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Abstract 

Superconductor technologies have attracted increasing appealing over the past 

decades, owing to advancements made in the material manufacturing technology and 

the reduction of cost. As a result, superconducting materials have received large 

interest and hence been widely investigated in many applications including power 

industries and aerospace, of which one of the most promising and popular applications 

is the electric machine, which plays an essential role in power generation and 

consumption. The second-generation (2G) high temperature superconducting (HTS) 

materials show great potential in situations of high magnetic field and high current 

density, benefiting from high energy efficiencies. Therefore, they have become a 

focus of superconducting research and are believed to usher in a period of 

development opportunities. However, there still exist many challenges related to the 

efficiency, cost-effectiveness, reliability, and safety of HTS machines, and the 

alternating current (AC) loss of HTS remains one of the most critical issues. Over the 

years, superconducting technology applications in electric machine have been 

developed and put into practice due to their significant advantages of higher efficiency 

and power density compared to conventional technology, which meet the 

requirements for future electrical aircraft propulsion. However, as the technology 

currently stands, the AC loss of HTS armature windings is hindering the improvement 

of overall machine efficiency. It has been an established understanding that the AC 

loss of 2G HTS windings must be accurately identified and minimized for fully HTS 

machine applications, in order to lower the constraint on the cryogenic cooling 

demand and ensure long term operation.   

Aiming to push the HTS machine towards commercial use in power applications, this 

thesis studies the interpretation and understanding of AC loss of 2G HTS using both 

experimental and numerical methods, especially proposing several methodologies for 

AC loss reduction in 2G HTS cable. It provides a thorough study on exploring 

effective ways to minimize the AC loss of 2G HTS for future electric aircraft 
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propulsion. This thesis is divided into three parts. The first part is Chapter 1, which 

provides a foundation for this thesis through a review of the theory of 

superconductivity and AC loss, and AC loss reduction challenges for a fully HTS 

machine. The second part consists of Chapters 2, 3 and 4, which form the core of this 

thesis, and include the experimental and numerical study of the AC loss of 2G HTS 

coils based on several proposed AC loss reduction strategies. The third part is Chapter 

5, which illustrates the AC loss measurement mechanism at temperatures lower than 

77 K, including a detailed cryostat design of the HTS machine demonstrator and 

helium cooling system working protocol.  

To sum up, this thesis discusses very interesting and useful aspects of 2G HTS AC 

loss reduction strategies. It is expected that this thesis will contribute to the loss 

quantification and minimization of 2G HTS in electric machines, providing a valuable 

reference for the design optimization of fully HTS machines.  
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Chapter 1  

Introduction 

 

1.1 Background 

With the rapidly increasing demand for power worldwide, new solutions are needed 

for development in areas such as power transportation, power distribution, and electric 

machines. Superconductivity can be the key to these new challenges, especially in 

solving problems for electric aircraft propulsion. A superconductor has zero resistivity 

in its superconductive state, meaning it has zero energy loss and is therefore 

particularly useful in situations where there is a requirement for high current 

transmission as there is no energy or power loss across them. One of the main 

advantages of superconducting cables is their ability to carry high currents compared 

to conventional cables with the same diameter. This advantage is beneficial to electric 

machines for aircraft propulsion which demand high power density, however, they 

cannot lower the weight and size of the associated cooling system. The power density 

in superconducting machines can be significantly increased compared to conventional 

machines with copper windings. Hence, owing to their decreased volume and weight, 

superconducting machines can play a paramount role in many electrical applications.   

In 1986, the high temperature superconductor (HTS) (Tc > 77 K) was discovered by a 

group of IBM researchers [1]. They succeeded in inducing superconductivity in a 

lanthanum barium copper oxide (LaBaCuO) at a temperature of 35 K. This discovery 

opened the door to the discovery of more high-temperature materials and other 

superconducting applications. High temperature superconductors (HTS) have shown 

great potential in many electrical applications over low temperature superconductors 

(LTS). They can be operated at relatively higher temperatures while still having large 
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current densities, thereby tremendously increasing the machine power density and 

improving the overall efficiency. The commercialization of HTS conductors began in 

the 1990s, with initial focus on bismuth strontium calcium copper oxide (BSCCO), 

the so-called first generation (1G) HTS [2]. BSCCO was the first HTS material to be 

used for making practical superconducting wires. The manufacturing process of 1G 

conductors requires silver, which makes up the majority of the cost. The second 

generation (2G) HTS yttrium barium copper oxide (YBCO) was discovered in 1987 

[3]. 2G HTS conductors can carry high current densities in external magnetic fields 

and exhibit superior mechanical performances. Compared to 1G HTS conductors, the 

preparation of 2G HTS conductors does not require a noble metal, so the 

manufacturing process is more cost-effective. Since 2005, long lengths of 2G HTS 

conductors have become commercially available. Their potential operation at 

relatively high temperatures makes them good candidates for power applications, 

including HTS magnets [4], HTS electrical machines [5], HTS cables [6], and HTS 

energy storage systems.  

However, using superconducting technologies for future electric aircraft propulsion 

requirements is still being investigated and desperately requires more research. Due to 

the heavy cooling penalty, AC loss in the HTS stator has become one of the key topics 

in HTS machine design. Based on this, one of the biggest challenges facing 

superconducting technologies is how to accurately estimate and reduce AC losses for 

armature windings that use HTS coils in AC electrical machine environments. The 

changing currents and magnetic fields inside 2G HTS coils lead to heat dissipation, 

which is considered as the AC loss of 2G HTS coils. These AC losses are difficult to 

remove at low temperatures, thus adding an extra burden to the aircraft cooling system. 

To address these challenges, both experimental [7];[8];[9] and numerical methods 

[10];[11];[12] have been investigated by researchers around the world.  
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1.2 Report structure and purpose  

This thesis focuses on the interpretation and understanding of studying AC loss of 2G 

HTS using both experimental and numerical methods, especially proposing several 

methodologies for AC loss reduction of 2G HTS cable. It provides a thorough study 

on exploring effective ways to minimize the AC loss of 2G HTS for future electric 

aircraft propulsion, which addresses the aforementioned challenges and enables 

systemic optimization of machine design. By means of the electrical and calorimetric 

measurement methods, the AC loss reduction achieved by different strategies for 2G 

HTS coil used as armature windings can be characterized, thus contributing to 

optimizing HTS machine design and improving overall efficiency for aircraft 

propulsion applications.   

 

Chapter 1 provides an introduction to superconductivity and describes the AC loss 

theory, as well as the reasons why fully HTS machine should be applied for electric 

aircraft propulsion. The fundamental principle of superconductivity and AC loss is 

introduced through a review of major theories in the history of superconductivity 

research. The fully HTS machine concepts are illustrated through specific examples 

proposed by major aircraft companies and worldwide institutions.  

 

Chapter 2 introduces the HTS coil experiments. It starts by selecting the insulation 

materials for 2G HTS coils, then continues to the experimental measurements of 

critical current and AC loss. Both the electrical and calorimetric methods are used to 

characterize the AC loss performance of 2G HTS coils under self-field conditions as 

well as real machine environments.  

 

Chapter 3 proposes three different AC loss reduction strategies, investigating the AC 

loss reduction rate based on each methodology. It gives a detailed comparison 
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between different strategies through experimental measurement results, offering 

possibilities to improve the cable performance and optimize the motor armature 

winding design. 

 

Chapter 4 introduces the 2D H-formulation modelling of HTS coils. It describes the 

modelling of superconducting coils using the finite element method in detail, 

including validation of the experimental transport loss results for tested coils and 

further extended exploration based on empirical data to evaluate the proposed AC loss 

reduction strategies. The impact on total transport AC loss of the presence of the 

soldering stack in multi-filament coils is also presented by numerical modelling.  

 

Chapter 5 describes AC loss measurement at operating temperatures lower than 77 K 

based on the methodology employing helium gas as coolant. It starts by introducing 

the cryostat design for a novel fully HTS demonstrator as a background information. 

Then, it illustrates the testing set-up procedures, and the calibration method and 

measurement principles for the machine system. Last, the challenges of estimating the 

AC losses from a 2G HTS coil at temperatures lower than 77 K are also described.  

 

Chapter 6 summarizes this thesis and describes future work.  

 

1.3 Thesis contributions  

The main contributions from this thesis can be summarized as follows: 

 

1. Three effective AC loss reduction strategies are proposed: 3S coil, striated coil, and 

multi-filament coil. They are experimentally tested and then validated using FEM 

models based on the numerical modelling method using COMSOL software. All of 

these methodologies can contribute to minimizing the AC loss of 2G HTS coils as 
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stator armature windings for a fully HTS machine. Different reduction rates for 2G 

HTS coils obtained from self-field transport loss and total loss under a 0.45 T 

rotational magnetic field are presented and compared. Therefore, it can provide a 

significant reference for HTS machine motor design and improve the overall machine 

efficiency. 

 

2. A novel way to develop multi-filament HTS coils is proposed, mainly focusing on 

suppressing the coupling losses by reducing the contact resistivity within the HTS 

coils. Heat shrink tubes are used to directly insulate narrow HTS filaments into a cable 

structure. Using the calorimetric boiling-off of liquid nitrogen, the total loss 

measurement in a peak 0.45 T rotational magnetic field is characterized for this new 

multi-filament coil. According to the results, the total AC losses of HTS stator 

windings with multi-filament coil show considerable loss reduction up to around 50% 

compared to standard 4 mm coil, since employing heat shrink tubing mostly 

eliminates the eddy losses and coupling losses originating from the soldering stack 

connections, leading to lower AC losses. This method can therefore be highly 

competitive for future aircraft prolusion applications. Also, this method can be further 

applied to a thinner multi-filament coil, which can be expected to achieve greater AC 

loss reduction.  

 

3. Design of a novel HTS machine demonstrator using helium gas circulation system. 

The full details are presented for the design of a 200 kW fully HTS machine 

demonstrator. Using helium gas as the coolant, the temperature of the key positions of 

the HTS machine can achieve less than 30 K, which can further improve the 

performance and power density of the machine.  
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1.4 Introduction to superconductivity 

1.4.1 Basic characteristics of superconductivity 

Superconductivity is widely perceived to be a phenomenon of zero electrical 

resistance. In a superconductor the resistivity drops abruptly to zero when the material 

is cooled below its critical temperature. Another way to demonstrate this property is 

by inducing a persistent current in a circuit loop. An electric current flowing through a 

loop of superconducting wire can persist for a long time without a power source. More 

precise measurement reveals that the resistance of a superconductor is smaller than 

10−25 Ω · m [13] . For reference, the resistance of copper is 10−8 Ω · m  at room 

temperature, and 10-10 Ω·m at 77 K liquid nitrogen temperature. This property is 

traditionally named zero-resistance or ideal conductivity. 

Most superconducting devices own the fundamental property that they are able to 

carry current without energy dissipation. This feature only exists when the current 

density is below a certain value, which is called the critical current, 𝐼𝑐 . If the current 

density exceeds 𝐼𝑐 , the superconductivity disappears, known as quench. The critical 

current   𝐼𝑐  is characterized by the current at which the electric field 𝐸𝑐  reaches a 

certain value. A value of 1 µV/cm or 0.1 µV/cm is commonly used. A typical E-I 

curve is presented in Figure 1.1. Unlike a traditional conductor, depicted by the linear 

Ohm’s law, the change of voltage with the current in a superconductor is highly non-

linear. For a superconductor, it is usually described using the E-J power law [14]: 

                                                                 𝐸 = 𝐸0(
𝐽

𝐽𝑐
)𝑛                                              (1.1) 

where 𝐸0 is defined as  10−4 μV/m, 𝐽𝑐  is the critical current density measured when 

the electric field reaches 𝐸0, and 𝑛 is a particular characteristic of the HTS dependent 

on the material properties and its microstructure, which determines the stiffness of the 

E-J curve, normally 20–30 for Type II superconductors.  
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Figure 1. 1. Typical E-I curve of superconductors  

 

 

Except for zero-resistance as a straightforward way to define superconductors, another 

criterion for characterizing superconductivity is the Meissner Effect [15]. A 

superconductor cooled below its superconducting transition temperature expels the 

magnetic field and does not allow the magnetic field to penetrate inside it. This 

phenomenon in superconductors is called the Meissner Effect, which describes the 

ideal diamagnetism of a superconductor. It was discovered in 1933 by the German 

physicists Walther Meissner and Robert Ochsenfeld. They noticed that 

superconducting tin and lead samples cancelled nearly all interior magnetic fields 

when the temperature was below a critical temperature.  

The Meissner Effect is similar to diamagnetism in other normal materials. The 

difference is that superconductors can expel the magnetic flux completely, showing 

that they are perfect diamagnetic materials. Ideal diamagnetism means that the 

material expels the entire magnetic flux from its interior (B = 0 inside the sample), 

while ideal conductivity means that the material conserves its interior magnetic field 

(dB/dt = 0). When a magnetic field is applied after cooling the sample below its 

critical temperature, no difference can be observed between a superconductor and an 

     𝐸𝑐 

I (A) 
𝐼𝑐 

1 𝜇𝑉/𝑐𝑚 
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ideal conductor, since the magnetic fields inside the sample remain unchanged (zero) 

for both. When the magnetic field is applied before the sample is cooled down, 

however, an ideal diamagnet will expel the entire magnetic field from its interior, 

while an ideal conductor will conserve the magnetic field. Figure 1.2 illustrates the 

difference between an ideal conductor and a superconductor in terms of expelling a 

magnetic field.  

 

Figure 1. 2. Illustration of the Meissner Effect under field cooling conditions 

 

The existence of superconductivity is highly dependent on the surrounding physical 

conditions, which can be defined by three typical major parameters: temperature, 

magnetic field, and current density. Each parameter has its own critical value, defined 

by the superconducting/normal transition process, denoted by 𝑇𝑐 , 𝐻𝑐  and 𝐽𝑐 . For 

example, the critical temperature of certain superconductors marks the emergence of 

superconductivity when the conductor is continually cooled. The relationship between 

critical temperature, critical magnetic field, and critical current is very complex as 

shown in Figure 1.3, in which the marked area describes the superconducting region. 

The characteristics of superconductivity can only be present if the conductor’s current 

density, temperature and magnetic field lie within this area.   
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Figure 1. 3. The critical surface of T-H-J for superconductors. The marked zone within the surface is 

the superconducting region, and the remainder of the zone is the normal region 

 

• Critical temperature 𝑇𝑐  

The critical temperature of a superconducting material is the temperature at which the 

material changes from the normal conducting state to the superconducting state. This 

transition from the normal conducting state to the superconducting state is sudden and 

complete. Hence, we can know that superconducting materials work in two different 

states: the superconducting state and the normal state. The characteristics of 

superconductivity only appear when the temperature T is below the critical 

temperature 𝑇𝑐 of the materials. The value of the critical temperature differs from one 

material to another. 

• Critical magnetic field 𝐻𝑐 

When a superconductor is placed in an external magnetic field, where if it exceeds a 

certain value, the superconductor will lose its superconductivity. Therefore, the 

magnetic field strength that causes the superconductor to lose superconductivity is 

defined as the critical magnetic field strength, denoted by 𝐻𝑐. 

• Critical current density 𝐽𝑐 

In spite of the fact that superconductors are able to carry current with zero resistance, 
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their current capacities are limited to some degree. As the current increases, the 

superconductivity will disappear above a certain current value. The current value at 

which the superconductor loses its superconductivity is defined as the critical current 

density, denoted by 𝐽𝑐, which is given by 𝐼𝑐 divided by the cross-sectional area 𝑆 of 

the superconducting region: 𝐽𝑐 =
𝐼𝑐

𝑆
. In practical applications, however, the 

engineering critical current density 𝐽𝑒 is more often used as a vital quantity of 

superconductors, since superconductors normally consist of several layers not just 

superconducting layer, which is described in detail in  section 1.4.5. This value is 

obtained by dividing 𝐼𝑐  using the cross-section of the whole wire, including the 

superconducting area and the normal conductor area [16]. 

 

 1.4.2 Low temperature superconductor (LTS) and High 

temperature superconductor (HTS) 

Superconductors can be classified in different ways. According to their critical 

temperature, superconductors can be categorized into low temperature 

superconductors (LTS) and high temperature superconductors (HTS). The general 

idea of defining an LTS material is to see whether it follow the classical Bardeen-

Cooper-Schrieffer (BCS) theory or not. The BCS theory was first proposed by John 

Bardeen, Leon N Cooper and John R Schrieffer in the year 1957 [17]. The basic 

conceptual element of the BCS theory is the coupling of electrons into Cooper pairs 

against Coulomb repulsion under a certain temperature, typically below 30 K [18]. 

Most LTS have low critical temperatures, no higher than 30 K. One exception, 

however, is the binary compound MgB2, which has a critical temperature around 39 K.  

The outstanding discovery of high-temperature superconductivity by J.G Bednorz and 

K.A. Mueller in 1986 indicated that the worldwide research of superconductivity had 

officially entered a new age [1]. High-temperature superconductivity was first found 

in a series of materials with critical temperature ranges from 35 K to 40 K. Later, in 
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1987, following the footsteps of Bednorz and Muller’s work, yttrium barium copper 

oxide (YBCO) with a transition temperature of 93 K was discovered. This transition 

temperature is obviously above the boiling point of liquid nitrogen (77 K) [19]. The 

ReBCO family was the first to be found with 𝑇𝑐 values higher than 77 K. The rare 

earth elements, having similar atomic structures to yttrium, are substituted for Y and 

are referred to as rare-earth barium copper oxide (ReBCO). In 1988, the Bi-Sr-Ca-Cu-

O (BSCCO) system was discovered by Maeda and Tallon with an even higher 

transition temperature of  𝑇𝑐 = 120 K for BSCCO-2223 [20];[21]. In the same year, Z. 

Z. Sheng and A.M. Hermann found that the Tl-Ba-Ca-Cu-O system reaches a 

transition temperature of 125 K [22]. By far, the highest  𝑇𝑐 value among all materials 

is obtained in the Hg-Ba-Ca-Cu-O system. In 1993, A. Schilling found 

superconductivity in Hg-1223 at around 133 K under ambient pressure. This value 

reaches around 160 K under high pressure [23].  

Usually, a low operating temperature requires highly costly cryogenic systems. Liquid 

helium is used as the coolant for LTS, which is very expensive; while HTS, especially 

copper oxides, can employ liquid nitrogen as coolant, which greatly saves on cost. 

Compared to LTS, HTS superconductors can operate at higher magnetic field 

ambience and operate over a broader temperature range. All of these are the reasons 

why high temperature superconductors have become the focus of engineering 

applications.  

 

1.4.3 Type I and Type II superconductors 

From the perspective of applied magnetic field, superconductors are divided into two 

types. All superconductors enter a Meissner state in an external magnetic field. 

However, as the external field increases, the Meissner Effect breaks down. Some 

superconductors return to a normal state, while others enter a mixed state. Type I 

refers to superconductors which have only superconducting state and the normal state; 

while Type II superconductors have three states: the superconducting state, the mixed 
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state and the normal state. Figure 1.4 shows Type I and Type II superconductors in the 

three different states [24]. 

 

Figure 1. 4. State transition of Type Ⅰ (a) and Type Ⅱ (b) superconductors with varying temperature 

and magnetic field 

 

Type I superconductors usually have a very small value for the critical field 𝐵𝑐 and are 

mostly metals and metalloids, such as Hg, Al, Sn, and In. As shown in Figure 1.5 [25], 

Type I superconductors remain perfectly diamagnetic below the critical magnetic field 

(𝐵𝑐), and the superconductors enter a normal state suddenly when the external field 

exceeds 𝐵𝑐.  

 

Figure 1. 5. The magnetisation characteristics of  Type I superconductors 

Normal Normal 
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In comparison with Type I superconductors, Type II superconductors are cable of 

carrying larger amounts of current in higher magnetic fields, and they have two 

critical magnetic fields: an upper critical field 𝐵𝑐2 and a lower critical field 𝐵𝑐1. The 

magnetisation characteristics of Type II superconductors are shown in Figure 1.6 [25]. 

When the magnetic field is lower than 𝐵𝑐1, Type II superconductors are in the 

superconducting state. The state involving partial penetration of magnetic flux is 

called the mixed state, which occurs when the magnetic field is lower than 𝐵𝑐2 and 

higher than 𝐵𝑐1. In the mixed state, the magnetization of the type II superconductor 

decreases monotonically with an increasing applied field, until the applied field 

reaches the upper critical field. When the magnetic field is over 𝐵𝑐2 , Type II 

superconductors enter into a normal state.  

 

Figure 1. 6. The magnetisation characteristics of Type II superconductors 

 

Examples of type II materials are alloys and compounds, such as Nb3Sn, NbTi, MgB2, 

and all high temperature cuprates. The critical fields 𝐵𝑐 for type I superconductors are 

relatively low, usually not more than 100 mT (at a temperature of 4.2 K, 𝐵𝑐 is 41 mT 

for mercury, 80 mT for pure lead), which means even a self-field can destroy the 

superconducting state. Applications of Type I superconductors are therefore limited. 

On the other hand, the upper critical fields 𝐵𝑐2 of type II superconductors can be very 

high (at a temperature of 4 K, 𝐵𝑐2 is 12 T for NbTi, 27 T for Nb3Sn, 15 T for MgB2, 

Normal Normal 
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and normally more than 100 T for YBCO and Bi-2223 [26]), indicating their promise 

for use in large-scale power applications. Moreover, all HTS materials are Type II 

superconductors. Hence, this thesis primarily focuses on type II superconductors. 

 

 1.4.4 Vortex and flux pinning in Type II superconductors 

Inside a superconductor, the magnetic flux density does not penetrate in a 

homogenous way but locally in disconnected volumes called vortices [27]. Type II 

superconductors have some impurities and crystalline defects such as dislocations, 

voids, grain boundaries, etc., so that flux vortices are prevented from moving within 

the bulk of the superconductor, and the magnetic field lines are "pinned" to those 

locations. This phenomenon is known as flux pinning [28], and the impurities or 

crystalline defects are named as “pinning centres” [29]. In principle, every 

inhomogeneity of the material that is less advantageous for superconductors would act 

as a pinning centre, and the vortices attempt to occupy the most energetically 

favourable locations.  

 

Figure 1. 7. Magnetic flux starts penetrating the sample in the form of small “tubes” (vortices). 

Lorentz force 𝑭𝑳 and pinning force 𝑭𝑷 on the vortex in Type II superconductors [30] 

Pinning force 𝐹𝑃 
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In most engineering applications, Type II superconductors rely upon the mixed state,  

in which they are able to carry large currents in strong magnetic fields. In the mixed 

state, when a Type II superconductor is placed under a transverse field and a transport 

current, the vortices will be subjected to Lorentz Forces 𝐅𝐋 according to  𝐅𝐋 = 𝐉 × 𝐁. 

Due to the influence of this Lorentz force, the vortices start to move in a direction 

perpendicular to the directions of both the transport current and the applied magnetic 

field, as illustrated in Figure 1.7 through a schematic representation of this situation. 

The force which resists the motion of the vortices under the influence of the Lorentz 

force is called the pinning force 𝐅𝐏. In order to avoid the movement of the vortex in 

the direction of the Lorentz force, the pinning force 𝐅𝐏  should be greater than the 

Lorentz force 𝐅𝐋. In this case, current is capable of flowing without heat dissipation.  

For a large enough Lorentz force, the vortices become de-pinned and move in the 

direction of the force with velocity 𝐯. This vortex movement generates an electric 

field 𝐄 = 𝐁 × 𝐯, which is parallel to the current, so that the superconductors have 

electrical resistance. These forces will induce vortices displacement and then energy 

dissipation inside the material, which is due to two fundamental processes. The first 

loss is associated with the appearance of local electric fields generated by the moving 

vortices. This local electric field can accelerate the unpaired electrons, delivering 

energy from the electric field to the lattice, and thereby generating heat [24]. The 

second loss is caused by the spatial variation of the Cooper pair density in a vortex, 

which increases from its value of zero in the vortex centre toward the outside [31].  

The pinning effect can also be understood simply considering the perspective of 

energy, meaning that the pinning centres are surrounded by an energy barrier which 

the pinned vortex must climb before it can move. The Lorentz force effectively lowers 

this barrier and when the pinning force is balanced by the Lorentz force, the critical 

current density 𝐽𝑐 of a superconductor would reach [30]. Therefore, the critical current 

density 𝐽𝑐  of Type II superconductors can be defined as a measure of 𝐅𝐏, when 𝐅𝐋 

produced by the 𝐽𝑐  equals the pinning force 𝐅𝐏 . Provided the current exceeds 𝐽𝑐 , 

vortices start to move, and thereby electrical resistance appearing.  
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1.4.5 1G HTS and 2G HTS 

Currently, two types of HTS conductors have been available to the worldwide market 

for use in making different HTS devices for many applications. They are known as 

first generation 1G HTS, usually referring to BSCCO (Bi-2212 and Bi-2223) made 

with powder-in-tube (PIT) methods, and second generation 2G HTS referred to 

ReBCO, which comprises multiple coatings on a base material or substrate. Figure 1.8 

shows the basic structure comparison between 1G HTS and 2G HTS tapes.  

