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Kurzfassung   

Der Luftverkehr ist für etwa 2,4 % der jährlichen weltweiten Kohlenstoffemissionen 

verantwortlich. Ohne weitere Maßnahmen werden sich die CO2-Emissionen bei einem jährlichen 

Wachstum des Passagieraufkommens von 3,6-3,8 % bis 2050 voraussichtlich verdoppeln. Diese 

beträchtlichen Auswirkungen wurden in den letzten Jahrzehnten in Angriff genommen, und es 

wurden mehrere Projekte wie der EU-Flightpath 2050 ins Leben gerufen, um die Herausforderung 

eines kohlenstofffreien Flugverkehrs zu bewältigen. Um dieses Ziel zu erreichen, wurden 

verschiedene Alternativen zu herkömmlichem Flugbenzin untersucht. Die praktikabelsten 

Lösungen für den Energieträger der Zukunft sind nachhaltige Flugkraftstoffe (SAF) und 

Wasserstoff. Im Gegensatz zu SAF, das nur in Gasturbinen verbrannt werden kann, kann grüner 

Wasserstoff sowohl in Verbrennungsmotoren als auch zur Stromerzeugung durch 

Brennstoffzellenstacks in einem Elektroflugzeug verwendet werden. Flüssiger Wasserstoff, LH2, 

hat einen fast dreimal höheren Energiegehalt pro Masseneinheit als Flugzeugtreibstoff, was ihn 

zu einer idealen Wahl für die Dekarbonisierung der Luftfahrt macht. Mehrere Studien haben LH2 

als die langfristige Lösung für Langstreckenflüge identifiziert, die SAF ersetzen soll. Die 

Verwendung von Wasserstoff in einem Elektroflugzeug auf Brennstoffzellenbasis hat zahlreiche 

Vorteile gegenüber der Verbrennung in Gasturbinen, darunter ein höherer Wirkungsgrad, ein 

leiserer Betrieb und die Vermeidung von Emissionen wie NOx und SO2 sowie CO2. Daher haben 

mehrere Unternehmen wie Airbus und Boeing bereits die Elektrifizierung der Luftfahrt in 

verschiedenen Konfigurationen erwogen, darunter vollelektrische, hybridelektrische und 

turboelektrische Flugzeuge. Aufgrund der vielen Vorteile konzentriert sich diese Arbeit auf ein 

vollelektrisches Flugzeug auf Brennstoffzellenbasis.  

Mit dem Anstieg der erforderlichen Leistung nehmen Größe und Gewicht der Komponenten 

erheblich zu, insbesondere die Größe des Wasserstofftanks. Daher müssen Größe und Gewicht 

der Komponenten des Antriebsstrangs leichter und effizienter sein, da eine höhere Effizienz zu 

einem geringeren Wasserstoffverbrauch und folglich zu kleineren Tanks führt. Supraleitende 

Materialien stellen eine vielversprechende Lösung dar, da sie eine effizientere Stromübertragung 

bei geringerem Gewicht und Platzbedarf ermöglichen. Dies hat dazu geführt, dass diese 

Technologie bei mehreren Projekten zur Elektrifizierung der Luftfahrt, wie dem ASCEND-

Projekt von Airbus, in Betracht gezogen wurde. Ein Elektroflugzeug mit einem supraleitenden 

Antriebsstrang bietet somit eine einzigartige Gelegenheit für einen schnellen Übergang zu einer 

kohlenstofffreien Luftfahrt. Ein solcher Antriebsstrang umfasst mehrere Komponenten, wie z. B. 

einen Brennstoffzellenstapel, einen supraleitenden Fehlerstrombegrenzer, DC/AC-Kabel und -

Motor sowie einen DC/AC-Wechselrichter. Die genaue Modellierung des gesamten 

Antriebsstrangs und jeder einzelnen Komponente ist eine wichtige Voraussetzung für das 

Verständnis des stationären und transienten Betriebsverhaltens. In dieser Arbeit wird der Ansatz 

zur Modellierung eines solchen Antriebsstrangs in MATLAB/SIMULINK für die 

Systemsimulation in verschiedenen Flugszenarien vorgestellt. 

Ein Brennstoffzellenstapel als Energiequelle wandelt die chemische Energie des Wasserstoffs in 

elektrische Energie um. Da Protonenaustauschmembran-Brennstoffzellen (PEMFC) geeignete 
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Eigenschaften für Luftfahrtanwendungen bieten, wird dieser Brennstoffzellentyp in dieser Arbeit 

betrachtet. Die Brennstoffzelle liefert die Leistung mit einer nichtlinearen Spannungs-Strom-

Variation, d.h. je höher der Strom ist, desto niedriger ist die Ausgangsspannung. Diese Arbeit 

zeigt den Ansatz für die Entwicklung eines Brennstoffzellenstapels auf der Grundlage der 

Anforderungen und der Modellierung seines stationären und instationären Verhaltens. Die 

meisten Forschungsarbeiten gehen von einem resistiv-kapazitiven Einschwingverhalten der 

Brennstoffzelle aus. Die Experimente zeigen jedoch oft ein resistiv-induktives Verhalten oder, je 

nach Brennstoffzelle, eine Kombination aus beidem. In dieser Arbeit wird ein Ansatz zur 

Modellierung eines beliebigen Verhaltens vorgestellt. 

Zur Vermeidung von Kurzschlussströmen im Antriebsstrang wird ein resistiver supraleitender 

Fehlerstrombegrenzer (RSFCL) integriert, der Hochtemperatur-Supraleiter-Bänder (HTS) 

verwendet und auf der Grundlage der Anforderungen des Antriebsstrangs entwickelt wurde. Die 

Modellierung des RSFCL mit realitätsnahen Parametern unter adiabatischen und nicht-

adiabatischen Bedingungen wird diskutiert. Die Simulationsergebnisse zeigen den effektiven 

Beitrag der RSFCL zur Begrenzung des Fehlerstroms. Darüber hinaus wird während des 

Kurzschlusses kein Unterschied zwischen diesen Bedingungen festgestellt, während das nicht-

adiabatische Modell nach dem Fehler vorhersagen kann, wie lange es dauert, bis das Kühlmittel 

die in den Bändern erzeugte zusätzliche Wärme absorbiert und sie in den supraleitenden Zustand 

zurückführt. 

Um die Energie vom Brennstoffzellenstapel effizient zum Motor zu übertragen, werden 

supraleitende DC- und AC-Kabel integriert. Das spezifische Design dieser Kabel wird zur 

Verfügung gestellt, und sie werden unter verschiedenen Szenarien durch verschiedene Modelle 

simuliert, darunter Modelle mit pauschalen Parametern sowie eindimensionale (1-D) und 

zweidimensionale (2-D) Modelle auf Basis der Finiten-Differenzen-Methode (FDM). Der 

Anstieg der Kühlmitteltemperatur entlang der Kabellänge kann nru durch das 2-D-Modell 

berechnet werden. Allerdings ist dieses Modell komplizierter als andere Modelle und erfordert 

einen höheren Rechenaufwand. Die Simulationsergebnisse zeigen, dass das Modell mit 

pauschalen Parametern während eines Kurzschlusses immer noch relativ ähnliche Ergebnisse wie 

das 2-D-Modell als Referenz liefert, und das 1-D-Modell ist die ideale Wahl für die Simulation 

von Kabeln kurzer Länge, da der Temperaturanstieg über die Länge vernachlässigbar ist. 

Der supraleitende Motor für den Antrieb des Propellers wird  durch einen DC/AC-Wechselrichter 

gesteuert. In dieser Arbeit wird ein Permanentmagnet-Synchronmotor (PMSM) betrachtet, dessen 

Statorwiderstand aufgrund der supraleitenden Spulen sehr gering ist. Der Modellierungsansatz 

für diesen Motor über ein grundlegendes elektrisches Ersatzschaltbild wird vorgestellt, und der 

Regelungsansatz unter Verwendung der feldorientierten Regelungstechnik (FOC), der 

bekanntesten PMSM-Regelungsmethode, wird erläutert. Zur Simulation des DC/AC-

Wechselrichters wird sein Durchschnittsmodell betrachtet und ein Fehlerschutzalgorithmus für 

den Wechselrichter entwickelt. 

Schließlich werden die Ergebnisse der gesamten Antriebsstrangsimulation in einem 

Simulationsflug-Szenario, das einem realen Flugprofil nachempfunden ist, vorgestellt und 

diskutiert. Der integrierte Antriebsstrang in SIMULINK wird auch bei Gleich- und 

Wechselstromkurzschlüssen simuliert, was Einblicke in den Beitrag der einzelnen Komponenten 



v 

 

zu den Fehlerereignissen ermöglicht. Die Simulationsergebnisse auf Systemebene bestätigen die 

Auslegung der einzelnen Komponenten auf der Grundlage der Anforderungen des 

Antriebsstrangs, die effiziente Wirkung der supraleitenden Komponenten und die Wirksamkeit 

der Motorantriebssteuerung. Die Kurzschlussanalyse gibt Aufschluss über die Dimensionierung 

der Komponenten und den Beitrag der RSFCL zum Schutz der Kabel vor Fehlern. Diese Studie 

zeigt auch die Blockierung des Umrichters durch den Fehlermanagement-Algorithmus, die dazu 

führt, dass der Motor aufgrund der Motorträgheit zu einem Generator wird, der den Fehler speist. 

Da die supraleitenden Spulen im Motor einen geringen Widerstand haben, wird vom Motor ein 

erheblicher Strom erzeugt. Dieser Strom kann als Input für die Auslegung und weitere Analyse 

des Motors mit fortschrittlicheren Methoden verwendet werden. Insgesamt sind alle modellierten 

Komponenten durch den in dieser Arbeit erläuterten Ansatz an die Anforderungen anpassbar, was 

eine vorteilhafte Möglichkeit bietet, sie in breiteren Energiesystemanwendungen einzusetzen. 
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Abstract  

Aviation is responsible for around 2.4% of the annual global carbon emissions. Without further 

measure, with a yearly passenger traffic growth of 3.6-3.8%, CO2 emissions are expected to 

double by 2050. This substantial impact has been addressed in recent decades, and multiple 

projects like EU Flightpath 2050 have been launched to tackle this challenge for carbon-free air 

travel. Various alternatives to conventional aviation fuel have been investigated to fulfill this 

objective. The most feasible solutions are sustainable aviation fuel (SAF) and hydrogen. Despite 

e-fuel, which can only be burnt in gas turbines, green hydrogen can be used in combustion engines 

or to produce electricity through fuel cell stacks in an electric aircraft. Liquid hydrogen, LH2, has 

nearly three times more energy content per unit mass than jet fuel, which makes it an ideal choice 

for aviation decarbonization. Several studies have identified LH2 as the long-term solution for 

long-range flights, replacing sustainable aviation fuel. Using hydrogen in a fuel cell-based electric 

aircraft has multiple benefits over burning it in gas turbines, including higher efficiency, quieter 

operation, and elimination of emissions such as NOx and SO2 in addition to CO2. Therefore, 

several companies like Airbus and Boeing have already considered aviation electrification in 

different configurations, including fully electric, hybrid electric, and turboelectric aircraft. Due to 

all the benefits, this work focuses on a fuel cell-based fully electric aircraft.  

With the increased required power, the components size and weight increase substantially, 

especially the hydrogen tank size. Hence, the powertrain components size and weight must be 

lighter and more efficient, as higher efficiency leads to lower hydrogen consumption and, 

consequently, smaller tanks. Superconducting material stands as a promising solution, allowing 

for power transmission with reduced weight and space and more efficiency. This has been a 

motivation for considering this technology in several projects in aviation electrification, like 

Airbus's ASCEND project. Thus, an electric aircraft with a superconducting powertrain provides 

a unique opportunity for a rapid transition to carbon-free aviation. Such a powertrain includes 

several components, such as the fuel cell stack, superconducting fault current limiter, DC/AC 

cables and motor, and DC/AC inverter. With all the benefits, the accurate modeling of the entire 

powertrain and each component is an important issue that must be addressed. This work presents 

the approach to model such a powertrain in MATLAB/SIMULINK for system simulation in 

various flight scenarios. 

Fuel cell stacks as power source converts hydrogen chemical energy to electric energy. Proton 

exchange membrane fuel cells (PEMFC) offer suitable properties for aviation applications, hence, 

this fuel cell type is considered in this work. Fuel cell delivers the power with a non-linear voltage-

current variation, meaning that the higher the current, the lower the output voltage. Most research 

works propose a resistive-capacitive transient behavior for the fuel cell. However, the experiments 

often show a resistive-inductive behavior or, depending on the fuel cell, a combination of both. 

In this work, the approach to model any behavior is presented. 

To prevent the short circuit currents in the powertrain, a resistive superconducting fault current 

limiter (RSFCL), using high temperature superconducting (HTS) tapes and designed based on the 
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powertrain requirements, is integrated. The lumped-parameter modeling of the RSFCL in 

adiabatic and non-adiabatic conditions is discussed. The simulation results show the RSFCL 

effective contribution in limiting the fault current. Moreover, no difference between these 

conditions during short circuits is observed, while after fault, the non-adiabatic model can predict 

how long it takes for the coolant to absorb the additional heat generated in the tapes and return 

them to the superconducting state. 

The superconducting DC and AC cables are integrated to efficiently transfer the energy from the 

fuel cell stack to the motor. The specific design of these cables is provided, and they are simulated 

under different scenarios through different models, including lumped-parameter, and one-

dimensional (1-D) and two-dimensional (2-D), finite-difference method (FDM) based models. 

The 2-D model is the only one that can calculate the coolant temperature along the cable length. 

However, this model is more complicated than other models and has higher computational efforts. 

The simulation results show that during a short circuit, the lumped-parameter model can still give 

relatively similar results to the 2-D model as a reference, and the 1-D model is an ideal choice for 

the simulation of the short-length cables, as temperature rise along the length is negligible. 

A superconducting motor for the aircraft propeller, which is controlled by the DC/AC inverter, is 

integrated. This work considers a permanent magnet synchronous motor (PMSM) with 

significantly small stator resistance due to the superconducting coils. The modeling approach for 

this motor via a basic electrical equivalent circuit is presented, and the control approach using the 

field-oriented control (FOC) technique, as the most well-known PMSM control method, is 

explained. To simulate the DC/AC inverter, its average model is considered, and a fault protection 

algorithm for the inverter is developed. 

Finally, the results of the entire powertrain simulation in a simulation flight scenario inspired by 

a real flight profile are presented and discussed. The integrated powertrain in SIMULINK is also 

simulated under DC and AC short circuits, providing insights into the contribution of each 

component in the fault events. The system-level simulation results confirm the design of each 

component based on the powertrain requirements, lossless impact of the superconducting 

components and validate the effectiveness of the motor drive control. Short circuit analysis 

indicates an estimation of the components sizing and the RSFCL contribution in protecting the 

cables from fault. This study also shows the converter blockage by the fault management 

algorithm, which results in turning the motor into a generator due to motor inertia, feeding the 

fault. Since superconducting coils in the motor have a small resistance, the motor produces a 

substantial current, which might be dangerous. This current can be used as an input for the design 

and further analysis of the motor with more advanced methods. Overall, by following the 

approach explained in this work, all the modeled components are adjustable with requirements, 

which provides a beneficial opportunity to use them in wider power system applications.  
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1 Introduction 

1.1 Motivation and Background 

The significant impacts of aviation on global warming, especially CO2 emissions, have been at 

the center of attention in recent decades [1], [2]. At present, commercial air travel is responsible 

for around 2.4% of the annual global carbon emissions [3] and approximately 12% of transport 

sector CO2 emissions [4], in which the passenger flights share is 85% (785 Mt) [5]. With a yearly 

passenger traffic growth of 3.6-3.8%, CO2 emissions are expected to double by 2050 [4], [6].  

To tackle this challenge, multiple measures have been taken in recent years, such as Euro 

Flightpath 2050 by the European Union, which aims at 75% CO2 emissions by 2050 [7]. To fulfill 

this objective, various alternatives to conventional aviation fuel have been proposed and 

investigated [8], [9]. The results show that to achieve the net zero target, the most feasible 

solutions are sustainable aviation fuel (SAF) by 2025 and a green fuel by 2030 [4]. A series of 

projects and studies in recent years have identified green hydrogen produced from renewable 

energy sources as a vital step to decarbonize aviation [4], [10], [11], [12], [13], [14], [15], [16]. 

There are two types of SAF, and both are produced from carbon by converting it into hydrocarbon 

fuel: biofuels and electrofuels (e-fuel) [17], [18]. The difference between these two is that the 

carbon used to produce biofuel comes from organic sources, while e-fuel uses CO2 from a non-

biogenic source, such as Direct Air Capture (DAC) [19]. Even though the majority of the SAF is 

biofuel (over 99% of SAF in 2021 was biofuel [17], [18]), due to the increasing availability 

constraints of sustainable biomass, the capacity to produce biofuels is limited. Therefore, e-fuels 

might be a better solution than biofuels. A simplified chain of e-fuel production from renewable 

energy sources for use in aircraft combustion engines is depicted in Figure 1.1 [19]. 

 

Figure 1.1: Process of e-fuel production and use in the aircraft with combustion engines [19]. 

Despite e-fuel, which can only be burnt in gas turbines, green hydrogen can be used in both 

combustion engines or to produce electricity through fuel cell stacks [4], [20], [21]. In the second 

case, the aircraft will have an electric powertrain. Moreover, liquid hydrogen, LH2, has nearly 

three times more gravimetric energy content than jet fuel, which makes it an ideal choice for 

aviation decarbonization, however, it has lower volumetric energy density, which is a 

challenge [22]. Several studies, such as [23], [24], [25], have identified LH2 as the long-term 
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solution for long-range flights, replacing SAF. The processes of hydrogen production from 

renewable energy sources for use in combustion engines and electric aircraft are respectively 

illustrated in Figure 1.2(a) and Figure 1.2(b) [21], [26]. 

 

Figure 1.2: Process of green hydrogen production and use in: (a) aircraft with combustion engines, (b) 

electric aircraft [21], [26]. 

Considering hydrogen as a propulsion fuel is not a recently-developed concept and was examined 

in several projects starting from the 18th century, such as Suntan in the U.S. in 1956, 

CRYOPLANE in Europe in 2000, and HyShot in Australia in 2001 [20]. Even though hydrogen 

spark-ignited internal combustion engines (ICE) are carbon-neutral in terms of  CO2 emissions, 

they still produce nitrogen oxides (NOx) and sulphur dioxide (SO2), which have negative 

environmental impacts [20], [27], [28], [29]. These engines deliver lower mechanical power 

relative to their space and weight than fuel cells and are louder [29], [30]. Aircraft propulsion 

electrification and using an electric motor on board provide an opportunity to optimize the engine 

performance and entire powertrain [31]. The UK government-funded Aerospace Technology 

Institute's FlyZero project concluded that fuel cell-based aircraft offers the most feasible solution 

for regional flights, while for long-range medium-sized applications, hydrogen-based internal 

combustion engines are recommended as a practical alternative [22], [32]. A comprehensive 

comparison between these configurations, including factors like maturity and reliability, falls 

beyond the scope of this work and needs a separate analysis, and both solutions can be suitable 

depending on the application. This work focuses on the electric aircraft concept powered by 

hydrogen through fuel cell stack energy conversion. 

