

The structure of the coaxial cable is depicted in Figure 3.4. This cable serves both 

forward and reversed superconducting paths, effectively nullifying external magnetic 

fields. It is categorised into two types based on its core structure: cable-in-conduit 

conductor (CICC) and conductor-on-round-core (CORC) cable. The CICC variant 

features a hollow core, facilitating coolant flow in both inner and outer regions, thereby 

enhancing cooling efficiency. It increases the cooling efficiency, and it is used in fault 

current limiting cables because it doesnôt have any alternative path and triaxial cables. 

Triaxial cables house all three cores within the same cryostat, optimizing the 

superconducting material usage compared to individual coaxial cables. On the other hand, 

CORC cables exhibit high resistance during transient and quenching scenarios, 

safeguarding the tapes from damage. 

 

Figure 3.4  Coaxial HTS power cable [122] 
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¶ CORC cable 

Advanced Conductor Technologies LLC has developed CORC cables, which are 

designed to be compact and are primarily used for power transmission and magnet 

applications. The Round Core cabling technique entails helically wrapping REBCO 

conductors around a cylindrical core. These cables are created by winding High-

Temperature Superconductor (HTS) tapes around thin cores, each less than 6 mm in 

diameter, resulting in a total cable diameter of less than 8 mm. Their unique design, 

characterised by a short twist pitch and a smaller diameter compared to the other cable 

types depicted in Figure 3.5, facilitates a flexible bending radius of 100 mm without 

substantially affecting the superconducting properties [123]. 

 

Figure 3.5 CORC cable 7 mm in diameter with 30 tapes [123] 

¶ CICC cable    

In the CICC cable, the HTS tapes or strands are encased in a conduit, usually composed 

of composite or metal materials (copper or aluminium), soldered to form a single sub-

cable structure. The CICC cable structure is shown in Figure 3.6. This design offers 

mechanical stability, and protection from external environmental variables, and increases 

the cooling efficiency of the superconducting materials. CICCs are particularly common 

in applications like the coils of fusion reactors and high-energy particle accelerators that 

require both robustness and high current capacity. 
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Figure 3.6 CORC-based cable-in-conduit conductor CICC zoomed view of the CORC 

strand [124] 

3.2.2.2. Twisted Stack Tape Cable (TSTC) 

The twisted stack tape cable (TSTC) concept was introduced by MIT in 2012. In the 

cable process, several tapes are stacked and twisted periodically to obtain transposition. 

The TSTP cables used are stranded tapes and it is shown in Figure 3.7 [125].  

 

Figure 3.7 TSTC cable view  [126] 

3.2.2.3. Roebel cables  

Roebel cables are patented by Ludwig Roebel and are made with a round-shaped wire 

as shown in Figure 3.8. In Robel bars, the strands are transposed i.e. the strands are not 

rotated during the cable process. In other cables, transposition is obtained by twisting the 

strands [125]. The Roble concept was adopted for the coated conductors using the KIT 
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(tapes are stacked in two stacks) meandered strand tapes manufactured by punching wide 

tapes to avoid tape bending. The drawback of the punching is that it causes the 

delamination of the tapes at the edges, which can be overcome using copper electroplating, 

and there is no limitation on length. This is controlled using the computer feedback system 

for punching the tapes [125],[127]. 

 

Figure 3.8 Robel cable [125] 

3.2.2.4. CRPP cables  

 The CRPP (Centre de Rechercheôs en Physique des Plasmas) cable of EPFL employs 

REBCO tapes in the CRPP cable design illustrated in Figure 3.9. The cabling technique 

uses the TSTC technique, reinforced by copper to achieve a circular shape [128].  The 

cable performance of the CRPP and other types above are discussed in Table 3.3.  

 

Figure 3.9  CRPP cable [129] 
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Table 3.3 Various cable performance metrics 

 Coaxial [122] TSTP [126] Robel [125] CRPP [129] 

AC losses Low High Low Medium 

Flexibility High Low Medium Medium 

Ic reduction 

upon cabling 
Low Medium High Medium 

Cooling design Easy Intermediate Intermediate Difficult  

Power density Low Medium High Medium 

 

3.2.3. Based on the operation temperature of the dielectric 

material in power cables 

Superconductor power cables are classified into two types based on the operation 

temperature of the dielectric material. These are warm dielectric and cold dielectric 

superconductors as shown in Figure 3.10. A warm dielectric superconductor consists of 

the stranded HTS tapes which are cooled by the flow of liquid nitrogen using coaxial 

stainless-steel pipes. This is covered with dielectric and outer cable sheets at room 

temperature. In a cold dielectric cable, the dielectric is at cryogenic temperature and the 

insulation is shielded with the screen layer which prevents stray electromagnetic creation. 

In the warm dielectric cable, there is no shielding present to prevent electromagnetic 

activity while in operation. In the design of the superconductor cable, the superconductor 

tapes required depend on the current and critical current of the cable. The triaxial cable 

consists of three cables arranged concentrically in a single cable separated by dielectric 

insulation between each phase. The dielectric thickness depends on the voltage rating and 

the dielectric material is wrapped in layers impregnated in LN2. The critical challenging 
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part of the HTS cable is the cooling system, as along the length of the cable, the losses 

should not lead to the boiling of the liquid nitrogen, and it should be in a liquid state. 

 

Figure 3.10 Schematic views of HTS (a) warm dielectric cable and (b) cold dielectric cable  

[4] 

3.2.4. Cables suitable for AC application 

The three types of commercial AC power cables are shown in Figure 3.11. These cables 

are commercially available and used in demonstration projects. HTS cables consist of 

HTS tapes, dielectric material, cryostat wall, coolant, copper and hollow former, a 

polyethylene sheet, and cable joints and terminations. Superconducting HVDC power 

cables are designed similarly to HVAC HTS power cables. The dielectric separates the 

inner HTS layers from a screen made up of only copper wires. 

 

Figure 3.11  (a) Single-core, (b) three-core, and (c) three-core concentric cable [130] 
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3.2.5. Cables suitable for DC application  

HTS power cable designs for use in a DC transmission and distribution system are 

dependent on the voltage rating. These are elaborated on in Table 3.4.   

Table 3.4 HTS Cable designs for the DC power transmission 

Cable 

system 
Two coaxial poles [131] 

Two twisted poles 

in one envelope 

[132] 

One pole per envelope 

[133] 

Conceptio

n 

   

Voltage 

rating 
For low voltage <20 kV 

For medium <90 

kV 

For high voltage >90 

kV 

Benefits Compact cables 

Bulk power cables 

used to transfer higher 

power  

Benefits 

It has common termination 

and joints for both poles 

and no magnetic impact 

Similar to a two 

coaxial pole cable 
Maximum unit length 

Benefits No thermal impact 

 

3.3. Superconductor power cable accessories  

The main components required for a superconductor power cable application are 

terminations, a joint box, and a cooling system. The former is used to wind the HTS tapes, 
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to carry current when the superconductor quenches and holds pulling tension. The core of 

the cable consists of former, HTS tapes, insulation, and a shield layer. The three major 

parameters that need to be taken into account when selecting insulation are breakdown 

strength, lightning impulse voltage, and partial discharge. After the cable is manufactured, 

it undergoes electrical tests, pressure tests, critical current tests, AC loss tests, and 

handover tests.  

The HTS cable is also undergoing different testing according to the grid standards. Some 

maintenance and tests are similar to those for conventional cables and some special care 

is necessary due to the ceramic nature of the superconductor material. The standards for 

superconductors are mentioned in the CIGRE TB538 [130]. Cable projects using the 

superconductor power cables are shown in Table 3.5 with the current ranges being from 

0.8 to 3.5 kA. The length of the cable varies from 30 metres to 2.5 km long. 