 

 

Figure 1. 8. First generation (1G) versus second generation (2G) HTS tape [32] 

 

Whilst the manufacturing technology of BSCCO wires is well developed and high-

quality BSCCO tapes are available commercially in kilometre lengths with critical 

current up to 150 A [33], BSCCO wires are still probably not suitable for the large-

scale replacement of conventional power equipment with HTS counterparts. The main 

reason is the prohibitive cost of BSCCO compared to conventional copper or 

aluminium conductors, and the need for considerable increase in the critical current 

( 𝐼𝑐 ) and the engineering current density (  𝐽𝑒 ) of the superconducting wire, since 

BSSCO tapes are fabricated using a powder-in-tube (PIT) technique followed by a 

sintering process. Due to the limitations of the PIT method, there is no control over 
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the grain alignment, leading to poor inter-grain electrical conductivity, requiring the 

sheath material to be a good electrical conductor to provide the low resistance inter-

grain electrical contact. This makes the BSCCO dependent on silver, removing any 

further scope for cost reduction. As a result, the costly wire affects the large-scale 

industrial application and commercial use of HTS seriously. The anisotropy of 

BSCCO tapes is an additional concern, especially in applications with magnetic fields 

having a non-negligible perpendicular component, in which the BSCCO wires 

demonstrate a faster decay of the critical current in the perpendicular magnetic field 

compared with the ReBCO wires [34]. Last but not least, the alloy sheath is used in 

order to effectively increase the strength of Ag-sheathed BSCCO (Bi-2223) tapes. 

However, it also thus caused the 𝐽𝑐  value of alloy sheathed tapes not high enough 

since the undesired reaction to form impurity phases and the change in formation rate 

of Bi-2223 were disturbed by the microstructure of the filaments [35]. According to 

the experimental results on Ag-sheathed BSCCO (Bi-2223) tapes, due to the lowering 

of the critical current density, there is a drastic increase in transport losses caused by 

external transverse magnetic fields [36];[37]. Therefore, the loss level in AC 

applications for BSCCO tapes is also a significant issue that needs to be taken into 

account. To sum up, in consideration of the anisotropy of BSCCO tapes in 

perpendicular magnetic field, the AC loss problem due to the relatively low 𝐼𝑐, and 

particularly the unavoidable high cost, BSCCO tapes still remain critical challenges to 

be utilized for the large-scale industrial applications and commercial use.  

On the other hand, YBCO tapes are manufactured using a coated conductor (CC) 

technology, resulting in a large degree of control over the orientation of crystals on the 

tape surface leading to high current densities. YBCO superconducting tape is 

generally composed of a base layer, a transition layer, a superconducting layer, and a 

protective layer [38], as shown in Figure 1.8. It has a higher critical magnetic field and 

current density than 1G HTS. The main components of 2G HTS are cheap metals such 

as Hastelloy, stainless steel or copper, and YBCO thin film. The production process 

requires only a minimal amount of silver (usually 1–3 𝜇𝑚  thick) and no other 
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expensive metals. Hence, compared to 1G HTS, 2G HTS has more advantages in 

reducing tape cost and is expected to satisfy commercial use widely. This thesis 

therefore only emphasizes the investigations of 2G HTS tape.  

 

1.5 Fully superconducting machine concepts 

1.5.1 Introduction to fully HTS machine  

To push the electrical machine toward the high-power density applications, both stator 

and rotor windings can be replaced with HTS coils, producing an HTS machine. The 

current density in stator windings can be significantly increased due to the HTS coils 

increasing the operating current. The size and weight of rotor windings can be 

considerably reduced compared to a conventional copper coil or permanent magnet 

because the iron core is removed. While the best permanent magnets can have a 

magnetization of up to 1.3 T [39], HTS permanent magnets made from HTS bulks or 

HTS stacked tapes are capable of providing much higher magnetic fields, in which a 

silver-doped Gd-Ba-Cu-O (GdBCO) bulk with a stainless steel ring as a reinforcement 

has achieved a 17.6 T trapped field [40], and the highest magnetic field achieved by 

HTS stacked tapes is 17.7 T [41]. By using a smaller volume of field winding owing 

to the high-current-carrying capability of superconductors, it is possible to generate 

much higher air-gap field strength, thus being able to exceed 1.3 T, which can solve 

the problem that the magnetic field strength in the air gap of conventional machines is 

limited by the saturation of iron teeth on the rotor and stator [42].  

Generally, HTS machines can be divided into two categories, referring to partially 

superconducting machines and fully superconducting machines. The majority of 

technology demonstrations to date have been with partially superconducting 

technology for wound field winding synchronous topology, since it is straightforward 

to use and can achieve higher efficiency and lower weight than using copper field 

winding in conventional machines [42]. In a partially superconducting machine, the 
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armature windings remain unchanged conventional copper-based coils whilst the rotor 

windings are replaced with superconducting materials. Many industries and research 

institutes have successfully demonstrated partially superconducting machines in which 

superconducting windings are used solely on the rotors, where the transport current is 

DC, and the background field is stationary relative to the rotor in the synchronous 

machine. Partially superconducting machines have the potential for increased specific 

power with complete elimination of ferromagnetic components and higher operating 

flux density, due to more matured HTS materials capable of high fields at high 

temperatures, and composite structures developed to replace the relatively heavy 

vacuum vessels and torque tubes [42]. It has already been confirmed that a partially 

superconducting machine can achieve a very high-power density and high efficiency 

(99%), however, most power dissipation is from the copper armature windings. This 

could be further reduced by using HTS coils in the stator.  

To date, most projects regarding superconducting machines have focused on a 

superconducting rotor combined with a conventional copper stator winding [43]. The 

major drawback of this design is that the thick cryogenic shell between the “cold” 

rotor and the “warm” stator greatly increases the air gap, which reduces the magnetic 

field in the stator winding. A fully superconducting machine, enabled by a 

superconducting stator winding, is a much better solution in terms of coupling the 

rotor and stator to produce a stronger magnetic field [44]. When superconducting 

windings are used for both stator and rotor windings, the machine is referred to as a 

fully superconducting machine. A fully superconducting machine has the potential to 

attain the highest efficiency as the superconducting windings can minimize the power 

dissipation in both rotor and stator. To attain these levels of losses, however, 

significant achievements must be made for acceptable superconductors. Since partially 

superconducting machines are already projected to achieve 99% efficiency with most 

losses occurring in the conventional copper windings, to obtain superior efficiency, 

the AC losses in a superconducting armature must be significantly less than 0.1% of 

the machine rating to keep the required refrigeration reasonable, since 0.1% of losses 
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on a high-power machine is still a very large amount of losses for a cryogenic system 

[45]. This has to be achieved by a minimized AC loss design on the stator windings 

for fully superconducting machines, in order to be competitive with partially 

superconducting machines. Due to the stator windings operating in an AC magnetic 

field and carrying AC current, both magnetization loss and transport loss exist in them. 

Therefore, in this case, these losses must be appropriately evaluated and quantified for 

improving the machine design.  

Superconducting windings can be designed with either LTS field windings or HTS 

field windings. Three possible conductors are being considered for armature windings: 

BSCCO, YBCO, and MgB2. Various standard machine topologies can be used in 

superconducting machine design: wound-field-synchronous machine, PM 

synchronous machine, HTS bulk magnet machine, etc. For a synchronous machine, 

topologies can be either axial flux or radial flux. Different fully superconducting 

machine prototypes have been successfully developed by many research institutes 

worldwide. A fully superconducting machine for an electric vehicle [46] and a liquid 

nitrogen-cooled fully superconducting machine for ship propulsion [47] were built in 

Japan. A fully superconducting prototype with YBCO stator coils operating in liquid 

nitrogen bath was developed in Cambridge, UK  [48] and a fully superconducting 

machine cooled by iron conduction was built in China [49]. Fully superconducting 

machines have also been proposed for offshore wind turbine applications [50]. Figure 

1.9 shows an example of a fully superconducting machine configuration.  

 



Chapter 1   Introduction                                                                                                                                                       

 

21 

 

 

Figure 1. 9. An example of a fully superconducting machine configuration [51] 

 

1.5.2 Road map of the superconducting machine 

Superconducting technology applications in electric machines have been developed 

and put into practice over recent decades due to their significant advantages of higher 

efficiency and power density over conventional technology. Many HTS machine 

prototypes or machine testing rigs have been successfully demonstrated by many 

research institutions around the world. However, commercial adoption has been very 

slow in spite of the many successful technology demonstrations, presumably because 

the limitation for value versus cost and technology risk has not yet been crossed, 

especially for the full-size MW-class machine. Currently, HTS tape is still quite 

expensive for commercial uses. Additionally, although liquid nitrogen is favourable in 

terms of ease of availability and cheap price, and suitable for use in HTS device 

testing, the operating temperature of liquid nitrogen cooled power devices is limited to 

77 K. Cryogenic systems that need to operate at temperatures lower than 77 K still 

require highly costly coolant. The other factor is stability: HTS material is a ceramic 

material, and very fragile and easy to damage through either coil quench or 

mechanical shock, and a commercial operating environment is usually complex 
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compared to the laboratory environment. Thus, no significant progress has been 

achieved, especially in terms of using HTS machines in commercial applications. To 

use HTS machines in engineering, more research is deemed necessary to evaluate the 

viability of future HTS systems [42];[52]. Table 1.1 shows some past superconducting 

machine demonstrations developed by a variety of research institutes. 

Table 1. 1: Superconducting machine demonstrations  

Year Speed 

(rpm) 

Power 

(kW) 

Conductor 

type 

Cryogenic 

cooling 

Efficiency 

(%) 

Application Developer 

1978 3600 20000 NbTi Liquid He 99.3 Utility GE [53] 

1978 3600 1200000 NbTi Liquid He 99.6 Utility Westinghouse 

[54] 

1980 

 

7000 20000 NbTi & 

Nb3Sn 

Liquid He 99.5 Air force GE [55] 

1997 3600 78700 NbTi Liquid He NA Utility Super-GM 

(Japan) [56] 

2001 1800 3725 BSCCO Neon boil-off 

 

97.7 Industrial AMSC [57] 

2001 1500 400 Bi-2223 Ne-

Thermosiphon 

 

97 Demo Siemens [58] 

2004 

 

3600 4000 BSCCO Ne-

Thermosiphon 

 

98.7 Generator Siemens 

[59][60] 

2007 

 

120 36500 NA Gaseous He NA Marine AMSC [61] 

2008 10000 1300 BSCCO Neon boil-off 

 

98 Aerospace GE [62] 

2012 214 17000 BSCCO He gas NA Hydro GE 

(Converteam) 

2019 6000 10000 Nb3Sn Conduction NA Aerospace  Illinois [63] 

2020 10 10000 MgB2 

 

Gaseous He 

 

98 Wind Kalsi GPS 

[64] 

2020 120 40000 BSCCO & 

MgB2 

Gaseous He 

 

99.4 Marine Kalsi GPS 

[64] 

2020 

 

10 12000 YBCO Gaseous He 

 

98 Wind Changwon 

National 

University 

[65] 
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Currently, some good progress for the commercial use of HTS machines has been 

achieved by industry in recent years, including manufacturing HTS conductors up to 

100 m in length, basically achieving quasi-industrial production, allowing critical 

current at lower temperatures and moderate magnetic fields, acquiring a steeper U-I 

curve (n-value), improved pinning, and decreasing the cost ($/kAm). However, further 

progress is still needed in these aspects: 

➢ Implement the use of kilometre-level HTS tape lengths 

➢ Improve the mechanical properties of HTS coils 

➢ Optimize the AC loss reduction technologies 

➢ Increase the critical current of HTS tape in higher operating temperatures and 

higher magnetic fields 

➢ Enhance the HTS performance in a complex magnetic field environment 

➢ Achieve more dedicated cooling technology 

➢ Boost the mechanism of coil quench detection and protection 

➢ Reduce the cost of HTS materials and the cryogenic systems 

➢ Optimize the design of machine’s structure in engineering 

Over the following decades, more research in engineering will push HTS machines in 

scalable power to reduce product cost. It should be realized that product cost is also 

strongly related to the market size. Larger markets will help drive down the cost of 

superconductor technology and cryogenic systems. Supply chains of superconductors 

and other components for mass production need to be developed and improved for 

commercial applications employing superconducting technology. Additional 

operational prototypes for industrial applications should be implemented to prove 

performance reliability. It is also essential to make sure enough funding is available to 

mitigate the risks of validating the technology for industrial commercial applications.  
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1.5.3 Why use a fully superconducting machine for future aircraft 

propulsion 

Electric propulsion is an age-old idea, which can achieve lower emissions, diminished 

noise, and reduced fuel burn, thus being able to potentially reduce operating costs for 

aircraft operators. However, due to the poor specific power density of electrical 

machines, cables, switchgear, and the resultant electrical propulsion network, it has 

received less academic and industrial interest. Challenges to the use of electric 

propulsion in commercial aviation are many and range from the batteries and motors 

to the wiring and cooling system. Therefore, electrical propulsion is yet to be achieved 

in larger and commercial aircraft, despite significant interest from major aircraft 

companies [66];[67]. Nonetheless, with the advancements in the field of 

superconductivity, many power applications which were deemed not to be plausible 

two decades ago are now becoming a reality [68]. Given the potential of 

superconductivity in power applications, considerable research is taking place to 

develop commercial superconducting motors with far superior power densities to 

conventional motors [69]. However, one of the major challenges of scaling up electric 

propulsion to larger aircraft is the power-to-weight ratio. In other words, today’s 

electrical systems simply do not meet the necessary power requirements without 

adding extra weight to the aircraft. However, HTS technologies are emerging as a 

promising solution to this technical conundrum, notably by increasing power density 

in the propulsion chain while significantly lowering the mass of the distribution 

system.  

According to IATA’s goals from “Aircraft Technology Roadmap to 2050” [70], new 

aircraft must be configured to reduce fuel burn and carbon dioxide emissions, which is 

called electric propulsion aircraft. Although electricity is not currently emissions-free, 

it can be expected that the life-cycle carbon emissions will reduce considerably. 

Electricity can be generated by clean energy to reduce the emissions further. 
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Figure 1. 10. NASA estimates that power densities could reach above 15 kW/kg excluding the cooling 

systems 

 

Aircraft architectures with electrical networks need to be incorporated using high 

power density machines. For electric aircraft applications, NASA has proposed a 

distributed propulsion concept, estimating that power densities could reach above 15- 

kW/kg excluding the cooling systems, thereby reducing fuel burn to around 70% 
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[71];[72];[73], as shown in Figure 1.10. NASA’s concept is challenging and requires 

advanced technology in motors, generators, power cables, and energy storage systems. 

The power density of a conventional copper-based machine is usually lower than 1- 

kW/kg, which cannot be able to meet the requirement of distributed electrical 

propulsion systems. It is obvious that superconducting machines hold potential for the 

extreme reduction in machine size and weight [42]. Thus, two large superconducting 

turbogenerators are set at the wingtip in NASA’s design concept, and thrust is 

provided by 15 superconducting motors. Table 1.2 lists the specific parameters of 

required generators and  motors.  

 Table 1. 2: Electrical machine requirement for turboelectric-aircraft design concept [72] 

 Generators Motors 

Number of units 2 15 

Power level 22.4 MW 3 MW 

Weight 1000 Kg 236 Kg 

Efficiency 99.3 % 99 % 

Power density 22.4 kW/kg 12.7 kW/kg 

 

A major breakthrough in electric propulsion for long-range aircraft could soon be on 

the horizon. Alongside superconducting technologies, the presence of a cold source in 

the form of liquid hydrogen promises to unlock new possibilities. In 2021, a project 

named the ASCEND demonstrator by Airbus UpNext aims to mature these 

technologies to significantly boost the performance of electric and hybrid-electric 

propulsion systems in future low-emissions aircraft, as shown in Figure 1.11 [74]. 

This project proposes to show that an electric or hybrid-electric propulsion system 

complemented by cryogenic and superconducting technologies can be more than 2 to 

3 times lighter than a conventional system through a reduction in cable weight and a 

limit of 30 kW/kg in power electronics, without compromising a 97% powertrain 

efficiency. To achieve this objective, ASCEND features a 500-kW powertrain 

consisting of the following components: a superconducting distribution system, 
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including cables and protection item; cryogenically cooled motor control unit; a 

superconducting motor; and a cryogenic system. The ASCEND demonstrator is 

expected to adapt ground-based cryogenic and superconducting technologies to a fully 

electric powertrain to confirm their potential for use in aircraft.  

 

 

 

Figure 1. 11. ASCEND: The mechanism of applying cryogenic and superconducting technologies to 

enhance electrical propulsion  

 

Therefore, to sum up, high power density machines at MW-class are considered 

extremely necessary for future electric aircraft. Currently, the majority of HTS 

machines are designed based on conventional topologies, replacing copper-based rotor 

windings with superconductor materials. A partially superconducting machine with an 

HTS rotor and copper-based stator can reach an efficiency of 99%, in which most 

power dissipation is still in the conventional copper-based stator windings. A fully 

superconducting machine using HTS windings in both rotor and stator will have the 

potential to reach the highest efficiency, as the power dissipation is minimized in both 

rotor and stator. However, the AC losses introduced in fully superconducting 
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machines are particularly difficult to remove at low temperatures, and these losses 

become compounded in high frequency situations [75]. As a result, fully 

superconducting machines are known to be suited for low frequency applications, 

however in higher speed cases, it is not as clear. Conversely, the electric propulsion 

system demands high speed since it can achieve the reduction of the system weight for 

a given magnitude of power conversion, thereby reducing fuel burn and emissions. 

Therefore, studying AC losses becomes a significant challenge for fully 

superconducting machines, and it is of paramount importance to appropriately 

evaluate and quantify the AC loss considering the system design optimization.  

 

1.6 AC loss in HTS superconductors 

Alternating magnetic fields and transport currents cause dissipation of energy in type-

II superconductors. The energy dissipation is called AC loss. The resistance in 

ordinary type II superconductors arises due to flux flow and creep, typical of electrical 

power applications at low frequencies. Owning the capability of carrying more current 

in a larger magnetic field makes Type II superconductors attract a lot of technological 

interest and academic investigation, however, losses are induced accordingly as the 

existence of electric fields inside the superconductors [76]. It is essential to study AC 

losses in HTS, in consideration of optimizing the design for applications that make use 

of superconductors and improve overall efficiency. The completeness of the theory 

can be checked by comparing experimental data with theoretical values. Each 

potential electrical power application of superconductivity needs to be evaluated 

separately due to the different devices encountering different time-varying currents 

and magnetic fields.  
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1.6.1 AC loss types 

According to the AC source that provides the energy, AC losses can generally be 

divided into two categories: magnetization loss and transport current loss [77];[78]. 

Both of these losses can be involved in superconducting applications. The two types 

of AC loss in superconductors are described below.  

Magnetization loss is the power dissipated in the superconductor when an alternating 

magnetic field is applied to the superconductor, normally including hysteresis loss, 

coupling loss, and eddy current loss. This energy originates purely from the source of 

the external magnetic field without transport current. For the calculations of transport 

AC losses in this research, it is assumed that the superconductor-related losses are 

dominant, so the eddy current loss is ignored and will not be considered for the 

following analysis regarding to our experiment results. However, eddy current loss 

could be dominant at higher frequencies, which must be considered for the design of 

practical HTS devices. More details related to this will be discussed in section 3.5.2.  

Transport current loss is the power delivered by the power supply that enables a 

transport current to flow through the superconductor in the absence of an external 

magnetic field, usually consisting of hysteresis loss and flux flow loss. The voltage 

along the sample can be used as a measurement for the dissipated power. In this thesis, 

for the investigations on AC loss measurement of 2G HTS coils, we only apply small 

transport currents with respect to the critical current, so the flux flow loss is not 

considered in our work. Since the self-field dominates at small transport currents, the 

flux flow loss contribution is insignificant and can be neglected.   

 

1.6.1.1 Hysteresis loss  

 

The AC losses in a single superconducting filament or bulk are mainly from hysteresis 

losses. Hysteresis loss is caused by the penetration and movement of the magnetic flux 

in the superconducting material [79], which can be considered as a result of 

irreversibility caused by vortex pinning [76]. As addressed in Section 1.4.4, due to 
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flux pinning in Type II superconductor, the flux has entered the superconductor does 

not leave in precisely the same way by which it entered, so these losses are called 

hysteresis losses, which is deemed as one of the essential factors impeding the 

commercial application of  2G HTS coils.  

 

Figure 1. 12. A Hysteresis loop of the magnetization curve in high magnetic field for HTS 

superconductor 𝐵𝑖1.8𝑃𝑏0.2𝑆𝑟2𝐶𝑎2𝐶𝑢3𝑂10  composition as a function of applied magnetic induction 

(arrows indicate the direction of variation of applied magnetic field) [81] 

 

An example of a hysteresis loop is shown Figure 1.12, which is traversed once per 

cycle and illustrates the relationship between the magnetic field H and the magnetic 

induction M. The area of the hysteresis loop shows the energy required to complete a 

full cycle of magnetizing and de-magnetizing, and the energy loss per cycle is 

proportional to the area of this loop [77]. Such hysteresis losses are dissipated as heat 

and the loss becomes higher for stronger pinning. In order to achieve practical 

purposes, Type II superconductors must be capable of carrying a large critical current, 

which leads to a large Lorentz force, so a strong pinning force is required to act 
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against the Lorentz force and prevent the vortices from moving. Materials with a 

strong pinning force are therefore referred to as hard superconductors. And the larger 

the critical current of a hard type II superconductor, the larger the hysteretic losses 

[80].  

Normally, the hysteresis loss can be generated either by an external magnetic field or 

transport current. Even if there is no external magnetic field, with an alternating 

transport current, the alternating self-field (a transport current in a superconductor 

generates a magnetic field around the conductor) penetrates the superconductor during 

each current cycle, and the variation of the self-field inside the material can still cause 

a hysteresis loss, which is called self-field loss. In transport current losses, the 

hysteresis losses account for relatively large portion, which is quite significant. 

 

1.6.1.2 Coupling loss  

 

There are two main contributions to the coupling losses in superconducting structures 

with filaments, strands, stripes or striations: between neighbouring (adjacent) strands 

or filaments, and between strands crossing on the opposite sides [82]. Whilst striation 

reduces the hysteretic loss in comparison with a single tape, due to the coupling 

between separate filaments, the new introduced loss in the form of coupling loss could 

be a significant problem in multi-filament conductors, even tremendously more than 

the self-field loss in an uncoupled tape carrying the same current. For BSCCO 

conductors consisting of multiple superconducting filaments within a silver sheath 

[77];[83], the coupling loss could be dominant and difficult to eliminate. For YBCO 

conductors, if the tapes are striated into filaments, it will also be a problem as large 

coupling losses are induced by filaments coupling together. An eddy current induced 

by the varying magnetic field flows partly through the superconductor and also 

through the silver between the filaments. When currents flow from one filament to 

another, they can couple the filaments together into a single large magnetic system, 

which encounters a resistance along the current path through the silver matrix. This 

ohmic loss in the metal matrix is often called the coupling loss [78];[84]. The power 
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dissipated by the coupling currents is given by the following equation: 

                                                           𝑃 =
1

𝜌𝑡
(𝐿 ∙

𝑑𝐵

𝑑𝑡
)2                                               (1.2) 

where 𝜌𝑡  is the effective transverse resistivity of the strand, 𝑑𝐵/𝑑𝑡 is the variation rate 

of the external magnetic field, and 𝐿 is the length of the superconductor. 

In order to effectively reduce the coupling loss for multi-filament conductors, ideally, 

twisting the filaments into strands as well as the substructures of the cable is adopted. 

However, the requirement for stability against electromagnetic perturbations does not 

allow the use of matrix materials with very high resistivity. Hence, the compromise 

solution is to manufacture cables in more stages of twisting and cabling process. 

Coupling loss is a major issue investigated in this thesis, since we propose a new AC 

loss reduction strategy which mainly focusing on suppressing the coupling losses for 

multi-filament coils. In that case, heat shrink tubing is employed as insulation, so 

narrow HTS strips will be directly stacked without soldering, as a result, the coupling 

losses originating from the soldering stack connections can be effectively reduced. 

 

1.6.2 AC loss calculations 

The amount of electromagnetic energy converted into heat in one AC cycle has been 

considered as one of the most important parameters characterising the electromagnetic 

performance of a superconducting wire/coil used for AC applications. This quantity, 

generally called the AC loss, can be perceived from two perspectives. From one side it 

is the heat dissipated in conductors. This can be calculated by double-integrating the 

product of the local electrical field with the local density of electrical current, called 

the electric method [85]. An electric field is induced by an applied time-varying 

magnetic field. A screening current begins to flow and there is a local non-zero 

product of voltage and current. The product E · J is integrated spatially over the 

conductor cross-sectional area and with respect to time over the magnetic field cycle 

yields to give the loss in per unit volume per field cycle (J/cycle/m3) by the following 
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equation: 

                                           Q =
1

S
∫ ∫ 𝐄・𝐉 dS dt

S

1/f

0
                                       (1.3) 

The applied magnetic field is B = 𝑢0 (H + M). If the value of the magnetic field is 

taken at a considerable distance from the superconductor, then the influence of the 

screening currents in the superconductor is negligible in this case, and 𝐁 =  𝑢0𝐇. If 

the applied magnetic field is larger than the lower critical magnetic field Bc1, then the 

Meissner state can be neglected.  