1.2 State of the Art on Electric Aircraft 

An electric aircraft historically was first built using nickel-cadmium (Ni-Cd) batteries on board 

in 1972 [31]. With advancements in electrical component technology, the concept of electric sys-

tems in aircraft was re-introduced in the late 1980s [31]. This led to the introduction of the "Fly 

by Wire" concept, which replaced traditional pneumatic and hydraulic systems with electrical 
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devices, as found in the Airbus A320 and later the Boeing 777 [31]. Through a step-by-step ap-

proach, electrical components gained broader recognition in aviation, with applications expand-

ing to flight control, engine generators, fuel pumps, and more. This progression led to the concept 

of the More Electric Aircraft (MEA), later used in aircraft like the Airbus A380 and Boeing 787 

[33]. In recent decades, since 2016, there have been over 300 projects and 200 startups globally 

working on the concept of electric aircraft [34]. 

There are three main configurations for electrifying the propulsion system of an electric aircraft 

[31]: 

• Fully Electric: In this configuration, the powertrain is completely based on the electrical 

components, which are supplied by batteries or hydrogen through fuel cell stacks. Most 

of the examples built so far in this structure are low-range, 5-7 passenger aircraft that use 

batteries on board, like NASA’s SCEPTOR X-57 [31], or in electric vertical takeoff and 

landing (eVTOL) aircraft which are manufactured by several companies, such as Airbus, 

Lilium, Volocopter, and Aurora [35]. With the increase in the size and number of passen-

gers, consequently higher power, hydrogen would be a more favorable solution as its liq-

uid form provides significantly higher energy density and passenger-range performance 

compared to batteries [36].  

• Turboelectric: A turboelectric configuration uses fuel to convert chemical energy into 

electrical power, either fully or partially, to drive the propulsion. While it has lower effi-

ciency due to conversion losses, it supports novel concepts like distributed propulsion and 

boundary layer ingestion [31]. The system-level benefits and challenges of this configura-

tion were studied in multiple projects, such as NASA’s N3-X [37]. 

• Hybrid Electric: In this configuration, the aircraft is supplied by more than one type of 

energy source, such as hydrogen-battery-powered aircraft. Hybrid electric configurations 

can be either series or parallel. In this setup, a temporary energy source like battery en-

ergy storage systems can be used during takeoff as an auxiliary source to the main energy 

source, like hydrogen [38]. With fewer components, this configuration benefits from 

weight savings. However, the mechanical coupling adds operational and control complex-

ity [31], [39]. This architecture was used in several projects, such as Bauhaus Luftfahrt 

(BHL) [38] and Rolls-Royce North America (RRNA) Electrically Variable Engine (EVE) 

[40]. 

The increased power requirements to build a regional electric aircraft, such as one comparable in 

size to an Airbus A320, lead to a substantial increase in component size and weight. Supercon-

ducting materials offer a promising solution, allowing for the transmission of the same power 

with reduced weight, compactness, increased efficiency, and almost low electric loss, providing 

a unique opportunity for aviation electrification [41], [42], [43], [44], [45], [46], [47], [48]. The 

higher the total power of the electric aircraft, the more interesting it is to use superconducting 

devices [45]. Furthermore, the dual use of LH2 on board as an energy carrier and coolant for 

superconducting tapes can be a significant benefit, as less space will be needed. This has been a 

motivation to bring superconducting technology on board a fully electric aircraft. A recent exam-

ple is Airbus’s Advanced Superconducting and Cryogenic Experimental powertraiN Demonstra-

tor (ASCEND) project [49]. Considering all these potentials, a model to simulate the 
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superconducting powertrain of an electric aircraft is pivotal. This work focuses on modeling such 

a system in MATLAB/SIMULINK. 

1.3 Architecture and Configuration of the 
Powertrain for Electric Aircraft 

A potential architecture of the superconducting powertrain, which is considered in this work, is 

shown in Figure 1.3 [49], [50]. This architecture consists of multiple components, starting with 

the fuel cell as the energy source with a DC voltage output and extending to the propeller's three-

phase AC motor. On the DC side of this powertrain, a resistive superconducting fault current 

limiter (RSFCL) considered to prevent sudden rises in current by potential short circuits is 

connected to the fuel cell system, and through a bipolar coaxial superconducting DC cable, the 

power is transported efficiently to other components. The connection between the DC and AC 

sides is made via the DC/AC inverter, which is used to control the motor speed and torque. 

Moreover, a superconducting AC cable delivers the power from the inverter to the motor. In this 

work, liquid nitrogen (LN2) at a temperature of 77 K is the cooling medium for cryogenically-

cooled components. Nevertheless, the models can be easily adapted to other coolants at different 

temperature levels. 

 

Figure 1.3: Potential architecture of the superconducting powertrain for electric aircraft [49]. 

In this powertrain, the fuel cell stacks are connected via copper leads at room temperature to the 

RSFCL, as shown in red in Figure 1.3. The other components are connected via superconducting 

cables or current leads at cryogenic temperature (77 K). This area is highlighted with a blue 

dashed line, and the connections are shown in blue in Figure 1.3. Finally, the mechanical 

connection between the motor and the propeller is demonstrated in green.  

Table 1.1 describes the main parameters of this powertrain. This data is used to design and size 

the components [49], [50]. 
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Table 1.1: Main specifications considered for the electric aircraft powertrain.  

Parameter Symbol Value 

Maximum Power 𝑃max 456 kW 

Maximum Speed 𝑛max 1043 rpm 

Maximum Nominal AC Current (Peak) 𝐼AC,nom 1.8 kA 

Minimum Nominal Pole-to-Pole DC 

Link Voltage 
𝑈DC,nom 300 V 

Maximum Nominal DC Current 𝐼DC,nom 1.52 kA 

Coolant (LN2) Temperature 𝑇LN2
 77 K 

 

In this work, all the components are modeled as standalone, and finally, the entire powertrain, 

with reference to flight profiles and in the event of short circuits, are simulated. Different models 

are proposed for each component, and different scenarios are simulated to verify their 

performance. Finally, the complete powertrain simulation results provide insights into the 

performance of each component and design ideas. 
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2 Fuel Cell 

2.1 Background 

The fuel cell is an electrochemical system converting chemical energy into electrical energy [51], 

[52]. A fuel cell, in general, consists of two electrodes, cathode and anode, and an electrolyte 

membrane in the middle [51], [52], [53]. Depending on the electrolyte material and chemical 

reactions inside the fuel cell, there are several types of fuel cell systems currently under 

investigation in the industry [53], [54], [55]:  

• Proton Exchange Membrane Fuel Cell or Polymer Electrolyte Membrane Fuel Cell 

(PEMFC) 

• Alkaline Fuel Cell (AFC) 

• Phosphoric Acid Fuel Cell (PAFC) 

• Molten Carbonate Fuel Cell (MCFC) 

• Solid Oxide Fuel Cell (SOFC) 

• Direct Methanol Fuel Cell (DMFC) 

A comparison between different fuel cell types is described in Table 2.1 [51], [53], [55], [56], 

[57], [58]. 

Table 2.1: Comparison of different fuel cell types [51], [53], [55], [56], [57], [58]. 

Fuel Cell Operating  

Temperature (℃) 

Power  

(kW) 

Efficiency 

(%) 

Application 

Proton Exchange 

Membrane Fuel Cell 

(PEMFC) 

60-110 0.01-250 50-70 Cars, Buses, 

Trucks, Mobility 

Alkaline Fuel Cell 

(AFC) 

70-130 0.1-50 50-70 Backup 

Generators, 

Primary Power 

Generators 

Phosphoric Acid Fuel 

Cell (PAFC) 

175-210 50-1000 40-45 Buildings, Hotels, 

Hospitals, Utilities 

Molten Carbonate 

Fuel Cell (MCFC) 

550-650 200-100,000 50-60 Utilities, Large 

Scale Power 

Generation 

Solid Oxide Fuel Cell 

(SOFC) 

500-1000 0.5-2000 40-72 Medium to Large 

Scale Power 

Generation 

Direct Methanol Fuel 

Cell (DMFC) 

70-130 0.001-100 40 Mobility 
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Among all fuel cell types, PEMFCs exhibit properties suitable for aeronautic applications. These 

appealing features include silent operation, fast startup and response to alternating loads, high 

efficiency combined with high power density, solid electrolyte, lightweight, and low operating 

temperature range [59], [60], [61]. Given these advantages, many companies such as NASA, 

Boeing, and Airbus have been studying and considering the use of PEMFCs in aircraft [59], [60], 

[61], [62], [63]. These are the motivations for considering and studying PEMFCs for an electric 

aircraft powertrain in this work. 

Proton exchange membrane fuel cells are constructed using polymer electrolyte membranes 

(mostly Nafion®) [64]. Figure 2.1 demonstrates the electrochemical processes occurring in the 

PEMFC, including chemical reactions in anode, cathode, and membrane electrolyte [51]. In this 

fuel cell, hydrogen is fed to the anode where it splits into ions (protons) and electrons because of 

the anode catalysts. While electrons are forced to flow in an external electrical circuit, generating 

electric energy to supply a load, the H+ protons pass through the electrolyte to the cathode. At the 

cathode, the hydrogen protons and electrons combine with the oxygen, which is typically drawn 

from the air, producing water (possibly also in the form of vapor) and a small quantity of heat 

[51], [65]. In Figure 2.1, 𝑖FC and 𝑢FC are the fuel cell generated current and voltage, respectively. 

 

Figure 2.1: Schematic representation of the electrochemical processes in a PEMFC [51]. 

2.2 Fuel Cell Stack Design 

2.2.1 Fuel Cell Unit Properties 

In this work, a fuel cell unit described in [66] is considered. The properties and parameters of this 

fuel cell are given in Table 2.2. 

H+ protons through electrolyte

Hydrogen as fuel

Oxygen, usually 

from the air

Electrons flow around the 

external circuit

Electric energy generated 

by fuel cell
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Table 2.2: Fuel cell unit properties [66]. 

Parameter Symbol Value 

Membrane Thickness 𝑙M 178 μm 

Fuel Cell Active Area 𝐴FC 64 cm2 

Cell Operating Temperature 𝑇 333 K 

Hydrogen Pressure 𝑝H2
 1 atm 

Oxygen Pressure 𝑝O2
 0.2095 atm 

Fuel Cell Maximum Current Density 𝐽FC,max 469 mA/cm2 

 

2.2.2 Voltage-Current Characteristic 

2.2.2.1 Generated voltage (Nernst potential) 

In a PEMFC, the thermodynamic potential of a unit cell that represents its voltage is called Nernst 

potential1 𝐸Nernst. This voltage is calculated with equation (2.1) [67]. In this equation, 𝑇 is the 

cell temperature, and 𝑝H2
 and 𝑝O2

 are the hydrogen and oxygen partial pressure. The first term in 

this equation, 1.229 V, is when the water product is in liquid form; in the case of the gaseous 

water product (vapor), it is reduced to 1.18 V. 

 
𝐸Nernst = 1.229 − 0.85 × 10−3(𝑇 − 298.15) + 4.31 × 10−5𝑇

⋅ [ln(𝑝H2
) + 0.5ln(𝑝O2

)] 
(2.1) 

As seen in equation (2.1), Nernst potential varies with cell temperature and input hydrogen and 

oxygen pressure. With an increase in the temperature, 𝐸Nernst decreases, while it is boosted 

with higher oxygen and hydrogen pressures. The variation of Nernst potential in the temperature 

range of 290-370 K at different hydrogen and oxygen pressures is depicted in Figure 2.2. In this 

figure, the red curve shows 𝐸Nernst when the pressures of hydrogen and oxygen are 1 atm and 

0.2095 atm, while in the case of the blue curve, they are fed at higher pressures of 1.5 atm and 

1 atm, respectively. 

                                                      
1 Named after Walther Nernst, a German physical chemist who formulated the equation. 
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Figure 2.2: Nernst potential variation with temperature, and hydrogen and oxygen partial pressure. 

Nernst potential is an ideal voltage a PEMFC can generate, but the output voltage is lower due to 

the different voltage drops inside the fuel cell unit. These voltage drops are [51], [67]: 

• Activation voltage drop (𝑢act) 

• Concentration voltage drop (𝑢con) or mass transport voltage loss  

• Ohmic voltage drop (𝑢Ω) 

2.2.2.2 Activation voltage drop 

Activation voltage drop represents the voltage loss due to the anode and cathode activation to 

initiate a chemical reaction between reactants that transfers the electrons to or from the electrode 

[66]. This loss is caused by the lack of electro-catalytic activity and slowness of the reactions 

occurring at the surface of these two electrodes [51], [66]. Equation (2.2) describes the calculation 

of the activation voltage drop [51]. 

 𝑢act = −[𝜉1 + 𝜉2 ⋅ 𝑇 + 𝜉3 ⋅ 𝑇 ⋅ ln(𝑐O2
) + 𝜉4 ⋅ 𝑇 ⋅ ln(𝑖FC)] (2.2) 

In this equation, 𝑐O2
 is the oxygen concentration which is calculated with equation (2.3) from the 

oxygen partial pressure 𝑝O2
 and the cell temperature 𝑇. 

 𝑐O2
=

𝑃O2

5.08 × 106𝑒
−(

498
𝑇

)
 (2.3) 
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Moreover, 𝜉i (𝑖 = 1 − 4) are the parametric coefficients to describe the cell model. These 

parameters are shown in equation (2.4). 

 
𝜉1 = −0.948, 𝜉3 = 7.6 × 10−5, 𝜉4 = −1.93 × 10−4 

𝜉2 = 2.86 × 10−3 + 2 × 10−4 ln(𝐴FC) + 4.3 × 10−5ln (𝑐H2
) 

(2.4) 

In equation (2.4), 𝐴FC is the fuel cell active area, and 𝑐H2
 is the hydrogen concentration calculated 

with equation (2.5) from the input hydrogen partial pressure 𝑝H2
 and the operating temperature 𝑇. 

 𝑐H2
=

𝑃H2

1.09 × 106𝑒
(
77
𝑇

)
 (2.5) 

As seen above, the equation (2.2) is not able to calculate the activation voltage drop at no load 

condition named as 𝑢act,NL. This value must be given manually with a compromise and 

estimation. In this work, this parameter is considered 0.2 V. 

2.2.2.3 Concentration voltage drop 

Concentration voltage loss results from the change in the reactants concentration at the surface of 

the electrodes as fuel is consumed [66]. Since this loss is associated with the failure to transport 

efficient reactants to the anode and cathode surface, it is often called mass transport loss [51]. The 

concentration voltage drop 𝑢con varies with the temperature 𝑇 and fuel cell generated current 

density 𝐽FC and is calculated with equation (2.6) [52]. 

 𝑢con = −
𝑅g ⋅ 𝑇

2𝐹
⋅ ln (1 −

𝐽FC

𝐽FC,max
) (2.6) 

In equation (2.6), 𝑅g is the gas constant (8.314 J/mol.K), the value 2 is the number of exchange 

protons per mole of reactant (in the case of the PEMFC), and 𝐹 is Faraday’s constant (96485 

C/mol). It is worthwhile to mention that the fuel cell current density 𝐽FC is calculated with equation 

(2.7) from fuel cell current 𝑖FC and active area 𝐴FC. 

 𝐽FC =
𝑖FC

𝐴FC
 (2.7) 

2.2.2.4 Ohmic voltage drop 

Ohmic voltage drop or also often called resistive voltage loss is caused by the membrane 

resistance to the proton flow (named 𝑅M) and the electrodes contact and material resistance to the 

electron flow (named 𝑅C) [51]. Fuel cell total equivalent resistance named 𝑅Ω is therefore 

calculated with equation (2.8). 

 𝑅Ω = 𝑅M + 𝑅C (2.8) 

Contact resistance 𝑅C is generally constant in a temperature range of 320-370 K [68], but is 

difficult to predict. In this work, 𝑅C is considered 20 mΩ.cm2 [66]. On the opposite, the membrane 
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resistance 𝑅M is significantly dependent on the fuel cell temperature 𝑇 and current density 𝐽FC. 

Membrane resistivity 𝜌M is calculated with equation (2.9) [66]. 

 𝜌M =
181.6 [1 + 0.03𝐽FC + 0.062 (

𝑇
303

)
2

⋅ 𝐽FC
2.5]

[𝜓 − 0.634 − 3𝐽FC] ⋅ 𝑒
4.18(

𝑇−303
𝑇

)
 (2.9) 

In this equation, the term 181.6/(𝜓-0.634) is the membrane resistivity at no-load condition 

(𝐽FC=0  A/m2) and a temperature of 303 K (30 ℃). The exponential term in the denominator is the 

temperature correction factor for cell temperatures different from 303 K, and the term in the 

square bracket in the numerator is to fit the experiment data [68]. Furthermore, the parameter 𝜓 

is adjustable depending on the membrane material, ranging from 14 to 23 [66], [68]. Based on 

[66], [67], [68], this parameter is considered 23 in this work. 

With the calculated 𝜌M and membrane length 𝑙M and fuel cell active area 𝐴FC, membrane 

resistance 𝑅M is calculated with equation (2.10). 

 𝑅M = 𝜌M ⋅
𝑙M
𝐴FC

 (2.10) 

The Ohmic voltage drop 𝑢Ω is finally calculated with equation (2.11) from fuel cell generated 

current 𝑖FC and the total fuel cell equivalent resistance 𝑅Ω [66]. 

 𝑢Ω = 𝑅Ω ⋅ 𝑖FC (2.11) 

Knowing the generated voltage and all the voltage drops in a fuel cell unit, its final output voltage 

𝑢FC is calculated with equation (2.12). 

 𝑢FC = 𝐸Nernst − 𝑢act − 𝑢con − 𝑢Ω  (2.12) 

2.2.2.5 Polarization Curve 

A fuel cell polarization curve describes the non-linear voltage-current behavior of a fuel cell unit. 

Figure 2.3 depicts the polarization curve of the PEMFC unit described above. This figure shows 

the variation of fuel cell output voltage with current; the higher the output current, the lower the 

voltage. Moreover, this figure demonstrates the significant share of activation voltage drop 

compared to concentration and Ohmic voltage losses. 
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Figure 2.3: Fuel cell unit polarization curve including the different voltage drops (calculated with data 

from Table 2.2). 

In Figure 2.3, the fuel cell power 𝑃FC which is calculated from the output voltage 𝑢FC and current 

𝑖FC with equation (2.13) is also illustrated.  

 𝑃FC  = 𝑢FC ⋅ 𝑖FC  (2.13) 

The polarization curve shows that the fuel cell power is increasing with the current up to nearly 

the fuel cell maximum current density 𝐽FC,max. However, at current densities higher than 𝐽FC,max, 

since concentration voltage drop tends to increase significantly, the output voltage suddenly drops 

leading to a power reduction. Therefore, to find a compromise between fuel cell voltage, current, 

and power, the optimal operating condition of a fuel cell is at current densities close but with a 

margin less than 𝐽FC,max. For the PEMFC considered in this work, the nominal optimal condition 

is the following: 

 𝐽FC,nom = 0.375 A cm2⁄ , 𝑈FC,nom = 0.6 V, 𝑃FC,nom = 14.4 W  (2.14) 

2.2.3 Stack Design 

A fuel cell used in an electrical network is made up of several cells called fuel cell stack. To 

design a fuel cell stack for the powertrain network described in chapter 1, the nominal stack output 

voltage 𝑈FC,st,nom of 300 V and the power 𝑃FC,st,nom of 456 kW equal to the maximum required 

power 𝑃max (See Table 1.1 in chapter 1) are considered. The output voltage of 300 V is the 

minimum voltage the fuel cell stack generates at its highest power, 456 kW.  
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If the nominal output voltage of a fuel cell unit is 𝑈FC,nom, a fuel cell stack composed of 𝑁c 

number of cells in series can generate a total output voltage of 𝑈FC,st,nom which is calculated with 

equation (2.15). 