Table 3.5 HTS power cable projects 

Year Location 
Cable 

Company 
Type 

 

kV/kA/MW  

 

Length 

[m] 

HTS  

material 
Ref. 

2001 
Georgia 

(US) 
Southwire AC 12.4/1.2/15 30 Bi2223 [134] 

2002 

Copenhag

en 

(Denmark) 

NKT AC 30/3.5/104 30 Bi2223 [135] 

2004 

Shenzhen, 

Puji 

(China) 

Innopower AC 35/3.4/120 33 Bi2223 [18] 

2006 
Albany 

(US) 
SEI AC 34.5/0.8/48 350 Bi2223 [13] 
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2006 

Gochang 

(South 

Korea) 

LS cable AC 22.9/1.3/50 100 Bi2223 [136] 

2006 
Columbus, 

Ohio (US) 
NKT AC 13.2/3.0/69 200 Bi2223 [137] 

2007 

Long 

Island 

(USA) 

LIPA I and 

II Project 

(Nexans) 

AC 
138/2.40/57

4 
600 

BSCCO 

and 

YBCO 

[138] 

2011 

Icheon 

(South 

Korea) 

LS cable AC 22,9/1.3/50 410 Bi2223 [136] 

2014 
Essen 

(Germany) 
Nexans DC 10/2.3/40 1000 Bi2223 [139] 

2016 

Saint 

Petersburg 

(Russia) 

VNIIKP DC 20/1.25/50 2500 Bi2223 [140] 

2018 

Yongin 

(South 

Korea) 

LS cable AC 23/1.3/50 1000 YBCO [136] 

2021 
Shanghai 

(China) 

Shanghai 

Supercond

uctor & 

Shang 

Chuang 

Supercond

uctor 

AC 35/2.2/77 1200 YBCO [19] 

2021 
Chicago 

(US) 
AMSC AC 12/3.0/62 200 YBCO [141] 
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2021 
Shenzhen, 

(China) 

China 

Southern 

Grid Co. 

AC 
10 kV/2.5 

kA 
400 YBCO [18] 

2024 

Montparna

sse 

project, 

France 

Nexans DC 1.5/3.5/5.3 60 YBCO [142] 

 

The cable parameters are indicated in Table 3.6. The resistance of the HTS cable is 

negligible compared to the conventional XLPE cable and overhead lines. The following 

are the key benefits of HTS cables over conventional cables. 

a. Visual impact is reduced, land utilisation is reduced, and the environmental 

footprint is reduced. 

b. Loss-free transmission of high-carrying-power capacities. 

c. Low-voltage operation is simpler, requires less equipment, and is less expensive. 

d. Lower electromagnetic fields impact the environment. 

e. Fault current limiting functions integrated with cables.  

 

Table 3.6 Comparison of conventional and HTS cable lines [143]  

Type of cable Resistance 

(Ý/km) 

Inductance (mH/km) Capacitance 

(MVAR/km) 

Cold dielectric HTS 0.0001 0.06 1.08 

XLPE cable 0.03 0.36 1.4 

Overhead conductor 0.08 1.26 0.05 
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The composition of the entire HTS cable is shown in Figure 3.12. The system contains 

a superconductor cable, two joints, two terminations, and a refrigeration unit. The 

temperature was maintained below 77 K, below the boiling point of the LN2.  

 

Figure 3.12 HTS power cable system [144] 

3.3.1. Cable Fabrication 

After preparing the tapes, the tapes are wound around the core of the cable based on the 

structure required by CICC or CORC. The quantity of the tapes required is determined by 

the cable's current rating. As illustrated in Figure 3.13, the advancement of CORC cables 

towards commercial viability involves the capability to wind extended CORC cables using 

a specially designed winding machine. The machine is capable of winding high-quality 

CORC conductors in lengths reaching up to 25 metres, maintaining precise control over 

both winding tension and the spacing between the tapes. It can handle winding CORC 

cables that are 5ï8 mm thick using tapes that are 3ï4 mm wide with substrates that are 

30ï50 micrometres thick. Additionally, it can wind CORC wires that are 2.5ï5 mm thick 

from tapes that are 2ï3 mm wide, featuring substrates that are 30 micrometres thick. 
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Figure 3.13 (a) CORC cable winding machine and (b) 25 m long CORC wire after winding  

[145] 

 
Figure 3.14 Fabrication of the HTS cable core [146], [147] 

The cable core was wound using a stranding machine in accordance with the specified 

design parameters. Figure 3.14 illustrates the HTS tape winding machine. The tapes are 

attached to the copper terminals by soldering them with a low-melting-point alloy. 

The production of the HTS cable should be done in the following order as shown in 

Figure 3.15. The former chosen for the supporting HTS tapes are stranded, then followed 

by a dielectric material (laminated polypropylene paper). Then, after the installation of the 

inner aluminium cryostat for the liquid coolant flow, the MLI spacer is installed for 

thermal insulation. The outer aluminium cryostat to maintain a high vacuum is installed. 

The outer jacket is then installed to protect it from the outside environment. 
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The number of tapes and dielectric thickness depends on the cable power ratings. For 

the three-core and three-core concentric cables, it uses a similar process with a change in 

the order and repetition of the procedure according to the configuration of the cable.  

 

Figure 3.15  Fabrication of HTS DC cable by the manufacturer, LSC [148] 

3.3.2. Terminations and Joints  

The termination of the HTS plays two major roles. The first role involves establishing 

an electrical connection between the high-temperature superconductors (HTS) operating 

at cryogenic temperatures and the conventional equipment at room temperature. The 

second role pertains to creating a circulation link with the transfer line of the refrigeration 

system. 

The superconductor tapes wounded around the core of the superconductor core are 

enclosed in the cryostat. The design and fabrication of superconducting cable terminations 

are critical to the whole superconducting cable system's long-term operating reliability, 

and superconducting cable terminations have more complex requirements than 

conventional cable terminations. It compensates for the thermal shrinkage of the cable 

during cool-down.  
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The superconductor cable terminations can carry a few kA currents by providing 

cryogenic paths, insulating in both electrical and thermal ways, and also managing the 

thermal gradient from a cryogenic to an ambient state.  There are different termination 

designs available based on the superconductor cable design. The terminations available 

are single-core terminations and three-in-one core terminations.  

The terminations for the YBCO and MgB2 cables, which are schematically represented 

in Figure 3.16 (a), also contribute to the overall heat load. An intermediate section made 

of either 1G or 2G HTS materials is placed between the copper lead and cable core to 

prevent heat ingress at low temperatures. Heat is conducted from the copper lead to the 

HTS section, which runs at 77 K and is cooled using a closed-loop liquid nitrogen 

circulation. From 300 K to 77 K, the heat load of a single termination is typically around 

50WkAī1 and 0.5WkAī1  from 77 K to 20 K. 

Single-core and three-core terminations are shown in Figures 3.16 (b), and 3.16 (c).  The 

three-core cable can adopt three individual single-core terminations using a splitter or it 

can use a three-in-one termination. The three cores in one termination are provided with 

three fibre reinforcement plastic bushings and epoxy units to connect the cable core shown 

in Figure 3.16(d). The three-in-one is more compact than three individual terminations. 

Due to its direct exposure to the ambient temperature and the high thermal conductivity 

of copper, the current lead plays a crucial role in heat conduction. The shape and design 

of the current lead greatly influence the amount of heat loss and the distribution of 

temperature. 

