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Abstract

Second-generation, high-temperature superconducts (HTS) offer high current densities suit-

able for various high-power applications such as magnetic resonance imaging (MRI) magnets,

electrical propulsion systems for aircraft, high-field magnets for fusion power plants, and

magnetic levitation trains. While HTS is an effective solution for high-current applications,

challenges arise due to the limited critical current capacity of a single HTS tape, typically

in the order of a few hundred amps. To make them suitable for high-current applications,

multiple tapes need to be grouped together. However, this process is complicated by the flat

geometry of the HTS tape.

This thesis explores the design of a superconducting busbar for use in high-power applica-

tions within electric aircraft power distribution systems. A prototype of the superconducting

busbar was created based on electromagnetic modelling and underwent testing in a laboratory

environment.

A 2D electromagnetic busbar model with multiple high-temperature superconducting

tapes was developed using TA-formulation. The electromagnetic model helps to understand

the effect of self-field on critical current, this effect can’t be neglected especially for high

current scenarios, where multiple tapes are involved in the design. The modeling demonstrates

how to reduce the impact of self-field on the critical current.

Additionally, a 2D electromagnetic model of the busbar is developed with H-formulation.

This model helps to understand the current-sharing between the layers of the busbar during

the steady-state and fault conditions. The busbar is equipped with a fault-tolerant design

capable of withstanding fault events during transients. For the analysis and understanding of

the fault-tolerant mechanism, H-formulation is used.
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A prototype was developed based on the modelling analysis and tested in a laboratory

environment. The prototype superconducting busbar was tested against DC using a DC power

supply in a liquid nitrogen environment. It was observed from modelling that introducing

a gap between the HTS tapes reduces the effect of self-field on the critical current, which

was not previously demonstrated. In the literature the superconducting busbar designs are

developed for high current applications but not much emphasis given on the design which

helps to reduce the effect of self-field on critical current. In this work, a novel design was

developed to increase efficiency and reduce the overall cost. Copper tapes were used to

introduce gaps between the HTS tapes, enhancing the design’s fault tolerance capability. The

prototype was also tested under fault current conditions, and its ability to ride through faults

was explored. Additionally, low-resistive joints were implemented with multiple ReBCO

tapes, and both 90-degree and 180-degree joints were tested. The busbar with these joints

underwent thermal and power cycling to assess any degradation in electrical parameters, an

aspect not previously demonstrated.

In this thesis, a superconducting busbar design is proposed and tested, which can ride

through fault events with a design that reduces the effect of self-field on critical current. This

busbar is also equipped with low-resistive joints and has undergone rigorous thermal and

power cycling to assess the reliability and durability. Overall, the design offers a compact and

efficient solution for high-current applications.
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1
Introduction

1.1 Research justi�cation

The emission of gases and particles from aviation signi�cantly contributes to climate warming.

CO2, in particular, is a major pollutant in aviation and is largely responsibile for net anthro-

pogenic radiative forcing. In addition to CO2, non-CO2 pollutants also play a critical role in

global warming dynamics. Together, these emissions contribute signi�cantly to a aviation's

impact on radiative forcing (RF), which is quanti�ed in watts per square meter (W/m²) [11].

The Radiative Forcing Index (RFI) is a standard metric used to represent this ratio effectively.

According to data from 2005, emissions of CO2 from aviation represented about1:6%

of the global total anthropogenic CO2 radiative forcing. Moreover, the overall net radiative

forcing from aviation was estimated to make up around4:9% of the total anthropogenic

radiative forcing [12]. These statistic underscores the substantial role that aviation plays in

contributing to global warming, not only through CO2 emissions but also via other pollutants

that affect the atmosphere's radiative balance. Understanding and quantifying these impacts is

crucial for developing strategies to mitigate the environmental footprint of the aviation sector.

Flightpath 2050, Europe's ambitious vision for aviation, targets a75%reduction in CO2

emissions per passenger-kilometre by 2050. It also aims for a90%reduction in nitrogen oxide

(NOx) emissions and a65%reduction in noise emissions compared to the levels of 2000 [13].
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Chapter 1. Introduction

To meet these objectives, aviation electri�cation is emerging as a promising solution.

Aviation electri�cation begins with replacing traditional subsystems, such as hydraulic

and pneumatic systems with electric systems and progressively replacing traditional jet

engines with electric propulsion motors. Aircraft that replace their traditional sub-systems

with electrical subsystems, excluding the jet propulsion system, are known as More Electric

Aircraft (MEA) [14, 15]. Boeing 787 and Airbus A380 are examples of more electric aircraft

they consume more electric power compared to hydraulic-powered aircraft. Compared to

conventional jet engines, MEAs are more ef�cient and generate less noise[16]. The aircraft

that use electric power for thrust generation, are categorized as Hybrid Electric Aircraft (HEA)

and All Electric Aircraft (AEA) [17]. HEAs utilize both aviation fuel and jet engines for

power generation, while AEAs substitute jet engines with onboard power sources.

The development roadmap for these technologies outlines anticipated power and voltage

levels in [18]. For larger aircraft, capable of carrying up to 300 passengers, a distributed

propulsion system is proposed, requiring power exceeding 10 MW and a voltage range

of 2-5 kV [17]. The distributed propulsion architectures for power distribution systems

for all-electric aircraft are documented in multiple studies [19, 20, 21]. Superconductivity

plays a crucial role in supporting such architectures due to its high power-to-weight ratio,

which bene�ts components like the power distribution system and motors [22, 23, 24, 25].

DC power distribution systems are particularly prominent in all-electric aircraft due to the

technical maturity of converters. These system require high current �ow from the source to

the propulsion unit. High Temperature Superconductors (HTS) offer an effective solution for

ef�ciently transferring high current, as they incur no losses while carrying DC and require

less space and weight.

A superconducting busbar is a promising solution for carrying high currents in a compact

and lightweight design. Although the critical current of ReBCO tapes is limited to a few

hundred amperes, multiple ReBCO tapes can be grouped together to handle high currents

[26, 27, 28]. This thesis comprehensively explores a superconducting busbar design with

fault ride-through capability. The design also reduces the effect of the self-�eld on the critical

current. This effect cannot be neglected in high-current applications where the design requires
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multiple HTS tapes. Superconducting busbar is also equipped with low-resistive joints and

put through power and thermal cycling to assess its reliability and durability.

1.1.1 Objective

The thesis focuses on developing a superconducting busbar design for the power distribution

system of all-electric aircraft.

• Parallel HTS Tapes: The busbar should incorporate multiple HTS tapes connected in

parallel, addressing the reduction in critical current caused by self-�eld effects.

• Ef�ciency Improvement: The design should help to mitigate self-�eld impacts on

critical current, enhancing overall ef�ciency.

• Fault Tolerance: The busbar should be able to enhance fault tolerance, enabling it to

effectively ride through fault events.

• Low-Resistance Joints:The busbar should include 180° and 90° low-resistance joints,

demonstrating its capability to connect multiple sources and loads.

• Performance Validation: The joints should undergo power and thermal cycling tests

to assess the busbar's performance under power and thermal stress conditions.

• Outcome: A superconducting busbar prototype is developed that provides a high-

performance, ef�cient and fault-tolerant solution for high-current applications such as

power distribution system of all-electric aircraft.

1.2 Principal contributions

Reduced effect of self-�eld on critical current design

This thesis demonstrates a superconducting busbar design that reduces the effect of the self-

�eld on critical current. This is achieved by introducing a gap between stacked ReBCO (HTS)
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tapes. Finite Element Modeling (FEM) of the superconducting busbar was conducted to

analyse the effect of adding a gap between the ReBCO tapes, and based on this analysis, a

prototype was developed. The in�uence of the self-�eld depends on the distance between the

ReBCO tapes and can be understood with theB = � 0I=2�d , whered is the distance between

the ReBCO tapes, andI is the current �owing through them. This effect cannot be neglected

in designs requiring multiple ReBCO tapes with high currents, Unlike high voltage where the

voltage standard is de�ned by IEEE guidelines, for high current no such standards are de�ned

so in this thesis, high current refers to current more than 5 kA. For high-current applications,

such as power cables and busbars, the self-�eld effect reduces ef�ciency and increases costs,

as more HTS tapes are required to carry the current due to the dependency of the critical

current on the self-�eld. In this thesis, gaps were introduced between the ReBCO tapes using

copper tapes, which reduces the effect of self-�eld on critical current and also helps increase

the fault tolerance capability of the superconducting busbar.

Superconducting busbar fault tolerance design

This thesis presents a comprehensive design for a superconducting busbar engineered to

withstand fault conditions during fault events. Unlike other known superconducting busbar

design the copper tapes are added in between the HTS tapes, which helps to carry the current

in the fault state and helps to ride through the fault event. During fault state the current

in HTS tape surpasses the critical current and offers high resistance during that period, the

copper acts as stabilizer and carries the current diverted from HST tapes. The design enhances

busbar performance by improving fault tolerance and maintaining functionality and reliability

during electrical faults. Validation of this design was achieved through both computer-aided

Finite Element Analysis (FEA) and laboratory experiments. The FEA simulations provided

detailed insights into the behaviour of the busbar during steady-state and fault-state conditions.

Following this, laboratory experiments subjected the busbar to controlled fault conditions

to verify its performance, ensuring it could manage and recover from such events. In a

fault-state, the superconducting busbar is subjected to a current above its critical current. The

laboratory experiments con�rmed that the superconducting busbar can ride through fault
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events effectively.

Implementing and testing low-resistive joints through power and thermal cycling

In this thesis, author has developed low-resistive90� and180� lap-to-lap joints for supercon-

ducting busbars. The superconducting busbar design not only includes low-resistive joints but

also features reduced self-�eld effects on critical current and enhanced fault tolerance. While

data on180� joints are well-documented in the literature, this research marks the implementa-

tion and testing of90� joints, which has not been previously covered. To ensure the reliability

and durability of the joints, repetitive thermal and power cycling tests were conducted on

the prototypes. These tests simulated real-world operating conditions by exposing the joints

to repeated cycles of electric loading and thermal �uctuations, allowing us to assess their

long-term performance and stability. The180� joints served as a comparative benchmark due

to their established performance characteristics, while the introduction of90� joints represents

a signi�cant advancement, offering new solutions for connecting HTS tapes in more complex

con�gurations. The results from these tests demonstrated that both types of joints exhibit

good reliability and durability, maintaining their electrical properties and structural integrity

under stress.

1.3 Thesis overview

This thesis aims to investigate and design a superconducting busbar for high current applica-

tion.

Chapter 1 provides an introduction to the thesis and its research objectives.

Chapter 2 offers a detailed overview of superconductivity and its underlying principles.

It begins with a de�nition of superconductivity and the criteria that govern it. Additionally,

the chapter discusses the macroscopic magnetisation theories of type II superconductors in

depth.

Chapter 3 discusses the state-of-the-art high-current conductor concepts. It examines ex-

isting techniques for cabling and stacking HTS tapes, highlighting their respective advantages
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and disadvantages. The stacking technique employed in this thesis is elaborated upon, with a

detailed explanation of the rationale behind its selection.

Chapter 4 explores the necessity of superconductivity in all-electric aircraft. Voltage

standards of traditional aircraft and power consumption in aviation is discussed. Additionally,

the chapter examines future voltage standards for all-electric aircraft and the anticipated power

requirements.

Chapter 5 presents a design using T-A formulation. An electromagnetic model is devel-

oped to understand the effect of the self-�eld on critical current, involving multiple HTS tapes

in the design. Based on the insights from the modelling, a prototype is developed and tested

in a liquid nitrogen environment.

Chapter 6 reports on the fault ride-through capability of the busbar. H-formulation is

used to analyse the behaviour of multiple HTS tape busbar designs during steady-state and

fault-state conditions. A prototype is developed and tested against fault currents to evaluate

the ride-through capability of the superconducting busbar, with an assessment of its power

and Joule heating tolerance.

Chapter 7 explores the busbar joints.900 and1800 low resistive joints are implemented,

and the busbar undergoes power and thermal cycling to assess the reliability of the joints.

Chapter 8 provides a comprehensive summary of the research �ndings. The chapter

concludes by offering recommendations for future research in this area, contributing to the

development of more ef�cient superconducting busbars for high-current applications
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2
Introduction of high temperature

superconductivity

2.1 Introduction

At the beginning of the 20th century, Heike Kamerlingh Onnes measured the electrical resis-

tance of various materials when cooled to very low temperatures. In 1911, the Dutch scientist

made a groundbreaking discovery when he found that the resistance of mercury dropped to

zero at temperatures below 4.2 K [29], marking the �rst observation of superconductivity.

This phenomenon, where electrical resistance vanishes, led to the classi�cation of materials

exhibiting such behaviour as superconductors. Onnes coined the term ”superconductivity”

to describe this remarkable property observed in certain materials. In subsequent years, it

was revealed that numerous materials could attain the superconducting state when cooled to

suf�ciently low temperatures [2]. Researchers also identi�ed new materials that exhibited

superconductivity at slightly higher temperatures. However, it appeared that superconductivity

was typically limited to temperatures below 30 K [30].

Following extensive research on superconductivity across the periodic table's metals

and the subsequent disappointment due to the low critical temperatures (Tc) encountered,

researchers shifted their focus to investigating alloys and compounds. This shift led to the
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Chapter 2. Introduction of high temperature superconductivity

discovery of superconductivity in a signi�cant number of these materials. However, these new

superconductors exhibited unusual behaviour; unlike pure metals, they did not demonstrate

perfect diamagnetism but showed partial �ux penetration. Initially, this was considered to

be a possibe experimental error or the result of impurities. Nevertheless, in 1957, Abrikosov

introduced the concept of a new category of superconductors [31], now known as type II

superconductors. The �eld underwent a transformative change in 1986 with the discovery by

Bednorz and M̈uller of a novel class of superconductors [32]. Following this breakthrough, a

plethora of materials were identi�ed that exhibited superconductivity at temperatures around

90 K [33]. These materials, which could not be fully explained by existing theories, were

classi�ed as high-temperature superconductors (HTS) to distinguish them from the traditional

low-temperature superconductors (LTS).