 𝑈FC,st,nom = 𝑈FC,nom ⋅  𝑁c (2.15) 

To deliver the maximum requested power 𝑃max, the fuel cell stack must generate a nominal 

current of 𝐼FC,st,nom at its nominal output voltage 𝑈FC,st,nom. Since the voltage and power are 

known, this output current is then calculated with equation (2.16). 

 𝐼FC,st,nom =
𝑃max

𝑈FC,st,nom
 (2.16) 

Then, since the fuel cell nominal current density 𝐽FC,nom is known, the right amount of the cells 

active area for the stack named as 𝐴FC,st must be found. This parameter is calculated with equation 

(2.17). 

 𝐴FC,st =
𝐼FC,st,nom

𝐽FC,nom
 (2.17) 

Table 2.3 outlines the final properties of the fuel cell stack designed for the electric aircraft 

powertrain. Additionally, the stack polarization curve is shown in Figure 2.4. In this curve, the 

stack voltage 𝑢FC,st for 𝑁c number of cells in series is calculated from stack total Nernst potential 

𝐸Nernst,st, activation voltage drop 𝑢act,st, concentration voltage drop 𝑢con,st and Ohmic voltage 

drop 𝑢Ω,st with equation (2.18). The calculation of these voltages is also shown in equation (2.18) 

where 𝐸Nernst, 𝑢act, 𝑢con and 𝑢Ω represent voltages existing for a single cell. Lastly, the stack 

power 𝑃FC,st is determined from 𝑢FC,st and 𝑖FC,st using the same method described in equation 

(2.13). 

Table 2.3: Fuel cell stack properties, designed based on the cell unit properties, as described in Table 2.2. 

Parameter Symbol Value 

Number of Cells in Series 𝑁c 500 

Fuel Cell Stack Active Area 𝐴FC,st 0.385 m2 

Nominal Stack Output Voltage 𝑈FC,st,nom 300 V 

Nominal Stack Output Current 𝐼FC,st,nom 1.52 kA 

Nominal Stack Output Power 𝑃FC,st,nom = 𝑃max 456 kW 
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Figure 2.4: Fuel cell stack polarization curve including the different voltage drops (calculated with data 

from Table 2.2 and Table 2.3). 

 

𝐸Nenrst,st = 𝑁c ⋅ 𝐸Nenrst 

𝑢act,st = 𝑁c ⋅ 𝑢act 

𝑢con,st = 𝑁c ⋅ 𝑢con 

𝑢Ω,st = 𝑁c ⋅ 𝑢Ω 

𝑢FC,st = 𝐸Nernst,st − 𝑢act,st − 𝑢con,st − 𝑢Ω,st = 𝑁c ⋅ 𝑢FC 

(2.18) 

2.3 Fuel Cell, Stationary, Electrochemical Model 

An electrochemical equivalent circuit depicted in Figure 2.5 demonstrates the stationary (steady-

state) behavior of a fuel cell stack. In this circuit, all the voltages explained in the previous section 

are represented as controlled (dependent) voltage sources as they are not constant and vary with 

other parameters like current and temperature. The stack generated voltage is 𝐸Nernst,st and the 

voltage drops 𝑢act,st, 𝑢act,st and 𝑢Ω,st are shown as sources with opposite polarization.  
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Figure 2.5: Fuel cell stack stationary electrical equivalent circuit. 

Since Ohmic losses are proportional to the current, they are represented as a non-linear resistor 

(due to variability with temperature and current) with a resistance of 𝑅Ω,st. This equivalent 

resistance of the stack Ohmic losses is calculated with equation (2.19). 

 𝑅Ω,st =
𝑢Ω,st

𝑖FC,st
 (2.19) 

With this equivalent circuit, a load current variation leading into the change in the fuel cell 

voltages can be monitored. An example is shown in Figure 2.6 when the stack current (load 

current) varies in 2-seconds steps, causing the step changes of the stack voltage. In this figure, the 

stack current increases from 0 A to 500 A 𝑡 = 2 s and then reaches its highest value at 1.52 kA at 

𝑡 = 4 s. This current then reduces to 800 A at 𝑡 = 6 s and finally is set at 300 A at 𝑡 = 8 s. equal to 

the nominal stack current, corresponsing to the stack lowest voltage at 300 V. 

 

Figure 2.6: Fuel cell stack stationary model results (calculated with data from Table 2.3 and Figure 2.5). 
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2.4 Fuel Cell, Transient, Electrochemical Model 

Because of the fuel cell electrochemical inertia, voltage changes in response to variations in load 

current do not happen instantaneously. Instead, a transient period is required for the system to 

reach steady-state conditions. Therefore, it is important to consider not only the stationary behav-

ior of the fuel cell but also its dynamic and transient characteristics. To introduce the transient 

behavior to the fuel cell, most of the previous works like [67], [69], [70], [71], [72], [73] have 

proposed a resistive-capacitive equivalent circuit. However, in some works, a resistive-inductive 

equivalent circuit can be detected [74], [75], [76], [77], [78], [79]. One of the reasons behind the 

transient resistive-inductive behavior of a fuel cell seems to be related to a phenomenon called 

fuel starvation or also called reactant starvation which is caused by inadequate fuel supply [77]. 

2.4.1 Resistive-Capacitive Electrical Equivalent Circuit 

Figure 2.7 depicts the resistive-capacitive (R-C) equivalent circuit of a fuel cell stack where 

𝑢act,st,NL represents the stack activation voltage drop at no-load condition (𝑖FC,st=0 A). This pa-

rameter is calculated with equation (2.20) from the number of cells 𝑁c and the activation voltage 

drop of one cell at no-load condition 𝑢act,NL. The parameter 𝑢act,st,NL is 100 V in this work (500 

× 0.2 V). Moreover, the parameters 𝑅d and 𝐶d are respectively dynamic resistance and capaci-

tance with a dynamic voltage of 𝑢d to model the fuel cell transient behavior. The stack output 

voltage 𝑢FC,st is then calculated with equation (2.21). 

 

Figure 2.7: Resistive-capacitive (R-C) transient equivalent circuit of the fuel cell stack [67]. 

 𝑢act,st,NL = 𝑁c ⋅ 𝑢act,NL (2.20) 

 𝑢FC,st = 𝐸Nernst,st − 𝑢act,st,NL − 𝑢d − 𝑢Ω,st (2.21) 

The dynamic voltage 𝑢d is a sum of activation and concentration voltage drops deducting 

𝑢act,st,NL. This is shown in equation (2.22). 

 𝑢d = 𝑢act,st + 𝑢con,st − 𝑢act,st,NL (2.22) 

Load
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This voltage comprises two terms: transient and steady-state. The steady-state component of 𝑢d 

is characterized by the resistance 𝑅d, while the capacitance 𝐶d simulates its transient behavior. 

The dynamic resistance 𝑅d is calculated with equation (2.23). 

 𝑅d =
𝑢d

𝑖FC,st
 (2.23) 

Furthermore, the constant capacitance 𝐶d value is determined through an experiment conducted 

on a chosen fuel. The procedure involves operating the fuel cell under no-load condition (0 A) 

and then increasing its current at time 𝑡 = 𝑡∗ to a specified value, denoted as 𝐼. The dynamic 

voltage at current 𝐼 denoted by 𝑢d,I for time 𝑡 before and after 𝑡∗ is found with equation (2.24), 

where the exponential term describes the transient behavior, and 𝑅d,I is the corresponding dy-

namic resistance at the stack current of 𝑖FC,st=𝐼 (calculated from equation (2.23) based on equa-

tion (2.22)). Moreover, the parameter 𝜏RC is the R-C branch time constant in the equivalent circuit 

that is calculated with equation (2.25). 

 𝑢d,I = {

0 ; 𝑡 < 𝑡∗

𝑅d,I ⋅ 𝐼 ⋅ (1 − 𝑒
−(𝑡−𝑡∗)

𝜏RC ) ; 𝑡 ≥ 𝑡∗ (2.24) 

 𝜏RC = 𝑅d,I ⋅ 𝐶d  (2.25) 

It takes approximately five times the time constant of an R-C circuit for the system to reach its 

steady-state condition. This duration is referred to as the steady-state time and is denoted by the 

symbol 𝑡ss. The value of the capacitance 𝐶d is then calculated from equation (2.25) with equation 

(2.26). 

 𝐶d =
𝜏RC

𝑅d,I
=

𝑡ss
5𝑅d,I

 (2.26) 

Considering 𝑈NL as the stack voltage at no-load condition and 𝑈ss as its steady-state voltage at a 

current of 𝐼, the stack voltage 𝑢FC,st including its R-C transient is calculated based on equations 

(2.21) and (2.24) with equation (2.27). 

 𝑢FC,st = {
𝑈NL ; 𝑡 < 𝑡∗

𝑈ss + 𝑅d,I ⋅ 𝐼 ⋅ 𝑒
−(𝑡−𝑡∗)

𝜏RC ; 𝑡 ≥ 𝑡∗
 (2.27) 

Having calculated all the parameters, the results of the above-mentioned experiment in the case 

of the R-C behavior is demonstrated in Figure 2.8. Based on this figure, the required inputs, in-

cluding 𝐼 and 𝑡ss can be derived, and the equivalent capacitance 𝐶d is calculated. 
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Figure 2.8: Transient voltage variation of a fuel cell stack with a current increase in the case of the 

resistive-capacitive response (calculated with equation (2.27)). 

2.4.2 Resistive-Inductive Electrical Equivalent Circuit 

A resistive-inductive (R-L) equivalent circuit for a fuel cell stack can be proposed using the same 

approach as the R-C equivalent circuit. This R-L circuit is depicted in Figure 2.9, where 𝑅d and 

𝐿d represent the equivalent resistance and inductance to model the fuel cell dynamic (transient) 

behavior. Additionally, the controlled-voltage source with the amplitude of 𝑢ss,st indicates the 

stack steady-state voltage, subtracting its Ohmic losses, which are already represented in the cir-

cuit by its equivalent resistance 𝑅Ω,st. Eventually, the parameter 𝑢ss,st is calculated using equation 

(2.28), leading to the calculation of the stack output voltage 𝑢FC,st as shown in equation (2.29). 

 

Figure 2.9: Resistive-inductive (R-L) transient equivalent circuit of the fuel cell stack [80]. 

0 A

transient steady-state

Load
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 𝑢ss,st  = 𝐸Nernst,st − 𝑢act,st − 𝑢con,st (2.28) 

 𝑢FC,st = 𝑢ss,st − 𝑢d − 𝑢Ω,st (2.29) 

In the R-L circuit, the dynamic voltage 𝑢d is calculated using the same method as R-C circuit 

described above. This voltage is then determined using equation (2.30) at times 𝑡 before and after 

𝑡∗, where 𝜏RL is the R-L branch time constant given in equation (2.31). As observed, the R-L 

branch does not affect the steady-state voltage. However, during transient conditions, the voltage 

𝑢d reaches a maximum value of 𝑅d,I ⋅ 𝐼. This causes a sudden drop in the stack output voltage, 

referred to as the minimum transient voltage and denoted by 𝑈tr,min. Given the steady-state stack 

voltage for current 𝐼 as 𝑈ss, the voltage 𝑈tr,min is found using equation (2.32). It is noteworthy 

that, unlike the R-C equivalent circuit, the R-L branch is not related to the internal fuel cell volt-

ages, and it is added solely to simulate its transient behavior. 

 𝑢d = {
0 ; 𝑡 < 𝑡∗

𝑅d,I ⋅ 𝐼 ⋅ 𝑒
−(𝑡−𝑡∗)

𝜏RL ; 𝑡 ≥ 𝑡∗
 (2.30) 

 𝜏RL =
𝐿d

𝑅d,I
 (2.31) 

 𝑈tr,min = 𝑈ss − 𝑅d,I ⋅ 𝐼 (2.32) 

Since 𝑈tr,min and 𝑈ss are known, the equivalent dynamic resistance at the current 𝐼 denoted by 

𝑅d,I, is then calculated with equation (2.33). 

 𝑅d,I =
𝑈ss − 𝑈tr,min

𝐼
 (2.33) 

Similar to the R-C circuit, the time that the R-L branch reaches its steady-state conditions is indi-

cated by 𝑡ss, which is about five times the time constant 𝜏RL due to its exponential variations. 

Therefore, the inductance 𝐿d can be calculated from equation (2.31) using equation (2.34). 

 𝐿d = 𝜏RL ⋅ 𝑅d,I =
𝑡ss ⋅ 𝑅d,I

5
 (2.34) 

Finally, the stack voltage 𝑢FC,st including its R-L transient is calculated based on equations (2.28), 

(2.29), and (2.30) using equation (2.35) (𝑈NL: output voltage at no-load condition). Moreover, 

the variation of this voltage with the previously described experiment should resemble Figure 

2.10 based on the theoretical equations explained above. 

 𝑢FC,st = {
𝑈NL ; 𝑡 < 𝑡∗

𝑈ss − 𝑅d,I ⋅ 𝐼 ⋅ 𝑒
−(𝑡−𝑡∗)

𝜏RL ; 𝑡 ≥ 𝑡∗
 (2.35) 
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Figure 2.10: Transient voltage variation of a fuel cell stack with a current increase in the case of the 

resistive-inductive response (calculated with equation (2.35)). 

2.4.3 Combination of Resistive-Capacitive and Resistive-
Inductive Electrical Equivalent Circuits 

A fuel cell system might not exhibit purely resistive-capacitive or resistive-inductive behavior 

when the load current changes. Instead, its response could include characteristics of both. As 

indicated in multiple studies, such as [75], [77], an R-L behavior is observed when the current 

increases, whereas when the current decreases, an R-C response is detected.  

2.4.4 Transient Behavior Selection Algorithm 

As explained above, a model capable of simulating a fuel cell with a combination of R-C and R-

L behaviors, in addition to the models with pure R-C and R-L responses, is necessary. This model 

is depicted in Figure 2.11, where the parallel R-C and R-L equivalent circuits operate with the 

stack (load) current 𝑖FC,st as input, and respectively, generating the stack voltages 𝑢FC,st,RC (equa-

tion (2.27)) and 𝑢FC,st,RL (equation (2.35)) at the output. An algorithm then selects one of these 

voltages based on the user’s choice of the fuel cell behavior.  

0 A

transient steady-state
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Figure 2.11: Fuel cell model schematic highlighting the process to simulate its transient behavior with 

different potential responses (R-C, R-L, or a combination of both). 

This algorithm is illustrated in Figure 2.12. In this figure, 𝑧 is the number of time steps represent-

ing the time loop. A parameter with an index 𝑧-1 indicates the parameter’s value at the previous 

time step, while index 𝑧 denotes its value at the new (current) time step. As observed in Figure 

2.12, in the case of choosing a model with the combination of both R-C and R-L behaviors by the 

user, the change of current is checked. If the current is increasing, then the voltage generated by 

the R-L model is selected. If the current decreases, the voltage at the output of the R-C model is 

selected. And, if the current is constant, the voltage calculated at the previous time step is used 

with no change. 

 

Fuel Cell Resistive-Capacitive

Equivalent Circuit

Fuel Cell Resistive-Inductive

Equivalent Circuit

Transient 

Output 

Voltage 

Selection 

Algorithm

Load

Choice of Fuel Cell Behavior (R-C, R-L, 

or Combination of R-C and R-L)
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Figure 2.12: Fuel cell transient output voltage selection algorithm based on the user’s choice. 

2.5 Simulation 

2.5.1 Study Case 

A fuel cell model based on the above-mentioned approach is developed in MATLAB SIM-

ULINK. Assuming the parameters described in Table 2.4 as experiment data, the model simulates 

the fuel cell stack considering the stack current variation described in Figure 2.6. These parame-

ters are based on the R-C and R-L models of the fuel cell depicted in Figure 2.8 and Figure 2.10. 
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Table 2.4: Fuel cell stack assumed experiment data. 

Parameter Symbol Value 

Current Change from 0 A 𝐼 1.52 kA 

Minimum Transient Voltage (in the 

case of R-L behavior) 
𝑈tr,min 200 V 

Time to Reach Steady-state 𝑡ss 1 s 

2.5.2 Results 

Figure 2.13 shows the fuel cell simulation results in the case of the R-C and R-L behaviors, while 

the results for a model with the combination of both behaviors are depicted in Figure 2.14. In the 

simulation of the fuel cell with combined R-C and R-L behaviors, it is assumed that when the 

current increases, the fuel cell exhibits R-L behavior, and when the current decreases, it displays 

R-C characteristics. This model allows users to simulate any fuel cell with any potential behavior. 

 

Figure 2.13: Fuel cell stack simulation results considering resistive-capacitive or resistive-inductive 

behaviors as a response to a current change (calculated with data from Table 2.3 and Table 

2.4 and equivalent circuits shown in Figure 2.7 and Figure 2.9). 
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Figure 2.14: Fuel cell stack simulation results considering a combination of resistive-capacitive and 

resistive-inductive behaviors as a response to a current change (calculated with data from 

Table 2.3 and Table 2.4 and the algorithm shown in Figure 2.11). 

These models are recommended to use either R-C or R-L models in fast current variations like 

short circuit. Furthermore, a fuel cell system can show different behaviors due to its chemical 

characteristics, especially when reactants parameters, like pressure or concentration, change. 

These behaviors need to be examined with experiments. The developed models are the solutions 

for the fuel cell simulation when a system point of view is intended that is also the objective of 

this work. 
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3 Resistive Superconducting Fault 
Current Limiter 

3.1 Background 

Limiting fault current and protecting the equipment in an electrical network plays a major role in 

maintaining stability in the network [81], [82]. Superconducting fault current limiters are prom-

ising solutions to limit short circuit current in a significantly fast, reliable, and effective way [81], 

[83]. These advantages, alongside the significantly low impedance of superconducting fault cur-

rent limiters during nominal operation, fast fault current limitation, and automatic recovery to the 

initial state, make them an appealing alternative to conventional current limiting methods [83], 

[84].  

There are various types of fault limiters, such as resistive SFCL, saturated inductive SFCL, and 

shielded inductive SFCL [85], [86]. Among all types of SFCL, resistive SFCL (RSFCL) is the 

simplest and most mature solution in comparison to others [87]. Due to the general advantages of 

FCLs and the benefits of the RSFCLs, with the recent objective of aircraft electrification, there 

have been interests in using RSFCLs in the powertrain of an electric aircraft [88], [89], [90].  

Therefore, this work considers a resistive type fault current limiter to be implemented in the air-

craft powertrain. 

3.2 High-Temperature Superconducting Tapes 

3.2.1 Electric Field, Current Density Characteristic of a 
Superconductor 

In a normal conductor, there is a linear relationship between the electric field and current density, 

while in a superconductor, in the superconducting state, the electric field is zero. Near the critical 

current, the electric field begins to change non-linearly with variation in current density [91]. This 

dependency of electric field 𝐸 and current density 𝐽 in a superconductor is called power law. The 

E-J power law applied to an HTS material is graphically depicted in Figure 3.1 [92]. 
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Figure 3.1: Logarithmic electric field-current density curve of the HTS material [92]. 