The bellows in the inner cryostat are used in terminations to reduce thermal stress during 

the cool downstage. Also, between cable and termination, the vacuum space and coolant 

circulation path were isolated to prevent potential leaks and to accurately measure the 

thermal loss of each system.  
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Figure 3.16 Schematic view of the terminations (a) of the YBCO and the MgB2 cable [90], 

(b) single-core HTS cable [149], (c) 3 core HTS cable [149] and (d) three cores in one 

termination [150] 

To establish a connection between the HTS conductor and the current lead, as well as 

between the former and transfer line within a termination, appropriate insulation 

techniques are essential. This involves the use of a stress relief cone and the application 

of extra insulating layers. These measures help mitigate the high electric field at the 

terminal end [149]. The terminations used in the demonstration projects are shown in 

Figure 3.17.  The joint box is based on the conventional joint box where the corresponding 

individual cable cores from both ends are separated and connected at the centre.  

This discussion explores various superconducting joints, and the technologies used to 

produce them. Due to technical constraints, the most common method used for joining the 

HTS tapes together is soldering.  Joints are usually between the terminal and cable, and 

cable to cable.  

Low-temperature superconductors like niobium-titanium (Nb-Ti) and niobium-tin 

(Nb3Sn) in industrial applications commonly use lead-bismuth (Pb-Bi) solder.  HTS 
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joining methods have been proposed by many researchers. Further research is underway 

on joining high-temperature superconductors for high-quality superconductor joints.  

Hai Liang and colleagues developed superconducting joints made of MgB2. The process 

begins by etching the material surrounding the conductor using either nitric acid or 

mechanical polishing. Subsequent heat treatment then creates an interface between the 

MgB2 conductors. The joints are classified into several types, including in-situ, ex-situ, or 

IMD, depending on whether they were reacted or unreacted in the state before being joined 

[151]. The resistance of joints achieved using the superconducting joints is elaborated on 

below. 

The development of a direct joint between the copper layer in REBCO tapes by 

achieving a resistivity of 44-53 nÝ/cm2 with high reproducibility. To make a direct joint 

between the cupper stabiliser, citric acid is used to remove the oxide layer on the copper 

surface  [152].  Another approach developed an Indium joint for HTS DC feeder cable 

using Bi-2223 tapes. He proposed press welding indium joint at room temperature and 

with heat treatment at 90-120 °C [153]. To effectively reduce the joint resistance, a 

pickling process using flux and 10% HCL was adopted from the reference [154]. The 

resistivity of these Indium joints is in the range of 25-60 nÝcm2 at 77 K self-filed [155], 

[156], [157].  

 Ultrasonic welding (UW) has been applied to joints as part of a quick process to finish 

HTS joints. The UW joints for the coated conductor tapes are joined either by lap or butt 

joints using REBCO tapes. The resistivity achieved for 4 mm with multiple bridges was 

152 nÝcm2 and the 12 mm wide single bridge joint was 154 nÝcm2 [158]. A minimum 

resistivity achieved for silver-sheathed BSSCO tapes, and copper-stabilised REBCO tapes 

are 14 nÝcm2 and 36.1 nÝcm2 respectively [159].  The Ic of the cable is not significantly 

affected by the joint [152].  The joint resistance is not significantly influenced by the pre-

joining process, and spiral joints [153].  

The joint consists of the cryostat, conductor insulation and copper in the joint to provide 

electrical continuity. A high cross-sectional area of copper should be chosen to reduce the 
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quantity of heat generated by the copper conductor. The copper-to-superconductor tape 

transition requires the superconductor tape to be soldered to the copper connection. The 

cryostat junction allows liquid nitrogen to flow freely between two separated 

superconducting cables. There is also a cryostat vacuum to reduce heat loss through the 

joint. The dielectric insulator insulates the connection, which works similarly to a 

traditional cable joint. The schematic and the real cable joint are shown in Figure 3.18. 

 

Figure 3.17 (a) Cable system with a single termination [147]. (b) Current leads are 

connected to cryostats [146]. 

 

Figure 3.18 (a) Schematic view of three cores in one joint  [150]. (b) Image of a joint in 

the joint pit [10]. (c) Joint box in the vault before covering it with waterproof tapes [13] 
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3.3.3. Insulation system for HTS cables 

Understanding the cooling system, high voltage insulation, and cryogenic materials is 

necessary for developing high-temperature superconducting (HTS) cables. For the 

system's long life, dependability, and compactness, the basic qualities of the insulating 

materials must be solved and understood. 

The electrical and mechanical characteristics of polypropylene laminated paper (PPLP) 

are studied when immersed in liquid nitrogen (LN2). In LN2, the volume resistivity of the 

PPLP sheet is around 1016 Ýcm. The volume resistivity decreases as the temperature rises. 

In DC and impulse breakdown voltage, they observed that the negative polarity slightly 

exceeds the positive polarity, whereas the impulse breakdown voltage is marginally lower 

than the DC breakdown voltage. The mechanical parameters of PPLP, including elastic 

modulus, yield, and fracture strength, improved at 77 K. in comparison to those at 300 K. 

However, when comparing 77 K to 300 K, the displacement indicated a substantial 

reduction. Furthermore, the mechanical characteristics of PPLP at machine direction 

(MD) were significantly higher in strength and elastic modulus than in a cross direction 

(CD). This study also noted that the size and shape of any frost formations are influenced 

by the applied voltage, duration, and polarity, with purity factors like moisture content 

and corona charge playing a crucial role [160]. 

The primary challenge in practical insulation termination is the surface flashover 

characteristics of solid insulators at cryogenic temperatures. Consequently, it is essential 

to understand the DC surface flashover properties of solid insulators in liquid nitrogen 

(LN2) during the stage phase.  

PPLP samples are utilised as cable insulators. The electrode configurations for the mini-

model DC cable and the sheet sample used in breakdown testing are illustrated in Figures 

3.19 (a) and 3.19 (b). The mini-model DC cable has a construction that is nearly identical 

to the mini-model AC cable. The PPLP stress cone at the cable's end prevents surface 

flashover on the cable terminal.  
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Glass fibre-reinforced plastics (GFRP) were employed as the termination insulator. As 

an insulation material, it has outstanding mechanical qualities and negligible thermal 

contraction at cryogenic temperatures. The electrode arrangement for surface flashover is 

shown in Figure 3.19 (c). A non-uniform electrode system with a stainless-steel triangle 

and a planar design (tip radius: 60 degrees). The breakdown voltage rises somewhat as the 

LN2 pressure rises, eventually saturating at around 0.3 MPa. In DC, the saturation pressure 

is comparable to that of AC.  The maximum electric field strength (Emax) was measured 

to be 120 kV/mm under direct current (DC) voltage and 112 kV/mm under impulse 

voltage with positive polarity. Notably, Emax for DC is considerably higher than that for 

alternating current (AC). Additionally, the degradation of polypropylene laminated paper 

(PPLP) in liquid nitrogen (LN2) shows less sensitivity to DC voltage compared to AC 

voltage. The deterioration coefficient for DC cables is 1.03. Finally, the breakdown 

properties of DC appear to be superior to those of AC. A 9 mm thickness is required for a 

220 kV class cable and the negative flashover of the GFRP is higher than the positive 

[161].  

 

Figure 3.19 Electrode systems for a breakdown test. (a) Mini-model cable; (b) sheet 

sample and (c) for surface discharge [161]. 

The polymers mentioned below, and the polymers mentioned in the above conventional 

cable system of epoxy resin, varnish, and Micro-multilayer Multifunctional Electrical 

Insulation (MMEI), are used for the insulation of the HTS cables.  
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3.3.3.1. Polyimide tape 

Kapton is the most recognised insulating material for superconducting applications, 

including superconducting transformers, fault current limiters (FCLs), and magnets. 

Kapton tape is available in a variety of widths and thicknesses, both adhesive and non-

adhesive. In most low-power, small-scale prototypes, Kapton is typically used to cover 

the surface of tape or wire between turns. However, for higher-power applications, it is 

essential to wrap Kapton tape around the superconductors with appropriate tension. 

Kapton tape is effective as insulation for low-voltage and low-power scenarios, and it does 

not require curing once applied to the superconductor surface. At high power, the adhesive 

tapes deteriorate due to thermal cycling, local hotspot heating, and so on.  

