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Abstract 

The continued expansion of global air traffic has highlighted the urgent need to reduce the 

global warming impact of the aviation industry. Traditional aircraft systems rely heavily on 

fossil fuels and contribute significantly to CO₂ and NOₓ emissions. To accomplish the goal of 

zero-emissions aviation, the proposal of More Electric Aircraft (MEA) or All Electric Aircraft 

(AEA) propulsion systems stands as a potential solution. Since conventional electric motors are 

too heavy for aviation, efficient multi-megawatt motors with high power density are needed, 

and cryogenic superconducting motors are a promising solution thanks to their high current 

capacity. However, high-temperature superconducting (HTS) coils cannot be widely used as 

motor armature windings until the cryogenic AC loss is reduced to an acceptable limit regarding 

motor power density and efficiency requirements. 

This thesis presents original research of the design and optimization of HTS armature coils 

focusing on the AC loss evaluation and reduction. With the help of experimental measurements 

and numerical simulations analysis, the standard 2G (second generation) HTS insulated coils 

are found to be competitive to copper/aluminium Litz wires for a megawatt (MW) level 

cryogenic motor working at a temperature around 40 K. In addition, the AC loss can be reduced 

by narrowing the tape width or adding a thin layer of stator back iron. This thesis also introduces 

a novel multi-stack coil structure to improve the HTS stator electrical loading while maintaining 

the mechanical and thermal stability. The transport current loss of this novel coil is investigated, 

and the AC loss can be minimized by balancing the inductance between the parallel stacks. 
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Chapter 1 Introduction 

1.1 Background: Why develop electric propulsion systems? 

Commercial aerospace plays an important role in the evolution and development of society. The 

global air passenger traffic has grown at an average annual rate of 9% since 1960, and it is 

expected to grow continuously at a rate of 5% to 7% in the future[1]. As the aerospace industry 

is booming, the aviation sector is responsible for approximately 2.5% of global CO2 emissions. 

However, in addition to the direct greenhouse gas emissions, non-CO2 effects have an effect on 

the overall aircraft radiative forcing. The main non-CO2 components are NOx emissions[2-5]. 

Regarding[3, 6], non-CO2 forcings account for two thirds of the warming impact, and resulting 

in around 4% of global warming to date. Among this warming impact, around 90% of emissions 

are from engines, and these figures are expected to rise as air travel increases[3, 7, 8]. This 

underscores the urgent need for more sustainable aviation technologies. To improve the 

performance of future aircraft in terms of safety, air pollution, noise and climate change, 

governments have set different long-term goals for emissions regulations: the ACARE 

(Advisory Council for Aeronautic Research in Europe) has agreed on environmental regulations 

aiming for emissions (CO2, 75%; NOx, 90%) and noise (65%) reduction with reference to 2000 

levels (Flight path 2050); the ICAO (International Civil Aviation Organization) is targeting a 

neutral growth of emissions since 2020; and the ATAG (Air Transport Action Group) is aiming 

for a 50% reduction in CO2 emissions between 2005 and 2050.  

Regarding increasing attention to the impact of aircraft emissions, together with the rising price 

of fuel unlikely to remain stable in the coming years[9], airlines are under pressure from 

governments who are concerned to develop more efficient and cleaner aircraft systems. 

Traditional aircraft systems, with limited power generation, rely heavily on fossil fuels and 

contribute significantly to the emissions[1, 6, 10]. New disruptive technologies, therefore, need 

to be proposed to achieve this ambitious target. 

Before electrical propulsion was proposed, research on alternative fuels has been conducted for 

decades, but none of them have achieved the energy density requirement for aviation since 

minimizing the gross weight of an aircraft is critical for efficient operation. Some synthetic 

fuels have been developed for aircraft and are proposed as an alternative. However, these 



2 
 

alternatives to fossil fuels are more practical with other forms of transportation since they 

usually consume more energy than regular jet fuel in the production process. Therefore, the 

aviation industry must focus on efficiency improvement[11]. 

Compared to traditional aviation systems which require appropriate redundancy for 

complicated hydraulic and pneumatic systems, the proposed More Electric Aircraft (MEA)/ All 

Electric Aircraft (AEA) concept involves transitioning to electrical systems to improve the 

system reliability and efficiency[12, 13]. This evolution from secondary electrical power 

systems towards a primary electrical power system, results in a huge change in the electrical 

power required for aircraft[11]: high power machines with high power density in both volume 

and weight scales.  

1.2 Overview of electric propulsion 

More-electric aircraft (MEA) is one potential solution available for the development of more 

efficient and environmentally friendly aircraft. Thanks to the development of power electronics, 

electric machines and advanced control technologies, in MEA, many functions previously 

driven by hydraulic, pneumatic and mechanical power are undergoing a replacement by 

electrical subsystems[14-16]. Unlike conventional aircraft, the MEA has the advantage of lower 

cost due to simpler systems with fewer components, and moreover, it also reduces the overall 

cost of operation and ownership as it consumes less fuel thus increasing the overall aircraft 

performance and energy usage.  

Unlike traditional propulsion systems, electric propulsion systems avoid the coupling issue 

between the turbofan and the low pressure (LP) shaft. As illustrated in Figure 1.1b, each 

generator is connected to a shaft mechanically, while an electrical connection between the 

propulsor (the fan) and the generators is achieved through an “electrical gearbox”[17]. Hence, 

the generator can tolerate much higher speeds than the fan, and the engine LP shaft can run 

much faster. As a result, in fewer stages, the weight of the machine could be reduced and 

machine efficiency will be increased[17].      
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Figure 1.1 a) Conventional turbofan propulsion; and b) electric propulsion [17] 

In a word, MEA could provide aviation performance benefits by achieving the aviation power 

density requirement as well as environmental benefits of offsetting CO2 emissions by the source 

of electricity used to charge their batteries. However, these could only be accomplished if new 

technologies attain the specific power, weight, and reliability required for a successful 

commercial fleet[15]. 

To make a roadmap for electric propulsion systems, we need to set targets of the weights of 

each component in the system to enable technology development. In the electrical machines 

industry, the design would need to meet power density targets [18]: 

• Short term (10 years): 10 kW/kg 

• Mid Term (15 years): 20 kW/kg 

• Long Term (25 years): 50 kW/kg 

It should be noted that these targets must include all the relevant equipment including any 

cooling or special environmental conditions. Therefore, superconducting motors must include 

a portion of the required cryogenic systems in power density calculations in order to compare 

technologies fairly. Both permanent magnet machines and superconducting machines are 

candidates for this application. Though the results from [19] and [20] show that high-

temperature superconductor (HTS) based superconducting machines could achieve 2–3 times 

the power density reached by permanent magnet synchronous machines (PMSMs) under similar 

requirements and constraints, PMSMs still have their advantage of easy manufacturing. In 

summary, short- and medium-term goals for motors can be achieved with traditional machine 

design techniques, while long-term goals will depend on new technologies. 
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Electric propulsion architecture could be divided into three types and six different electric 

propulsion architectures regarding different electric power technologies (batteries, electric 

motors, generators, etc.). As shown in Figure 1.2 they are one all-electric, three hybrid electric, 

and two turboelectric architectures[15, 18]: 

 

Figure 1.2 Electric propulsion architectures [15] 

The CO2 reduction levels of different architectures depend on the configuration, component 

performance, and mission. These different architectures are summarized as follows.  

Batteries are the only power source for all electric systems while both fuel and batteries are the 

power source for hybrid electric systems. The turboelectric architecture does not rely on 

batteries for propulsion energy during any phase of flight. Regarding the analysis in[15], 

turboelectric propulsion research is identified as one of the high-priority approaches for 

commercial propulsion and energy system technologies during the next 10 to 30 years to reduce 

CO2 emissions. The reason is that the electrical components for a partial turboelectric system 

can be developed with smaller advances beyond the state of the art than are required for other 

electric systems; while on the other hand, current battery technologies are not sufficient to the 

requirement of the power capacity and specific power for commercial aircraft, and it is 
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predicted unlikely to be mature enough to satisfy the requirements in 30 years. It is also 

mentioned that the same situation applies to technologies related to superconducting machines, 

and fuel cells, as well as cryogenic fuels. All-electric battery-powered airplane configurations 

will be limited to small aircraft in the next 10–30 years[21].  

According to research in[11], to achieve midsize electrical commercial air transport, for 

instance, multi MW electrical machines with power density no less than 20 kW/kg and very 

high efficiency no less than 96% are required. Traditional electric motor design is no longer 

sufficient to meet these targets. Permanent magnet synchronous motors (PMSMs) [22-24]are 

proposed to be a promising candidate due to their advantages of high power density, high output 

torque, and simple operation, while their manufacturing technologies are mature. Compared to 

PMSMs, superconducting machines (i.e. machines using superconducting materials) [25-27]are 

more attractive to achieve the requirements because of their high power density and high 

efficiency[27]. The main reason is that superconducting materials can help dramatically 

increase electric loading and magnetic loading and therefore significantly reduce machine 

weight [7] thanks to their ability to carry very high current density with small resistance.  

1.3 Superconducting motor for electric propulsion 

The aerospace industry is undergoing a transfer towards electric propulsion systems, as it seeks 

to reduce its environmental impact and increase efficiency. Traditional aircraft systems relying 

heavily on fossil fuels have a significant impact on global warming. The transfer towards MEA 

and AEA addresses these challenges by moving from traditional mechanical and hydraulic 

systems to primarily electric systems, ensuring greater reliability and efficiency. This change 

requires the development of high-power density motors to meet the strict power and weight 

requirements of efficient commercial aviation. This level of performance can only be achieved 

by using technologies that provide high power density and efficiency, such as superconducting 

materials. 

The high current carrying capacity and minimal electrical resistance of HTS materials can 

significantly reduce motor weight, enabling more efficient and powerful aircraft propulsion 

systems. Therefore, HTS motors are promising candidates for electric propulsion due to their 

excellent power density and efficiency. Ideally, HTS motors outperform traditional permanent 

magnet motors with power densities of 30 kW/kg and efficiencies of up to 99%[25, 28]. These 
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properties make HTS motors particularly suited to the demanding requirements of the aerospace 

industry, where weight and efficiency are of vital importance. 

1.3.1 HTS electric propulsion 
A major challenge of scaling up electric propulsion to larger aircraft is the power-to-weight 

ratio (PTW). Present electrical systems could not satisfy the necessary power requirements 

without adding excess weight to the aircraft. Hence with their higher current capacity, HTS 

technologies are proposed as a promising solution to this technical challenge.  

Regarding superconductors and their applications in motors, superconducting rotor part magnet 

coils could provide up to several Tesla and superconducting stator part armatures could achieve 

electrical loading up to 200 kA/m[29, 30]. High Temperature Superconducting Motors 

(HTSMs), capable of achieving power densities up to 30 kW/kg and efficiencies near 99%[25, 

28], offer significant advantages over traditional motors, which typically achieve only about 5 

kW/kg and 90–95% efficiency[31, 32]. This improvement is crucial for aviation, where even 

minor reductions in weight and efficiency can lead to significant operational savings. Although 

still in the experimental phase, superconducting motors are being actively developed, with 

prototypes showing considerable promise. Projects such as NASA’s high-efficiency motor 

research aim to implement motors with 1.4 MW output power and 99% efficiency by 2040, 

demonstrating the potential of superconducting technologies to meet future aviation demands. 

By 2023, the project developed by Airbus UpNext, named Advanced Superconducting and 

Cryogenic Experimental powertraiN Demonstrator (ASCEND) successfully explored the 

impact of cryogenic superconductivity on the electrical infrastructure and powered-on a 500 

kW powertrain of the next generation of low-carbon aircraft. 

Countries all over the world are investing a lot in the development of HTS propulsion systems 

for aviation applications. While each country has its own focus and level of development, the 

global trend is towards using HTS technology to meet the increasing power demands of future 

propulsion systems. Some present projects of HTS propulsion system design are summarized 

in the table below. It is noticed that the magnetic loading is set on average 4–5 T and the working 

temperature at 30–40 K is desired to achieve MW level motor requirements of electric 

propulsion systems. 
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Table 1.1 Present projects of HTS motor design for electric propulsion systems 

Country Projects 
Propulsion 
power 
(MW) 

Motor 
information Efficiency  Operating 

temperature (K) 
Power density 
(kW.kg)  

US NASA (EAP) [33]; ARPA-E’s 
program [34] 1–3 

NASA (EAP): 
HTS rotor; 
slotless stator 
12 poles, 
9 phases 
ARPA-E’s 
program:  
HTS rotor, 
conventional 
stator 

>98% 20–40 >30 

Europe 

Advanced Superconducting 
Motor Experimental 
Demonstrator (ASuMED) 
project [35] 

1 

PM rotor, 
HTS stator, 
8 poles >97% 20–40 >20 

Austrilia Magni Alpha superconducting 
motor (Magni 500) [36] 0.56 N/A >93% N/A N/A 

Japan 

Massive Electric Generation 
for Aircraft and Wake 
Adaptive Thruster 
Technologies (MEGAWATT) 
Project [37] 

1–20 

HTS rotor 
HTS stator 

>97% 20–40 >20 

Russia Hybrid-Electric Propulsion 
Research at the Skolkovo [38] 0.5–1.5 N/A >95% N/A N/A 

France 

Advanced Superconducting 
and Cryogenic Experimental 
powertraiN Demonstrator (AS
CEND) [39] 

>0.5 

PM rotor; 
HTS stator; 
12 poles >97% 20 12–30 

 

In a word, superconducting motors have the potential to transform aircraft propulsion systems, 

delivering the highest power density and efficiency, and offering advantages in terms of reduced 

environmental impact and lower operating costs.  

1.3.2 HTS motor thermal management 
Though there are many studies working on analysis of superconducting machines, few have 

considered superconducting cooling system issues. Since superconducting materials have to 

work under specific low temperatures, thermal design is very important. 

Feasible superconducting machine cooling concepts should be identified. The cooling 

capability of the cryogens is determined by the amount of AC loss which means that electrical 

and thermal behaviour are interdependent. An electro-thermal model is presented in [25] where 

the cooling mechanism is described by empirical equations.  

https://www.airbus.com/en/newsroom/press-releases/2021-03-airbus-to-boost-cold-technology-testing-as-part-of-its
https://www.airbus.com/en/newsroom/press-releases/2021-03-airbus-to-boost-cold-technology-testing-as-part-of-its
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Another idea to figure out cooling design considerations is to use both experiments and 

computational fluid dynamics modelling (CFD models)[19]. The heat transfer coefficient used 

in CFD modelling is identified through experiments. Finally, validation of the thermal design 

is ensured. 

A direct calculation method to evaluate the power consumed for cooling [40] is using the 

coefficient of performance (COP) to calculate power consumed at room temperature to cool 1 

W at operating temperature (assume 1400 at 4.2 K, 93 at 20 K, 39 at 40 K, and 14 at 77 K) and 

then finding the total cryogenic cooling load. 

1.3.3 HTS motor challenges 
Cryogenic superconducting machines for power generation in electric aircraft applications have 

been studied for several decades [41]. Although much progress has been made, it is not 

attractive to be used for aerospace applications yet. One of the main challenges for cryogenic 

electrical power generation is the lack of superconducting materials having good performance 

under AC conditions. To meet machines size targets for aircraft application, a 1000–1500 Hz 

[21] compatible superconductor is essential for a full cryogenic machine. However, without 

high-frequency AC superconductors available, the AC loss under cryogenic temperature, as 

mentioned in the previous section, requires high extra energy to be consumed. Voltage 

regulation is another challenge with superconductors: conventional approaches to voltage 

regulation will not work with a superconductor machine where the conductors have nearly zero 

electrical resistance. 

The operating temperature of the cryogenic system is another important consideration. 

Although HTS materials developed today can operate stably at 77 K (easily achieved using 

LN2), additional cryogenic coolers are always required. Hence extra weight and space for the 

cryogenic system are required. These cryocoolers used on aircraft will have to be very robust, 

with redundant capability on board, to meet safety requirements in the event of a cryogenic 

component failure[21]. The design of a cryogenic system is complex and the unavoidable extra 

weight of cryogenic components greatly reduces the specific power. Therefore, it is challenging 

for HTS power systems to be ready for aircraft applications in 10–30 years. 

Therefore, it is important to set good research targets to meet the design requirements. 

According to the report in[15], the research targets that need to be considered are cost, thermal 

management and reliability. It also suggests that a system power range of 1–5 MW is 

https://www.sciencedirect.com/topics/engineering/superconductor
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appropriate with an initial focus on 1 MW systems design. In addition, there are many studies 

considering LH2 as an HTS machine cryogen[17, 42-44]. According to[17], it is possible to 

store LH2 in the flight and use it as fuel after cooling the superconductor cooling. In this idea, 

there will be no carbon emissions, and in addition, the mass of the flight will be reduced. 

However, for the same chemical energy, LH2 has a larger volume compared to conventional 

kerosene. For this reason, new storage technologies are needed in future[44]. 

In a word, superconducting motors have the potential to transform aircraft propulsion systems, 

delivering the highest power density and efficiency and offering advantages in terms of reduced 

environmental impact and lower operating costs. However, superconducting machines will not 

be widely used until the two main following issues are solved. The primary challenge in 

adopting superconducting technologies in aviation includes managing the cryogenic 

temperatures required for superconductivity, which adds significant complexity and weight to 

aircraft design. Moreover, integrating these advanced systems within the confined spaces of an 

aircraft while ensuring reliability across various flight conditions remains a significant 

engineering challenge. Another challenge is to reduce the very high AC (alternative current) 

losses[42], especially those produced by HTS materials under cryogenic temperature. The 

second challenge of understanding and reducing AC loss thus providing more reliable HTS 

stator design becomes the main research in this study. 

1.4 Aim of the study 

This thesis focuses on the design and optimisation of HTS armature coils for superconducting 

motors used in electric propulsion applications which will provide the high power density 

requirement for future electric aircraft. HTS motors have been developed for decades, however, 

the strengths of them under different power levels is still unclear. The AC loss evaluation of 

HTS coils is studied at first with the help of the software COMSOL Multiphysics to simulate 

the HTS coil performance. In the following section, the strengths of using HTS armature 

compared to different conventional stator windings, especially Litz wire structure using copper 

and aluminium, according to different power levels are stated with the help of analytical 

methodology. The coil performance under different superconducting motor environments 

(especially under different magnetic loadings) are then investigated, in order to optimise the 

HTS armature coils design focusing on AC loss reduction thus achieving the desired machine 

power density. Finally, a new stack structure coil of multiple tapes soldered together is proposed 
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to increase HTS stator electric loading while maintaining the thermal and mechanical stability. 

The experiments are always conducted to help validate the simulations.  

1.5 Thesis structure 

Chapter 1 explains the reason for electric propulsion development, provides an overview of 

electric propulsion, and introduces the potential use of superconductivity for achieving 

MEAs/AEAs. This is followed by an   introduction to the existing HTS motor topologies for 

electric aircraft and currently design challenges, including the strengths and weaknesses of 

using HTS materials in motor design. 

Chapter 2 provides a review of superconductivity from the discovery, history and definition of 

superconductors to categories of superconductors. It reviews the electromagnetic properties 

behind superconductivity and introduces its potential applications especially in electric aircraft 

motor design. It also describes the AC loss definition and mechanism of HTS materials, 

including the details of different types of loss. Finally, it discusses the technical importance of 

AC loss to HTS propulsion motors.  

Chapter 3 reviews the general methodologies used for the AC loss evaluation of HTS. The 

analytical evaluation methods are introduced first. Then the numerical modelling using a finite 

element method (FEM) such as the H-formulation is introduced including the existing 

commonly used FEM methodologies along with their advantages and limitations, and the up-

to-date improved simulation methods for large scale HTS. Then the three commonly used AC 

loss measurement methods, electrical method, magnetic method and calorimetric method which 

are adopted in this research, are introduced in detail. Finally, a 2G HTS insulated coil is 

proposed as a testing coil, and validation is conducted for the numerical modelling methods 

used in this research work. 

Chapter 4 proposes a study to compare different radial flux HTS motor topologies for electrified 

aircraft applications, focusing on the stator core structure and the stator winding choices. Two 

motor benchmarks of 450 kW and 1 MW are proposed, the iron impact on stator structure is 

analysed, and various stator windings, including copper/aluminium Litz wires and HTS coils, 

are compared regarding stator AC loss as well as machine power-to-weight ratio (PTW). This 

chapter highlights the potentials of using HTS armature windings. 
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Chapter 5 investigates the transport current AC loss evaluation of standard 2G HTS insulated 

coils as the electrical loading is vitally important to the HTS stator coil. The 2D H-formula 

under cylindrical coordinate is used to evaluate the loss, using the same testing coil as for the 

previous model validation. The transport current AC loss is calculated regarding different 

conditions related to electric motor design in electric propulsion systems: different applied 

current and its harmonics, the cryogenic working temperatures and the working frequencies.  

Chapter 6 investigates the AC loss of normal 2G HTS armature coils wound with insulated 

tapes under the real condition of rotating electrical motors. First, the methodology of developing 

the electrical design of the radial flux machine, in particular the HTS machine, is developed. 

The performance of the coils is then analysed under different machine environments, 

specifically different magnetic load levels for partial and full HTS machines. 

Chapter 7 studies coil structures considering multi-filament tape coupled together. A new 2G 

HTS stack coil structure, with two tapes soldered together to increase coil current capacity while 

improving the coil thermal and mechanical stability, is proposed for the HTS stator design. The 

coil is wound with two parallel stacks to achieve required the electrical loading. The coil 

winding layout is described in detail. Then the prepared coil is tested under LN2 temperature 

(77K), and measurements taken of the current distribution in each tape or stack, and of the coil 

transport current AC loss. The properties that impact the loss such as the coil inductance are 

also analysed. Finally, a 2D axis symmetrical model is developed to help understand the coil 

losses under AC conditions.  

Chapter 8 provides the summary of this thesis and lists the potential related future work. 
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Chapter 2 Superconductivity background 

2.1 Introduction to superconductivity 

Superconductivity is a quantum mechanical phenomenon where certain materials can conduct 

electric current with zero resistance when cooled below a characteristic critical temperature. 

The theoretical understanding of this phenomenon has evolved significantly since its discovery.  

It was Heike Kamerlingh Onnes who discovered superconductivity in 1911 as he investigated 

electrical conductivity at low temperatures[45]. Over years, superconductors were found to 

exhibit zero electrical resistance below specific temperatures, which are known as their critical 

temperatures, by proving a persistent current existing in superconductor rings.  

People treated superconductors as ideal conductors until 1933, when Walter Meissner and 

Robert Ochsenfeld discovered diamagnetic superconductors, which is also known as the 

Meissner effect. As shown in the figure below, the magnetic field is excluded from the interior 

of a superconductor if cooled down below the critical temperature, TC. Thus superconductors 

have both characteristics of perfect conductivity and perfect diamagnetism. However, this will 

only happen when the external field is below a certain critical field, HC. 