Equation (3.1) shows the mathematical description of E-J power law [92], [93]. 

 𝐸(𝐽) = 𝐸c ⋅ (
𝐽

𝐽c(𝑇)
) ⋅ (

𝐽

𝐽c(𝑇)
)
𝑛−1

 (3.1) 

In this equation, 𝐸c represents the critical electric field. In the case of a superconductor, it is mostly 

1 μV/cm [93]. Moreover, 𝑛 is called the transition index that specifies the steepness of electric 

field variation depending on current density change. Generally, 𝑛 is affected by electric field and 

temperature [93]. Therefore, it is not necessarily a constant parameter. Furthermore, 𝐽c(𝑇) in 

equation (3.1) is the critical current density as a function of temperature 𝑇. The dependence of 

critical current with temperature can be calculated in the interval from 65 K to the critical tem-

perature 𝑇c  with equation (3.2). 

 𝐽c(𝑇) = 𝐽c,0 ⋅ (
𝑇c − 𝑇

𝑇c − 𝑇0

) (3.2) 

In this equation, 𝑇0 is the temperature of cooling fluid. This work considers liquid nitrogen (LN2) 

as a coolant at 77 K. Moreover, 𝑇c is the superconductor critical temperature, and 𝐽c,0 is the initial 

critical current density at 𝑇0, 77 K. 

The specific resistivity of a material 𝜌 is calculated with equation (3.3) based on equation (3.1). 

 𝜌 =
𝐸

𝐽
= (

𝐸c

𝐽c(𝑇)
) ⋅ (

𝐽

𝐽c(𝑇)
)
𝑛−1

 (3.3) 

Using equation (3.3), the resistance can then be calculated. Equation (3.4) shows the basic prin-

ciple of resistance calculation.  
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 𝑅 = 𝜌 ⋅
𝑙

𝐴
 (3.4) 

In this equation, 𝑅 is the resistance, 𝑙 represents the conductor length, and 𝐴 is its cross-section 

area, which is calculated from conductor depth (thickness) 𝑑 and width 𝑤 with equation (3.5). 

 𝐴 =  𝑑 ⋅ 𝑤 (3.5) 

In Figure 3.1, the transition index 𝑛 is not constant for any value of the current density 𝐽 of a 

superconductor [94]. Therefore, depending on the value of 𝑛, E-J behavior of a superconducting 

material can be divided into three regions [93]. These regions are depicted in Figure 3.1 and ex-

plained as follows [91], [93]:  

• Flux Creep: At this stage, the material is in the superconducting state. The 𝑛-value in this 

region generally lies in the range of 10-50. For example, for YBCO (Yttrium Barium 

Copper Oxide) tapes, it is between 20 and 30 [95]. In a well-designed model, the current 

density of a superconductor is smaller than the critical current density. Thus, based on 

equation (3.3), the resistance of a superconductor is very small (almost zero) at this stage. 

• Flux Flow: This stage represents an extension of the flux creep region. Typically, the su-

perconductor starts to enter this region upon a rise in its current and temperature. This oc-

curs when the electric field across the superconductor exceeds an 𝐸0 which is typically in 

the range of 0.1 to 10 mV/cm. The value of 𝑛 in this region is much less than the flux 

creep region. It is usually between 2 and 4 [96]. Considering equation (3.3), the resistance 

of the superconductor is still relatively small, but it is higher than the flux-creep stage. 

• Normal: By rising the temperature of the superconductor to more than the critical tem-

perature, the superconductor is no longer in the superconducting state. A similar effect 

occurs if the current density surpasses the so-called “de-pairing current density (𝐽d)” [97]. 

In this state, the superconductor behaves like a normal conductor (resistor), with a transi-

tion index of 1. As a result, the superconductor's specific resistivity can be calculated as a 

linear function of temperature 𝑇, as shown in equation (3.6). In this equation, 𝑚 and 𝜌0 

are the material-specific data to calculate their resistivity.  

 𝜌 = 𝑚 ⋅ 𝑇 + 𝜌0 (3.6) 

3.2.2 Properties of the Tapes 

In this work only REBCO high-temperature superconductors are considered with critical temper-

atures above 90 K and critical magnetic fields of more than 100 T. The abbreviation RE stands 

for rare earth, and depending on the manufacturer, several materials like Yttrium or Gadolinium 

are possible candidates. In this work, the superconducting tape is represented with three layers of 

material: one layer for the superconductor and the other two layers are Hastelloy as a substrate 

and silver as a stabilizer. In reality, there are more layers, such as thin buffer layers, but due to 

their small dimensions and very high resistance, they can be neglected in this simulation. The 

general structure of a REBCO tape is depicted in Figure 3.2.  
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Figure 3.2: General structure of a superconducting REBCO tape considered for the SRSFCL design with 

the properties described in Table 3.1. 

Table 3.1 shows the typical dimensions related to each layer of the chosen superconducting tape 

alongside its critical current and temperature. The symbols regarding tape dimensions for each 

layer are illustrated in Figure 3.2. 

Table 3.1: Properties of the superconducting tape considered for the RSFCL design with the structure 

shown in Figure 3.2. 

Parameter Symbol Value 

Tape Width 𝑤Tape 1.2 cm 

Tape (Length) 𝑙Tape 8.5 m 

Silver Thickness 𝑑Ag 4 μm 

REBCO Thickness 𝑑REBCO 1 μm 

Hastelloy Thickness 𝑑Hy 100 μm 

Tape Total Thickness 𝑑Tape 105 μm 

Tape Cross-section Area 𝐴Tape 1.26 mm2 

Tape (REBCO) Critical Current 𝐼c 550 A @ 77 K 

Tape (REBCO) Critical Temperature 𝑇c 92 K 

 

3.3 Design and Properties 

The critical temperature of REBCO is around 92 K [92], thus the tapes made up of this supercon-

ductor must be cooled to lower than this temperature. To provide such a temperature, liquid ni-

trogen (LN2) operating at 77 K is used. A SFCL is constructed using multiple tapes arranged in 

parallel. In nominal conditions, since the resistance of REBCO is much smaller than other layers, 

it can be expected with a high accuracy that nearly all the current flows through this layer. The 

tapes must be capable of handling the maximum nominal current that passes through them. As 

described in Chapter 1, Table 1.1, the maximum nominal DC current is 1.52 kA. Considering the 

tapes critical current listed in Table 3.1, which is 550 A, at least three tapes in parallel are required.  
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3.4 Electrical Characteristic 

According to the previous sub-chapter, each layer of the HTS tape has its own material dependent 

resistance. Therefore, a superconducting tape can be modeled as a resistor. The electrical model 

of a superconducting tape is shown in Figure 3.3. The resistance of a superconducting tape, 𝑅Tape, 

would be calculated based on the parallel resistors law. This calculation is found in equation (3.7). 

 

Figure 3.3: Electrical model of an HTS tape, considering the resistances of the layers. 

 
1

𝑅Tape
=

1

𝑅Ag
+

1

𝑅REBCO
+

1

𝑅Hy
 (3.7) 

In this equation, 𝑅Ag and 𝑅Hy are the silver and Hastelloy layers resistances. These materials are 

normal resistors at 77 K and above, hence, their resistances vary with only temperature 𝑇 based 

on equation (3.6). However, as mentioned previously, REBCO layer resistance 𝑅REBCO changes 

non-linearly with temperature 𝑇 and the density of the current flowing through it, 𝐽. The specific 

data to calculate the resistance of these materials can be found in the appendices Chapter 9, section 

A.1, Table 9.1. 

As mentioned in the previous sub-chapter, an RSFCL comprises several parallel HTS tapes. Con-

sidering 𝑁Tape number of tapes to construct the RSFCL with identical properties and the same 

temperature and current shared between them, the total resistance of the HTS tapes 𝑅Tape,tot is 

calculated with equation (3.8). 

 𝑅Tape,tot =
𝑅Tape

𝑁Tape
 (3.8) 

3.5 Thermal Characteristic 

In addition to the electrical behavior, an HTS tape exhibits a thermal characteristic which is in-

fluenced by fluctuations in its temperature. As shown in equation (3.2), the temperature variation 

causes a change in the tape critical current, ultimately leading to its resistance alteration. The main 

source of a change in the RSFCL tapes temperature is the power loss within the tapes. When a 
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continuous current with an amplitude 𝐼Tape flowing through a tape with a resistance 𝑅Tape, the 

power loss in the tape, 𝑃Tape, is determined with equation (3.9). This power loss is directly re-

sponsible for heating the tapes and affecting their thermal behavior. 

 𝑃Tape = 𝑅Tape ⋅ 𝐼Tape
2  (3.9) 

Depending on the heat exchange between tapes and surrounding areas like the coolant liquid or 

the energy exchange between the layers, the characteristic modeling of SFCL is significantly dif-

ferent. The tape temperature 𝑇Tape varies over time 𝑡 by the power loss in the tape 𝑃Tape and the 

convected power to the cooling media, 𝑃c. This is shown in equation (3.10), where the parameter 

𝐶Tape represents the tape heat capacity. The calculation of this parameter alongside the specific 

heat capacities of all the layers in the HTS tape are explained in the appendices Chapter 9, section 

A.1.  

 𝐶Tape ⋅
𝜕𝑇Tape

𝜕𝑡
= 𝑃Tape − 𝑃c (3.10) 

Based on equation (3.10) and using Euler method [98], the temperature change in the tapes ∆𝑇Tape 

is calculated with equation (3.11), where ∆𝑡 represent the simulation time-step. 

 ∆𝑇Tape = ∆𝑡 ⋅ [
𝑃Tape − 𝑃c

𝐶Tape
] (3.11) 

This equation shows that in nominal conditions with a current passing by superconducting tape 

less than the critical current 𝐼c, its temperature slightly increases. In the opposite, in case of a 

sudden rise in this current (for example, due to a fault), the temperature increases significantly, 

possibly to more than the critical temperature 𝑇c. As explained before, the specific resistivity 𝜌 is 

dependent on the temperature. Therefore, the resistance of the tape itself changes with the tem-

perature variation. 

Moreover, depending on the thermal behavior considerations, two cases can be analyzed for the 

cooling power 𝑃c: adiabatic environment, and non-adiabatic environment. These cases are ex-

plained below. 

3.5.1 Adiabatic Environment 

Tapes are considered in an adiabatic environment if there is no heat exchange between them and 

the coolant liquid. Hence, in this model, the convected heat rate is considered to be zero 

(𝑃c,adiabatic=0 W). This case is interesting to analyze as it represents a worst-case scenario where 

coolant loses its capability to cool down the tapes. 

3.5.2 Non-adiabatic Environment 

On the other hand, HTS tapes are considered in a non-adiabatic environment if they have a heat 

exchange with the cooling media, LN2. As already mentioned before, the temperature throughout 
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the whole tape is considered the same as a single temperature 𝑇Tape. Therefore, no heat is ex-

changed between layers of the tape, and only a heat transfer between the HTS tape and the cooling 

media occurs at the surfaces of the tape. The total convected power 𝑃c between the HTS tape and 

the cooling media is graphically shown in Figure 3.4. This power includes the convection from 

both surfaces of the HTS tape and is determined using equation (3.12). 

 

Figure 3.4: Graphical illustration of the heat convection between an HTS tape and the cooling media in 

the non-Adiabatic model. 

 𝑃c,non−Adiabatic = 2ℎc ⋅ 𝑤Tape ⋅ 𝑙Tape ⋅ [𝑇Tape − 𝑇LN2
] (3.12) 

The parameter ℎc (unit: W/(m2.K)) in this equation is the coolant convective heat transfer coeffi-

cient. This parameter specifies the amount of heat exchanged between one m2 area of the HTS 

tape surfaces and liquid nitrogen at the room pressure in the span of time. Since each coolant 

shows a different thermal behavior, their parameter ℎc is also different. In the case of an RSFCL, 

tapes are cooled in a bath of coolant (pool cooling) and a constant temperature for the coolant is 

assumed. To compare coolants on this perspective, the calculation of the LN2 at 77 K and LH2 

(liquid Hydrogen) at 20 K convective heat transfer coefficients, ℎc,LN2
 and ℎc,LH2

, are shown in 

equations (3.13) and (3.14) [92], [99]. In these equations, ∆𝑇 is the difference between the coolant 

temperature and the temperature at the surface of the tapes. The 𝛼𝑖 parameters for the calculation 

of the ℎc,LN2
 are given in the appendices Chapter 9, section A.3. Furthermore, Figure 3.5 shows 

the ℎc profiles for these two coolants.  

 ℎc,LN2
= {

2170 ; ∆𝑇 ≤ 3.2

(𝛼0 + 𝛼1∆𝑇 + 𝛼2∆𝑇2 + 𝛼3∆𝑇3 + 𝛼4∆𝑇4 + 𝛼5∆𝑇5)/∆𝑇 ; 3.2 < ∆𝑇 ≤ 28
(3970 + 98∆𝑇)/∆𝑇 ; ∆𝑇 > 28

   (3.13) 

 

ℎc,LH2
= {

100∆𝑇5.3 ; ∆𝑇 ≤ 3

105

∆𝑇
; 3 < ∆𝑇 ≤ 100

1000 ; ∆𝑇 > 100

   

(3.14) 

Cooling Media (LN2)

HTS Tape
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Figure 3.5: Profiles of the coolants convective heat coefficients, ℎc: LN2 at 77 K, and LH2 at 20 K [92], 

[99]. 

This figure illustrates that during a fault, the increase in the tapes temperature, and consequently 

the rise in the temperature difference between the tapes and the coolant, affects how the cooling 

fluids absorb heat. When the temperature increases relatively low, liquid nitrogen (LN2) performs 

better in absorbing heat. However, when the temperature rise is more significant, liquid hydrogen 

(LH2) demonstrates superior heat absorption, which likely allows it to restore the tapes to their 

initial superconducting state more rapidly. 

3.6 Non-linear, Adiabatic, and Non-adiabatic, 
Lumped-parameter Model  

The RSFCL modeling must take both characteristics of a fault current limiter into account. As it 

was already pointed out in previous sub-chapters, an R-SFCL has multiple factors which strongly 

affect each other. In this work, the modeling of a fault limiter using the lumped-parameter method 

is proposed. This method considers all the parameters explained before.  

Figure 3.6 shows the algorithm flowchart of RSFCL simulation with the non-linear, lumped pa-

rameter model. In this scheme, the number of each step can be found at the bottom left corner, 

and each time-step is shown with 𝑧.  
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Figure 3.6: Algorithm flowchart of the RSFCL modeling [92]. 

This lumped parameter model allows adiabatic and non-adiabatic environments to be further dis-

tinguished. Each step of the RSFCL modeling is explained below in detail. 

1. At this step, the network parameters, the tapes, and RSFCL properties are taken from the user. 

2. At this step, the initial values of different parameters, including tapes temperature and re-

sistance and their sub-layers are calculated based on the approaches explained in previous sub-

chapters. These values specify the status of the network component at the beginning of the simu-

lation. 

3. The simulation in a time-loop starts from this step, where parameters like simulation time and 

time-step interval ∆𝑡 are taken. The parameter 𝑡z+1 represents current (new) time-step while 𝑡z 

indicates the previous time-step. 

4. At this step, the existence of a fault is checked. In the case of a fault at a time 𝑡Fault, the load 

impedance 𝑍Load is short-circuited (𝑍Load=0). If no fault is seen, no change in the network is 

applied. It is worth mentioning that this step is only applicable when the RSFCL is simulated in 
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the standalone mode to analyze its behavior. When it is implemented with other components, this 

step is skipped, and RSFCL model reacts automatically to a fault. 

5. Next, the total current passing through all tapes at current time-step, 𝐼Tape,tot
z+1 , must be calcu-

lated. Since RSFCL is a non-linear component, this current cannot be found analytically. Thus, a 

numerical method to estimate its value is needed. As an example, the 5th order Runge-Kutta-

Fehlberg method can be used [100].  

6. By calculation of the total current and assuming identical properties for all 𝑁Tape tapes, the 

current is distributed evenly among them. The current in each sub-layer can then be determined. 

For instance, the REBCO current at current time-step, 𝐼REBCO
z+1 , is derived from its resistance at 

previous time-step, 𝑅REBCO
z  with equation (3.15). In this equation, 𝑅Tape

z  represents the tape re-

sistance at previous time-step, which is calculated using equation (3.7). 

 𝐼REBCO
z+1 =

𝑅Tape
z

𝑅REBCO
z ⋅

𝐼Tape,tot
z+1

𝑁Tape
 (3.15) 

7. As explained in previous sub-chapters, a superconductor has a non-linear resistance affected 

by current and temperature. This makes it challenging to accurately determine its resistance, par-

ticularly when the current exceeds the critical current 𝐼c but the temperature remains below the 

critical temperature 𝑇c. Therefore, a reliable algorithm is required to calculate the precise REBCO 

resistance, 𝑅REBCO
z+1 . The algorithm for this calculation can be found in [92]. 

8. In the next step, the tapes temperature 𝑇Tape
z+1  is calculated for both adiabatic and non-adiabatic 

conditions. The approach is explained in previous section. 

9. With new tapes temperature, the resistances of other sub-layers in the tapes must be updated 

as well. Hence, new resistance of silver and Hastelloy layers, 𝑅Ag
z+1 and 𝑅Hy

z+1, are calculated with 

equation (3.6). 

10. Since the new resistances of all sub-layers are updated, the tapes resistance and, consequently, 

total resistance of all tapes are also updated based on equations (3.7) and (3.8). 

11. Furthermore, due to the temperature change, the tapes critical current must be updated using 

equation (3.2). 

12. Once all parameters for the current time step have been calculated, the simulation should 

proceed to the next step if the desired simulation time has not yet been reached. If the simulation 

time has been completed, the process concludes. 

13. In the final step, data such as the tapes temperature and resistance are stored for future refer-

ence and analysis. 

3.7 Simulation 

To simulate the models described in previous sections, MATLAB programming is used. Moreo-

ver, a MATLAB SIMULINK block has been developed, offering flexibility to adjust parameters 

and select between the adiabatic and non-adiabatic models [101]. This section considers a basic 
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study case to analyze the RSFCL impact on a network in nominal conditions and short circuit 

events. 

3.7.1 Study Case 

This study focuses on simulating the RSFCL within a bipolar DC network powered by a constant 

DC voltage source. The schematic of this network is illustrated in Figure 3.7, and the detailed 

specifications of the network components are provided in Table 3.2. As it is a bipolar configura-

tion, it is assumed that both poles have identical line impedance, with the total resistance and 

inductance of each pole represented by 𝑅Line and 𝐿Line, respectively. A pole-to-pole short circuit 

scenario is considered to occur at the load location, where the most severe case with 0 Ω fault 

resistance is assumed. The parameters related to this short circuit event are also outlined in Table 

3.2. 

 

Figure 3.7: Study case network schematic to simulate RSFCL behavior in nominal and short circuit 

conditions with the components described in Table 3.2. 

RSFCL

DC pole-to-pole 

short circuit
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Table 3.2: Specifications of the elements in the study case network, used to simulate the RSFCL behavior, 

illustrated in Figure 3.7. 