A century after superconductivity was �rst identi�ed, the search for new superconductors

continues to yield results. Examples include the discovery of magnesium diboride (MgB2)

in 2001 [34], iron-based superconductors in 2006—which achieved critical temperatures

above 55 K [35, 36, 37] from 2008 onwards—and hydrogen sulphide (H2S) in 2015 [38],

which exhibits superconductivity at 203 K under high pressure. More recently, in 2019 [39],

lanthanum hydride (LaH10) was found to become superconducting at a temperature of 250 K

when subjected to high pressures.

2.2 Threshold criteria for superconductivity

The superconducting state of a material is constrained by three critical parameters: transport

critical current density(Jc), critical temperature(Tc) and critical magnetic �eld(Bc). If any

of the parameters exceed their critical limits, the material transitions from the superconducting

state to the normal state, as illustrated in �gure 2.1.
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Figure 2.1: Diagram of the boundary surface distinguishing the superconducting state from
the normal state within the coordinates de�ned by temperature, magnetic �eld, and current
[1].

2.2.1 Transport critical current density

The critical current is the maximum current a superconductor can safely carry, and it is de�ned

by an electric �eld threshold value. For HTS, the electric �eld threshold(Ec) is (1�V=cm),

as shown in �gure 2.2. Transition of a superconductor to the normal conducting state typically

generates an electric �eld that is described by power law through equation (2.1) [40].

E = Ec

�
I
I c

� n

(2.1)

Where, I is the current �owing through superconductor, n represents resistive transition

index (n = 21 is used in the modeling), andEc stands for the electric �eld applied to establish

the critical currentI c.
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Figure 2.2: Electrical Field-Current Relationship in High-Temperature Superconductors
(HTS), indicating the critical current threshold at an electrical �eld of 1 µV/cm [1].

2.2.2 Critical temperature

At temperatures below a speci�c threshold, known asTc, the electrical resistance of a super-

conductor drops to zero. This threshold is referred to as the critical temperature. The electrical

resistance of a superconductor as a function of temperature is shown in �gure 2.3. The

transition of superconducting state to normal state is steep, change in temperature required for

transition is� Tc (� Tc = Tc(90%)� Tc(10%)). Upon reaching the transition temperature, a

signi�cant increase in resistance, by several orders of magnitude, is usually noted. Although

it is not possible to experimentally demonstrate that resistance in the superconducting state is

absolutely zero, for all practical purposes, it is considered to be zero below Tc [41].

2.2.3 Critical magnetic �eld

The superconducting state is also in�uenced by external magnetic �elds. A magnetic phase

diagram helps explain the behaviour of a superconductor under an external magnetic �eld.

�gure 2.4 illustrates the magnetic phase diagram of type-I and type-II superconductors. In a
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Figure 2.3: The electrical resistance of a superconductor is temperature dependent.� Tc is
the difference between critical temperatures at 90% and 10%, shows a steep transition from
the superconducting state to the normal state [1].

type-I superconductor, only one critical �eld exists, and below this �eld, the superconductor

is in a superconducting state. In contrast, type-II superconductors exhibit two different

states simultaneously. Type-II superconductors behave like perfect diamagnets below the

lower critical �eld Bc1. BeyondBc1, the superconductor enters a mixed state and remains

superconducting until the upper critical �eldBc2. Type-II superconductors can carry current

even under such high magnetic �elds, making them technologically important; they are

also called technical superconductors [42, 41, 2]. In type-II superconductor, between lower

critical �eld Bc1 and upper critical �eldBc2 exhibits a different state called mixed state, in

this state there is a partial penetration of �ux. To lower the overall magnetic energy, the

superconducting material allows the �ux bundles to penetrate the material. Even material is

partially penetrated the superconducting material is still possessing it's superconducting state.

This property of type-II superconductors makes them operate in a high magnetic �eld which

makes them stutable for large scale applications, such as cable or magnets.

12



Chapter 2. Introduction of high temperature superconductivity

(a) Type-I superconductors possess a single criti-
cal �eld, B0. Below this �eld, they exhibit super-
conducting properties; above it, they transition
to a normal state.

(b) Type-II superconductor is in superconducting
state belowBc1, enter into mixed state and re-
mains superconducting in the mixed state, and
becomes normal aboveBc2.

Figure 2.4: Magnetic phase diagram of type–I and type–II superconductors [2].

2.3 Current �ow in the mixed state and magnetization of

type-II superconductors

2.3.1 Current dynamics in the mixed state

In type-II superconductors, the mixed state occurs between the lower critical �eldBc1 and

the upper critical �eldBc2, as shown in �gure 2.5. The superconductor enters the mixed

state due to an increase in the external magnetic �eldBa, which exceeds the lower critical

�eld. In the mixed state, �ux lines carrying a unit quantum of �ux,� 0 = ( h=2e), and parallel

to the applied �eld, penetrate the superconductor material. These �ux lines form a normal

core with a diameter on the order of2� , and the radius of the circulating current is equal

to the penetration depth,� . The optimal arrangement for these normal cores penetrating

the superconductor in a cylindrical shape with the highest surface-to-volume ratio, aligned

parallel to the applied magnetic �eld. Each �ux line originates from a vortex of persistent

current that rotates in the opposite direction to the surface screening current [43]. As the
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Figure 2.5: In the range betweenBc1 andBc2, a type II superconductor enters a mixed state
where the material is penetrated by �ux lines� 0, created by vortices of persistent current [2].

applied �eld (Ba) increases, the density of normal cores rises, reducing the superconducting

volume fraction until, at the upper critical �eldBc2, the superconducting structure collapses,

turning the superconducting material to normal.

In mixed state, the current J �ows through the superconductor without being affected by

the �ux lines as size of core(2� ) is very small. The vortices repel each other, keeping the

normal cores con�ned to a small area, allowing the current to pass unobstructed as long as it

doesn't disturb the vortices. Current pass through the superconductor seamlessly until �ux

lines subject to Lorentz forceFL , due to the transport current (J) and a perpendicular �eld

[43, 44, 45], as shown in �gure 2.6. Lorentz force acting on vortex can be calculated with:

FL = J � � 0 (2.2)

The movement of �ux lines produces a measurable voltage, introducing resistance. How-

ever, the crystal lattice counters this movement with a pinning force,FP . To enhance this

force, imperfections, defects, and impurities are introduced into the superconductor, creating

more pinning sites and signi�cantly boosting the pinning force. This allows the superconduc-
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tor can handle a much higher current. The �ux lines remain stationary until the Lorentz force

equals the pinning force, occurring at a speci�c current density known as the critical current

density,Jc. SurpassingJc causes the �ux lines to move, generating voltage and transitioning

the material to a normal state.

Figure 2.6: The structure of a single vortex, experienced Lorentz forceFL due to transport
current [3].

2.3.2 Magnetization in type-II superconductor

Type II superconductors behave like type-I superconductors when subjected to magnetic �elds

below the lower critical threshold, known asBc1. In this state, they manifest the characteristics

of a perfect diamagnet. This perfect diamagnetic state persists until the system encounters the

lower critical �eld, Bc1. Beyond this critical juncture, the superconductor transitions into the

mixed state, characterized by the penetration of �ux lines into the superconductor, marking a

transition from the zero magnetic �ux state in �gure 2.7a. As the external magnetic �eld is

gradually increased fromBc1, the superconductor experiences an increase in magnetic �ux

density. This process continues until the magnetic �eld reaches another critical point,Bc2.

At this upper critical �eld, the superconductor is completely penetrated, transition into the
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normal state.

(a) Type II superconductors, magnetic �ux density
stays zero untilBc1, then increasing afterBc1,
fully penetrating the material atBc2.

(b) Magnetization decreases with increasing mag-
netic �eld, reaching a peak atBc1, and then drops
to zero byBc2. Both processes are reversible in
pure, ideal materials.

Figure 2.7: Magnetization phenomena in perfect type-II superconductors [2].

Interestingly, in an ideal, or pure, superconductor, the transition curve that describes the

relationship between magnetization and applied magnetic �eld retraces its steps in the reverse

direction, illustrating a symmetrical behaviour. This phenomenon and the corresponding

magnetization versus magnetic �eld relationship are depicted in �gure 2.7b. Here, it is shown

that the magnetization of the superconductor increases in response to the magnetic �eld

up until the lower critical �eld,Bc1. Beyond this point, as the �eld strength surpassesBc1,

magnetization begins decrease; a trend that persists until magnetization becomes 0 at the

upper critical �eld,Bc2 [2].

The density of �ux lines within the superconductor is balanced by the reduction in free

energy and the mutual repulsion between vortices. As the applied magnetic �eld continues

to rise, the normal cores are forced closer together, increasing in the average magnetic �ux

density within the superconductor while simultaneously causing a reduction in its overall

magnetisation. This dynamic culminates atBc2, where a discontinuous change in the slope of

both the �ux density and the magnetization curve is observed. At this point, the superconductor

losses its superconducting properties entirely, transitioning into a normal state. In this state,

16



Chapter 2. Introduction of high temperature superconductivity

the �ux density aligns with� 0Ba, and the magnetization effectively drops to zero, marking

a stark transformation that underscores the complex interplay between magnetic �elds and

superconducting materials.

2.3.3 Irreversible Magnetization

In type-II superconductors with pinning imperfections, magnetisation behaviour is irreversible

as shown in �gure 2.8 [46, 47]. Unlike type-II pure superconductor whose magnetisation

behaviour is reversible, as shown in �gure 2.7. Magnetic irreversibility in type-II superconduc-

tors occurs because �ux lines, or normal cores, are immobilised within the material through

pinning by imperfections, preventing free movement of the �ux lines. This immobilization

means that upon increasing the �eld from zero, �ux does not suddenly penetrate the material

at Bc1, leading to a smoothing effect in the �ux density and magnetization curves aroundBc1.

Similarly, when the �eld is decreased from aboveBc2, the curves exhibit hysteresis instead

of retracing their initial paths, indicating that some �ux lines remain permanently trapped,

as shown in �gure 2.8a. This trapped �ux is due to the pinning by imperfections such as

dislocations, grain boundaries, and impurities. To reduce the magnetisation M to zero, the

magnetic �eld must be reversed; however, achieving a state atB = 0 without any trapped �ux

requires heating the material to its normal state. These imperfections due to pinning helps

to increase the critical current of the superconductor and make them useful for high current

application.

2.3.4 Critical state model of type-II superconductors and Magnetization

Critical state models calculate the magnetisation curve for type-II superconductors. When

a type-II superconductor experiences a �eld above the critical �eld,Bc1, it enters a mixed

state, and supercurrent penetrates the surface of the superconductor. The critical state model

assumes that the current penetrates the superconductor with a current density equal to the

critical current density,Jc. The region of the superconductor that is penetrated is in a critical

state with a current densityJ = Jc. In the critical state, there is no �ux �ow, and the �ux

17



Chapter 2. Introduction of high temperature superconductivity

(a) A practical type-II superconductor, due to
imperfections, exhibits magnetic irreversibility
in its �ux density.

(b) In a real type-II superconductor, the mate-
rial remains magnetized even after the �eld is
reduced to zero.

Figure 2.8: Magnetic irreversibly phenomena in imperfect type-II superconductors [2].

lines are in equilibrium. However, in practical, changes in the magnetic �eld are very slow,

and the sample can be considered in a quasi-equilibrium state. Thus, a suf�ciently accurate

magnetization curve can be calculated using the critical state model. Two critical states

models are used to calculate magnetization in type-II superconductor's: Bean's model and

Kim's model.

Bean's model

Bean's theory was the �rst phenomenological theory of magnetization [48, 49]. In Bean's

model, it is assumed that the critical current density doesn't depend on the magnetic �eld. To

simplify calculations, Bean adopted the Mendelssohn sponge model [50]. In this model, the

mesh is made up of �laments whose diameter is smaller than the London penetration depth.

Supercurrent sustains in these �laments up toJc (critical current density),Jc is a function

of magnetic �eld, andJc = 0, at critical �eld of �lament. The sponge model portrays a

highly interconnected internal structure of material with a high critical �eld, surrounded by

a matrix of soft superconductor possessing a low critical magnetic �eldBc. Bean derived

the magnetization curve for an unaltered hard superconductor cylinder with radiusR in a
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magnetic �eld aligned with the axis. This was achieved by determining the internal �eld,B i ,

as a function of external �eld,Be, and the position of the superconductor.

4�M =

Rv
0 (B i � B )dv

Rv
0 dv

(2.3)

where, volume of sample isv. If radiusR is much larger than penetration depth there will

be full shielding for �eld less thanBc, as shown in equation (2.4)

B i = 0; 0 � r � Rand0 � B � Bc (2.4)

If the background �eld increases fromBc, the soft superconductor becomes normal which

is surrounded by �laments. At higher �eld strengths, shielding currents are generated in the

�laments, and penetrated into the �laments with a penetration depthDp, as determined by the

of Ampere's circuital law.

Dp = 10(B � Bc)=4�J c (2.5)

Bean's critical �nding is that the magnetisation in hard superconductor depends on

macroscopic dimension of the sample.

Kim model

Kim et al: model represents a more realistic and generalized form of Bean's critical state

model; it assumes that the critical current is determined by the local �eld in the region [51].

As the background �eld increases, circulating currents begin to generate on the surface of the

superconductor to oppose the �eld. A further increase in background �eld causes currents

to start penetrating the superconductor surface and enters in critical state, and any further

increase in �eld reduces the critical current density. Thus, the critical current density is

function of local magnetic �eld, andJc(B ) can be used to determine state of magnetization.

Jc(B ) can be de�ned with the equation (2.6) [52, 53].
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Jc(B ) =
Jc0

1 + B
B 0

(2.6)

where,Jc0 is critical current density during absence of �eld, andB0 is constant.

An additional noteworthy �nding of the Kim model is that the Lorentz force plays a

signi�cant role in determining the critical current density and can be understand with equation

(2.8).

� (T) = Jcr (B + B0) (2.7)

where,� (T) andB0 are constants.(T), strongly depends upon temperature and in hard

superconductor current decays slowly, makes Anderson to propose theory of '�ux creep'.