 

Figure 2.1 Meissner effect of superconductors [46] 

Meanwhile, beyond the critical temperature, TC, and critical field, HC, there is also a current 

limit for superconductors, known as the critical current density, JC. When the current exceeds 

the limit, the superconducting state is lost and the material reverts to a normal state. 
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These three quantities are linked together, and the boundary between the superconducting state 

and the normal conducting state can be described through the critical surface as shown in Figure 

2.2. The superconducting state is limited through this surface. 

 

Figure 2.2 Schematic diagram of the critical surface of a superconductor (critical temperature TC, critical 
current density JC, and upper critical magnetic field HC2) [47] 

2.1.1 Low temperature and high temperature superconductors 
Superconductors can be classified according to their critical temperature. They can be defined 

as low temperature superconductors (LTS) if their critical temperature, TC, is below 30 K 

(Kelvin), or they can be high temperature superconductors (HTS) when TC goes above 30 K. 

According to the discovery history of superconducting materials, their TC ranges from 1.6 K to 

over 120 K. Figure 2.3 illustrates this discovery history. 

LTSs are usually those metals, alloys and some compounds while HTSs are superconducting 

oxides such as Ba-La-Cu-O and Y-Ba-Cu-O. The discovery of superconducting copper oxides 

with Tc above 77 K gives a chance to use superconductors in large-scale industrial 

applications[48]. These copper oxides include lanthanum-strontium-copper-oxide (LSCO), 

bismuth-strontium-calcium-copper-oxide (BSCCO), and rare-earth-barium-copper-oxide 

(REBCO, where rare-earth-barium includes yttrium, gadolinium, europium, or neodymium). 

The BSCCO material has a critical temperature above 100 K and YBCO material (in REBCCO) 

has the critical temperature at 77 K, which is the boiling point of liquid nitrogen. Therefore, 

HTS is more attractive because it can be cooled by liquid nitrogen, which is much cheaper than 

liquid helium. It is noticed that YBCO tapes are commonly used in HTS coils and can be used 

for armature windings in motor designs. 



14 
 

Low-temperature superconductors (LTS) such as niobium, tin and niobium titanium, which 

remain superconducting at low temperatures, are often used in high-field magnet applications. 

These applications include magnetic resonance imaging (MRI) scanners and systems for 

particle physics experiments such as CERN’s Large Hadron Collider, where they help generate 

the strong magnetic fields needed to guide and accelerate subatomic particles[49-51]. 

High-temperature superconductors (HTS) such as YBCO or BSCCO have improved our 

understanding of superconductivity. They become superconducting at temperatures above the 

boiling point of liquid nitrogen, which means they can be used more easily and cheaply. HTS 

enables the use of superconductors in power cables, fault current limiters, and even grid-scale 

superconducting magnetic energy storage systems, thereby improving the efficiency and 

reliability of power transmission networks[52, 53].  

HTSs can be subdivided into first and second generation. First generation (1G) HTS such as 

BSCCO, are used in applications that can operate at higher temperatures to reduce cooling costs. 

However, while 1G HTS materials are useful, they are brittle and difficult to form into wires or 

ribbons, limiting their use in dynamic or mechanical applications[54, 55].  

Second generation (2G) HTS are primarily YBCO-based second generation HTS which have 

much better mechanical properties and higher critical current densities. These are then coated 

onto textured flexible substrates so that they may be used in applications with higher mechanical 

requirements, such as motors, generators, and maglev trains. The improved mechanical 

properties and higher critical current density of 2G HTS make them ideal for applications that 

require strong, reliable, and efficient superconductors[56-58].  

The scope of LTS and HTS applications continues to expand as researchers explore the potential 

of these materials in renewable energy technologies, digital electronics, and transportation 

systems. HTS materials are at the forefront of transformative innovations in clean energy 

technologies, such as wind turbines and electric aircraft, which require efficient and high-

capacity power systems[59-62]. 
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Figure 2.3 Discovery of major superconductors (DoITPoMS, University of Cambridge) 

2.1.2 Type I superconductors and type II superconductors 
Superconductors can also be categorized by their magnetization properties. Superconductors 

are named as type I superconductors if they go directly to a normal state as the field increases, 

and they are called type II superconductors if they enter a mixed state before becoming normal. 

The details of these two types of superconductors are reviewed in the following sections.  

In physics, type I superconductors are referred to as ‘classical superconductors’. These types of 

superconductors are typically pure elemental metals like tin, lead, or mercury. They have a 

critical magnetic field at or below which they become superconductive when cooled below their 

critical temperature and exhibit zero electrical resistance. Under such temperature, magnetic 

fields are completely expelled from them, showing what is known as the Meissner effect. 

However, type I superconductors find only limited uses due to their low critical temperatures 

and magnetic fields. Notably, they are important for magnetic shielding as well as highly 

sensitive magnetic field detectors. The critical field, Hc, is an important characteristic of a 

superconductor. If cooled down below Tc in a field H < Hc, type I superconductors will expel 

the field[63]. As the field exceeds Hc, superconductors will transit from the superconducting 

state to normal state. The temperature dependence of Hc is illustrated in the figure here.  
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Figure 2.4 The dependence of Hc on temperature for type I superconductors 

Shubnikov first found the nature of type II superconductivity through his experiments in 1937. 

Unlike type I superconductors, type II superconductors are usually made of alloys or 

intermetallic compounds, which make them more complex. They have two critical fields that 

are essential to their magnetism. This property allows them to remain superconducting even in 

very strong magnetic fields by entering a mixed state that allows magnetic vortices to pass 

through them without destroying the superconductivity. As a result, type II superconductors are 

used in industry where high magnetic fields are required, such as when building electromagnets 

for MRI machines or particle accelerator equipment[64, 65]. The dependence of HC on TC of a 

type II superconductor is schematically explained in Figure 2.5. There are two critical fields. 

For a weak field H < HC1, it performs perfect diamagnetism; for field H > HC2, it enters normal 

state; and for a field that lies between two critical fields (HC1 < H < HC2), the superconductor 

reaches a state named mixed state. In such a mixed state, type II superconductors have finite 

resistance, and are able to carry a large current[63]. This characteristic enables type II 

superconductors be used in large-scale applications.  
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Figure 2.5 The dependence of Hc on temperature for type I superconductors 

Type I and type II superconductors have different applications [13][14][15][16]. Type I 

superconductors are needed for ultrasensitive magnetic sensing, such as scientific instruments 

that measure magnetic fields at the nanoscale. Type II superconductors are used in extremely 

severe environments that require high durability and stability. For example, in the aerospace 

and defence industries, they are used for everything from satellite communication systems to 

advanced radar technology.  

Type I and type II superconductors can be quantified through the Ginzburg-Landau (GL) theory 

proposed by V. L. Ginzburg and L. D. Landau in 1937. It explains the superconductivity phase 

transition and helps quantify the distinction between type I and type II superconductors. The 

GL theory aims to minimize the free energy of a superconductor through finding two functions: 

a wavefunction and a magnetic vector potential function in a spatial coordinate. Two length 

scales are also introduced for the purpose of superconductor classification[63, 66]. The 

coherence length, ξ, is a distance near the boundary of the superconducting and normal states 

where the density of a cooper pair reaches a constant density. The penetration depth, λ, is a 

length for external field decay exponentially to zero in a superconductor. The important 

dimensionless GL parameter is defined here, 

𝜅𝜅 =
𝜆𝜆
𝜉𝜉

(2. 1) 

A superconductor belongs to type I if < 1
√2

 , otherwise it is a type II superconductor. 
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2.1.3 Structure of 2G HTS tape using YBCO HTS material 
Reasons for the widespread use of YBCO is its unique crystal structure which includes yttrium 

atoms located between CuO4 planes and barium atoms located between CuO2 ribbons and CuO4 

planes (Figure 2.6). This structure leads to significant differences in superconducting and non-

superconducting properties because the resistivity within the CuO4 planes is lower compared 

to the CuO2 ribbons. The smaller ionic radius of yttrium (Y) compared to other rare earth 

elements such as gadolinium (Gd) or europium (Eu) leads to a higher charge carrier density in 

the superconducting CuO4 planes. In addition, YBCO shows lower electronic anisotropy and 

higher irreversibility field compared to GdBCO and EuBCO, making it a favourable choice for 

the production of commercial HTS coated conductors. The increasing popularity of YBCO has 

made it useful in large high-field magnets and high current coils. The armature windings in this 

research are also made of YBCO tapes. 

 

Figure 2.6 Part of the lattice structure of YBCO (CC BY-SA 3.0) 

 

The REBCO tape structure is displayed in Figure 2.7. Taking YBCO tape we introduced as an 

example: The YBCO (Yttrium Barium Copper Oxide) tape structure comprises multiple layers, 

Copper

http://creativecommons.org/licenses/by-sa/3.0/
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each with specific materials and dimensions designed to optimize superconducting properties. 

The base is a substrate layer made of Hastelloy or stainless steel, typically with the thickness 

of 50 to 100 µm, providing mechanical support and flexibility. Above the substrate are buffer 

layers (usually 5 layers and 50–200 nm each) of materials like cerium oxide, yttria-stabilized 

zirconia, and lanthanum aluminate, which facilitate the epitaxial growth of the YBCO layer and 

prevent interdiffusion. The superconducting YBCO layer, usually only 1–2 µm thick, is the core 

of the tape, responsible for its superconducting properties. Stabilization layers of silver (1–2 

µm) and copper (20–50 µm) provide thermal and electrical stability, while protective silver 

layers (1–2 µm) guard against environmental degradation and mechanical damage. Each layer’s 

material and thickness are cautiously chosen to ensure the tape’s optimal performance and 

durability.  

 

Figure 2.7 Architecture of a standard SuperPower 2G HTS tape using REBCO HTS material 

2.2 Critical state model of type II superconductors 

2.2.1 Flux pinning 
As a magnetic field penetrates into a type II superconductor in the mixed state, the flux inside 

superconductors performs as tubes, which are named as vortices[66]. Components of a vortex 

are shown in Figure 2.8. The flux goes through a core with radius of the coherence distance, ξ, 

and scree currents flow around that core with a radius of the penetration depth, λ, and 

decrease exponentially. 
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Figure 2.8 Diagram of a vortex [67] 

When two vortices are close to each other, a repulsive Lorentz force exists between one vortex’s 

screening current and the other’s magnetic flux.  

If transport current is applied to a type II superconductor in the mixed state, there will be a 

Lorentz force between transport current and vortices. As the transport current is fixed by the 

superconductor boundaries, vortices will move perpendicular to the current direction thus 

generating an electric field along the direction of the transport current. The V-I characteristic 

performs as a resistance, as a result, a loss is generated in a type II superconductor. Flux pinning 

is introduced to help type II superconductors carry large transport current with no loss. It fixes 

vortices by adding impurities which require less energy to form vortices in these positions 

(known as pinning centres). The critical current density, Jc, is defined where the average pinning 

force is equal to the Lorentz force.  

2.2.2 Flux creep, flux flow and E-J power law 
Ideally, there is no loss in a superconductor with DC transport current or field when the current 

density is less than the critical current density. However, in a real situation, when the 

temperature is above zero, vortices may “creep” out of the pinning centres as a result of thermal 

fluctuations. This flux creep matters because vortex motion will induce an electric field thus 

power dissipation in the superconductor. When current density, J, exceeds Jc, the pinning force 

is no longer greater than the Lorentz force, hence the vortices start to flow. This is the flux flow 

state. E-J power law [68] describes these two characteristics: 

𝐸𝐸 = 𝐸𝐸0 �
|𝑱𝑱|
𝐽𝐽𝑐𝑐
�
𝑛𝑛 𝑱𝑱
𝐽𝐽𝑐𝑐

(2. 2) 
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where n is a constant depending on materials and temperature, and E0 is 10-4 V/m. 

 

Figure 2.9 An example of flux creep and E-J power law to determine critical current density 

2.2.3 Bean’s critical state model 
The model was proposed by Bean in 1962. The critical state model (CSM) is a macroscope 

scale model [69] which replaces detailing individual vortices by an average taken over a large 

number of vortices. This model provides a fundamental understanding of the dynamics of 

magnetic flux penetration and distribution in type II superconductors. In Bean’s model[70], 

when an external field is applied to a type II superconductor, the magnetic field will not 

penetrate the material uniformly and is equal to the superconductor’s volumetric average of 

𝜇𝜇0𝐻𝐻𝑠𝑠, where 𝐻𝐻𝑠𝑠 is the magnetic field within the superconductor. Figure 2.10a shows a type II 

superconducting slab infinitely high (along the y-direction) and deep (along the z-direction), 

and 2a wide (along the x-direction). When an external field 𝐻𝐻𝑒𝑒 is applied parallel to a slab, a 

magnetic field 𝐻𝐻𝑠𝑠(𝑥𝑥) within the slab is produced. Regarding Ampere’s law, this field satisfies: 

 

Figure 2.10 a) Slab of type II superconductor under an external field[70]; b) critical current 

density 𝐽𝐽𝑐𝑐(𝑥𝑥) corresponding to 𝐻𝐻𝑠𝑠(𝑥𝑥) 
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𝐻𝐻𝑠𝑠(𝑥𝑥) = �
0

𝐻𝐻𝑒𝑒 − 𝐽𝐽𝑐𝑐𝑥𝑥
𝐻𝐻𝑒𝑒 + 𝐽𝐽𝑐𝑐(𝑥𝑥 − 2𝑎𝑎)

     
(𝑥𝑥 ∗≤ 𝑥𝑥 ≤ 𝑥𝑥 +)
(0 ≤ 𝑥𝑥 ≤ 𝑥𝑥 ∗)
(𝑥𝑥+≤ 𝑥𝑥 ≤ 2𝑎𝑎)

(2. 3) 

It also proposes that, microscopically, the electrical current density in any part of a hard 

superconductor is either zero or is equal to the critical current density, Jc. After considering the 

fact that the change in magnetic field is related to the existence of the electrical field, E, he 

provided a formulation to describe current density in a hard superconductor[69]:  

|𝐽𝐽| = �0,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝐸𝐸 = 0 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖 
𝐽𝐽𝑐𝑐 ,                                   𝑒𝑒𝑎𝑎𝑒𝑒𝑖𝑖𝑤𝑤ℎ𝑒𝑒𝑒𝑒 (2. 4) 

2.2.4 Kim-Anderson Model 
Compare to Bean’s model, the Kim-Anderson model provides a more detailed and dynamic 

picture of how magnetic flux behaves in type II superconductors. It considers the impact of 

magnetic field on the critical current density, and can be expressed as[66]: 

𝐽𝐽𝑐𝑐(𝐵𝐵) =
𝐽𝐽𝑐𝑐0

1 + 𝐵𝐵
𝐵𝐵0�

(2. 5)
 

where Jc0 is the critical current with no external field, and B0 is a constant. 

The model helps in analysing the AC losses in type II superconductors, which are important for 

the design of superconducting cables and other devices operating in alternating current 

environments. 

2.3 AC loss in 2G HTS tape 

2.3.1 AC loss mechanisms 
Generally under direct current (DC) conditions, superconductors have zero electrical resistance, 

i.e. there is no power dissipation when carrying a DC. However, there will be energy loss under 

alternating current (AC) conditions. The energy loss can be treated as the result of the voltage 

induced in the conductor. This energy loss is called AC loss of superconductors. The production 

of AC loss could be explained with the help of the superconductor magnetization process: as 

indicated in Figure 2.11[71], a superconductor is placed in a time-varying external magnetic 

field. As the field increases along the y-axis positive direction, it gradually penetrates the 

superconductor in the form of magnetic vortices (flux lines) pinned to the superconductor 

material. The internal magnetic field changes as the applied magnetic field changes. Regarding 
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Faraday’s law, ∇ × 𝑬𝑬 = −𝜕𝜕𝑩𝑩
𝜕𝜕𝜕𝜕

, the magnetic field variation inside the superconductor induces an 

electric field, E. As a result, there will be screening currents in the material due to this electric 

field, E. The screening currents circulating the superconductor are shown in Figure 2.11a. The 

screening currents (white) shield the interior (grey) from the magnetic field. According to 

Ampere’s law, ∇ × 𝑩𝑩 = 𝜇𝜇0𝑱𝑱, the screening currents determine the magnetic field distribution in 

the superconductor. With this induced electric field, E, as well as the current flowing in the 

material, there will be an energy dissipation given by E×J. This energy is required for depinning 

the flux lines or leading to the movement of the vortices inside the material. The energy 

provided by the magnet generating the field, in the end, is converted into heat dissipation. 

Considering the HTS working environment requires cryogenic temperature, this heat 

dissipation has to be removed by the cooling system. Therefore, AC loss is an undesirable 

phenomenon and needs to be reduced as much as possible[71, 72].  

In reality, the screening currents could be induced by the variation of either the current flowing 

inside the superconductor materials or the applied external magnetic field in the mode of AC 

cycle. Therefore, AC loss is vitally important for applications where the superconductors have 

to experience time-varying (AC) currents or are under an external time-varying magnetic field, 

such as the HTS electrical machines studied in this research.  

 

Figure 2.11 Cross-section of a superconductor under a time-varying external magnetic field 

As for the source of the AC loss in an HTS tape, all layers have been taken into account, which 

means the loss occurs in different positions in a tape. Recalling the structure of 2G HTS tape, 

i.e. one HTS layer, two copper stabilizers, one silver overlayer, as well as one substrate. Total 
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losses include not only superconducting hysteresis losses in the superconducting layer but also 

eddy-current losses in metal parts, coupling losses caused by interactions between coupled 

superconducting filament currents, and ferromagnetic losses related to magnetic materials. The 

explanations of different AC loss are given in this section. 

 

Figure 2.12 Schematic of the different loss contributions in technical HTSs 1) Hysteresis losses in the 
superconductor; 2) eddy current losses in the normal metal stabilizer; 3) coupling losses between 
filaments (e.g., through conducting paths due to imperfections of the striation process); and 4) 
ferromagnetic losses in the substrate. [69] 

2.3.2 Hysteresis loss 
Hard superconductors are those whose flux tubes are strongly pinned to preferred positions. 

Under DC conditions, whether transporting a DC current or under a DC magnetic field, a 

superconductor could have zero resistance[63, 66]. However, under AC conditions, the vortices 

must move due to the change of the penetrating magnetic field[69]: The pinning force performs 

as an obstacle, and it is an irreversible process to supersede it. The accompanied dissipation is 

the hysteresis loss in hard superconductors. In many superconducting applications, the 

prospected AC loss value is too high to make the application attractive on the market[69].  

Hysteresis loss occurs due to the movement of magnetic vortices within the superconducting 

material[72]. These vortices are pinned by defects and impurities, and their movement generates 

energy dissipation. The hysteresis loss is directly proportional to the area of the hysteresis loop 

in the magnetization curve of the superconductor. This type of loss is significant in type-II 

superconductors like YBCO, where flux pinning is a dominant mechanism. 

Beyond hysteresis loss in the HTS material itself, for technical superconductors consisting of a 

superconductor as well as metal, substrates and magnetic materials, there are other types of loss.  
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2.3.3 Other types of AC loss 
Eddy-current loss arises from the induced currents in the superconducting material or its 

stabilizing metal layers when exposed to time-varying magnetic fields. These currents flow in 

loops within the material, causing joule heating and energy dissipation. The magnitude of eddy-

current loss depends on the frequency of the applied magnetic field and the electrical 

conductivity of the material. In HTS, eddy-current loss is particularly relevant in metallic 

stabilizers and the superconducting matrix[73].  

Coupling loss occurs in multifilamentary superconductors due to the interaction between 

different filaments through the matrix material. When an external magnetic field changes, it 

induces currents that couple between the filaments, causing energy dissipation. This loss is 

influenced by the twisting and transposition of the filaments, as well as the resistivity of the 

matrix. Coupling loss can be a major contributor to AC losses in superconducting cables and 

wires[74]. 

Ferromagnetic loss is observed in superconducting composites where ferromagnetic materials 

are used as stabilizers or substrates. The time-varying magnetic field induces magnetization 

changes in the ferromagnetic material, leading to hysteresis and eddy-current losses within the 

ferromagnetic components. This loss is significant in HTS tapes and wires with ferromagnetic 

substrates[69]. 

Therefore, the total losses occurring in HTS tapes include not only superconducting hysteresis 

losses but also eddy-current losses in metal parts, coupling losses caused by the coupling of 

superconducting filament currents, and ferromagnetic losses related to magnetic materials. 

2.3.4 Existing HTS motor topologies for electric propulsion 
2.3.4.1 Partially superconducting synchronous machines 
Many achievements of partially superconducting synchronous machines have been developed 

since the discovery of HTS in 1986[42]. The benefits of high-temperature superconductors 

(HTS) can be maximized by integrating part of the superconducting machine into the rotor or 

stator and using conventional components in the opposite part. This approach combines the 

excellent magnetic properties of HTS materials with design simplicity and cost-effectiveness. 
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PSCMs can be subdivided into two options: superconducting rotor with conventional stator 

windings and normal rotor with superconducting stator windings. Currently, there are many 

design concepts that consider the former option while the latter is less focused. 

Superconducting rotor with conventional stator windings designs that combine HTS stators 

with standard copper rotors optimize electromagnetic interactions to improve overall efficiency. 

For example, a rotor using YBCO tape achieves an average flux density of 1.8 Tesla and 

operates at a power density of 6.6 kW/kg, keeping the operating temperature around 25 K. It is 

suitable for compact aerospace applications that require high torque and high efficiency[75]. 

Another design uses a rotor with trapped flux magnets to optimize flux density without 

continuous external magnetization, achieving a power density of 7 kW/kg at 20 K[76]. 

Advanced rotor configurations are able to produce a power density of 7.5 kW/kg and a flux 

density of 3 Tesla at an operating temperature of 20 K, demonstrating the power of HTS[77]. 

In this type of machine, only the superconducting coils in the rotor are put into the cryostat. A 

torque tube is used in the cryostat for rotating machines to connect the cryogenic temperature 

part with the room temperature part. A structure of this kind of PSCM is illustrated in the figure 

below. 

 

Figure 2.13 The structure of PSCM with cryostat [20] 

In such a design in Figure 2.13, the cryostat materials are usually stainless steel (SUS) or fibre 

reinforced plastic (FRP) and the coolant is liquid hydrogen (LH2). Regarding[20], without the 

use of superconducting cryogenic, the machine could achieve 14.4 kW/kg and 16.9 kW/kg at a 

rated power of 3 MW and 5 MW, respectively. Another PSCM using the same idea is presented 
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in[25]. Using Novec 7500 as the cooling liquid, this design can achieve a power density of 10.2 

kW/kg at a rated power of 3 MW.  

HTS stator and conventional rotor, on the other hand, refers to a machine with an HTS stator 

incorporated into a copper-based rotor. The goal is to improve overall system efficiency by 

increasing magnetic coupling throughout the stator. Motors that incorporate BSCCO HTS 

stators are able to achieve power densities up to 16 kW/kg at 20 K, which is a significant 

improvement over previously manufactured models[78]. Another design pairs the two 

components together with a power density of 13 kW/kg, thereby focusing on minimizing heat 

losses during operation while still achieving the highest motor efficiency levels[79]. Another 

type uses YBCO coated conductor windings, achieving a power density of 7.5 kW/kg and 

producing 3 T at 20K, which also makes them ideal for aircraft propulsion systems as they have 

advantages such as producing higher torque[80]. 