Parameter Symbol Value 

DC Voltage Source Amplitude 𝑈DC 300 V 

Line Resistance 𝑅Line 0.02 Ω 

Line Inductance 𝐿Line 40 μH 

Load Resistance 𝑅Load 0.18 Ω 

Load Inductance 𝐿Load 0.38 mH 

Nominal Line DC Current 𝐼Line,nom 1.5 kA 

Fault (Short Circuit) Resistance 𝑅Fault 0 Ω 

Fault Moment 𝑡Fault 0.1 s 

Fault Duration 𝑡d,Fault 100 ms 

 

3.7.2 Results 

The line current 𝑖Line resulted from the study case simulation is shown in Figure 3.8. This figure 

illustrates that in the absence of an RSFCL, the fault current can surge up to 15 kA. However, 

with the RSFCL integrated into the network, the fault current is significantly reduced and limited 

to around 6 kA, demonstrating the RSFCL effectiveness in mitigating fault conditions.  

 

Figure 3.8: Line current resulted from the study case network simulation with the schematic depicted in 

Figure 3.7 in the conditions with and without an RSFCL. 
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Another important observation is the negligible difference between the RSFCL performance in 

the adiabatic and non-adiabatic conditions during fault. It can be concluded that during the fault, 

cooling of the HTS tapes is not capable of reducing the tapes temperature. It seems that during a 

fault, the effect of the power loss in the tapes is relatively higher than the convected heat with 

liquid nitrogen. 

Moreover, the tapes temperature 𝑇Tape and their total resistance in the RSFCL 𝑅Tape,tot are 

depicted in Figure 3.9. This figure highlights the RSFCL impact on limiting the fault current while 

their temperature remains at 77 K in nominal conditions.  After the fault, the tapes quench as their 

temperature rapidly exceeds the critical temperature 𝑇c (92 K) within about 1 ms, due to the power 

loss in the tapes. This transition is also reflected in the total tape resistance, where they exhibit 

almost no resistance under nominal conditions but experience a sharp rise in resistance after the 

fault, effectively limiting the fault current. 

 

Figure 3.9: Results of the study case network simulation with the schematic depicted in Figure 3.7 in the 

adiabatic and non-adiabatic conditions: (a) HTS tapes temperature, (b) HTS tapes resistance. 

 

(a)

(b)
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Comparing the results between adiabatic and non-adiabatic conditions reveals that the 

temperature rise occurs faster than the heat can be absorbed by liquid nitrogen (LN2), showing 

little difference between the two cases during the fault. However, in the non-adiabatic scenario, 

it takes approximately 2 seconds for the coolant to absorb all the generated heat and restore the 

REBCO tapes to their superconducting state. 

Another notable observation is regarding the currents of each sub-layer in the HTS tapes, as 

shown in Figure 3.10. Under nominal conditions, the REBCO layer conducts the entire current 

due to its extremely low resistance. However, after a fault occurs and the resistance of the REBCO 

layer rises, causing the tapes to transition to a normal conductive state, the line current shifts to 

the silver layer, which has a much lower resistance compared to the other layers. The Hastelloy 

layer carries a minimal current, as its resistance is higher than that of the silver layer. 

 

Figure 3.10: Currents of each sub-layer in the HTS tapes in nominal conditions and during fault resulted 

from the study case network simulation with the schematic depicted in Figure 3.7, with 𝑖Ag, 

𝑖REBCO, and 𝑖Hy being the silver, REBCO superconductor, and Hastelloy layers currents, 

respectively. 

The developed RSFCL models are highly adaptable, allowing customization based on specific 

requirements and parameters. In this work, only REBCO superconducting tapes were discussed. 

Still, the models can be used with the same principles for other superconductors, like Magnesium 

diboride (MgB2) and Niobium Titanium (NbTi) superconducting wires. These models can be 

applied to both DC and AC networks, providing highly accurate results. Additionally, the models 

are designed for efficiency; running the study case simulation with an RSFCL model in MATLAB 

and SIMULINK on a computer with a 6-core 2.3 MHz CPU and 16 GB RAM is nearly 

instantaneous. This demonstrates their capability for fast performance without sacrificing 

accuracy. 
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3.7.3 Models Comparison 

The models developed to simulate RSFCL behavior in adiabatic and non-adiabatic conditions can 

be used in different conditions. On the one hand, the adiabatic model refers to conditions where 

the coolant has no effect on the tapes, such as a worst-case scenario of cooling fluid loss. On the 

other hand, the non-adiabatic model is developed to simulate the RSFCL in a standard scenario, 

where coolant can absorb additional heat generated in the tapes by a short circuit. Simulation 

results indicated significantly similar results in both cases during a short circuit, meaning that the 

generated heat in the tapes occurs relatively faster than the coolant ability to dissipate it. However, 

to figure out the time after the fault when all the generated heat is absorbed by coolant is only a 

capability of the non-adiabatic model. This time shows when HTS tapes return to the supercon-

ducting state and nominal operation. Therefore, its estimation via the non-adiabatic model is es-

sential as it can be used to control and protect the other components. 
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4 Superconducting Cable 

4.1 Background 

Superconducting cables have been at the center of attention in recent decades [102], [103], [104]. 

These cables offer promising advantages such as smaller size, higher current density, lower loss, 

and potential fault current limiting capability compared to conventional cables [103], [104], [105]. 

These advantages have been a solid motivation to move forward to commercialize superconduct-

ing cables and use them in various power systems [102], [103], [106].  

There have been several projects for the design, manufacturing, and testing of superconducting 

cables [107], [108], [109], [110], [111], [112], including the AmpaCity and SuperLink projects 

in Germany [113], [114], [115]. Due to the attractiveness and potential advantages of the super-

conducting cables, they have a variety of potential applications in submarine, railway, and electric 

aircraft power systems [104], [116], [117], [118], [119]. Especially in aviation-related applica-

tions in which weight and space are crucial criteria, superconducting cables seem to be an appeal-

ing solution for their lightweight and compact properties. In this regard, the research in [120] 

shows that, for an electric powertrain, a superconducting cable with a weight density as low as 

0.35 kg/kA/m (coolant included) can be designed. Thus, in a high-power electric aircraft, super-

conducting cables present a solution for carrying high currents while maintaining low voltage 

levels. 

This work explains the electrothermal modeling of superconducting DC and AC cables. The prop-

erties and structure of each cable are provided. All the developed models are independent of the 

design and type of the cable, and adaptable with requirements. 

4.2 Design and Properties 

4.2.1 High-temperature Superconducting Tapes Properties 

Similar to the RSFCL, an HTS tape made up of REBCO tapes is considered in the DC and AC 

cable design. For a precise analysis, the 4-mm tapes with a critical current 𝐼c of 210 A and 100 A 

are chosen respectively for the DC and AC cables [121].  These superconducting tapes are repre-

sented with four layers of material: one layer for the REBCO superconductor, the Hastelloy (Hy) 

layer as a substrate, and the silver (Ag) and copper (Cu) layers as stabilizer. Figure 4.1 illustrates 

the structure of the HTS tapes, and its properties are described in Table 4.1.  
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Figure 4.1: Physical structure of the HTS tape considered for the DC and AC cables design with the 

properties described in Table 4.1 [121], [122]. 

Table 4.1: Properties of the HTS tapes considered for the DC and AC cables design with the structure 

shown in Figure 4.1 [121], [122]. 

Parameter Symbol Value 

DC Cable AC Cable 

Tape Width 𝑤Tape 4 mm 4 mm 

Copper Thickness 𝑑Cu 40 μm 9 μm 

Silver Thickness 𝑑Ag 3 μm 2.4 μm 

REBCO Thickness 𝑑REBCO 2 μm 1.6 μm 

Hastelloy Thickness 𝑑Hy 75 μm 50 μm 

Tape Total Thickness 𝑑Tape 120 μm 63 μm 

Tape Cross-section Area 𝐴Tape 0.48 mm2 0.25 mm2 

Tape (REBCO) Critical 

Current 
𝐼c 210 A @ 77 K 100 A @ 77 K 

Tape (REBCO) Critical 

Temperature 
𝑇c 92 K 92 K 

 

4.2.2 Cable Geometry 

This work considers a bipolar coaxial DC cable with the structure depicted in Figure 4.2 and the 

geometry described in Table 4.2. In this cable, the HTS tapes are cooled by LN2 at 77 K, which 

is pumped from one side and flows in one duct on the outside, while both poles are placed in one 

cryostat. The inner pole consists of 8 HTS tapes arranged in parallel, with a core made up of 

copper also as former. The outer pole contains 12 HTS tapes in parallel and includes a shield 

copper. In these two poles, the HTS tapes are electrically in parallel with the copper layers. It is 

important to note that the difference in the number of HTS tapes between the poles is due to the 

larger outer diameter of the outer HTS tapes. To fully occupy the available space in the cable, 

more tapes are required in the outer pole. Additionally, a Polypropylene Laminated Paper (PPLP) 

is placed between the poles for electrical insulation. 
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Figure 4.2: Structure of the coaxial bipolar HTS DC cable composed of HTS tapes, as described in Figure 

4.1 and Table 4.1, with the properties specified in Table 4.2. 

Table 4.2: Properties of the coaxial bipolar HTS DC cable composed of HTS tapes, as described in Figure 

4.1 and Table 4.1, with the structure illustrated in Figure 4.2. 

Parameter Symbol Value 

Core Copper Diameter 𝐷Core 10 mm 

Inner HTS Tapes Outer Diameter 𝐷Tape,in 10 mm 

PPLP Outer Diameter 𝐷PPLP 15 mm 

Outer HTS Tapes Outer Diameter 𝐷Tape,out 15 mm 

Shield Copper Outer Diameter 𝐷Sh 18 mm 

Cooling Fluid (LN2) Outer Diameter 𝐷Fld 28 mm 

Cable Diameter 𝐷Cable 30 mm 

Cable Length 𝑙Cable 50 m 

Number of the Inner HTS Tapes 𝑁Tape,in 8 

Inner HTS Tapes Total Critical Current 𝐼c,Tape,in 1.68 kA 

Number of the Outer HTS Tapes 𝑁Tape,out 12 

Inner HTS Tapes Total Critical Current 𝐼c,Tape,out 2.52 kA 

Cooling Fluid Mass Flow Rate 𝑚̇Fld 0.4 kg/s 

 

To deliver the electrical energy on the AC side from DC/AC inverter to the motor, a three-phase 

AC cable with the structure depicted in Figure 4.3 and the geometry described in Table 4.3 is 

integrated. In this cable, the HTS tapes are cooled with LN2 at 77 K, pumped from one side and 

flows in cryostat where all phases are placed. Each phase comprises eight parallel layers of HTS 

tapes, each containing three tapes arranged on an aluminum core, which also serves as a former. 

The cable includes a copper shield which is not as thick as the shield copper used in the DC cable. 

A Kapton dielectric layer is also placed between the poles for electrical insulation. 
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Figure 4.3: Structure of the coaxial three-phase HTS AC cable composed of HTS tapes, as described in 

Figure 4.1 and Table 4.1, with the properties specified in Table 4.3. 

Table 4.3: Properties of the coaxial three-phase HTS AC cable composed of HTS tapes, as described in 

Figure 4.1 and Table 4.1, with the structure illustrated in Figure 4.3. 

Parameter Symbol Value 

Aluminum Core Diameter 𝐷Core 5.5 mm 

HTS Tapes Outer Diameter 𝐷Tape 6.5 mm 

Kapton Outer Diameter 𝐷Ka 7.4 mm 

Shield Copper Outer Diameter 𝐷Sh 7.5 mm 

Cooling Fluid (LN2) Outer Diameter 𝐷Fld 39 mm 

Cryostat Outer Diameter 𝐷Cryo 66 mm 

Cable Length 𝑙Cable 2 m 

Number of the HTS Tapes Layer per Phase 𝑁Tape,layer,ph 8 

Number of the HTS Tapes per Layer per Phase 𝑁Tape/layer,ph 3 

Total Number of the HTS Tapes per Phase 𝑁Tape,ph 24 

HTS Tapes Total Critical Current per Phase 𝐼c,ph 2.4 kA 

Cooling Fluid (LN2) Temperature 𝑇LN2
 77 K 

 

4.2.3 Cable Inductance 

In addition to the cable resistance, calculation of the superconducting cable inductance is neces-

sary. The cable inductance is strongly dependent on the structure of the cable. For the coaxial DC 

cable described in Figure 4.2, each pole of the bipolar cable has its own total effective inductance 

𝐿e which includes as well the mutual inductance with the other pole. If 𝐿e,in and 𝐿e,out are respec-

tively the total effective inductances of inner and outer poles, the total cable inductance 𝐿Cable 

can be calculated with equation (4.1). 

 𝐿Cable = 𝐿e,in + 𝐿e,out (4.1) 
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Knowing this equation, the total cable inductance with the parameters given in Table 4.2 is cal-

culated via equation (4.2) [123]: 

 𝐿Cable =
𝜇0 ⋅ 𝑙Cable

2𝜋
⋅

[
 
 
 

ln (
𝐷Sh

 𝐷Tape,in
) +

2 (
𝐷PPLP
𝑑Sh

)
2

1 − (
𝐷PPLP
𝐷Sh

)
2 ⋅ ln (

𝐷Sh

𝐷PPLP
) −

3

4
+ ln (𝜁)

]
 
 
 

 (4.2) 

In this equation, 𝜇0 is the free space permeability and it is equal to 4𝜋 × 10−7 [T.m A⁄ ]. Moreo-

ver, the parameter 𝜁 is dependent on the thickness of the outer pole, and ratio 𝐷PPLP 𝐷Sh⁄ . In the 

given cable, parameter ln (𝜁) is calculated as 0.05. 

Furthermore, for the AC cable, the effective inductance for each phase, 𝐿Cable,ph, is calculated 

with equation (4.3), where 𝐷ph2ph represents the center-to-center distance between phases [123]. 

In this cable, 𝐷ph2ph is approximately 23.5 mm. 

 𝐿Cable,ph =
𝜇0

2𝜋
⋅ 𝑙Cable ⋅ ln(

2𝐷ph2ph

𝑒−
1
4 ⋅ 𝐷Tape

)    (4.3) 

4.2.4 Cable Coolant 

As previously mentioned, a superconductor is in the superconducting state when it is cooled down 

to a temperature lower than its critical temperature 𝑇c. A coolant is used to provide such a condi-

tion. Considering that coolants are pumped from one side of the cable, their pressure and temper-

ature is not constant along the cable; the pressure drops and the temperature rises [124], [125]. 

For the cable to operate safely, the coolant’s temperature and pressure must remain within ac-

ceptable limits. Figure 4.4 shows the pressure-temperature diagram of nitrogen, whose liquid 

form is used as the cable coolant in this work [124].  
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Figure 4.4: Nitrogen phase diagram (pressure-temperature) curve, where the limits for the phase change 

are shown, and the green area is the safe operating region for using it in liquid form (LN2) 

[124]. 

Assuming that LN2 is pumped at 68 K and 15 bar, a pressure drop higher than 12 bar or a temper-

ature rise above 78 K poses a risk of LN2 vaporizing. Due to the large density difference between 

liquid and gaseous nitrogen (𝜌LN2
> 130𝜌GN2

), vaporization can transform 1 liter of liquid nitro-

gen into tens of liters of gas, potentially leading to a loss of superconductivity, and deformation 

and insulation voltage breakdown of the cable [126]. Therefore, in the case of using LN2 as a 

coolant, the safe operating range is recommended to be the green area in Figure 4.4 [124], [125]. 

Consequently, analyzing pressure drops and temperature rises along the cable is essential to en-

sure the coolant operates safely. In this work, these parameters are analyzed only for the DC cable 

coolant, however, the same approach can be applied to the AC cable. 

4.2.4.1 Calculation of the pressure drop along the cable length 

The following Darcy-Weisbach equation can be used to calculate coolant pressure drop along the 

cable [124], [125], [127]. 

 ∆𝑝 = 𝜆Fld ⋅
𝑙Cable

2𝜌Fld ⋅ 𝑑H,Fld
⋅ (

𝑚̇Fld

𝐴Fld
)
2

 (4.4) 

In this equation, 𝜌Fld, 𝐴Fld, and 𝑚̇Fld are the fluid density, area, and mass flow rate, respectively. 

The parameter 𝑑H,Fld represents the fluid hydraulic diameter which is the difference between fluid 

duct outer and inner diameters. In the case of the DC cable considered in this work, this parameter 

is 10 mm. Moreover, in the above equation, the parameter 𝜆Fld is the friction coefficient. The 

following points that resulted from Equation (4.4) must be considered: 

• The pressure drop in a cable increases as its length increases. 

• Pumping the coolant at a higher mass flow rate results in a higher pressure drop. 
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• Using gases as coolants instead of liquid coolants, such as helium gas at 77 K, reduces the 

pressure drop because of the significantly smaller mass flow rates. 

• Employing a less dense fluid, like liquid hydrogen (LH2), compared to liquid nitrogen 

(LN2), increases the pressure drop. 

• A thicker coolant duct, meaning a larger hydraulic diameter 𝑑H,Fld, reduces the pressure 

drop. 

To calculate 𝜆Fld, the model for corrugated tubes investigated by Kauder can be used [128]. This 

parameter is calculated with equation (4.5) from cooling fluid Reynolds number 𝑅𝑒Fld  for a 

smooth tube (where the ratio of the tube groove depth over tube groove width is less than 0.2) 

based on the Karman-Nikuradse correlation [124]. To calculate the fluid Reynolds number 𝑅𝑒Fld, 

the procedure explained in the appendices Chapter 9, section A.1 must be followed [129].  

 
1

√𝜆Fld

= 2𝑙𝑜𝑔 (
𝑅𝑒Fld ⋅ √𝜆Fld 

2.51
) , 𝑅𝑒 > 2300 (4.5) 

By solving this equality in equation (4.5), the friction coefficient 𝜆Fld is calculated as described 

in equation (4.6). 

 
𝜆Fld  =

1

4𝜔2 (− 𝑙𝑜𝑔 (
251

50𝑅𝑒Fld
))

 
(4.6) 

In this equation, 𝜔(𝑧) is the Wright Omega function. Based on [128], for the duct type described 

above, equation (4.6) can be used when 𝑅𝑒Fld>5×104. 

Figure 4.5 demonstrates the result of the LN2 pressure drop analysis that is pumped at 15 bar and 

77 K in the cable described in Figure 4.2 and Table 4.2. This figure confirms that this coolant will 

have a negligible pressure drop, and it remains in the safe operating region described in Figure 

4.4. 
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Figure 4.5: Pressure drop analysis results for LN2, which is pumped at 15 bar and 77 K in the DC cable 

described in Figure 4.2 and Table 4.2, based on the LN2 properties obtained from the NIST 

database [126]. This data is given in the appendices Chapter 9, section A.3, Table 9.2. 

4.2.4.2 Calculation of the temperature rise along the cable length 

Figure 4.6 shows a cooling fluid duct element at the distance 𝑥 from the fluid pumping side of the 

cable and with a length of 𝑑𝑥. The parameter 𝑑𝑥 is considered relatively small with no tempera-

ture gradient. In other words, the temperature is the same as 𝑇Fld,x at every point of this element.  

 

Figure 4.6: Illustration of a coolant duct element with a significantly small length of 𝑑𝑥 with a 

temperature 𝑇Fld,x (no temperature gradient). 

Cooling fluid duct element with

temperature 

Superconducting cable
Cooling fluid pumping 

with rate [kg/s]
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Considering a radiated heat input from outside as 𝑞rad (constant along the cable, considered 

1 W/m in this work) and 𝑐p,Fld as cooling fluid’s specific heat capacity, the heat balance equation 

can be written as (4.7). 