2.3.5 Flux creep

Flux creep theory, developed by Anderson, builds on Bean's critical state model and Kim's

modi�ed model. Anderson's model says that when the critical currentJ and �eld B exceed

their respective critical values, �ux bundles begin to leak through the superconducting material,

causing it to return to the critical state. This movement of �ux bundles is known as ”�ux

creep” [54]. Anderson's theory describes �ux creep as a thermally activated process driven by

the Lorentz and pinning forces (J � B). Flux creep leads to the generation of longitudinal

resistive voltages within the conductor, a phenomenon caused by the drifting of �ux bundles

when current �ows through the material. As these �ux bundles move, they create a resistive

voltage along the length of the conductor. This resistive voltage is directly proportional to

the average creep velocity of the �ux bundles, meaning that as the speed of the �ux bundle

movement increases, so does the resistive voltage.

Anderson's theory provides a detailed explanation of the signi�cant variation in the critical

current density (Jc) with temperature, particularly in the range of 0.5–0.1 Tc. According to

this theory, �ux bundles within the superconducting material are hindered in their movement

by energy barriers at the pinning centers, also known as potential wells. When an external
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magnetic �eld is applied, the �ux density within the material does not remain uniform due to

the presence of these pinning centers. In the presence of a transport current, the Lorentz force

acts on the �ux bundles, modifying the local free energy landscape. This force effectively

tilts the energy barriers in a 'downhill' direction, creating a 'staircase' pattern in the barrier

structure. Consequently, the energy required for the �ux bundles to move decreases in speci�c

directions, facilitating their movement. At �nite temperatures below the critical temperature

(Tc), thermal excitation allows the �ux bundles to overcome these barriers. The thermal

energy provides the necessary activation energy for the �ux bundles to jump over the potential

wells. This process occurs at a certain rate, which is in�uenced by the temperature and the

strength of the pinning centers. The rate at which �ux bundle jumps is

v = V0e[� U(B;T;J )=kB T ] (2.8)

here is equation (2.8),V0 is �ux bundle characteristic frequency assumed to be105 �

1011s� 1 and U(B, T, J) is activation free energy.

2.4 Conclusion

This chapter provides a comprehensive foundation in the fundamental knowledge of supercon-

ductors, covering both basic superconductivity principles and macroscopic electromagnetic

theories for type-I and type-II superconducting materials. It delves into the mixed state in

type-II superconductors, discussing characteristic lengths, basic vortex dynamics, and pinning

forces that are crucial for understanding their behaviour. Additionally, the chapter compares

the properties of high-temperature superconductors (HTS) and low-temperature supercon-

ductors (LTS), outlining their different critical temperatures and critical current densities,

and emphasizing the importance of these properties for various applications. Furthermore,

the chapter highlights the various critical temperatures and critical current densities of these

materials, underscoring their signi�cance in diverse applications. This foundational knowl-

edge sets the stage for the subsequent chapters, which will focus more speci�cally on type-II
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superconductors. These materials are extensively used in energy storage, power transmission,

and medical imaging due to their superior properties. The following chapters will provide an

in-depth exploration of type-II superconductors, elaborating on macroscopic electromagnetic

theories such as �ux creep, �ux �ow, and critical state models including the Bean and Kim

models. These theories are crucial for understanding the practical performance and applica-

tions of type-II superconductors. This chapter has laid the groundwork by presenting essential

concepts and theories related to superconductors. The detailed discussion on both HTS and

LTS properties, as well as the introduction to the behavior of type-II superconductors, is vital

for comprehending the advanced topics that will be explored in the rest of the thesis. By

summarizing the key takeaways, this chapter underscores the importance of the presented

knowledge as a foundation for understanding the more complex phenomena and applications

discussed in the subsequent chapters.
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3
State of the art of ReBCO tapes for high

current applications

3.1 Introduction

ReBCO (rare earth barium copper oxide), represents a class of high-temperature superconduc-

tors (HTS) [55], characterized by the general formulaREB a2Cu3O� , where RE stands for a

rare earth element, (such as Yttrium [56], Y, or other rare earth elements like Gadolinium, Gd

[2]). These materials are distinguished by their ability to conduct electricity without resistance

at temperatures signi�cantly higher than those required by conventional superconductors,

typically above the boiling point of liquid nitrogen (-196°C or 77K), making them more

feasible for practical applications. ReBCO superconductors are part of the second gener-

ation (2G) of high-temperature superconducting materials. They are known for their high

critical temperature(Tc), high critical magnetic �eld(Bc), and high critical current density

(Jc), which remain robust even under strong magnetic �elds. These properties are crucial

for applications requiring high current capacity and high magnetic �eld operations, such as

magnetic resonance imaging (MRI), particle accelerators, and power transmission lines and

cables. Due to their importance in technical applications, such superconductors are also called

technical superconductors, which are used in large-scale applications.

23



Chapter 3. State of the art of ReBCO tapes for high current applications

Figure 3.1: Crystal structure of YBCO unit cell [2].

The crystal structure of the YBCO unit cell is shown in �gure 3.1. Supercurrent �ows

within the copper oxide planes of the YBCO crystal and is restricted in the direction perpen-

dicular to these planes, leading to anisotropic electrical current transport characteristics in the

superconducting state [57].

3.2 ReBCO tape structure and properties

In polycrystalline ReBCO materials, the ability of superconducting currents to pass from

one grain to another is signi�cantly in�uenced by the angle of the grain boundaries, with

current transfer decreasing exponentially as misalignment increases [57]. To mitigate grain

misalignment, ReBCO layers are grown on a textured substrate. However, during the growth

of the ReBCO layer, defects will unavoidably form, reducing the number of well-aligned

grains as the layer's thickness increases. Consequently, the thickness of the ReBCO layer is

typically limited to a few microns. To maximise the area available for ReBCO growth, the

�at tape geometry has been developed and is now the standard for long-length ReBCO wires.

The structure of ReBCO tape is shown in �gure 3.2 and consists of �ve different layers. A

stabilizer surrounds a typical ReBCO tape, providing an additional path for current during

transients and aiding in thermal stabilization. The stabilizer layer is generally made up of
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Figure 3.2: Schematic illustration of a standard ReBCO coated conductor tape. The thickness
of each layer varies among different manufacturers [4].

metal, which can be copper or steel, depending upon the manufacturer. This outer layer

of ReBCO tape also facilitates the soldering of one tape to another and provides armour to

the tape. Following the stabilizer is a silver layer that serves as the �rst layer of protection,

offering chemical protection and adjusting the oxygen content in the crystal. Positioned next

to the silver layer is the ReBCO layer, which is the superconducting layer responsible for

carrying supercurrent. The buffer layer is adjacent to the superconducting layer, separating it

from the substrate and providing texture for the ReBCO layer. As current density depends

upon the grain boundary angle [58], the substrate helps to keep the angle below5� to enhance

the critical current densityJc [59]. Additionally, the substrate layer provides mechanical

strength to the tape. More than a dozen companies manufacture and supply ReBCO tapes

listed in table 3.1. ReBCO tapes with a range of critical currents from60A=cm to 400A=cm

are available in the market.

3.2.1 Degradation of critical current in ReBCO tape

Due to ReBCO tape's brittle ceramic structure, ReBCO tapes are fragile and susceptible to

critical current degradation when exposed to mechanical forces and high temperatures. How

critical current is affected due to mechanical forces and high temperature is explained here:

Effect of mechanical forces:The critical current of ReBCO tape depends on stress; the

critical current degrades as stress increases. When multiple tapes are grouped together, stress

is exacerbated due to imperfections in the ReBCO tapes. This stress can damage the crystal
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Table 3.1: List of companies that manufacture ReBCO, normalized critical current at 77K
[5].

Manufacturer Critical Current /
width (A/cm)

Reference

SuperOx 400 [60]

Theva 400 [61]

Bruker HTS 100 [62]

SuperPower 400 [63]

SuNAM 400 [64]

Fujikura 400 [65]

Shanghai Super-
conductor

300 [66]

American Super-
conductor

300 [67]

Superconductor
Technologies

300 [66]

Deutsche
Nanoschicht

300 [68]

Oxolutia 60 [69]

Shanghai Creative
Superconductor
Tech.

170 [70]

MetOx 300 [71]

SWCC Showa Ca-
ble Systems

350 [70]

structure and degrade the critical current. The maximum degradation in the critical current of

HTS tapes occurs at the tape's edges. ReBCO tape can withstand stress in the axial direction

up to 700 MPa and in the transverse direction, it can endure stress ranging from 20 to 100

MPa [72]. Three techniques of grouping multiple HTS tapes for high-current transmission

applications are discussed later in this chapter to reduce the effect of mechanical stress during

grouping multiple tapes.
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Effect of high temperature: ReBCO tapes can be damaged and lose their supercon-

ducting properties when subjected to high temperatures. If a ReBCO tape is exposed to

230� C for more than 30 minutes, after 30 minutes there is a10%degradation of critical

current. Similar conditions in vacuum cause degradation in critical current by30%[73]. In

ReBCO (ReBa2Cu3O7x) materials, the superconducting behaviour is primarily observed in

the CuO planes, attributed to their distinct crystal arrangement. The composition, especially

the balance of copper and oxygen within the structure, plays a pivotal role. Exposing a

ReBCO conductor to temperatures exceeding150� C can cause oxygen to leach out through

the grain boundaries, adversely affecting its superconducting attributes. When the temperature

rises above250� C, oxygen begins to exit from the crystal framework itself, leading to rapid

deterioration [74].

3.3 Advantages of ReBCO for high current transmission

REBCO tapes have been used for many pilot projects around the world for direct current

transmission [75, 76, 77, 78, 79, 80, 81, 82, 83, 84]. The advantages of using REBCO tapes

for high-current transmission are discussed.

High current density: ReBCO superconductors are also known as technical supercon-

ductors due to their potential for use in large-scale applications such as magnets and cables.

This is due to their high current density; for instance, a single ReBCO tape can have a current

density up to 400A=mm2 at 77K, as shown in table 3.1. Furthermore, reducing the operating

temperature can further increase the current densities of ReBCO tapes. Compared to conven-

tional copper busbars which have a current density of nearly 2-3A=mm2 [85], ReBCO offers

signi�cantly high current densities with less space and weight [86]. These advantages make

ReBCO suitable for high-current applications such as in data centres, electric aircraft, and

industrial electrolysis.

High critical temperature: ReBCO exhibits superconductivity at high temperatures

compared to other superconductors such asMgB2. These temperatures can be achieved

with LN 2 based cooling systems.LN 2 is inexpensive compared to other lique�ed gases
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like hydrogen and also less complex to work with. A simple two-walled vacuum cryostat is

suf�cient for the operation.

Zero resistance:In a conventional copper busbar system, the resistance increases with the

current �owing through the busbar. On the other hand, superconducting transmission systems

exhibit zero losses when carrying DC. Additionally, these superconducting transmission

systems feature a low-voltage drop, making them attractive solutions for low-voltage network

systems such as in electric aircraft and data centres [87]. The bene�ts of lower losses

and low voltage drop make these systems particularly attractive for railway systems. For

instance, the Tokyo railway system requires substations at intervals of every 2-3 km [88]. A

superconducting transmission system could signi�cantly reduce the number of substations.

3.4 ReBCO superconductor: A high current transmission

approach

The critical current of a superconductor is limited to a few hundred amps. To achieve the

desired high current tens or hundreds of ReBCO tapes must be grouped or connected in

parallel. Grouping ReBCO tapes is complicated as the geometry of the tape is �at and the

critical current of the tape depends upon strain. Techniques used for grouping or cabling are

explained here:

3.4.1 Co-axial winding technique

In the co-axial winding technique, ReBCO tapes are wound around a core at a lay angle� .

The �at surface of the tape is used to wrap around the central core diameter (d) with a lead (l).

The lay angle, which is the angle between the centre of the core and the ReBCO tape, can be

calculated as:

� = tan � 1

�
�d
l

�
(3.1)
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Figure 3.3: Schematic of co-axial (CORC) winding concept [5].

This technique allows for two different cabling approaches. The lay angle depends on

the size of the core: a larger core results in a smaller lay angle, while a smaller core leads to

a larger lay angle. Kim et al. developed a power cable using the �rst approach with a large

core and small lay angle approach, where the core diameter is d = 35 mm and the lay angle

� = 15� [89]. Conversely, van et al. adopted a second approach with a small core and a high

lay angle, where the core diameter is d = 5 mm and the lay angle� = 30� [90].

The �rst approach is used in many pilot projects for AC and DC transmission cables

[91, 92, 93, 94, 95, 96]. To minimize the effect of self-�eld on critical current ReBCO tapes

are roughly aligned with cable self-�eld.

The second approach, developed by Advanced Conductor Technologies (ACT), is named

CORC (Conductor on Round Core). Multiple ReBCO tapes are wound on each other over

a small core with alternating lay angles to carry high currents. The use of a small core

necessitates high lay angles in the cable, which offer minimal bending radii and minimal

degradation [90]. CORC cables are among the few high-current conductors commercially

available and are attractive options for magnet applications [97]. One disadvantage of this

cabling technique is that more than a meter of ReBCO tape is required for a meter-long cable

due to the lay angle. The amount of ReBCO tape needed for a given cable length can be

calculated as follows:
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Figure 3.4: Schematic of Roebel cable consists of 3 tapes [6].

LReBCO =
L cable

cos�
(3.2)

Here in equation (3.2),LReBCO is the length of the required ReBCO tape,L cable, is the

length of the cable, and� , is the lay angle on the core.

3.4.2 Roebel technique

The Roebel cabling technique, a century-old method, is used for creating low-loss cables. In

1997, Martin Wilson �rst proposed the idea of using the Roebel structure with ReBCO tapes

[98]. Siemens then demonstrated the �rst ReBCO-based Roebel cable, which, as expected,

reduced AC losses compared to the stacked concept but also decreased the critical current

due to self-�eld effects [99]. Researchers from the Karlsruhe Institute of Technology (KIT)

have developed some advanced Roebel cable designs, and the design process can be found in

[6]. The Roebel technique allows for several tapes to be grouped together with a portion of

each tape punched out. The geometry of the cable, shown in �gure 3.4. The geometry of the

Roebel cable offers favourable alignment to the external magnetic �eld and has good bend

ability around the �at side [100].

However, designing cables with the Roebel technique also has disadvantages. The punch-

ing process results in material loss, making it costly due to the high price of ReBCO tapes.

The edges of the cable can experience degradation from stress, rendering them unsuitable

for applications where the cable must operate in a high-stress environment. For high-current

applications, the Roebel technique may not be advantageous as scaling up is limited because

only a limited number of tapes can �t within one twist pitch [6].
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Figure 3.5: Schematic of stack concept which consists of 10 tapes.