Based on the research in[25], the designs of PSCM with the best power density have relatively 

low airgap magnetic flux densities in the range from 0.55 to 0.9 T. With this low field range, 

the stator electrical loading can be maximized thanks to high current capacity of HTS. These 

magnetic flux densities can be accomplished by PM as well. Therefore, a PSCM with 

superconducting armature winding and a rotor using Halbach PMs is worth studying. 

2.3.4.2 Fully superconducting machines 
Fully superconducting machines use HTSs for both the stator and rotor components. This 

enables not only high magnetic loading on the rotor but also achieves high electric loading on 

the stator. A slotless design without an iron core is chosen to reduce the machine weight. This 

allows fully HTS machines to be more efficient, have a higher power density, and deliver better 

electromagnetic performance[42].  

These machines are necessary when a great deal of energy must be saved during high-power 

applications. According to the review work in[81], fully superconducting machines are a 

significant advancement in motor technology which can be applied in various fields such as 

aerospace due to their reduced size, high efficiency, and increased power output. This is also 

supported by the different prototypes of industrial scale synchronous HTS motor systems built, 

some of which are given in Table 1.1.  
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Some existing fully HTS motor designs are given here. A prototype using YBCO windings as 

both stator and rotor at 20 Kelvin (K) could deliver 7.5 kilowatts per kilogram (kW/kg) power 

density[82]. Another type of fully HTS motor using multi-filament MgB2 superconducting 

wires could achieve 6.6 kW/kg power density at 25 K offering improved thermal stability as 

well as operational efficiency[83]. Another mixed HTS material motor design using YBCO 

plates and MgB2 wires is also proposed[84]. At 20 K, this motor has a power density of 7 kW/kg 

and an average flux density of 1.8 T. It shows that we can have propulsion systems with very 

high efficiency to meet the tough requirement of electrical aircrafts.  

Compared to PSCMs, putting armature and field coils in the same cryostat makes for FSCMs 

with a smaller airgap[20]. Matthias et al. stated that FSCMs could achieve 3.5 times higher 

power density than PSCMs[25]. Though a significant size reduction can be realized through 

this kind of design, the cooling structure can be more complicated. Meanwhile, AC losses in 

stator and rotor are interdependent which makes the investigation even more complex[85].  

The general options for both superconducting stator and rotor design for radial flux motor 

designs are summarized in the figure below. 

 

Figure 2.14 Design options for superconducting stator and rotor in radial motors. Stator types: a) b) 
Concentrated and distributed windings with iron teeth; c) d) Concentrated and distributed windings with 
no iron teeth. Rotor types: e) Salient pole version; and f) surface-mounted superconducting magnets or 
coils. [85] 

Machine stator design depends on two main factors: whether windings are concentrated or 

distributed, and whether with iron teeth or not. There is still a lack of evidence to show which 

option performs the best [85]. As for the rotor, option e in Figure 2.14 is suitable for the rotor 

using coils while option f in Figure 2.14 is designed for superconducting bulks of stacks of HTS 

tape. The radial flux motor designs usually requires stator back iron to enhance the magnetic 
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loading [85],  however, coreless stator is sufficient in axial flux motor designs thanks to its 

compact structure [86-88]. 

Charalampos et al. focused on superconducting machine stator design and proposed a stator 

structure with flux diverter in[28]. The schematic diagram of this structure is shown below. 

 

Figure 2.15 Schematic diagram of thin (left) and thick (right) flux diverter position around the stator 
superconducting coils [28] 

This C-shape flux diverter allows for flux passing around coils while reducing flux passing 

through the coils. Their research also considered the influence of the air core, and the thickness 

of the flux diverter as well as pole numbers on superconducting losses. 

Generally, HTS tapes or bulks are used for field winding while HTS tapes or MgB2 wires are 

selected for armature windings. Magnetic flux density in the air gap is greater than 1 T and 

machine power density can easily exceed 20 kW/kg[25, 28], [19], [20],[85]. However, there is 

still a long way to go before FSCMs can be realized. Evaluation of AC losses and the 

requirements of superconducting cooling systems are two main issues that need to be 

considered carefully. 

2.4 Technical importance of AC loss to HTS propulsion motors 

Superconductors are developed for application in high-power devices such as transformers, 

power-transmission cables, motors and generators. To become competitive to normal 

conductors, superconductors have to meet both the main requirements of a high critical current 

and a low unit price. In addition, the AC loss should be low enough to make the extra investment 

in the superconductor and the cooling equipment reasonable. The use of superconductors is 

mainly determined by financial considerations: the cost of energy, the superconductor price 

(including extra production steps intended to decrease the AC loss), the cost of the cryogenic 
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component, maintenance and reliability[71]. As mentioned before, the AC loss in a 

superconductor is much lower than that in a normal conductor under the same circumstances. 

However, the AC loss reduction is vitally important as the energy is dissipated in the form of 

heat in a low-temperature environment. Extra energy is needed by the cryogenic equipment to 

remove this low temperature AC loss, and this extra energy is usually much greater than the 

dissipated heat. Regarding[89], the total power consumption of a typical device operating at 77 

K (LN2 operating temperature) is about 15 times the AC loss in the superconductor. Therefore, 

it is necessary to accurately predict the AC loss and meanwhile minimize the total AC loss.  

In superconducting machines, the magnetic loading is set to 1–2 T [71] to increase the total 

output power. In general fully HTS machine designs, the rotor has DC HTS windings to achieve 

a nearly constant magnetic field; and the stator has AC HTS windings to subject to the rotating 

magnetic field produced by the rotor. The main AC loss in a fully HTS machine is generated 

from the stator AC windings. This AC loss is mainly influenced by the external rotating 

magnetic field component perpendicular to the tape wide surface and the transport AC current 

applied to the tape (and the formed coil). In general, from an AC-loss viewpoint, the 

construction of a fully superconducting motor is a greater challenge than other high-power 

devices. 

2.5 Conclusion 

This chapter provides a review of superconductivity from the discovery history and definition 

of superconductors to categories of superconductors. It reviews the electromagnetic properties 

behind superconductivity, such as the Meissner effect. It also introduces the discovery of critical 

temperature, current density, and magnetic field behaviour of the superconducting state.  

The distinction between low-temperature superconductors (LTS) and high-temperature 

superconductors (HTS) provides a framework for analysing their practical applications and 

material properties. While LTS, including metals such as niobium and tin, are suitable for high-

magnetic field applications such as MRI machines and particle accelerators, HTS materials such 

as YBCO hold great promise for energy-efficient, large-scale applications due to their 

operability at liquid nitrogen temperatures. The structural properties of HTS, especially the 

layered structure of 2G HTS tapes, enable improved performance in demanding environments 

such as electric motors, renewable energy systems, and advanced transportation technologies. 
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Considering the critical temperature, superconductors can be divided into low-temperature 

superconductors (LTSs) and high-temperature superconductors (HTSs). Generally, LTSs with 

lower working temperatures require more expensive coolant (such as liquid helium) while the 

HTSs with higher critical temperatures need much cheaper coolant (such as LN2). Moreover, 

HTSs can work under a higher magnetic field. Hence, HTSs are more widely considered in 

engineering applications. 

Regarding the transition between the superconducting state and normal state, superconductors 

can be also categorized into Type I and Type II superconductors. While Type I superconductors 

transition from the superconducting state directly towards normal state, Type II superconductors 

have a mixed state between purely superconducting state and purely normal state. The 

Ginzburg-Landau theory, along with coherence and penetration length, helps to classify the two 

types.  

AC loss is an important consideration in the use of superconductors, especially in high-power 

applications like motors. Unlike zero-resistance performance in DC conditions, AC conditions 

induce losses. This energy loss is crucial as additional energy is required to remove it under 

cryogenic temperature. The mechanism behind the AC losses, and different types of AC losses 

such as hysteresis losses, and coupling losses are explained in this chapter as well. Followed by 

the overview of existing HTS motor topologies for electric propulsion, the technological 

importance of AC loss and its decrease is explained, particularly in superconducting propulsion 

motors, where optimizing the magnetic field and minimizing AC losses are critical in terms of 

power density and efficiency. 
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Chapter 3 AC loss evaluation of HTS 

3.1 Introduction 

This chapter reviews the general methodologies used for the AC loss evaluation of HTS. They 

are analytical methodologies, numerical modelling methodologies and the experimental 

methodologies. The analytical methodologies that help to give an initial evaluation of the AC 

loss are introduced first. Then a comprehensive overview of numerical modelling 

methodologies is presented, including different electromagnetic formulae explanations, from 

the widely used general H-formula to the efficiently simplified T-A formula and their strengths 

and weaknesses. Subsequently, the up-to-date improved numerical modellings adapted to large 

scale HTS are introduced. Finally, the three commonly used measurement methodologies, 

electric method, magnetic method and calorimetric method are reviewed as well as their 

strengths and weaknesses. In addition, a testing coil made of 2G YBCO tapes is proposed here. 

The transport current loss is measured using the electric method and, with the help of the 

measurement results, the validation of the numerical models used in this research work is 

conducted. 

3.2 Analytical analysis of AC loss calculations 

The calculation of AC loss contains three main steps. First, the E(J) relation should be identified. 

Besides the consideration of flux creep and flux flow which was mentioned previously, spatial 

variation of the critical current density (i.e. anisotropy[90]) should also be considered for the 

refinements of E-J power. The most important step is to solve the electromagnetic quantities. 

The possible state electromagnetic variables are stated according to Maxwell’s equations: 

∇ × 𝐸𝐸 = −
𝜕𝜕𝐵𝐵
𝜕𝜕𝑖𝑖

(3. 1) 

∇ × 𝐵𝐵 = 𝜇𝜇0𝐽𝐽 (3. 2) 

The state variables vary with the simulation method. For electric field, the variables are current 

density, J(r,t), and the related current vector potential, T(r,t); while for magnetic field, the 

variables are magnetic field, H(r,t) and the magnetic scalar potential Ω(r,t) or magnetic vector 

potential, A(r,t), where r and t are position vector and time, respectively[69]. Then the density 

of local power dissipation: 
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𝑝𝑝 = 𝑱𝑱 ∙ 𝑬𝑬 (3. 3) 

The total AC loss per cycle is obtained through the integral of dissipation in the superconductor 

domain: 

𝑄𝑄 = � � 𝑱𝑱 ∙ 𝑬𝑬𝑑𝑑𝑑𝑑
𝑉𝑉

𝜕𝜕

0
(3. 4) 

where t is the period cycle, and V is the superconducting domain. Transport loss is the loss 

produced by transporting an AC current, and magnetization loss is caused by the external AC 

field[91]. 

It is common to categorize AC loss according to the source of AC loss: transport current loss 

refers to the loss due to the current transporting inside the superconductors without any external 

magnetic field, while magnetisation loss is caused by the external magnetic field without any 

current flowing inside the superconductors. Magnetization loss consists of hysteresis loss, 

coupling loss and eddy current loss as introduced in previous sections. Transport current loss 

consists of hysteresis loss and flux flow loss[72]. Among the transport current losses, the 

hysteresis loss is produced as a result of a time-varying magnetic field generated by the current 

flowing through the superconductors. This field is defined as the self-field of superconductors. 

The flux flow loss exists as the transport current increases thus more and more vortices are 

moving in the superconductors. 

The transport current loss could be evaluated by[72, 92]: 

𝑃𝑃𝜕𝜕𝑡𝑡𝑡𝑡𝑛𝑛𝑠𝑠 =
𝜇𝜇0𝑓𝑓𝐼𝐼𝑐𝑐02

𝜋𝜋
[(1 − 𝑖𝑖) ln(1 − 𝑖𝑖) + (1 + 𝑖𝑖) ln(1 + 𝑖𝑖) − 𝑖𝑖2] (3. 5) 

This expression describes the average transport current loss per unit length regarding the Norris 

equation [93]. If there is an HTS tape that carries an AC current with the amplitude of 𝐼𝐼𝜕𝜕 with 

the frequency of f, with its self-field critical current 𝐼𝐼𝑐𝑐0, then the load current ratio, 𝑖𝑖 = 𝐼𝐼𝜕𝜕/𝐼𝐼𝑐𝑐0. 

It is noticed that as the load current ratio increases sufficiently high, part of the current will flow 

into the normal conducting layers of the HTS tape thus leading to a conventional resistive loss 

contribution. 

The magnetization loss could be evaluated by[72, 92, 94]: 

𝑃𝑃𝑚𝑚𝑡𝑡𝑚𝑚 = 4𝜋𝜋𝜇𝜇0𝑤𝑤2𝑓𝑓𝐻𝐻0𝐻𝐻𝑐𝑐 �
2𝐻𝐻𝑐𝑐
𝐻𝐻0

ln �cosh �
𝐻𝐻0
𝐻𝐻𝑐𝑐
�� − tanh �

𝐻𝐻0
𝐻𝐻𝑐𝑐
�� (3. 6) 
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If there is an HTS tape placed under an external AC magnetic field perpendicular to its wider 

surface, with the amplitude of 𝐵𝐵𝑒𝑒𝑒𝑒𝜕𝜕 or the magnetic strength of 𝐻𝐻0 = 𝐵𝐵𝑒𝑒𝑒𝑒𝜕𝜕/𝜇𝜇0, and 𝐻𝐻𝑐𝑐 describes 

the characteristic field generated by 𝐼𝐼𝑐𝑐0/(2𝑤𝑤𝜋𝜋) , then this expression above describes the 

average magnetization power loss per unit length regarding the Brandt equation [92] where f is 

the frequency of the magnetic field, and the HTS tape has the width of 2 𝑤𝑤, the thickness of h, 

and the self-field critical current of 𝐼𝐼𝑐𝑐0. 

When an HTS tape with the dimension of 2𝑤𝑤 in width and h in thickness is placed under an AC 

magnetic field and meanwhile carries an AC transport current, and two AC loss sources have 

the same frequency as well as the initial phase shift, then the total average power dissipation 

per unit length could be evaluated by: 

𝑃𝑃𝐴𝐴𝐴𝐴 =
𝜇𝜇0𝑓𝑓𝐼𝐼𝑐𝑐02

4𝜋𝜋
�
𝑏𝑏
𝑤𝑤
� (𝑃𝑃1 − 𝑝𝑝𝑃𝑃2) (3. 7) 

where: 

𝑃𝑃1 = 𝛼𝛼𝛼𝛼 arccosh𝛼𝛼 − 𝛼𝛼2 + 𝛽𝛽𝐵𝐵 arccosh𝛽𝛽 − 𝛽𝛽2 + 2 (3. 8) 

𝑃𝑃2 = −𝛼𝛼(𝛼𝛼 + 2𝛽𝛽) − 𝐵𝐵(2𝛼𝛼 + 𝛽𝛽) + 2(𝛼𝛼 + 𝛽𝛽)2 arctanh �
𝛼𝛼𝐵𝐵

𝛼𝛼𝛽𝛽 + 1
� + 2𝛼𝛼𝐵𝐵 (3. 9) 

and all other constants: 

𝑐𝑐 = tanh � 𝜋𝜋𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒
𝜇𝜇0𝐽𝐽𝑐𝑐0ℎ

�, 𝑏𝑏 = 𝑤𝑤√1 − 𝑖𝑖2√1 − 𝑐𝑐2 

𝑝𝑝 = sin(𝑖𝑖 − 𝑐𝑐), 𝛼𝛼 = 𝑤𝑤 �1+𝑖𝑖𝑐𝑐
𝑏𝑏
�, 𝛽𝛽 = �1−𝑖𝑖𝑐𝑐

𝑏𝑏
� 

𝛼𝛼 = √𝛼𝛼2 − 1, 𝐵𝐵 = �𝛽𝛽2 − 1 

3.3 Numerical modelling methodology 

3.3.1 General numerical modelling for HTS materials 
Nowadays, 2G HTS has shown potential for large-scale industry, like superconducting 

machines, which will be focused on in this study. As large-scale superconducting systems are 

made from hundreds or even thousands turns of HTS tapes, it is important to find an efficient 

method to study electromagnetic properties (e.g. AC loss) of HTS thus helping design and 

operation. Numerical modelling is a powerful tool for electromagnetic studies of HTS. There 

are three typical finite element method (FEM) models derived from Maxwell’s equations: H-
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formulation[95], A-V formulation [96] and T-ϕ formulation[97]. They are named by the state 

variables to be solved[68]. However, these methods are usually memory and time consuming 

and often used for small-scale systems. The study in [98] proposes a T-A model for the accurate 

and efficient calculation of 2G HTS tapes. Different formulas used to solve Maxwell’s 

equations and numerical models for HTS electromagnetic behaviour simulations are 

summarized in the table below. 

Table 3.1 Different formulae used to solve Maxwell’s equations and numerical models for HTS 
electromagnetic behaviour simulations [99] 

 

The A-V formulation is a proven method for simulating both conventional materials and some 

superconductors[100]. It was first developed in Flux2D by Nibbio et al. in 2001[101, 102]. It 

uses the magnetic vector potential, 𝛼𝛼, and electrostatic potential, 𝑑𝑑, as state variables, where 𝑑𝑑 

is often disregarded in many cases[96]. This 2D model was further extended into 3D in Flux3D 

environment by Cedrat for solving 3D problems[102]. In [103, 104] a co-tree gauged T-f FEM 

and an A-V-J formulation solver is presented by Stenvall and Tarshasaari for computing the 

hysteresis losses of superconductors. These two formulations were compared with the H 

formulation considering degrees of freedom (DOF) and computation efficiency, as well as 

accuracy[105]. With the same mesh size, the A-V-J formulation-based solver can be less time-

consuming than the other solvers in computational speed, however it was found that the A-V-J 

formulation usually needs a denser mesh to get solid outcomes compared to the H and T-f 

formulations.  
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The E-formulation was developed to reduce calculation time by avoiding the derivative 

calculation. Nevertheless, this might lead to convergence problems because of its strongly non-

linear E-J power law[106]. It shows that this divergence appears frequently when the n-value is 

greater than 20. Hence it is not frequently used now. 

The H-formulation [99, 107, 108] is the most widely used formulation to solve electromagnetic 

problems of HTS materials. This method uses the magnetic field strength vector, H, as the state 

variable, solving for its distribution in geometries to simulate the electromagnetic distributions 

within HTS. It can be intuitively easily built up in COMSOL Multiphysics, and get accurate 

results due to its fast convergence property. However, it is usually time-consuming to get results 

as the H-formulation requires the solution of a vector field in non-conducting regions causing 

the linear matrix size expansion, thus increasing the complexity of computation. 

In real cases, there are usually a large number of turns in an HTS coil, making it very 

complicated and time-consuming to use these introduced methods, especially in 3D cases. 

Considering modelling reliability, the general 2D H-formulation and 2D H-symmetrical method 

are presented for solving HTS coil problems. 

The 2D H-formulation is a numerical simulation method based on the finite element method 

(FEM), widely applied in the electromagnetic analysis of high-temperature superconductors 

(HTS). This formula is particularly suitable for analysing electromagnetic field problems of 

HTS materials in a 2D plane, especially when the geometric configuration is simple or 

symmetric, such as individual superconducting tapes, coils and small-scale superconducting 

devices. Compared to the typical 3D H-formulation, by only considering the electromagnetic 

field distribution within a 2D plane, the computational efficiency is higher. Hence it is suitable 

for rapid simulation and analysis. Additionally, the model’s structure is relatively simple, 

facilitating easy implementation and understanding. Regarding[95], 2D is used to simulate the 

magnetic field distribution and AC losses in HTS tapes carrying AC current. The results showed 

that the 2D H-formulation is sufficient to simulate the critical state and electromagnetic 

behaviour of HTS tapes. The study in [109] also validates its applicability to 2D 

electromagnetic field problems. Overall, the 2D H-formulation plays an essential role in the 

two-dimensional electromagnetic analysis of HTS systems, showing outstanding performance 

in rapid simulation and analysis. 
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The 2D H-symmetrical method extends the conventional 2D H-formulation by considering 

symmetry conditions to further enhance computational efficiency and accuracy. By applying 

symmetrical conditions, it is capable of capturing detailed electromagnetic behaviour within 

the symmetrical regions while maintaining computational efficiency. By focusing on a smaller 

computational domain, it becomes feasible to use finer mesh discretization, leading to more 

accurate solutions. Regarding the study in[110], this approach is particularly useful for 

analysing HTS electromagnetic properties where symmetrical geometries and boundary 

conditions are present. According to [111] and[95], this approach can provide accurate 

predictions of the magnetic field distribution and AC losses in the tapes, and effectively capture 

the critical current and magnetic field interactions within the coils. Therefore, this method is 

especially suitable for cylindrical or rectangular geometries commonly found in 

superconducting tapes and coils. 

3.3.2 Improved numerical modelling adapted to large scale HTS 
The simulation methodologies mentioned above are sufficient to analyse the electromagnetic 

properties of HTS materials. However, in real cases, the application of HTS machines focused 

in this research, for instance, requires HTS coils as magnets in a rotor and armature windings 

in a stator. In these situations, a lot of HTS conductors (tapes) are needed. In addition, as in the 

electrical machine situation, electromagnetic analysis compounds the HTS material area and 

other machine areas like back iron or armature slots. Thus the methods previously introduced 

are too time-consuming to be applied to the modelling. Considering electrical machines, to 

achieve sufficient modelling, first of all, the models are degraded into 2D models, hence the 

whole machine geometry is replaced by its cross section area. By ignoring the length of the 

machine, all machine components including HTS coils are modelled by their cross section. 

Meanwhile, the machine area is decoupled into the HTS area and non-HTS area. The HTS area 

is modelled using methods that are more adaptive to a non-linear E-J power law like the H-

formulation. The non-HTS area, however, is modelled using methods that are commonly 

adopted for conventional electrical machines like the A-formulation.  

As introduced in[112], an H-A formulation can be used to simulate an electric machine under 

rotating conditions with HTS windings. When simulating the HTS, considering electromagnetic 

analysis, the H-formulation is more reliable than general the A-formulation as it considers a 

non-linear E-J power law. The A-formulation is sufficient for all the other conventional 
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electrical machine components. Hence, in an H-A formulation, the H-formulation is in charge 

of the HTS domain while the A-formulation is in charge of all other electrical machine domains. 

Another similar modelling method called T-A formulation is proposed[98, 113-117]. It is a 2D 

numerical model that is widely used for complex geometries such as large-scale 

superconducting coil simulations. This method employs a combination of the current vector 

potential, T, in the HTS domain and the magnetic vector potential, A, for the whole model, 

allowing for efficient modelling of the current distribution and magnetic fields in 

superconducting materials.  