3.3.3.2. Nylon  

Nylon is a thermoplastic material known for its exceptional wear resistance, high 

compressive strength, and ability to withstand chemicals and high voltages. Because it is 

so easy to process, it is frequently utilised to make electro-mechanical components. 

Extruded and cast nylon can be enhanced by incorporating various materials to increase 

impact resistance, reduce the coefficient of friction, boost stiffness, and improve other 

characteristics. Nylon has the problem of being highly vulnerable to moisture absorption. 

It is suitable for dry cryostat.  

3.3.3.3. Liquid and gaseous insulation  

Liquid nitrogen (LN2) is extensively utilised in superconducting applications, serving 

both as a cryogenic coolant and an insulating medium. Key benefits of LN2 include its 

simplicity of use, cost-effective production, suitable breakdown voltage strength, and high 

thermal capacity. 

However, since LN2 has a minimum operating temperature of 64 K under subcooled 

conditionsðbelow which it solidifiesðits application is generally restricted to terrestrial 

or ground-based uses of REBCO superconductors. 
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Compared to liquid nitrogen (LN2), gaseous helium (GHe) can operate at lower 

cryogenic temperatures and pose a reduced risk of asphyxiation. However, when 

compared to LN2, GHe's low breakdown voltage is a limiting factor. One method to 

increase the breakdown voltage of GHe in superconducting applications at medium and 

low voltage levels is by raising the pressure. As a result, increasing the gas pressure to 1.5 

MPa allows for sufficient electrical strength as well as other helium benefits at a greater 

cryogenic temperature [57]. As a result, high-pressure GHe is used as a cryogen in 

superconducting devices such as cables [58]. The electrical strength improves by using a 

gas mixture combination.  

3.3.4. Cooling system 

The superconductor power cables' cooling system encompasses terminations, a cryostat, 

and a cryocooler station. This system, which can be either open or closed loop, employs a 

circulation pump to distribute the coolant through the cables, reducing their temperature 

to cryogenic levels. As the coolant begins at the inlet, it absorbs the heat generated within 

the cable, leading to a rise in temperature by the time it reaches the outlet. The system is 

designed to ensure that the temperature difference between the inlet and outlet does not 

exceed 12 K. To reset the coolant's temperature to its original state, a heat exchanger is 

employed before reintroducing liquid nitrogen at the inlet. Additionally, it is noted that 

the DC cable does not incur losses from the DC aspect itself but primarily from frictional 

losses. 

The maintenance of a superconductor power cable primarily involves keeping the 

cooling system operational, and this can be done without halting the cryocooler's function. 

There's no need to attend to the HTS (High-Temperature Superconductor) material itself. 

Additionally, for cable applications over short distances, a closed-loop system is 

employed, whereas an open-loop system is recommended for long-distance usage. 
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3.3.5. Cable installation  

The cable installation includes cable laying, the connection of the superconductor to 

terminals, the terminal to the power grid, and cryogenic system connections. The HTS 

cables are directly buried or can be placed in the cable trench along with the conventional 

cables. There are no specific recommendations for laying due to low EMF, and the 

absence of thermal and magnetic fields.  

Certain precautions that need to be considered while laying the HTS cable are as 

follows: to avoid excessive tension, adopt a synchronised method to use a winch and 

caterpillar simultaneously. The cable pulling speed is limited and maintained at 4m/min. 

The tension and bending radius of the cable should be maintained below 300 kg and 5 m. 

The cooling is carried out in stages to avoid thermal shock [59]. 

The joints are connected using a superconductor cable to another HTS using 

prefabricated joints. First, the former is connected using a copper sleeve, then the HTS 

tapes are soldered, dielectric paper is wounded around the tapes, shielding layers are 

connected with soldering and copper wires are used to make press-in contact for the shield 

layer then finished with winding protective layer. Finally, the LN2 and vacuum tank are 

assembled.  The termination connects the superconductor to the power grid at ambient 

temperature and HTS at cryogenic. A soft transition cable is used to connect the HTS and 

copper leads of the HTS. The integration of the cryogenic tube and vacuum is done. Both 

the joint and termination are complex, and no standard is available for the installation 

procedure. They are recommended to be installed by the manufacturer.   

The superconductor power cable technology for overland applications is a proven 

technology yet there are still questions regarding its cost-effectiveness. For offshore use, 

the deployment of subsea High-Temperature Superconducting (HTS) cables over long 

distances requires expertise from the subsea engineering community, traditionally 

associated with oil and gas pipeline engineering [28]. 
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Despite the advancements in high-temperature superconducting (HTS) cables, 

significant research gaps remain, particularly in addressing the impact of joint resistance 

on the overall efficiency and reliability of the cable system. Current HTS cable 

technologies primarily focus on enhancing the material properties and optimising the 

cryogenic cooling systems. However, the electrical joints, essential for connecting discrete 

cable segments over long distances, often introduce additional resistance, which can 

compromise the superconducting state. This joint resistance not only contributes to energy 

losses but also exacerbates thermal challenges, increasing the risk of quenching and 

subsequent damage. Accurately incorporating joint resistance into modelling and design 

is crucial for predicting and mitigating its impact under both steady-state and transient 

conditions, which has been lacking in existing models. Furthermore, the development of 

low-resistance joint technologies is imperative to ensure seamless integration of cable 

segments, minimise losses, and maintain the superconducting state throughout the cable 

length. Addressing these challenges is vital for the deployment of HTS cables in large-

scale applications, such as offshore wind power transmission, where reliability, efficiency, 

and fault tolerance are paramount. 

3.4. Summary of Chapter 3 

In Chapter 3 of this thesis, which delves into superconductor modelling methods and 

power cables, a variety of key points and findings have been addressed. As we draw this 

chapter to a close, it is essential to consolidate these insights and underscore the 

significance of the research conducted.  

The exploration of modelling methods for high-temperature superconductors (HTS) has 

revealed the critical role these methods play in advancing our understanding of HTS 

behaviour under varying conditions. The chapter highlights the complex interplay 

between thermal, electrical, and hydraulic dynamics within HTS systems and underscores 

the necessity of sophisticated modelling techniques such as Finite Element Modelling 

(FEM), Thermal Network Modelling (TNM), and the use of coupled partial differential 
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equations. Each modelling approach offers distinct advantages but also presents unique 

challenges, reflecting the intricate nature of superconductor technology.  

Furthermore, this chapter has successfully delineated various HTS power cable 

configurations and their corresponding cooling systems, illustrating how these 

components are vital for the practical application and efficiency of HTS technologies in 

real-world scenarios.  

The assessment of different cooling concepts and their impact on maximum cable length 

provides valuable insights for the design and operation of HTS cables, ensuring they meet 

technical requirements while maintaining operational stability.  

This comprehensive review not only enhances our comprehension of the current state 

of HTS modelling and cable systems but also sets the stage for future innovations in the 

field. The ongoing development of more accurate and efficient modelling techniques will 

undoubtedly contribute to overcoming the existing limitations and expanding the 

applicability of HTS technologies in the energy sector and beyond.  

In conclusion, Chapter 3 underscores the importance of continued research and 

development in superconductor modelling methods and power cables. As this field 

evolves, it holds the promise of revolutionizing power transmission systems with higher 

efficiency and lower environmental impact. The insights gained from this chapter lay a 

solid foundation for the subsequent sections of the thesis, which will build upon these 

concepts to explore new horizons in superconductor technology. 
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Chapter 4 

Lumped and Distributed High-Temperature 

Superconductor Cable Modelling 

4.1. Introduction  

The high current density and low electrical transmission losses of HTS power lines are 

widely recognised. Maintaining the temperature of the HTS cable under specified 

circumstances, as described in Chapter 3 section 3.1.3, is one of the challenging aspects 

of using this technology. Superconductor technology still faces numerous difficulties in 

terms of reliability and cost, and large-scale commercial applications are not yet feasible. 