3.4.3 Stack technique

The stack technique involves stacking ReBCO tapes on top of each other, �at face to �at

face. There are two approaches to implementing this stack concept. In the �rst approach,

the tapes are layered until the desired critical current is achieved. This method is employed

by the Japanese National Institute of Fusion Science (NIFS), as it can be easily scaled to

very high currents. They have achieved 100kA at 20K with a 5T background �eld. The

design consists of 10 mm wide, 54 ReBCO tapes, and utilizes three adjacent stacks with 18

ReBCO tapes each, with each tape having a critical current of 600 A at 77K in self-�eld. This

prototype was built to demonstrate the feasibility of using the stack technique in a helical

fusion reactor[101, 102]. Vision Electric Super Conductors (VESC), in collaboration with

KIT, has also adopted this approach to develop a superconducting busbar for an aluminium

electrolysis plant. Their superconducting busbar is designed to handle 20 kA of current at

77K. In their prototype design, they used two stacks of HTS tapes, with each stack containing

23 ReBCO tapes[103].

Massachusetts Institute of Technology (MIT) used the second approach of stack technique,

in this approach, HTS (High-Temperature Superconductor) tapes are stacked and put inside

of a casing to make a round-shaped conductor. Multiple such round-shaped conductors are

put together to achieve the desired critical current. This technique was also used to make

high-current cables for fusion applications. MIT researchers used this stacking approach, they

twisted the stacks around its central axis, to decrease heat dissipation due to decrease in the

31



Chapter 3. State of the art of ReBCO tapes for high current applications

AC losses [104]. Swiss Plasma Center (SPC) also uses this approach of twisting ReBCO tape

stacks for fusion magnets.

3.4.4 Comparison of stacking techniques

Although depending upon application each technique has its advantages and disadvantages,

here the conceptual comparison is done based on bending, tape usage, and joints.

Bending: Bending occurs during cabling, typically with the �at side of the ReBCO tape

being wound over a core. During bending, it is dif�cult to keep the �at surface of the tape

in the plane, and it easily goes out of the plane. Bending reduces the critical current of the

ReBCO tapes; typically,95%of the critical current compared to an unbent ReBCO tape is

used as a criterion for designing cables. The bending radii depend on the diameter of the

core and the lay angle. The coaxial winding concept addresses the directional dependency

of the bending radius. By varying the lay angle and lead, the minimum bending radius can

be tailored to meet the speci�c requirements of the application. Conductor on Round Core

(CORC) cable concept achieve minimum bending radii between 2.5 cm and 5 cm[97]. The

Roebel technique has good out-of-plane bendability with bending radii of 2 cm [105]. The

minimum bending radii can be achieved using the stack technique [106].

Tape usage:ReBCO tapes are expensive, so it is important to use the material ef�ciently

in design applications. Nowadays, ReBCO tapes are more isotropic, and their relationship

between magnetic �eld and critical current depends less on tape alignment compared to

ReBCO tapes manufactured in the past which are strongly anisotropic. Apart from critical

current, it is also very important to consider how much ReBCO tape is required for a unit

length of strand design. An accurate estimation of the tape usage is required for an ef�cient

design. For this factor estimation equation (3.3) can be used [58].

Factor =
L tape

L strand
(3.3)

For the stack technique, this factor is 1, as the length of the tape and the length of the

stack are the same. In terms of tape usage, the stack technique is very ef�cient, achieving
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a unit length of tape that is the same as the unit length of the stack. For the coaxial and

Roebel techniques, the unit length of the strand design is not the same as the unit length of

the ReBCO tape. In the coaxial technique, the unit length of the strand design depends on the

lay angle, whereas in the Roebel technique, it depends on the transposition.

Joints: ReBCO tape lengths are limited to a few meters, and depending on the application,

there may be a need for90� and180� joints. Park et al. have demonstrated resistance-free

joints in a laboratory environment with ReBCO tapes[107], but this process is not suitable for

industrial scale production. The layers associated with the ReBCO tapes introduce resistance

when joining tapes together; this resistance should be minimized. Soldering and welding-

based methods have been used in the past for joining ReBCO HTS tapes. The stack technique

has been implemented with several joint concepts, with resistance ranging from 1 to 100n


[108, 109]. Jaakko et al. achieved a joint using the Roebel technique with a resistance range

of 10 to 20n
 in the laboratory [110]. The coaxial technique poses signi�cant challenges

for implementing joints due to the dif�cult access to ReBCO tapes. In cases where multiple

ReBCO tapes are wound over each other, accessing the tapes beneath the outer layers becomes

dif�cult. For a 10-tape CORC cable, joints are implemented by cutting the tapes in a stair-step

manner to access all the tapes, achieving a terminal resistance of 30n
 [111].

As outlined above, table 3.2 compares various techniques of cabling in terms of bending,

tape usage, and joint capability. The stack technique offers a modular approach, enabling

multiple tapes to be stacked to achieve a high critical current. In all-electric aircraft, the

superconducting busbar is designed to carry the high currents required by the entire system.

Due to the relatively short length of the busbar in such applications, twisting and bending

are not necessary. This is advantageous, as the stack concept is not well-suited for handling

bending. Since the power distribution system of all-electric aircraft does not demand extensive

twisting or bending, the stack technique allows for ef�cient tape usage in busbar construction.

Additionally, the busbar must accommodate joints to connect multiple sources and loads, and

the stack concept provides excellent joint capability. For these reasons, the stack technique

was selected for the design of the superconducting busbar prototype.
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Table 3.2: Comparison of high current conductor technique based on bending, tape usage,
and joints.

Technique Bending Tape usage Joints

Co-axial Good Bad Bad

Roebel Average Bad Good

Stack Bad Good Good

3.5 Conclusion

This chapter has provided a comprehensive overview of ReBCO tapes and their application

in high-current scenarios. It explains that the challenges and limitations associated with

using ReBCO tapes in high-current transmission systems, highlighting the technical and

practical hurdles that must be addressed for successful implementation. The chapter explores

various existing techniques for cabling ReBCO tapes, presenting a detailed discussion on

the advantages and disadvantages of each method. A comparative analysis of these cabling

techniques has been included to identify the most effective high-performance strategies.

Furthermore, the chapter explains the speci�c cabling technique chosen for developing the

prototypes in this thesis, along with the rationale behind this selection. Importantly, this

chapter serves as a foundational platform for the research detailed in the following chapters of

this thesis. The upcoming sections will focus on the design, prototyping, and characterization

of a superconducting busbar utilizing ReBCO tapes.
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4
Superconductivity for all-electric aircraft

4.1 Introduction:

GlobalCO2 emissions from the aviation sector account for2:4%, and this �gure is expected

to continue growing. The International Air Transport Association (IATA) has forecasted that

over the next two decades, civil aviation will grow by3:5% [112], as will emissions. The

majority of CO2 emissions(81%) come from passenger operations. Many organizations

have prepared long-term roadmaps to reduce aviation emissions, such as Clean Sky [113],

and Europe's Flightpath 2050 sets an ambitious goal to reduceCO2 emissions by75%and

nitrogen oxide (NOx) emissions by90%, with a65%reduction in noise compared to aircraft

in the year 2000 [114]. To achieve such goals, there is a need to reconsider and develop new

technologies for future aircraft. Similar to other modes of transportation like road and sea,

electri�cation can be used to achieve these targets.

In previous-generation aircraft, the electrical demand was only a few kW (kilowatts),

typically consumed by cabin lights, galley loads, and so on. To increase reliability and reduce

weight and fuel consumption, more electri�cation has been introduced in the new generation

of aircraft, where pneumatic and hydraulic systems have been replaced by electric systems.

This has increased the power consumption to hundreds of kW in aircraft now referred to

as more-electric aircraft (MEA) [115]. The Airbus 380 and Boeing 787 are classi�ed as
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MEAs; they are more ef�cient, lighter, more reliable, and produce less noise compared to

previous-generation aircraft. While MEAs set a new era in aviation, they are still not suf�cient

to achieve emission targets [116]. To meet the emission target, fuel-based propulsion systems

must be replaced with electric propulsion systems [117].

4.2 Electri�cation in aircraft: role of superconductivity

Electri�cation in aircraft starts with subsystems and progresses to replacing traditional jet

engines with electric propulsion systems. Electric aircraft can be categorized into three types

based on the extent of onboard electri�cation [118, 119].

(1) More Electric Aircraft (MEA), where only traditional subsystems are replaced with

electric subsystems, while the jet-propulsion system remains traditional.

(2) Hybrid electric aircraft (HEA), where jet engine produces the required power through

an onboard generator. This generated electric power is used to provide thrust through

propulsion units.

(3) All-electric aircraft (AEA), where a jet engine is replaced with an onboard source of

power, which provides the required thrust through a propulsion unit.

Electri�cation in aircraft increases the onboard power requirement from kW to MW

level [7]. Figure 4.1 shows the required power for different categories of aircraft. In the

MW-level class of aircraft, several challenges need to be addressed such as power-to-weight

ratio, compact system, low losses, and reliability. Traditional state of the art is not able to meet

this criterion and there is a need for the non-conventional system to address such challenge.

Superconductivity is a potential solution that provides a compact high power-to-weight ratio

with low losses for MW-class power systems, which is essential for aircraft applications

[120, 121, 122]. NASA N3-X is a turboelectric distributed propulsion (TeDP) concept whose

entire system is supported by the superconducting systems, which includes, a superconducting

power distribution system, and superconducting motors as propulsion units [123].
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Figure 4.1: Anticipated power requirement for different categories of aircraft [7].

4.2.1 Power distribution system and voltage standards in aircraft

The current power distribution system of aircraft has accepted a maximum value of voltage is

� 270Vdc. This voltage level is a standard practice in aircraft power systems. The criteria

for de�ning voltage standards are based on Paschen's Law, which determines the voltage

at which electrical discharge or arcing will commence between two metal plates in the air,

depending on the distance between the plates and the pressure. Typically, a minimum of 327

Vdc is required to cause a voltage breakdown for any given product of pressure and distance.

Consequently, the voltage levels in aircraft power systems are maintained below 327 Vdc. A

simpli�ed schematic of the aircraft power distribution system is shown in �gure 4.2.

The power system of aircraft adheres to the MIL-STD-704 standard, which de�nes the

voltage level, frequency, power factor, phase, and ripple for both DC and AC systems. The

AC power system consists of single and three-phase con�gurations with a grounded neutral

system. Typically, a �xed 400 Hz system is used, but the standard also allows for a variable

frequency and a double voltage system. A variable frequency system operates within a range

of 360 to 800 Hz and uses a 115/200 V system. The double voltage system is equipped with

240/400 V at a nominal 400 Hz frequency. The AC system is regulated based on speci�c
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Figure 4.2: Schematic of aircraft electrical power system [8].

characteristics de�ned for both normal and abnormal operating conditions [123]:

� Steady-state voltage

� Power factor

� Voltage phase

� Distortion factor

� Crest factor

� Voltage unbalance

� Voltage modulation

� DC component

� Frequency modulation

� Transient peak voltage

� Steady-state frequency

� Voltage and frequency recovery time

DC power system also follows MIL-STD-704 standard, a two-wire system is used with a
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28 or 270 V system. The characteristics used for DC system operation are:

� Steady-state voltage

� Voltage and frequency recovery time

� Transient voltage

� Distortion factor

� Distortion spectrum

� Ripple amplitude

4.2.2 Power distribution system of all-electric aircraft

For all-electric aircraft, the required power demand is signi�cantly higher than that of con-

ventional aircraft, often reaching the order of megawatts (MW). An example of a power

distribution system architecture for an all-electric aircraft is shown in �gure 4.3. As power

demand increases, the voltage level also increases to reduce conductor weight. However,

increasing the voltage level decreases the current level, but requires thicker insulation, which

in turn increases the weight of the conductor. Conventional conductors are not suitable for

such applications due to their low power-to-weight ratio and bulky size. In contrast, supercon-

ductors offer a high power-to-weight ratio and are compact in size. Superconductors operate

at cryogenic temperatures, where voltage breakdown is a function of temperature. At lower

temperatures, the breakdown voltage increases, potentially allowing for an increase in the

voltage level in the electric aircraft power system.

In the CHEETA project, a hydrogen fuel cell-based propulsion system is proposed, featur-

ing a drivetrain rated at 40 MW of power, with a voltage level of 1 kV and a current capacity of

40 kA [124]. The project compares three technical solutions for the aircraft power distribution

system: Cuponal(Cu0:15Al 0:85), Hyperconductor(Al 99:999%)and a superconductor-based

system(Y BaCuo or MgB2). Their analysis indicates that the superconductor solution is

superior to the others in terms of weight, heat loss, and protection risk.
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Figure 4.3: Example of an all-electric aircraft power distribution system with supporting
components.

4.3 DC transmission through superconductors

DC transmission is highly ef�cient when using superconductors, especially with bulk power

transmission [125]. DC transmission through superconductor offers almost no resistance

compare to AC transmission. In AC transmission there are ac losses in the superconductor

which makes the operation inef�cient [126, 127]. Due to this several superconducting

DC transmission systems have been installed worldwide, as shown in table 4.1. These

superconducting transmission systems have current ratings ranging from 1 kA to 20 kA and

voltage ratings from 1.3 kV to 80 kV. A list of the projects which ulitize HTS tapes to carry

DC current is mentioned in table 4.1, most of these systems are cooled with liquid nitrogen

and utilize YBCO and BSCCO materials to fabricate transmission cables. These projects

demonstrate that bulk power transmission through superconductors offers a small carbon

footprint with higher ef�ciency and reliability compared to existing power transmission

systems. Despite the high cost of superconductors the low losses in the transmission makes

the system cost effective for long run. As advancements in superconductor materials continue,
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Table 4.1: Projects of DC power transmission through superconductors [5].

Year Current (A)/
Voltage (kV)

HTS Mate-
rial

Location Ref

2017 20000 / 1 REBCO Germany [128]

2006 2200 / 20 BSCCO Japan [129]

2015 3250 / 80 REBCO Korea [130]

2012 10000 / 1.3 BSCCO China [131]

2014 20000 / - MgB2 Switzerland [132]

2018 2500 / 20 BSCCO Russia [133]

low voltage and high current systems are emerging. The Electric Power Research Institute

(EPRI) has set a target for future superconducting power transmission systems to achieve 100

kA, with an operating voltage of around 250 V or� 125V.