The T-A formulation is particularly beneficial for addressing the high aspect ratio of HTS 

conductors and reducing the complexity of the mesh required for simulations. By treating HTS 

tapes as infinitely thin lines, the T-A method simplifies the computational process while 

maintaining accuracy in predicting AC losses and other critical electromagnetic properties[113]. 

This FEM method is easily implemented into commercial software such as COMSOL 

Multiphysics. 

In the study conducted by[113], the T-A formulation was applied to a 2D model of a 

synchronous motor to evaluate AC losses. The results showed good agreement with previously 

validated methods. Additionally, the study also highlighted after considering the anisotropy of 

the critical current density, further enhancing the accuracy of the simulations using the T-A 

formulation is further enhanced. 

 

Figure 3.1 2D HTS machine modelling geometry example using T-A formulation [118] 

The T-A homogenized method extends the basic T-A formulation by averaging the 

electromagnetic properties over multiple superconducting layers, effectively simplifying the 
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analysis of composite superconductors. This approach is particularly useful for large-scale 

applications where detailed modelling of every individual layer would be computationally 

prohibitive. By homogenizing the properties, the method provides a practical balance between 

computational efficiency and model accuracy[95]. 

There are also some recently proposed modelling methodologies for some special HTS coils 

using multi-filament structures. The multi-filament structures can be categorized into two types 

according to the winding methods: multiple tapes coupled at the tape ends, and multiple tapes 

fully coupled. As shown in the figure, the term coupled-at-ends means that the tapes connected 

in parallel are electrically connected at tape ends only but are insulated from each other in all 

other places, while the fully coupled case refers to the structure where all the tapes connected 

in parallel are electrically connected everywhere.  

 

Figure 3.2 Coil structure in 2D view [74] a) uncoupled insulated tape case; b) partially coupled case; 
and c) fully coupled case 

 

Figure 3.3 Coil (stack) structure in 3D view a) insulated tape case; b) partially coupled case; and c) fully 
coupled case [119] 
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The T-A formulation is capable of handling different coupling scenarios between 

superconducting tapes. In the following section, different methods using the T-A formulation 

are explained to handle different coupling scenarios.  

The 2D T-A Neumann method is a refined numerical modelling technique used in the simulation 

of HTS. Similar to the conventional 2D T-A method, this approach employs the current vector 

potential, T, and the magnetic vector potential, A, as state variables, but with an emphasis on 

applying Neumann boundary conditions to enhance the accuracy and efficiency of the 

simulations. 

The Neumann boundary condition, which specifies the derivative of a function on a boundary, 

is particularly useful in scenarios where the exact values of the variables are not known, but 

their rates of change are. In the context of HTS modelling, this allows for more accurate 

simulations of the magnetic field and current distributions, especially in complex geometries 

where the boundaries are not well-defined or are irregular. 

In the 2D T-A Neumann method, the boundary conditions are set such that the normal derivative 

of the magnetic vector potential A is zero at the boundaries. This reflects a realistic scenario 

where the magnetic field lines are parallel to the boundary, ensuring that the field does not 

artificially diverge or converge at the edges of the computational domain. This is particularly 

important in HTS applications where edge effects can significantly impact the overall 

performance and loss characteristics of the material. 

A study by Grilli et al. [113]demonstrated the effectiveness of the 2D T-A Neumann method in 

modelling the AC losses in HTS tapes and coils. The application of Neumann boundary 

conditions allowed for more accurate predictions of the magnetic field distribution and current 

density, leading to better correlation with experimental results. This approach was particularly 

useful in reducing computational errors at the boundaries, which are common in conventional 

methods that use Dirichlet boundary conditions. 

Further research by [95] explored the use of Neumann boundary conditions in the T-A 

formulation for HTS coils with complex geometries. They found that this method provided 

superior accuracy in simulating the magnetic behaviour near the boundaries of the coils, 

resulting in more reliable predictions of AC losses. This was especially critical in high-
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performance applications where precise modelling of edge effects and boundary interactions is 

essential. 

As presented in[120], with special Dirichlet boundary conditions, the T-A formulation could 

couple an external electric circuit to determine the voltage drop as well as the current flowing 

through each tape. The only difference between two cases is that there will be one extra voltage 

constraint for fully coupled case. This is because the fully coupled case is electrically connected 

everywhere, thus the voltage drop per unit length for each tape should be kept the same. This is 

well explained in Figure 3.4. The distinctions between uncoupled (insulated tape), coupled-at-

ends, and fully coupled tape configurations are crucial as they impact the distribution of current 

density and the resultant AC losses within the HTS system. Studies have shown that the 

uncoupled configuration generally results in the lowest AC losses, while fully coupled tapes 

can lead to significantly higher losses due to current saturation[120]. 

 

Figure 3.4 Racetrack coil 4 turns structure a) all connected in series; and b) connected in parallel as 2 
branches [120] 

 

Figure 3.5 T-A coupled electrical circuit [120] 
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3.3.3 Implementation of critical current dependency in numerical modelling 
HTS materials show anisotropy in their critical current density because of their layered crystal 

structure. The critical current density, Jc, is higher or the superconducting properties are better 

for the wider tape surface (i.e. Cu-O planes) than the narrow surface because of the intrinsic 

pinning associated with the Cu-O planes and the higher upper critical field[90, 91]. The critical 

current density, Jc, also shows external field dependency. The field dependence could be 

explained with the help of Figure 3.6.  

 

Figure 3.6 HTS tape critical current dependence on external magnetic field 

The critical current is dependent on the magnetic field amplitude and the direction to the wider 

tape surface. The higher the field, the lower the Jc. As for the field direction, as indicated in 

Figure 3.7b, there is an angle function, Jc(θ), of field dependence. In cylindrical coordinates, if 

the tape width is placed along the z-direction, then the field direction is aligned with respect to 

the tape varying from 0 to 180 degrees (negative z-axis towards positive z-axis). Jc(θ) achieves 

the minimal value if the field is 90 degrees (along the r-direction) and achieves the maximal 

value if the field is parallel to the wider tape surface (along the z-direction).  

 

Figure 3.7 An example of the critical current characteristic of SuperOx tape a) temperature dependency; 
and b) angle dependency at 77 K 
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The critical current density dependence on the magnetic field can be summarized by the 

following equation[117, 121]: 

𝐽𝐽𝑐𝑐(𝐵𝐵) =
𝐽𝐽𝑐𝑐0

�1 + �(𝑘𝑘𝐵𝐵∥)2 + 𝐵𝐵⊥2
𝐵𝐵𝑐𝑐

�

𝑏𝑏 (3. 10)
 

where 𝐵𝐵∥ and 𝐵𝐵⊥ are the parallel and perpendicular components of the magnetic flux density 

with respect to the tape. Assuming a typical HTS 4 mm tape having the self-field critical current 

of 160 A at 77 k, then the parameters Jc0, k, Bc and b have the respective values of 49 GA/m2 , 

0.275, 32.5 mT and 0.6.  

Considering the critical current temperature dependence, a parameter named lift factor is 

defined by the equation below[117, 122]: 

𝐿𝐿 =
𝐽𝐽𝑐𝑐(𝑩𝑩,𝑇𝑇)
𝐽𝐽𝑐𝑐(77𝐾𝐾) =

𝐿𝐿0(𝑇𝑇)

�1 + �(𝑘𝑘(𝑇𝑇)𝐵𝐵∥)2 + 𝐵𝐵⊥2
𝐵𝐵𝑐𝑐0(𝑇𝑇) �

𝑏𝑏(𝑇𝑇) (3. 11)
 

In this equation, Jc(B,T) is the critical current density function of a given temperature and 

magnetic field, L, is the defined lift factor and all the other parameters that express temperature 

dependence are given in Table 3.2. 

Table 3.2 Lift factor parameters for critical current calculation at different working temperatures with 
respect to 77 K 

T(K) 𝐿𝐿0 K 𝐵𝐵𝑐𝑐0 b 
30 6.12 0.07 3.23 1.41 
40 5.29 0.10 1.86 1.12 
50 4.12 0.17 1.26 0.96 
65 2.44 0.61 0.59 0.77 

 

All the lift factor parameters are decided regarding the working temperature, and the lift factor 

is defined by the ratio between the target temperature and 77 K. An example of critical current 

dependence data is plotted here:  
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Figure 3.8 An example of the critical current field dependency of SuperOx tape a) field perpendicular 
to tape wider surface; and b) field parallel to tape wider surface 

 

 

Figure 3.9 An example of the 3D critical current characteristic of SuperOx tape at 77 K 

3.4 Experiment methodology for modelling validation 

Experimental measurement of AC losses is essential for validating numerical models and 

understanding the real-world performance of HTS. The primary experimental techniques 

include the electrical method and the calorimetric method. 

3.4.1 Electrical methodology 
The electrical method is a widely used technique for measuring AC losses in HTS materials. 

This method involves direct electrical measurements of the superconductor’s voltage and 

current responses to alternating currents, giving the AC loss produced by HTS materials to thus 

evaluate the performance of superconducting devices. 
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The electrical method [109, 123] typically measures the voltage drop across the superconductor 

as an alternating current (AC) passes through it. This method often uses sensitive voltmeters 

and current sources to ensure precise measurements. To enhance signal detection and accuracy, 

the setup may also include additional components such as current transformers, filters, and 

amplifiers[73]. 

The overall transport AC loss measurement testing circuit diagram is shown in Figure 3.10. The 

HTS coil is treated as an inductance, Lsc, in series with a resistance, Rsc. The mutual inductance 

of the compensation coil is set to cancel the Lsc by adjusting the position of the secondary side 

of the compensation coil. Therefore, only resistive voltage is left to measure in the circuit and 

the coil AC loss can be calculated by:   

𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐 =
𝑑𝑑𝑒𝑒𝑉𝑉𝑖𝑖 ∗ 𝐼𝐼𝑒𝑒𝑉𝑉𝑖𝑖 

𝑓𝑓
 (𝐽𝐽/𝑐𝑐𝑖𝑖𝑐𝑐𝑎𝑎𝑒𝑒) (3. 12) 

where f is the frequency of the applied current, 𝐼𝐼𝑡𝑡𝑚𝑚𝑠𝑠 is the root-mean-square (rms) value of the 

transport current applied to the coil and 𝑑𝑑𝑡𝑡𝑚𝑚𝑠𝑠 is the rms value of the voltage component that is 

in phase with the 𝐼𝐼𝑡𝑡𝑚𝑚𝑠𝑠 after compensation coil correction.  

Alternatively, the measurement of transient voltage and current across the coil could be used to 

calculate the total AC loss. By averaging the integration of transient loss over n cycles, the AC 

loss per cycle is described by Equation 3.13. Ideally, these two calculations should be equivalent 

to each other. 
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Figure 3.10 AC loss measurement setup for the electrical method 

 

𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐 =
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𝑖𝑖
� 𝑣𝑣𝑡𝑡𝑐𝑐 × 𝑖𝑖𝑡𝑡𝑎𝑎𝑎𝑎
𝑛𝑛𝑇𝑇

0
 (𝐽𝐽/𝑐𝑐𝑖𝑖𝑐𝑐𝑎𝑎𝑒𝑒) (3. 13) 

The electrical method is applicable to a variety of configurations, including single HTS tapes, 

multilayer superconducting cables, and more complex geometries such as racetrack coils. It is 

particularly valuable for characterizing AC losses in HTS materials used in power transmission 

cables, motors, and generators. The method works under a variety of operating conditions, 

including varying temperatures and magnetic fields, allowing for a comprehensive assessment 

of the performance of superconductors in real-world applications [99]. 

In study [76], the electrical method was used to measure AC losses in HTS coils placed under 

an external magnetic field. The results highlighted the method’s ability to accurately capture 

the loss characteristics under different magnetic conditions, showing its applicability in the 

design of superconducting motors and generators. Similarly, in [99] the electrical method was 

used to evaluate the performance of a 1-metre-long HTS power cable, providing valuable data 

for improving cable design and reducing operating losses. 

As the electrical method is a straightforward measurement approach, it could provide accurate 

and immediate results on the AC losses. This method also allows for continuous monitoring of 

superconductor performance under operational conditions, providing real-time data that is 

critical for optimizing device design and operational parameters[95]. 

However, the accuracy of the measurements is sensitive to noise and external electromagnetic 

interference. It is necessary to carefully build the setup and add shielding equipment. 

Furthermore, this method requires careful calibration of the measuring instrument to ensure 

accuracy. This method can only measure the total losses and cannot distinguish between 

different loss mechanisms such as hysteresis losses and eddy current losses [109]. 

3.4.2 Magnetic methodology 
The magnetic method is used to measure the hysteresis loss of superconductors. Standard 

methods such as pickup coils, Superconducting Quantum Interference Devices (SQUIDs) and 

vibrating sample magnetometers (VSM) are usually used in magnetic measurement[124-126]. 

As illustrated in Figure 3.11, the measurement system usually consists of the AC magnet, 
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cryostat, pick-up coil, compensation coil, high-current amplifier, as well as DAQ. An optional 

lock-in amplifier can be used to increase signal sensitivity, especially at low signal levels. This 

helps isolate the magnetic signal from background noise, allowing for a more accurate 

determination of hysteresis losses.  

 

Figure 3.11 Measurement system using the magnetic method a) Layout of different coils; and b) setup 
equivalent circuit [124] 

The hysteresis loop measurement [125] is usually achieved by measuring the voltages over 

pick-up coils around the superconducting specimen, then taking the integral of the 

multiplication of the voltages and the field strength over one cycle, so that the variation in the 

magnetic moment of the specimen can be identified. By integrating over the hysteresis loop, 

the hysteresis loss per unit length (W/m) can be calculated[125]: 

𝑃𝑃ℎ = 𝐶𝐶𝛼𝛼𝑓𝑓𝜇𝜇0 �𝐻𝐻𝑒𝑒𝑑𝑑𝑑𝑑 = −𝐶𝐶𝛼𝛼𝑓𝑓𝜇𝜇0 �𝑑𝑑𝑑𝑑𝐻𝐻𝑒𝑒 (3. 14) 

where He and M are the applied AC magnetic field and the magnetization, A is the geometrical 

cross-section of the superconductor sample, and C is the effective coefficient. C = 1 at low 

frequency. 

3.4.3 Calorimetric methodology 
Though the electric method can provide accurate and immediate results on the AC losses, it has 

some limitations. When the HTS material carrying an AC current is placed under an external 

AC magnetic field, it requires both the AC transport current and the external AC field to be at 
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the same frequency and in phase. In general, it is normal to have the applied current and external 

field out of phase in electrical machines. Under this condition, the calorimetric method could 

be an excellent alternative. 

The calorimetric method is a precise technique for measuring AC losses in HTS by quantifying 

the heat generated during their operation. This method is particularly valuable for its ability to 

provide an integrated measurement of all forms of energy dissipation within the 

superconducting material. 

The calorimetric method can be summarized as follows[73, 127, 128]. The HTS sample is 

placed in a cryogenic environment, typically liquid nitrogen (77 K) as an example, and then the 

resultant boil-off rate of the cryogen is measured as the superconductor carries an AC current 

and or is exposed to an AC magnetic field. The heat generated by the AC losses causes the 

cryogen to evaporate, and this evaporation rate is directly proportional to the energy dissipated 

within the superconductor. By precisely measuring the mass flow rate of the evaporated cryogen, 

it is possible to determine the total AC losses[73]. 
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Figure 3.12 AC loss measurement setup for the calorimetric method [73] 

There are two primary setups used in calorimetric measurements: self-field and external 

magnetic field setups. In the self-field setup, the superconductor is subjected to an AC transport 

current, and the resultant losses are measured based on the boil-off of the surrounding cryogen. 

The external magnetic field setup, on the other hand, measures the AC loss produced by both 

transport current and the external AC field. The superconductor carrying an AC transport 

current is placed in a varying magnetic field, possibly produced by a rotating magnet, and the 

setup measures the boil-off due to both the transport current and the external field[73]. 
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Figure 3.13 Calorimetric boil-off measurement setups in the laboratory 

The calorimetric method is particularly effective for characterizing the AC losses in HTS 

materials used in power applications such as electrical machines in this research. Similar to the 

electric method, it provides comprehensive direct measurement of the total AC loss in all forms 

of dissipation, including resistive, hysteretic, and eddy current losses. Additionally, the 

calorimetric method is highly sensitive, capable of detecting even small amounts of heat 

generated, thus providing precise loss measurements[73]. 

However, the calorimetric method also has some limitations. The primary challenge is the 

requirement for a cryogenic environment, which adds complexity and extra cost to the 
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experimental setup. Additionally, accurate measurements depend on precise control and 

calibration of the cryogenic system, as any external heat leaks can affect the accuracy of the 

results. The method also requires a stable thermal environment to ensure that the measured boil-

off rate is solely due to the AC losses and not influenced by external factors[120]. 

As indicated in[95], their research applied the calorimetric method to study the losses in HTS 

tapes and cables. Their research demonstrated that the calorimetric measurements closely 

matched theoretical predictions and electromagnetic measurements, achieving the validation of 

the method accuracy and reliability. Similarly, regarding[73], the calorimetric method was used 

to measure AC losses in HTS coils subjected to external magnetic fields. The setup included a 

sensitive boil-off calorimeter that could measure losses ranging from a few milliwatts to several 

hundred milliwatts. The results provided detailed insights into the loss characteristics under 

varying magnetic conditions, showing the strengths of the calorimetric method in evaluating 

the AC loss performance of superconducting motors and generators. 

A comparison between these three AC loss measurement methods is summarized in Table 3.3. 
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Table 3.3 Comparison between two AC loss measurement methods [129] 

Measurement 
method Main purpose Advantages Limitations 

Electrical method Transport current 
loss; total AC loss 

High sensitivity; high 
accuracy;  
Able to measure low 
AC loss 

Extra compensation 
coil needed; 
Only works with pure 
sinusoidal signals; 
Easily introduces 
harmonics 

Magnetic method Magnetization loss 

High sensitivity; high 
accuracy;  
Able to measure low 
AC loss 

Limited to static 
measurement; 
Pick-up coils easily 
disturbed by the 
external magnetic field 

Calorimetric method Total loss 

Disregarding object 
shape; 
Able to measure large 
scale samples 

Poor sensitivity and 
weak accuracy for low 
AC loss measurement; 
Long time; 
Possible disturbance 
from thermal effects of 
non-superconductors 

3.5 Numerical model validations by experiments 

3.5.1 Test coil preparation and critical current determination 
Initially, as shown in Error! Reference source not found., a 68 turn (34 turns per layer) double 

pancake coil wound from SuperOx 2G YBCO tapes is made in this work. The tape width is 4 

mm, and for each coil turn, the copper stabilizer around each tape is about 20µm thick and this 

coil is named an insulated coil. The coil information is given in table below. 

Table 3.4 Insulated double pancake coil parameters 

Parameter Value Unit 
Inner Diameter 60 mm 
Outer Diameter 85 mm 

Nº of layers 2  
Nº of turns per layer 34  

Tape width 4 mm 
Self-Field Ic 80 A(DC) 

Working Temperature 77 K 
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Figure 3.14 The tested insulated double pancake coil sample and its measurement setups 

The coil self-field critical current, Ic, is measured under LN2 working temperature, 77 K. As 

observed in the figure below, the measured Ic for this sample coil is around 80 A. This critical 

current is used for later simulation model calibration. 

 

Figure 3.15 Coil self-field critical current measurement 

3.5.2 AC loss measurement 
The coil AC loss is measured with applied transport current only. The loss measurement is using 

electrical method as explained in previous chapter. Regarding its self-field critical current (80 
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A), the coil transport loss is measured under different currents and frequencies, respectively. 

The AC current applied to the coil is set to 10 Arms (12.5% of Ic), 20Arms (25% of Ic), 30 Arms 

(37.5% of Ic) and 40 Arms (50% of Ic), and the maximum testing current is limited by the power 

supply in the lab. The coil is tested under LN2 working temperature (77 K), and the coil transport 

current AC loss is measured at 50, 75 and 100 Hz, respectively. The measurement results under 

different frequencies are shown in logarithm scale plot in Figure 3.16. It is shown that the coil 

AC loss with applied current only increases as the current increases. There is no obvious 

frequency dependency showing here, which agrees with the hysteresis loss properties. We also 

noticed that, when the applied current is as small as 10 Arms, the measurement results are not 

accurate enough since the current generated is more noisy and unstable. 

 

Figure 3.16 Transport current AC loss measurement under different working frequencies 

3.5.3 Coil model methodologies 
3.5.3.1 H-formulation: 2D axis-symmetrical model 
For time-sufficient consideration as well as coil geometry, a 2D-symmetrical model is 

developed in this study. In 2D cylindrical geometry, the current 𝐽𝐽𝜃𝜃  is flowing along the θ 

direction, while the two magnetic field variables, 𝑯𝑯 = [𝐻𝐻𝑡𝑡;𝐻𝐻𝑧𝑧]  are in the r-z plane. The 

relationship between current and magnetic field is obtained by the original Ampère’s law: 

𝐽𝐽𝜃𝜃 =
𝜕𝜕𝐻𝐻𝑡𝑡
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝑒𝑒

(3. 15) 
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By substituting magnetic field and electric field variables into Faraday’s law for cylindrical 
coordinates: 

⎣
⎢
⎢
⎡ −

𝜕𝜕𝐸𝐸𝜑𝜑
𝜕𝜕𝜕𝜕

1
𝑒𝑒
𝜕𝜕�𝑒𝑒𝐸𝐸𝜑𝜑�
𝜕𝜕𝑒𝑒 ⎦

⎥
⎥
⎤

= −𝜇𝜇𝑡𝑡𝜇𝜇0 �

𝜕𝜕𝐻𝐻𝑡𝑡
𝜕𝜕𝜕𝜕
𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝑒𝑒

� (3. 16) 

A 2D axial symmetrical model using the H-formulation is applied to the model. The coil 

geometry is illustrated below. Regarding study[90], since most of the current is flowing into the 

HTS layer, it is reasonable to simplify the tape structure by modelling only the 2 μm YBCO 

layer while ignoring all other layers.  

 

Figure 3.17 Coil model geometry in COMSOL Multiphysics 

In cylindrical coordinates, the coil cross section is shown in the r-z plane with the innermost 

turn placed at the coil inner radius, and all other turns placed adjacently with the same spacing 

in between. The field angle, θ, is defined as the angle between the field and the coil (tape) width 

surface. The critical current decays the most when the field is perpendicular to the tape width 

surface. 

AC current is assigned to every YBCO layer using the global constraints of COMSOL. The 

total current of each turn is represented by the integration of local Jϕ in each YBCO layer. Finally, 

a global constraint is set for each YBCO layer to be equal to the total current, which refers to a 

predefined applied current. 
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3.5.3.2 T-A formulation: 2D axis-symmetrical model 
Since this research work only focuses on HTS coils used as armature windings in a stator, it is 

sufficient to use 2D models. Hence, only the 2D T-A model is introduced here. A full 

explanation of 2D and 3D T-A formulations can be found in [98] and[68], respectively.  