 𝑚̇Fld ⋅ 𝑐p,Fld ⋅
𝑑𝑇Fld,x

𝑑𝑥
= 𝑞rad (4.7) 

Solving this equation results in calculating the fluid temperature at a distance 𝑥 from the pumping 

side (𝑇Fld,x). This is shown in equation (4.8), where 𝑇Fld,x0
 is the coolant temperature at the be-

ginning of the cable. 

 𝑇Fld,x =
𝑞rad

𝑚̇Fld ⋅ 𝑐p,Fld
⋅ 𝑥 + 𝑇Fld,x0

 (4.8) 

In addition to the pressure drop, equation (4.8) shows another criterion for the cable design and 

coolant selection. This equation highlights the following points: 

• Considering a coolant duct with a larger outer diameter will lead to a greater temperature 

rise along the cable length. 

• Using a gaseous coolant, which is pumped at a significantly lower mass flow rate, can 

considerably raise the temperature along the cable length.  

• Selecting a coolant with a higher heat capacity, such as LH2 instead of LN2, reduces the 

temperature rise. 

 

Figure 4.7: Temperature rise analysis results for LN2, which is pumped at 15 bar and 77 K in the DC cable 

described in Figure 4.2 and Table 4.2, based on the LN2 properties obtained from the NIST 

database [126]. This data is given in the appendices Chapter 9, section A.3, Table 9.2. 
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Figure 4.7 presents the analysis result of the LN2 temperature rise along the cable length for the 

cable described in Figure 4.2 and Table 4.2. This figure indicates that the LN2 will experience a 

negligible temperature increase of 0.06 K, which falls within the safe operating range for LN2, as 

described in Figure 4.4. This case assumes an adiabatic condition for the coolant. In reality since 

coolant has a heat convection with other layers, its temperature rise will be even lower. 

4.3 Electrical Characteristic 

A superconducting DC cable can be represented by a resistive-inductive impedance in an electri-

cal system. The equivalent electrical circuit of a superconducting cable is shown in Figure 4.8. 

 

Figure 4.8: Electrical equivalent circuit of a bipolar coaxial superconducting DC cable, described in 

Figure 4.2 and Table 4.2. 

In this figure, 𝐿e,in and 𝐿e,out denote the effective inductances of each pole as explained in the 

sub-chapter 4.2.3. The cable capacitance 𝐶Cable represents the capacitive charges between the 

poles. As the voltage rating in the cable considered in this work is relatively low, and due to the 

existence of the PPLP for electrical insulation between poles, the cable capacitance is neglected. 

Since the two poles are in series, the total cable resistance 𝑅Cable and inductance 𝐿Cable can be 

calculated based on the series impedance rule. Calculation of the cable inductance 𝐿Cable was 

explained in the sub-chapter 4.2.3.  

Moreover, 𝑅in and 𝑅out are the non-linear resistances of the inner and outer poles, respectively, 

due to the existence of the superconductor. The cable resistance 𝑅Cable consists of the HTS tapes 

used in the cable, and the core/shield copper layers parallel to the tapes. This follows the same 

principle as RSFCL explained in the sub-chapter 3.4. The detailed equivalent circuit of the cable 

resistance is shown in Figure 4.9.  

inner pole

outer pole

in 

series

HTS DC cable
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Figure 4.9: Electrical equivalent circuit of a bipolar coaxial superconducting DC cable resistance, 

considering the resistances of all the layers and sub-layers of the HTS tapes, with the principle 

explained in the sub-chapter 3.4. In this figure, the indices “in” and “out” refer to the inner 

and outer poles. In this bipolar DC structure, the poles currents, 𝑖in and 𝑖out, are equal. 

In Figure 4.9, the resistance of each sub-layer in the tapes represents its total resistance in all 

parallel tapes. For instance, 𝑅REBCO,in indicates the total resistance of REBCO sub-layers in all 

inner pole HTS tapes. In this analysis, it is assumed that all tapes have identical properties, tem-

peratures, and currents. The parameters 𝑅Tapes,in and 𝑅Tapes,out denote the equivalent resistances 

of the HTS tapes in the inner and outer poles, respectively. These parameters can be calculated 

using the parallel resistors law, similar to what was explained for the RSFCL in the sub-chapter 

3.4, equation (3.7). Likewise, to determine the total resistance of each pole from 𝑅Tapes,in, 

𝑅Tapes,out, and shield/copper resistances, 𝑅Core and 𝑅Sh, the same law can be used. The current 

flowing through each layer is also illustrated; For instance, the current through the REBCO layers 

in the inner tapes is labelled  𝑖REBCO,in. Furthermore, the voltage on the two poles are shown as 

𝑢in and 𝑢out. 

As explained in the sub-chapter 3.2, the resistance behavior of REBCO is non-linear with current 

density 𝐽 and temperature 𝑇, while the resistance of other layers varies only with temperature and 

can be calculated using equation (3.6) in Chapter 3. The specific data to calculate these resistances 

are given in appendices Chapter 9, section A.1, Table 9.1. Finally, the total cable resistance is 

calculated using equation (4.9). 

 𝑅Cable = 𝑅in + 𝑅out (4.9) 

Following the same principle as the DC cable, the equivalent circuit of the three-phase HTS AC 

cable is illustrated in Figure 4.10. In this figure, 𝑅Cable,abc denote the three-phase cable resistance, 

and 𝐿Cable,abc represent its inductance. With the same principle as DC cable, the cable capacitance 

in each phase is neglected due to the insulation, and low voltage rating and frequency. 

inner tapes →

inner pole →

outer tapes →

outer pole →
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Figure 4.10: Electrical equivalent circuit of a three-phase superconducting AC cable, described in Figure 

4.3 and the geometry provided in Table 4.3. 

The resistance of each phase, 𝑅Cable,ph is non-linear because the REBCO layers resistances in the 

HTS tapes change non-linearly with current and temperature. The equivalent circuit of the phases 

resistance is depicted in Figure 4.11, with the same principles as described in Chapter 4, sub-

chapter 4.3. The total tapes resistance per phase, 𝑅Tape,ph, and phase resistance 𝑅Cable,ph are cal-

culated using parallel resistors law, considering the same properties for all HTS tapes. The pa-

rameters needed to calculate the resistance of all the layers are provided in the appendices Chap-

ter 9, section A.1, Table 9.1. 

 

Figure 4.11: Electrical equivalent circuit of a superconducting AC cable phase resistance, considering the 

resistances of all the layers and sub-layers of the HTS tapes, with the principle explained in 

the sub-chapter 3.4.  

Phase 

HTS AC cable

Phase 

Phase 
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4.4 Non-linear, Adiabatic, Lumped-parameter Model 

The lumped-parameter method applied to the cable follows the same principle outlined for the 

RSFCL in Chapter 3, sub-chapters 3.5 and 3.6. In this approach, each layer has a single tempera-

ture and resistance. This method only uses adiabatic conditions, meaning no heat transfer between 

layers is considered. Hence, the temperature of a layer varies only with the power loss within that 

layer. This temperature is determined using equation (3.11) in Chapter 3. The process for deter-

mining the various parameters of the cable layers is based on the algorithm described in the sub-

chapter 3.6, Figure 3.6. 

4.5 Non-linear, Non-adiabatic, One-dimensional, 
Finite-difference-method-based Model 

A more advanced model than the lumped-parameter is needed to model the cable in a non-adia-

batic environment. A non-adiabatic model includes the heat transfer between the cable layers. For 

this purpose, the finite-difference method (FDM) is used to model the thermal characteristic of 

the cable [125], [130], [131]. With this method, the cable can be modeled one-dimensionally or 

two-dimensionally. This sub-chapter presents the one-dimensional (1-D), FDM-based modeling 

of the cable. 

In the 1-D modeling of the cable using FDM, the heat transfer of the cable only along its cross-

section (radial direction) is considered. Therefore, the cable cross-section is divided into multiple 

elements with a small thickness indicated by ∆𝑟. Figure 4.12 shows a part of the cable cross-

section with the finite-difference elements. 
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Figure 4.12: Illustration of an HTS cable section with applied finite difference method (FDM), where solid 

layers are divided into 𝑀 elements, while coolant has one element with a temperature of 𝑇Fld. 

Each solid element has a thickness of ∆𝑟, with 𝑇m representing the temperature of 𝑚th element 

and 𝑟m denoting the distance of 𝑚th element from the cable radial center. Additionally, 𝑞rad 

represents the radiated heat from outside, assumed to be 1 W/m in this work, and ℎc,Fld 

indicates the cooling fluid convective heat coefficient. 

The parameter ∆𝑟 and consequently total number of FDM elements must be chosen with a com-

promise between the computational effort and the accuracy of the results. If the number of ele-

ments is too high, the time to simulate the model would be significantly prolonged, though the 

results have remarkably high accuracy. Conversely, if the number of the FDM elements is too 

low, the results might be inaccurate. Since no temperature gradient is considered within the HTS 

tapes due to their thinness, the parameter ∆𝑟 is set equal to the tapes thickness, 𝑑Tape, as specified 

in the section 4.2.1, Table 4.1. Table 4.4 shows the 1-D FDM parameters applied to the cable. 

Table 4.4: Specifications of the 1-D finite difference method (FDM) applied to the HTS DC cable with the 

structure described in Figure 4.2 and Table 4.2. 

Parameter Symbol Value 

Thickness of the Radial Elements in the Solid Layers ∆𝑟 120 μm 

Total Number of the Elements in the Solid Layers 𝑀 74 

Number of the Radial Elements for the Cooling Fluid 𝑁r,Fld 1 

Total Number of the Radial Elements 𝑁r 75 

 

With this data, the area and volume of a certain element 𝑚, denoted by 𝐴m and 𝑉m can be deter-

mined using equations (4.10) and (4.11). 
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 𝐴m = 𝜋 ⋅ (2𝑚 − 1) ⋅ (∆𝑟)2 (4.10) 

 𝑉m = 𝐴m ⋅ 𝑙Cable (4.11) 

The temperature of each element can be determined using FDM based on heat transfer principles. 

Heat transfer in the cable can occur in two states: stationary and transient. The stationary state 

refers to the cable operating under nominal conditions, where all parameters are stable at their 

nominal values. Modeling the cable in this state is essential as it provides the initial condition for 

further analysis. In contrast, the transient state involves analyzing temperature changes over time. 

Transient modeling is used to describe the cable’s behavior during dynamic events, such as sud-

den load changes caused by short circuits in the cable or the network where it is installed. The 

procedure for calculating the temperature in the stationary state is explained first, as it is used to 

determine the initial temperature of the cable. Once the stationary state is established, the analysis 

moves on to the transient state, where temperature variations over time are examined. 

4.5.1 Stationary State 

The general 1-dimensional, stationary heat transfer equation is shown in equation (4.12) [130], 

[131]. 

 
𝑑2𝑇

𝑑𝑟2
+

1

𝑟
⋅
𝑑𝑇

𝑑𝑟
+

𝑔

𝑘
= 0 (4.12) 

In this equation, the parameters 𝑇, 𝑔, and 𝑘 represent temperature, generated power, and thermal 

conductivity, respectively. For a certain element 𝑚 within the cable, this equation can be written 

in FDM form. By formulating the equation for one specific element, they can then be extended to 

all other elements. Equation (4.13) describes the heat transfer equation of the element 𝑚th in the 

FDM form, incorporating the boundary conditions with its adjacent elements, 𝑚-1 and 𝑚+1. The 

properties of all the materials are provided in the appendices Chapter 9, section A.1. 

 

[(
1

2𝑚
− 1) ⋅ (

2

1 + 𝜂m,m−1
)] ⋅ 𝑇m−1 

+[2 + (
1

2𝑚
− 1) ⋅ (

𝜂m,m−1 − 1

𝜂m,m−1 + 1
) + (

1

2𝑚
+ 1) ⋅ (

𝜂m+1,m − 1

𝜂m+1,m + 1
)] ⋅ 𝑇m 

+[(
1

2𝑚
+ 1) ⋅ (

−2𝜂m+1,m

1 + 𝜂m+1,m
)] ⋅ 𝑇m+1 =

(∆𝑟)2

𝑘m
⋅ 𝑔m 

(4.13) 

In this equation, 𝑔m denotes the generated power in the element 𝑚, which is calculated with 

equation (4.14), where 𝑅m and 𝐼m are the resistance and flowing current in this element. Moreo-

ver, 𝑉m is its volume which its calculation was described in equation (4.11). 

 𝑔m =
𝑅m ⋅ 𝐼m

2

𝑉m
 (4.14) 
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Moreover, 𝜂m,m−1 and 𝜂m+1,m represent the thermal conductivity ratios between the 𝑚th element 

and its neighboring elements, as described in (4.15). In this equation, 𝑘m−1, 𝑘m, and 𝑘m+1 are 

the thermal conductivities of the elements 𝑚-1, 𝑚, and 𝑚+1, respectively. 

 𝜂m,m−1 =
𝑘m

𝑘m−1
 , 𝜂m+1,m =

𝑘m+1

𝑘m
 (4.15) 

The equation (4.13) is efficient as it eliminates the need to implement different equations for the 

elements. Moreover, there is no need to check for different thermal conductivities since this equa-

tion considers the boundary conditions with both adjacent elements. 

There are particular elements within solid layers with specific heat transfer equations: first solid 

element (𝑚=1), and last solid element (𝑚=𝑀). The FDM forms of the 1-D heat transfer equation 

for element 𝑚=1 and 𝑚=𝑀 are shown in (4.16) and (4.17), respectively. 

 4𝑇1 − 4𝑇2 =
(∆𝑟)2

𝑘1
⋅ 𝑔1 (4.16) 

 
−2𝑇M−1 + [2 + 𝜑 ⋅ (

1

2𝑀
+ 1)] 𝑇M + [−𝜑 ⋅ (

1

2𝑀
+ 1)] ⋅ 𝑇Fld 

=
(∆𝑟)2

𝑘M
⋅ 𝑔M 

(4.17) 

In equation (4.17), the parameter 𝜑 is a self-built parameter which is given in (4.18), where 𝑘M 

is the thermal conductivity of last solid element, 𝑚=𝑀. 

 𝜑 =
2∆𝑟 ⋅ ℎc,Fld

𝑘M
 (4.18) 

The parameter ℎc,Fld represents the cooling fluid (LN2) convective heat coefficient which depends 

on multiple parameters, mostly related to the cable geometry and properties of each specific fluid 

itself. To calculate this parameter, the procedure described in the appendices Chapter 9, section 

A.1 must be followed. In the stationary state simulated by 1-D model, the temperature of the last 

element, the cooling fluid, is set at 77 K. 

The equations for calculating the temperature in all FDM elements are now found. Since the tem-

perature of each element also depends on the temperature of one or two adjoining elements, a 

mathematical approach is needed to calculate all these temperatures. These equations can be writ-

ten in a matrix form as follows: 

 𝛢 × 𝑇 = 𝛣 (4.19) 

In this equation, 𝑇 is the temperature matrix that contains the temperature of all FDM elements, 

and its size is 𝑁r × 1. Additionally, in equation (4.19), Α is the known matrix of coefficients in 

the heat transfer equations (On the left side of the equations), and Β is the known matrix of power 
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generated in the elements (On the right side of the equations). The sizes of matrix Α and Β are 

𝑁r × 𝑁r and 𝑁r × 1, respectively. 

The matrices 𝑇 and Β are shown in equation (4.20), and the matrix Α is presented in equation 

(4.21). In the matrix Α, the array Ai,j represents the contribution of element 𝑚 = 𝑗 (i.e., 𝑇j) to the 

calculation of the temperature of element 𝑚 = 𝑖 (i.e., 𝑇i). For example, the array 𝐴m,m−1 is the 

coefficient of 𝑇m−1 in the heat transfer equation of element 𝑚 (as described in equation (4.13)). 

Given the large sizes of these matrices, only specific arrays are depicted, while others follow the 

same procedure. Moreover, in matrix Α, the arrays related to heat transfer of a certain element 𝑚 

and last solid element 𝑚 = 𝑀, based on equations (4.13) and (4.17) are shown.  

 𝑇 =

[
 
 
 
 
 
 
 
 
 

𝑇1

𝑇2

⋮
𝑇m−1

𝑇m

𝑇m+1

⋮
𝑇M−1

𝑇M

𝑇Fld ]
 
 
 
 
 
 
 
 
 

      ,      Β =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(∆𝑟)2

𝑘1

⋅ 𝑔
1

(∆𝑟)2

𝑘2

⋅ 𝑔
2

⋮
(∆𝑟)2

𝑘m−1

⋅ 𝑔
m−1

(∆𝑟)2

𝑘m

⋅ 𝑔
m

(∆𝑟)2

𝑘m+1

⋅ 𝑔
m+1

⋮
(∆𝑟)2

𝑘M−1

⋅ 𝑔
M−1

(∆𝑟)2

𝑘M

⋅ 𝑔
M

77 K ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (4.20) 

 

Α =

[
 
 
 
 
 
 
 
 
 
 
 

4 −4 0 ⋯ 0 0 0 ⋯ 0 0

−
3

4
2 −

5

4
⋯ 0 0 0 ⋯ 0 0

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 ⋯ 𝐴m−1,m−1 𝐴m−1,m 0 ⋯ 0 0

0 0 0 ⋯ 𝐴m,m−1 𝐴m,m 𝐴m,m+1 ⋯ 0 0

0 0 0 ⋯ 0 𝐴m+1,m 𝐴m+1,m+1 ⋯ 0 0

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 ⋯ 0 0 0 ⋯ 𝐴M−1,M 0

0 0 0 ⋯ 0 0 0 ⋯ 𝐴M,M 𝐴M,Nr

0 0 0 ⋯ 0 0 0 ⋯ 0 1 ]
 
 
 
 
 
 
 
 
 
 
 

 

𝐴m,m−1 = (
1

2𝑚
− 1) ⋅ (

2

1 + 𝜂m,m−1
) 

𝐴m,m = 2 + (
1

2𝑚
− 1) ⋅ (

𝜂m,m−1 − 1

𝜂m,m−1 + 1
) + (

1

2𝑚
+ 1) ⋅ (

𝜂m+1,m − 1

𝜂m+1,m + 1
) 

(4.21) 
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𝐴m,m+1 = (
1

2𝑚
+ 1) ⋅ (

−2𝜂m+1,m

1 + 𝜂m+1,m
) 

𝐴M,M−1 = −2    ,    𝐴M,M = 2 + 𝜑 ⋅ (
1

2𝑀
+ 1) , 𝐴M,Nr

= −𝜑 ⋅ (
1

2𝑀
+ 1) 

By building all the matrices in equation (4.19), the temperature matrix 𝑇 in the stationary regime 

can be calculated with equation (4.22). 

 𝑇 = 𝐴−1 × 𝐵 (4.22) 

4.5.2 Transient State 

The temperature calculation in the 1-D transient model follows a similar process to that of the 

stationary model, with the key difference being the inclusion of temperature variation over time 

𝑡. The transient heat transfer in the FDM elements shown in Figure 4.12 is based on the equation 

(4.23) [130], [131]. Unlike the 1-D stationary heat transfer described by equation (4.12), where 

the right-hand side equals zero, in the transient model, the right side of the equation accounts for 

the time-dependent changes in generated power within the elements. As a result, temperature 

variation over time is considered alongside heat transfer. 