On the other side, the AC loss per cycle in a superconducting wire can also be 

estimated by integrating Poynting’s vector E × H on a closed surface surrounding the 

wire over a period T of alternating electromagnetic environment, where E  is the 

electric field, H is the magnetic field, and  V is the volume of the specimen surrounded 

by the surface [85]. The AC loss per unit volume per field cycle in J/cycle/m3 in a 

volume  V enclosed by a surface S is given by: 

                                          Q =
1

V
∫ ∫ (𝐄 × 𝐇)・ 𝐧 dS dt

S

T

0
                               (1.4) 

Equation 1.4 does not depend on the origins of the AC loss in the specimen, but 

instead gives a basis for measurement methods for the AC loss. Similar to 

ferromagnetic materials, the non-linear voltage-current relationship suggests that the 

magnetic behaviour of the superconductor is predominantly hysteretic in nature. The 

magnetisation curve encloses an area that represents the magnetisation loss per unit 

volume per field cycle [78]. In this case, the loss can be interpreted by an equation that 

is derived from Equation 1.4, where M is the magnetisation of the superconductor, as 

the following equation shows: 

                                                           Q = ∮ 𝐌・ d𝐁                                               (1.5) 
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1.6.3 Technical importance of AC loss 

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

power-transmission cables, motors, and generators. As mentioned previously, a high 

critical current and a low-cost price are the two key parameters for superconductors to 

meet, in order to compete with the presently used normal conductors. In addition, the 

AC loss should be low enough to justify the extra investment in the superconductor 

and highly costly refrigeration system. Usually, due to financial considerations, using 

superconductors in electrical power devices for industry applications is ultimately 

based on the following aspects: energy costs, superconducting material costs 

(including the extra production steps intended to reduce the AC loss), cooling system 

costs, maintenance, and reliability [87]. 

Under the same circumstances, the AC loss in a superconductor is usually much lower 

than the resistive loss in a normal conductor. The energy is dissipated as heat in a low-

temperature environment, which has to be removed by a cooling system that 

consumes a multiple of the dissipated energy. Usually, the total power consumption of 

a typical device operating at 77 K is approximately 10–20 times the AC loss in the 

superconductor [87]. For instance, the most famous regenerative cryocoolers are 

Gifford-McMahon (GM) and Stirling types [88]. According to [89], the Carnot 

efficiency of Stirling cryocoolers is in the range of 4% to 30%, and for GM 

cryocoolers is about 1% to 9%. The penalty factor of the GM cryocoolers is typically 

about 15 to 20 at 77 K. It means that for extracting 1 W out of the cryostat at 77 K, 15 

to 20 W should be consumed in cryocooler. On the other hand, for extracting 1 W heat 

by a Stirling cryocooler, there is a need for 18.3 W of electrical power at temperatures 

around 77 K [90];[91]. Therefore, it is of paramount importance to accurately predict 

and minimize the AC losses in order to lower the heavy cooling penalty. Ideally, the 

use of HTS over LTS greatly reduces the problem of heat removal, due to the higher 

operating temperature, but it does not completely eliminate it. In the case of a 

superconducting machine, the armature windings need to be carefully designed so that 

the smaller size and lighter weight advantages realized by using superconductors are 
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not diminished by the requirement of a large cooling system [92]. 

In certain motor and generator designs, there is an AC winding located in the stator 

and a DC field winding located on the rotor, which is the most common configuration, 

although the two winding locations are interchangeable. The rotor has a DC winding 

that carries a constant or slowly varying current in a nearly constant magnetic field, 

while the stator has an AC winding that carries an alternating current and is subjected 

to the rotating magnetic field of the rotor. This generates AC losses, which potentially 

increases the size and weight of the machine cooling system. Due to the rotation of the 

magnetic field, the tapes in the AC winding are subjected to a perpendicular magnetic-

field component, whose amplitude is equal to the total magnetic-field strength of the 

device. The AC loss in tapes is dominated by variations in the magnetic-field 

component perpendicular to the tape. These variations are largest in the AC winding 

of a motor, large in a transformer, small in a power transmission cable, and smallest in 

the DC winding of a motor. Therefore, from the perspective of AC loss, the 

construction of a fully superconducting machine faces greater challenges than a 

transformer, and a transformer faces greater challenges than a cable [87].  

 

1.6.4 AC loss reduction challenges for fully superconducting 

machine  

Commercial electric aviation targets demand higher power density (>20 kW/kg) 

motors with higher efficiency to leverage the weight benefits of electric propulsion 

[93];[94]. Fully superconducting machines meet the requirements to achieve these 

high-power density targets by increasing electric and magnetic loading without losing 

efficiency to ohmic heat losses. However, as mentioned before, studying AC losses 

still remain a significant challenge for fully superconducting machines due to the 

high-speed requirement of electric propulsion. In a fully superconducting machine, 

both rotor and stator windings are replaced with superconducting materials. Thus, 

fully superconducting machines are expected to reach a higher efficiency than 
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partially superconducting machines since the armature power loss is greatly reduced 

compared to conventional copper-based windings. Theoretically, after being replaced 

with superconducting windings, the ohmic losses in the stator will be significantly 

reduced, however, the armature windings carry an AC current and operate in an AC 

magnetic field. In this case, both transport current loss and magnetization loss are 

present in HTS armature windings, and must be studied carefully. Conversely, HTS 

rotor windings carry a DC current below the critical current and operate in a complex 

magnetic field, including a fundamental base field and higher-order harmonic field. 

As such, the magnetization loss needs to be investigated for rotor design. Moreover, 

HTS conductors capable of operating in a high frequency field (∼200–2000 Hz) are 

not yet available, since the contribution of eddy current loss to total loss increases 

with frequency, which must be taken into account when considering the design of 

practical HTS devices [95], and minimizing the use of metallic components for 

reducing mass still remains unsolved [42]. Therefore, to address the challenges above 

and improve the overall machine efficiency, more work needs to be carried out and 

the AC losses need to be appropriately evaluated and quantified to improve the 

machine design. 

Of the many challenges hindering the development of a fully HTS machine, the most 

critical is the investigation of AC losses in armature windings. The development of 

HTS coils with relatively low AC losses has aroused renewed interest in the 

investigation of superconducting stator windings. The relative economy of using 

liquid nitrogen as the coolant gives the promising prospect for the development of 

practical HTS stator windings, and research projects are ongoing across the world. 

The development of an HTS coil with lower AC losses is desperately needed for fully 

HTS machine armature windings, otherwise the size and weight of the cooling system 

will not be acceptable. Ideally, the HTS coil needs to be twisted into narrow filaments 

to reduce AC loss. However, currently, there are no wire technologies available to 

achieve the feasibility and effectiveness of the HTS stator for commercial use. Some 

wire concepts, e.g., Rare-earth barium copper oxide (ROEBEL) cable [96] and 
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Conductor on round core (CORC) cable [97], have been studied by many researchers 

as to their feasibility and effectiveness for small scale use, however, they have not yet 

been proven for large scale commercial use due to various existing drawbacks. 

Reasons for this are discussed in detail in Chapter 3 when illustrating the AC loss 

reduction strategies. 

To sum up, in machine design, a minimized AC loss design need to be considered, 

with efficiency an essential parameter for evaluating the design of high-power density 

HTS machines for the sake of saving economic cost. For HTS coils in the machine, 

AC losses are critical issues in engineering. Firstly, the AC losses provide data for 

cryogenic systems design, so that the cooling power can be matched with the machine 

accordingly. Secondly, both magnetization AC loss and total AC loss need to be 

identified separately to properly evaluate the different HTS materials or coil structures. 

These data can play an essential role in large-scale machine design. Finally, high AC 

losses may cause unavoidable heat inside the coil, thus leading to the temperature 

increasing over the critical temperature of the HTS tape, and eventually give rise to 

the HTS coil quenching at the weak point or even being damaged totally.  

In this study, a new HTS machine platform is developed to measure AC losses of the 

stator windings. This platform is able to provide the AC losses values of the HTS 

stator coil in a rotational magnetic field machine environment. Based on the 

calorimetric method of boiling-off liquid nitrogen, both magnetization AC loss and 

total AC loss can be identified and measured in this machine. Using the proposed AC 

loss reduction strategies, the newly made multi-filament HTS coils based on each 

methodology can be tested in this platform. Hence, this act can be used to improve the 

machine design, thus significantly reducing the machine size and weight, contributing 

to lowering the cost of cooling system and increasing the machine efficiency.  

The following research will be focused on the operating temperatures of HTS lower 

than 77 K, which can be achieved by the newly developed fully HTS machine 

demonstrator using a helium gas circulation system. With temperatures cooled down 

lower than 77 K, the HTS machine can operate at much higher currents, and achieve 
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the possibilities to become more compact and lightweight when operated at lower 

temperatures. Using helium gas as the coolant, the temperature of the key positions of 

the HTS machine can achieve less than 30 K, hence it can further improve the 

performance and power density of the machine. 

 

1.7 Conclusion 

This chapter began by explaining the fundamental principles of superconductivity. It 

first introduced the basic properties and theories, focusing on their macro aspects. In 

brief, superconductivity can be interpreted as ideal conductivity combined with ideal 

diamagnetism. However, a superconductor is much more complicated than either a 

perfect conductor or diamagnet, and the different classifications of superconductors 

were introduced in the following part including LTS and HTS, Type I and Type II 

superconductors, and 1G HTS and 2G HTS. In the second section, the fully HTS 

machine concepts were presented, to illustrate the clarifications of HTS machine, the 

road map of HTS machine development, and discuss the importance of fully HTS 

machines for enabling the electric propulsion of aircraft. Finally, special attention was 

paid to the AC losses in HTS superconductors. Significant contributions from various 

worldwide institutes have already pushed forward the area of AC loss analysis, 

modelling, measurement, and control in superconductors. This section describes some 

basic AC loss principles including AC loss types, the equations used for AC loss 

calculation, and the technical importance of AC loss. Additionally, it opens up the 

challenges that need to be addressed for the design of fully HTS superconducting 

machines, delivering a helpful guideline for future research efforts. 
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Chapter 2 

AC loss experimental measurement 

 

Superconducting electrical machines will be widely used in many modern transport 

applications in the near future. Their great features such as high efficiency, high 

torque density, high power density, and lighter weight make them an excellent fit for 

electric aircraft and marine applications. Meanwhile, the application of 2G HTS coils 

for fully superconducting machines has become a promising research focus over 

recent decades [98];[99];[100]. Not only could it provide the high-power density 

required for future electric aircraft propulsion, but it will also push for the reduction of 

AC losses to lower the constraint on the cryogenic cooling system. However, the AC 

losses generated in superconducting windings in AC electrical machine environments 

are difficult to entirely remove at low temperatures, thereby adding an extra burden to 

the aircraft cooling system. Due to the heavy cooling penalty, it is essential to study 

AC losses in the HTS stator in consideration of optimizing HTS machine design and 

improving overall efficiency. In order to understand and estimate the total AC loss of 

HTS coils as armature windings for electrical machines, in this chapter we designed 

and performed both electrical and calorimetric measurements for different 2G HTS 

coils. The AC loss measurements were based on the electrical transport method and 

calorimetrically boiling-off liquid nitrogen. Both the total AC loss and magnetisation 

loss in the HTS stator were measured in a rotational magnetic field condition. These 

measurements are essential to characterize AC losses in the HTS stator to seek ways 

to reduce the AC loss and maximize the efficiency of fully HTS machines for future 

aircraft propulsion applications. 
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2.1 Overview of methodology 

In order to study the AC loss of 2G HTS coils for future electrical machines, it is 

necessary to establish experimental measurement techniques. A number of studies 

have been done to identify AC losses in HTS coils or cables [8];[12];[100]. Aircraft 

applications require high power density and high transport current, therefore higher 

cryogenic cooling power is required. At cryogenic temperatures, the power dissipation 

caused by AC loss has been a heavy burden to cryogenic systems [101]. In this thesis, 

the reasons why we should study and investigate the AC loss is to appropriately 

identify and quantify the AC losses in stator windings, focusing on investigating the 

AC loss reduction achieved by different strategies for improving overall machine 

efficiency, as well as to estimate the cooling power required, and hence design an 

appropriate cryogenic system for aircraft propulsion applications. 

In general, there are three methodologies to measure the AC losses of HTS coils: 

electric, magnetic, and calorimetric methods [102]. The electrical method is based on 

measurement of the component of the voltage in-phase with the current to determine 

the AC loss. The magnetisation method to measure losses can be achieved by 

integrating signals from pick-up coils wound around or Hall probes placed close to the 

sample [103]. The calorimetric method determines the loss indirectly by measuring 

the temperature rise or the amount of gas boil-off. Table 2.1 compares the three 

different measurement methods. However, the magnetic method is typically applied in 

static measurements and for short samples. Thus, to study AC loss in HTS machines, 

only the electric method and the calorimetric method are discussed in detail in the 

following sections.  
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Table 2. 1: Comparison between different AC loss measurement methods [104] 

Measurement Methods Main purpose 

 

Advantages 

 

Disadvantages 

 

 

Electrical method 

 

Transport current loss; 

Total AC loss 

 

 

High sensitivity; 

high accuracy; 

able to measure low AC 

loss 

 

Compensation coil 

needed; 

lock-in amplifier can 

only work with pure 

sinusoidal signals; 

easy introduction of 

harmonics 

 

 

Magnetic method 

 

 

Magnetization loss 

 

High sensitivity; 

high accuracy; 

able to measure low AC 

loss 

 

Limited to static 

measurement; 

pick-up coils easily 

interfered with by 

external magnetic fields 

 

 

 

Calorimetric method 

 

 

 

 

Total loss 

 

 

Disregarding object 

shape; 

disregarding working 

conditions; 

able to measure large 

scale specimens 

 

Poor sensitivity; 

weak accuracy; 

long time consumption; 

possible disturbance 

from thermal effects of 

non-superconductors 

 

2.2 4 mm HTS sample coil preparation 

2.2.1 Selection of insulation materials 

In fully electric aircraft, most of the windings are built out of 2G HTS wires which 

work at cryogenic temperatures. In applications utilizing HTS under high mechanical 

loads as high-field magnets, or field coils of generators and motors for high-power 

electric machines, HTS coils are placed in a rotating machine environment, as a result, 

they will be unstable due to mechanical disturbances caused by the magnetic fields 

and the rotational vibration of the rotor [105][106]. Therefore, the wires in windings 

have to be insulated or impregnated with proper material in order to achieve high heat 

transfer, thermal stability, and to be electrically insulated. Currently, it is commonly 

accepted that effective ways to solve the problem above include epoxy insulation or 

paraffin impregnation, and these insulation methods have been actively studied in 

many studies [107];[108]. However, these methods might easily cause critical current 
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degradation because of radial stress and cleavage stress. Additionally, sometimes 

while the insulating material itself shows an acceptable performance in insulating the 

wire and having a good thermal conductivity, because of thermal contraction and 

shrinkage it would not last long in proper shape at cryogenic temperature. Moreover, 

applying epoxy insulation materials is most likely to increase the turn-to-turn contact 

resistance for No-Insulation (NI) coils [109]. An alternative feasible method such as 

using non-epoxy insulation might be an effective way to achieve the purpose of 

providing insulation for HTS tapes or coils. For example, heat shrink tubing or Kapton 

tape have been considered effective options [100];[110]. However, one disadvantage 

of using Kapton tape as insulation is that the helical winding technique could result in 

an uneven surface of the 2G HTS tape, and there also exists limited research regarding 

to whether employing heat shrink as insulation will lead to critical current degradation 

of the tape. Therefore, in order to investigate the insulation method, as well as to 

decide the most suitable insulation materials for HTS tapes used as armature winding 

coils, first of all, we need to explore the feasibility of different insulation materials for 

non-insulated tapes. 

4 mm wide 2G HTS tapes supplied by Shanghai Superconductor Technology Co. Ltd. 

(SHSC) were investigated in our work. Having cut them into identical lengths, voltage 

taps were soldered onto the upper surface of the tapes with 10 cm gaps in between. 

Choosing the best type of insulation materials as well as the optimal thickness of 

insulation are not straightforward, and it requires technical knowledge and experience 

depending on factors such as the voltage level, operating temperature, number of turns 

in coils and windings, thickness of superconductor, as well as thermal expansion 

coefficient and thermal conductivity of insulation materials [111]. In our work, we 

only focus on six epoxy and two non-epoxy insulation materials, as shown in Figure 

2.1, in consideration of their good mechanical properties and high thermal and 

chemical resistance. Table 2.2 shows the specific mixture ratio and cure conditions for 

the epoxy insulation materials. Specifications of the non-epoxy insulation materials 

used, including Kapton tape and heat shrink tubing, are listed in Table 2.3.  
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Table 2. 2: Epoxy insulation materials 

Resin component Mix Ratio (Weight) Cure time 

Cryogenic glue 7110 Part A: Grey 

 

Part B: Clear 

10 

 

1 

Recommended cure: 

2 h, 80℃ 

Cryogenic glue H20E Part A: Silver 

 

Part B: Sliver 

1 

 

1 

Recommended cure: 

1h, 150℃ 

Stycast 2850KT 

Blue 

Part A: Stycast blue 

 

Part B: LOCTITE 

CAT 24LV 

100 

 

4 

8 to 16 hours @ 25°C 

2 to 4 hours @ 45°C 

30 to 60 minutes @ 65 °C 

Stycast 2850KT 

Black 

Part A: Stycast black 

 

Part B: LOCTITE 

CAT 23LV 

100 

 

7.5 

16 to 24 hours @ 25°C 

4 to 6 hours @ 45°C 

2 to 4 hours @ 65°C 

Araldite 2020 Part A: 2020 A 

 

Part B: 2020 B 

100 

 

30 

 

16 h, 23℃ 

Polyurethane Resin 

ER2220 

Part A – Resin (grey) 

 

Part B – Hardener 

(black) 

20.81 

 

1 

 

24 h, 23℃ 

 

Table 2. 3: Specifications of non-epoxy insulation materials 

Parameter Heat shrink tubing Kapton tape 

Size Avg ID 0.16" 

Avg Wall 0.005" 

Width 5 mm 

Overall thickness 0.06 mm 

Temperature range -196°C (-320.8°F) – 135°C (275°F) -269°C (-452°F) – 400°C (752°F) 

Melting point 235°C (455°F) None 

Colour Clear Amber 

Dielectric strength > 4000 V/mil 6000 V/mil 

Thermal conductivity 0.19–0.25 W/m·K 0.75 W/m·K 

 

Insulation resistance 

 

Volume resistivity: >1018 Ohm-cm 

 

Surface resistivity: >1014 Ohm/square 

Volume resistivity: 2.3 × 1016 Ohm-

cm 

 

Surface resistivity: 3.6 × 1016 

Ohm/square 
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Figure 2. 1. Prepared samples with different insulation materials (a) Cryogenic glue 7110; (b) 

Cryogenic glue H20E; (c) Stycast 2850KT – Blue; (d) Stycast 2850KT – Black; (e) Araldite 2020; (f) 

Polyurethane Resin-ER2220; (g) Kapton tape; (h) Heat shrink tubing 

 

Before insulation coating, the self-field critical currents at 77 K for the bare samples 

were measured using the four-point method. Each sample was selected from a self-

field critical current around 136 A within range ± 0.5 A. Prepared samples were then 

placed on the thin film which can prevent tape from adhering to other surface as 

Figure 2.2 (a) shows, applying different epoxy insulation materials separately, and 

waiting for them to cure at room temperature. For non-epoxy insulations, as shown in 

Figure 2.2 (b), Kapton tape insulation is directly adhered to the HTS tape surface, and 
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can be firmly attached very well with appropriate external tension force. To apply the 

heat shrink tubing insulation, the HTS tape is inserted into the tube, and evenly heated 

up to around 422 K for a few seconds until the tube shrinks and firmly attaches to the 

HTS tape [100]. Finally, all samples were successfully prepared, and then they were 

put into the critical current testing platform to measure their critical currents. All the 

results are plotted in Figure 2.3 to summarize the critical current degradation of each 

tape corresponding to the different insulation materials. 

 

(a) Epoxy insulation method 

 

    (b) Non-epoxy insulation method 

 

Figure 2. 2. Insulation process for epoxy and non-epoxy insulation methods 
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Figure 2. 3. E-I curves with different insulation materials 

 

Due to cracks in the cryogenic temperature for tapes insulated with Cryogenic glue 

H20E, only the results of other seven insulation materials are plotted in Figure 2.3 for 

comparison. Both Araldite-2020 and Stycast-2850KT(Black) showed substantial 

critical current degradation at different levels, corresponding to a drop in  𝐼𝑐 from 136 

A to 93 A and 118 A, respectively. The degradation was closely related to the 

mismatch in thermal expansion. As for other tapes including insulation with 

Cryogenic glue-7110, Stycast-2850KT(Blue), and Polyurethane Resin-ER2220, as 

shown in the E-I curves of the samples, the critical currents of the insulated tapes 

degraded to a reasonable scale. Conversely, Kapton tape and heat shrink tubing 

insulation barely degraded the critical currents of the HTS tapes, since the E-I curves 

almost overlap together in the figure.  

Thermal cycling tests were then carried out to check the stability of insulated samples 

and their ability to endure cyclical exposures to extreme temperature. This test was 

performed between liquid nitrogen temperature (77 K) and room temperature (around 
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296 K) using 30 min long as a cycle and 10 cycles in total. According to the testing 

results, for epoxy insulated tapes, some small cracks were observed in the middle for 

tapes insulated with Cryogenic glue-7110, and tapes with Stycast-2850KT(Blue) 

insulation were obviously degraded. Only the tapes insulated with Polyurethane 

Resin-ER2220 showed good performance and continuous stability without visible 

critical current degradation after 10 thermal cycles. For the non-epoxy insulated tapes, 

the tubing material and Kapton tape both worked perfectly at the temperature of liquid 

nitrogen, and no degradation of the insulation itself was observed during or after the 

thermal cycling test. Table 2.4 lists the critical current degradation results of three 

sample tapes insulated with Polyurethane Resin-ER2220, Kapton tape, and heat shrink 

tubing respectively after a significant time. It can be found that tape with epoxy 

insulation showed further critical current degradation, however the critical current of 

other two tapes remained unchanged. Additionally, Figure 2.4 shows the result 

obtained by optical microscopy of cross sections of tape insulated with Polyurethane 

Resin-ER2220, which allows for inspection of the transition zone between the 

electrical insulation material and superconductor material, and the image reveals 

significant delamination between the superconductive material and the insulation. 

Therefore, a conclusion can be drawn that non-epoxy insulation either by Kapton tape 

or heat shrink tubing is a better selection as insulation material for the HTS coils 

applied as stator armature windings. In this dissertation, the following investigations 

will thus only focus on using these two materials for insulating the sample coils. 

Table 2. 4: 𝐼𝑐  degradation over significant time 

Tape 𝑰𝒄  (A) Polyurethane 

Resin-ER2220  

Kapton tape Heat shrink tubing  

Original tape 136 136 136 

 

Insulation after 3 days 

 

133 

 

136 

 

136 

 

Insulation after 6 months 

 

131 

 

136 

 

136 
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Figure 2. 4. Optical microscopy of cross sections of superconducting tape insulated with Polyurethane 

Resin-ER2220 

 

To sum up, in this section, the 2G HTS tapes were insulated by different epoxy resins, 

Kapton tape, and heat shrink tubing. The DC characteristics of all the insulated tapes 

were tested in a self-field and compared with those of bare tape to find the proper 

insulating material to coat a long length of wire for a superconducting rotating 

machine. Based on the experimental results, non-epoxy insulation method by 

employing either Kapton tape or heat shrink tubing is more suitable in terms of critical 

current degradation and thermal cycling test. And it will be adopted to insulate our 

experimental 2G HTS coils for further AC loss measurements.  

 

2.2.2 Coil manufacturing 

The experimental 4 mm 2G HTS tapes are from SuNAM and Fujikura, respectively. 

Since 2G HTS tape is a ceramic material and very fragile during manufacturing, too 

much bending or mechanical stress will cause unrecoverable damage. To reduce the 

risk of mechanical damage, the winding process of the HTS coil is required to be as 

simple as possible. Double pancake coils are more suitable for machine purposes as 

both current leads are located on the outer layer. It requires the tape to be separated 
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into two spools, and the coil preparation should begin with the middle of the length. 

Firstly, half-lengths of the tape are separated into two spools, then one spool is fixed 

with the coil holder, and the first layer of the double pancake coil is wound using tape 

from another spool while the second spool rotates on its coil holder, so that no 

twisting or bending occurs to avoid the risk of any mechanical stress. After finishing 

the first layer of processing, the second spool is removed and the second layer of 

processing begins. Finally, two 4 mm sample coils were successfully prepared for the 

AC loss measurements. Coil 1, shown in Figure 2.5.a, is wound with 4 mm wide 

Fujikura HTS tape and Kapton insulation. Coil 2, shown in Figure 2.5.b, is wound 

with 4 mm wide HTS tape from SuNAM insulated with Kapton tape. Table 2.5 shows 

the specifications of Coil 1 and Coil 2.  