The large-scale commercial application of HTS cables still faces some obstacles [7]. 

To achieve net-zero carbon emissions, the electricity supply industry has transitioned 

from non-renewable to renewable sources. The electricity production has grown, 

particularly from offshore wind farms (OWF). Offshore wind farms currently generate 

about 40 GW of electricity globally. By 2050 that amount is expected to rise to 640 GW. 

These days, offshore wind farms can be built up to 100 km offshore. Because DC cables 

have no length restrictions and have minimal power loss, they are a better option for power 

transfer than AC cables [22], [23]. 

The HVDC system's power rating is in the GW range due to the increasing number of 

OWFs. Extra- or ultra-high voltage direct current (EHVDC or UHVDC) cables were 

created to transfer high power in situations when the voltage is above 500 kV in order to 

minimise transmission losses. Raising power transfer capacity in HVDC lines by 

increasing voltage to ultra-high levels (above 500 kV) significantly raises costs and 



 

84 

 

footprint due to the need for enhanced insulation and larger converter stations. This is 

particularly impactful for offshore installations. Increasing voltage is more complex and 

costly than simply boosting current-carrying capacity, as it demands extensive 

modifications to insulation, converter and other infrastructure. 

High current density is a benefit of superconductors, and coolants such as LN2 are 

utilised for insulating as well as cooling. The advantages of superconductors include their 

compact footprint, minimal losses, and absence of electromagnetic interference. The HTS 

is appropriate for OWF energy transmission applications because of these benefits. In 

order to fully use HTS cables in the electrical grid, a number of initiatives utilising HTS 

cables have been tested and run in the past two decades  [9], [15], [164].  

The cooling system's dependability, the HTS's cost, and its overall complexity are some 

of the constraints of the large-scale application of HTS in the power grid [165]. Predicting 

cable performance requires modelling and simulation work before long-distance cable 

tests or lab prototypes are installed. Moreover, improving cable performance and design 

requires simulating the HTS power cable. 

A time-dependent thermal and electromagnetic model in MATLAB [104], [110], 

ANSYS [166], PSCAD [99], [167], and COMSOL [168] has served as the foundation for 

a number of recent numerical models that have been created. These suggested numerical 

models primarily use time-frequency domain reflectometry (TFDR), finite element 

analysis (FEA), and finite-difference time-domain (FDTD) analysis to compute the cable's 

local electromagnetic behaviours, such as local hot spots and AC losses. By keeping the 

LN2 temperature constant at 77 K under both steady state and transient situations, a recent 

cable model created by Wang explores the HTS model using single-element and single-

layer cable models [169]. The LN2 layer temperature must be taken into account in the 

circuit model for the long-distance and fault scenario condition simulations. 

In this chapter, the long-distance cable electrical-thermal model by discretised volume 

element method is developed in MATLAB/Simscape by dividing the 100 km cable into 

different cable element sizes connected in series by considering the copper former and 
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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 resistances along the length of the cable. When simulating the HTS 

cable under transient conditions, we concentrated on the lumped and distributed LC 

models as well as element size simulation models. This discusses the long-distance 

superconductor power cable inductance behaviour and fault location behaviour.  

4.2. Methodology 

The long-distance superconductor power cable is very complex when it comes to 

studying its parameters. This section considers lumped and distributed models for the 

superconductor power cables. In the lumped model, the model temperature is considered 

constant and there is no thermal conduction along the axial direction not considered in the 

model.  As in the real scenario, there is a change in the superconductor cable temperature 

variation along the length of the cable and its impact on the critical current behaviour of 

the superconductor power cable and hydraulic parameters. The superconductor power 

cable lumped model is sufficient or do we need a distributed electrical network for the 

superconductor power cable modelling?  This chapter discusses the methodology of the 

superconductor power cable SIMSCAPE components in the model and how we 

interconnected the lumped and distributed components developed in the simple HVDC 

network to study the grid fault in order to look at scenarios for the superconductor power 

cable. The superconductor will quench and increase the joule losses in the superconductor 

power cable and sometimes it permanently damages the superconductor tapes.  

One of the most crucial aspects that results from a grid failure is the superconducting 

power cable's quench detection and recovery time. The temperature, n, and Ic values from 

the experimental findings reported in the reference are used to compute the 

superconductor's resistance. [170]. The following lists the hydraulic, thermal, and 

electrical calculations required for the HTS cable. 
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The resistance of HTS was determined using the E-J characteristic of the HTS tape, 

where the electric field was coupled with critical current density   [98]: 

Ὑ
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4. 1 

Ὁ = electric-field criterion of 1×10ī4 V/m,  ὐὝ = critical current density dependent 

on temperature, and ὐ = current density. The n is the exponent that describes how quickly 

resistance rises as current density exceeds Ὅȟ and l is the length of the tape.  

Temperature and geometric structure have an impact on the copper layer's resistance. 

Equation 4.2 is used to determine the resistance of the copper stabiliser (Ὑ   and 

the copper former (Ὑ   for a temperature range of 65 to 600 K [99]. 
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  Where A is the cross-sectional area of the respective layer.  

The resistance of the HTS cable is determined by equation 4.3. 
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The transient analysis requires a thorough examination of the key parameters: 

temperature, resistance, critical current, and network current. Table 4.1 and  4.2 contains 

a list of the cable parameters used in the network model simulation. Every element in the 

cable has four layers separated by the r direction. The resistance of the superconductor 

tape determined using Equation 4.3 is shown in Figure 4.1.  

 

 



 

87 

 

Table 4.1 HTS cable details 

Layer Radius (mm) Parameter Value 

Copper former 20.5 

Cable length 100 km 

Joint resistance 90 nÝ 

HTS tapes 27 
Critical current 

(Ic) 
13900 A 

PPLP 37 Capacitance (C) 0.076 µF/km 

LN2 90 Inductance (L) 1.43 mH/km 

 

 

Figure 4.1 Resistance characteristics of a single HTS tape with temperature and current 

ramp. 
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Table 4.2 HTS cable material properties 

Layer Material  Parameters  

HTS material  GdBCO Tape Width  12 mm 

HTS layer  1 µm  

Density  7039 kg/m3 

Critical temperature Ὕ 92 K 

Tape critical current at 

77K 
282 A 

Stabiliser layer  Copper  Layer thickness 40 ɛm 

Density 8940 kg/m3 

Heat capacity 185(J/ kg-K) 

Substrate layer Hastelloy Layer thickness 60 ɛm 

Density 8910 kg/m3 

Insulation  PPLP Density 946 kg/m3 

Heat capacity 1930 (J/ kg-K) 

Thermal conductivity  0.05 W/mK 

Specific heat  600 J/kg-K 

Cooling liquid Liquid Nitrogen  Density 808 kg/m3 

Thermal conductivity  0.026W/mK 

Volume Specific heat  742 J/kg-K 

Specific heat  1930 (J/ kg-K) 
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In the cryogenic pipe, the pressure drop (æP) is determined using the Darcy-Weisbach 

equation [83]: 

Ўὖ
Ὢὰ”ὺ

ςὈ
 

4.5 

Where Ὢ friction factor, Ὀ -inner hydraulic diameter of HTS cable and return path, ” 

density of LN2, and ὺ ï velocity of LN2. Assuming a steady mass flow, the condition 

pressure decrease is proportionate to the cable's length (ὰ).  

The hydraulic diameter is equal to  

Ὀ Ὠ Ὠ 4.6 

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

The product of volume flow and pressure drop determines the heat load per unit length 

resulting from friction losses between the coolant and pipe surface [88].  The friction 

losses are presented as 
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The first law of thermodynamics is applied to each layer in the cable. The physical 

parameters and heat fluxes between the layers in the r and z directions are assessed using 

consecutive equations. The term   is taken to be Ὕ  Ὕ  during a steady state.   