4.4 Superconducting busbar for electric aircraft

The DC distribution system is highly favoured in all-electric aircraft primarily due to the

advanced technical maturity of power converters, which effectively manage power �ow.

NASA proposed an electric distributed propulsion system [123], power is distributed to each

propulsion unit via individual converter, highlighting the critical need for a robust and ef�cient

power management system. Also in terms of power generation CHEETA project shows that

there may be multiple sources or locations of the fuel situated on board [124]. A similar kind

of power distribution system is illustrated in �gure 4.3.

A superconducting busbar is essential to integrate and manage multiple power sources and

propulsion units within the aircraft's power distribution system. A superconducting busbar

will transfer high power ef�ciently from power on-board sources to the loads/ propulsion

units. A superconducting busbar will carry the high current and distribute among the loads

based on the requirement, an illustration of a superconducting busbar is shown in �gure 4.4.

A conventional busbar used in a power distribution system is typically made from copper or
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Figure 4.4: Illustration of superconducting busbar with multiple HTS tapes stacked together
submerged in liquid nitrogen, and assembly enclosed in a cryostat [5].

aluminium. A busbar in a power distribution system carries current from the entire system

and distributes it to different loads. However, conventional busbars are not suitable for all-

electric aircraft applications due to their high weight, large size, and high losses. Therefore,

a superconducting busbar is required for this distribution system to carry and distribute the

current to the required loads ef�ciently.

4.4.1 Busbar solution comparison

In power distribution systems, a busbar is a critical component used to distribute current

ef�ciently to various loads. It is designed to handle high currents and can easily isolate loads

be using circuit breaker devices. A busbar acts as a point of intersection between source and

load and helps save the loads during fault conditions. A superconducting busbar is expected

to perform similar functions with enhanced ef�ciency and performance. Traditional busbars

are made from copper or aluminium, typically in the form of thick bars and current carrying

capacity depends upon the thickness of the bar. Copper and aluminium busbars are not suitable

for all-electric aircraft due to their high weight and occupying more space, due to this there is

a requirement to develop new technologies. Superconducting busbar is a potential solution for

high-current applications, to understand why superconducting busbar a superior solution for
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high current transmission is compared to copper and aluminium busbar a comparative study

has been done.

A comprehensive comparative analysis between high-temperature superconducting (HTS)

busbars and traditional copper and aluminium busbars is presented in table 4.2. This analysis

aims to illustrate why superconducting busbars are an ef�cient and advantageous solution for

all-electric aircraft propulsion systems. In this study, the author has used the highest current

ratings of copper and aluminium busbars available as single units. The maximum current

rating for a single copper busbar is 6.6 kA. ABB is a manufacturer of high-current copper

busbars, the data used in this study, was used from the ABB website [134]. For aluminium

busbars, the highest current capacity for a single unit is 2300 A. To make a fair comparison,

three aluminium busbars are used to match the current capacity of the copper busbar for

this study. For the superconducting busbar, 4 mm HTS tapes are used, each with a critical

current of 180 A. In total, 36 HTS tapes are used, achieving a combined critical current of

6500 A. This setup allows for a direct comparison of the three busbar solutions—copper,

aluminium, and HTS—each rated at approximately 6.5 kA. The comparison considers several

key parameters, including current carrying capacity, weight, size, and ef�ciency. All busbars

are evaluated at a temperature of 77K to ensure a consistent and fair basis for comparison. The

resistance values for copper and aluminium at 77K are obtained from [135]. The resistance of

the superconductor is calculated from the E-J power law.

The table not only highlights the superior current carrying capabilities of HTS busbars but

also underscores their signi�cant advantages in terms of weight and ef�ciency. Traditional

copper and aluminium busbars are heavier and less ef�cient, which makes them not suitable

for all-electric aircraft propulsion systems. The calculations provide a clear understanding

of why superconducting busbars are more advantageous than traditional busbars. Table 4.2

shows that the joule heat loss in superconducting busbars is signi�cantly lower compared

to copper and aluminum busbars. Additionally, the weight and the area of superconducting

busbars are also less, which is crucial for applications in all-electric aircraft where weight is a

critical factor.

The design of a superconducting busbar incorporates copper tapes in between HTS tapes,
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Table 4.2: Comparison of different busbar options.

Parameters at
77K

Copper busbar Aluminium
busbar (*3)

Busbar with HTS
tapes (IC = 180A)
(4mm) and Copper
tapes (4mm) sand-
wiched between HTS
tapes

Rated current (A) 6600 2300*3 6500

Total weight
(Kg/m)

25 8.09 0.374

Cross section area
(mm2)

2760 3000 45

Resistivity(
 m) 2:03� 10� 9 3:10� 10� 9 8:04� 10� 20

Resistance(
) 7:35� 10� 7 1:034� 10� 6 5:6 � 10� 13

Heat Loss (W/m) 30 (hot) 8.3 (hot) 2:405� 10� 5

Number of tapes N/A N/A HTS = 36, CU = 35

which serve two essential purposes. Firstly, the tapes introduce a gap between HTS tapes,

which helps to reduce the effect of self-�eld on critical current. This effect increases the

ef�ciency of the superconducting busbar and reduces the cost. Secondly, it enhances the fault

tolerance within the busbar design. Both these aspects are explored in further detail in this

thesis. The superior performance of HTS busbars over traditional copper and aluminium

busbars is evident from their reduced joule heat loss and lower weight. These attributes make

HTS busbars a more viable option for an all-electric aircraft power distribution system.

4.5 Conclusion

This chapter has provided an extensive overview of the crucial role that superconductivity will

play in the development of future electric aircraft. These next-generation aircraft's anticipated

power requirements highlight the signi�cant energy demands they will face as they transition

to fully electric propulsion systems. The chapter outlines the challenges of meeting these
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power requirements and the necessity for innovative solutions. The chapter contrasts the

established voltage standards of conventional aircraft with the potential new standards that

could be implemented for electric aircraft to ensure optimal performance and safety. At

present voltage standards, designed for traditional aircraft systems, is not suf�ce for the higher

power demands of electric aircraft. The discussion explores how new voltage standards could

better accommodate the electrical needs of these advanced aircraft, thereby enhancing their

ef�ciency and reliability.

Furthermore, this chapter provides a comparative analysis of copper, aluminium, and

HTS busbar solutions and demonstrates that superconducting busbars offer a highly ef�cient,

lightweight alternative to conventional busbars, making them an ideal choice for future all-

electric aircraft. Superconducting busbars are essential for handling high power ef�ciently,

with minimal energy loss and reduced weight compared to traditional busbars made from

materials like copper or aluminium. By exploring the power distribution challenges and the

potential of superconducting technology, this chapter lays the groundwork for understanding

the bene�ts of superconducting busbars for all-electric aircraft. In next chapter a design of

superconducting busbar is developed through modelling and experiments are conducted to

verify modelling results.
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5
Design assessment through modelling and

experimental analysis

5.1 Introduction

For high-current applications, multiple HTS tapes need to be grouped or stacked together in

parallel, as the critical current (IC) of a single HTS tape is limited to a few hundred amps.

A careful design is required for ef�cient operation, as the critical current of the HTS tapes

is affected by its magnetic self-�eld [136, 137, 138]. When multiple tapes are connected in

parallel, the stack's IC equals the sum of each individual tape's IC. However, the self-�eld

produced by the current �owing through these multiple HTS tapes cannot be ignored, and

this results in a decrease in overall critical current. Calculating the total critical currents of

the tape under speci�c operating conditions without considering the self-�eld effect leads to

an overestimation of the tape's critical current performance. The in�uence of the magnetic

self-�eld on the critical current depends on the number of HTS tapes connected in parallel

and the distance between them. The TA-formulation is applied to investigate the optimal

geometry and design for the superconducting busbar. This formulation is used to analyse

the impact of the gap between HTS tapes on self-�eld-dependent critical current and how to

reduce this self-�eld effect on critical current. The TA-formulation is also used to develop an
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electromagnetic model of a superconducting busbar; with this model, a study is conducted

to assess the design of the busbar. It is observed from the electromagnetic model that, in a

multiple HTS tapes design, adding a gap between HTS tapes helps to reduce the effect of

self-�eld on critical current. In this chapter, based on modelling results, the superconducting

busbar prototype is developed and tested.

5.2 2-D simulation of superconducting busbar

5.2.1 TA-formulation

The electromagnetic behavior of the superconducting busbar is predicted using TA-formulation.

This mathematical model employs Maxwell's equations to develop an electromagnetic model.

This method was initially introduced by Zhanget al [139, 140]. T-A model primarily relies on

the thin strip approximation and involves solving two state variables: calculating the current

vector potential (T) within the superconducting layer and determining the magnetic vector

potential (A) throughout the entire space. The two state variables, T and A, are utilized

to compute the current density (J) and the magnetic �ux density (B) with the help of the

following equations [9].

J = r � T (5.1)

B = r � A (5.2)

The E-J power law is applied to model the resistivity of HTS tapes by coupling the local

electric �eld with local current density exclusively within the superconducting domain.

E = Ec
J

Jc(B )

�
J

Jc(B )

� n� 1

(5.3)

Here,Ec is electric �eld criteria1�V=cm, Jc is �eld-dependent critical current density,

and n is superconducting n-value which also depends upon the magnetic �eld.
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In the HTS domain Maxwell-Faraday's law is implemented with the following equation.

r � E = �
@B
@t

(5.4)

Maxwell-Ampere's law is implemented in the whole domain and solved with:

r � r � A = � 0� r J (5.5)

Where� 0 represents the magnetic permeability of free space, and� r denotes the relative

permeability, respectively.

The current density is linked to the A formulation through the application of an external

surface current density,Je.

Je = J:d (5.6)

where d represents the thickness of the HTS tape.Je is applied to the tape in units of

Am � 1 to account for the thin strip approximation, effectively disregarding the thickness of

the HTS layer.

The transport current that �ows through the superconductor is introduced at the terminals

of the tape. This can be depicted as the integral of the current density across the conductor's

cross-section.

I =
ZZ

S
J dS =

ZZ

S
r � T ds =

I

@S
T ds: (5.7)

Here, S denotes the cross-sectional area of the conductor, while@Sindicates the boundary

edges of that cross section.

5.2.2 2D TA-Formulation

The high aspect ratio of 2G HTS tapes, simulating the entire surface demands extensive

computation time. The T-A formulation addresses this challenge by implementing the thin

strip approximation for the tape. This method of simpli�cation effectively reduces the HTS
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Figure 5.1: T is calculated solely within the superconducting domain (indicated by black
lines), whereas A is determined throughout the entire area. The HTS tape's thickness is
simpli�ed into a superconducting layer, depicted as a 1D line element. The current is applied
through boundary conditions at the tape's edges, T1 and T2 [9].

tape's surface area to a thin sheet, making the simulation process more ef�cient, as illustrated

in �gure 5.1.

Consequently, the current �ows solely within the superconducting sheet, with T being

constrained to the component that is perpendicular to the tape. The current vector potential

is thus expressed asT·n, where n is the normal vector perpendicular to the tape's wide face,

represented in both Cartesian n =[nxnynz]T and cylindricaln = [ nr n' nz]T coordinates. In a

2D perspective, the HTS tape's surface element is simpli�ed to a 1D line element, allowing

equation (5.1) to be reformulated as.

Jz =
@(T:ny)

@x
�

@(T:nx )
@y

(5.8)

in Cartesian coordinates, or for problems with axial symmetry, in cylindrical coordinates

as

J ' =
@(T:nr )

@z
(5.9)
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Equation (5.9) describes a general case for a con�gured tape where the current �ows in

the' direction, reducing the current vector potential toT·nr . Moreover, when Faraday's law

is applied, equation (5.4) can be streamlined to,

2

6
6
6
6
4

@EZ
@y

�
@EZ
@x

3

7
7
7
7
5

:n +

2

6
6
6
6
4

@Bx
@t

�
@By
@t

3

7
7
7
7
5

:n = 0 (5.10)

�

�
@E'
@Z

�
:n +

�
@Br
@t

�
:n = 0 (5.11)

A transport current, as speci�ed in equation (5.7), can subsequently be introduced to the

tape's edges using.

I = ( T1 � T2)� (5.12)

where T1 and T2 represent the current vector potentials at the respective edge points, and

� denotes the thickness of the superconducting tape.

5.2.3 FEA model of superconducting busbar

The superconducting busbar numerical model is developed with the help of Maxwell's

equations using the TA-Formulation. COMSOL Multiphysics AC-DC module software is

used to develop the model. This approach simpli�es by only considering the superconducting

layer, which is reasonable due to its signi�cantly low resistivity compared to other layers

of the coated conductor. This approach reduces calculation time while maintaining good

accuracy when simulating the electromagnetic characteristics of 2G HTS stacks.

One signi�cant limitation of the other formulations, such as the H formulation, is there

computational ef�ciency, particularly when dealing with systems that incorporate a substantial

number of superconducting tapes. This issue becomes particularly pronounced with HTS

coated conductors, which are characterized by a large width-to-thickness ratio of the super-

conducting layer. This speci�c attribute greatly increases the total number of degrees of
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freedom (DOF) required to accurately model the system, making the computational process

more demanding.

The T-A formulation has recently proven to be an effective alternative for modeling

such complex systems [141]. The T-A approach simpli�es the representation of HTS coated

conductors by treating the superconducting layer as an in�nitely thin sheet. This simpli�cation

allows for the assumption that changes in electromagnetic properties across the thickness of

the superconducting layer can be largely disregarded, thereby reducing the computational load

and enhancing the model's ef�ciency. This makes the T-A formulation particularly suitable

for applications involving large arrays of HTS coated conductors, where traditional methods

might struggle with scalability and speed.

Geometry description

A 2D model of a superconducting busbar is developed using the TA formulation, similar to

the approach taken by Zhang et al. [139] as explained in the previous section. The model

includes HTS tapes and is assumed to be in�nitely long along the z-axis. This modelling

approach is based on thin strip approximation. This model allows us to solve T (current vector

potential) within the superconducting domain and A (magnetic vector potential) throughout

the entire domain. Figure 5.2 shows the geometry implemented in COMSOL.