Table 2. 5: Coil 1-2 specifications 

Parameter Coil 1 Coil 2 

Used HTS wire 4 mm Fujikura 4 mm SuNAM 

Insulation  Kapton tape Kapton tape 

Coil length 5 m 15.5 m 

Coil type Double pancake Double pancake 

Total turns 16 50 

Inner diameter  95 mm 98 mm 

Outer diameter 98 mm 103 mm 

Inductance 44.2 μH 440 μH 

Tape 𝐼𝑐 @77 K 204 A 250 A  

Coil 𝐼𝑐 (Self-field) @77 K 130 A 102 A 

  

Coil 𝐼𝑐  (In-field), peak 0.45 T, 

@77K (magnetic field profile 

is presented in Figure 2.12) 

 

72 A 

 

59 A 
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Figure 2. 5. Prepared samples for experiment: (a) Coil 1 (b) Coil 2 

 

2.2.3 Critical current measurement 

The most general method for measuring the critical current density 𝐽𝑐, an important 

parameter of superconductors, is the four-terminal method [112], in which the voltage 

drop 𝑉 between the terminals is measured as a function of the transport current 𝐼. This 

is also called the resistive method. The critical current 𝐼𝑐 is defined as the transport 

current at which the flow voltage clearly appears. The critical current density is given 

by 𝐼𝑐 divided by the cross-sectional area 𝑆 of the superconducting region: 𝐽𝑐 =
𝐼𝑐

𝑆
. In 

multi-filamentary superconductors, the cross-sectional area may include a metallic 

stabilizer and reinforcing materials. 

In practice, the current-voltage curves of superconducting wires are not straight lines. 

Instead, voltage gradually rises due to various causes. The measurement is also subject 

to sensitivity limits. Hence, there is no clear point at which the flow voltage appears. 

To define the critical current, the following criteria are used [113]. (1) Electric field 

criterion: This is the simplest method. The critical current is defined by the current at 
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which the electric field reaches a certain value. A value of 1 µV/cm or 0.1 µV/cm is 

commonly used [114]. (2) Resistivity criterion: The critical current is defined by the 

current at which the resistivity of the superconducting wire reaches a certain value. 

For composite superconductors with stabilizer, 10−13 Ω·m or 10−14 Ω·m is commonly 

used. (3) Off-set method: The critical current is determined by the current at which a 

tangential line from part of the current-voltage curve crosses the zero voltage line. In 

the following section, the four-terminal method to measure the critical current of 

different HTS coils will be presented. 

 

Figure 2. 6. Critical current measurement platform 

 

A standard four-terminal method, based on a 1 µV/cm voltage criterion at 77 K, was 

employed for critical current measurements [112]. The ramp rate of the applied 

current was 1 A/s and controlled with LabVIEW and the NI data acquisition module. 

A LabVIEW interface panel was used to control the DC power supply. The critical 

current measurement system mainly consists of a sample holder, a liquid nitrogen tank, 

a shunt, a data acquisition system, and a DC power supply, as shown in Figure 2.6. 

The critical current measurement results for HTS coils are shown in Figure 2.7. The 

measured critical currents for Coil 1 and Coil 2 are 130 A and 102 A, respectively. 
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      Figure 2. 7. Critical current of Coil 1 and Coil 2 

 

2.3 AC loss measurements for sample coil 

Transport loss due to the alternating transport current and magnetization loss due to 

the alternating magnetic field can both contribute to AC loss. As mentioned before, 

the electrical method and the calorimetric method can both be employed to measure 

AC loss. This section introduces in detail the experimental setups and results obtained 

using both methods to measure AC loss for HTS coils. 

 

2.3.1 Electrical method for transport AC loss measurement 

The electric method is extensively used because of its fast measurement speed and 

high sensitivity. Typically, the electrical method for transport AC loss measurement is 

the procedure of putting voltage taps on both ends of the coil conductor and measuring 
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the coil voltage during loading current [115];[116];[117].  

A schematic diagram of transport AC loss testing circuit based on the electrical 

method is shown in Figure 2.8, and Figure 2.9 shows the transport AC loss testing 

platform which includes an AC power supplier, a power amplifier, an NI data 

acquisition, a LabVIEW interface panel, an LN2 tank, a shunt, an HTS coil, and 

compensation coils. The experimental setup is built out of the lock-in amplifier 

technique [78], in which combines a modified existing experimental setup used for 

measuring the transport AC loss of superconducting tapes [118] with a compensation 

coil to cancel the large amount of voltage from the inductance component.  

Since the HTS coil can generate a large inductive voltage, which can be orders of 

magnitude higher than the in-phase AC loss component [119], a compensation coil 

capable of providing compensating inductive voltage was added to the circuit 

[116];[120], in order to measure the transport loss of the HTS coil. The compensation 

coil consists of two coupled coils, which can be used to compensate for the coil 

voltage. The primary coil is wound by a few turns of the current cable, and the 

secondary coil is wound by thin copper wire with a large number of turns. Both the 

primary and secondary coils use wire as thin as possible to reduce the effect of any 

induced eddy currents in the windings due to time-varying fields. For the same reason, 

no magnetic material coils are used in the construction of the coils. By adjusting the 

relative positions of the primary and secondary windings, the inductance signal from 

the compensating coil’s secondary winding can compensate for the inductive 

component of the HTS coil’s voltage.  
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Figure 2. 8. Circuit diagram of transport AC loss measurement [121] 

 

 

Figure 2. 9. Transport AC loss testing platform 

 

As shown in Equation 2.1, the measured transport AC loss in J/cycle/m is calculated 

as following:  

HTS coil 
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                                              𝑄𝑒𝑥𝑝 =
𝑉𝑟𝑚𝑠∙ 𝐼𝑟𝑚𝑠

𝑓 
 
1

𝐿
                                        (2.1)          

where 𝑓 is the frequency of the applied current, 𝐿 the total length of the HTS coil, 

𝐼𝑟𝑚𝑠 is the root mean square value of the transport current flowing through the coil, 

and 𝑉𝑟𝑚𝑠 is the root mean square value of the in-phase voltage component from the 

voltage taps. In this dissertation, all AC losses results will be given in J/cycle/m which 

is commonly used and will allow us to compare the results of HTS coils despite their 

different constitutions.  

Although the electrical method is simple in principle, it is still necessary to carefully 

consider any sources of error to obtain accurate results. One important source of error 

comes from the compensating coil. In theory, the compensating signal must be purely 

inductive in order to avoid adding any resistive signal to the measurement circuit. 

However, due to the eddy currents existing in conductors near the compensation 

circuit, an undesired resistive signal can be created [122]. The compensating coil must 

therefore be placed away from any conductors, in order to avoid introducing any in-

phase signals, which would lead to overestimating the AC loss.  

To be more specific, in order to accurately measure the AC losses, the voltage 

measurement loop should link the magnetic flux from the centre of the tape to an 

enough large distance, at least three times greater than the tape half-width [123];[124]. 

Unfortunately, in addition to the resistive voltage,  such a large voltage measurement 

loop would pick up an inductive voltage, which could be several orders of magnitude 

larger [125]. At higher frequencies, this undesirable component is even more 

significant and thereby dominating the resistive component, since the inductive 

voltage is a linear function of the frequency. Due to this difficulty, few work have 

carrying out accurate high-frequency AC loss measurements. And our tests were 

hence only performed at relatively low frequencies, in which three different 

frequencies at 50 Hz, 75 Hz, and 100 Hz were chosen for both Coil 1 and Coil 2. 

Moreover, owing to the restrictions of the laboratory equipment, the applied peak 

transport current to the HTS coil was limited to 90 A. By using the Equation 2.1, the 

transport AC losses in J/cycle /m can be calculated and the normalized transport losses 
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versus normalized transport currents for both coils were shown in Figure 2.10. The 

experimental results indicate that the measured transport AC loss for both coils is 

independent of the operating frequency over this range of variation, suggesting that it 

was predominantly hysteretic in nature.  

 

Figure 2. 10. Normalized transport loss versus normalized transport current measured by the electrical 

method 

 

2.3.2 Calorimetric method for AC loss measurement 

The calorimetric method (or boil-off method) has been demonstrated in many papers 

[126];[127];[128] as a means to measure AC losses of superconducting tapes. The 

same principle can be applied to measure AC losses in HTS coils. Figure 2.11 

illustrate the structure of the boil-off method. The specimen is powered by the AC 

power supply and can produces heat in the cryostat, thus causing the evaporation of 

liquid nitrogen. So, by measuring the flow rate of liquid nitrogen using the gas flow 

meter attached to the vent tubes, the AC loss can be calculated. The accepted value of 

the latent heat for liquid nitrogen is 199 Joule/gram [129], which is equal to 0.25 

standard litres per minute for every Watt of power (SLPM/W). Thus, the flow rate of 

Ipeak/Ic Ipeak/Ic 
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liquid nitrogen is 0.25 SLPM/W. However, due to temperature and pressure variations, 

different measuring systems experience flow rates in different conditions. Therefore, 

before the AC loss measurement can be taken, a calibration process should be carried 

out according to different system designs [130]. The following steps should be 

adopted: (1) A heater with known power is installed into a cryostat. A DC power 

supply is then applied to the heater, and the amount of evaporation gas is measured by 

flow rate meter. (2) The relationship between heat power and the flow rate of 

evaporation is obtained by repeating step (1). (3) When the specimen carries AC 

current or is exposed to an AC magnetic field, the flow rate of evaporation gas due to 

the created AC loss can be obtained by the calibration curve in step (2). 

 

Figure 2. 11. Diagram of the boil-off method [131]  

 

The advantage of using the calorimetric method compared to the electrical method is 

that it can be used in any condition of the background AC magnetic field to measure 

the total loss and magnetization loss of HTS coils, regardless of the phase difference 

between the AC and background field [132]. However, the sensitivity and accuracy of 

the calorimetric method are not as high as those of the electrical method. In our HTS 
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machine testing platform, a fluctuation of 0.08 SLPM and an unavoidable background 

flow rate around 1 SLPM were observed, indicating that the calorimetric method is 

not as sensitive as the electrical method. Moreover, the calorimetric method also has 

other shortcomings. Since the changes of heat and temperature are much slower than 

the electromagnetic propagation on which the electric method is based, the 

measurement process usually takes longer. For LTS superconductors, liquid helium is 

normally used as the coolant. Because its latent heat is very low, liquid helium is 

prone to evaporate easily, making the thermal measurement method relatively 

straightforward to measure the AC loss. However, HTS superconductors can use 

liquid nitrogen at 77 K, and the latent heat of liquid nitrogen is large, more than 60 

times that of liquid helium. Therefore, the calorimetric method is not suitable for short 

samples or small coils.  

To conclude, the electric method for transport AC loss measurement has faster speed 

and higher accuracy compared to the calorimetric method, and it is sensitive to 

electromagnetic disturbances, and is thereby suitable to measure short samples or 

small coils in relatively simple electromagnetic environments. On the other hand, due 

to the large latent heat of liquid nitrogen, the calorimetric method is more suitable for 

use in measuring the AC losses of larger samples and HTS coils. The calorimetric 

method also has a wide range of applications, and the setup does not require complex 

electronic circuits or high-precision instruments. It is also suitable for use with any 

AC magnetic field wave in any direction, regardless of the AC magnetic field and the 

AC current phase difference. 

 

2.3.2.1 HTS machine platform setup and sample coils testing 

 

In order to enable the measurement of LN2 boil off inside a rotational machine, we 

have chosen the axial-flux machine design, so as to accommodate a measurement 

chamber for an HTS stator winding. As shown in Figure 2.12, this machine contains 

two four-pole permanent magnet rotor discs, two silicon steel back irons and a three-

phase HTS stator, with a peak magnetic flux density of 0.45 T in the centre. Each 
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rotor disc consists of four large NdFeB permanent magnets, each with a diameter of 

100 mm, sitting on a laminated silicon steel plate. The HTS stator disc is sandwiched 

between two rotor discs and consists of six stator coils. Only two coils of phase A are 

constructed of HTS materials; phase B and phase C are constructed of copper coils 

with the same diameter. The measurement HTS coil is placed in a separate 

measurement chamber with liquid nitrogen.  

 

 

Figure 2. 12. Measurement chamber structure and rotational magnetic field profile [133] 

0                                     𝜋                                        2𝜋 

Inner cryostat  
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The machine is housed in a LN2 cryostat with a rotational seal and is designed to 

operate at a speed of 300 RPM, generating a 10 Hz three-phase voltage output. The 

phase A voltage is generated by two HTS coils, while the voltages of phase B and C 

are generated by copper coils. Figure 2.13 shows the configuration of the designed 

measurement chamber with the specific position for coils to be tested. The 

specification of tested sample coils is shown in Table 2.4 previously. Only one HTS 

stator coil is placed in the measurement chamber, and is connected to a flow meter to 

measure the flow rate of the nitrogen gas. Under ideal conditions, there should be no 

heat transfer inside, since the measurement chamber is vacuum insulated and fully 

immersed in LN2 to minimize heat transfer with outer cryostat; both rotor and stator 

are fully immersed in liquid nitrogen during operation. The only conducting 

component inside the measurement chamber is the HTS stator coil, which ensures that 

the boil-off of liquid nitrogen is due only to the total AC loss of the HTS coil. 

 

Figure 2. 13. Measurement chamber configuration of HTS machine platform  

 

Copper leads 

Current leads 

Phase A 

HTS coils 
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The nitrogen gas flow rate is measured by a flow meter (Omega FMA 2710). The total 

AC loss in J/cycle/m over a period of T in the measurement chamber can be calculated 

using Equation 2.2 [126] as the following: 

                                                           𝑄 =
∫

𝐹(𝑡)

𝐾𝑇 𝑑𝑡

𝑓
∙

1

𝐿
                                                (2.2) 

where 𝐹(𝑡) is the flow rate of nitrogen gas boiled off in the measurement chamber 

measured by a flow meter, 𝐿 the total length of the HTS coil, and 𝑓 is the operating 

frequency of HTS machine, and 𝐾 = 0.256 ( 1 𝑚𝑖𝑛−1𝑊−1) is the flow rate constant. 

When the HTS machine operates in a steady state with a fixed frequency 𝑓, 𝐹(𝑡) in 

the Equation 2.2 is simply a constant value with a very small fluctuation. After 

calibration procedures, by measuring the nitrogen gas flow rate, and calibrating the 

value of the AC loss element, the coil AC loss can then be calculated. 

According to the platform setup, the total heat input to the measurement chamber 

(𝑄𝑡𝑜𝑡𝑎𝑙) includes the following components: the heat caused by the HTS coil (𝑄𝐻𝑇𝑆); 

the unavoidable heat leakage in the system (𝑄𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) ; the thermal balance 

condition change when liquid nitrogen was stirred by the rotor ( 𝑄𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 ); and the 

Joule heat caused by copper terminals and soldering joint resistance between HTS and 

copper current leads (𝑄𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙). Hence, a dedicated calibration process for the whole 

system must be carried out before the AC loss measurement can be performed. The 

detailed information can be found at paper [133]. Then a resistive heater was placed 

inside the measurement chamber and heated using a DC current to calibrate the 

measurement chamber, in order to validate the system and demonstrate that there was 

no gas leakage between the measurement chamber and outer cryostat.  

The entire system setup is illustrated in Figure 2.14. The separately excited DC motor 

is driven by two DC power supplies; during the measurement procedure, the rotation 

of the HTS rotors is driven by a DC machine. Three-phase power is generated by two 

HTS coils (phase A) and four copper coils (phase B and C), in which the measured 

single HTS stator coil is connected to a load bank. The LN2 level in the cryostat is 

observed by 4 PT100 temperature sensors, LN2 boil-off flow rate is recorded by a 
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flow meter, and all data were recorded by a NI DAQ system. An overview of the HTS 

machine performance, including coil voltages, coil currents, motor speed, flow meter 

data, and LN2 level, is recorded by a status monitor. 

 

Figure 2. 14. Total HTS machine system configuration [133] 

 

2.3.2.2 AC loss of HTS stator 

 

(a) Magnetization loss 

The magnetization loss of the coil can be measured by keeping the HTS coil open 

circuited, so that there is no transport current in the HTS coil, and only the 

magnetization loss is measured. We measured five different frequencies (2 Hz, 4 Hz, 6 

Hz, 8 Hz, and 10 Hz) for both coils; as this is a two-pole-pair rotor, these frequencies 

correspond to rotor speeds of 60, 120, 180, 240, and 300 RPM, respectively. An 

integral operation was applied to calculate the total nitrogen gas volume for a period 

of time. After calibrating out flow-rate errors, the magnetization loss of the coil versus 

frequency can be calculated by Equation 2.2, as shown in Figure 2.15.  
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        Figure 2. 15. Magnetization loss versus frequency 

 

(b) Total AC loss  

Using this platform, the total AC loss of a single HTS coil was measured by 

connecting the three-phase stator windings to adjustable power resistors [133];[134], 

when it was carrying a transport current and subjected to a peak 0.45 T rotational 

magnetic field. To measure the total AC losses at various currents generated by the 

HTS coil, the resistor values were changed accordingly. For this work, we measured 

several different peak transport currents between 10 A and 65 A for different 

frequencies corresponding to different rotor speeds up to 300 RPM and 10 Hz. An 

example of the current waveforms at various resistances for Coil 1 at 10 Hz is shown 

in Figure 2.6. It should be noted that the AC loss is a small value when a small 

transport current is applied and also at low frequencies. Therefore, if the level of 

fluctuation falls below 0.08 SLPM for more than 1 min, an integral operation may be 

used to calculate the flow rate data for the previous 10 seconds to improve accuracy. 

After calibration of the calorimetric measurement, the total AC loss in J/cycle/m 

versus normalized peak transport current is shown in Figure 2.17.  
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Figure 2. 16. The current waveforms at various resistances for Coil 1 at 10 Hz 

 

 

Figure 2. 17. Total AC loss measured in a 0.45 T rotational magnetic field for Coil 1 and Coil 2 

 

To conclude, this section developed a platform for HTS coils in rotational magnetic 

machine environments. Two 4 mm HTS coils were tested using this platform. We 

have studied the tape characteristics in the machine environment, and good 

Ipeak/Ic Ipeak/Ic 
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characteristics of the tape can enhance the AC loss performance in the machine 

environment. We measured the magnetization loss and total loss of these two coils in 

the machine environment and were prepared for more HTS coils to be tested in order 

to find an effective way to achieve high efficiency of the HTS machine.  

 

2.4 Conclusion 

In this chapter, the AC loss measurements are well presented by experimental 

methods. To begin with, the insulation material selection for 2G HTS tape insulation 

was illustrated in detail. Kapton tape and heat shrink tubing were chosen for insulating 

all the experimental 2G HTS tapes. Then the manufacturing procedure of 2G HTS 

coils was introduced. Two double pancake 4 mm standard HTS coils were prepared 

for measurement. For the critical current test, using the 1 μV/cm criterion, the critical 

currents for the coils were determined. The transport loss, magnetization loss and total 

loss for the coils were measured using both the electrical and calorimetric methods. 

The transport loss measurements from the electrical and calorimetric methods were 

both frequency independent. The HTS machine platform illustrated in this chapter 

focuses on calorimetrically quantifying the HTS stator and provides valuable insights 

into the AC losses of the HTS stator in a rotational machine environment. Later, this 

platform can be used to identify AC loss reduction technologies, contributing to the 

development of a highly efficient fully HTS propulsion machine. 
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Chapter 3 

AC loss reduction strategies 

 

Fully HTS machines provide a high power density to meet the requirement of future 

electrical aircraft propulsion. However, the AC loss of HTS armature windings, as the 

technology stands, is hindering the improvement of overall machine efficiency. It has 

been an established understanding that the AC loss of 2G HTS windings must be 

reduced for fully HTS machine applications, which can lower the constraint on the 

cryogenic cooling demand. In this chapter, several ways to develop multi-filament 

HTS cables have been reported, focusing on the different approaches to make 

filamentized coils, on the effectiveness of the AC loss reduction, and on the 

applicability of those techniques to long lengths. Both transport losses in a self-field 

and total AC losses in a rotational magnetic field are measured to quantify the AC loss 

reduction for different multi-filament HTS coils. By comparing different proposed 

reduction strategies to lower AC loss, we can seek ways to improve the coil 

performance and optimize motor armature winding design, thereby contributing to 

future aircraft propulsion applications.  
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3.1 Introduction to AC loss reduction mechanism 

3.1.1 Importance of AC loss reduction 

2G HTS tapes have become a promising material for high current applications over 

recent decades, owing to their extremely high critical current density, in-field 

behaviour, and mechanical strength [98];[135];[136]. The current 2G HTS tapes 

normally have extremely large width-to-thickness ratio [137]. Their major drawback 

appears when used in AC conditions where the time-varying magnetic field/current 

will increase the hysteresis current loop, leading to increased AC losses and increased 

overall size of associated cooling systems. As a result, a lot of 2G HTS applications 

mainly focus on DC applications. However, there are certain applications that involve 

the use of 2G HTS in AC conditions, e.g., fully HTS machines for high power density 

aviation propulsions [42];[52];[138], and HTS cables, transformers and fault current 

limiters for AC power system applications [139]. In these applications, the increasing 

demand and widespread adoption of electrical drives in aircraft, automobiles and 

machines have intensified efforts and cost in the design and development of high-

performance electrical machines combined with high power density, light-weight and 

high efficiency. Therefore, it is of paramount importance to reduce the AC loss of 2G 

HTS in order to minimize the cooling requirements.  

In a fully HTS machine, the HTS stator is subjected to a rotational AC magnetic field, 

as well as an AC transport current. This generates AC losses, which potentially 

increases the size and weight of the machine cooling system. With the majority of the 

power loss within high power density electrical machines often being generated in the 

stator winding [140], it is necessary to reduce the copper losses and improve the heat 

transfer mechanisms for such losses. As a result, the key challenge of developing a 

fully HTS machine is to minimize the HTS winding AC losses. So far, most of the 

research in the area of HTS tapes and coils has focused on transport AC loss or 

magnetisation loss in a uniform magnetic field [141];[142]. Few studies have dealt 
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with the issue of the AC loss of HTS in a rotational magnetic field [100]. Therefore, 

for 2G HTS involved in AC applications, it is of critical importance to seek ways to 

accurately estimate the AC loss of HTS windings for maximizing machine efficiency. 

 

3.1.2 Theory of AC loss reduction 

To reduce the AC loss, ideally the HTS cable needs to be twisted into narrow 

filaments. Brandt et al [143] and Zeldov et al [144] indicate in their theory about thin 

HTS filaments placed in an external dynamic magnetic field that the magnetization 

loss is proportional to the square of the strip’s width, which means that if a 

superconductor is striated into N filaments, its AC losses are expected to decrease by a 

factor of N. In order for the striation to be effective at reducing the AC losses, 

however, the filaments need to behave as separate objects, i.e., to be 

electromagnetically uncoupled. If the currents induced by the varying magnetic field 

couple the filaments together, the striation is practically ineffective. In order for the 

filaments to be uncoupled, conductive materials acting as an electrical path should not 

be contained between the space.  

The magnetization AC loss per unit length of a thin superconducting strip of width 2a, 

thickness 2b, and sheet critical current density 𝐽𝑐𝑠 subjected to an AC perpendicular 

field 𝐻𝑎  sin(𝑤𝑡) is given by Equation 3.1 in [143]: 

                                              𝑄𝑠𝑡𝑟𝑖𝑝 = 4𝑢0 𝑎
2 𝐽𝑐𝑠𝐻𝑎𝑔(𝐻𝑎/𝐻𝑐)                                (3.1) 

where 𝑢0 is the magnetic permeability of vacuum, 𝑔(𝑥) = (2/𝑥) ln cos(𝑥) − tan ℎ(𝑥) 

and 𝐻𝑐𝑠 = 𝐽𝑐𝑠/𝜋. The expressions above show that the AC loss is proportional to the 

square of the width of the tape. Hence, dividing a tape into N filaments leads to an AC 

loss reduction of a factor N. Actually, this is true only if the magnetic field is large 

enough to fully penetrate the superconductor. If this is not the case, the sum of the AC 

losses in the individual filaments can be larger than the losses of the original 

unstriated tape at the end. Usually for HTS machine applications, the background 
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magnetic field is large enough to fully penetrate the HTS tape, so the magnetisation 

loss is proportional to the square of tape width according to this equation. Therefore, 

ideally, by narrowing the HTS tape width, the AC loss can be reduced accordingly.    