Considering that the thickness of superconducting tape is far smaller than the superconducting 

layer width, the superconducting layer is approximated as a 1D line (the thin strip 

approximation) for modelling stacked superconducting stacked tapes. The working process of 

the T-A formulation is given below. 

The T-A formula approach solves two state variables separately: the current vector potential, 𝑻𝑻, 

along the HTS tape layer, and the magnetic vector potential, 𝑨𝑨, for the whole geometry. The 

governing equations are given: 

𝑱𝑱 = ∇ × 𝑻𝑻 (3. 17) 

∇ × 𝜌𝜌∇ × 𝑻𝑻 = −
𝜕𝜕𝑩𝑩
𝜕𝜕𝑖𝑖

(3. 18) 

where 𝜇𝜇 is the magnetic permeability, J is the current density and 𝜌𝜌 is the resistivity.  

The use of the thin strip approximation implies that the current only flows in the tangential 

direction of the superconducting layer (Jy = 0). This transfers the 3D problem into a 2D surface 

problem. In 2D cartesian coordinates, with the help of assuming that the superconducting layer 

is infinitely long in the Z direction, the current flows only longitudinally (Jx = 0). As result, the 

calculation area becomes a 1D line. The simplified equations are given here respectively. 

𝐽𝐽𝑧𝑧 =
𝜕𝜕�𝑻𝑻 ∙ 𝑖𝑖𝑦𝑦�

𝜕𝜕𝑥𝑥
(3. 19) 

−
𝜕𝜕
𝜕𝜕𝑥𝑥

𝜌𝜌
𝜕𝜕�𝑻𝑻 ∙ 𝑖𝑖𝑦𝑦�

𝜕𝜕𝑥𝑥
= −

𝜕𝜕𝐵𝐵𝑦𝑦
𝜕𝜕𝑖𝑖

(3. 20) 

For axial-symmetric problems in cylindrical coordinates, these equations are modified as: 

𝐽𝐽𝜑𝜑 =
𝜕𝜕(𝑻𝑻 ∙ 𝑖𝑖𝑡𝑡)

𝜕𝜕𝜕𝜕
(3. 21) 

−
𝜕𝜕
𝜕𝜕𝜕𝜕
𝜌𝜌
𝜕𝜕(𝑻𝑻 ∙ 𝑖𝑖𝑡𝑡)

𝜕𝜕𝜕𝜕
= −

𝜕𝜕𝐵𝐵𝑡𝑡
𝜕𝜕𝑖𝑖

(3. 22) 

where the current potential By can be found through following A formulations: 

∇ × ∇ × 𝑨𝑨 = 𝜇𝜇𝑱𝑱 (3. 23) 
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𝑩𝑩 = ∇ × 𝑨𝑨 (3. 24) 

The boundary conditions can be found when applying a transport current to the coil terminals: 

𝐼𝐼 = � 𝑱𝑱𝑑𝑑𝑑𝑑
𝑆𝑆

= � ∇ × 𝑻𝑻𝑑𝑑𝑑𝑑 = � 𝑻𝑻𝑑𝑑𝑑𝑑
𝐿𝐿𝑆𝑆

(3. 25) 

where S is the conductor cross section, and L is the boundary cross edges of S. 

Since T has only one component which is perpendicular to the conductor surface, 

𝐼𝐼 = (𝑇𝑇1 − 𝑇𝑇2) ∙ 𝑑𝑑 (3. 26) 

Meanwhile, for air, 𝜌𝜌 is set to 1000 Ωm and for HTS tape, 𝜌𝜌 is obtained through the E-J power 

law: 

𝐸𝐸𝑧𝑧 = 𝜌𝜌𝐽𝐽𝑧𝑧 = 𝐸𝐸0 �
𝐽𝐽𝑧𝑧
𝐽𝐽𝑐𝑐
� �

|𝐽𝐽𝑧𝑧|
𝐽𝐽𝑐𝑐
�

(𝑛𝑛−1)

(3. 27) 

where E0 is 100 μV/m, n value is 31 in this study, and Jc is the critical current.  

 

Figure 3.18 Explanation of T-A formulation 

Considering the anisotropic characteristics of 2G tapes, the E-J power law is rearranged: 

𝐸𝐸𝑧𝑧 = 𝜌𝜌𝐽𝐽𝑧𝑧 = 𝐸𝐸0 �
𝐽𝐽𝑧𝑧

𝐽𝐽𝑐𝑐(𝐵𝐵)� �
|𝐽𝐽𝑧𝑧|
𝐽𝐽𝑐𝑐(𝐵𝐵)�

(𝑛𝑛−1)

(3. 28) 

where variable Jc(B) implies the influence of the external field on tape critical current density 

and can be described by: 

𝐽𝐽𝑐𝑐(𝐵𝐵) = 𝐽𝐽𝑐𝑐0 × {𝑃𝑃1(𝐵𝐵) + [𝑃𝑃2(𝐵𝐵) − 𝑃𝑃1(𝐵𝐵)] × 𝐺𝐺(𝜃𝜃)} (3. 29) 

where Jc0 is the self-field critical current density, P1(B) is the perpendicular field Jc 

dependency, P2(B) is the parallel field Jc dependency, and G is the normalized angle 

dependency[90]. 
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3.5.4 Coil self-field critical current calibration 
The coil self-field critical current calibration in the model can be summarized in the following 

process. First, the critical current Jc0 of the tape used for this coil is set regarding the tape 

datasheet. Then the normalized self-field critical current dependence of the applied external 

field, 𝐽𝐽𝑐𝑐𝐵𝐵(𝜃𝜃,𝐵𝐵) is implemented in the HTS domain in the form of interpolation. A mapping data 

of JcB in the function of external field angle respect to the tape width surface, θ and the norm 

field value, JcB(θ,B), is used to quantify the YBCO tape critical current density field 

dependency. The 3D plot of the specific mapping data used for this insulated coil is given below.  

 

Figure 3.19 The 3D plot of the JcB(θ,B) mapping data for this specific insulated coil 

In the model, a ramping up DC current is applied to the HTS coil. The coil self-field current is 

the cross point of applied DC current and 𝐽𝐽𝑐𝑐𝐵𝐵(𝜃𝜃,𝐵𝐵). Since the coil critical current is influenced 

by the number of coil turns and the coil dimensions, this empirical interpolation function is not 

a perfect match for the real test coil properties. The coil self-field critical current in the 

simulation will be slightly different from that of real measurements. By modifying the tape Jc0, 

the coil self-field critical current in the simulation will finally match the measurement result.  

As the current penetrates from the coil edges, the highest current that can be sustained in the 

coil is limited by the innermost turn where the field generated by the coil itself reaches its 

highest value. Therefore, the Ic calibration can be achieved by comparing the IcB and the 

applied current, Iapp, of the innermost turn. As a ramping up DC current is applied to the coil, 

two probes help to visualize the innermost turn two currents: IcB and Iapp. The critical current 

of the coil is the cross point between these two currents. Finally, a calibration of the coil self-

field critical current is achieved. The coil self-field critical current calibration plot is shown in 

Figure 3.20. 
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Figure 3.20 The tested insulated coil self-field critical current calibration in COMSOL Multiphysics 

3.5.5 AC loss validation 
Once the critical current in simulation is calibrated, the transport current loss can be calculated 

in the simulation. As seen in the coil geometry in Figure 3.17, the surrounding air domain (grey 

area) is assumed to be large enough that the field generated by the coil current decays to zero 

at the air domain boundaries. 

Figure 3.21 shows the transport current loss comparison between the 2D axial-symmetrical 

simulation and measurements taken at 50 Hz and 100 Hz. It shows good consistency. The 

obvious difference occurs at the 10 Arms point. There are two main reasons to be considered 

here: first, as mentioned before, measurement of the low current range has an unstable input 

signal, which makes the measurement not accurate enough; meanwhile only the HTS layer is 

simulated, and the ignorance of other layers will reduce the total AC loss. In the end, the 2D 

axial symmetrical model using the H-formulation is validated and can be used for coil transport 

current AC loss analysis. This is the first step of analysing the AC loss for HTS armature design. 

In addition, the T-A 2D axial-symmetrical simulation is also validated with respect to the H-

formulation as given in Figure 3.22. Since this is the validation between models, the validation 

range of both frequency and current are increased: from 25 Hz to 100 Hz and 10 Arms to 60 Arms, 

respectively. It also shows good consistency. The T-A formulation will be used for large scale 

stator coil AC loss analysis under a real machine environment in Chapter 6. 
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Figure 3.21 Transport current AC loss H-formulation simulation validation 

 

Figure 3.22 Transport current AC loss T-A simulation validation 
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3.6 Conclusion 

Compared to LTS, HTS materials have higher critical temperatures and are more stability to 

thermal perturbations. However, when subjected to an AC current or a time-varying external 

magnetic field, HTS materials develop AC losses, which are crucial in determining their 

performance efficiency and thermal management. Therefore, the assessment of AC losses in 

HTS materials is a comprehensive and critical aspect of their application in various technologies, 

especially in large-scale power applications and medical devices. This chapter looks at the 

different methods used to evaluate AC losses in HTS materials. 

This chapter first reviews the assessment of AC losses performed by numerical modelling using 

FEM. This chapter provides a comprehensive overview of various numerical modelling 

methods, including the widely used H-formula and the efficient T-A formula, and highlights 

their advantages and disadvantages. It also reviews the state-of-the-art modelling methods for 

AC loss evaluation of different HTS coil structures.  

Experimental loss measurements are then introduced as experimental measurements are 

essential to understanding the actual performance of HTS and to validate numerical models. 

The main experimental techniques include the electrical, magnetic and calorimetric methods. 

This chapter reviews these three measurement methodologies, including their respective 

advantages and limitations. The electrical method involves directly measuring the voltage and 

current response of a superconductor to an AC current to assess the AC losses. It provides 

accurate and immediate results and is valid under a wide range of operating conditions. 

However, it is sensitive to noise and electromagnetic interference, and requires careful setup 

and calibration. The magnetic method for hysteresis loss measurement is achieved by 

integrating the signals from pick-up coils around the superconductor samples. Similar to the 

electric method, it is sensitive and the pickup coil is easily disturbed by the external magnetic 

field. The calorimetric method measures AC losses by quantifying the heat generated during 

operation, using the evaporation rate of a refrigerant in a controlled environment. This method 

is particularly effective for characterizing total AC losses, including resistance, hysteresis, and 

eddy current losses. Although it has high sensitivity and accuracy, it requires a cryogenic 

environment, increasing the complexity and cost of the setup. 

Finally, a testing coil is proposed, and its transport current AC loss is measured at three different 

frequencies (25, 50 and 100 Hz) to help validate the numerical modelling used in the following 
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research work. The results indicate that H- and T-A formulations perform well on HTS coil AC 

loss evaluation. 

Evaluating AC losses in HTS is a key factor in the development and application of 

superconducting technologies. Having accurate numerical and experimental methods to 

measure them is essential for mitigating total HTS AC loss. 
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Chapter 4 The radial flux HTS synchronous motor 

topology comparison for electrified aircraft applications 

4.1 Introduction 

As indicated in previous chapters, it is known that HTS machines have great potential in electric 

propulsion applications due to their high current capacity under cryogenic temperature. Radial 

flux motor topologies are commonly considered in high power level motor applications, as they 

have higher centrifugal force tolerance compared to an axial flux motor structure. To achieve 

the ambitious targets of PTW for electrified aircraft[15, 18], it is important to determine suitable 

motor topologies. Considering the main component of losses comes from the stator part, it is 

therefore crucial to determine the stator design. 

This study compares the radial flux synchronous motor topology of different HTS motors for 

aviation applications, evaluating the performance of slotless stator designs, highlighting the 

impact of different stator winding technologies, and the specific benefits of HTS stator coils. 

The comparison focuses on the machine PTW performance and the stator AC loss. First of all, 

regarding magnetic loading limits, two motor benchmarks rated at 450 kW with permanent 

magnet rotor and 1 MW with HTS magnet rotor are proposed, respectively. The purpose behind 

analysing two different designs is that it is necessary to evaluate the potential of using HTS 

coils as armatures for both partially HTS motors with permanent magnet rotors as well as fully 

HTS motor environments with higher rotating fields. The iron teeth impact on the machine 

performance is analysed to explore the features of the slotless stator design. In the following 

part, the HTS stator coil is compared to the copper and aluminium Litz structure coils [130, 131] 

under cryogenic temperatures to investigate the strengths of the HTS stator design. Before the 

analysis, the benchmark developments are also explained. 
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4.2 Radial flux motor in electrified aviation 

The drive towards high-power density motors has led to increased interest in radial flux 

machines for aviation. Though the axial flux motor is desirable because of its compact structure 

thus high PTW, this design suffers from a big mechanical challenge[132]. Generally, a motor 

achieves high power density by increasing its rotation speed as fast as mechanically possible. 

Axial flux motor speed is usually limited by the centrifugal force acting on the rotor which tries 

to pull it apart. Hence, for high power motor design (such as MW level) in electrified 

applications, radial flux motors with smaller diameters are preferred due to the lower centrifugal 

force.  

The integration of HTS technology into radial flux motors marks a significant step forward in 

aviation propulsion. Traditional copper and aluminium motors face limitations in power density 

and efficiency at cryogenic temperatures. By leveraging HTS materials in the stator and rotor, 

motor performance can be dramatically improved. HTS rotors, in particular, can achieve 

magnetic flux densities of 1–2 T, compared to the 0.5–0.7 T typically seen in permanent magnet 

rotors. 

For aircraft, power-to-weight ratio (PTW) is a crucial performance metric. HTS radial flux 

motors can enhance PTW by reducing losses and increasing current density. For instance, 

aluminium Litz wire, used in some designs, can achieve 30 A/mm² at cryogenic temperatures, 

offering lightweight and efficient alternatives to copper wires. HTS armature windings provide 

even greater current-carrying capacity and lower losses at temperatures below 77 K, making 

them ideal for high-power aviation applications. 

4.2.1 Two power level motor benchmarks 
As indicated in[25, 133], to achieve ideal electrical loading for HTS motors, the magnetic 

loading could be kept under 1 T, which is achievable for both permanent magnet rotors and 

HTS magnet rotors. Two benchmarks are used for comparison in this study: a 450 kW motor 

with permanent magnet rotor operating at 77 K, and a 1 MW motor with HTS magnet rotor at 

77 K and 40 K. These benchmarks allow the exploration of different stator winding choices and 

their performance at various temperatures. The detailed benchmark parameters are given in 

Table 4.1.  
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Table 4.1 Motor benchmark parameters 

 

Both motors are designed to operate at a rated speed of 5000 rpm, with an airgap magnetic 

loading of 0.68 T for 450 KW design and 1 T for 1 MW design. These benchmarks allow for a 

meaningful comparison between copper/aluminium Litz wire stators and HTS stator coils in 

terms of power density and losses. 

4.3 Motor topology determinations 

In general, the motor components can be divided into two main categories, which are active 

components such as rotor magnets and stator windings and inactive components like the stator 

core structure. The machine PTW is determined by both types of components. In this study, 

motor topology determination is mainly focused on the stator part. In this section, the impact 

of the iron core as well as different types of stator windings on the motor overall loss and the 

PTW is analysed.  

4.3.1 Slotless stator design 
First of all, the iron core always adds extra weight, which is not desirable for a high PTW 

requirement motor design. In addition, this structure produces extra loss. For cryogenic motors, 

an iron core can introduce additional challenges due to increased hysteresis and eddy current 

losses. At cryogenic temperatures, iron suffers same amount of hysteresis loss as at room 

temperature, however, iron experiences 10–20% higher eddy current losses [134] compared to 

room temperature due to increased conductivity. For example, in the 450 kW motor benchmark, 

this results in 1.5 kW of additional cooling power required, 3–5 kg extra weight, and in the 1 

MW motor benchmark, this increases to 3 kW of cooling power and 8–12 kg extra weight. 

These results make slotless structures more desirable for high PTW cryogenic motor designs. 
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4.3.2 Stator winding comparison 
Before the AC loss evaluation of real HTS armature coils, a case study of different armature 

winding comparison is proposed. The purpose of this study is to investigate the potential value 

of using HTS armature winding compared to conventional armature winding types. 

4.3.2.1 Analytical AC loss calculations: Litz wire winding 
Litz wire, a multi-filament wire made of fine, insulated and twisted strands can be used in 

cryogenic temperature to improve the power density of electrical machines by increasing their 

current capacity. For instance, it is proved that the current density could achieve as high as 30 

Apeak/mm2 [130] at 77 K. However, the eddy current loss could be a serious problem due to the 

low resistivity and high magnetic field. The total loss in a Litz wire coil is summarized in: 

𝑃𝑃𝜕𝜕𝑡𝑡𝜕𝜕 = 𝑃𝑃𝑡𝑡𝑚𝑚𝑠𝑠 + 𝑃𝑃𝑠𝑠𝑠𝑠𝑖𝑖𝑛𝑛 + 𝑃𝑃𝑎𝑎𝑡𝑡𝑡𝑡𝑒𝑒 (4. 1) 

where Prms is the coil resistive loss due to transport current, which is independent from the 

operating frequency, Pskin is the skin effect loss and the internal proximity loss (caused by 

surrounding strands) and Pprox indicates the external proximity loss caused by the external field. 

Considering a Litz wire structure of N strands under a background field strength H, the total 

AC loss [130] could be described in: 

𝑃𝑃𝜕𝜕𝑡𝑡𝜕𝜕 =
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The radii of the wire strand, rs, and of the Litz wire, rL, are set to 0.08 mm and 2 mm, respectively, 

with this strand radius being chosen to ensure that the diameter is less than the skin depth, δ, so 

the reaction field due to the eddy currents can be neglected[135, 136]. The material resistivity 

at cryogenic temperature is considered: 

𝜌𝜌(𝑇𝑇) = �𝑎𝑎0 + 𝑎𝑎1𝑇𝑇 + 𝑎𝑎2𝑇𝑇2 + 𝑎𝑎3𝑇𝑇3 + 𝑎𝑎4𝑇𝑇4  20 𝐾𝐾 ≤ 𝑇𝑇 ≤ 𝑇𝑇𝑒𝑒
𝑏𝑏0 + 𝑏𝑏1𝑇𝑇 + 𝑏𝑏2𝑇𝑇2 + 𝑏𝑏3𝑇𝑇3 + 𝑏𝑏4𝑇𝑇4  𝑇𝑇𝑒𝑒 ≤ 𝑇𝑇 ≤ 20 𝐾𝐾

(4. 3) 

where the coefficients ai, bi and Tx for copper and aluminium are given in table below: 

Table 4.2 Coefficients for the resistivity of copper and aluminium at cryogenic temperature 
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and the detailed calculation of resistance, Rdc and the skin depth are given in [130] as well. 

𝑅𝑅𝑑𝑑𝑐𝑐 =
1

𝑁𝑁𝜎𝜎𝜋𝜋𝑒𝑒𝑠𝑠2
 

𝛿𝛿 = �
2

𝜔𝜔𝜇𝜇𝜎𝜎
 

4.3.2.2 Analytical AC loss calculations: HTS tape winding 
Compared to Litz wire coils, HTS materials have much higher current capacity, especially at 

lower operating temperatures such as 40 K. Therefore, they show great potential as stator 

windings for cryogenic motors. However, under AC conditions, HTS coils experience losses 

due to the transmitted current and external fields, and their performance depends strongly on 

the operating temperature and the ratio of the applied current to the critical current. The coil 

loss due to transport current and a sinusoidal background field is given below[45]: 

𝑃𝑃𝑡𝑡𝑐𝑐 = 𝑃𝑃𝜕𝜕𝑡𝑡𝑡𝑡𝑛𝑛𝑠𝑠 + 𝑃𝑃𝑚𝑚𝑡𝑡𝑚𝑚 (4. 4) 

Where the transport current loss and the magnetization loss could be evaluated by Equation 3.5 

and Equation 3.6 respectively. 

The 4mm YBCO tape is used and its current capacity is assumed to be 50 Arms per tape at 0.68 

T and 77 K, and 350 Arms per tape at 1 T and 40 K respectively according to information 

provided by SuperOx manufacturer [137]. 

4.3.3 Winding performance comparison 
The two benchmarks are set to optimize the performance of Litz wire windings as much as 

possible to ensure a fair comparison to HTS winding. Regarding AC loss comparison of the 

three types of windings shown in  

Figure 4.1AC loss comparison for 450 kW benchmark at 77 K 
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, for 450 kW working at 77 K, the HTS coil produces much higher loss than the 

copper/aluminium Litz wire coil, but as the applied current increases, the loss difference 

reduces. As for the machine PTW ratio comparison, the total machine weights considered here 

are the active stator coil weight and all other component weight assumptions regarding the 

target PTW of short, mid and long term goals stated in Section 1.2. Regarding the PTW 

comparison in Error! Reference source not found., Litz wire design has the best PTW 

performance, followed by HTS design and copper Litz design. The same result could be found 

in 1 MW benchmark working at 77 K.  

However, a different result is given in 1 MW benchmark when further reducing the working 

temperature to 40 K. As shown in Figure 4.3, HTS coil still produces higher loss than Cu/Al 

Litz wire coil, however Al Litz wire generates higher losses than copper one because of higher 

eddy current loss due to lower resistivity. Nevertheless, HTS coil design always has the best 

PTW performance, especially if the machine weight could be reduced under 50 kg.  

Therefore, regarding machine PTW, the advantage of HTS stator over Litz wire structure 

happens when the cryogenic temperature is low enough for HTS structure to show its superior 

current capacity.  

 

Figure 4.1AC loss comparison for 450 kW benchmark at 77 K 
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Figure 4.2 Power density comparison for 450 kW benchmark at 77 K 

 

Figure 4.3 AC loss comparison for 1 MW benchmark at 40 K 
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Figure 4.4 Power density comparison for 1 MW benchmark at 40 K 

4.4 Conclusion 

This study provides a comprehensive analysis of stator design, assessing the impact of the iron 

teeth and the AC loss evaluation in different armature winding designs of HTS radial flux 

synchronous motors. These motors are increasingly considered for electrified aerospace 

applications due to their improved PTW ratio and reduced losses under cryogenic conditions. 

The study compared two motor benchmarks: 450 kW motor working at 77 K. and 1 MW motor 

at varying temperatures (77 K and 40 K). The 450 kW motor used a permanent magnet rotor, 

while the 1 MW motor used an HTS magnet rotor. There were three different stator winding 

types: copper/aluminium Litz wire, and HTS tape coil. Both benchmarks were evaluated in 

terms of stator AC losses as well as the motor PTW. 