The thin strip approximation reduces the surface area of the HTS tape, this helps to

solve the high aspect ratio problem. This helps to reduce the mesh size and speed up the

computation process. The mesh structure is shown in �gure 5.3.

5.2.4 2D FEA modelling analysis

The superconducting busbar model has been developed. The design focuses on reducing the

effect of the self-�eld on critical current to enhance the ef�ciency of the superconducting

busbar. The critical current of a superconductor depends on the self-�eld (s.f); as the applied

current begins to �ow through the superconductor, it generates a magnetic �eld. As the

applied current increases, the �eld also increases correspondingly. As the self-�eld increases,
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Figure 5.2: Schematic of HTS busbar model. This model considers HTS tape as an HTS layer,
multiple such layers are modelled in parallel. The superconducting busbar contains 20 HTS
tapes.

Figure 5.3: Schematic of HTS busbar model with mesh structure. Finalized geometry has 1
domain and 24 boundaries. The whole domain consists of 5126 domain elements.

the critical current begins to decrease. This effect becomes more pronounced in designs

involving multiple tapes and high magnitude of the current. Introducing a gap between HTS
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Table 5.1: Parameters used in modeling of HTS busbar.

Parameter 5 HTS tape 10 HTS tape 20 HTS tape

Critical current of
each Tape

100 100 100

Applied current 0.5 kA 1 kA 2 kA

Operating temper-
ature

77K 77K 77K

Thickness of HTS
tape

1 �m 1 �m 1 �m

Gap between HTS
tapes

1 �m , 100 �m , 1
mm

1 �m , 100 �m , 1
mm

1 �m , 100 �m , 1
mm

Critical current 465A, 471A,
490A

838A, 878A,
969A

1396A, 1575A,
1920A

tapes reduces the effect of the self-�eld on the critical current in multiple tape designs. A

comparison is made by varying the gap between HTS tapes and the number of HTS tapes in

the design to understand the effect on critical current. Three designs, each with 20, 10, and 5

HTS tapes and gaps of 1�m , 100�m , and 1mm between the tapes, are compared.

Effect of gap between HTS tapes on self-�eld

Nine electromagnetic model results are compared to observe the effect of the gap on the

self-�eld. As critical current depends on the self-�eld, this analysis demonstrates how a

design using multiple HTS tapes can be used for high-current transmission applications. The

parameters used in the modelling is shown in table 5.1.

In the �rst design gap between HTS tapes is 1� m, with 1� m gap three models run with 5,

10, and 20 HTS tapes, as shown in �gure 5.4. The second design also has the same number

of HTS tapes but with a 100� m gap between them, and the effect on the �eld due to this

gap is shown in �gure 5.5. The third design maintains the same number of HTS tapes, but

the gap between them is increased to 1 mm. The results clearly show that in a multiple-tape

busbar design, the magnitude of the �eld generated depends on the gap between the HTS
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tapes. As �gures 5.4, 5.5, and 5.6 demonstrate, increasing the gap between the HTS tapes

decreases the magnitude of the self-�eld generated by the busbar. The effect of the self-�eld

also depends upon the number of HTS tapes in the superconducting busbar, as the number

of HTS tapes increases in the busbar the self-�eld also increases. The critical current of the

superconducting busbar depends on the self-�eld. Simulation analysis shows, that an increase

in the gap between HTS tapes reduces the magnitude of self-�eld. Adding a gap between

HTS tapes in multiple tape busbar design can enhance the ef�ciency of the superconducting

busbar design.

(a) 5 HTS tapes, with 1µm gap between HTS
tapes.

(b) 10 HTS tapes, with 1µm gap between HTS
tapes.

(c) 20 HTS tapes, with 1µm gap between HTS
tapes.

Figure 5.4: Field distribution generated by HTS busbar with 5, 10, and 20 HTS tapes with a
gap of 1�m .
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(a) 5 HTS tapes, with 100µm gap between
HTS tapes.

(b) 10 HTS tapes, with 100µm gap between
HTS tapes.

(c) 20 HTS tapes, with 100µm gap between
HTS tapes.

Figure 5.5: Field distribution generated by HTS busbar with 5, 10, and 20 HTS tapes with a
gap of 100�m .

Effect of the gap between HTS tapes on critical current

The critical current of the superconducting busbar depends upon the self-�eld, it is explained

in the previous section how the �eld generated due to the current through the HTS tapes can

be reduced. Current distribution is calculated with the equation (5.1), and magnetic �eld

distribution can be calculated through equation (5.2). Critical current is calculated through

equation (5.13), delta is 1�m , thickness of the HTS tape andJc is the �eld-dependent critical

current density and IC is critical current of HTS tape.
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(a) 5 HTS tapes, with 1 mm gap between HTS
tapes.

(b) 10 HTS tapes, with 1 mm gap between HTS
tapes.

(c) 20 HTS tapes, with 1 mm gap between HTS
tapes.

Figure 5.6: Field distribution generated by HTS busbar with 5, 10, and 20 HTS tapes with a
gap of 1 mm.

Z
Jc � delta = IC (5.13)

The same models discussed in the above section are used to assess the impact of the gap

between HTS tapes on �eld-dependent critical current. The �rst design features a 1� m gap

between HTS tapes. With this gap, three models are run with 5, 10, and 20 HTS tapes, as

illustrated in �gure 5.7. This �gure depicts the relationship between the applied current and

the �eld-dependent critical current. As the applied current increases, the self-�eld, which is

a function of the applied current, also increases. Consequently, the �eld-dependent critical
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Figure 5.7: Field dependent critical current w.r.t applied current with 1�m gap between HTS
tapes

current begins to decrease as the applied current rises. The critical current depends on the

number of HTS tapes and the magnitude of the current. It is evident from �gure 5.7 that with

a lower magnitude of current and fewer tapes, the effect of the self-�eld on the critical current

is less pronounced. However, in designs using high current and multiple tapes, the impact on

the �eld-dependent critical current is high.

Figure 5.8 shows the relationship between the �eld-dependent critical current and the

applied current when the gap between HTS tapes is 100� m. The results in �gure 5.8 indicate

that the �eld-dependent critical current is higher compared to that in �gure 5.7. This increase

is due to the larger gap between the HTS tapes, which reduces the magnitude of the �eld, as

shown in �gure 5.5.

In �gure 5.9, the results for a superconducting busbar with 5, 10, and 20 HTS tapes

with a 1 mm gap between the tapes are shown. Compared to �gures 5.7 and 5.8, the �eld-

dependent critical current is higher, due to the further increased gap. Table 5.1 compares the

�eld-dependent critical current resulting from different gaps between HTS tapes. The results

indicate that for high-current transmission applications where multiple HTS tapes require,

increasing the gap between the tapes enhances the ef�ciency of the design. This also makes

the design more cost-friendly due to the high cost of HTS tapes.
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Figure 5.8: Field dependent critical current w.r.t applied current with 100�m gap between
HTS tapes

Figure 5.9: Field dependent critical current w.r.t applied current with 100mm gap between
HTS tapes

5.3 Experimental validation and analysis

To verify the observations from the modelling, a prototype has been developed and tested in a

laboratory. Details of the superconducting busbar mechanical design, process of prototyping,

and experimental results are discussed in this section.
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5.3.1 Geometric description and prototyping process of the supercon-

ducting busbar

In this study, a design of a superconducting busbar prototype has been developed and tested.

The tests con�rm that the design effectively reduces the effect of self-�eld on critical current.

Shanghai second-generation YBCO HTS tape with a critical current of 100 A and a thickness

of 53 � m is used for the prototyping. The stack technique is employed in the development

of the prototypes. The importance of adding a gap between HTS tapes, which was observed

from the modelling, is implemented by adding a copper thickness of 100� m between the

HTS tapes. Figure 5.10 shows the schematic of the superconducting busbar. The prototype

uses 10 HTS tapes with 9 copper tapes, copper tapes are inserted in between HTS tapes to

create a gap between the HTS tapes, as illustrated in �gure 5.10. The parameters used to

design the HTS busbar are listed in table 5.2.

In this thesis, a copper tape with a thickness of 100� m was used. This speci�c thickness

was selected to validate that introducing a gap between HTS tapes can lead to an increase in

the critical current. Additionally, the use of copper in the design plays a signi�cant role in

enhancing the fault tolerance of the system. By incorporating copper, the system becomes

more robust, providing additional safety and resilience under fault current conditions, which

would not be the case if other material were used, such as aluminum. Also, copper is easy to

solder compared to other metals like aluminum. The choice of 100� m thickness is used for

proving the concept. The copper thickness can be adjusted to suit different fault current levels

depending on the requirements of the system. This �exibility is crucial for adapting the design

to various operational conditions, particularly as there are no established standards for current

and voltage levels in all-electric aircraft systems. Given the experimental nature of this work,

100� m thick copper was deemed an appropriate starting point for the busbar prototypes. It

provides a balance between feasibility and functionality, enabling a clear demonstration of

the bene�ts of introducing a gap between HTS tapes and utilizing copper to improve system

reliability. Future work can explore varying copper thicknesses to optimize performance for

speci�c applications and fault current scenarios.
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Table 5.2: Parameters used in HTS Busbar Prototyping.

Parameter HTS busbar

Number of HTS tapes 10

Width of HTS tape 4 mm

Critical current of HTS tape 100 A

Thickness of HTS tape 53 �m

Number of copper tapes 9

Width of copper tape 4 mm

Thickness of copper tape 100�m

Figure 5.10: (a) Schematic design of superconducting busbar. (b) Prototype of superconduct-
ing busbar with 10 HTS tapes and 9 copper tapes sandwiched between HTS tapes.

Prototyping process for superconducting busbar

The HTS busbar prototyping process involves multiple steps. After multiple trials, the author

of this thesis concluded that the best way to implement this process is explained here:

Step 1:Select the HTS tape based on your application requirements. Ensure that when

selecting an HTS tape, the outer layer is made of a material that can easily be soldered with

other tapes. In this work, the author has used HTS tape with an outer layer of copper.

Step 2: Treat the HTS and copper tape surfaces with �ux to remove oxidants from the

surface and to help spread the solder evenly across the surface of both the HTS and copper

tapes.
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Figure 5.11: Unit Module of the HTS Busbar: Multiple modules are stacked and soldered
together to assemble the complete busbar.

Figure 5.12: All modules hold together with Kapton tape before soldering together.

Step 3: Coat the entire surface of HTS tape with Pbsn solder and then treat again with

�ux.

Step 4:After coating HTS with a soldering layer make modules, each module contains

one HTS tape and one copper tape as shown in �gure 5.11.

Step 5: Stack all the unit modules and tie them tightly together with Kapton tape, as

shown in �gure 5.12.

Step 6: Place the assembly in the former; in this case, a copper former is used. Ensure

that mechanical pressure is exerted on the assembly through the former.

Step 7:Place the former in a preheated oven at 210°C and let the assembly bake for 20
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Figure 5.13: Oven used to melt the solder.

minutes. The oven used to bake the samples to melt the solder is shown in �gure 5.13.

Step 8: Remove the sample from the oven and let it cool to room temperature before

removing the assembly from the former.

Step 9: Once the sample cooled to room temperature and separated from the copper

former, remove the Kapton tape from the busbar.

5.3.2 Experimental setup and results

Experimental setup

The schematic of the setup used to conduct experiments is shown in �gure 5.14, and the

photograph of the laboratory equipment is shown in �gure 5.15. Experiments are conducted

in a liquid nitrogen (LN2) environment with an open bath cryostat. A DC power supply

drives current through the prototype, the current is measured through a shunt, and voltage is

measured through voltage taps. An NI (National Instruments) LabVIEW interface is used for

real-time data acquisition. A brief explanation of the equipment used in the experiments is

provided here in this section.
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Figure 5.14: Schematic of experimental setup.

Figure 5.15: Experimental setup used for the experiments.

Power supply

The TDK-Lambda Genesys+ GSP10 DC power supply is used for the experiments. The DC

power supply is a programmable switching power supply, with a low-voltage and high-current

output which is desirable for superconducting applications. This power supply operates
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with a 3-phase input and accommodates an AC input voltage range from 342 to 460 Vac,

making it adaptable to various power networks. It also supports an input frequency range

from 47 to 63 Hz. The power supply offers a rated output voltage of 10 Vdc and allows

adjustments from 0 to 10 Vdc, with a maximum rated output current of 1000 A. The power

supply provides an output power of 10 kW and maintains high ef�ciency at89:5%. It ensures

minimal disturbance in sensitive environments with a voltage ripple noise of 0.008 Vrms and

a current ripple noise of 1.2 Arms, both measured from 5 Hz to 1 MHz. The power supply

is controlled via its communication channel through a host system. The host system uses

LABVIEW software to control and monitor the power supply operation.

Data acquisition system

For data acquisition National Instruments (NI) cDAQ-9174 chassis and NI-9238 module

is used. The cDAQ-9174 chassis supports a range of functionalities determined by the C

Series I/O modules used. It boasts an analog input FIFO size of 127 samples per slot, with a

maximum sample rate and number of channels supported depending on the speci�c C Series

I/O modules. Its timing accuracy is 50 ppm of the sample rate, and it offers a timing resolution

of 12.5 ns. For analog output, the chassis allows up to 16 channels with hardware-timed tasks

and supports both non-periodic and periodic waveform regeneration modes from onboard

memory or the host buffer. The output FIFO (�rst in �rst out) size for onboard regeneration is

8,191 samples shared among channels used, and for non-regeneration tasks, it is 127 samples

per slot. Additionally, it can handle a maximum update rate of 1.6 MS/s (mega sample per

second) for multi-channel aggregate in the regeneration mode.

On the other hand, the NI-9238 module; features four analog input channels with a

delta-sigma ADC providing 24-bit resolution. The module supports simultaneous sampling

with a data rate range from 1.613 kS/s to 50 kS/s using an internal master time base, and

from 390.625 S/s to 51.36 kS/s with an external master time base. It also offers robust input

voltage ranges and protections, ensuring reliability and durability across various operating

conditions from -40°C to 70°C. This combination of detailed technical speci�cations and

�exible operational parameters makes the Compact DAQ system highly suitable for data
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acquisition and monitoring applications.