3.1.3 Proposed AC loss reduction strategies 

Many studies for narrowing HTS filaments to reduce AC loss have been reported 

previously. However, due to their flat geometry, this is difficult to achieve using HTS 

coated conductors. Four different technologies, as illustrated in Figure 3.1, have been 

documented so far to reduce AC losses in HTS windings. Figure 3.1.a shows a Roebel 

cable structure as a twisted HTS cable with laser striation [145]. Creating Roebel 

cables involves a large amount of wasted HTS materials and construction 

complexities, so they are not ideal for large-scale applications. Figure 3.1.b shows the 

CORC cable as a twisted HTS cable [146] which involves multiple HTS tapes 

helically wound along a copper former. CORC cables are mainly designed for high 

DC currents in high-field applications. The copper former of CORC cables is not ideal 

in a rotational machine environment because once the magnetic field penetrates the 

HTS layer, the eddy losses are huge. Figure 3.1.c shows a laser striated HTS: the 

magnetization losses of a striated HTS under an external AC field can be reduced, but 

there is no effective twisting solution to reduce the coupling effects via the copper 

stabilisers [137];[147];[148]. Figure 3.1.d shows a new soldered-stacked-square (3S) 

HTS wire taken by a novel structure of square cross section based on 2G narrow tapes 

with 1 mm width, suggested and successfully developed by Li et al [149].  
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(a)                                                                   (c) 

    

                               (b)                                                                  (d) 

Figure 3. 1. HTS technologies developed so far for AC loss reduction. (a) a Roebel cable with striation; 

(b) CORC cable; (c) Optical microscope and SEM micrographs after striation of HTS; (d) Soldering-

stacking HTS cable.  

 

In order to effectively reduce the AC loss of 2G HTS cables, in this chapter, three 

different strategies are raised and evaluated for comparison and optimization of the 

motor armature windings design. To begin with, a new multi-filament HTS wire, 

called soldered-stacked-square (3S) wire, is proposed to reduce AC loss. The 

fundamental idea is to mechanically cut the normal 4 mm HTS tape into 1 mm wide 

and stack them into a wire and soldering simultaneously. This idea was first suggested 

and successfully validated by Li et al [149]. A follow-on study conducted by Wang et 

al [150] showed that the AC loss of this kind of multi-filament HTS cable can be 

effectively reduced, and the reduction depends on the width of the HTS strips, but the 

soldering stack will increase the coupling losses and eddy losses under an AC 

magnetic field. Hence, we need to further investigate its AC loss performance under a 

rotational magnetic field, and study ways to improve the cable design and further 

reduce AC loss for it to be used in the armature windings of fully HTS machines. 

Secondly, striation techniques of 2G HTS superconductors as a way to reduce their 

magnetization AC losses have been the subject of intense worldwide research over 

decades. While the principle of this approach is well established, due to manufacturing 
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and technological constraints, its practical application on commercial materials to be 

used in power applications is still yet to be implemented. Moreover, due to coupling 

current flow between the copper stabilizer layers in AC magnetic fields, the overall 

AC losses may be increased at the end. Therefore, as the second strategy proposed in 

this chapter, we will evaluate the feasibility of this method through experiments by 

making a sample coil using the new striation technique of the Fujikura company, and 

further investigate how copper layers will affect the overall AC loss using the 

numerical modelling method.  

The third strategy is to employ heat shrink tubing as insulation to increase the contact 

resistivity between filaments for developing a new HTS multi-filament cable. To 

remove the eddy losses and coupling losses introduced by the soldering stack [150], 

the new multi-filament HTS cable will be constructed without soldering stacking: 

narrow HTS strips will be directly stacked and insulated in heat shrink tube insulation, 

with the cabling tension provided by shrinkage of the insulation tube [100]. It is 

possible to further eliminate coupling losses by using insulated HTS filaments in the 

cable. However, the current sharing between filaments in thermal-run-away events 

will be prohibited, leading to low thermal stability. Ideally, we want to encourage 

current sharing between filaments when there is a quench while limiting coupling 

current in AC operations. Herein, this strategy studies the technology of stacking non-

insulated HTS filaments into a cable and focuses on investigating the loss reduction 

achieved by using narrow HTS filaments. 

For these three strategies, in this chapter, the transport AC loss for all prepared sample 

coils will be measured by the electric method and the total loss measurement in a peak 

0.45 T rotational magnetic field will be characterized based on the calorimetric 

boiling-off of liquid nitrogen [151];[152];[153]. Finally, we can compare all results 

and quantify the reduction rate, thus achieving the purpose of further reducing AC loss 

for fully HTS machines.  
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3.2 AC loss reduction achieved by 3S coil 

An effective way to reduce the AC loss of 2G HTS tape is to reduce the width of the 

tape [137]. Therefore, a filamentary structure has been proposed by many researchers. 

The multi-filament method may use either mechanical scribing, etching, or ink-jet 

printing to divide the HTS layer, or mechanical cutting or fast laser cutting to divide 

the HTS tape. The challenge is that the narrower tape width of the multi-filament 2G 

HTS tape can be easier to damage when manufacturing and operating in a complex 

electromagnetic environment. The overall losses could also increase due to a coupling 

current flowing between copper stabiliser layers in AC magnetic fields. Thus, in this 

section, we proposed 3S HTS wire concept [149] to reduce AC loss. The previous 

results have shown good critical current distribution and effectively reduce transport 

AC loss. It is reported that the 3S concept could help to reduce the transport AC loss 

by 80% compared with the original 4 mm tapes [150]. However, this wire has not yet 

been studied in a magnetic field. To push forward this wire in the HTS armature 

winding application and confirm the effectiveness of AC loss reduction of the new 

multi-filament wires in the machine environment, we studied the total loss and 

magnetisation loss of two double pancake coils made of the new multi-filament wire 

and normal 4 mm tape in a 0.45 T rotational background magnetic field, to prove that 

the new multi-filament wire can effectively reduce total AC loss in a machine 

environment. 

 

3.2.1 Sample coil preparation 

The used experimental 2G HTS tapes are from SuNAM. As shown in Figure 3.2, a 3S 

wire is fabricated through narrowing, soldering, and stacking processes. 4 mm 

commercial 2G HTS conductors are cut into 1 mm ones by the manufacturer. Then 

soldering and stacking of the 1 mm HTS conductors is undergone simultaneously. The 

average critical current of the 1 mm strips used in 3S wire fabrication is about 50 A 



Chapter 3  AC loss reduction strategies                                                                                                                                                       

 

73 

 

measured by the manufacturer. We employed heat shrink tubing as insulation to 

insulate the 3S wires and then winded them into coils. In order to reduce the effect on 

AC loss comparison caused by the critical current difference, the testing 3S coil is 

appropriately chosen to be close to a standard 4 mm coil, which is Coil 2 measured in 

the experiments presented in the previous chapter. Figure 3.2 shows the picture of two 

coils, the parameters for which are shown in Table 3.1.  

 

  

 

 

Figure 3. 2. The fabrication process of solder-stacked-square (3S) HTS wire 

 

 

 

 

3S HTS wire 

3S samples 
1 mm wide 
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Figure 3. 3. Photos of standard 4 mm coil (Coil 2) and 3S coil (Coil 3) 

 

Table 3. 1: Specifications of Coil 2-3 

Parameter Coil 2 Coil 3 

Used HTS wire 4 mm SuNAM 4*1 mm SuNAM 

Insulation Kapton tape Heat shrink tubing 

Coil length 15.5 m 15.5 m 

Total turns 50 52 

Inner diameter 98 mm 90 mm 

Outer diameter 103 mm 100 mm 

Inductance 440 μH 449 μH 

Tape 𝐼𝑐 @77 K 250 A 200 A (50 A per 

filament)  

Coil 𝐼𝑐 (Self-field) 

@77 K 

102 A 95 A 

 
 

Coil 𝐼𝑐 (In-field), 

peak 0.45 T, @77 K 

59 A 49 A 
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The critical currents of the coil samples are measured by a standard four-probe 

method under self-field conditions in liquid nitrogen at 77 K operating temperature, as 

shown in Figure 3.4. 

 

              Figure 3. 4. Critical current of Coil 2 and Coil 3 

 

3.2.2 AC loss measurements 

In order to evaluate the effect of the 3S wire on AC loss reduction, the experimental 

value of AC loss was measured by both the electric and calorimetric methods. For 

transport AC loss measurement, the same testing platform as presented in Figure 2.9 

was used, and a cancellation coil was used to compensate the inductive component of 

loss voltage, so that only the resistive component was picked up. The value of AC 

losses can be calculated by applying Equation 2.1. To remain consistent with the 

previous experiment, the same frequencies were chosen: 50 Hz, 75 Hz, and 100 Hz, 

respectively. Figure 3.5 shows the experimental measured results of transport AC loss 

and comparison between two coil samples. Our results indicate that the transport 
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losses of both Coil 2 and Coil 3 are frequency independent. This phenomenon means 

that the soldering layers added in the 3S wire to enhance the mechanical strength do 

not significantly affect the transport AC loss under different frequencies. According to 

the normalized transport AC loss results in Figure 3.5, our 3S wire reduced the AC 

losses of Coil 3 to about 84% of those of Coil 2 at the normalized current close to 70% 

of the critical current. We can see that the reduction rate we obtained is very close to 

the previous 3S coil test conducted by Wang et al [150], so it further demonstrates that 

3S coil has great potential in minimizing the AC losses.  

 

            Figure 3. 5. Transport AC loss comparison between Coil 2 and Coil 3 

 

The AC loss performance of 3S coil in a rotational magnetic field was then 

investigated, in order to prove that the multi-filament wire can reduce AC loss in a 

real machine environment and is more suitable to use in armature windings in a fully 

superconducting machine. As illustrated in Figure 2.14, both magnetization and total 

AC loss measurements for the 3S coil were performed using this testing platform.   

The magnetization loss of Coil 3 in a 0.45 T rotational magnetic field is shown in 

Figure 3.6. Compared with the previous results, at 10 Hz, the magnetization loss of 

Ipeak/Ic 
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Coil 3 is 0.0208 J/cycle/m, while that of Coil 2 is 0.0182 J/cycle/m. Due to soldering 

stack used in the process of 3S coil manufacturing, it increases the coupling losses and 

eddy losses under an AC magnetic field. As a result, the magnetization loss is 0.0026- 

J/cycle/m higher than standard 4 mm coil at 10 Hz. Further investigations are deemed 

necessary to study how the soldering stack added in the multi-filament coil will affect 

the AC losses.  

 

Figure 3. 6. Magnetization loss comparison between Coil 2 and Coil 3 in a 0.45 T rotational magnetic field 

 

The total AC losses versus normalized currents were measured by the calorimetric 

method, as shown in Figure 3.7. The maximum rotational speed at 77 K is 300 RPM 

due to the limitation of the bearing, which means a maximum 10 Hz output. We set 

the frequencies at 5 Hz and 10 Hz, and the transport currents were chosen from 10 A 

to 50 A. According to the normalized total AC loss results, the total AC losses of both 

coils are frequency independent, and unlike magnetization loss, the total loss of Coil 3 

is lower than that of Coil 2. This indicates approximate 26% AC loss reduction for 3S 

coil compared to standard 4 mm coil when applying the same normalized current 

subjected to a rotational magnetic field.  
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Figure 3. 7. Total AC loss comparison between Coil 2 and Coil 3 in a 0.45 T rotational magnetic field 

 

3.2.3 Conclusion 

To sum up, in comparison with a standard 4 mm coil wound by commercial 2G HTS 

tape, greater than 80% reduction of transport AC loss has been found in a 4-filament 

coil wound by the 3S wire. However, when placed under a 0.45 T rotational magnetic 

field, the total loss is reduced by only 26%, owing to the magnetization loss increased 

by the soldering layers used during the wire manufacturing process. Nevertheless, the 

3S coil is still capable of reducing overall transport loss and total loss in the HTS 

stator. With development of the manufacturing technique for tape cutting, the critical 

current degradation and magnetization loss can be reduced further. So 3S wire has the 

potential to reduce total loss by more than 26% and has great advantages in 

minimizing AC losses. Further investigation regarding to AC loss affected by different 

soldering resistivities will be carried out in the next chapter by the numerical 

modelling method.  

Ipeak/Ic 
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3.3 AC loss reduction achieved by laser striation  

3.3.1 Laser striation technologies 

Dividing the YBCO film into multiple thin filaments has been shown to be an 

effective method for reducing magnetization AC loss of 2G HTS coated conductors 

and several techniques have been investigated such as mechanical scribing [154], 

inkjet printing [155];[156], and laser ablation [157];[158]. Some of these methods 

have been shown to be scalable for the production of long-length multi-filamentary 

tapes [159]. Although there are many potential methods to fabricate the filamentary 

architectures described above, few have demonstrated a reliable method that is 

applicable to the low-cost manufacturing of practical conductor architectures. Whilst 

striation reduces the hysteretic loss in comparison with a single tape, it introduces a 

new loss in the form of a coupling loss due to the coupling of separate filaments 

[160];[161], and this loss can be significantly greater than the self-field loss for an 

uncoupled tape carrying the same current [162]. Therefore, coupling losses need to be 

suppressed by transposing the filaments in order for this technique to be effective over 

long lengths [137];[163]. Some solutions based on tape cabling techniques [164] have 

been proposed to solve the coupling issue where the tape is bend or twisted to achieve 

the transposed configuration. Other solutions based on a zig-zag pattern [165] have 

been proposed but this configuration imposes a reduction of the critical current just by 

geometrical considerations.  

In this study, a new laser striation technique is developed by Fujikura company and 

followed by electroplating with copper to fabricate fully stabilized multi-filamentary 

tapes with the desired number of filaments. Laser cutting is a common manufacturing 

process employed to cut many types of materials, including ferrous metal, non-ferrous 

metal, stone, plastic, rubber, and ceramic [157];[158]. It also works perfectly with 

superconducting tapes by directing a high-power pulsed laser at a specific location on 

the surface to be cut. The advantage of laser cutting over mechanical cutting is, since 
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the cut is performed by the laser beam, there is no physical contact with the material 

therefore contaminants cannot enter or become embedded into the material.  

 

Figure 3. 8. Striation structure 

 

For this work, non-textured striation is formed by slightly damaging the textured 

buffer layer (IBAD-MgO), and the textured superconducting layer is fabricated 

epitaxially with the striation non-textured, as Figure 3.8 shows, thus being able to 

significantly reduce the AC losses without any mechanical twisting. Herein, in this 

section, we report results on the AC loss investigation of prepared HTS coil wound by 

this novel 4 mm striated HTS tape. This new striation technique can be evaluated by 

both the electric method in a self-field and the boil-off method under a rotational 

magnetic field, and the reduction rate achieved by it can also be quantified.  

 

3.3.2 Coil preparation and experiment results 

The 2G HTS tapes used in this study were taken from a 5.5 m length of 4 mm strip 

wide manufactured by Fujikura company. As shown in Figure 3.8, the sample 

architecture consisted of a 50 μm thick nickel-based metal substrate with 0.7 μm 

buffer layers of MgO, and a 2.5 μm thick HTS layer, artificially pinned with striation 

into 4 filaments. A 20 μm copper plating layer was deposited on both sides of the tape. 

The critical current test of an entire short sample picked up from one side of the 

original HTS tape was performed by Fujikura company, and it had 120 A at 77 K in a 
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self-field condition. In general, the striation technique as a common approach is able 

to reduce the ac magnetization losses, however, it also causes the filamentized tapes 

having lower Ic [166]. In this work, compared to 4 mm non-striated HTS tapes, there 

exists large Ic reduction for our 4 mm striated tapes, which is possibly due to the 

following causes: the loss of superconducting material, the inhomogeneity of the 

superconducting material, and the possible damage caused by laser striation [167]. 

Also, the electroplating of the copper plate can potentially influence Ic.  

After being insulated by Kapton tape, the 4 mm striated sample coil (Coil 4), as shown 

in Figure 3.9, was successfully prepared for the loss measurements. The non-striated 

standard 4 mm coil (Coil 1) is also presented for reference. Table 3.2 shows the 

specifications of Coil 1 and Coil 4. Figure 3.10 shows the self-field critical current 

measurement I–V curves for Coil 1 and Coil 4.  

 

Figure 3. 9. Prepared sample (Coil 4) for the experiment 
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Table 3. 2: Coil 1 and Coil 4 specifications 

Parameter Coil 1 Coil 4 

Used HTS wire 4 mm Fujikura 

( FYSC-SCH04 ) 

4 mm striated 

Fujikura ( FESC-

SCH04/striated ) 

Insulation  Kapton tape Kapton tape 

Coil length 5 m 5.5 m 

Coil type Double pancake Double pancake 

Total turns 16 18 

Inner diameter  95 mm 95 mm 

Outer diameter 98 mm 98 mm 

Inductance 44.2 μH 48 μH 

Tape 𝐼𝑐 @77 K 204 A 120 A  

Coil 𝐼𝑐 (Self-field) 

@77 K 

130 A 97 A 

 
 

Coil 𝐼𝑐 (In-field),  

peak 0.45 T, 

@77K 

 

72 A 

 

58 A 
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                  Figure 3. 10. Critical current of Coil 1 and Coil 4 

 

Transport AC losses were measured at 77 K in a liquid nitrogen bath using the 

platform illustrated in Figure 2.9, and the experimental results are shown in Figure 

3.11 for comparison between Coil 1 and Coil 4. It can be observed from this figure 

that the 4 mm striated coil shows 42% reduction in transport loss compared with the 

standard 4 mm coil. 

Total loss measurements were carried out in the fully HTS machine platform and the 

results are shown in Figure 3.12, compared with the previous experimental results of 

Coil 1. Our measurements show that the total loss can be reduced by about 28% at the 

normalized current close to 70% of the in-field critical current. 
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Figure 3. 11. Transport loss comparison between Coil 1 and Coil 4 measured by the electric method 

 

 

Figure 3. 12. Total AC loss of Coil 1 and Coil 4 measured in a 0.45 T rotational magnetic field 

 

Ipeak/Ic 

Ipeak/Ic 
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To conclude, we proposed another strategy in this section in order to further achieve 

greater AC loss reduction by using a laser striated coil. However, the results are not as 

expected compared with the 3S wire we presented before. The striated HTS coil can 

reduce the transport loss only by 42%, while the 3S coil reduced it by more than 80%. 

When subjected to a rotational magnetic field, the total loss for the striated coil can be 

reduced by 28%, very close to the 3S coil’s 26%. This means that in a real HTS 

machine environment where the magnetic field of HTS AC windings has both 

perpendicular and parallel components, how to effectively suppress the coupling 

losses to further reduce total AC losses still remain a significant challenge, and more 

effective strategies should be addressed and developed.  

Moreover, in addition to the winding procedure as a factor to cause the critical current 

reduction of the HTS wire, due to larger number of turns existed in the 3S coil (56 

turns), which leads to greater local magnetic field inside the coil, the critical current is 

reduced from 200 A to 95 A for 3S coil. On the other hand, with a smaller number of 

turns (18 turns), the 4 mm striated HTS coil shows critical current reduction only from 

120 A to 97 A, due to relatively less affected by local magnetic field. Therefore, two 

HTS coils with more similar number of turns should be investigated in the future, in 

order to provide more useful information on the HTS machine stator design.  

 

3.4 AC loss reduction achieved by multi-filament HTS coils 

3.4.1 Introduction 

Previous study has reported the manufacturing of multi-filament HTS cables made 

from several narrow HTS filaments and confirmed a greater than 80% reduction in the 

transport AC loss in a pancake coil [150]. The HTS cable technology allows for the 

stacking of narrow HTS filaments, e.g., 2 mm and 1 mm, into a cable structure, 

thereby reducing the AC loss. However, large coupling losses were identified in 

magnetisation losses due to the existence of soldering layers. Therefore, in this section, 



Chapter 3  AC loss reduction strategies                                                                                                                                                       

 

86 

 

we report an improved way to develop multi-filament HTS cables using narrow HTS 

strips, mainly focusing on suppressing the coupling losses to further reduce total AC 

losses. Heat shrink tubes are used to directly insulate narrow HTS filaments into a 

cable structure. Sample coils were made with 4 mm, 2 mm and 1 mm wide HTS strips. 

Both transport losses and total AC losses in a rotational magnetic field were measured 

to quantify the AC loss reduction for the narrow HTS strips. 

 

3.4.2 Sample coil preparation 

The experimental 2G HTS tapes were from Fujikura. The insulation materials used 

were heat shrink tubing and Kapton tape, and their specifications are shown in Table 

2.2. Figure 3.13 illustrates the process for a short piece of two 2 mm HTS tapes 

insulated with the heat shrink tubing before winding into coils, in order to validate the 

feasibility of employing this insulation method. Two 2 mm thin HTS strips were 

stacked together in parallel, then inserted into the heat shrink tubing, and evenly 

heated up to 422 K for a few seconds, until the tube shrank and became firmly 

attached to the HTS tapes. At the same time, the two thin strips were tightly folded 

together. The heat shrink tubing insulation provides a smooth surface for the HTS 

tapes, and it forms no gap between the insulation and HTS wire. Moreover, the tubing 

material works perfectly at the temperature of liquid nitrogen, and no degradation of 

the insulation itself has been observed during or after the cooling down [100];[168]. 

Finally, two sample coils were successfully prepared for the AC loss measurements. 

Coil 5, shown in Figure 3.14.a, is wound with two 2 mm wide HTS cable insulated 

with heat shrink tubing. Coil 6, shown in Figure 3.14.b, is wound with four 1 mm 

HTS strips and is also insulated by heat shrink tubing into a cable structure. In order to 

compare AC loss results between the multi-filament coil and a standard 4 mm coil, 

Coil 1 wound with a 4 mm wide HTS tape and Kapton insulation will be used to 

quantify the reduction rate for prepared multi-filament coils. Critical current 

measurements of the prepared coils showed that Coil 5 was healthy, while Coil 6 was 
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damaged during the stacking and winding process. So, in this study below, only the 

experimental results of Coil 1 and Coil 5 are investigated. Table 3.3 shows the 

specifications of Coil 1 and Coil 5. Figure 3.14 shows the critical current 

measurement results for Coil 1 and Coil 5. Respectively, the measured critical currents 

are 130 A and 94.5 A. 

Table 3. 3: Coil 1 and Coil 5 specifications 

Parameter Coil 1 Coil 5 

Used HTS wire 4 mm Fujikura 

( FYSC-SCH04 ) 

2*2 mm 

Fujikura  

( FESC-SCH02 ) 

Insulation  Kapton tape Heat shrink 

tubing 

Coil length 5 m 3.2 m 

Coil type Double pancake Double pancake 

Total turns 16 10 

Inner diameter  95 mm 95 mm 

Outer diameter 98 mm 102 mm 

Inductance 44.2 μH 21.5 μH 

Tape 𝐼𝑐 @77 K 204 A 77 A per tape  

Coil 𝐼𝑐 (Self-field) @77 K 130 A 94.5 A (2 tapes) 
 

Coil 𝐼𝑐 (In-field),   

peak 0.45 T, @77K                   

 

72 A 

 

54 A 
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     Figure 3. 13. Insulation process for two 2 mm HTS tapes 

 

 

Figure 3. 14. Prepared samples for experiment. (a) Coil 5 (2*2 mm multi-filament coil) (b) Coil 6 (4*1 

mm multi-filament coil, damaged) 

two 2 mm tapes 

heat shrink tubing 
Stacking 

Heating up 
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      Figure 3. 15. Critical current of Coil 1 and Coil 5 

 

3.4.3 Experiment results comparison  

Figure 3.16 shows a comparison between the two measured coils in terms of the 

transport AC loss measurement results. Due to the effect of experimental errors and 

harmonics, the measured transport losses are too small to collect accurately for a small 

HTS coil like Coil 5 with a smaller magnetic field, leading to the results not 

overlapping completely under different frequencies. However, we can still obviously 

see the differences between the two sample coils from the figure. The reduction for 

the multi-filament coil is approximately 78% at the same normalized current, which is 

a very promising feature for distributed armature windings for future applications. 

Meanwhile, we can see that the reduction rate we obtained is very close to the 3S coil 

test, which is around 84%. It should be noted that there are only two filaments rather 

than four in one tape for this tested multi-filament coil. Therefore, the eddy losses and 

coupling losses originating from the soldering stack connections can be mostly 
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eliminated, leading to lower AC losses, by employing heat shrink tubing. 

 

Figure 3. 16. Normalized transport AC loss comparison between Coil 1 and Coil 5 measured by the 

electric method 

 

For total AC loss measurements, we measured several different peak transport 

currents between 10 A and 65 A for different frequencies corresponding to different 

rotor speeds up to 300 RPM and 10 Hz. After calibration of the calorimetric 

measurements, the total AC loss versus normalized peak transport current is shown in 

Figure 3.17. From our previous study [133], the results are more accurate with the 

application of higher currents and at higher frequencies, since HTS machine 

applications are normally required to carry a high current. For the multi-filament HTS 

coil use under low frequencies, the boiling-off of liquid nitrogen from the 

measurement chamber was not big enough to offset the minimum error that the 

platform can tolerate. So, for Coil 5, only the result of 10 Hz corresponding to the 

maximum rotor speed was collected in the figure. Our results show that with a ratio of 

the operating current over the critical current of 69% and a peak rotational field of 

Ipeak/Ic 
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0.45 T, the total AC loss for Coil 5 is 0.0218 J/cycle/m at 10 Hz and 37.2 A, while 

Coil 1 is 0.044 J/cycle/m at the same frequency and peak current of 69% in-field 𝐼𝑐 

(49.7 A). This indicates that the total AC loss of multi-filament cable can be 

effectively reduced by approximately 50% for the same normalized current in a 

rotational magnetic field, suggesting that using it for the armature windings of a fully 

HTS machine can be highly competitive to potentially satisfy future electric aircraft 

applications in the future.  