First of all, the iron teeth stator, which is desirable for conventional motor design because of its 

improvement in the main air gap magnetic field density and distribution waveform, is not an 

ideal choice for electrified aircraft motors. The main reason is that this rotor field strength could 

be achieved by using high field generating HTS magnets. On the other hand, iron teeth also add 

extra weight and produce hysteresis loss and eddy current loss. The eddy current loss in 

particular increases at cryogenic temperature as the conductivity of iron reduces. Therefore, 

slotless stator designs are more suitable for cryogenic environments. 
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As for the stator windings, for the 450kW level machine, at 77K the aluminium Litz wire stator 

performs cost-effectively as its AC loss is low, the unit price is cheap, and it has higher PTW 

than the HTS stator; while for the 1MW level machine, under 40 K the HTS coil shows a slight 

advantage of low AC loss and higher PTW. However, we should notice that since the 

benchmarks are set to optimize the performance of Litz wire structures, the HTS coil is far from 

its Ic in this specific case. In theory, higher power greater than 2 MW could be achieved by the 

HTS coil, which highlights the scalability of HTS technology for future high-power aerospace 

applications.  

Therefore, the results indicate that lower cryogenic temperatures (40 K in this study) combined 

with higher applied currents relative to the critical current (Ic) are desirable conditions to 

maximize HTS stator performance. These conditions make HTS stators a convincing candidate 

for future electric propulsion systems in aviation. 

In summary, aluminium Litz wire offers a competitive solution for medium power level motor 

design, especially at 77 K cryogenic temperature, while HTS coil technology is more beneficial 

for high power motors as the working temperature further decreases. For the development of 

MW level cryogenic HTS motors in electrified aviation, HTS stator designs, air core topologies, 

and operating temperatures at or below 40 K are preferred conditions to optimize performance 

and PTW. 
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Chapter 5 Impact to AC loss of standard HTS coil  

5.1 Introduction 

To consider using HTS coils as motor armature windings, the most important evaluation is the 

AC loss generated. This loss is sensitive to the coil working temperature and the applied current 

as well as to the external field. As mentioned previously in Chapter 2, the AC loss of type II 

superconductors can be categorized into two components: transport current loss caused by the 

carried current inside the superconductors without any external background field, and 

magnetization loss due to an external field in the absence of transport current. As the electrical 

loading is vitally important to the HTS stator coil, before considering the real machine 

environment, this chapter focuses on the impact of transport current on the coil AC loss. This 

chapter first analyses the HTS coil performance under different transport current conditions. 

To simplify the case, a single HTS coil wound in a double pancake structure using 2G insulated 

HTS tape is analysed. This is the same testing coil that was used to validate numerical modelling 

in Section 3.5.5. The 2D axial symmetric model using the H-formulation is used to analyse the 

coil performance. In order to have a better understanding of coil loss considering the applied 

current conditions of a real machine, this study is divided into three main components. First, 

the coil transport current loss under different working frequencies is analysed at 77 K, with the 

current in the range of 12.5% to 75% of the coil self-field Ic, in AC sinusoidal form. To broaden 

the view, in the second part, two more working temperatures are considered: 65 K achievable 

by LN2 and 40 K achievable by LH2. For fair comparison, the same current and frequency 

ranges are applied. Finally, an extra current harmonic analysis is also considered in the end to 

see how the current harmonic components impact on coil transport current AC loss. Regarding 

[138], the 3rd, 5th and 7th component transport current harmonics have a great influence on the 

overall transport current AC loss. The current harmonic components considered here are the 5th 

and the 7th components, since the third harmonic component is neglected as it could be 

eliminated in three-phase motor design. 
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5.2 Applied current impact 

This section first analyses the transport current loss, including losses under different working 

frequencies. The current applied to the coil is in the range of 10 to 60 Arms in steps of 10 Arms, 

referring to 12.5% to 75% of coil Ic, in AC sinusoidal form. The reason for not applying current 

until 100% of the coil Ic is to set a safe working margin thus avoiding any coil damage. The 

working frequencies are 25 Hz, 50 Hz and 100 Hz. All transport current loss results are shown 

in Figure 5.1. It is noticeable that the transport current loss increases only as the applied current 

increases. However, the loss frequency dependency is not very obvious. These results also agree 

well with the measurements given in Figure 3.16 and Figure 3.21. 

 

Figure 5.1 Transport current loss of the coil with different working frequencies at 77 K 

 

5.3 Coil working temperature impact 

As for the cryogenic environment, both 77 K and 65 K can be achieved by LN2, and 40 K can 

be achieved by LH2. Since the current capacity of HTS increases massively as the working 

temperature decreases, regarding the critical current lift factor in Table 3.2, the current capacity 

doubles as the temperature reduces from 77 K to 65 K, and this increases to 10 times from 77 

K to 40 K. Therefore, to consider the possible cryogenic temperature for the future HTS stator, 

the transport current AC loss of the coil is calculated again under 65 K and 40 K. 
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Figure 5.2 Transport current loss of the coil at 40 K and 65 K, respectively 

 

Figure 5.3 Transport current loss comparison at different working temperatures 

The results show that the transport current loss under different working temperatures exhibits 

the same trend. The 10 Arms cases for both 40 K and 65 K are not given here because the 

calculated loss is too small to be noticed. Figure 5.3 shows that as the critical current increases 

twice and 10 times from 77 K to 65 K and 40 K, respectively, the transport current loss reduces 



75 
 

by 50% and 90%. Therefore, the transport current loss varies almost linearly with the critical 

current. 

5.4 Applied current harmonics impacts 

There is no third harmonic as a result of three phase armature design, however, as stated in[139], 

usually there will be unneglectable 5th harmonic and or 7th harmonic components in 

synchronous motors. As 18% of the 5th harmonic component is indicated in[139], it is 

reasonable to consider 5%–15% components of harmonics in this study. However, considering 

that the self-field Ic for the testing coil at 77 K is limited to 80 A, the applied current might 

reach beyond the coil current capacity when the fundamental component reaches 50 or 60 Arms, 

especially when considering the 5th and 7th components at the same time. Therefore, the current 

harmonic impact on the coil transport current loss is tested at temperatures below 65 K and 40 

K only. The transport current loss results regarding different harmonic components are shown 

in Figure 5.4. It is observed that in most of the cases, the higher the fundamental current, the 

higher the total transport current AC loss. In fewer cases such as the 7th harmonic and both 5th 

and 7th case at 40 K, when the fundamental applied current is 60 Arms, the total transport current 

loss with 5% of harmonic component is greater than that of 10% of harmonic component. This 

can be explained by the elimination of the total current amplitude. Higher harmonic components 

sometimes result in a lower total current amplitude. All the results in Figure 5.4 are at 100 Hz, 

however, the same trend can be found at 25 Hz and 50 Hz. 
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a) 
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b) 

c) 

Figure 5.4 Transport current loss considering current harmonics at 100 Hz: a) 5th harmonic components; 
b) 7th harmonic components; and c) 5th and 7th harmonic components 
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a) 

b) 

Figure 5.5 Transport current loss considering current harmonic components a) at 40 K; and b) at 65 K 

By comparing all the harmonic cases at 40 K and 65 K respectively, regardless of the working 

temperature, the highest loss happened at the case with 15% of the 5th harmonic component 

applied, while the lowest loss happened at the case with 5% of the 7th harmonic component 

applied. The 5th component has bigger impacts than the 7th harmonic. Therefore, the 5th 

harmonic component has a higher impact on the transport current loss. In the following part, 

the same loss evaluation is conducted at 25 Hz and 50 Hz to figure out the frequency impact. 
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a) 

b) 

Figure 5.6 Transport current loss with 5th current harmonic frequency dependency at 40 K a) harmonic 
components in portion of 5%, 10% and 15%, respectively; and b) 5% of harmonic component 
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a) 

b) 

Figure 5.7 Transport current loss with 5th current harmonic frequency dependency at 65 K a) harmonic 
components in portion of 5%, 10% and 15%, respectively; and b) 5% of harmonic component 

As shown in Figure 5.6 and Figure 5.7, the transport current loss considering harmonic 

components only has a slight increase as the frequency grows regardless of the working 

temperature variation, and the same trend could be observed for the other two harmonic cases. 

In summary, at same working temperature, the portion of harmonic components has the 

dominant impact on the magnitude of transport current loss. 
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5.5 Conclusion 

HTS coils, particularly those made from 2G YBCO tapes, have shown significant promise in 

applications such as motor armature windings due to their high current capacity and low energy 

losses under optimal conditions. Transport current loss refers to the loss as the current passes 

through the superconducting coil in the absence of an external magnetic field. This loss is 

significant as it is related to the electrical loading of the HTS stator coils. This chapter delves 

into a comprehensive analysis of transport current AC losses of HTS coils wound from insulated 

tapes under various transport current conditions, focusing on transport current and its possible 

harmonic components, working frequencies, and the working temperatures. The key findings 

and implications of the study are summarised below. 

The study employed a 2D axial symmetric model using the H-formulation to simulate the 

YBCO coil performance accurately. The model was validated with experimental data (see 

Section 3.5.5 for details), ensuring reliable prediction of AC losses under different conditions. 

The double pancake coil used here was the same testing coil used for previous model validation. 

After the modelling validation, this study conducted the transport current loss analysis in the 

following order:  

The analysis first focused on the effect of the sinusoidal transport current at various frequencies 

(25 Hz, 50 Hz, and 100 Hz). The results show that transport current loss increases with the 

amplitude of the applied current, but has little dependence on the operating frequency. This 

highlights that current amplitude, rather than frequency, is the dominant factor affecting 

transmission current losses in HTS coils. 

Meanwhile, the study explored the effect of operating temperature on transport current AC 

losses by simulating coil performance at 77 K, 65 K, and 40 K. The results show that the loss 

reduced with decreasing temperature. This reduction became more significant after increasing 

the applied current. This finding emphasizes the importance of optimizing operating 

temperatures in HTS applications to enhance efficiency. For example, reducing the temperature 

from 77 K to 40 K can reduce transport current loss by up to 90%, emphasizing that efficiency 

improvements can be achieved through advanced cryogenic cooling techniques. 

The study then extended the focus to analyse the effects of applied current harmonics, 

specifically the 5th and 7th harmonic components that are common in synchronous motor 
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operation. The results show that the amplitude of the harmonic components significantly affects 

the transmission current losses, with the 5th harmonic having a greater impact than the 7th 

harmonic. Interestingly, some scenarios show that higher harmonic contributions reduce the 

total current amplitude, thus slightly mitigating the losses. These exceptions are caused by the 

total current amplitude reduction after considering the current harmonics. Despite these 

exceptions, the overall trend confirms that minimizing harmonic distortion in the applied 

current is critical to reducing transport current AC losses. 

In addition, the effect of frequency on harmonic losses was evaluated. While frequency 

variation (25 Hz, 50 Hz, and 100 Hz) had a limited effect on harmonic impacted transport 

current losses, the proportion of harmonic components in the applied current was the dominant 

factor. These findings are critical for the design of HTS stator windings in electric motors, as 

the applied current harmonic distortion must be minimized to achieve optimal performance. 

In summary, this chapter provides a detailed evaluation of the transport current AC losses of 

HTS coils according to the conditions relevant to electric motor design in electric propulsion 

systems. The results show that operating temperature (coil critical current) and the proportion 

of current harmonic component have great impact on the transport current loss. 

The results from this analysis provide a foundation for future research and development of more 

efficient HTS stator design. Future work should explore the combined effects of both transport 

current and external rotating magnetic field to represent the actual operating conditions of HTS 

armature windings. In addition, experimental validation of the harmonic loss model in actual 

motor designs will further enhance the understanding and application of HTS technology in 

electric propulsion systems. The real portion of harmonics should also be considered to enhance 

the simulation results. Hence, in the next chapter, the HTS armature windings will be placed 

under real motor environments with different rotor generated magnetic fields to analyse the 

total AC loss generated on the windings. 
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Chapter 6 HTS armature AC loss analysis under radial 

flux HTS motor environment 

6.1 Introduction 

Nowadays, electric aircraft have become popular as a result of aviation regulations on efficiency, 

noise and emissions. To commercialize electric aircraft, the motor to be designed requires high 

power. According to[11], the smallest commercial air transport requires 2 MW power. 

Meanwhile, air transportation also requires light weight and small size. The high power density 

required by MEA/AEA makes superconducting motors a promised solution. Recently, the MEA 

is undergoing a transition from conventional fuel aviation systems to hybrid or full electric 

aviation propulsion systems. Liquid hydrogen (LH2) is a good candidate as a potential 

sustainable aviation fuel. Recent projects, for instance, ASCEND (Advanced Superconducting 

& Cryogenic Experimental PowertraiN Demonstrator) by Airbus group, propose that LH2 could 

be both fuel and coolant for the whole propulsion system. This idea makes superconducting 

machines a more competitive candidate for MEA, since superconducting machines need low 

working temperatures.  

As indicated in[90], the critical current decreases dramatically under a field perpendicular to 

the width of the tape. As for HTS stator performance in a real machine environment, besides 

the transport current impact discussed in Chapter 4, there is also the impact of the rotational 

field generated by the machine rotor part. As mentioned before in Chapter 2, HTS materials 

will suffer from high AC loss especially when there is a large background field. Hence, in the 

next step, the HTS stator needs to be placed in a real motor environment. 

This chapter will analyse the radial flux synchronous HTS motor performance focusing on AC 

loss produced by HTS armature windings. The HTS motor designs studied here are a partially 

HTS motor with permanent magnet (PM) rotor and HTS stator, and a fully HTS motor with 

both HTS rotor and stator for radial flux machine. From an armature point of view, the main 

difference between a partially and fully HTS motor is the surrounding magnetic loading. The 

motor design analysis goes from their design and sizing methodology to modelling and finally 

gives the AC loss performance for stators. With the help of radial flux motor analysis, potential 

ways of reducing AC loss in HTS stator winding are presented in the end. 
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6.2 Radial flux partially HTS motor 

Compared to a traditional electric magnet rotor (generated by wound field winding via DC 

current) and an HTS rotor working in a low temperature environment, a permanent magnet has 

the advantage of easy manufacturing while maintaining good magnetic field distribution. 

Though the field generated by a PM is lower than that generated by an HTS rotor, this magnetic 

field generated in the range of 0.5 T to 1 T [140] enables an HTS armature to carry higher 

current as the HTS critical current decays a lot under a high background field. Regarding[25, 

133], the airgap magnetic field between 0.5 T and 0.9 T, the electrical loading of an HTS 

armature could reach as high as 250 kA/m. Therefore, the machine topology studied for a radial 

flux partially HTS motor is a synchronous motor with PM rotor and HTS stator. Moreover, as 

discussed in Chapter 4, the iron slots are removed to make an slotless structure to further reduce 

the machine weight and increase the machine power-to-weight ratio (PTW). An analytical 

technique for finding machine equivalent circuit variables of slotless radial flux partially HTS 

motor is developed. It is achieved through MATLAB coding, and the output variables include 

induced electromotive force (EMF), HTS armature winding inductance and its equivalent AC 

resistance. The output from this 2D analytical modelling is compared with the results from 

corresponding finite element modelling fulfilled in COMSOL. The overall HTS armature AC 

loss and its equivalent AC resistance are calculated from 10% to 100% of its rated electrical 

loading within the temperature range of 30 K to 75 K. The preferred HTS stator working 

conditions, particular temperature and electrical loading are carried out in the end. This 

equivalent circuit model could be used in an electric system to analyse the HTS motor impact 

on the whole system. 
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Figure 6.1 An example structure of radial flux partially HTS motor: PM rotor and HTS Stator 

6.2.1 Design methodology 
Initially, this study introduces a general analytical model for a slotless radial flux PM-HTS (i.e. 

permanent magnet rotor and HTS stator) motor. The analytical modelling will be realized 

through simplified MATLAB coding. The expected model output as shown in Figure 6.2 aims 

to obtain machine equivalent circuit variables for a given voltage and rated power. The 

modelling process is illustrated in Figure 6.3. The main target to obtain variables of the 

equivalent circuit is highlighted in a red box. The induced electromotive force (EMF) will be 

calculated through definition of the EMF for conductors with the help of the rotor magnetic 

field analysis, armature winding inductance will be determined by magnetic energy in 

inductance, and finally the AC loss of armature winding will help figure out the equivalent AC 

resistance. All the results obtained will be checked through numerical modelling. Although this 

study only considers the steady state mode, transient fault conditions such as short circuits are 

worth analysing in the future. After all the parameters in equivalent circuit are analysed, the 

possible machine optimization function can be figured out.   
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Figure 6.2 Machine equivalent circuit diagram 

 

 

Figure 6.3 The analytical modelling process flow chart 

6.2.2 Structure of the machine 
A schematic cross-sectional view of a slotless radial flux PM-HTS motor is given in Figure 6.4, 

where Rr is the rotor hub radius, Rg represents the mean air gap radius and Rs is the outer radius 

of the stator winding. As curve length is close to straight-line length when it is small, and the 

difference in length between the upper and lower arc edges is very small, it is reasonable to 

simplify sector shape cross-section to a rectangular shape in the magnetic field study. The rotor 
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magnet is mounted on the surface of the rotor yoke, and the distributed HTS winding is chosen 

for the stator as we assumed distributed HTS winding could be achieved in the future. The 

motor dimensions according to its structure are given in Table 6.1 below. 

 

Figure 6.4 A simplified one pole structure of a slotless partially HTS motor with permanent magnet rotor 

Table 6.1 Design dimension parameters of the slotless radial flux PM-HTS motor 

  Characteristic range Units 
stack length L 65 mm 
rotor radius R_r 183.5 mm 
stator radius R_s 201.3 mm 
stator yoke height Hsy 14 mm 
air gap height G 3.5 mm 
pole pitch τ_p 102 mm 
ratio of magnet width to pole pitch α_p(i.e. wm/τ_p) 75%   
magnet width Wm 74 mm 
magnet height Hm 9.5 mm 
rotor yoke height Hry 14 mm 

 

The magnet air gap is 3.5 mm, which is slightly bigger than the conventional PM machine since 

this is a slotless design. The ratio of magnet width to pole pitch is chosen to be 75% [141, 142] 

for an initial investigation. 

The motor electrical specifications are provided here. The machine output power is set to 450 

kW with a 170 Vrms phase voltage. The airgap magnetic loading is 0.68 T which is a better 

performance value than PM rotors[140]. It should be noticed that currently there is not any 

distributed HTS armature winding design available, but there are studies [143, 144] showing 
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that quasi distributed HTS winding design could be achieved by connecting HTS coils in series 

in different layers [145, 146]. Hence we are using distributed winding design in this study, and 

the coils per phase are set to 12. 

Table 6.2 Design electrical parameters of the slotless PM-HTS motor 

Parameter symbol range unit 
output power P 450 kW 
pole pair number p 6  
input phase voltage Vph 170 Vrms 
rated speed ns 5000 rpm 
input frequency f 500 Hz 
airgap magnetic loading Bg 0.62 T 

Armature Winding design 
stator winding distribution distributed 
no. coils per phase 12   

 

6.2.3 Modelling methodology 
6.2.3.1 Magnetic field distribution 
The induced EMF depends on the rotor magnetic field. Hence, the main task here is to model 

airgap flux density. A 2-D analytical method for predicting open-circuit field distribution 

analysis is proposed in[147]. The method decouples the whole magnetic flux density waveform 

into different harmonic components through Fourier expansion. Considering the nth harmonic 

component, in general, for typical inner rotor outer stator topology as shown in Figure 6.5, no-

load rotor magnetic field distribution in both radial and axial directions respectively are given 

in Equation6.1 and Equation6.2. The harmonic components considered in this study are the 

fundamental, 3rd, 5th, 7th and 9th.  

 

Figure 6.5 Inner rotor PM machine cross section scheme [7] 
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(6. 3) 

where p is the pole pair number, Rm is the magnet surface radius, residual magnetization vector, 

and αp is the magnet pole-arc to pole-pitch ratio. 

This model is validated through numerical modelling in COMSOL. As mentioned previously, 

a geometry simplification to rectangular shape is made in the finite element (FE) model in 

COMSOL. As shown in Figure 6.6, the PM rotor flux density distribution for one pole pair 

section is illustrated. As indicated in Figure 6.7, evaluation of the radial flux density distribution 

using both analytical and FE models shows good consistency. Meanwhile, the air gap flux 

density value is around 0.62 T where the fundamental component is around 0.68 T. 
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Figure 6.6 PM rotor no-load magnetic flux density distribution 

 

Figure 6.7 Analytical modelling validation for rotor radial flux density 

6.2.3.2 Inductance of armature winding 
The stator winding distribution along one stator pole pair is illustrated in the figure below. 

This distributed winding design has 36 slots in total and 1 slot per phase per pole. 
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Figure 6.8 Stator winding distribution 

The inductance is obtained through the definition of induced emf: 

𝑒𝑒𝑉𝑉𝑓𝑓 = 𝑁𝑁
𝑑𝑑𝑑𝑑
𝑑𝑑𝑖𝑖

= 𝐿𝐿
𝑑𝑑𝑖𝑖
𝑑𝑑𝑖𝑖

(6. 4) 

where N is the winding turn per phase and L is the self-inductance per phase. Considering 

mutual inductance between phases, paper [148] proposed a factor, kL, that can transfer 

inductance per phase to total three phase inductance: 

𝑘𝑘𝐿𝐿 =
4(𝜋𝜋 − 𝜅𝜅)
3𝜋𝜋 − 4𝜅𝜅

(6. 5) 

where κ is the half angular width of a winding slot. The results of analytical modelling are 

compared with results obtained from FEM. The method used in FEM is to calculate inductance 

through magnetic energy: 

𝐸𝐸𝑎𝑎,𝑚𝑚 =
1
2
𝐿𝐿𝐼𝐼2 (6. 6) 

As can be seen in the results of this study, the analytical modelling agrees well with FEM, only 

giving about 1% difference lower than the FEM value.  

Table 6.3 Inductance modelling case study results 

Inductance Analytical FEM Unit 
1 phase 49.5 50.08 μH 
3 phase 66.9 - μH 

 

6.2.3.3 AC resistance of armature winding 
The HTS coil is assumed to use YBCO insulated tapes manufactured by SuperOx. The AC 

resistance of the HTS tape is determined by working temperature, frequency and the machine 

geometry. It is hard to describe it through one equation, therefore, in this study AC resistance 

is calculated through the definition of AC losses, 
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𝑃𝑃𝑒𝑒𝑡𝑡𝑠𝑠𝑠𝑠 = 𝐼𝐼2𝑅𝑅𝑡𝑡𝑐𝑐 (6. 7) 

where the AC losses of HTS tapes are obtained through numerical modelling in COMSOL using 

the T-A formulation as explained in[68], which is also validated in Section 3.5.5. 

For this 6 pole-pair motor design, an AC resistance analysis is given here. Only one-twelfth of 

the machine (one pole) is modelled for reasons of calculation time efficiency. Figure 6.9 gives 

a one-twelfth machine model in detail in COMSOL, in which the simulation work regarding to 

different working temperature as well as electrical loadings has been completed. The working 

temperature range is from 30 K to 75K. The rated phase current is stated to be 1000 Arms, and 

the electrical loading varies from 10% to 100% of its rated loading.  

 

Figure 6.9 One-twelfth machine model built in COMSOL 

We should noticed that, since the machine working frequency is around 100 Hz which is far 

beyond the kHz range, the AC resistance can be assumed to be the same as the DC resistance. 