 
𝑑2𝑇

𝑑𝑟2
+

1

𝑟
⋅
𝑑𝑇

𝑑𝑟
+

𝑔

𝑘
=

𝜌 ⋅ 𝑐p

𝑘
⋅
𝑑𝑇

𝑑𝑡
 (4.23) 

In this equation, 𝜌 represents the density and 𝑐p is the specific heat capacity of the material. Sim-

ilar to the FDM form used in the stationary heat transfer model, the 1-D heat transfer equation for 

the transient state can also be derived. This work employs the implicit method to compute tem-

peratures in the 1-D transient model, meaning that the temperatures at each new time step must 

be calculated. For a certain element 𝑚 in solid layers, the 1-D, transient heat transfer equation is 

as follows: 

 

[(
1

2𝑚
− 1) ⋅ (

2

𝜂m,m−1 + 1
)] ⋅ 𝑇m−1

z+1  

+[𝜓m + 2 + (
1

2𝑚
− 1) ⋅ (

𝜂m,m−1 − 1

𝜂m,m−1 + 1
) + (

1

2𝑚
+ 1) ⋅ (

𝜂m+1,m − 1

𝜂m+1,m + 1
)] ⋅ Tm

z+1 

+[(
1

2𝑚
+ 1) ⋅ (

−2𝜂m+1,m

𝜂m+1,m + 1
)] ⋅ 𝑇m+1

z+1 = 𝜓m ⋅ 𝑇m
z +

(∆𝑟)2

𝑘m
⋅ 𝑔m

z+1 

(4.24) 

In this equation, the left-hand side contains the unknown temperatures and their corresponding 

coefficients, which are to be calculated for the new time step, 𝑧+1. The right-hand side includes 

known parameters, such as the temperature from the previous time step (i.e., 𝑇m
z ) and the power 

generated in each element at the new time step 𝑔m
z+1. Additionally, 𝜓m in equation (4.24) is de-

fined like equation (4.25) from element 𝑚 density, specific heat capacity, and thermal 
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conductivity which are represented respectively with 𝜌m, 𝑐p,m,  and 𝑘m. In this equation, ∆𝑡 de-

notes the time-step interval. The properties of all the materials are provided in the appendices 

Chapter 9, section A.1. 

 𝜓m =
(∆𝑟)2 ⋅ 𝜌m ⋅ 𝑐p,m

𝑘m ⋅ ∆𝑡
 (4.25) 

The procedure to find the heat transfer equations for other radial elements in solid layers follows 

the same approach as explained above and the stationary state. These equations can be found in 

the appendices Chapter 9, section A.1. 

In the transient model, the temperature of the cooling fluid also varies over time. Using the tem-

perature of the last radial element in solid layers, 𝑇M, along with the fluid convective heat coeffi-

cient ℎc,Fld, the fluid temperature can be calculated using equation (4.26). In this equation, 𝜌Fld 

represents the fluid density, and 𝑐p,Fld is the specific heat capacity of the fluid. Additionally, the 

parameter 𝑃𝑒Fld,𝑖n represents the fluid duct inner diameter (=𝜋 ⋅ 𝑑Sh in the cable considered in 

this work). 

 −ℎc,Fld ⋅ 𝑃𝑒Fld,in ⋅ 𝑇M
z+1 + [𝜓Fld + ℎc,Fld ⋅ 𝑃𝑒Fld,in] ⋅ 𝑇Fld

z+1 = 𝜓Fld ⋅ 𝑇Fld
z + 𝑞rad  (4.26) 

In this equation, 𝑇M
z+1 and 𝑇Fld

z+1 are the temperature of the last solid element 𝑚=𝑀 and cooling 

fluid in the new time-step, which need to be calculated. The parameter 𝑇Fld
z  is the fluid tempera-

ture in the previous time-step. The parameter 𝜓Fld is a self-built parameter as described in equa-

tion (4.27). 

 𝜓Fld =
𝜌Fld ⋅ 𝑐p,Fld ⋅ 𝐴Fld

∆𝑡
 (4.27) 

By having all the equations, the same approach as the stationary model can be used to calculate 

the temperature in the transient model. In this equation, matrix θ is built to simplify the process. 

Therefore, the matrix form of the equations is built, as shown in equation (4.28). The approach 

of building these matrices is described in the appendices Chapter 9, section A.1. 

 Α × 𝑇z+1 = 𝜓 ⋅ 𝑇𝑧 + Β = θz+1 (4.28) 

The temperature matrix in the new time-step 𝑇z+1 is then calculated with equation (4.29). 

 𝑇z+1 = Α−1 × θz+1 (4.29) 

4.6 Non-linear, Non-adiabatic, Two-dimensional, 
Finite-difference-method-based Model 

In the 2-dimensional modeling of the cable, the temperature in both radial and axial directions is 

calculated. In this model, in addition to the cable cross-section (depicted in Figure 4.12), the cable 
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length (𝑥-direction) is also divided into 𝑁x number of elements with the same length defined as 

∆𝑥. Hence, the temperature of the cable layers along its length can be calculated with the 2-D 

model. This is crucial, especially in long-length cables where the coolant temperature can rise 

along the length, as discussed in section 4.2.4 of this chapter. In this cable, cooling fluid, LN2 at 

77 K, is pumped from one side (𝑛=1) and leaves the cable towards DC/AC inverter on the other 

side at the end of the cable (𝑛=𝑁x). The finite difference demonstration of the cable along its 

length is depicted in Figure 4.13. 

 

Figure 4.13: Illustration of an HTS cable axial direction with applied finite difference method (FDM), 

where its length is divided into 𝑁x elements with a length of ∆𝑥. A certain element in this 

schematic is reprsented with a number 𝑛, and its distance from the starting point of the cable, 

where the cooling fluid is pumped, is denoted by 𝑥n. 

Similar to the values of ∆𝑟 in the radial direction, choosing a value for ∆𝑥 is a compromise be-

tween computational effort and accuracy. In this work, the length of each element ∆𝑥 is chosen 

as 1 m. Therefore, the total number of axial elements 𝑁x is calculated from the cable length 𝑙Cable. 

Table 4.5 shows the 2-D FDM parameters applied to the cable. 

Table 4.5: Specifications of the axial elements in the 2-D finite differene method (FDM) applied to the 

HTS DC cable with the structure described in Figure 4.2 and Table 4.2. 

Parameter Symbol Value 

Length of the Axial Elements ∆𝑥 1 m 

Total Number of the Axial Elements 𝑁x 50 

 

If 𝐴m is the area of radial element 𝑚 (calculated with equation (4.10)), the volume 
of this element in the axial element 𝑛, 𝑉m,n, is determined as follows: 

 𝑉m,n = 𝐴m ⋅ ∆𝑥 (4.30) 

Similar to the 1-D model, the 2-D modeling of the cable in both stationary and transient conditions 

must be studied. 

1 2
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4.6.1 Stationary State 

The 2-dimensional heat transfer equation in the stationary regime is given in equation (4.31) 

[130], [131]. 

 
𝑑2𝑇

𝑑𝑟2
+

1

𝑟
⋅
𝑑𝑇

𝑑𝑟
+

𝑑2𝑇

𝑑𝑥2
+

𝑔

𝑘
= 0 (4.31) 

As seen, the difference between 1-D, as described in equation (4.12), and 2-D models is the ad-

ditional term 𝑑2𝑇 𝑑𝑥2⁄  which describes the heat transfer in 𝑥-direction (axial direction). To solve 

this equation using FDM, the temperature of the radial elements in each axial element is calcu-

lated, while the cooling fluid temperature in an axial element is updated based on the heat transfer 

with its adjacent axial elements. Writing the FDM form of this equation for a certain radial ele-

ment 𝑚 in the axial element 𝑛, including the boundary conditions with its adjoining elements 

based on equation (4.13) results in equation (4.32). 

 

[(
1

2𝑚
− 1) ⋅ (

2

1 + 𝜂m,m−1
)] ⋅ 𝑇m−1,n 

+[2 + (
1

2𝑚
− 1) ⋅ (

𝜂m,m−1 − 1

𝜂m,m−1 + 1
) + (

1

2𝑚
+ 1) ⋅ (

𝜂m+1,m − 1

𝜂m+1,m + 1
)] ⋅ 𝑇m,n 

+[(
1

2𝑚
+ 1) ⋅ (

−2𝜂m+1,m

1 + 𝜂m+1,m
)] ⋅ 𝑇m+1,n =

(∆𝑟)2

𝑘m
⋅ 𝑔m,n 

(4.32) 

In this equation, the generated power in the radial element 𝑚 in the axial element 𝑛, denoted 𝑔m,n, 

is determined with equation (4.33), where 𝑅m,n and 𝐼m,n are the resistance and flowing current in 

this element. The parameter 𝑉m,n represents the volume of this element which is determined with 

equation (4.30). 

 𝑔m,n =
𝑅m,n ⋅ 𝐼m,n

2

𝑉m,n
 (4.33) 

The difference between equations (4.13) and (4.32) is that in the 2-D model, the temperature of 

a radial element 𝑚 in the axial element 𝑛 is considered (i.e., 𝑇m,n instead of 𝑇m). The main dif-

ference between 1-D and 2-D, stationary models lies in the heat transfer of the cooling fluid. 

While in the 1-D model, the coolant temperature was considered constant, in the 2-D model, its 

variation along the length is considered. The heat transfer equation of the cooling fluid in the 2-

D, stationary model is shown below: 

 

[−ℎc,Fld ⋅ 𝑃𝑒Fld,in] ⋅ 𝑇M,n + [ℎc,Fld ⋅ 𝑃𝑒Fld +
𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
] ⋅ 𝑇Fld,n 

= [
𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
] ⋅ 𝑇Fld,n−1 + 𝑞rad 

(4.34) 
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In this equation, 𝑇Fld,n represents the cooling fluid temperature at axial element 𝑛, while 𝑇Fld,n−1 

denotes its temperature in the element before (closer to the beginning of the cable). The term 

𝑇Fld,n−1 is on the right side of the equation (known side) since the temperature calculation is done 

radially for each axial element starting from 𝑛 = 1, so the fluid temperature in the previous axial 

element is already calculated. Therefore, in this model, the temperature calculation starts from the 

first axial element, and then, the temperature would be calculated for the following elements with 

the same procedure. It needs to be mentioned that the fluid temperature at the first axial element 

𝑛=1 is known and given as liquid nitrogen temperature, 77 K. The equations for other elements 

are given the appendices Chapter 9, section A.1. 

Finally, all the equations are found, and the temperature matrix is calculated with the same ap-

proach as 1-D model. This is shown in equation (4.35). 

 An × 𝑇n = Bn ⇒ 𝑇n = An
−1 × Bn (4.35) 

In this equation, 𝑇n is the temperature of radial elements in axial element 𝑛. Subsequently, the 

matrix 𝐴n is the coefficient matrix for this temperature matrix, and 𝐵n is the known matrix for 

elements in the radial direction in axial element 𝑛. These matrices can be found based on the 

equations (4.32) and (4.34). These matrices are detailed in the appendices Chapter 9, section A.1. 

The temperature calculation algorithm in the 2-D stationary model is shown in Figure 4.14. With 

this approach, by calculating the radial temperature in all axial elements, the main temperature 

matrix 𝑇 can be found. This matrix has 𝑁x number of columns where each corresponds to an axial 

element (Axial element 𝑛 ⇔ Column 𝑛 in matrix 𝑇). Therefore, the matrix 𝑇 is built by placing 

the calculated radial temperature matrix in each axial element in the corresponding column. This 

is shown in equation (4.36), where the array 𝑇m,n represents the temperature of the radial element 

𝑚 in the axial element. 

 𝑇 = [[𝑇1] [𝑇2] ⋯ [𝑇n−1] [𝑇n] [𝑇n+1] ⋯ [𝑇Nx
]] (4.36) 
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Figure 4.14: HTS cable temperature calculation algorithm in the 2-D, stationary model, where it starts from 

first axial element, 𝑛=1, and moves forward to the end of the cable. In this model, only the 

coolant temperature at the beginning of the cable is known, that is equal to LN2 temperature, 

77 K. 

In nominal conditions, almost all the line current passes through the HTS tapes, due to the negli-

gible REBCO resistance. Therefore, the power generated in the other elements of solid layers 

would be negligible. Hence, all the arrays except arrays corresponding to the HTS tapes in the 

matrix Βn can be considered as zero in the stationary model.  

4.6.2 Transient State 

The heat transfer in the 2-D, transient model follows the fundamental principle given in equation 

(4.37) [130], [131]. 

 
𝑑2𝑇

𝑑𝑟2
+

1

𝑟
⋅
𝑑𝑇

𝑑𝑟
+

𝑑2𝑇

𝑑𝑥2
+

𝑔

𝑘
=

𝜌 ⋅ 𝑐p

𝑘
⋅
𝑑𝑇

𝑑𝑡
 (4.37) 

Applying FDM to this equation is similar to the 1-D model. However, with two dimensions, a 

fully implicit method like the 1-D model would not be appealing due to the large sizes of the 

matrices; instead, a so-called ADI (Alternating Direction Implicit) numerical method is 
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recommended to solve this equation [125]. This method divides each time-step into two half time-

steps. In the first half, the temperature in the axial direction is calculated implicitly, while for the 

radial direction, it is done explicitly (values from the previous time step are used). In the second 

half, the opposite is applied.  

First Half Time-step: 

In the first half time-step, the temperatures in the axial direction are treated using an implicit 

approach. Hence, considering 𝑧 representing previous time-step, and 𝑧+1, the new time-step, the 

label of the new half time-step, 𝑧+1/2, is assigned to the temperatures of the axial elements in the 

first half time-step. Conversely, for the radial direction, an explicit approach is used, meaning the 

temperatures are taken from the previous time-step, 𝑧. The heat transfer equation in the FDM 

form for a certain radial element 𝑚 in the axial element 𝑛, including all boundary conditions is 

shown in equation (4.38). 

 

−(∆𝑟)2 ⋅ 𝑇m,n−1

z+
1
2 + [𝜓m,n + 2(∆𝑟)2] ⋅ 𝑇m,n

z+
1
2 − (∆𝑟)2 ⋅ 𝑇m,n+1

z+
1
2
 

 

= [(∆𝑥)2 ⋅ (
1

2𝑚
− 1) ⋅ (

−2

1 + 𝜂m,m−1
)] ⋅ 𝑇m−1,n

z  

+[𝜓m,n − 2(∆𝑥)2 + (∆𝑥)2 ⋅ (
1

2𝑚
− 1) ⋅ (

1 − 𝜂m,m−1

1 + 𝜂m,m−1
) + (∆𝑥)2 ⋅ (

1

2𝑚
+ 1)

⋅ (
1 − 𝜂m+1,m

1 + 𝜂m+1,m
)] ⋅ 𝑇m,n

z  

+[(∆𝑥)2 ⋅ (
1

2𝑚
+ 1) ⋅ (

2𝜂m+1,m

1 + 𝜂m+1,m
)] ⋅ 𝑇m+1,n

z +
(∆𝑥 ⋅ ∆𝑟)2

𝑘m
⋅ 𝑔m,n

z+1 

(4.38) 

In this equation, the terms highlighted in red represent the radial contribution to heat transfer, 

while the blue terms indicate the axial contribution. The black term on the right-hand side corre-

sponds to the power generated within the element. This equation allows for the calculation of heat 

transfer for all elements in the solid layers of the cable. Additionally, the parameter 𝜓m,n is a self-

defined parameter with equation (4.39). In this equation, the density 𝜌m  and thermal conductivity 

𝑘m of a specific element 𝑚 are assumed to be constant along the length. However, due to potential 

temperature variations along the cable's length, the specific heat capacity 𝑐p,m,n can change. 

Therefore, it must be calculated individually for each axial element to account for these tempera-

ture differences. 

 𝜓m,n =
2(∆𝑥 ⋅ ∆𝑟)2 ⋅ 𝜌m ⋅ 𝑐p,m,n

𝑘m ⋅ ∆𝑡
 (4.39) 

The additional equations for other elements can be found in the appendices Chapter 9, section 

A.1. The final matrix form for the heat transfer equations in this model is like equation (4.40). 
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 𝐴𝑥m × 𝑇𝑥m

z+
1
2 = 𝑄𝑟m

z + 𝐵𝑥m = 𝜃𝑥m (4.40) 

This equation shows the temperature calculation at each iteration of the first half time-step for a 

certain redial element 𝑚. In this equation, 𝑇𝑥m

z+
1

2 is the temperature of the radial element 𝑚 in 𝑥-

direction (size of the matrix: 𝑁x × 1), and the matrix 𝐴𝑥m is the coefficients of the matrix 𝑇𝑥m

z+
1

2 

as found in the heat transfer equations (size of the matrix: 𝑁x × 𝑁x). Furthermore, on the right 

(known) side, the matrix 𝑄𝑟m
z  is the radial contribution for element 𝑚 (size of the matrix: 𝑁x × 1) 

calculated from the values of the previous time-step, and the matrix 𝐵𝑥m indicate the generated 

heat (power loss) in this element in 𝑥-direction (size of the matrix: 𝑁x × 1). The matrix 𝜃𝑥m is a 

matrix to simplify the process, and it represents all the heat (power) in element 𝑚 in 𝑥-direction 

(size of the matrix: 𝑁x × 1). The contents of the matrices are shown in the appendices Chapter 9, 

section A.1. By building all the matrices, the temperature of radial element 𝑚 in 𝑥-direction 𝑇𝑥m

z+
1

2 

can be calculated with equation (4.41). 

 𝑇𝑥m

z+
1
2 = 𝐴𝑥m

−1 × 𝜃𝑥m (4.41) 

Finally, after completing the iterative process and calculating the temperature for each radial ele-

ment along the axial direction, the main temperature vector in the first half time-step 𝑇z+
1

2 is 

calculated (size of the matrix: 𝑁r × 𝑁x). Each row of this matrix belongs to one radial element; 

therefore, the transposed form of matrix 𝑇𝑥m

z+
1

2 is placed on the row 𝑚 of the matrix 𝑇z+
1

2. The 

matrix 𝑇z+
1

2 is shown in equation (4.42). In this structure, the symbol “T” on the top right of each 

row denotes the transposed matrix. 

 𝑇z+
1
2 =

[
 
 
 
 
 
 
 
 
 [𝑇𝑥1

z+
1
2]

T

⋮

[𝑇𝑥m

z+
1
2]

T

⋮

[𝑇𝑥Nr

z+
1
2]

T

]
 
 
 
 
 
 
 
 
 

 (4.42) 

Second Half Time-step: 

In the second half time-step, the direction of calculation is reversed. For the radial 𝑟-direction, an 

implicit approach is used, meaning the temperatures are labeled as 𝑧+1, indicating that these radial 

temperatures must be calculated in this half time-step. For the axial 𝑥-direction, an explicit ap-

proach is applied, and the temperatures are labeled 𝑧+1/2, meaning they are taken from the results 

of the previous half time-step. The 2-D heat transfer equation for a certain radial element 𝑚 in a 

certain axial element 𝑛 based on equation (4.37) is as follows: 
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+
(∆𝑥 ⋅ ∆𝑟)2

𝑘m
⋅ 𝑔m,n

z+1 

(4.43) 

Similar to equation (4.38) in the first half time-step, the red term represents the radial and the blue 

term the axial contributions. The difference between these equations is the explicit/implicit tags 

of the temperatures. Additionally, the black term on the right-hand side indicates the power gen-

erated in the element. Other equations can be found in the appendices Chapter 9, section A.1. 

Finally, the matrix form for the second half time-step can be built by having all these equations 

as shown in equation (4.44). 