 

Figure 3. 17. Total AC loss of Coil 1 and Coil 5 measured in a 0.45 T rotational magnetic field  

 

To further study the impact of a rotational magnetic field and quantify the loss 

reduction, we compared the transport loss of the HTS coils with the total AC loss, as 

shown in Figure 3.18. Similar to the transport loss results, the measured total loss of 

the HTS coil was dominated by hysteresis loss. The AC loss measurements from both 

electrical and calorimetric methods confirmed different levels of reduction for the 

multi-filament coil. Finally, we can see in Figure 3.18 the significant impact of a 

rotating magnetic field on the AC losses.  

Ipeak/Ic 
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      Figure 3. 18. Comparison between transport loss and total loss for Coil 1 and Coil 5 

 

In conclusion, after performing loss measurements, comparing with a standard 4 mm 

coil wound by Fujikura 2G HTS tape, 78% reduction of transport AC loss has been 

found in a 2*2 mm multi-filament HTS coil through the experiment. Further study 

was carried out by inserting the coil into a novel HTS machine testing platform. The 

total AC losses of the HTS stator windings with multi-filament coil showed greater 

loss reduction up to around 50%. Compared with previous experimental results, the 3S 

coil achieved a 26% reduction rate and the striated coil can reduce the total loss by 

28%, therefore, an important conclusion can be drawn here; by employing the strategy 

proposed in this section, the total AC loss can be further greatly reduced, making it 

highly competitive for future aircraft prolusion applications. 

 

 

 

Ipeak/Ic 
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3.5 Discussion 

3.5.1 Conclusion  

In this chapter, we proposed three different AC loss reduction strategies and 

successfully performed AC loss measurements to characterize the AC loss reduction 

of different multi-filament cables in transport AC loss as well as total loss in a 

rotational magnetic field. All prepared multi-filament cables show an obvious loss 

reduction in regard to both a self-field and a real machine environment to different 

levels. Based on the experimental results, here is a summary of our findings for 

different strategies in reducing AC loss: 

For different strategies, the 3S coil achieved 84% reduction in transport loss and 26% 

in total AC loss; the striated coil showed it can reduce the transport loss by 42% and 

total loss by 28%; the 2*2 mm multi-filament coil is capable of reducing the transport 

loss by 78% and total loss by up to around 50%. All the results are listed in Table 3.4 

for comparison.  

Table 3. 4: Reduction rate comparison between three strategies 

Reduction rate 3S 

coil 

Striated 

coil  

2*2 mm multi-

filament coil 

Transport loss 84% 42% 78% 

Total loss 26% 28% 50% 

 

For the first and second strategy, soldering layers and copper plating exist in the 3S 

coil and striated coil, respectively. When placed under a rotational magnetic field, the 

induced coupling losses originating from the soldering stack connections or via the 

copper plating stabilizer cannot be effectively suppressed, leading to the reduction rate 

we achieved by these two strategies being not as expected. Therefore, we proposed a 

new method to make multi-filament HTS cable with increased contact resistivity 
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between filaments by using heat shrink tubing as insulation. To minimize the eddy 

losses and coupling losses, narrow HTS strips were directly stacked and insulated in 

heat shrink tube insulation without soldering. Perfect uncoupling between the 

filaments is desirable to further reduce or eliminate the coupling loss, as demonstrated 

in our experiments.   

Last, when considering the optimization of HTS tape narrowing technology, it is 

essential to choose an appropriate number of filaments (or the width of the filaments) 

for specific applications. As performed in our work, producing filaments that are too 

narrow, e.g., 1 mm in long conductors is extremely risky, not only referring to the 

increasing probability of the presence of defects blocking the current path between 

different filaments, but to the potential appearance of imperfections of different types 

that occur during the manufacturing process of very thin strips. 

 

3.5.2 Challenges of multi-filament HTS coils used for future 

electric aircraft propulsion 

A particular developing component for the next generation commercial aviation fleet 

is the propulsion system. Three electric propulsion architectures including all-electric 

aircraft, turbo-electric aircraft, and hybrid-electric aircraft are therefore proposed, in 

order to design an electrical propulsion system with lower noise, reduced fuel 

consumption and high reliability. As addressed in previous section, the power-to-

weight ratio associated cryocooler system remains one of the major challenges of 

scaling up electric propulsion to larger aircraft, since today’s electrical systems cannot 

meet the necessary power requirements without adding extra weight to the aircraft. 

With the development of HTS technologies as a promising solution to this technical 

challenge, it can increase the power density in the propulsion chain while significantly 

lowering the mass of the distribution system.  

Our experiment results indicate successful reduction on the AC losses of the multi-

filament HTS coils used for the HTS machine stator windings, and thus being 
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considered as a promising candidate for the future propulsion system of an electric 

aircraft. However, some concerns must be taken into account, e.g., for a practical 

propulsion system of an electric aircraft, there could be higher harmonics in the 

current due to the switching frequency of the current power source, and the induced 

harmonic currents in generators and motors, as well as AC/DC converters, are hence 

unavoidable [169], which might have a significant impact on the total AC losses of the 

coil. Moreover, the loss induced by these undesired higher harmonic currents in 

contribution to the total loss increases substantially at higher frequencies, which must 

be evaluated when considering the design of practical propulsion system. Therefore, 

further investigations regarding to the coil testing at frequencies of up to few hundreds 

of Hz or few kHz should be conducted in the future.  

Moreover, our prepared multi-filament HTS coils only consist of small number of 

turns, and it is necessary to expand further studies in consideration of multi-filament 

coils with larger size. It is because according to our measurement results, the larger 

the multi-filament HTS coil, the larger local magnetic field existed inside, thereby 

causing greater critical current degradation. Due to the lowering of the critical current, 

it might have an increase in AC losses caused by external rotational magnetic field. 

However, this issue probably can be addressed with HTS materials cooled down to 

lower temperatures, in this case the critical current of the HTS superconductor can be 

increased. More details regarding to this will be discussed in Chapter 5 when we 

introduce the AC loss measurement at temperatures lower than 77 K.  

Last, although our experiments have proven that the coils are capable of maintaining 

good stability by using heat shrink tubing and Kapton tape as insulations in a 0.45 T 

rotational magnetic field environment, and meanwhile the insulations can withstand 

high voltage test up to 3 kV, but provided the magnetic field strength in the air gap 

being larger than that investigated here, the mechanical stability characteristics and 

AC loss estimation of the multi-filament coils under this circumstance need to be re-

evaluated before applied for electric aircraft propulsion system.  
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Chapter 4 

AC loss modelling and validation 

 

In this chapter, the modelling of superconducting coils using the finite element 

method is described in detail, including validation of the experimental transport loss 

results for the tested coils and further extended exploration based on empirical data to 

evaluate the AC loss reduction strategies we have proposed as the research in this 

dissertation has progressed. Firstly, the FEM models based on experimental coils were 

built to numerically calculate the transport AC loss, followed by solving a set of 

Maxwell’s equations in 2D implementing the H-formulation using the commercial 

software package COMSOL Multiphysics. The effectiveness of the simulation was 

first validated through comparison with experimental results of coils tested in previous 

chapters. Then, the simulation offered the possibility to extend the results to more 

profound fields that were not involved in the experiments.  

Different scenarios to investigate how soldering stack or copper plating increases 

coupling losses and eddy losses in HTS coils were also discussed. Then the models 

were developed to further modify contact resistivities via soldering stack according to 

the different scenarios present in the experimental coils. This investigation raised 

some interesting points for further analysis, and a detailed discussion on the AC loss 

reduction affected by soldering stacks with different contact resistivities existing in 

HTS coils was carried out at the end. The first part of this chapter introduces the 

modelling method. The second part validates the experimental transport AC loss 

measurements. The final part discusses the influence of the soldering layer or copper 

plating on AC losses.   
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4.1 Review of numerical modelling 

In a conventional electromagnetic problem, it is commonly accepted that Maxwell’s 

equations can be used to determine the current and magnetic field distribution. By 

modifying the material properties, superconducting problems can be also solved using 

the same equations. This section starts with solving a conventional electromagnetic 

problem, and then extends the concept to a superconducting problem. To begin with, 

Ampere’s Law describes the relationship between field and current: 

                                                           ∇  ×  𝐇 =  𝐉                                                   (4.1) 

If the distribution information of magnetic field H is obtained, Equation 4.1 can be 

used to find the solution for current density 𝐉. Usually, the material to be solved has 

certain electrical and magnetic properties written as: 

   𝐄 =  ρ𝐉                                                        (4.2) 

𝐁 =  𝜇0𝜇𝑟𝐇                                                   (4.3) 

where ρ is the resistivity of the material and  𝜇𝑟 is the relative permeability. Once the 

distribution of  𝐉 is determined, the electric field E can be determined. Faraday’s Law 

is written as: 

  ∇  ×  𝐄 =  −
𝜕𝑩 

𝜕𝑡
                                              (4.4) 

If the 𝐄 distribution is known, the increment of 𝐇 can be solved. By adding to the 

existing 𝐇 distribution, the new 𝐇 distribution is available for the next time step. 

Although Maxwell’s equations can be used for solving a superconducting problem, in 

this situation, change must be made to account for the material properties. Ignoring 

the Meissner Effect, 𝐁 =  𝜇0𝐇 can be used for superconductivity in the mixed state. 

The E-J power law for Type II superconductors has been given in Equation 1.1 

previously, which now is the common way to describe the electrical properties of 

superconductors. By solving Equation 1.1 together with Equation 4.1 and Equation 

4.4, the current and magnetic field distribution of a superconductor can be obtained. 
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This method depends on solving equations using H as variables and is therefore called 

the H-formulation [170].                                              

To analyse the use of superconductors for practical applications as well as optimize 

the systematic design, in most circumstances the finite element method (FEM) is used 

to determine the current and field distributions inside superconductors under complex 

geometry conditions. There are three main numerical methods, each named after the 

variables used in the partial differential equations: the A-V-formulation [171];[172] 

based on the magnetic vector potential, the T-Ω-formulation [173];[174] based on the 

current vector potential, and the H-formulation [170];[175] based on the magnetic 

field. Comparisons between the formulations have been drawn in many studies 

[176];[177]. In this chapter, we only use H-formulation as the basis for our 2D models 

because methods based on the H formulation can converge more easily than other 

methods, and it is easy to impose boundary conditions related to the current flowing in 

the superconductor and externally applied magnetic fields. In many circumstances, a 

transport current and a background field must be considered together in the model. 

The H-formulation has proven to be the most practical model for integrating boundary 

conditions. Background fields can be applied directly by setting boundary values of H, 

while transport currents can be incorporated into the model according to Ampere’s 

Law. Moreover, there is no need to differentiate the vector potentials, which might 

otherwise introduce some inaccuracy in the calculation. 

Using the finite element software COMSOL Multiphysics, the 2D H-formulation has 

been successfully implemented and carried out in many studies for validation. In this 

chapter, three aspects will be carefully considered throughout numerical modelling. 

The first part is to validate the experimental results and confirm the effectiveness of 

empirical data by means of numerical AC loss calculations. Secondly, the current 

distribution and current sharing between HTS filaments are numerically studied, 

taking into account that the soldering stack added between HTS filaments affects the 

AC loss. Last, the simulation offers the possibility to predict AC loss reduction for the 

1 mm wide HTS cable insulated with heat shrink tubing that was damaged during the 
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manufacturing process, to validate our AC loss reduction strategies as well as 

achieving further loss reduction theoretically.  

 

4.2 FEM model for 4 mm standard coils 

The FEM models introduced in this section were based on Coil 1 and Coil 2. They 

were built by the H formulation for numerical calculations of transport AC losses. In 

order to validate the effectiveness of the simulation, the outputs will be compared with 

the experimental results of Coil 1 and Coil 2. The coils were made from 4 mm 

Fujikura and SuNAM tapes, consisting of 16 and 50 turns, respectively. Details of the 

coils are given in Table 2.5. A 2D axial symmetrical model ([r; φ; z]) was applied to 

the double pancake coils, hence a cross section of the coil could be modelled (as 

shown in Figure 4.4). The model contains two variables, defined as H = [𝐻𝑟; 𝐻𝑧]. In a 

2D axial symmetrical geometry, the induced or applied current 𝐽φ in the 

superconductor flows in the φ direction, as shown in Figure 4.1, so the electric field 

E =  𝜌𝐽φ, where 𝜌 is the resistivity of the material.  

Ampere’s law is written as: 

                                                          𝐽φ =
∂Hr

∂z
−

∂Hz

∂r
                                                (4.5) 

Substitute 𝐇 =  [𝐻𝑟;  𝐻𝑧] and  𝐄 =  𝐸φ into the Faraday’s law for cylindrical 

coordinates:  

                                              [
−

∂𝐸φ

∂z

1

𝑟

∂(r𝐸φ)

∂r

 ] = −𝜇0𝜇𝑟 [

∂Hr

∂z
∂Hr

∂z

 ]                                        (4.6) 

The E − J power law can be written as: 

𝐸φ = 𝐸0(
𝐽φ

𝐽𝑐(𝐵,𝜃)
)𝑛                                            (4.7) 
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where 𝑛 = 27, 𝐸0 = 1 µV/cm, and 𝐵 = 𝜇0√𝐻𝑥
2 + 𝐻𝑦

2. 𝜃 defines the angle between 

the tape surface and the local magnetic field. 𝐽𝑐(𝐵, 𝜃) is the magnetic field dependence 

of the critical current of 2G HTS tapes as introduced in the following section.   

Substituting Equation 4.7 and Equation 4.5 into Equation 4.6, for Coil 1 and Coil 2, it 

is 𝜇𝑟 = 1 everywhere, so the equations of  𝐻𝑥, 𝐻𝑦 for the models can be formed as: 

                                                    μ0
∂𝐇

∂t
+ ∇  × (ρ∇ × 𝐇) =  0                                 (4.8) 

In these models, the space is divided into two subdomains: the superconducting region 

and air. The resistance of the air is set as 1 Ω·m. For YBCO, the E-J power law is 

used to simulate its superconductivity, so the resistance of YBCO is:  

                                                       𝜌 =
𝐸0

𝐽𝑐(𝐵,𝜃)
(

𝐽𝜑

𝐽𝑐(𝐵,𝜃)
)𝑛−1                                      (4.9) 

where 𝑛 = 27, 𝐸0 = 1 µV/cm, and  𝐽𝑐(𝐵, 𝜃) is the anisotropic characteristic of the 2G 

HTS tape. The n-value is identified from DC measurements of the superconductor’s 

highly non-linear I-V characteristic. 𝐸0 is the electric field when the superconductor 

carries its critical current 𝐼𝑐.  

The  𝐽𝑐(𝐵, 𝜃) relationship must be considered carefully while modelling, because the 

𝐽𝑐 anisotropy of 2G HTS tapes under an external magnetic field will tremendously 

influence the current and magnetic field distribution inside HTS coils. Therefore, the 

modelling work will take into account the anisotropic magnetic field dependence of 

the critical current density. For the modelling of Fujikura tapes, the influence of the 

magnetic field on the critical current of 2G HTS tape is defined by interpolating data 

from the manufacturers, as shown in Figure 4.1. Generally speaking, the local critical 

current density is inversely proportional to the magnitude of the magnetic field, and in 

most case the perpendicular component of the magnetic field has a more obvious 

effect on 𝐽𝑐  than the parallel component [10]. Figure 4.2.a shows the normalized 

critical current density used in the models and the angular dependence of the critical 

current is shown in Figure 4.2.b.  
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   (a)                                                                                   (b) 

 

Figure 4. 1. Critical current characterisation of Fujikura 2G HTS superconducting tape. Graphs 

showing the (a) perpendicular filed, (b) parallel field, and (c) angle dependence of the critical current 

of Fujikura wire sample under the specific conditions noted on the graphs, which is produced by the 

Robinson Research Institute of Victoria University of Wellington [178] 

(c) 

Applied field 𝜇0H (T) 

 0.1                  1                   10 0.01 
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                                            (a)                                                                               (b) 

Figure 4. 2. (a) Magnetic field dependence of critical currents of Fujikura tapes at 77 K under the 

perpendicular and parallel field; (b) Normalized data of the angular dependence of tape critical 

current 

 

The perpendicular field in Figure 4.1.(a) is 𝜃 = 0°  and the parallel field in Figure 

4.1.(b) is 𝜃 = 90° . Hence, the data in Figure 4.2.(b) is normalized so that the 

perpendicular magnetic field (𝜃 = 0° and 180°) corresponds to the value of 1 and the 

parallel field (𝜃 = 90° and 270°) corresponds to the value of 0. More detailed theory 

and equations about modelling anisotropic 2G tapes can be found in paper [10]. 

For SuNAM tapes, the interpolated data used in the FEM models is from the 

manufacturer-supplied data for the tape’s in-field performance, which is shown in 

Figure 4.3, and the data was taken for a temperature of 77 K. 
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Figure 4. 3. Critical Current profile interpolated in the COMSOL models. This was obtained by 

interpolation of experiment data of SuNAM tapes at 77 K [114]  

 

 

Figure 4. 4. Geometry of the axial symmetric model [r; φ; z] shows the cross section of two double 

pancake coils. (a) Coil 1; (b) Coil 2 
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Figure 4.4.(a) shows the model geometry of Coil 1, consisting of 8 turns in the radial 

direction and 2 columns in the axial direction. Figure 4.4.(b) shows the FEM model of 

Coil 2, which is made of 50 turns in total.  

In these models, care was taken to ensure that the model has an air domain large 

enough to be calculated because of the assumption that the magnetic field generated 

by the YBCO domains decays to zero at the outer boundaries. So the Dirichlet 

boundary condition of the air domain can be written as 𝐻𝑟 = 0, 𝐻𝑧 = 0. With the 

presence of a background field, the boundary conditions become 𝐻𝑟 = 𝐻𝑟𝑎𝑝𝑝 and 

𝐻𝑧 = 𝐻𝑧𝑎𝑝𝑝 . Each HTS layer represents one turn of the pancake coil. Current was 

assigned to each YBCO layer using the Pointwise constraint of COMSOL. The 

integration of local 𝐽φ in each HTS layer gives the total current of each turn. The 

Pointwise constraint equals the total current to the predefined applied current. A 

distributed mapped mesh with 50 elements was applied to the YBCO domains to 

control the total mesh size, and the free triangular mesh was applied to the air domain.  

Another issue must be considered to accurately predict the AC losses for one cycle, 

which is that during the first half cycle of the calculation, the pre-magnetization 

condition is zero current inside the HTS, and the AC loss per cycle is lower than that 

when the pre-magnetization condition is nonzero. From the second half cycle onwards, 

the model returns a constant rate of loss [130]. In our experiment, the AC loss is 

always measured under pre-magnetization conditions, so that the results from the 

second half cycle and subsequent cycles are used in the calculation. 

In the AC loss calculations, we only model the 1 µm thick YBCO layer of each turn. 

The AC loss in J/cycle/m is calculated using the following equation in our models: 

                                            𝑄𝑠𝑖𝑚 =
2 ∫ [∑ ∫ 2𝜋𝑟∗𝐸𝜑∗𝐽𝜑𝛺

𝑁
1 𝑑𝑟𝑑𝑧]𝑑𝑡

1/𝑓
1/2𝑓

𝐿
                            (4.10) 

where 1/𝑓 denotes the period of the AC current of frequency 𝑓, 𝑁 is the total number 

of turns, and 𝐿 is the total length of the coil. 𝐽φ and 𝐸φ the critical current density and 

electric field in the direction of  𝜑, respectively. We performed loss calculation for 50- 

Hz AC current of the models and summarize the results in Figure 4.5, which gives the 
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comparison between empirical data and modelling calculations. Solid lines are for 

experiment results and the dotted lines are for the simulation results. 

 

Figure 4. 5. Comparison between experiment and simulation results of transport AC loss at 50 Hz for 

Coil 1 and Coil 2 

 

For Coil 1, we found a few discrepancies between the simulation and measurements. 

The modelling results are slightly lower than the experimental results for smaller 

currents, but become more consistent as the current increases towards the critical 

current. That is probably because the loss due to the magnetic substrate was not 

included in the model. For smaller currents, the magnetic substrate loss is significant 

and cannot be ignored in this case, thus dominating the superconductor loss [179]. 

Hence, further improvement could take this into account in the model and achieve 

more accuracy.  

For Coil 2, the simulation results have good agreement with the measurement results. 

Generally speaking, the FEM models predict the AC loss accurately. 

 

 

 

Ipeak/Ic Ipeak/Ic 
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4.3 Modelling analysis of 3S coil 

4.3.1 Experimental validation  

 

Figure 4. 6. The model geometry of Coil 3 wound by 3S wire. It includes 8 turns in the radial direction 

and 7 columns in the axial direction, with a total of 56 turns.    

 

An FEM model based on the 3S coil (Coil 3) is introduced in this section. Figure 4.6 

shows the cross section of the 3S coil, which is made of 4-filament 1 mm SuNAM 

tapes, consisting of 8 turns in the radial direction and 7 columns in the axial direction, 

with a total of 56 turns. Details of the specification about the 3S coil are given in 

Table 3.1. In this work, both the 1 µm HTS layer and soldering layers were modelled 

and neglects any substrate losses. The square side length of the 3S coil is set as 1 mm. 

The thickness of the HTS layer is 1 µm, and the other parts are set as soldering layers. 

The resistivity of the air domain is set to 1 Ω·m. 

Since the resistivity of soldering materials data used in the 3S coil is not provided by 
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the manufacturer, we have to define resistivity for soldering layers in the model from 

references. During the manufacturing process, low melting temperature solders 

usually can provide more processing tolerance and build a wider temperature window, 

in consideration of a hierarchy of solders needed in the packaging technology [180]. 

Hence, in the modelling work the soldering resistivity is considered to be selected 

close to one of the low melting solders. Table 4.1 lists some low meting point solders. 

And we therefore set the soldering resistivity at 1 × 10−7 Ω·m.  

Table 4.1: Specifications of some low melting point solders [181] 

Solder Composition Melting point (K) 𝑻𝒄 (K) 𝑯𝒄 （T） Resistivity at 77 K (𝛀 · 𝐦) 

InBi In66Bi33 345 5.65 < 0.01 1.5 × 10−7 

InSn In52Sn48 391 5.4 0.066 9.0 × 10−8 

InAg In97Ag3 416 2.4 0.028 1.6 × 10−8 

SnBi Sn42Bi58 411 2.25 0.038 3.8 × 10−7 

SnPb Sn63Pb37 456 7.05 0.083 2.5 × 10−8 

 

Another issue that need to considered is about the model geometry. Due to large 

amount of soldering material used in the wire manufacturing, both thickness and 

hardness of the 3S wire are tremendously boosted compared with normal HTS tape. 

Hence, the double pancake structure is not suitable for the winding process in this case, 

leading to relatively complex geometry for this coil. So, in the modelling work we 

have to simplify the coil geometry to a simple model, consisting of a total 56 turns in 

comparison to Coil 3 with 52 turns. Unfortunately, this might unavoidably cause the 

simulation results not that accurate due to the geometry discrepancies.  

Equation 4.8 is applied as a governing equation for the model, as described in the 

previous section. The interpolated data of  𝐽𝑐(𝐵, 𝜃) relationship used in the model can 

be found in Figure 4.3. Finally, the AC losses for a 50 Hz AC current were calculated 
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using the model and compared to the experimentally measured AC losses, which is 

shown in Figure 4.7. The FEM results of total transport loss are slightly higher than 

the experimental results, which might be due to discrepancies in geometry (a coil 

model with larger turns is used) and the soldering resistivity used in Coil 3 not being 

that specified by the manufacturer. More precise model geometry and accurate 

soldering resistivity will improve the accuracy of simulation results in the future. 

However, generally speaking, the FEM model still predicts the AC loss accurately.  