For the copper layer, 

ὓ ὧὴ
ὨὝρ

Ὠὸ
ὗ ὗ ὗ ὗ  4. 8 

For the superconductor layer 
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ὧὴ ςὝὨ ὸ ςὝὨ ὸ ὧὴὨ ὸ ύ ὰ ὲρ 4.10 

Where ύ is the width of the tape, n1 is the number of tapes, Ὠ ȟὨ ȟὨ  are the 

densities of the materials in the HTS tapes and similarly, ὸ ȟὸ ȟὸ  are the 

thicknesses.  

For the dielectric layer,  

ὓ ὧὴ
ὨὝσ

Ὠὸ
ὗ ὗ ὗ ὗ ὗ  4.11 

For the cryogenic coolant layer, 
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The losses in the copper, HTS and PPLP are measured as follows.    

ὗ Ὥ Ὑ  4.13 

ὗ Ὥ Ὑz ὭὙ  4.14 
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Using the Norris equation from reference [171], the  ὗ  was computed. The heat 

through conduction, convection and radiation in the cable 

ὗ ȟὗ ȟὗ ȟὗ ȟὗ ȟὗ ȟὗ ȟὗ ȟὗ ȟὗ ȟὗ , and ὗ ) is computed as 

mentioned in reference [110]. Where  ὓ and ὧ stands for mass in [Kg] and specific heat 

at constant volume in [J/KgK] with the subscript indicating the specific cable layer. 

Within the solid layers, heat conduction occurs in both axial and radial directions. Heat 

transfer by conduction within the same material layer is expressed in Equation 4.16 in the 

axial direction, and heat transfer between different materials is expressed in Equation 4.17 

in the radial direction. 
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Convection heat transmission can occur between liquid and solid materials or inside a 

liquid medium. Equation 4.18 provides the convection heat transmission in the radial 

direction, and equation 4.19 provides the heat transfer in the axial direction. 

ὗ ȟ ȟ Ὤὃ ȟ Ὕ Ὕ  4. 18 

ὗ ȟȟ άὧ Ὕ Ὕ  4. 19 

The heat through the radiation between the layers is given in Equation 4.20:   

ὗ
‐
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Where Ὤ is the heat transfer coefficient ὃ  is the cross-section area, Ὧ  is thermal 

conductivity, Ўὰ is the element size, ά is mass flow in kg/s, and ὧ is the specific heat 

(J/kg-K).  

The specific processes from resistor component design to network modelling are shown 

in detail in the flowchart in Figure 4.3(a). The aforementioned equations were used in 

MATLAB/Simscape to construct the component R. The HTS HVDC Subsea cable 

structure is depicted in Figure 4.3(b). 

Figure 4.2 displays the schematic view of the MATLAB simulation model. The lumped 

network model of the cable with L, C, and R values for a 100 km length is displayed in 

Figure 4.2(a). The distributed network model with L, C, and R values for a 1-kilometre 

length is shown in Figure 4.2 (c), while the lumped L, C with a distributed R model is 

shown in Figure 4.2 (b). Each ́ segment is made up of R, L, and C. R elements including 

the cable's four layers. It is considered that the superconducting tape resistance is 

homogeneous which describes all of the tape layers. The initial temperature of all layers 

in the cable is considered 70 K. 
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The 100 km long HTS power cable operates at 10 kA/ 100 kV. In the simulation, a 

transient Pole to Ground fault is started at time=10 sec and lasts for 20 ms near the end 

point of the cable. The sample time of 10-3 seconds and consistency tolerance of 10-9 is 

maintained throughout the simulation. Sampling time is the interval between each 

calculation step when running a model simulation. Using a smaller time step improves the 

accuracy of the simulation, as it enables the solver to capture quick changes in the system 

more effectively. In Simscape simulations, the tolerance setting controls how precise the 

numerical solutions are, especially for solvers handling differential equations. This 

tolerance represents the maximum allowed error for the state variables. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.2 Simulation circuit schematic view (a) lumped cable model, (b) lumped L, C 

and distributed R and (c) distributed L, C, and R cable model with 100 cable blocks. 
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Figure 4.3 (a) Flow chart explaining the step-by-step simulation procedure in MATLAB and (b) the HTS  

HVDC subsea cable structure 

The cable structure utilised in the R component is shown in Figure 4.4(a). Layers of 

liquid nitrogen (LN2), polypropylene laminated paper (PPLP), copper, and HTS make up 

this structure. The discretization of the HTS's volume elements and the heat transfer across 

the layers in the r and z directions are depicted in Figure 4.4(b).  

 

Figure 4.4 (a) Cross-section view and (b) volume element discretization of the HTS cable. 

Since the vacuum space is devoid of matter, no energy equation is defined for this layer. 

Radiation heat transfer occurs across the vacuum, transferring heat between the outer and 
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inner layers of the vacuum in the cable is taken into account. The computational burden 

for the distributed LC model with 100 components is 4.5 hours when utilising an Intel(R) 

Core (TM) i7-7700 CPU running at 3.60 GHz with 32 GB of RAM installed. 

4.3. Lumped and distributed model analysis  

The AC/DC converter circuit, which provides an output of 100 kV DC voltage, is used 

to power the HTS cable with a DC voltage. In a steady-state scenario, the superconductor's 

temperature is constant throughout the cable's length in a lumped model. The receiving 

end of the cable is short-circuited to the ground while under temporary circumstances.  

The lumped LC model in Figure 4.2(a) takes 2 minutes to run, while the distributed RLC 

model in Figures 4.2(b) and 4.2(c) requires 4.5 hours to run. 

The temperature of the copper former and HTS is shown in Figure. 4.5. The copper 

former reaches 234.6 K, while the HTS tapes reach 230.5 K. Figure. 4.6 displays the 

cable's resistance. At 0.93 Ý, the cable's resistance achieves its maximum value. It takes 

approximately 227 seconds for the lumped model to attain T<Tc (critical temperature 

(Tc)=87.5 K) during the superconductor's quench recovery time. The current increases to 

22 kA during the fault.  

 

Figure 4.5  The temperature of the superconductor and copper former layers in the HTS 

cable. 
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Figure 4.6 Resistance of the superconductor cable.  

Once it reaches the critical current value of 13.9 kA, as the temperature rises, the 

resistance of the HTS increases Ὑ >Ὑ    and, as shown in Figure 4.7 the current shifts 

from the HTS to the copper former, preventing damage to the HTS layers. Figure 4.8 

shows the total current in the HTS cable. 

 

Figure 4.7 Current flow in the HTS and copper former layers. 
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Figure 4.8 Current in the HTS power cable. 

As seen in Figure 4.8 and Figure 4.9, the cable behaves the same whether it is a lumped 

LC with dispersed R or distributed LC. This is because in both cases, the overall LC values 

of the cable are identical. Compared to the lumped L, C, and R models, the distributed 

model has a greater temperature and current limiting differential of roughly 1 kA during 

the fault, as shown in Figure 4.10. 

 

Figure 4.9 HTS temperature when the distributed elements used are 50 at 2 km long each.  (a) (b)
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Figure 4.10 Current through the cable when the distributed elements used total 50, with 

elements being 2 km long each. 

Figure 4.11 displays the HTS temperature and pressure at several points throughout the 

cable's length in a steady state. The pressure of LN2 is kept between 3 and 20 bar in HTS 

power cables to prevent it from boiling and to ensure stable cooling. Pressures above 20 

bar can deform the cable structure. Maintaining pressure above 3 bar prevents phase 

changes in LN2, which could compromise the cooling efficiency and stability required for 

superconducting performance. The LN2 was kept at a temperature between 65 and 77 K 

to avoid quenching the HTS cable. To meet these needs, 10 cryocoolers were considered 

for a 100 km long cable. The cable has a pressure decrease of 1.5 bar/km under normal 

conditions. The heat transfer from the external environment to LN2 and the friction losses 

in the hydraulic path are causes of the temperature rise; the AC losses are negligible.   