Voltage and current measurement

Voltage measurementFor voltage measurement, a 26 AWG twisted wire is used. Crocodile

clips attached to this wire make it easy to use. The wire is twisted to reduce electromagnetic

noise and improve signal quality during voltage measurement. The crocodile clips provide

better quality and more consistent readings compared to soldering the wire directly to the

sample for voltage measurement. The crocodile clips are attached directly to the supercon-

ducting busbar. The combination of twisted wire and crocodile clips increases the reliability

and accuracy of the voltage measurements.

Current measurementA shunt is used for current measurements, an electrical shunt is

a device designed to allow current to either pass through or be diverted around a particular

point in a circuit by creating a low-resistance path. Electrical shunts are commonly used to

measure the �ow of DC current.

Ohm's law is applied as follows:

V=I×R

This formula calculates the voltage (V) across a resistance (R in ohms), generated by the

current (I in amps) �owing through that resistance.

To measure the voltage drop across a shunt, incorporate a shunt into a circuit speci�cally

set up for measuring current. By evaluating the resistance of the shunt, the current can be

calculated based on Ohm's law. This principle is also useful in calibrating the resistance of

the shunt to ensure accurate current measurements.

5.3.3 Experimental result

Experiments were conducted to observe the effect of the gap on the critical current of the

superconducting busbar. Four prototypes were prepared for testing and comparison. Out of

the four, two prototypes use only HTS tapes, with 10 and 5 HTS tapes comprising the busbar

samples. In the other two prototypes, copper (Cu) tapes are inserted between the HTS tapes
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Figure 5.16: Applied current to the superconducting busbar.

to introduce a gap; these prototypes consist of 10 HTS tapes with 9 copper tapes and 5 HTS

tapes with 4 Cu tapes, as shown in �gure 5.12. The setup used to perform the critical current

test is depicted in �gure 5.14. A DC power supply pushes the current into the HTS busbar

samples, through copper terminals. Copper terminals are used to connect the HTS busbar

sample to the power supply. The copper terminals are also immersed in liquid nitrogen to

reduce the heat leak between terminals and the superconducting busbar sample. The current

generated through DC power supply, which is applied to the superconducting busbar sample,

is depicted in �gure 5.16.

The 1� V/cm criterion is used to measure the critical current, as shown in �gure 5.17, and

�gure 5.18. The results show that the superconducting busbar design with only HTS tapes

has a lower critical current compared to the busbar that includes both HTS and copper tapes.

The V-I characteristics in �gure 5.17, and �gure 5.18 indicate that current �ows only through

the HTS tapes; no current �ows through the copper tape. Given that the V-I characteristic

of copper is linear in nature, it can be concluded that the current �ows only through the

superconductor during a steady state. Results show that adding a gap between HTS tapes

helps to increase the �eld-dependent critical current and makes the design more ef�cient.

Figure 5.18 shows that, compared to �gure 5.17, where both the HTS tapes and the applied
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Table 5.3: Comparative analysis of parameters and experimental outcomes.

Parameter 10 HTS tapes 10 HTS and 9 Cu tapes

Number of HTS tapes 10 10

Width of HTS and CU tape 4 mm and NA 4mm and 4mm

Critical current of one HTS
tape

100 A 100A

Number of copper tapes NA 9

Thickness of copper tape NA 100�m

Critical current 720 A 840 A

Parameter 5 HTS tapes 5 HTS and 4 Cu tapes

Critical current 460 A 480 A

Figure 5.17: V-I Characteristics of HTS Busbar Samples: Comparison Between 10 HTS Tapes
Alone and 10 HTS Tapes with 9 Copper Tapes [10].

current are doubled, the effect of self-�eld on critical current is less pronounced. It shows

that the effect of self-�eld on critical current increases with the increase in current and the

number of HTS tapes. For high-current applications where multiple HTS tapes are required,

this effect cannot be neglected. Therefore, the approach of adding gaps is more suitable for

high currents with multiple tape design, as shown in table 5.3.
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Table 5.4: Comparative analysis of simulations and experiments.

Busbar design Critical current
(A)

Critical current
(A)

(Simulated) (Experimental)

HTS tapes (5) without gap 465 460

HTS tapes (5) with gap in between 471 480

HTS tapes (10) without gap 838 720

HTS tapes (10) with gap in between878 840

The experimental results align closely with the simulation results, as shown in table 5.4.

However, the observed differences in the critical current values, are due to several factors that

I have not included in the modelling. The simulation provides an approximation of the critical

current and helps to understand the electromagnetic behavior of the superconducting tape.

The simulation model does not have the metallic layers in the HTS tape. These metallic layers,

often included for mechanical support or stabilization, introduce additional complexities that

impact the critical current in experimental conditions. Another signi�cant factor contributing

to the discrepancies is terminal resistance. In the experimental setup, terminal resistance

generates additional losses when current �ows from copper terminals to the superconducting

busbar. These losses are not modeled in the simulation, leading to a slight overestimation

of the critical current in the simulated results. Additionally, the soldering layers, which are

essential for connecting the HTS tapes, also produce losses that are not considered in the

modelling. These layers, though seemingly minor, can have a cumulative effect on the overall

performance of the system. Thus, while the modelling provides a valuable approximation and

predictive tool for analyzing the critical current, the absence of these factors in the simulation

introduces a gap between the theoretical and experimental outcomes.
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Figure 5.18: V-I Characteristics of HTS Busbar Samples: Comparison Between 5 HTS Tapes
Alone and 5 HTS Tapes with 4 Copper Tapes [10].

5.4 Conclusion

This section explores an superconducting busbar design for high-current transmission ap-

plications. The critical current of a single HTS tape is limited to a few hundred amps; for

high-current transmission, multiple HTS tapes need to be connected in parallel. The electro-

magnetic model of the superconducting busbar has shown that in the designs where multiple

HTS tapes carry high currents, there is a decrease in critical current due to the self-�eld.

This effect intensi�es as the number of HTS tapes and the current passing through them

increases. This effect not only reduces the ef�ciency of the busbar but also increases costs

since more HTS tapes are needed to enhance the busbar's capacity. An effective method has

been implemented to mitigate the effect of the self-�eld on critical current by introducing gaps

between the HTS tapes. This gap is added between the HTS tapes in the busbar assembly is

through the copper tapes. The results demonstrate that adding a gap with copper between the

HTS tapes can decrease the effect of self-�eld on critical current. The results show that the

current �ows only through the superconducting tapes during a steady state, with no current

�owing through the copper tape. This design enhances the ef�ciency of the superconducting
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busbar. The design con�guration is also modular and can be adapted based on application

requirements.
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6
Validation of fault-tolerant busbar design

through modelling and testing

6.1 Introduction

High-temperature superconductors (HTS) are renowned for their high current-carrying capac-

ity and almost negligible losses while carrying DC current. These advantageous properties

make them suitable for high-current applications such as busbars [142, 143, 144, 145]. Super-

conductivity in superconductors is maintained if they are operated within certain temperature,

�eld, and current density limits; exceeding any of these parameters causes the superconductor

to lose its superconducting state. The E-J power law describes how the resistivity of the

superconductor sharply increases if the applied current exceeds the critical current. This

increase in resistivity leads to heat loss, which can damage the superconductor. For reliable

and safe operation, busbar design should incorporate fault tolerance capabilities.

This chapter proposes a fault-tolerant superconducting busbar design that can ride through

the fault or transient event. Commonly, copper is used as a stabilizer to carry the excess

current during such events. As discussed in the previous chapter, the author has used copper

tapes to introduce a gap between HTS tapes, enhancing fault tolerance in the superconducting

busbar design. This chapter explores the working mechanism and the results of testing the
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superconducting busbar against fault currents.

6.2 Fault-tolerance mechanism

When the applied current in an HTS tape exceeds the critical current, an exponential change

in resistance can be observed. This change occurs because the current starts diverting from

the superconducting layers to associated layers. Superconductor tapes consist of 5-6 different

layers, as shown in section 3.2. During the superconducting state, current �ows through the

superconducting layer. However, as the current through superconducting layer exceeds the

critical current, there is an exponential increase in resistance within the superconducting layer,

and the current begins to divert to other layers of the HTS tape, whose resistance is lower at

that time compared to the superconducting layer. As the current diverts from one layer to

another, a voltage also begins to appear, which is required to push the current through the

HTS tapes due to the increased resistance. This resistive behavior of the superconductor can

be predicted using the E-J power law, as expressed in equation 6.1.

� sc =
E0

Jc

�
J
Jc

� (n� 1)

(6.1)

Here J is the current density andJc is �eld dependent current density,E0 is electric �eld

criterion(1�V=cm).

Fault mitigation

For regular cables, the common fault scenario involves a short circuit, and design guidelines

for this are outlined in the IEC 60364-5-54 standard. As far as the authors are aware, there are

currently no published guidelines for fault scenarios speci�cally tailored to superconducting

cables. However, it's worth noting that an IEC standard for testing AC superconducting power

cables is currently in the drafting phase.

ReBCO tapes have high intrinsic electrical resistivity during the normal conducting state.

ReBCO offers high electrical resistance during fault events, leading to high joule heating
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during such events, which can potentially damage the cables. A parallel low-resistance

stabilizer can be used to control the heat in�ux and divert the extra current during the fault

event into the stabilizer. For this, joule heat can be calculated through:

Qjoule = R(T) � I 2
fault (6.2)

R(T), is the temperature-dependent resistance of the stabilizer.

Temperature rise during fault event due to high current in stabilizer can be predicted

through adiabatic energy balance

A:L
Z Tstart

Tend

c(T) dT =
Z 0

t fault

� el(T):L
A

: I 2
fault dt (6.3)

Here, A is the cross-section area of the stabilizer, with length L, speci�c resistivity of the

stabilizer is� el(T), heat capacity of stabilizer is c(T), and maximum temperature isTend.

A ReBCO cable was tested against a fault current of 31500 A for 2 s (as referenced in

[146]). During the fault test, the majority of the current �ows through the stabilizer. The

cross-sectional area of the used stabilizer is 600mm2, and the temperature starts at 77.3 K

and ends at 80 K.

Working of fault tolerance mechanism

As the current diverts from one layer to another, a parallel path helps carry the extra current and

prevents permanent damage to the HTS. The workings of the fault tolerance mechanism are

illustrated in �gure 6.1. During a steady state, current �ows only through the superconducting

layer, where the resistance is lowest, allowing the current to follow the path of least resistance.

Figures 5.17 and 5.18 show the V-I curve of a superconducting busbar during steady state,

with a linear V-I curve for copper, indicating that during steady state, current �ows only

through the superconducting tape. When the applied current (I) is less than the critical current

(IC), the current �ows solely through the HTS tape(I HT S ). If I exceeds IC, the resistivity

of the HTS tape increases compared to that of the copper tape, and current begins to �ow

through the copper stabilizer tape, as shown in �gure 6.1. This con�guration where copper is
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Figure 6.1: Working mechanism of busbar during steady state and fault state[10].

added between HTSt tapes, helps the superconducting busbar ride through the fault events

and protects the HTS from burning. The copper tapes in between HTS tapes also increase the

surface area of the superconducting busbar, which helps to remove heat during fault events

more ef�ciently.

6.3 Modeling analysis of fault ride-through capability

6.3.1 2D H-formulation

To understand the current sharing among different tapes of superconducting busbar, during

both fault (or transient) states as well as steady state, an electromagnetic model was de-

veloped using the H-formulation. COMSOL Multiphysics software with AC-DC module

was used to develop the model, which is based on the solutions to Maxwell's equations

[147, 148, 149, 150, 151, 152]. The electromagnetic model is divided into two domains: the

superconducting domain and the air domain. In the H-formulation, other metal layers apart

from the superconducting layer are also de�ned. A set of differential equations de�ned for

each domain is linked through the same dependent variables. The model uses the following

equations:
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B = � 0H (6.4)

this is implemented across the entire domain, which includes both the superconducting

and air domains, where Maxwell's equation used in the model is:

r � E = �
dB
dt

= � � 0
dH
dt

(6.5)

r � H = J (6.6)

E-J power law is implemented with the following equation:

E = E0

�
J

J0(B )

� n� 1 J
Jc

(6.7)

E0 is the electric �eld criteria, given by10� 4V m� 1 to de�ne the critical current of the

superconductor.Jc is the current density.

H-formulation in 2D cartesian coordinates

he 2D Cartesian model is considered to be in�nitely long along the z-axis, and thus the HTS

tape model is also considered to be in�nitely long in the z-axis. The input current densityJ in

the superconductor �ows in the z-axis direction, as shown in �gure 6.2. The electric �eld also

moves along the z-axis, which determines the resistivity withEz = �J z, and the magnetic

�ux lies in the x-y plane.

Ampere's law is de�ned as:

Jz =
@Hx

@x
�

@Hx

@y
(6.8)

For cartesian coordinates useH = [ Hx ; Hy] andE = Ez into Faraday's law:

2

4
@Ez
@y

� @Ez
@x

3

5 = � � 0� r

2

4
@Hx
@t

@Hy

@t

3

5 (6.9)
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Figure 6.2: Schematic of HTS in a �nite element model using H-formulation

E � J power law can be expressed as:

Ez = E0

�
J
Jc

� n

(6.10)

Substitute equation (6.10) and (6.8) in equation (6.9):
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Equation (6.11), is a partial differential equation with two dependent variablesHx , Hy.

With a suitable boundary condition, this equation can be solved with COMSOL FEM software.

6.3.2 Geometrical Overview of 2D FEA Model for Superconducting

Busbar

This section describes the geometry of the 2D superconducting busbar developed through a

2D electromagnetic model. The model contains 2 HTS tapes with one copper tape in between

the HTS tapes, as shown in �gure 6.3. All the associated metal layers of the HTS tape are
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Figure 6.3: Schematic of 2D superconducting busbar model with 2 HTS tapes and 1 copper
tape

Table 6.1: Parameters used in 2D model for H-formulation.

Parameter HTS tapes

Number of HTS tapes 2

Critical current of one tape 100 A

Thickness of copper layer 20 �m

Thickness of silver layer 2 �m

Thickness of substrate 0.2 mm

Thickness of ReBCO layer 1�m

Parameter Copper tapes

Number of copper tape 1

Thickness of copper tape 100�m

also modelled, as depicted in �gure 6.3.

The model facilitates the examination of the superconducting busbar's performance under

both steady-state and transient conditions. Through modelling analysis, the author has gained

insight into the current distribution patterns during steady-state operation and fault conditions.