 

Figure 4. 7. Transport loss of the 3S coil: comparison of measurements and model results 
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4.3.2 Modelling of 3S coil without soldering layer  

Theoretically, in the fabrication processes of the 3S wire, a narrow 2G tape with 1 mm 

width is applied, and the stacking and soldering processes are completed 

simultaneously. This technology allows the stacking of 1 mm narrow HTS filaments 

into a cable structure, thereby reducing the AC loss. However, our measurements (as 

shown in Figure 3.6) indicated that the magnetization loss of the 3S coil in a 0.45 T 

rotational magnetic field is larger than that of a standard 4 mm coil. Large coupling 

losses were identified in the magnetization losses due to the existence of soldering 

layers. It confirmed quantitatively that the use of soldering in the cabling process will 

lead to higher magnetization loss in the HTS coils. Therefore, to predict the AC loss 

as well as identify further AC loss reduction achieved under the assumption of there 

being no soldering stack in the 3S wire, this section develops for comparison another 

FEM model for a 3S coil without a soldering layer. The soldering layer presented in 

Figure 4.6 was removed and set as air domain, while the remaining parts were kept 

invariable. The total AC losses for a 50 Hz AC current were calculated using this 

model by Equation 4.10 and compared with the 3S coil with soldering layer. As 

Figure 4.8 shows, without soldering layers present in the 3S coil, thereby increasing 

the contact resistivity between HTS filaments, the total AC loss is tremendously 

reduced. Moreover, the soldering stack itself contributed a certain amount of coupling 

loss to the total transport loss, but the sole AC loss of HTS in the presence of a 

soldering stack proved to be still higher than the 3S coil without the soldering layer, 

which can be observed in Figure 4.8. Finally, we can see that the soldering stack 

added in HTS coil has a significant impact on the AC losses.  
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Figure 4. 8. Transport AC loss comparison between 3S coils with and without soldering layer 

 

 

Besides, the existence of soldering layer also changes the current distribution inside 

the HTS coil. The current distributions of one filament at the inner extreme from 

layers 1, 2, 3, and 4 in row 4, 5, 6, and 7 for 3S coils with and without soldering layer 

are plotted in Figure 4.9. Due to geometrical symmetry, only the results for the lower 

left half of both coils are presented in this section for comparison. The value is 

normalized by the self-field current density, 𝐽𝑐. The green solid lines are for 3S coil 

with soldering layer, and the black dotted lines are for 3S coil without soldering layer.  
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Figure 4. 9. Simulated current distributions for both 3S coils with and without soldering layer with 

applied peak transport current of 15 A. The positions of the plotted turns in both coils are marked by 

the number N. The current distribution is calculated at the centre of each filament.  𝐽𝑐 is the self-field 

current density calculated by 𝐼𝑐 = 50 A for each single tape 

1 Layer 2 3 4 
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4.3.3 Influence of soldering resistivity 

Although experiments on multi-filamentary HTS coils have confirmed AC loss 

reduction to a certain degree, in practice, additional contribution to AC loss appears to 

be due to several factors, notably by an electrical coupling caused by the conductivity 

of thick normal metal layers and the network of superconducting bridges between the 

HTS strips [137];[182]. As a result, the contact resistance becomes an essential factor 

in determining the coupling loss in the cable. In most applications of HTS 

superconductors, an additional layer of metallic stabilizer is necessary to give the tape 

sufficient thermal, mechanical and electrical protection [183]. Similarly, the addition 

of a soldering stack is inevitable in the manufacturing process of 3S wire, which 

significantly increases its total AC loss due to the large coupling losses identified 

under external magnetic field. Hence, exploring the influence of the resistance value 

of the soldering layers for multi-filamentary HTS conductors is deemed necessary to 

be investigated in this section, providing the possibility of improving the cable design 

during the manufacturing process.  

The FEM model for the 3S coil without soldering layers was introduced in previous 

work. In this study, different resistivity values of the soldering stack were employed in 

the model for AC loss comparison. The critical current was set at a constant 50 A for 

single 1 mm tape, and the applied peak transport current was 15 A and 50 Hz. By 

comparing the instantaneous total transport AC loss in Watt in one cycle, from Figure 

4.10, it was found that as the soldering resistivity increases, the total AC loss of the 

coil was accordingly reduced. 

Meanwhile, we plotted the results of AC loss comparison for the 3S coil with different 

soldering resistivities at the normalized transport current, as Figure 4.11 shows. When 

the soldering layer resistance value was set at 1 × 10−7 Ω·m, the total AC loss of 3S 

coil was greatly reduced by approximately 90% compared with the same circumstance 

for a soldering layer resistivity of 2 × 10−9 Ω·m, due to the elimination of the large 

coupling losses in the HTS coil.  
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Figure 4. 10. Instantaneous total transport AC loss comparison of 3S coil with different soldering 

resistivity at one cycle. Critical current for the single HTS tape is set at a constant 50 A, and the 

applied peak transport current is 15 A and 50 Hz. 

 

Figure 4. 11. Comparison of the normalized transport AC loss of 3S coil with different soldering 

resistivity. 
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4.3.4 Conclusion 

To sum up, in this section, a FEM model based on the 3S coil was used to calculate 

transport AC losses, and the calculated loss are slightly higher than the experimental 

results due to discrepancies in geometry and soldering resistivity issue. The model 

was then extended to numerically evaluate the AC losses of the 3S coil without a 

soldering layer. The calculation results further demonstrated that this is a good 

strategy for the reduction of AC loss by using 3S wire. The influence of soldering 

layer resistivity on AC loss was also studied, and it was found that the existence of the 

soldering stack increases the AC loss of HTS, and also changes the current 

distribution inside an HTS coil. The lower the contact resistivity in the soldering stack, 

the larger the AC loss that will be induced in the HTS coil.  

One shortcoming of this model is that the simulation does not account for the external 

rotational magnetic field, which is present in our fully HTS machine platform, so it is 

not able to accurately predict the AC loss reduction achieved by the coil without the 

presence of soldering layer when subjected to a 0.45 T rotational magnetic field. 

However, in general, the FEM model predicts the transport AC loss measurements 

well and lays a solid foundation for further investigations on other HTS cables, i.e., 

the 2*2 mm and 4*1 mm multi-filament cables.  
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4.4 Modelling of copper-based striated coil  

 

Figure 4. 12. The model geometry of 4 mm striated HTS coil (Coil 4) consisting of 18 turns. Four 0.01 

mm air gaps existed in each single HTS layer surrounded by a 20 µm copper plating  

  

The geometry of the model is shown in Figure 4.12 and the specification of the 

simulated coil is listed in Table 3.2. The model geometry is based on the material used 

in the 4 mm 2G HTS striated coil shown in Figure 3.8 and built using the H-

formulation, consisting of 18 turns. In addition to the thin layer of silver on top of the 

superconducting film, a 20 µm copper stabilization is added on both sides of the tape. 

Hence, in this model, each single HTS layer is surrounded by a 20 µm copper plating 

and four 0.01 mm air gaps are added to indicate the striation technique. The resistivity 

of the air domain is set to 1 Ω·m, and the resistivity of copper plating at 77 K is set 

under the assumption 1 × 10−7 Ω·m, in order to compare with previous 3S coil model. 

𝜑 
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The 1 µm thick YBCO layer of each turn and copper plating were both modelled in 

this study. The  𝐽𝑐(𝐵, 𝜃) data used in this model is from Figure 4.2. After performing 

loss calculation at a 50 Hz AC current, calculated by Equation 4.10, the simulation 

results are shown in Figure 4.13 and compared with the experimental measurements to 

validate the model.  

 

Figure 4. 13. Transport AC loss of Coil 4: comparison of measurements and model results 

 

To conclude, the modelling results are slightly lower than the experimental results for 

smaller currents, while as the current increases towards the critical current, it becomes 

more consistent but a little deviated from the empirical data. Moreover, the sole AC 

loss of HTS in the presence of copper plating proved to be very close to the 

experimental results. Compared to our previous work of 3S coil modelling, the copper 

plating has less effect than the soldering stack on the AC losses. However, in this case , 

in order to compare the influence of them on AC losses with the same contact 

resistance value, we assume the resistivity of copper plating at 77 K is the same as that 

we used in the model of 3S coil. It is necessary to employ accurate copper plating 
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resistivity in the model to accurately predict the AC loss in the future. Last, this case 

study also raises some interesting points for further analysis. According to our 

experiment results, due to large coupling losses identified, the total loss reduction of 

striated sample coil is not proportional to the number of striations. Therefore, under 

the assumption if we increase the number of filaments achieved by the laser striation 

technique, the effect of copper plating existing in a striated coil with larger number of 

striations on AC losses should be carefully investigated in future work.  

 

4.5 Numerical modelling of multi-filament coils 

4.5.1 Validation for 2*2 mm multi-filament coil 

In this section, an FEM model based on Coil 5 was built using the H-formulation for 

numerically calculating the transport AC losses. As illustrated in Figure 4.14.a, the 

model is based on the 2*2 mm multi-filament coil (Coil 5) with 10 turns in total and 

made of 2-filament 2 mm tape with 0.04 mm air gap between strips. In this study, we 

only modelled the 1 µm thick YBCO layer of each turn. The  𝐽𝑐(𝐵, 𝜃) data of the tape 

is obtained from Figure 4.2, and the AC loss in J/cycle/m is calculated using Equation 

4.10 in our model. The completeness of the simulation was validated by comparing 

the output with the experimental results of Coil 5. We performed loss calculations for 

50 Hz AC current of the model and summarized the results in Figure 4.15, which 

shows close agreement with the measurement results.   
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Figure 4. 14. The model geometry of 2*2 mm multi-filament HTS coil. (a) Coil without soldering layer 

(b) Coil with soldering layer 

 

Figure 4. 15. Transport AC loss of Coil 5: comparison of measurements and model results 

(a) 

(b) 
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4.5.2 Coupling loss affected by soldering stack 

To further explore the idea that heat shrink tubing as insulation can effectively 

eliminate eddy losses and coupling losses and to understand the influence of the 

soldering stack increasing the coupling loss in HTS cables, two FEM models 

regarding 2*2 mm coils with a total of 16 turns both with and without soldering layer, 

as illustrated in Figure 4.14 previously, were established for studying the current 

sharing between HTS filaments and transport loss comparison. The current 

distributions of two HTS filaments from layers 1, 2, 3, and 4 in column 1 for both 

coils are plotted in Figure 4.16. Due to geometrical symmetry, only the results for the 

upper left half of both coils are presented in this section for comparison. The value is 

normalized by the self-field current density, 𝐽𝑐.  

According to Figure 4.16, we can see that with the soldering layer, the carrying 

current density between two filaments from the same turn of the coil have smaller 

differences, indicating it is more capable of sharing currents between HTS filaments 

compared to the coil without a soldering layer. The impact of current sharing is less 

notable in high magnetic regions but is more notable in the region where the magnetic 

field does not fully penetrate. When currents flow from one filament to another, they 

can couple the filaments together into a single large magnetic system, which 

encounters a resistance along the current path through the soldering stacks, thereby 

inducing coupling losses.  
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Figure 4. 16. Simulated current distributions between two HTS filaments of a single turn for both coils 

with and without soldering layer at applied peak transport current of 40 A. The positions of the plotted 

turns in both coils are marked by N, where N 1,1 means the turn at Column 1 and Layer 1. 𝐽𝑐 is the self-

field current density calculated by 𝐼𝑐 = 77.5 A for each single tape. 

N 1,1 N 1,2 

N 1,3 N 1,4 
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We performed loss calculation for 50 Hz AC current using these two models and 

summarized the results in Figure 4.17. It can be observed that with the presence of the 

soldering layer, the total transport losses are greatly increased, however the HTS loss 

remains almost the same between two coils, and the increased AC losses come mainly 

from coupling losses induced through the soldering stacks. As a result, our experiment 

can confirm that employing heat shrink tubing as insulation can effectively reduce the 

eddy losses and coupling losses originating from the soldering stack connections. 

 

Figure 4. 17. Transport AC loss comparison between coil with and without soldering layer at 50 Hz. 

The soldering resistivity is set as 1 × 10−7 Ω·m 

 

4.5.3 Modelling of 4*1 mm multi-filament coil 

Considering the fact that the method of reducing the losses is to produce narrow 

filaments and the losses of the new filamented strip reduce proportionally with the 

number of filaments, it is necessary to further investigate the thinner multi-filament 

cables in reducing AC loss. As shown in Figure 4.18, another FEM model regarding 
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4*1 mm multi-filament coil (Coil 6) was built in this section, offering the possibility 

to numerically calculate the transport AC loss results of a coil wound with four 1 mm 

HTS strips and insulated by heat shrink tubes.  

 

Figure 4. 18. Model geometry of 4*1 mm multi-filament coil, containing of 4 filaments in each tape and 

a 0.04 mm air gap between filaments 

 

The model was constructed with a total of 16 turns of 1 mm coil, containing of 4 

filaments in each tape and a 0.04 mm air gap between filaments. Loss calculations for 

50 Hz AC current of the model were performed and all results are summarized in 

Figure 4.19 for comparison. It shows that the modelling calculations identified 

approximately 90% further loss reduction, which is close to 4 times expected lower 

transport loss compared with Coil 1 (standard 4 mm coil), and hence it validates the 

theory as we mentioned previously that the filamentized strip loss reduction is 

proportional to the number of filaments. However, as illustrated in Chapter 3, the 

stacking and winding process of this kind of coil is extremely complicated due to the 
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vulnerability of 1 mm thin HTS tape. Further investigation on the balance between 

selection of appropriate filaments and AC loss reduction for armature windings is 

deemed essential to be studied more carefully. 

 

Figure 4. 19. Simulation comparison of transport AC loss between 4 mm standard coil, 2*2 mm multi-

filament coil and 4*1 mm multi-filament coil at 50 Hz. All coils have a total of 16 turns 

 

4.6 Discussion 

4.6.1 Total AC loss modelling in a rotational magnetic field 

In order to estimate the total AC loss of experimentally measured 2G HTS coils in a 

rotational magnetic field, FEM models are used for the total loss calculations. 

Previous studies have demonstrated that finite element modelling using H-formulation 

can estimate transport AC loss for the 2G HTS coils. In this section, we simplify the 

model via the application of a time-variant magnetic field using Figure 2.12. 

According to [136], the total AC loss of machine AC windings depends not only on 
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the magnitudes of the magnetic field and transport current, but also on the interaction 

between the magnetic field and the current. When the applied current and external 

magnetic field are in phase, the total AC loss is the highest; when the applied current 

and external magnetic field have a 90° or 270° degree phase shift, the total AC loss is 

the lowest. Therefore, we consider applying the transport AC currents with a phase 

shift 𝛼 equal to 0°,  90° and 180° in the models, which is shown in Figure 4.20, and 

simulating all the cases.  

 

Figure 4. 20. Current phase shift graphs for different 𝛼 values (not to the scale) 

 

However, when we performed the loss calculations, our simulation results were not as 

expected, which have differences in order of magnitude compared with 

experimentally measured total AC loss results. Since the modelling work is calculated 

by means of a time variant magnetic field waveform with only perpendicular magnetic 

component; however, the magnetic environment we applied is not exactly the same as 

for the experiments, because in terms of a fully HTS machine, the HTS AC winding is 

subject to two magnetic fields with both parallel and perpendicular components to the 

HTS flat surface, which is quite complex. Hence, strategies must be proposed in order 

𝛼 = 0° 𝛼 = 90° 𝛼 = 180° 
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to accurately estimate the total AC losses of HTS coils in such rotational magnetic 

field in the future.  

4.6.2 Conclusion 

This chapter presented several 2D models of 2G HTS coils using the H-formulation 

and the E-J power law, to validate the experimental measurements, as well as to 

quantify the AC losses of multi-filament cables affected by the use of the soldering 

stack or copper plating. The 2D model can easily be implemented using FEM software 

such as COMSOL, and the advantages of using the H-formulation were also listed. 

We performed several FEM models and studied the relationship between empirical 

data and simulation results in detail. The calculation of AC loss results has been used 

for validation of experimental measurements, on the other way being confirming the 

completeness of the model. The modelling results and the measurements have close 

agreement for our experimentally tested coils, except for a few deviation for Coil 3. 

Additionally, we performed loss calculations for the 4*1 multi-filament coil based on 

Coil 6 (which was damaged during the stacking and winding process), and the 

simulation results showed further loss reduction up to around 90% in the presence of 

thinner filament cable, compared with standard 4 mm coil.  

The effect of the existence of soldering stack or copper plating in HTS coils on AC 

loss and current distribution were also investigated. According to our modelling 

results, for the 3S coil without a soldering stack, at the normalized current close to 70% 

of the critical current, the AC losses were reduced by approximately 68%; for 4 mm 

striated coil, the copper plating had little effect on the AC losses, since the sole AC 

loss of HTS in the presence of copper plating proved to be very close to the total 

losses. As for the 2*2 mm multi-filament coil without a soldering stack, the AC losses 

were reduced by around 66% at the normalized current close to 70% of the critical 

current. All results are concluded in Table 4.1. 
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Table 4. 1: AC loss reduction rate for multi-filament coils without soldering stack or copper 

plating (all resistivity were set the same at 1 × 10−7 Ω·m) 

 

Reduction rate 

 

3S 

coil 

 

Striated 

coil  

2*2 mm 

multi-

filament 

coil 

Total transport loss (at 

the normalized 

current close to 70% 

of the critical current) 

 

 

68% 

 

 

25% 

 

 

66% 

 

To sum up, the study from our modelling work regarding to transport AC loss further 

demonstrates the effectiveness of the AC loss reduction strategies we proposed of 

using 3S coil, striated coil, and multi-filament coil for design optimization, and offer 

suggestions for cable manufacture as well as the selection of stacking and insulation 

materials. However, the modelling of total AC loss in a rotational magnetic field 

encountered many problems and still remains unsolved, which will be addressed with 

further improvements in future work. The successful implementation of the 2D 

models in FEM software enables a systematic study of experimental coils and then 

extends it to some theoretical assumptions. It is an easy tool to use and represents a 

very powerful foundation for optimizing the superconducting system.  

Through Chapters 2–3, we experimentally measured five coils, and further validated 

the transport loss results by numerical modelling in this chapter. These three AC loss 

reduction strategies we proposed will improve the overall efficiency of the fully HTS 

machine. In terms of the AC loss reduction rate, the multi-filament cable insulated by 

heat shrink tubing has more advantages, however, the stacking process is not easy and 

could lead to the coil becoming easily damaged. In the next chapter, the AC loss 

measurement at temperatures lower than 77 K will be discussed, providing the 

possibility to achieve the AC loss reduction by employing standard 4 mm HTS coils 

instead of multi-filament coils, for comparison with the previous proposed strategies.
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Chapter 5 

AC loss measurement at temperatures lower 

than 77 K 

 

In fully HTS machine applications, the majority of devices under development are 

cooled by liquid nitrogen [184];[185], owing to its several advantages including low 

cost and ease of availability. However, the operating temperature of liquid nitrogen 

cooled power devices is limited to 77 K. It has been demonstrated that as HTS 

materials are cooled to lower temperatures, the critical current increases significantly, 

and for each degree the temperature lowers, the critical current of the HTS 

superconductor increases by approximately 10% [186]. Hence, with temperatures 

cooled down lower than 77 K, the HTS machines can operate at much higher currents, 

and become more compact and lightweight when operated at lower temperatures. 

Using a cryogenic helium circulation system that is able to cool the samples to 20 K, 

in this chapter, a novel HTS machine demonstrator which allows calorimetric AC loss 

measurements at temperatures lower than 77 K will be introduced.  
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5.1 Introduction 

Gaseous helium circulation has been used as means of providing the required 

cryogenic environment for HTS applications [186];[187];[188]. The wide operating 

temperature range offers it great advantages for use as a cooling method. Compared to 

liquid nitrogen, helium provides the possibility of lower operating temperatures that 

will allow the cable designs to take advantage of the significantly higher critical 

currents of HTS tapes, making the cables smaller in size and weight. Lower operating 

temperatures are also essential for cables based on MgB2 superconductors whose 

superconducting transition temperature is around 39 K, and typical cable operating 

temperatures are between 10 K and 20 K [189]. It has been envisioned that HTS 

power devices for naval and airborne applications be cooled by cryogenic gaseous 

helium. Fitzpatrick et al. [190] and Kephart et al. [191] have described a helium flow 

cryogen based HTS degaussing system for Navy ships. The optimum temperature for 

the degaussing system was reported to be 55 K, making it inevitable to use a gaseous 

cryogen. The two gases suitable for the temperature range are helium and neon. 

Helium was chosen for the degaussing system application because it is less expensive 

and has higher thermal conductivity compared to neon. Therefore, circulating gaseous 

helium will be the cryogen of choice for the applications.  

Electric or hybrid aircrafts are thought to be one the most promising technologies to 

realize the net zero aviation. Superconducting machines with potential high power and 

low weight are agreed to meet the future demands for aircraft propulsion. In order to 

enable the design of future cryogenic systems and achieve further AC loss reduction 

for fully HTS machines, it is necessary to generate the data on AC losses at different 

operating temperatures. However, there is little data available on AC losses at 

temperatures between 15 and 35 K due to the lack of suitable experimental facilities. 

Furthermore, a wider operating temperature range is ideal for devices that require 

large variations in operating current density because devices can be operated at the 

temperature most appropriate for a given current density. In some military 
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applications, compact and lightweight power devices that offer a wide operating 

current density window are beneficial. Two gases might be considered suitable for 

offering wide range operating temperatures, which is helium and hydrogen. Helium 

takes advantage over hydrogen due to the safety concerns, since hydrogen is highly 

inflammable and incredibly dangerous, on the contrary, the non-flammable nature 

makes helium gas very safe. Therefore, the use of gaseous helium as a cryogen can 

offer the required operational flexibility for such HTS power applications. Another 

benefit of helium gas is that there is no phase change in the coolant, allowing for a 

much larger temperature gradient across the power device [192].  

However, some drawbacks appear in using gaseous helium as the cooling medium 

such as lower heat capacity, inferior dielectric strength, higher cost, and lower 

efficiency of the commercial cryocoolers used for maintaining helium gas at 

cryogenic temperatures. One additional challenge in using gaseous helium as the 

cryogenic medium is the difficulty in achieving the required mass flow rates due to its 

low density. However, when operating temperature is not an issue, safety concerns in 

the event of a system break caused by a distributed liquid cryogen circulation system 

make liquid nitrogen an unfavourable choice as a cryogen [193];[194];[195]. In order 

to take advantage of the flexibility in operating temperatures, compact size, and lower 

weight, smart power system and cryogenic designs are required to mitigate some of 

the challenges posed by using gaseous helium as the cryogen. 

Along with the cryogenic helium gas circulation system, a newly designed 200 kW 

fully HTS machine demonstrator was delivered to our laboratory in 2022. Using 

helium gas as the coolant, the temperature of the key positions of the HTS machine 

can achieve less than 30 K, which can further improve the performance and power 

density of the machine. However, it is a relatively new idea to use cryogenic gaseous 

helium circulation system for cooling HTS power devices, and requires some 

systematic investigations for system optimization and to understand the limitations of 

such systems. Therefore, this chapter provides a description about the testing of a 

versatile cryogenic helium gas circulation system for the purpose of understanding the 
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helium gas based cryogenic system operation issues and to understand the benefits and 

limitations of using gaseous helium circulation systems in providing the cryogenic 

environment for HTS power devices. The overall design concept of the new HTS 

machine platform is also introduced, and finally a calibration process as well as the 

AC measurement protocol for our entire machine system is proposed, laying the 

foundation for later investigations on 2G HTS coils to be inserted into it to accurately 

study the total AC loss at temperatures lower than 77 K. As a result, the cooling 

methodology through such a cryogenic gas circulation system is expected to further 

improve the performance and power density of the fully HTS machines, thus 

maximizing the overall machine efficiency.  

The overall system was designed by Prof Min Zhang and there were two cryostat 

suppliers involved in manufacturing the components. In this chapter, the system and 

cryostat design is introduced in Section 5.2.1 as a background information. Then, 

Section 5.2.2 illustrates the work this dissertation involved in the design of the 

measurement chamber for machine cryostat. Last, the specific contributions of this 

PhD thesis on this project is to set up the testing and calibration procedures, as well as 

proposing an AC loss estimation methodology for our new system, which are 

described in detail in Section 5.3. 

5.2 Background 

5.2.1 Introduction to design concept  

A fully HTS machine based on the calorimetric method for AC loss measurement of 

HTS at liquid nitrogen temperature 77 K has been reported in our previous work 

[133];[134], including a rotational background magnetic field. It can measure the total 

loss from an HTS coil regardless of the phase difference between the applied current 

and the background field.  

In this section, based on our previous fully HTS machine setup, the Applied 
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Superconducting Group in University of Strathclyde proposed a novel HTS machine 

platform using a cryogenic helium circulation system that is capable of cooling the 

samples to 20 K, in order to measure the total AC loss of HTS coils at temperatures 

lower than 77 K by the calorimetric method. This newly designed cryostat was 

manufactured in cooperation with Shanghai Jiaotong University and delivered in 2022, 

as shown in Figure 5.1.a, to achieve the operating temperature of key positions lower 

than 77 K, cooling down by helium gas. The cryogenic helium gas circulation system 

was designed and produced by AS Scientific company, and the Figure 5.1.b shows the 

photograph of the manufactured cryostat.  

 

 

 

 

 

  

  

                                                 

   (a)                                                                        (b) 

 

Figure 5. 1. (a) Superconducting machine cryostat; (b) Helium circulation cryostat  

Theoretically, in the AC loss measurements, the heat in the HTS is generated due to 

the AC losses caused by the external AC magnetic field. The sample coil is cooled to 

the set temperature and the external magnetic field (𝐵𝑒𝑥𝑡) is applied. When the sample 

temperature and ∆𝑇 reach stable values, ∆𝑇, 𝐵𝑒𝑥𝑡, frequency 𝑓, and the helium flow 

parameters are recorded. The value of losses for the set 𝐵𝑒𝑥𝑡 is calculated in Watt unit 

using Equation 5.1 [196] as follow: 
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                                                        𝑄 =  𝓂𝐶𝑝(𝑇𝑒𝑥𝑝)𝛥𝑇                                         (5.1) 

where 𝓂  is the helium gas mass flow rate, 𝐶𝑝 is the heat capacity of helium at 

constant pressure, 𝑇𝑒𝑥𝑝 is sample temperature, and ∆𝑇 is the temperature difference 

between inlet and outlet helium gas. The power losses 𝑄  were divided by the 

frequency 𝑓 of the external magnetic field to estimate the AC losses per cycle. More 

details regarding to AC loss measurement principles will be illustrated in Section 5.3.3. 