The final AC resistance values are plotted in Figure 6.10, in which the AC loss of the HTS 

armatures increases dramatically when the applied current is above 80% of the rated current 

and the working temperature is above 65 K. Considering the cooling temperature of liquid 

nitrogen (LN2) could be 65 K, it is better to keep the coil working temperature as low as 65 K 

As further reducing the working temperature will not reduce AC loss dramatically, and the 

cooling budget for lower temperature is high, 65 K is an ideal working temperature for an HTS 

coil working under a background field lower than 1 T. Regarding the equivalent AC resistance 

figure, this method is limited when the applied current is low, under 50% of rated current in this 

case. This is because AC loss is proportional to the square of current I, the equivalent Rac will 

be very high when the applied current is quite low. However, it is worthwhile to evaluate this 
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equivalent resistance when the current is quite high and close to the rated current, which is the 

normal HTS stator working condition. It also helps us to figure out that the equivalent AC 

resistance as well as the AC loss increases dramatically when the working temperature is around 

77 K.  

 

 

Figure 6.10 HTS armature performance results of a) ac loss; and b) equivalent ac resistance 

 

6.3 Radial flux fully HTS motor 

It is known that partially HTS motor design using a PM rotor has a magnetic loading limit less 

than 1 T. In addition, within the slotless structure, this value becomes 0.5 T or even lower. Hence, 
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a fully HTS motor using YBCO HTS coils as field winding could help to increase magnetic 

loading up to several T[149]. In general, the use of HTS materials for both the rotor and stator 

significantly enhances the motor’s performance by enabling high current densities and strong 

magnetic fields. 

Taking the advantage of high field generation from the HTS coil, the mean stator magnetic field 

can easily achieve the range of 0.5–0.9 T suggested by[25, 133]. Meanwhile, the electrical 

loading of the HTS armature could still reach as high as 250 kA/m as in the partially HTS motor 

design. Therefore, this section provides a radial flux fully HTS motor analysis where both rotor 

and stator use coils wound by insulated YBCO tapes. Since a motor with MW level output 

power is required to achieve the MEA target[11], the motor benchmark chosen here is a MW 

level fully HTS machine design.  

This study consists of three parts: rotor HTS field winding design and its possible optimization 

considering using multiple current leads, stator HTS armature winding design and its potential 

optimization focusing on AC loss reduction, and finally the shielding or back iron impacts on 

the magnetic loading performance. 

6.3.1 Design methodology 
The design process begins with establishing the requirements for the motor, including power 

output, operating frequency, and magnetic loading. Analytical and computational methods are 

then used to optimize the design parameters to meet these requirements.  

The topology chosen in this study is 2G HTS racetrack coils for both rotor and stator windings 

of a radial-flux slotless machine. The machine sizing equation is taken from the general radial 

flux machine form[150]: 

𝑃𝑃 =
𝜋𝜋2

√2
𝑘𝑘𝑤𝑤𝐵𝐵𝑠𝑠𝛼𝛼𝑠𝑠𝐷𝐷2𝐿𝐿𝑖𝑖𝑠𝑠 (6. 8) 

And the motor benchmark design parameters regarding to this equation are shown in table 

below. 
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Table 6.4 Design parameters of the slotless radial flux fully HTS motor 

Parameter Symbol Value Unit 
machine power P 2.3 MW 
pole pair number p 2  
frequency F 50 Hz 
electrical loading As 200 kA/m 
magnetic loading at mean armature winding radius Bs 1 T 
effective machine length L 0.5 m 
armature winding position mean diameter D 0.402 m 

 

The machine output power is set to 2.3 MW considering that only two pole pairs are considered 

in this study for reasons of geometry simplification. It should be noticed that the output power 

is set to around 2 MW rather than 1 MW here. The reason is that regarding the analysis in 

Chapter 4, the advantage of high current capacity for HTS armature design is more attractive 

when the power reaches 2 MW. The magnetic loading refers to the field at the mean mature 

winding position. 

6.3.2 HTS rotor design and optimization 
The rotor of this fully HTS motor is designed using HTS tape to create the field winding. The 

primary goals in rotor design are to maximize the magnetic field strength and especially 

enhance sufficient magnetic field along the armature winding position for a slotless motor. The 

chosen configuration for this study includes HTS racetrack coils, which are known for their 

ability to achieve high magnetic fields and ease of manufacture. The machine structure is shown 

in cross section scheme below: 

 

Figure 6.11 Diagram of machine cross section [151] 
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Figure 6.12 Rotor coil distribution along machine electrical angles 

An analysis of magnetic field distribution, including Fourier analysis, is employed to study the 

magnetic field distribution[45]: 
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(6. 9) 

where 𝑒𝑒𝑓𝑓is the mean field winding radius, 𝑒𝑒𝑒𝑒 inner radius of shielding, n represents the harmonic 

number and 𝐾𝐾𝐹𝐹𝑛𝑛 indicates the linear current density of the coil. 

The field distribution over machine radius is calculated through both analytical and FEM 

methods. Only the magnetic field radial component is compared because it is the flux density 

component that is of interest in the radial flux machine design. The field distribution amplitude 

is plotted over the machine radius with respect to the field winding position. It is obvious that 

the magnetic flux density from the analytical method is bigger than the result from FEM 

simulations when the radius is smaller than the mean rotor field winding radius, while the result 

consistencies consistent when the radius is bigger than the field winding radius. However, the 

big difference in the beginning will not greatly influence the rotor field distribution analysis 

since the stator part is placed outside the rotor, which means that the field analysis will only 

focus on the machine part where the r/rf ratio is greater than one. In this case, the field result 

difference should be caused by the ignorance of every tape position in the analytical method. 
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Figure 6.13 Analytical method validation for rotor field flux density 

As indicated in Figure 6.14, the red colour part indicates the current penetration to the tapes. 

For the HTS rotor field winding, the current penetration starts from the outer toward the inner 

tapes, thus the inner tapes are not sufficiently used. An optimization idea that focuses on 

enhancing the magnetic field and its uniformity might be to introduce multi-current leads. With 

the help of multiple excitation currents applies to different parts of the field windings, the use 

of the central tapes in the coil will increase thus avoiding inner tape material waste and enhance 

the magnetic flux density waveform. 

 

Figure 6.14 Field winding current penetration 
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A two current leads (CL) system is proposed here. The first CL with 100% of the applied current 

is given to the external tapes, while the second CL with an extra 20% of the applied current is 

applied to the inner tapes. The ratio of inner tapes over the whole coil is assumed to be one third 

in this design. The current waveforms for two CLs as well as the applied current distribution 

along one side of the coil are illustrated in Figure 6.15 and Figure 6.16 respectively. 

 

Figure 6.15 Current wave as a result of superposition of multi current leads 

 

Figure 6.16 Two current leads applied to rotor HTS coil with one third of inner tapes having higher 
current 

The radial flux density enhancement with two CLs is shown in Figure 6.17. The optimization 

results indicate that using two CLs with the central (1/3 tapes) current increased to 120% of the 

original applied current can significantly enhance the rotor field by 10%. Meanwhile the arc 

length of field over the peak value increased which further improves the magnetic loading. 
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Figure 6.17 Radial flux density comparison between one current lead and two current leads 

6.3.3 HTS stator design and optimization 
The stator of this design also uses HTS tapes for the armature winding, with a slotless (slotless) 

design to reduce the machine weight. The design aims to achieve high electrical loading while 

minimizing AC losses. The stator parameters are listed in Table 6.5. The electric loading is 

chosen to be 200 kA/m based on some previous research on HTS armature design[29, 30]. The 

armature working temperature chosen here is 65 K regarding the previous analysis in Chapter 

5. 

Table 6.5 Stator design parameters 

Parameter Symbol value unit 
machine power P 2.3 MW 
pole pair number P 2  
frequency F 50 Hz 
electric loading As 200 kA/m 
magnetic loading Bs 1 T 
stator current Is 150 Arms 
stator voltage Vs 2.3 kV 
stator cable turn Ns 64  
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To reduce AC losses, the stator design is optimized by considering different tape widths here. 

The T-A formulation in COMSOL is used for AC loss calculations, which involves solving the 

E-J power law in the superconducting domain. It is assumed here that 1 mm and 0.5 mm tapes 

can be manufactured in a mature manner in the future. AC loss increases as tape width reduces 

from 4 mm to 2 mm. However, narrower tape widths are found to reduce AC losses effectively 

if the tape width further reduces from 2 mm to 0.5 mm, as shown in Table 6.6. It is noticed that 

the loss increases at first from 4 mm tape to 2 mm tape and then reduces. This could be explained 

considering the current penetration in the tape. The current distribution for four coils at the peak 

applied current is displayed in Figure 6.18.  

Table 6.6 AC losses for different tape widths 

Tape width 4 mm 2 mm 1 mm 0.5 mm 
layer 2 4 8 16 
J/cycle/m 2670 3210 3170 1300 
total AC loss (kW) 534 642 634 260 

 

Figure 6.18 The current penetration for different tape widths a) 4 mm; b) 2 mm; c) 1 mm; and d) 0.5 
mm 

6.3.3.1 Critical current degradation considerations 
Considering the current commonly used existing tape dimensions, the AC loss comparison is 

conducted again with the tape width ranges from 12 mm to 2 mm. In addition, regarding the 

critical current data available from manufacturers, there will be a critical current degradation 
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while doing tape width cutting. Here are some assumptions for this critical current degradation 

analysis. The 12 mm and 8 mm tapes have the same critical current, Ic, level with 4 mm tapes, 

since the degradation from 12 mm to 4 mm is not that obvious. However, the Ic degradation of 

2 mm tape is considered after checking through the critical current measurements from 

manufacturers[152], since the Ic level for 2 mm tape is assumed to be 80% of that for 4 mm 

tape. 

Table 6.7 AC loss results comparison for different tape widths considering Ic degradation 

Tape width [mm] 12 8 4 2 2 (with degradation) 
Coil layer 1 1 2 4 4 
Loss [J/cycle/m] 3140 2940 2670 3210 3120 

 
As can be seen here, AC loss reduces from 12 mm to 4 mm, but increases when further cutting 

the tape width to 2 mm. Moreover, when considering the Ic degradation for 2 mm tape, the AC 

loss is slightly smaller than the case without Ic degradation. As the total AC loss is a sum impact 

of transport current loss and magnetization loss, and these impacts could not be linearly 

summed up, AC loss will not purely reduce by narrowing the tape width. Among these analysis, 

in the range of 2–12 mm tapes, 4 mm tape performs the best.  

6.3.4 Shielding considerations: back iron impact 
Back iron is usually used to provide magnetic shielding, however the stator back iron accounts 

significantly for the machine total mass which influences the total machine PTW, hence the 

stator back iron impact is analysed here. A case study of the impact of a back iron with 4 mm 

thickness on motor magnetic loading as well as the armature AC loss is given here. With the 

help of the equivalent magnetic circuit of the machine, the magnetic loading for slotless 

machine is small since the reluctance in the stator part is very big. The back iron helps to 

enhance the magnetic loading. At the same time, since the AC loss of a HTS is affected by the 

flux penetration direction with respect to the tape width surface, the AC loss of the armature is 

also calculated considering the stator back iron.  

The use of thin layer (4 mm) of back iron (shielding) in the stator has no obvious magnetic 

loading improvement, as the air core is very big as indicated in Figure 6.20. However, the thin 

shielding can impact the current penetration of the armature tapes, thus the overall stator AC 

loss. The coil AC loss reduces from 3580 J/cycle/m to 2670 J/cycle/m after adding the extra 

thin layer of back iron. Therefore, for each specific motor design, back iron could help improve 
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the overall motor performance, however, decisions regarding its thickness should be a trade-off 

between magnetic loading, stator AC loss and machine weight. 

 

Figure 6.19 The machine structure with 4 mm back iron 

 

Figure 6.20 Radial flux density with and without shielding 
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Figure 6.21 Shielding impact on stator winding current penetration a) without shielding; and b) with 
shielding 

6.4 Conclusion 

The radial flux synchronous HTS motor is a potential candidate for MEA/AEA propulsion 

systems. This chapter discussed the design and performance analysis of the HTS motors 

focusing on HTS armature AC loss evaluation and minimization for both partially HTS motors 

and fully HTS motors. The two configurations of HTS motors are: a 450 kW partially HTS 

motor with a PM rotor and an HTS stator, and a fully HTS motor rated at 2.3 MW using HTS 

coils for both rotor and stator. Both designs were analysed by analytical and FEM 

methodologies. 

For the 450 kW PM-HTS motor, a slotless radial flux topology with a PM rotor and HTS stator 

was developed. An analytical technique, validated with FE analysis, was proposed to find 

machine equivalent circuit variables of this slotless partially PM-HTS motor. The main 

parameters of the equivalent circuit such as induced electromotive force (EMF), armature 

winding inductance, and HTS armature equivalent AC resistance were calculated. In the end, 

an equivalent circuit lookup table could be built and embedded into a whole electric propulsion 

system to figure out the motor impact on the whole system. 

As for the study of stator equivalent AC resistance, the calculation was achieved with the help 

of FEM modelling in COMSOL. It also revealed agreement with previous studies that 

maintaining the HTS stator’s working temperature at around 65 K (below 77 K), a temperature 

achievable with liquid nitrogen cooling, is essential to managing AC losses effectively. The 

results showed that increasing the HTS coil temperature above 65 K led to rapid increases of 

AC loss, indicating that careful thermal management is needed in HTS armature design. 

Meanwhile, to maximize the benefits of using HTS armature, it is important to maintain the 

stator electrical loading as close as possible to the HTS critical current capacity.  
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For the 2.3 MW fully HTS motor, designed with HTS coils in both the rotor and stator, the use 

of multiple current leads in the rotor could significantly improve the rotor magnetic flux density 

waveform. For example, by applying 120% of the rated current to the inner HTS tapes, the field 

component of interest (radial flux density) was enhanced by approximately 10%. However, it 

also introduced extra complexity to the rotor structure. 

An optimization strategy for the HTS stator was also developed, emphasizing the reduction of 

AC losses by reducing the HTS bandwidth. The results demonstrated that the AC loss will 

reduce dramatically if the tape width is narrower than 2 mm. The findings showed that the AC 

loss initially increased when tape width reduced from 4 mm to 2 mm, but decreased 

significantly for widths below 1 mm. This AC loss comparison for different tape widths 

indicated that the total AC loss of an HTS armature is a nonlinear sum of transport current loss 

and magnetization loss. Considering current commonly used tape dimensions, the 4 mm tape 

performs the best as the stator winding.  

Finally, the impact of back iron on magnetic loading enhancing and stator AC losses reduction 

was evaluated. Although the addition of a thin 4 mm back iron layer showed no obvious 

improvement in magnetic loading due to the large air-core structure, it effectively reduced the 

stator AC loss by modulating the direction of magnetic flux penetrating the tapes. This result 

indicates that the back iron can help improve the overall performance of the motor, but decisions 

regarding its thickness need further analysis, optimization and will become a trade-off between 

magnetic loading, stator AC losses, and machine weight.  

Table 6.8 2.3 MW motor stator optimization results considering AC loss performance 

Stator coil tape width impact 
tape width [mm] 4 2 1 0.5 
AC loss/AC loss of original motor design 100.00% 120.22% 118.73% 48.69% 

Shielding impact 
Shielding thickness [mm] 0 4 
AC loss/AC loss of original motor design 100.00% 74.86% 

 

In summary, this study provides a comprehensive analysis of HTS armature design for HTS 

motors, highlighting the impact of tape width and effective shielding on the HTS stator 

performance. The results highlight the potential of HTS motors to achieve the high power 

density and efficiency required for next generation electric aircraft propulsion systems. This 
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study also gives the direction to quantify the HTS armature design optimization focusing on its 

AC loss reduction.  
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Chapter 7 Transport current AC loss analysis of multi-

stack HTS coil 

7.1 Introduction 

To achieve the ambitious zero-emissions aviation goal, electrified aircraft propulsion systems 

are proposed as a potential solution. Previous studies have proved that a fully HTS motor could 

be a promising solution. The HTS armature outperforms in the design of multi MW level 

electrical machines, which require power density no less than 20 kW/kg [17, 42] and high 

efficiency. Though HTS materials can sustain high current, this current capability reduces 

dramatically under a background field, especially within the high fields of several Tesla [153, 

154] generated by an HTS rotor. Meanwhile, considering the machine voltage regulations, 

aircraft motors at high altitudes require low voltage and high current to avoid electric 

discharge[20, 32, 146, 155]. In order to improve the stator electrical loading (i.e. increase the 

machine current capacity), multiple tapes could be bundled together. Nevertheless, with a large 

number of insulated tapes bundled together, the winding difficulty increases in terms of thermal 

and mechanical stability.  

Hence, in this chapter, a new stacked coil structure is proposed with multiple tapes stacked and 

soldered together and then connected in parallel. This soldered structure improves the coil 

thermal and mechanical stability. Besides, within this low voltage and high current stacked coil 

structure, the number of coil turns is reduced thus the inductance of the coil is reduced in the 

end, which is desirable for motor design[74, 119]. The lower coil inductance [156] enables 

faster current response and reduces reactive impedance, which enhances torque response and 

increases power density, while also minimizing inverter switching losses, thereby improving 

overall efficiency and performance. In the meantime, the motor would be smaller, lighter and 

operate more smoothly.  

This study gives a comprehensive transport current AC loss analysis of these HTS YBCO 

stacked coils for electric propulsion applications targeting the stator armature design. Initially, 

the novelty of the stack coil structure is introduced by comparison to currently existing multi-

filamentary coil studies, and the purpose of using such a structure is also explained. The 

characteristics that affect the coil transport current loss are analysed afterwards, including 
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tape/stack current distribution and the stack inductance differences. Both experiments using the 

electric method and numerical modelling using the 2D axis symmetrical H-formulation are 

proposed to help understand the coil performance under AC transport current conditions. 

 

7.2 Novelty of the stack coil design 

The main purpose of using a parallel-tape configuration is to achieve high current capacity and 

stability in superconducting coils of superconducting motors for aviation applications. As 

explained in Section 3.3.2, multi-filamentary coils are divided into two main types regarding 

their methods of electrical connection: coupled-at-the-end case and fully coupled case, as 

shown in Figure 3.2. However, the inductance difference between each current path will result 

in an uneven current distribution. In terms of coil stability, non-uniform currents can cause 

imbalances in electromagnetic forces, leading to mechanical stresses and vibrations. In addition, 

coil areas with higher current density are more likely to overheat, result in thermal instability. 

At the same time, extra losses are also introduced by this uneven current distribution: eddy 

current loss in the metallic layer, coupling losses due to the transferring current between 

electrically connected tapes[69], and greater hysteresis loss in areas with higher current. This 

AC loss increases coil temperature and could result in quenches.  

Although there are many studies about the AC loss characteristics of multi-filamentary coils, 

considering the hysteresis loss and coupling loss[119, 120, 157, 158], and proposed numerical 

modelling methods, such as T-A coupling with an electrical circuit, Minimum Electro-Magnetic 

Entropy Production (MEMEP), to simulate the coupling effects among these coils in stacked 

structure[119, 159, 160], the behaviours of every tape, especially the relationship between 

current distribution in a stack and the corresponding AC loss properties, are not stated in detail. 

Meanwhile, there is lack of sufficient result comparison between measurement and simulation. 

The latter study, which will be conducted in this study, helps to give a better understanding of 

stack coil behaviour, and figure out the possibility of reducing stack coil AC loss thus better 

using stack coils in HTS armature windings. In addition, to improve the inductance impact 

analysis focusing on the coil current distribution and the coil total transport current AC loss, 

two cases of both big and small inductance differences between stacks are investigated here. 

  



108 
 

7.3 Stack coil geometry 

The stack structure implies two tapes stacked together through a metallic soldering layer. The 

coil is designed for a specific machine prototype: a double-stator single-rotor axial flux motor 

with a rated power of 100 kW. The rated current required for one stator is 160 Apk. To further 

increase the coil current capacity to achieve this electrical loading target, two stacks with four 

tapes connected in parallel are wound to form a double stack coil. The coil structure is displayed 

in Figure 7.1 and the coil dimensions are listed in Table 7.1. 

 

Figure 7.1 The stack coil structure 

This coil is wound from SuperOx 2G YBCO tapes. The tape width is 4 mm, and for each coil 

turn, two tapes are stacked together through a metallic soldering layer, and located face-to-face 

with each other. The copper stabilizer around each tape is about 20 µm thick and the soldering 

layer around every coil turn is made by 5 µm PbSN. With the double pancake structure, there 

are 46 turns in total (23 turns per layer) and every turn has two stacks in parallel. The extra 

soldering layer is used to maintain the coil mechanical and thermal stability.  

The coil structure is labelled in Figure 7.2, in which the grey thin lines indicate the HTS tapes 

soldered together in a stack, and the surrounding brown block represents all the other metal 

layers including soldering and stabilizer. For every coil turn, there are two stacks connected in 

parallel. The yellow solid box describes one of the two stacks in a coil turn that is located closer 

to the coil centre while the extended blue dashed box describes the stack in a coil turn that is 

located further from the coil centre. The detailed information of this stacked coil is given in 

Table 7.1. The measurements and testing are conducted in an environment at 77 K provided by 

LN2.  
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Figure 7.2 Coil structure scheme, with the HTS layer in grey, the metallic soldering in brown, and the 
insulation in green. The yellow solid box and blue dashed box mark the two stack turn. 

 

Table 7.1 Stack coil parameters 

Parameter  Value Unit 
inner diameter 60 mm 
outer diameter 80 mm 
nº of tapes per stack 2  

nº of stacks per turn 2  

nº of turns 46 
 

tape width 4 mm 
stack tape thickness 0.23 mm 
self-field Ic 250 ADC 
working temperature 77 K 

 

7.4 Coil measurement setups 

7.4.1 Coil critical current, Ic determination 
The coil self-field critical current, Ic, measurement result is given in Figure 7.4, measured twice 

from both stacks to ensure the accuracy. The inner and outer stacks refer to the stacks placed 

inside and outside, respectively, and the coil self-field, Ic, is around 250 A. 
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Figure 7.3 Real stack coil for testing 

 

Figure 7.4 Coil critical current, Ic measurement conducted from two stacks, respectively 

7.4.2 Current distribution measurement setups 
Considering the coupling between tapes in a stack and the current shift for every turn of the 

coil, the current distribution is measured at both terminals of the coil. The measurement is 

achieved using four identical current transducers highlighted in the red box in Figure 7.5. The 

transducer signals are observed and recorded through an oscilloscope. The transducers are 

always attached to the same tape to avoid extra errors produced during the measurement. First 
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of all, to check the coil coupling effects, the current distributions in four tapes are measured 

respectively at the same time. To achieve this, the tapes in each stack are split at the position 

between current feedthrough and the beginning of the coil winding position. The coil terminals 

are soldered to a copper plate to ensure the contact area of every tape is identical. The detailed 

tape current measurement set up is also shown in Figure 7.5. Similarly, the current distribution 

in each stack is measured. All possible positions of current transducers are implied in Figure 

7.6. 