The cable's critical current is displayed along its whole length in Figure 4.12. At 70 K, 

the Ic is 13.9 kA. As the temperature rises, it falls until it reaches 76.4 K, where it is 12.1 

(a) (b)
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kA. The tape number is increased for each 1 km long section, thus the Ic drop variation is 

not much for a 10 km long cable section.  

 

Figure 4.11 Cable with 100 elements with an element size of 1 km (a) Temperature and 

pressure of LN2 for m=4 kg/s 

 

Figure 4.12 100 km long HTS cable critical current. 
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The behaviour of the cable transitioning from a normal to a quenched state and return 

is depicted in Figure 4.13. It shows the temperature of the HTS power cable at locations 

2 km, 4 km, 6 km, 8 km, and 10 km.  

 

Figure 4.13 100 elements 1 km long each (a) HTS temperature. 

Figure 4.14's segment on a 10-kilometre cable demonstrates that the temperature of the 

cable is slightly lower at the beginning than it is at the end. There is a 6.3 K temperature 

difference. The temperature of the LN2 on a 10-kilometre cable segment is shown along 

its length vs time in Figure 4.14. The LN2 may reach a maximum temperature of 91.8 K. 

A second peak appears at 200 s due to the heat transfer coefficient.  

When the temperature differential between the HTS and LN2 is between 5 and 50 K, 

the reference [172] demonstrates that the h value fluctuates significantly. For a distance 

of 0ï2 km along the fault, the LN2 temperature is below the boiling point, or 77 K. Along 

the remaining 2ï10 km of cable, the LN2 starts to boil as a result of joule heating. During 

this condition, we need to take precautions and increase the mass flow of LN2 based on 

the temperature rise.  

(a) (b)
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Figure 4.14 100 elements at 1 km long each, showing the maximum temperature of LN2 

during the steady and transient condition 

The resistance of the copper former and superconductor layer is displayed in Figure 

4.15. The HTS layer has little resistance under typical circumstances. However, during 

the time of the fault, the Ὑ  exceeds 1.4 Ý/km. Under normal circumstances, Ὑ << 

Ὑ , but during a transient, Ὑ >>Ὑ  rises sharply. The losses in the HTS and previous 

layers are 0.175 W/km in a steady state. 

  

Figure 4.15 Resistance of the HTS and copper former of 1 km long.   
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On the other hand, as Figure 4.16 shows, it reaches 2.7×104 W/m during a fault 

condition. The temperature difference between the 50-element distributed model and the 

lumped model is approximately 14 K under the transient condition.  On the other hand, as 

Figure 4.17 illustrates, the difference between the distributed model with 50 and 100 

elements is less than 7 K.  

 

Figure 4.16 HTS cable losses for 100 elements at 1 km long each. 

 

Figure 4.17 The superconductor cables are of different lengths according to element size.  (a) (b)
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The distribution LC model with 100 components is sufficient for the cable model to 

analyse the thermal behaviour over the length of the cable because the temperature 

deviation is small, and the other properties are similar. With this 7 K temperature 

difference, it takes 55 seconds longer to reach the pre-fault condition. In every case, the 

former temperature is higher than HTS in the quenched state condition.  

Over the cable's length, the superconductor quench recovery varies. The beginning of 

the cable, which is closest to the voltage source, recovers from the quench more quickly 

than the end closest to the fault. This is because the cable section is initially low 

temperature than end part, and the second reason is that LN2 cools the cable by flowing 

through it first. According to Figure 4.18, the first segment of each 10 km cable section 

recovers from the quench and functions as a pre-fault condition (same condition before 

fault occurrence) 6 seconds before the 10 km cable section's endpoint. Since the model 

makes use of 10 cryocoolers, the thermal behaviour of the cable repeats every 10 

kilometres under both stable and transient settings. Figure 4.18 illustrates the 3D 

temperature profile of an HTS cable.  

 

Figure 4.18 3D view of the temperature of the HTS cable.  (a) (b)
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Conducting experimental studies on long-distance power cables is impractical; hence, 

initial validations were performed by comparing the lumped model with simulation 

results. These results were further corroborated by matching the simulation outputs with 

experimental data obtained from shorter sections of HTS tapes, as detailed in Chapter 5. 

4.4. Inductance and capacitance of the cable  

Inductance and capacitance are crucial characteristics of a cable that significantly 

influence its performance. Alterations in these parameters can modify how the cable stores 

energy. Specifically, increases in inductance and capacitance enhance the cable's capacity 

for energy storage. The cross-section view of HTS is shown in Figure 4.19. 

 

Figure 4.19 Cable cross-section view with radius.  

The magnetic flux density can be calculated through Ampere's Law, which also 

facilitates the determination of the energy stored within the system as follows: 
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The general expression is  
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Solving equation 4.21 and comparing equations 4.21 and 4.22, we get the self and 

mutual inductance of the copper former and HTS layer.  Where ὰ is the pitch angle of the 

tapes. The superconducting tape used for the twist around the copper former top and side 

view is shown in Figure 4.20.  A schematic view of the twisted HTS tape on the copper 

former is shown in Figure 4.21.  

 

Figure 4.20  Top and side view of the 2G HTS tape. 

 

 

Figure 4.21 2G HTS tape twist pitch schematic view. 
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The inductance of a superconducting cable is influenced by several factors, including 

the twist pitch of the tapes, as well as the HTS cable's layer radius. Specifically, the self-

inductance of an HTS cable can be determined based on the pitch angle, denoted as ‍ 

[173], [174] 
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The mutual inductance between the HTS layer and copper former was determined using 

Ampere's Law and calculating the total magnetic energy enclosed. 
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The capacitance of the superconducting power cable is determined using the following 

methodology: 

ὅ ‐‐ς“Ⱦὰὲ [mF/km]  4.25 

Where ‐ ψȢψυτρπ   [F/m] and ‐ are the dielectric constant of the free space 

and insulation material, respectively.  

The inductance characteristics of a superconducting cable vary with the orientation of 

the tape that is wrapped around a copper core, as illustrated in Figure 4.22. An increase in 

the wrapping angle results in higher self-inductance and mutual inductance values. 

Specifically, the self-inductance of the HTS layer can vary from 0.09 mH/km to 0.14 

mH/km as the pitch angle ranges from 0 to 60 degrees.  

Concurrently, the mutual inductance, reflecting the interaction between the HTS tapes 

and copper core, ranges from 0.05 mH/km to 0.121 mH/km. In contrast, for a solid copper 

core without any pitch angle variation, the self-inductance remains constant at 0.18 

mH/km, demonstrating that it is unaffected by changes in the twist or pitch angle of the 

tape. 
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Figure 4.22  Self-inductance of the superconductor layer and former layer, and the mutual 

inductance between them. 

4.5. Comparison of equivalent and distributed inductance 

cable model 

Section 4.2 focuses on the lumped and distributed RLC along the axial directions. Here, 

while modelling the superconductor power cable, we considered two models to understand 

the electrical and thermal behaviour with a radial direction, R and L consideration for both 

the HTS and copper former. In case 1, the equivalent inductance (Lself_hts||Lself_cu=Lself_hts) 

is used in the equivalent circuit and the other is not an equivalent circuit. For the cable 

model, we used Figure 4.23 in the previous model and now compare it with the model 

shown in Figure 4.24. The simulation results of these models are discussed below.  

The equations provided below describe the voltage-current relationship for both the 

superconducting layer and copper former. 
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For case 1  
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Figure 4.23 Case 1: Rhts parallel with Rcu and series with L. 