5.2.2 Design of measurement chamber  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

      

Figure 5. 2. Photographs of the measurement chamber 
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Based on previous work, for this design, we have chosen the idea to place the HTS 

coil in a sample chamber sandwiched between the PM rotors that provide an external 

magnetic field for the sample coil. The photographs of the measurement chamber are 

shown in Figure 5.2, in which two high-current withstood copper leads insulated by 

Kapton tape are used to run current into the sample chamber. The sample chamber is 

made with fibreglass reinforced epoxy with nonmagnetic characteristics to ensure 

obtaining reliable data in an AC magnetic field.  

Three design aspects have the potential to affect the background flow, including the 

heat leak from the room temperature environment into the chamber through 

conduction, radiation and convection, potential eddy current losses in the isolation 

barrier, and leakage between the measurement chamber and outer cryostat [197]. 

While a perfect insulation system doesn’t exist, properly designed cryostats can 

largely reduce the heat leak to a very low level. Moreover, the eddy current losses 

issue can be mitigated by employing a material for the barrier that is non-conductive. 

Whilst this seems like a trivial decision, in actuality, the specifically designed shape of 

the vacuum chamber and extremely low operating temperatures make it more 

challenging. Meanwhile, due to the cryogenic temperatures, the use of insulation 

materials for vacuum chamber are limited to those such as metals, reinforced plastics, 

resins, or specially treated glass, etc. Hence, care should be taken to ensure that the 

sample chamber is vacuum insulated and capable of withstanding extremely low 

cryogenic temperatures and high helium gas pressure, meaning that the material 

selection of the vacuum insulation need to be carefully considered, which is an 

important aspect of cryostat design.  

In consideration of not lending to eddy current losses, cost, complexity, and safety 

concerns of manufacturing process, we decided to trial an assembly of Teflon, a 

synthetic polymer containing carbon and fluorine called polytetrafluoroethylene 

(PTFE), owing to this material being greatly heat-resistant, cold-resistant, chemical-

resistant, and owning excellent dielectric properties, high thermal expansion 

coefficient and a low thermal conductivity. The top flange of the vacuum chamber is 
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equipped with a vacuum pumping port, thus being able to provide a vacuum shield for 

the sample chamber. As a result, the sample chamber for our design can be thermally 

shielded from the liquid nitrogen bath in which the measurement chamber and the 

permanent magnet reside. The sample chamber surrounded by the vacuum chamber is 

glued to a ConFlat (CF) flange and finished with a bottom cap. The top plate of the CF 

flange has ports for helium gas inlet and outlet, temperature sensor wiring, and the two 

HTS current leads. Besides, an indium seal is used on the CF flange to prevent liquid 

nitrogen and gas ingress.  

5.3 Testing 

5.3.1 Stator coil preparation  

In order to further investigate the AC loss of 2G HTS coil at higher operating currents, 

in this section we prepared another 4 mm HTS coil as the stator winding of the new 

HTS machine demonstrator. The experimental 2G HTS tape was developed and 

supplied by SuperOx, which is based on Hastelloy C276 4 mm wide tape, consisting 

of two 4 mm tapes face-to face stacked together and soldered by PbSn. 

The minimal critical current of the tape along overall length is 302.6 A at 77 K in a 

self-field condition according to the manufacturer’s specification. As shown in Figure 

5.3, after being insulated by Kapton tape, the sample coil (Coil 7) is successfully 

prepared, and its specifications are shown in Table 5.1. 
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Figure 5. 3. Prepared sample coil (Coil 7) for HTS machine stator winding 

 

Table 5. 1: Coil 7 specifications 

Parameter Coil 7 

Used HTS wire 4*4 mm SuperOx   

#1250C_stack(518-523) 

Stack: 

Number of tapes in stack   

 

2 

Type face-to-face  

Solder PbSn 

Insulation Kapton tape 

Coil length 5 m 

Total turns 16 

Inner diameter 95 mm 

Outer diameter 101 mm 

Inductance             37.8 μH 

Tape Min. 𝐼𝑐 @77 K 302.6 A  

Coil 𝐼𝑐 (Self-field) @77 K 197 A 

 

Coil # 7 
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Figure 5. 4. Experimental measurements of Coil 7. (a) Critical current; (b) Transport AC loss  

The critical current of the coil sample was measured by a standard four-probe method 

under self-field conditions in liquid nitrogen at 77 K operating temperature, and the 

result is shown in Figure 5.4.a. The critical current of Coil 7 is 197 A at self-field, 

which is much higher than our previous experimental coils, and hence it can be used 

to study AC loss at higher operating currents.  

Transport AC losses were then measured at 77 K in a liquid nitrogen bath using the 

platform illustrated in Figure 2.9, and the experimental results under different 

frequencies at 25 Hz, 50 Hz and 100 Hz respectively are shown in Figure 5.4.b, which 

indicates it is frequency independent over this range of variation. Finally, the prepared 

sample coil can be inserted into our new HTS machine platform for total AC loss 

measurement.  

 

 

 

 

Ipeak/Ic 
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5.3.2 Testing procedure 

 

Figure 5. 5. Helium circulation system configuration 

 

As shown in Figure 5.5, we have to test the whole helium gas circulation system 

before connecting it to a cryostat. The whole system setup includes a helium gas tank, 

a vacuum pump, a temperature monitor, a Lakeshore temperature controller, inner and 

outer helium gas pipes, a cryogenic fan, a power supply for the heater, a manifold, a 

cold head, a chiller, a water-cooled compressor, and a cryostat.  

To begin with, in order to make the pressure reach the desired level, the cryostat 

should be fully vacuumed. The process starts with evacuating the vessel by turning on 

the black valve on the cryostat, then connecting the flexible pipes to the pump to 

evacuate the air inside until the desired pressure level is reached. Before adding 

helium gas into the system, we need to purge the manifold, which is used to connect 

between the hose of the helium bottle and the helium circulation system, and then turn 

on the vacuum valve and helium inlet valve. After infusing 1 bar helium gas to the 

pipes, the helium bottle valve should be closed and the pumping begun. The same 
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procedures are repeated by infusing 5 bar helium gas to the system, until the manifold 

is fully vacuumed.  

After the evacuation work is finished, we can start to turn on the chiller, waiting for 

the temperature to decrease to around 283 K. Care should be taken to check the 

connections for any leakage, to properly connect the fan and to keep it closed. An 

input voltage at 24 V or 26.2 V from the DC power supply is applied, with the voltage 

level checked by the multi-meter connected with the fan. Then the temperature sensor 

at the end of transfer pipe is connected to the Lakeshore temperature controller and 

recorded on a computer. 

Meanwhile, when the vacuum vessel pressure reaches the desired level, the 

compressor should be activated with the pressure level to be checked. Then the fan 

should be started with a low speed with the voltage for two leads at 0.5 V. During the 

process of the pipes cooling down, the helium gas pressure will drop with the decrease 

of temperature, so it is necessary for us to keep slowly filling the system with the gas 

from the helium inlet valve. When the temperature of the cold head on the cryostat 

reaches 100 K, the fan speed should be increased, and the voltage of the two leads 

should be changed to 2 V accordingly. Then when the temperature of cold head 

reaches 20 K, we can start to turn the fan with full speed at 4 V.  

In order to arrange the helium gas temperatures, a heater with AC compensator is 

employed to increase the temperature. The heating power of the heater can be changed 

accordingly by modifying the input voltage. During the whole process, the pressure of 

helium gas must not exceed 12 bars to avoid the safety valve limit. It is important to 

keep watching the pressure gauge and, if it decreases, to add more helium gas slowly 

until reaching 5 bars.  

Finally, the whole testing procedure for the helium circulation system is illustrated in 

Figure 5.6. We conducted the testing according to the whole procedures presented 

above. Under no load conditions, the test runs on the system took approximately 4 

hours for the gas stream temperature to cool down to around 20 K from room 

temperature with pressure less than 10 bars. Then, this set-up can be installed in our 
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laboratory to be prepared for connecting with our new superconducting machine 

cryostat, to achieve the purpose of cooling down our sample coils in the HTS machine 

to less than 77 K temperatures.  

 

 

 

Figure 5. 6. The whole working procedure for the helium gas circulation system 

 

5.3.3 AC loss measurement protocol 

Before the AC loss measurement can be taken, a calibration process should be carried 

out based on system design. The calorimetric measurement system involves 

calculation of the heat load in the sample chamber due to the AC losses generated in 

the superconductor [196]. As the calculated AC losses involve many input helium 

flow parameters and potential static heat leaks through the vacuum jacket, the first 

step in the measurement process is to validate the measurement protocol, including 

obtaining the background value and terminal heat value, and then calibrating the 

system using a heater for the purpose of obtaining the relation between the heat load 

in the sample chamber and the corresponding temperature gradient of the helium 

stream across the sample chamber. 

According to the platform setup, the total heat input to the measurement chamber 

consists of the following parts in Equation 5.2: 

                                       𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝐻𝑇𝑆 + 𝑄𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 𝑄𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙                       (5.2) 

Where 𝑄𝑡𝑜𝑡𝑎𝑙 refers to the total heat produced in the sample chamber, 𝑄𝐻𝑇𝑆 refers to 

the heat generated by the HTS coil AC losses, 𝑄𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 refers to the unavoidable 
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heat leakage in the system, and 𝑄𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 refers to the Joule heat caused by copper 

terminal and soldering joint resistance between HTS and copper current leads. These 

losses in Equation 5.2 can be quantified by a set of calibration procedures. 

To begin with, a background ΔT𝐵 value needs to be obtained for reference, when there 

is no current through the system. Secondly, as shown in Figure 5.2, two terminals of 

the HTS coil are soldered to two copper current leads, and then connected to two 

copper bars to be fed through the top flange, so there exists resistance in copper bars 

and copper current leads and also a contact resistance in the soldering between the 

HTS and the copper current leads. When there is a transport current, there is a 

terminal heat loss. The impact of terminal resistance can be measured by shorting two 

copper terminals. Thus, a terminal ΔT𝑡 value can be obtained and calibrated.  

 

 

Figure 5. 7. Calibration setup in the measurement chamber 

As shown in Figure 5.7, the calibration tests were performed using a resistive heater 

made of Kanthal wire installed in the sample chamber and connected to a DC power 

source. In the heater calibration procedure, several various DC voltages were applied 

in the experiments. The voltage drops across the resistive heater for a given current 

through the heater were measured using voltage taps attached to the heater. ΔT is the 

temperature difference between inlet and outlet helium streams of the sample chamber. 

Temperature control of the helium circulation system was performed by a Lakeshore 

Heater: Kanthal 

wire 

Temperature sensor 
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temperature controller. After cooling the sample chamber down to the set temperature, 

in the range of 20–40 K, as DC current through the heater was applied, the heat caused 

a rise of the sample temperature and ΔT started rising. When both the sample 

temperature and ΔT reached a stable value, ΔT was read along with the helium gas 

stream characteristics which are sampled to calculate the losses. Finally, when we 

calculated the HTS AC losses, the background loss and terminal loss were subtracted 

from total losses during the experiment.  

Similarly, the measurement protocol used for calibration procedure described above 

can be applied for estimating AC losses of HTS coil. Since the mass flow rate cannot 

be recorded in this machine platform, so in our work instead of using Equation 5.1, a 

new methodology has been proposed: namely employing the relation between the heat 

load in the sample chamber 𝑄𝐻𝑒𝑎𝑡𝑒𝑟 and the corresponding temperature gradient of the 

helium stream across the sample chamber ∆TH, the AC losses of sample coil 𝑄𝐻𝑇𝑆 can 

be calculated accordingly. In the AC loss measurements, the heat in the 

superconductor is generated due to the AC losses caused by an external AC magnetic 

field. The sample coil is cooled to the set temperature and the external magnetic field 

𝐵𝑒𝑥𝑡 is applied. When the temperature and ΔT reach stable values, ΔT , 𝐵𝑒𝑥𝑡 , and 

frequency 𝑓 are recorded. During the calibration process, we recorded the temperature 

rise ΔT resulted by the heat input for a resistive heater at different applied voltages, as 

a result, we can obtain the relation between the heat load in the sample chamber and 

the corresponding temperature gradient of the helium stream across the sample 

chamber. Therefore, when we put a HTS coil inside the sample chamber, by 

measuring the temperature difference between inlet and outlet helium streams of the 

sample chamber, then comparing with the relation we obtained from the heater in the 

calibration process, the AC losses of sample coil can be estimated accordingly. Finally, 

the whole process of the AC loss measurement protocol for our new HTS machine 

platform is illustrated in Figure 5.8.  
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Figure 5. 8. Flowchart of  the AC loss measurement protocol for sample coils 
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5.3.4 Challenges of AC loss measurement for HTS coils at 

temperatures lower than 77 K 

As shown in Figure 5.9, a trial of initial testing was conducted using our new fully 

HTS machine platform according to the proposed measurement principles we 

presented in Section 5.3.3.  

 

Figure 5. 9. The initial testing using the new fully HTS machine platform 

However, of many challenges we have faced during the experimental process, the 

most urgent and problematic is that the sample chamber has slightly expanded at the 

helium cryogenic temperature, unfortunately thereby causing the leakage between 

measurement chamber and outer cryostat. As we addressed in Section 5.2.2, it is 

necessary to find more feasible materials for the follow-on studies, however, this 

conundrum still remain unsolved. According to [197] and based on several case 

studies, generally the following materials are suitable at cryogenic temperatures: 

Superconducting machine  

cryostat  

Helium cryostat  

Helium inlet and outlet pipes 
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✓ Austenitic stainless steels  e.g. 304, 316, 321 

✓ Aluminium alloys e.g. 6061, 1100 

✓ Copper e.g. OFHC, ETP and phosphorous deoxidized 

✓ Brass 

✓ Fibre reinforced plastics such as G-10 and G-11 

✓ Quartz (used in windows) 

✓ Teflon (depending on the application) 

✓ Niobium and Titanium (frequently used in superconducting RF systems) 

✓ Invar (Ni/Fe alloy) (useful in making washers due to its lower coefficient of 

expansion) 

✓ Indium (used as an O ring material) 

✓ Kapton and Mylar (used in Multilayer Insulation and as electrical insulation) 

Of the materials above except Teflon, Quartz and Fibre reinforced plastics are other 

feasible options that do not lend to eddy current losses. However, making the item 

from one piece with Quartz was very difficult as it need to be machined into a 

specifically required shape for our sample chamber design. Limited by the technical 

aspects, it is impossible for our work at this moment. Machining the piece from G-10 

also encountered significant challenges since it is an extremely abrasive material and 

the dust produced during machining is hazardous, which remains a particular problem 

as the requirement of milling depth is above 150 mm. Also, sourcing the appropriate 

block of G-10 is not that easy because it is usually woven into fixed standard 

dimensions of rods or tubes. Hence, useful strategies must be proposed as further 

improvements to address aforementioned challenges, in order to be successfully 

prepared for estimating the total AC losses of HTS coils using such new fully HTS 

machine platform in the future.  
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5.4 Conclusion 

This chapter reports a pioneering testing platform for fully HTS machines developed 

by the Applied Superconducting Group in University of Strathclyde used for future 

electric aircraft propulsion. The system is able to provide a machine environment to 

measure the AC losses of HTS stator windings at temperatures lower than 77 K, by 

using the cryogenic helium circulation system as the cooling method. The design 

concept of the cryostat and the measurement protocol were described, and the 

corresponding testing setup and calibration procedures were also illustrated. 

For the testing work, first of all, a stator HTS coil was successfully prepared and can 

be used to study AC loss at higher operating currents. Then, we conducted the 

corresponding testing procedures before connecting the helium circulation system to 

the new HTS machine cryostat. Moreover, it illustrated the calibration procedures and 

then proposed a methodology for calorimetric estimation of the AC losses for a HTS 

coil in our new system. Finally, a trial of initial testing was conducted, however due to 

the unsolved leakage between measurement chamber and outer cryostat, this system 

have not been properly put into use yet. Further improvements need to carefully 

consider the material selection of vacuum insulation for the sample chamber to 

prevent potential heat leak.  

To sum up, through focus on calorimetrically quantifying the AC losses of HTS stator 

windings at lower cryogenic temperatures, the platform will further provide valuable 

insights into the HTS stator windings design in a rotational machine environment. 

With temperatures cooled down lower than 77 K, the HTS machines can operate at 

much higher currents, and achieve the possibilities to become more compact and 

lightweight, which can be used to further identify AC loss reduction technologies, 

compared with others we proposed before, thus contributing to the development of a 

highly efficient fully HTS propulsion machine performance. In the future, various 2G 

HTS coils as stator armature windings could be easily tested using this platform, with 

the aim of designing an HTS machine with higher efficiency.  
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Chapter 6   

Conclusion 

6.1 Thesis summary 

This thesis presented the research on studying the AC loss of 2G HTS for the fully 

superconducting machine for future electric aircraft propulsion application purposes, 

including proposing several AC loss reduction strategies for stator armature windings 

design. Both experiments and models have been carried out and validated in order to 

investigate the performance of 2G HTS coils in a machine environment. For electrical 

machine application in electric aircraft, power densities are required to be significantly 

increased. Meanwhile, care should be taken for the reduction of AC losses to lower 

the constraint on the cryogenic cooling system. Thus, the AC losses of 2G HTS 

should be appropriately addressed and evaluated, and this is one of the primary factors 

for machine design and cryogenic cooling system design. Achieving lower AC losses 

for HTS coils in the machine environment can push the fully HTS machine forward to 

possible large-scale electric aircraft propulsion applications. 

 

In Chapter 1, some fundamental theories of superconductivity and AC loss were 

explained. This chapter demonstrated the understanding of different types of 

superconductors including LTS and HTS, Type I and Type II superconductors, and 1G 

HTS and 2G HTS. It also illustrated the theory of critical current, AC loss types, AC 

loss technical importance, and the AC loss reduction challenges for designing a fully 

superconducting machine. These theories are the methodological foundation for the 

following research. Meanwhile, this chapter opened up the challenges that need to be 

addressed for the design of fully HTS superconducting machines, laying a solid basis 
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and delivering a helpful guideline for future research efforts.  

 

Chapter 2 illustrated the experimental process for 2G HTS coil measurements. Firstly, 

this chapter compared two insulation methods including epoxy and non-epoxy 

materials for insulating 2G HTS tapes. In terms of critical current degradation, Kapton 

tape and heat shrink tubing were finally chosen for the following research 

investigations. This chapter then introduced the manufacturing procedure of 2G HTS 

coils. Two standard 4 mm double pancake HTS coils were prepared for measurements. 

For the critical current test, they were determined using the 1 μV/cm criterion. The 

transport loss, magnetization loss and total loss for the coils were measured using both 

the electrical and calorimetric methods. Last, this chapter introduced a fully HTS 

machine platform, focusing on calorimetrically quantifying the HTS stator and 

providing valuable insights into the AC losses of the HTS stator in a rotational 

machine environment.  

 

Chapter 3 proposed three different AC loss reduction strategies. It successfully 

performed AC loss measurements and characterized the AC loss reduction rate for 

different multi-filament cables in transport AC loss as well as total loss in a rotational 

magnetic field. All the prepared multi-filament cables showed an obvious loss 

reduction in regard to both a self-field and a real machine environment to different 

extents. In the first and second strategy, a soldering layer and copper plating were 

present in the 3S coil and striated coil, respectively. When placed under a rotational 

magnetic field, the induced coupling losses originating from the soldering stack 

connections or via copper plating stabilizer could not be effectively suppressed, 

leading to the reduction rate achieved by these two strategies not being as expected. 

Therefore, this chapter proposed another new method to make multi-filament HTS 

cable with increased contact resistivity between filaments by using heat shrink tubing 

as insulation. Narrow HTS strips were directly stacked and insulated in a heat shrink 

tube insulation without soldering, hence further reducing or eliminating the coupling 



Chapter 6  Conclusion                                                                                                                                                      

 

148 

 

losses, as confirmed by the experiment results.  

 

Chapter 4 presented several 2D models of 2G HTS coils built by the H-formulation. 

This chapter introduced several FEM models and studied in detail the relationship 

between empirical data and simulation results. It validated the experimental transport 

AC loss measurements and confirmed the completeness of the model by the outputs of 

the AC loss calculation results. The modelling results and the measurements were in 

close agreement for most of the coils except Coil 3. This chapter then performed loss 

calculations for a thinner multi-filament coil (4*1 mm) and the simulation results 

showed further loss reduction up to around 90% compared with standard 4 mm coil. 

Additionally, this chapter also investigated the existence of soldering stack or copper 

plating in HTS coils on AC loss and current distribution. The study demonstrated the 

effectiveness of the AC loss reduction strategies we proposed of using 3S coil, striated 

coil, and multi-filament coil for design optimization, and offered suggestions for cable 

manufacture as well as the selection of stacking and insulation materials. The 

successful implementation of the 2D models in FEM software in this chapter enabled 

a systematic study of 2G HTS coils and laid a very powerful foundation for 

optimizing the superconducting machine design.  

 

Chapter 5 reported a pioneering fully HTS machine demonstrator used for future 

electric aircraft propulsion applications. The system provided a machine environment 

to measure the AC losses of HTS stator windings at temperatures lower than 77 K, by 

using the cryogenic helium circulation system as the cooling method. Firstly, this 

chapter described the design concept of the cryostat as a background information. 

Then it successfully prepared a stator HTS coil used to study AC loss at higher 

operating currents. Moreover, this chapter illustrated the corresponding testing 

procedures. Last, the calibration process and AC loss measurement principles for the 

machine system were introduced in detail. Focusing on calorimetrically quantifying 

the electrical HTS stator at lower cryogenic temperatures, this fully HTS machine can 
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operate at much higher currents and will provide valuable insights into the AC losses 

of the HTS stator in a rotational machine environment, which can be used to further 

identify AC loss reduction technologies, thus contributing to the development of a 

highly efficient fully HTS propulsion machine performance.  

 

6.2 Future work  

Firstly, as we addressed in Section 3.5.2, when considering the multi-filament coils 

used for a practical propulsion system of an electric aircraft, the unavoidable induced 

harmonic currents in the system might have a significant impact on the total AC losses 

of the coil, and the eddy current losses will become dominant at higher frequencies. 

Therefore, further investigations regarding to the coil testing at frequencies of up to 

few hundreds of Hz or few kHz should be conducted in the future. Moreover, it is 

necessary to expand further studies in consideration of multi-filament coils with larger 

size since our experimental coils only consist of small number of turns, and the 

mechanical stability characteristics and AC loss estimation of the multi-filament coils 

under larger air-gap magnetic field need to be re-evaluated before applied for electric 

aircraft propulsion system.  

 

Secondly, in term of the new methodology we proposed to reduce AC loss for multi-

filament cables by employing heat shrink tubing as insulation. Section 3.4 

demonstrated an example of producing 4*1 mm multi-filament cable, which was 

damaged during the winding and stacking process. In that work, stacking very thin 

trips together in a long conductor could lead to an increasing probability of the 

presence of defects blocking the current path between different filaments, and the 

potential appearance of imperfections of various types, which makes it extremely 

risky because the cable is easily damaged. Therefore, the main challenge is to find the 

balance between appropriate filaments selection and AC loss reduction through more 
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careful investigations for achieving maximum loss reduction in ways suitable for 

large-scale manufacture. 

 

Thirdly, although our modelling work regarding to transport AC loss have been 

effectively validated, however, the total AC loss modelling of 2G HTS coils in a 

rotational magnetic field remains unsolved and many technical problems need to be 

addressed with optimized strategies. Further improvements could take a 3D FEM 

model into account, which can implement both parallel and perpendicular magnetic 

field components in the model, thereby being able to accurately estimate the total AC 

loss of 2G HTS coils in a HTS machine environment.  

 

Besides, our experiment confirmed the effectiveness of striation technique for 

reducing the hysteretic AC losses, but large coupling losses were identified, leading to 

the total loss reduction of striated sample coil not proportional to the number of 

striations. Therefore, under the assumption if we increase the number of filaments 

achieved by the laser striation technique, the effect of copper plating existing in a 

striated coil with larger number of striations on AC losses should be carefully 

investigated in future work.  

 

Last, as for the AC loss measurement at temperatures lower than 77 K, the follow-on 

study will be focused on the suitable insulation material selection for the sample 

chamber, and be prepared for characterizing the AC loss reduction rate of different 

HTS coils used as stator armature windings in our new machine platform. The newly 

designed fully HTS machine demonstrator can operate at higher operating current, 

higher output voltage, and higher operating frequency, with speed increasing from 300 

RPM to 3000 RPM, and operating frequency increasing from 10 Hz to 100 Hz. 

Therefore, it is to be expected that with the rapid development of HTS technologies, 

the fully HTS machine will be applied for future electric aircraft propulsion system, 

ultimately, to maximize the efficiency.   
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