 

Figure 7.5 Current transducers for coil current distribution measurement 

 

Figure 7.6 The possible positions of current transducers shown in coloured boxes 

 

7.4.3 Inductance difference setups 
It is known that in an AC circuit, when two inductors with different inductance values are 

connected in parallel, the current in each inductor is not the same. This is also true for coils with 
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two parallel paths having different inductance values. In this double stack structure, the 

inductance difference between two stacks is mainly caused by the length difference between 

these stacks. 

To analyse this inductance difference impact between stacks on coil current distribution as well 

as the total transport current AC loss, two values of inductance difference are made. The first 

one is the original coil, and the second is the case of a bigger inductance difference achieved 

by increasing a half turn of the inner stack while also changing the length of the outer stack. 

The second case is shown in Figure 7.7, and the length changing of the outer stack is achieved 

by adding extra winding which is highlighted in the yellow box. The inductance values for the 

two cases are given in Table 7.2. 

Table 7.2 Two cases of inductance difference between stacks 

 Coil inductance Inner Stack S1 Outer Stack S2 Inductance Difference 
original stack coil 199.4 µH 200.9 µH 1.5 µH 
coil after inductance 
modification 208.6 µH 202.2 µH 6.4 µH 

 

 

Figure 7.7 Coil with bigger inductance differences between stacks 
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7.4.4 AC loss measurement setups 
The general electrical method [109, 123] as explained in Chapter 3 is used to measure the coil 

transport current AC loss. With the help of a data acquisition system (DAQ), the transient 

voltage and current across the coil are recorded for each measurement over several periods. 

Over n periods of time, the coil AC loss can be calculated by the integration as given in Equation 

3.13. 

Since the terminals of two stacks are not soldered together, the voltage tab can only measure 

the voltage across either inner or outer stack at one time. Therefore, the AC losses are measured 

twice for each case, from the inner and outer sides, respectively. The measurement is conducted 

at two frequencies, 50 Hz and 100 Hz, in the current range of 30–50 Arms in 10 Arms steps. The 

current below 30 Arms is not considered as the input current noise component is great, and the 

current above 50 Arms and the frequency above 100 Hz are not measured because of the power 

limitation of the amplifier. These two sets of measurements are repeated for the two values of 

inductance difference between inner and outer stacks to analyse the impact of inductance on the 

transport current AC loss. 

 

Figure 7.8 AC loss measurement setup 



114 
 

7.5 Measurement results and analysis 

7.5.1 Proof of coupling 
Initially, the coil coupling effect is investigated by measuring the tape current distribution. To 

figure out the relationships between the tape current distribution, stack current distribution and 

the total coil AC loss, and thus reduce the total AC loss, there are four scenarios proposed for 

double stack coil performance analysis. The scenarios are explained in the figures below 

followed by their results. 

The green box indicates the position of the current transducer, while the white box indicates the 

circuit disconnection. We denote the tape currents according to their positions. The currents of 

tapes of the inner stack are named as Ii1 and Ii2, and the currents of tapes of the outer stack are 

called Io1 and Io2. Terminal 1 refers to the left side terminal while the right side terminal is 

terminal 2. The scenario with all tapes connected into the circuit is set as a reference scenario 

0. The scenario 1 with only stack 1 connected into the circuit is set to identify the coupling 

impact within a stack. The second scenario has only one tape in each stack connected into the 

circuit, and it helps to analyse the coupling effects between stacks. The last scenario has 

connections from one tape from each stack on terminal 1 while all tapes are connected on 

terminal 2. The impacts of different ways of applying current on the coil current distribution 

are investigated by comparing the results of all three scenarios to the reference scenario 0. 
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Figure 7.9 Coil coupling investigation tape current distribution circuits a) reference scenario 0: all tapes 
connected to the circuit; b) scenario 1: one stack connected to the circuit; c) scenario 2: one tape in each 
stack connected to the circuit 2; and d) scenario 3: one tape in each stack connected to terminal 1 and 
all stacks connected to terminal 2 
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Figure 7.10 Coil coupling investigation tape current distribution results at 50 Hz with applied current of 
30 Arms a) reference scenario 0; b) scenario 1; c) scenario 2; and d) scenario 3 



117 
 

Regarding the results shown in Figure 7.10, all the scenarios show that the current distributions 

of two tapes in the same stack are the same regardless the method of applying current. However, 

there is a current phase shift between two stacks, and the current is not evenly distributed within 

each stack. One stack carries more current than the other which means that there will be extra 

current loop thus extra loss (mainly eddy current loss) introduced in soldering (metallic) layers. 

This phenomenon could be explained with the help of inductance difference in a circuit. As 

noticed in a circuit, the reactance component leads the angle difference between voltage and 

current. In this structure, the inner stack length is always shorter than that of the external stack, 

therefore, an inductance difference is introduced between two stacks. The inductance difference 

between two stacks, and thus the reactance difference, causes the current phase shift of these 

stacks. 

In addition, regarding scenario 3, we found with only one tape in a stack connected to a circuit 

at terminal 1, both tapes in a stack carried same amount of current measured at terminal 2. The 

stack structure makes the tapes in a stack fully coupled. It indicates that there will be transverse 

current flowing between tapes in a stack, which will introduce extra coupling loss.  

7.5.2 Coil AC loss Analysis 
7.5.2.1 Original coil AC loss 
Since the two stacks are separated attached to the current lead, the compensation coil used in 

electric measurement could only connected to either the inner or outer stack at one time. The 

transport current AC loss measurement results with the compensation coil connected to the 

inner and outer stacks, respectively, are given in Figure 7.11. It is shown that the loss measured 

from the outer stack compensation case is always slightly smaller than that of the inner stack 

compensation case. Since the two stacks are connected in parallel in the circuit, which indicates 

the same voltage drop, the loss difference could result in uneven current distribution between 

the two stacks. 
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a) 

b) 

Figure 7.11 Transport current AC loss measurements comparison with compensation coil connected to 
inner and outer stack respectively at a) 50 Hz; and b) 100 Hz 

Hence, the current distribution of each stack is measured. The current in the outer stack is 

assigned as I1, the current in the inner stack is assigned as I2, and the total current applied to the 

coil is assigned as It. The current amplitude in each stack for an example case of applying 30 

Arms at 50 Hz is given in the figure below. The current distribution is measured twice for the 

two compensation cases.  

The results imply that the inner stack carries a higher amount of current. Since the voltage 

measured after compensation subtraction is proportional to the current, when the current in the 
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circuit is higher, the voltage measured is higher, thus the loss measured becomes higher. 

Therefore, the loss measured from the inner stack compensation case is always slightly higher. 

However, since the current difference between the two stacks is small, the loss difference in the 

measurement is small enough to be neglected. 

a) 

b) 

Figure 7.12 Current distribution of two stacks at 50 Hz, 30 Arms a) inner stack compensation case; and 
b) outer stack compensation case 

To further investigate the possible factors that affect the current distribution and thus the coil 

loss, the currents of two stacks are measured from the inner and outer compensation cases at 

both 50 Hz and 100 Hz. The current amplitude for each stack and the current phase differences 

between stacks are given in the following figures. 
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a)

 b) 

Figure 7.13 Current amplitude in each stack comparison with compensation coil connected to inner and 
outer stack respectively a) at 50 Hz; and b) 100 Hz 
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Figure 7.14 Current phase shift measurement comparison between two stacks at 50 Hz and 100 Hz with 
compensation coil connected to inner and outer stack, respectively 

First of all, the connection of the compensation coil to either the inner or outer stack as well as 

the applied current amplitude has no obvious impact on the stack current performance. 

Regarding Figure 7.13, it is notable that the current amplitude measurement result is more 

consistent at 100 Hz. Meanwhile, as shown in Figure 7.14, the current distribution phase shift 

between two stacks is stable when increasing the applied current, while it increases as the 

working frequency increases. This is reasonable as the coil impedance is frequency dependent. 

If we assigned the current amplitude difference between stacks as: 

∆𝐼𝐼 = 𝐼𝐼𝑖𝑖𝑛𝑛𝑛𝑛𝑒𝑒𝑡𝑡 − 𝐼𝐼𝑡𝑡𝑜𝑜𝜕𝜕𝑒𝑒𝑡𝑡 (7. 1) 

it shows that at 100 Hz, ∆I is bigger, and the current phase shift is greater. 

7.5.2.2 Inductance difference impact on AC loss 
The same measurement of coil transport current AC loss, as well as current distribution is 

conducted again after adding more stack inductance differences as described in Section 7.4.3. 

The two inductance difference cases are named the original coil and bigger ∆L coil 

respectively here. 
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a) 

b) 

Figure 7.15 Transport current AC loss comparison between original coil and coil with bigger ∆L at a) 
50 Hz; and b) 100 Hz 

The loss for the coil with bigger ∆L is about twice that of the original small ∆L case for both 

frequencies. It’s obvious that for the bigger ∆L case, the loss is much higher at 100 Hz. This 

phenomenon could be explained according to the following tape current distribution results. By 

increasing the inductance difference from 1.5 μH to 6.4 μH, the current phase shift increases 

dramatically from under 45 degrees to above 140 degrees. The current relation between two 

stacks varies gradually from the in-phase condition to the out-of-phase condition. Taking the 
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30 Arms and 100 Hz case as an example, as shown in Figure 7.16 a), the current amplitudes of 

the two stacks are similar and below the total applied current, It when the ∆L is small; while as 

shown in Figure 7.16 b), the current amplitudes of the two stacks are quite different and much 

greater than the total applied current, It, when ∆L is big.  

Though the inductance difference modification is achieved by adding an extra length of tape to 

each stack, the length is small enough to be neglected to contribute to the total amount of AC 

loss. Considering the tape current is much higher in each stack when ∆L is big, the eddy current 

introduced in the metallic layer is much higher as well. The eddy current loss is frequency 

dependent. Hence, for the big ∆L case, eddy current loss is the dominant contribution to the 

total transport current loss. This is further explained with the help of simulation in Section 7.6. 

Table 7.3 Average stack current phase shift 

 average phase shift (degrees) 
 original coil bigger ∆L coil 

50 Hz 25 142 
100 Hz 35 162 

 

a) 
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b) 

Figure 7.16 Current distribution of two stacks at 100 Hz, 30 Arms a) original coil case; and b) bigger ∆L 
coil case 

The current amplitude trend in each stack is also given in Figure 7.17. The reference line marked 

in red is set as each stack carries the same amount of current (50% of total Iapp) to help show 

the stack current difference. The out-of-phase current impact is also considered in the bigger 

∆L case. 

The stack current amplitude difference becomes greater when increasing the working frequency. 

When increasing the stack inductance difference, the stack current phase shift increases thus 

the amplitude could be 2 to 4.5 times higher than the real applied current. To minimize the coil 

AC loss, the inductance difference should be kept as small as possible. 

a) 
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b) 

Figure 7.17 Normalized stack current with respect to half Iapp (Arms) a) original coil; and b) bigger ∆L 
case considering out-of-phase current impact 

7.6 Coil AC loss simulations 

7.6.1 Simulation methodologies 
To describe the electromagnetic properties, simulations were conducted using FEM with the 

2D axis-symmetrical H-formulation, which is explained and validated in Section 3.5.5. 

The magnetic field dependency of the superconductor critical current density, Jc(B), is taken 

from interpolation obtained from measurement of same tape samples. As shown in Figure 7.18, 

the stack consists of two HTS tapes (black) with soldering layer around (orange), and these 

stacks are insulated from each other (violet). The constraints for the current applied were 

defined so the total applied current has to be equal to the integral of the current density along 

the whole turn. The soldering resistivity is set to be 2.33*10-9 Ωm regarding the copper 

resistivity at 77 K [130] and the current for each tape is obtained directly from the measurement. 

Though the loss (mainly hysteresis loss) in the HTS tapes is calculated with the help of the 

current constraints, the 2D axis-symmetrical modelling has its limitation: in general, in this 2D 

axisymmetric model, current transfer along the r-axis is neglected. As a result, there is an 

ignorance of coupling loss (between tapes) and inaccurate estimation of eddy current loss in the 

metallic soldering layer. Therefore, there is an AC loss difference between simulation and 

measurement for this stack structure. 
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Figure 7.18 Double stack coil geometry in 2d axis-symmetrical model 

7.6.2 Coil AC loss results 
To figure out the impact of big stack inductance differences on the eddy current loss, the coil 

transport current AC loss simulation results of the bigger ∆L case are given in the figure below 

in comparison with the electric measurement results. As the eddy current loss is incorrect in the 

soldering layer due to the ignorance of the transverse current, only the tape hysteresis loss 

results are plotted. For the denotations, tape hysteresis loss from the simulation is written as 

‘simu tape’ and the measurement results using the electric method are written as ‘electric’.  

 

Figure 7.19 AC loss comparison between simulation and electric measurements of bigger ∆L case 
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Tape loss, mainly hysteresis, is frequency-independent, hence for the simulation results shown 

by dashed lines, tape losses are stable at both frequencies. Tape hysteresis loss is lower than the 

total measured transport current loss. The difference refers to the soldering loss. With bigger 

inductance difference, the total measured transport current loss shows obvious frequency 

dependence. It indicates that the induced eddy current loss in the soldering layer overweighs 

the tape hysteresis loss when the ∆L is big. 

7.6.3 Coil magnetic energy analysis  
Previously, we noticed that for the bigger ∆L case, the current in each stack is much higher than 

the real applied current. Since HTS coils perform inductively, it is worth analysing how the 

transient magnetic energy performs in the coil. In general, a hysteresis loop is used to check the 

magnetic performance. In this specific case, since the field is generated by the coil applied 

current, an I-H loop is used to present the hysteresis performance here. The I-H loop results are 

given in Figure 7.20. The overall hysteresis loop for the two coil cases are similar as shown in 

Figure 7.20 a), since the total applied current is the same. While due to the difference stack 

current distribution, the I-H loop for each stack performs quite differently. The higher the stack 

current, the bigger the I-H loop, meanwhile, the I-H loop shows the same trend when the stack 

current phase difference is small while it shows the opposite trend when the stack current phase 

difference is big and close to 180 degrees. 

a) 
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b) 

c) 

Figure 7.20 Hysteresis I-H loop of a) overall big and small ∆L cases; b) two stacks of small ∆L case; 
and c) two stacks of big ∆L case 

For further analysis, the transient magnetic energy is calculated. The magnetic energy stored in 

the stack coil could be described as: 

𝐸𝐸𝑚𝑚 =
1
2
𝐿𝐿1𝐼𝐼12 +

1
2
𝐿𝐿2𝐼𝐼22 + 𝑑𝑑𝐼𝐼1𝐼𝐼2 (7. 2) 

where L1 and L2 are the inductance of two stacks and M is the mutual inductance, and 

considering the slotless structure, the mutual inductance impact could be ignored. As illustrated 

in Figure 7.21, the transient magnetic energy storage in the coil with bigger ∆L is about 10 

times higher as the current in each stack is much higher. Therefore, beyond the extra high 
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transport current loss in tapes, there is also much higher transient magnetic energy stored in the 

coil when the coil has bigger ∆L between stacks. 

 

Figure 7.21 Transient magnetic energy comparison between small and big ∆L cases 

7.7 Conclusion 

In this chapter, the stacked structure HTS armature coil was proposed and developed to increase 

armature current capacity thus meeting the electrical loading and power density requirements 

for future electric propulsion systems, particularly in electric aviation.  

In this research, a stacked coil structure is proposed to improve the electrical loading 

capabilities of superconducting machines. By stacking HTS tapes in parallel within the coil 

structure, the current capacity of the armature is significantly enhanced, while reducing the 

overall coil inductance. The reduction in inductance not only enables faster current response, 

but also improves the overall operating efficiency of the machine, making it more suitable for 

aerospace applications. In addition, the conventional way of putting coil phase groups in 

parallel is not applicable for HTS stator design. This is because the HTS tape is mechanically 

fragile and the bending radius is big, and it requires uniformly thermal cooling to avoid local 

quench. To enhance the mechanical stability and thermal robustness of the stack coils, metallic 

soldering layers are introduced.  

However, one of the key challenges found in this study is the extra AC losses introduced in the 

coil by the soldering structure. The study accurately measured the current distribution within 

the stacks, indicating that inductance difference between the inner and outer stacks contributes 

to uneven current distribution, which further increases the total AC loss of the coil. 
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This study investigates the effect of inductance differences on the current distribution and 

transport current AC loss characteristics of stacked coils by combining experimental 

measurements with numerical simulations. It was found that increasing the inductance 

difference between the stacks significantly affects the current phase shift and the current 

amplitude flowing through the stacks, resulting in a dramatic increase in total transport current 

AC losses. In particular, the inductance difference increase modification resulted in a phase 

shift of up to 160 degrees between stacks, which in turn caused the current amplitudes of stacks 

to exceed the total applied current by a factor of 2 to 4.5 times. In addition to extra AC loss 

generation, this uneven current distribution will also affect the torque produced in a machine. 

This uneven current distribution can make axisymmetric field, cause local magnetic field 

distortion thus resulting in a torque ripple. These effects highlight the importance of minimizing 

inductance differences between stacks within the coil to reduce losses and improve performance. 

The findings also demonstrated that the transport current AC losses at higher frequencies (100 

Hz) were much bigger than at lower frequencies (50 Hz) for coils with greater inductance 

differences. This phenomenon might be due to the increased current phase shift and the 

corresponding rise in soldering losses. 

In addition to the experimental measurements, a 2D axis-symmetrical model was developed to 

simulate and understand the behaviour of the stack coils under an AC transport current. While 

the simulations provided understanding into the electromagnetic behaviour of the coils, they 

were found to inaccurately estimate the total AC losses due to the exclusion of transverse 

current within a stack. Despite this limitation, the model helps to understand the coil behaviour 

from a magnetic energy perspective. 

Overall, this study highlights the need for further optimization of stack coil designs to minimize 

transport current AC losses and improve the overall efficiency of superconducting machines. 

This includes reducing inductance differences between stacks and improving the coil design to 

mitigate coupling effects. In addition, the coil needs to be tested under a background field to 

show stable performance under a real machine environment. It will be critical to continue 

developing more accurate simulation models that account for all relevant loss mechanisms, 

including transverse currents, coupling losses and eddy current loss. 

In conclusion, the multi-stack HTS armature design represents a significant step in the 

development of superconducting machines for electric propulsion. The results of this study help 
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to gain a deeper understanding of the transport current AC loss characteristics of stacked HTS 

coils and provide practical recommendations for optimizing their performance, especially 

reducing transport current AC loss. 
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Chapter 8 Conclusion 

8.1 Thesis summary 

This thesis has presented a study of HTS armature coils for superconducting motors used in 

electric propulsion applications which will provide the high power density requirement for 

future electric aircraft. There are two main issues discussed in this study: evaluation of the 

potential of using HTS coils as motor armatures, and HTS coil AC loss estimation and reduction. 

Chapter 1 provided a comprehensive overview of electric propulsion systems, underscoring the 

importance of transitioning from traditional fossil-fuel-based systems to More Electric Aircraft 

(MEA) and All Electric Aircraft (AEA) solutions. Key developments in superconductivity were 

introduced, emphasizing their relevance for achieving the power density requirements 

requirement for MEA/AEA. This chapter also presented the current existing HTS motor 

topologies for electric aircraft, and their potential design challenges. 

Chapter 2 reviewed superconducting motor technologies, outlining the advantages of HTS in 

achieving higher power densities, which is critical for aerospace applications. This was 

followed by the AC loss mechanisms necessary for understanding HTS performance in electric 

motors. The chapter reviewed the AC loss types in type II superconductors: hysteresis, coupling, 

eddy currents, and ferromagnetic losses. It also discussed the technical importance of AC loss 

to HTS propulsion motors. 

Chapter 3 summarized all the general methodologies used for the AC loss evaluation for HTS 

materials. They included analytical methods, numerical modelling techniques and experimental 

methods. A numerical modelling validation was given here. 

Chapter 4 evaluated the potentials of using HTS as armature windings compared to different 

conventional stator windings, especially a Litz wire structure using copper and aluminium 

according to different power levels, focusing on radial flux motor designs for electric aircraft. 

Two motor benchmarks of 450 kW and 1 MW were examined, analysing the impact of the iron 

core and the stator AC losses across various winding materials. Under MW level at cryogenic 

temperatures below the LN2 temperature, HTS coils outperformed Litz copper/aluminium 

windings in reducing AC losses and improving PTW.  
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Chapter 5 provided an evaluation of transport current AC losses in standard 2G HTS insulated 

coils. At the beginning, this chapter explained the structure of the tested standard 2G HTS 

insulated coils, which was used in model validation in Section 3.5.5. Then the coil transport 

current AC losses were estimated considering a real machine environment: different applied 

currents and their harmonics, the cryogenic working temperatures and the working frequencies. 

The findings of transport current AC loss in HTS coils in this chapter helped to assess the 

performance of HTS armature windings in the following chapters.  

Chapter 6 explored the HTS armature coils within radial flux synchronous motors, assessing 

their performance under different magnetic loadings from partially PM-HTS motors to fully 

HTS motors. The findings pointed out possible methods for reducing HTS coil AC loss by 

narrowing the HTS tape width or introducing a thin back iron layer to the stator. The results of 

these simulations provided a foundation for optimizing HTS coil design in high PTW motors. 

Chapter 7 introduced a new HTS coil structure. To address challenges in HTS coil design, a 

new multi-stack structure was proposed and tested. The chapter explained the coil design, 

winding layout, and transport current AC loss measurement at 77 K. Experimental testing 

confirmed that the multi-stack structure could improve current-carrying capacity, as well as 

maintaining thermal and mechanical stability. The loss components were analysed with the help 

of a 2D axisymmetric model using the H-formulation. The extra loss introduced by this 

soldering structure could be minimized by balancing the inductance between stacks connected 

in parallel. 

8.2 Future work 

In terms of HTS coil AC loss measurements, most of the experiments conducted in this research 

were transport current loss measurements using the electrical method. However, in a real world 

machine condition, HTS stator coils suffer from both high AC current and a rotating magnetic 

field at the same time. It is necessary to carry out AC loss measurements under both conditions 

at the same time in the future. In addition, as indicated in Chapter 4, the HTS stator coil 

outperforms other types of windings when the working temperature is within LH2 temperatures 

(30–40 K preferred). It is important to test a coil under such cryogenic conditions. Considering 

the testing complexity, the calorimetric method could be used. Testing at these temperatures 

can guide design modifications to achieve a desired balance between cooling requirements and 
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AC loss reduction. The same studies need to also be conducted for the new multi-stack coil 

proposed in Chapter 7. 

Regarding simulations, the methodology for standard 2G HTS insulated coils is sufficiently 

mature. However, it requires improvement for a stacked structure coil. For example, rather than 

measuring the tape current directly, either a 2D T-A formulation considering resistivity for 

different layers or coupling electrical circuits could be used to predict the tape current 

distribution. 
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