 

 

Figure 4.24 Case 2: Rhts-ὒ ͺ  parallel with Rcu-ὒ ͺ  including M 
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The influence of circuit design on the temperature characteristics of superconductors 

and copper is evident when comparing cases 1 and 2. Specifically, the temperatures 

observed in case 2 are consistently higher than those in case 1 for both high-temperature 

superconductors (HTS) and copper formers. This pattern is depicted in Figures 4.25 and 

4.26. The suffix self indicates self-inductance of the HTS, or copper former layer and M 

indicates the mutual inductance between the layers.  

 

Figure 4.25  Temperature of the HTS in cases 1 and 2. 

 

Figure 4.26 Temperature of the copper former in cases 1 and 2. 
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Figures 4.27 and 4.28 illustrate the current sharing between the high-temperature 

superconductor (HTS) layers and the copper former layers in two electrical circuit 

scenarios, referred to as Case 1 and Case 2, for the HTS cable.  

 

Figure 4.27  The current in the HTS Power cable layer during a fault with the case 1 

condition. 

 

Figure 4.28  The current in the HTS power cable layer during a fault with the case 2 

condition. 
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In Case 1, equivalent resistance and inductance values are assigned to both the HTS and 

copper layers. The inductance of the HTS is notably lower than that of the copper former, 

thus the overall equivalent inductance closely aligns with the HTS's inductance. This 

results in noticeable shifts in current distribution between the HTS and copper layers, 

which subsequently affects the cable's temperature, as demonstrated in Figures 4.25 and 

4.26.  

Conversely, Case 2 presents a more detailed comparison and closer current values in 

both the copper former and HTS layers during the quenching phase of the superconductor 

power cable, offering a contrast to the results seen in Case 1. The inductance values are 

critical in influencing current behaviour; a notable dip in current observed in Case 2 may 

impact circuit breaker operations. This dip is attributed to the differences in inductance 

value between the two layers, where the HTS layer has a pitch angle of 20 degrees. In 

Case 1, the HTS layer exhibits a lower peak current than in Case 2, while the opposite is 

true for the copper former as shown in Figures 4.29, 4.30 and 4.31. 

 

Figure 4.29 Current in the HTS layer.  
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Figure 4.30  Current in the copper former layer. 

 

Figure 4.31 Total current in the cable.  
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The response to faults also differs between cases. Case 1 shows a marked increase in 

current in both former layers during a fault, more so than in Case 2 and for the HTS 

current, it is vice versa. In Case 2, the copper former layer displays a lower fault current 

with a slower rise time, attributed to its higher inductance. The behaviour of the inductors 

prevents rapid changes in current due to the energy stored within them. Using equivalent 

inductance values in Case 1, ὒ ͺ ͺ

ͺ
 contrasts with Case 2, where the 

actual inductance values of each layer are considered. This results in a more gradual 

change in current in Case 2 for both HTS and copper layers, with a less pronounced 

deviation in current amplitude compared to Case 1. Consequently, the cable temperature 

is higher in Case 2, where the initial peak current exceeds that of Case 1. This analysis 

supports the adoption of the Case 2 circuit for subsequent cable modelling sections. 

4.6. Impact of the Pitch Angle of HTS Tapes on Electrical 

Parameters 

The inductance of the superconductor power cable varies with the pitch angle, as 

illustrated in Figure 4.22. A greater pitch angle results in the higher inductance of the 

superconductor layer. Due to the nature of inductance, which restricts abrupt changes in 

current, an increase in pitch angle prolongs the rise time of the high-temperature 

superconductor (HTS) current during faults, as indicated in Figure 4.32. Consequently, 

this delay extends the transfer of current to the copper former, as shown in Figure 4.33. 

As the pitch angle of the cable twist increases, both the self and mutual inductance 

values also increase. A cable designed with more inductance needs to wrap the HTS with 

more of a pitch angle and increase the turns and length of the HTS tape, which 

subsequently raises the overall cost of the cable. The increase in inductance leads to a 

delayed rise time of the current in the high-temperature superconductor (HTS) and copper 

former. These changes in the cable's electrical characteristics are directly related to the 
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pitch angle of the tape. Consequently, as the pitch angle widens, the time required for the 

fault current to rise is extended. Furthermore, the diversion of fault current from the HTS 

to the copper former is also delayed. Despite these delays, during a fault duration of 20 

milliseconds, the currents ultimately converge to the same level.  

 

Figure 4.32 Current in the HTS layer with a change in pitch angle. 

 

Figure 4.33 Current in the copper former layer with a change in pitch angle. 
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At this 50-degree pitch, the increased inductance strongly opposes sudden changes in 

current, explaining the observed shift in behaviour. For a 1 km cable, the tape length 

increases gradually with pitch angles, starting from 0 degrees at 1 km, then to 1.015 km, 

1.064 km, 1.15 km, 1.3 km, and reaching 1.55 km at 50 degrees. This added length 

heightens both resistance and inductance, slowing down the surge of fault currents. 

4.7. Grid Faults at Different Locations - Superconductor 

Study 

As global energy demands escalate and the pursuit of sustainable solutions intensifies, 

superconductor technology emerges as a pivotal advancement in offshore power 

transmission. Superconductor cables, with their unparalleled current capacity and minimal 

electrical resistance, present a transformative approach to handling substantial power 

loads across vast distances. This chapter delves into the specific impact of fault locations 

on the performance and reliability of High Voltage Direct Current (HVDC) 

superconductor cables. 

Faults in superconductor cables can lead to significant operational challenges, including 

intense joule heating which might cause the cable to quench or suffer permanent damage. 

This section explores the crucial role of fault location in influencing quench behaviour 

and current distribution within a superconductor cable system. 

 We considered the grid's different location on the superconductor power cable. Here 

we updated the cable inductance and capacitance based on the pitch angle of the cable. 

The shielding layer was considered in the cable structure and the cable model shown in 

Figure 4.34 is used in the simulation.  

Where ὶ to  ὶ is the radius of the superconductor cable layers as shown in Figure 4.34. 

where ‘ (vacuum permeability coefficient) τ“ρπN/A2 and ὠ ȟ Ὥ , and  Ὑ  are 

the voltage, current, and resistance of the HTS layer. Similarly, for the copper former with 

subscript cu.  
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Figure 4.34 HTS cable structure view. 

The starting temperature for Ὕ  to Ὕ  is maintained at 70 K, which is also the 

temperature of the LN2 inlet. The material emissivityôs are ‐ and ‐, the material 

emissivity and the Stefan-Boltzmann constant is „, and the values for  ὄ and ὄare from 

reference [175].  

The cable parameters used for the modelling are shown in Table 4.3. The flow chart of 

the cable modelling is shown in Figure 4.35. The cable components are discretised both 

radially and axially, as illustrated in Figure 4.36.  
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Figure 4.35  Flow chart of the cable component design in MATLAB/SIMSCAPE 
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Table 4.3 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 

 

 

Figure 4.36 Discretised electrical-thermal model of the HTS cable. 
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The HTS cable model is segmented into 100 parts, each resembling a pi section and 

measuring 1 km in length, as illustrated in Figure 4.37(a). This model accounts for heat 

transfer across the layers through conduction and convection within each segment. These 

factors are integral to determining the electrical and thermal properties of the DC HTS 

cable under various fault conditions. For thermal management, a cryocooler is installed 

every 5 km along the length of the HVDC superconducting cable. Additionally, joint 

connections between cable sections are made at every 1 km interval. 

 

(a) 

 

(b) 

Figure 4.37 (a) The electrical equivalent circuit used in the Discretised 

MATLAB/SIMSCAPE model shows the cooling system arrangement and (b) fault 

location in the cable scenarios. 




































































































