The parameters utilized for modelling are detailed in table 6.1.
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Figure 6.4: Applied current and current in each tape during steady state.

6.3.3 Modelling result analysis

Two models are implemented: one simulating steady-state operation and the other simulating

fault-state operation. In the steady-state model, the applied current is less than the critical

current, whereas in the fault-state model, the applied current exceeds the critical current. The

results of both models are explained here:

Steady state mode:

In the steady-state model, the applied current is 200A, while the critical current of an HTS tape

is 100A. Since the model uses 2 HTS tapes, the total critical current is 200A. In this scenario,

the applied current does not exceed the critical current, indicating a steady-state operation.

Current �ows through the HTS tapes during steady-state operation, as the resistance of HTS

tape in steady state, is lower than that of the copper tape, as depicted in �gure 6.4. No current

�ows through the copper tape as shown in �gure 6.4.

The critical current of the busbar is depicted in �gure 6.5. This graph illustrates that the

critical current and applied current curves almost coincide but do not intersect. When the ap-

plied current curve does not cross the critical current curve, it indicates that the superconductor
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Figure 6.5: Critical current w.r.t applied current during steady state.

remains in its superconducting state.

Fault state mode:

In the fault-state regime, the applied current exceeds the critical current. During a fault state,

when the applied current surpasses the critical current, the resistance of the HTS increases,

resulting in higher power losses and potential damage to the superconductor. A parallel-

connected stabilizer aids in carrying the excess current and enables the superconductor to

ride through the fault events. Figure 6.6 illustrates the current distribution through each tape

during the fault event. For the fault test, an applied current of 400 A was utilized, while the

total critical current of both tapes is 200 A, as shown in �gure 6.6. The applied current w.r.t

to critical current is shown in �gure 6.6, the applied current is 2 times compared to the critical

current creating a fault condition.

As the critical current of each HTS tape is 100 A, if the applied current surpasses 100

A, resistance will begin to be generated in the HTS tape and current will start diverting into

the copper tape. Figure 6.6 illustrates that above 100 A of applied current, current diversion

into the copper tape occurs. This helps to reduce the current in the HTS tapes, as depicted

in �gure 6.7. In �gure 6.7, it is clear that the current is restricted in HTS due to an increase
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Figure 6.6: Applied current and current in each tape during fault state.

Figure 6.7: Critical current w.r.t applied current during fault state.

in resistance, prompting the diversion of current to the copper tape. This mechanism aids in

reducing the current in the HTS tape, facilitating the HTS busbar to ride through the fault

event
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6.4 Experimental analysis of fault-tolerant design

The same experimental setup used to assess the effect of the gap on the �eld-dependent critical

current is used for testing the fault tolerance of the busbar, as depicted in �gure 5.14. Fault

currents are generated via a programmable DC power supply for a duration of 1 ms. The

power supply can operate under a range of slew rates, from 0.0001 to 999.99 A/msec. The

time period of the current pulse is adjusted through the slew rate. The operation of the power

supply is controlled through LabVIEW software. The superconducting busbar is connected to

the power supply in series, as shown in �gure 5.14. Data acquisition is also conducted using

the same setup as explained in section 5.3.2.

6.4.1 Geometrical description

The geometries of the superconducting busbars are shown in �gure 6.8. The two superconduct-

ing busbar prototypes are developed and tested against fault currents. Both superconducting

busbar designs are compared based on the experimental results. The steps of superconducting

busbar prototyping are explained in section 5.3.1. The fault-tolerant busbar consists of 5

HTS tapes and 4 copper tapes, whereas the other design consists of only 5 HTS tapes. The

parameters used for designing the superconducting busbar are mentioned in table 6.2.

(a) (b)

Figure 6.8: Geometries of both samples tested against faults. (a) Busbar with 5 HTS tapes
and 4 copper tapes design, (b) Busbar with 5 HTS tapes design.

81



Chapter 6. Validation of fault-tolerant busbar design through modelling and testing

Table 6.2: Result comparison [10].

Parameter 5 HTS tapes 5 HTS tapes and 4 Cu
tapes

Manufacturer Shanghai Superconductor Shanghai Superconductor
and RS component

Critical current 460 A 480 A

Maximum fault tolerance 90 A 420 A

Width of HTS 4 mm 4 mm

Width of Cu NA 4 mm

Thickness of Cu NA 100 µm

Fault tolerance compares to
IC

19.5 % 87.5 %

Maximum power loss toler-
ance

0.20 W/cm 76 W/cm

6.4.2 Experimental analysis

Experiments are conducted on both samples against fault current. Initially, critical current

tests are conducted to determine the maximum current carrying capacity of both busbars.

The �gure illustrates that the maximum current safely carried by the superconducting busbar

consisting of 5 HTS tapes is 460 A, while the busbar consisting of 5 HTS and 4 copper tapes

can carry 480 A safely. Current values exceeding these thresholds are considered as fault

current, as indicated in table 6.2. Below the threshold current value, the busbar operates in a

steady-state condition, with current �owing only in HTS tapes, as shown in �gure 5.18. The

V-I curve in �gure 5.18 demonstrates that current �ows solely in HTS tapes, as the copper

V-I curve is linear. However, once the current exceeds the critical current or threshold value,

the operating state changes from steady state to fault state. During this state, current starts

diverting from HTS tapes to copper tapes due to the high resistance offered by the HTS tapes.

This section draws a comparison between steady state and fault state to assess the ef�ciency

of fault tolerant busbar design, with results summarized in table 6.2.
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Figure 6.9: Fault test on 5 HTS tapes and 4 Cu tapes sandwiched between 5 HTS tapes [10].

Fault test

Multiple fault tests have been conducted on busbar samples, with the fault current pulse

magnitude increasing step by step. Initially, fault currents are of the magnitude equal to the

critical current, then progressively increased until busbar samples burn. This approach aids in

determining the maximum magnitude of fault current that superconducting busbar samples

can withstand, and also ensures that the superconducting busbar accommodates multiple

fault events below a threshold magnitude of fault. Figure 6.9 illustrates the comparison of

maximum fault tolerance exhibited by both designs during the fault test. The sample rate is

set to 500 Hz for the fault pulses.

The threshold criteria for critical current, according to 1�V=cm, are 460 A and 480 A

for both designs, represented by black and red dotted lines, as shown in �gure 6.9. Above

this threshold line, the superconducting busbar undergoes a fault event. The busbar with only

HTS tape design demonstrates a fault tolerance of19:4%compared to critical current; this

fault tolerance is due to the other layers associated with the superconducting layer. In the

fault tolerance design, the busbar with 5 HTS tape and 4 copper tapes design demonstrates an

87:5%fault tolerance compared to critical current. These are the maximum peak fault current

limits: above this, the busbar samples will burn. The results show that the busbar design with
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Figure 6.10: Power loss during fault test.

extra copper in between HTS tapes is more fault-tolerant compared to the busbar design with

only HTS tapes.

The power loss during the fault test is shown in �gure 6.10. This represents the maximum

power loss tolerated by both designs. The maximum power tolerated by the superconducting

busbar design with only HTS tapes is 0.20W=cm, whereas the superconducting busbar design

with copper sandwiched between HTS tapes is 76W=cm. The results show that the busbar

with 5 HTS and 4 copper tapes is capable of tolerating more power loss compared to the

busbar with only HTS tapes design.

6.5 Conclusion

In this chapter, a fault-tolerant design for superconducting busbars is presented and tested

against fault currents. During fault event the current through the HTS tape exceeds it's

critical current limit and forcing current to jump from superconducting layer to metal layers.

During fault event HTS offers very high resistance, which produce high joule heating due

to high current �owing through the metal part of the tape that could damage the tape. To

prevent damage during a fault event, the busbar design is equipped with a fault ride-through

mechanism. The fault ride-through mechanism is supported through copper tapes added in

between the HTS tapes, during fault event when HTS offers high resistance the current starts

�owing through the copper tape and saves HTS from burning. In this section, multiple HTS
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tape busbar design is tested against fault currents. Two prototypes are developed: one with

a fault-tolerant design, consisting of 4 copper tapes sandwiched between 5 HTS tapes, and

the other with 5 HTS tapes. The fault-tolerant design includes an extra copper stabiliser

tape connected in parallel to the superconductor, which accommodates extra current during a

fault and helps dissipate extra power, thus protecting the superconductor from damage. The

design is also tested against multiple fault currents of different magnitudes, demonstrating the

reliability of the superconducting busbar. The results clearly indicate that the fault-tolerant

design is not only able to ride through fault events but also tolerate more power loss compared

busbar that contains only HTS tapes.
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7
Low-resistive joints for superconducting

busbars

7.1 Introduction

Superconductors offer promising solutions for high-current transmission applications due

to their high power density and almost zero power loss when carrying DC power. These

advantages are highly desirable for applications requiring high current transmission, such as

in aluminium electrolysis plants [153], substation links [154], chlorine electrolysis [155], and

potentially in all-electric aircraft power distribution systems. Due to the crystal structure of

superconductors, the length of the HTS tape is limited, necessitating the need to join them.

While joining the HTS tapes together, it is important to minimize the resistance of the joint.

High joint resistance can result in high joule heating, which may reduce the critical current

over the joint area and increase the cooling penalty during operation. This underscores the

critical importance of the joint, necessitating a thorough investigation and characterisation.

Few groups are working on soldered joints with 2G HTS tapes [156, 157, 158, 159, 155].

Two types of joints are reported in the literature for joining HTS tapes: the lap-to-lap joint,

also known as the bridge joint, and the butt joint, also known as the edge joint. Lap-to-lap

joints are the most commonly used and successful due to metallic interfaces, whereas butt
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joints are more susceptible to mechanical damage [160, 161]. Joint resistance also varies

from manufacturer to manufacturer as different manufacturers have different coatings that

vary joint resistance ranging from2 � 300n
 � cm2 [161].

This chapter explores joints for superconducting busbars. A busbar is a component in

power distribution systems that connects the power source to the load, and there may be

multiple loads connected through the busbar. As a result, joints are required to connect

multiple sources to multiple loads. In this work, the author has designed joints to ensure that

the busbar maintains both fault tolerance and reduced effects of self-�eld on critical current.

In electric aircraft applications, superconducting busbars will be used to connect the power

source to the load (propulsion unit), as illustrated in �gure 4.3. The author has implemented

180� and90� joints on the superconducting busbar. To ensure the reliability and durability of

the superconducting busbar, power and thermal cycling tests have been conducted to check

for any potential degradation in the resistivity of the joints.

7.2 Fabrication process of busbar with180� and 90� joints

7.2.1 Joint process

Two types of joints were implemented, resulting in the development of two prototypes. In one

prototype,180� joints were used to join 5 HTS tapes together, with 4 copper tapes sandwiched

between the HTS tapes. In the second prototype,90� joints were implemented to join 5 HTS

tapes, again with 4 copper tapes sandwiched between them. Shanghai 2G YBCO 4 mm wide

tapes were used for the prototypes. The superconducting busbar follows the same design

advantages as explained in previous sections, which include a reduced effect of the self-�eld

on critical current and fault tolerance.

The steps to fabricate the joints are developed by the author of this thesis during this PhD

project. The steps to join HTS tapes are explained here:

Step 1: Understanding the superconducting layer of HTS tape is crucial for fabricating

low-resistive joints, ensuring that current does not �ow through the substrate side of the HTS
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tape, which would lead to high resistance. Join the superconducting side of the HTS tape with

the superconducting side of the other HTS tape.

Step 2: Coat the HTS and copper tape with �ux to remove oxidants from the surface of

the tapes.

Step 3: Apply Pbsn-based solder and coat the surface of the HTS and copper tapes with it.

Step 4: Coat the HTS and copper tapes with �ux again, so that they can easily stick

together for further process.

Step 5: Arrange the HTS tapes and copper tapes according to the geometry as shown in

�gure 7.1, and 7.5.

Step 6: Tied the HTS and copper tapes assembly with the Kapton tape, so that the tapes

will be secure together.

Step 7: Put the assembly in the respective copper former and apply mechanical pressure

with the help of the screws as shown in �gure 7.2, and 7.6.

Step 8: Place the former in the preheated oven and set the temperature to220� C.

Step 9: Let the sample bake for 20-25 minutes, then take it out and let it cool to room

temperature before demoulding it from the former.

7.2.2 Mechanical structure of180� joint busbar

180� lap-to-lap joint is implemented to connect 5 HTS tapes, the mechanical structure of the

superconducting busbar with180� joint is shown in �gure 7.1. The design incorporates a

stacking concept, where HTS tapes and copper tapes are layered together. This stack not

only facilitates the effective conduction of electricity but also provides structural integrity

to the busbar. The careful integration of copper tapes is vital, as they help dissipate heat

generated during operation, thereby protecting the HTS tapes from thermal stress and potential

degradation, as explained in section 6.

A copper former is essential for housing the superconducting busbar assembly, applying

mechanical pressure, and then baking the assembly in the oven to achieve the desired mechan-

ical and electrical properties. The design and shape of the former are critical, as they provide
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Figure 7.1: 5 HTS tapes joins with180� lap-to-lap joint with 4 copper tapes sandwiched
between HTS tapes.

the necessary mechanical structure and support to the busbar. For a180� joint, the former is

illustrated in �gure 7.2. The length of the former is determined by the size of the required

superconducting busbar and the dimensions of the oven used for the heating process.

To prevent the busbar from soldering to the copper former during the heating process,

Kapton tape is applied to the surface of the former. This high-temperature-resistant tape acts

as a protective barrier, ensuring that the molten solder does not bond the busbar to the copper

former. The application of Kapton tape is a crucial step, as it maintains the integrity of the

busbar assembly and allows for easy removal of the former after the baking process.

During the heating process, mechanical pressure is applied to the superconducting busbar

using a combination of nuts and screws. This pressure ensures that the HTS tapes and

copper tapes are tightly joined, creating a robust and reliable electrical connection. The

mechanical pressure helps to eliminate any gaps or misalignments between the tapes, which

could otherwise lead to increased electrical resistance or mechanical failure. The role of

the copper former goes beyond merely holding the assembly together; it also aids in the

even distribution of heat during the baking process. An even heat distribution is essential for

ensuring that the solder �ows correctly and that all components of the busbar are properly

bonded. The former's design must therefore account for thermal expansion and other factors

that could affect the uniformity of the heating process.
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