 𝐴𝑟n × 𝑇𝑟n
z+1 = 𝑄𝑥n

z+
1
2 + 𝐵𝑟n = 𝜃𝑟n (4.44) 

In this form, the matrix 𝑇𝑟n
z+1 represent the temperature of all elements in 𝑟-direction in a certain 

axial element 𝑛 (size of the matrix: 𝑁r × 1), and the matrix 𝐴𝑟n consists of the coefficients corre-

sponding to these temperatures (size of the matrix: 𝑁r × 𝑁r). Furthermore, the matrix 𝑄𝑥n

z+
1

2 in-

dicates the contribution of temperatures in 𝑥-direction which were calculated in the previous half 

time-step (size of the matrix: 𝑁r × 1), and the matrix 𝐵𝑟n is the heat (power) generated in the 

elements in 𝑟-direction at a certain axial element 𝑛 (size of the matrix: 𝑁r × 1). Similar to the 

previous half time-step, the matrix 𝜃𝑟n simplifies the calculation (Size of the matrix: 𝑁r × 1). The 

contents of these matrices are detailed in the appendices Chapter 9, section A.1. By building all 

the matrices, the temperature of the elements in 𝑟-direction in a certain axial element 𝑛, 𝑇𝑟n
z+1, 

can be calculated from equation (4.44) with equation (4.45). 

 𝑇𝑟n
z+1 = 𝐴𝑟n

−1 × 𝜃𝑟n (4.45) 

after completing the iterative process and calculating the temperature for each axial element, the 

main temperature vector 𝑇z+1 is calculated (size of the matrix: 𝑁r × 𝑁x), as shown in equa-

tion (4.46). This matrix is the updated version of the matrix 𝑇z+
1

2 which was obtained in the first 

half time-step. Each column of this matrix belongs to one axial element; therefore, the ma-

trix 𝑇𝑟n
z+1 is placed on the column 𝑛 of the matrix 𝑇. 
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 𝑇z+1 = [[𝑇𝑟1
z+1] ⋯ [𝑇𝑟n

z+1] ⋯ 𝑇𝑟Nx

z+1] (4.46) 

The overall approach to calculating temperature in the 2-D, transient model using FDM is shown 

in Figure 4.15. This approach simplifies all the procedure explained above to apply FDM using 

the ADI numerical method in the 2-D modeling of a cable. 

 

Figure 4.15: HTS cable temperature calculation algorithm in the 2-D, transient model using ADI numerical 

method. 

The 2-D model is more complicated to implement than the 1-D and the lumped-parameter model, 

but it gives the most accurate results compared to reality. Especially in the case of a long-length 

cable, this model is vital as it can simulate the behavior of the layers, especially cooling fluid, 

along the cable length. Therefore, this model can be used as a base for simulating an HTS cable 

to verify the models with less computational efforts and complexity, lumped-parameter, and 1-D 

models.  

4.7 Simulation 

MATLAB programming is employed to simulate the behavior of the cable, using an algorithm 

similar to the one used for modeling the RSFCL, which was explained in Chapter 3, sub-chapter 

3.6, and its flowchart presented in Figure 3.6. The key difference is that in step 2 of the algorithm, 

the stationary models must be simulated first to determine the initial temperature of the cable 

layers before proceeding with further calculations. 
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4.7.1 Study Cases 

The electrical network considered for simulating the DC cable is the same as the study case for 

the RSFCL simulation, which was described in Chapter 3, sub-chapter 3.7, Figure 3.7, with the 

network data detailed in Table 3.2. The schematic of the study case network is depicted in Figure 

4.16 where a DC pole-to-pole short circuit at load location like RSFCL simulation is studied. 

 

Figure 4.16: Study case network schematic to simulate HTS DC cable behavior in nominal and short circuit 

conditions with the components described in Chapter 3, sub-chapter 3.7, Table 3.2. In this 

network, the HTS DC cable equivalent circuit, which was described in Figure 4.8, is used. In 

this circuit, the line current, 𝑖Line, is equal to the poles currents in the cable, 𝑖in and 𝑖out, which 

were described in Figure 4.9. 

As the properties of the materials used in a cable change over time, the heat transfer within the 

cable can vary under different conditions. In the cable considered in this work, the HTS tapes are 

in direct contact with the copper/shield layers. While copper has very high thermal conductivity, 

in practice, the contact between the copper and the HTS tapes may be less effective due to factors 

like copper oxidation. Therefore, simulating extreme heat transfer conditions in the cable is cru-

cial. The following cases are examined in the non-adiabatic conditions: 

• Case 1 (C1): Perfect heat conduction between HTS tapes and the core/shield copper: 

This case represents the ideal scenario where optimal heat transfer occurs between the 

layers. To simulate this condition in the 1-D and 2-D models, no further action is needed, 

as the thermal conductivity of the finite-difference elements in the core/shield copper that 

are in direct contact with the HTS tapes is equal to the copper thermal conductivity. This 

case will be shown with “C1” in the simulation results. 

• Case 2 (C2): No heat conduction between HTS tapes and the core/shield copper: In 

opposite to case C1, this scenario assumes no heat transfer between the layers. It is partic-

ularly relevant during transient events like short circuits, where heat generation in the 

HTS tapes due to fault currents is so rapid that almost no heat is transferred to the 

core/shield copper during the event. To simulate this condition in the 1-D and 2-D mod-

els, the thermal conductivity of the finite-difference elements in the core/shield copper 

DC pole-to-pole 

short circuit

HTS DC cable
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that are in direct contact with the HTS tapes is set to zero. This scenario will be shown 

with “C2” in the simulation results. 

These cases are only applicable to non-adiabatic 1-D and 2-D models. In the lumped-parameter 

adiabatic model, no heat conduction between layers is considered by default, so these cases are 

irrelevant. 

4.7.2 Results 

The simulation results with the developed models in different thermal conditions are explained 

below. The parameters illustrated in the results are described in the equivalent electrical circuit of 

the cable poles provided in Figure 4.9. 

4.7.2.1 Lumped-parameter, adiabatic model 

Figure 4.17 shows the voltage on the inner pole and the currents flowing in its different layers, 

including HTS tapes sub-layers.  

 

Figure 4.17: Simulation results for the study case network depicted in Figure 4.16 and the components 

described in Chapter 3, sub-chapter 3.7, Table 3.2 to simulate HTS DC cable behavior in 

nominal and short circuit conditions: the current flowing through inner pole layers, including 

HTS tapes, where “WO Cable” represents the network configuration without the HTS cable, 

while “W Cable” indicates the configuration when the HTS cable is integrated into the 

network. The illustrated parameters are described in Figure 4.9. 

This figure illustrates that prior to the short circuit at 𝑡=0.1 s, almost all current flows through the 

REBCO layer of the HTS tapes. However, following the fault, the current rises, and even though 

it exceeds the tapes critical current, it only causes REBCO transition from flux creep to flux flow 

regime. This occurs due to the current shifting to the core/shield copper layers, which have 
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relatively lower resistance than the HTS tapes. In the inner pole, most of the current flows through 

the core after the fault. This leads to a minor fault current limitation compared to a network with 

the RSFCL. The inner pole voltage, 𝑢in, shows a slight increase attributed to the inner pole ex-

ceptionally low resistance, primarily due to the core copper’s low resistance. This figure further 

depicts that other sub-layers of the HTS tapes, copper, silver, and Hastelloy, have almost no effect 

on the fault current due to their small cross-section area. Adding more copper to the tapes can 

reduce their resistance and improve heat conduction from the REBCO layer, but it may also result 

in a higher fault current. This approach distinguishes the tapes used in a cable from those in an 

RSFCL. In an RSFCL, where fault current limitation is essential, the REBCO layer is designed 

to quench in case of a fault, and copper is typically avoided to prevent heat dissipation. Con-

versely, fault limiting is usually not the primary objective of a cable. Therefore, a copper sub-

layer is incorporated into the tapes to help prevent quenching of the REBCO layer. 

In this regard, Figure 4.18 illustrates the tapes key parameters, including their current, tempera-

ture, and resistance. This figure also considers the parameters of all tapes in the poles. Before 

fault, both poles carry the same current, maintain a steady temperature at 77 K, and exhibit nearly 

zero resistance. After the fault occurs, their temperature and resistance begin to increase; however, 

due to the previously described current shift to the core/shield copper, this temperature rise re-

mains minimal, preventing quenching. Additionally, the tapes in the inner pole show a slightly 

higher temperature and lower resistance due to a higher current flow, which results from the larger 

tape count in the outer pole (12 tapes) compared to the inner pole (8 tapes). 



4 Superconducting Cable 

73 

 

 

Figure 4.18: Simulation results for the study case network depicted in Figure 4.16 and the components 

described in Chapter 3, sub-chapter 3.7, Table 3.2 using lumped-parameter model, described 

in sub-chapter 0, to simulate HTS DC cable behavior in nominal and short circuit conditions: 

(a) HTS tapes current, where 𝑖Tape,in and 𝑖Tape,out represent respectively the current flowing 

through inner and outer poles, (b) HTS tapes temperature (both poles), where 𝑇Tape,in and 

𝑇Tape,out represent respectively the temperature of the tapes in the inner and outer poles, (c) 

HTS tapes resistance (both poles), where 𝑅Tape,in and 𝑅Tape,out represent respectively the 

resistance of the tapes in the inner and outer poles. 

(b)

(c)

(a)



4 Superconducting Cable  

74 

 

4.7.2.2 One-dimensional, non-adiabatic model 

As mentioned in the sub-chapter 4.6, to use the 1-D, transient model, first the initial temperature 

of the cable layers using 1-D, stationary model must be calculated. The cable temperature along 

its radius in the stationary mode is shown in Figure 4.19, where it can be seen that all layers have 

a temperature of 77 K. 

 

Figure 4.19: Cable temperature along its radius, resulted from 1-D, stationary model, described in sub-

chapter 4.5, section 4.5.1. 

The line current resulted from the simulation with the 1-D, transient model is shown in Figure 

4.20, where it is compared in two cases of C1 and C2. This figure highlights a minor difference 

in line current between cases C1 and C2. A slightly higher limiting of the fault current in case C1 

is due to the higher temperature and resistance of the conducting layers. In this case, the lack of 

heat transfer between tapes and core/shield copper results in a higher temperature. 
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Figure 4.20: Simulation results for the study case network depicted in Figure 4.16 and the components 

described in Chapter 3, sub-chapter 3.7, Table 3.2 using the one-dimensional, transient model, 

described in sub-chapter 4.5 section 4.5.2, to simulate HTS DC cable behavior in nominal and 

short circuit conditions in two thermal study cases C1 and C2: line current,𝑖Line, in the 

network without a cable (WO Cable), and with an integrated HTS cable (W Cable). 

Furthermore, the tapes temperature and resistance are depicted in Figure 4.21, where a higher 

temperature and resistance in case C2 can be seen because of the lack of heat transfer. This figure 

confirms the illustrated line current in Figure 4.20. It can also be seen that after the fault, the 

temperature of the tapes decreases due to the heat absorption by the coolant, LN2. The presence 

of the PPLP layer, which has notably low thermal conductivity, causes heat generated in the inner 

pole to take longer to dissipate into the coolant compared to the outer pole. As a result, tempera-

ture changes in the HTS tapes of the outer pole occur more rapidly than in the tapes of the inner 

pole. 
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Figure 4.21: Simulation results for the study case network depicted in Figure 4.16 and the components 

described in Chapter 3, sub-chapter 3.7, Table 3.2 using the one-dimensional, transient model, 

described in sub-chapter 4.5 section 4.5.2, to simulate HTS DC cable behavior in nominal and 

short circuit conditions in two thermal study cases C1 and C2: (a) HTS tapes temperature 

(both poles), (s) HTS tapes resistance (both poles). The parameters in this figure were already 

presented in Figure 4.18. 

An interesting feature of the 1-D, transient model is calculating the cable temperature along its 

radius, as illustrated in Figure 4.22. This figure shows the temperature distribution within the 

cable cross-section at various time intervals, highlighting heat propagation following a fault and 

the subsequent recovery of the HTS tapes to their superconducting state at 77 K after fault clear-

ance. These results highlight the 1-D model capability to simulate non-adiabatic conditions and 

long-term heat transfer between layers (here shown at t = 40 s), a function that the lumped-pa-

rameter, adiabatic model cannot perform. 

(b)

(a)
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Figure 4.22: Simulation results for the study case network depicted in Figure 4.16 and the components 

described in Chapter 3, sub-chapter 3.7, Table 3.2 using one-dimensional, transient model, 

described in sub-chapter 4.5 section 4.5.2, to simulate HTS DC cable behavior in nominal and 

short circuit conditions in two thermal study cases at different instances before and during 

fault, and long-term after fault: cable temperature along its radius (cross-section) at, (a) study 

case 1 (C1), (b) study case 2 (C2). 

 

(b)(a)

Study Case C2Study Case C1
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4.7.2.3 Two-dimensional, non-adiabatic model 

Similar to the 1-D model, the 2-D, stationary model is pivotal to determining cable’s initial tem-

perature along its radius and length, as depicted in Figure 4.23. This figure illustrates that, under 

nominal operation, the cable temperature at various locations is roughly 77 K. However, a tem-

perature increase along the length of the cable is evident, primarily due to the temperature rise in 

the coolant. This figure is significantly compatible with the temperature rise analysis in sec-

tion 4.2.4.2, and Figure 4.7, since this increase in the coolant temperature is inevitable. 

 

Figure 4.23: Cable temperature along its radius, resulted from 2-D, stationary model, described in sub-

chapter 4.6, section 4.6.1, where 𝑥1=0 m represents the beginning of the cable where LN2 is 

pumped in, and 𝑥4=50 m indicates the end of the cable. 

The advantage of the 2-D model over the 1-D model is calculating the cable temperature at dif-

ferent points of the cable length. This is especially essential to monitor coolant behavior since its 

temperature increases along the length, as explained in section 4.2.4.2 of this chapter. This is 

illustrated in Figure 4.24, where the increase in coolant temperature along the length is evident. 

After the fault, the heat generated in the tapes gradually propagates to other layers, leading to a 

rise in coolant temperature as it absorbs the additional heat. As the cable returns to its nominal 

operation following fault clearance, the coolant temperature begins to decrease (compare coolant 

temperature at 𝑡=10 s and 𝑡=40 s). This figure also highlights the complexity of the coolant tem-

perature profile along the length, emphasizing the 2-D model's essential role in advanced cable 

analysis. 
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Figure 4.24: Simulation results for the study case network depicted in Figure 4.16 and the components 

described in Chapter 3, sub-chapter 3.7, Table 3.2 using two-dimensional, transient model, 

described in sub-chapter 4.6 section 4.6.2, to simulate HTS DC cable behavior in nominal and 

short circuit conditions: coolant (LN2) temperature along cable length at different instances 

where 𝑡=0.05 s represents nominal conditions, 𝑡=0.2 s indicates 100 ms after fault, and long-

term after fault clearance which is represented by 𝑡=10 s, 𝑡=20 s, and 𝑡=40 s. 

Similar to the results shown in Figure 4.22 for the 1-D model, Figure 4.25 illustrates the cable 

temperature along its radius at 𝑡=40 s at different lengths, comparing thermal study cases C1 and 

C2. This figure highlights a slightly higher temperature in the tapes in case C2 due to the lack of 

heat dissipation. Moreover, the coolant has a higher temperature in the case of C1 due to the 

higher heat absorption, resulting from ideal heat transfer between layers. Another interesting ob-

servation is the PPLP role in the heat transfer between poles. Despite its significantly low thermal 

conductivity, it can still contribute to absorbing additional heat produced in the tapes and 

core/shield copper. 
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Figure 4.25: Simulation results for the study case network depicted in Figure 4.16 and the components 

described in Chapter 3, sub-chapter 3.7, Table 3.2 using two-dimensional, transient model, 

described in sub-chapter 4.6 section 4.6.2, to simulate HTS DC cable behavior in nominal and 

short circuit conditions in two thermal study cases at 𝑡=40 s (long-term after fault clearance): 

cable temperature along its radius (cross-section) at, (a) study case 1 (C1), (b) study case 2 

(C2). 

 

(b)(a)

Study Case C2Study Case C1
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4.7.3 Models Comparison 

The models developed for the HTS cable simulation can be compared based on two main criteria: 

• Accuracy: The models must provide accurate results that realistically simulate cable be-

havior. In this regard, the 2-D model is considered the most accurate as it closely adheres 

to physical principles. Therefore, other models’ accuracy is assessed compared to the 2-D 

model. 

• Computational Effort: The models should produce accurate results within a short time 

and with minimal computational demands. 

The line current and HTS tape parameters from simulations across different models are compared 

to assess accuracy. Figure 4.26 illustrates the line current 𝑖Line resulted from simulation with dif-

ferent models. This figure reveals only minor differences, validating the accuracy of the lumped-

parameter and 1-D models relative to the 2-D model, considering the line current. 

 

Figure 4.26: Comparison of the line current 𝑖Line resulted from simulation of the study case network 

depicted in Figure 4.16 and the components described in Chapter 3, sub-chapter 3.7, Table 

3.2 using the lumped-parameter (L-P), adiabatic model, and one-dimensional (1-D) and two-

dimensional (2-D), transient models in two thermal study cases C1 and C2. 

Furthermore, the temperature and resistance of the HTS tapes in the inner pole are depicted in 

Figure 4.27. This figure confirms that during fault conditions, the 1-D model provides results 

closely aligned with those of the 2-D model. Notably, under study case C2, all models yield highly 

similar results. As the focus is on comparing models, only the parameters of the HTS tapes in the 

inner pole are presented here. However, it is confirmed that the results for the HTS tapes in the 

outer pole follow the same principle. 



4 Superconducting Cable  

82 

 

 

Figure 4.27: Comparison of the HTS tapes parameters resulted from simulation of the study case network 

depicted in Figure 4.16 and the components described in Chapter 3, sub-chapter 3.7, Table 

3.2 using the lumped-parameter (L-P), adiabatic model, and one-dimensional (1-D) and two-

dimensional (2-D), transient models in two thermal study cases C1 and C2: (a) Inner HTS 

tapes temperature 𝑇Tape,in, (b) inner HTS tapes resistance 𝑅Tape,in. 

From a computational efforts point of view, the cable simulation for 40 s using different models 

on a standard computer with a 6-core 2.3 MHz CPU and 16 GB RAM takes the following times: 

• Lumped-parameter, adiabatic model: instantaneous 

• One-dimensional, non-adiabatic model: ~14 s 

• Two-dimensional, non-adiabatic model: ~15 min 

Based on these criteria, the following conclusions can be determined by comparing these models: 

• 2-D Model (Most Accurate Model): This model is crucial as it provides a basic under-

standing of the cable behavior under different conditions. 

• 1-D Model (for Short-Length Cables and Long-Term Simulation): For short-length 

cables and long-term simulations (e.g., durations lasting tens of seconds), the 1-D model 

(b)

(a)
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yields results very close to those of the 2-D model, making it an efficient and recom-

mended choice in these scenarios. 

• 2-D Model (for Long-Length Cables): For long cables with long-term simulations, the 

2-D model becomes essential, as it is the only model that can effectively simulate coolant 

behavior along the cable length. 

• Lumped-Parameter Model (for Cable Simulation during a Short Circuit): During a 

short circuit, the lumped-parameter model is recommended, as the parameters resulted 

from this model follows closely the 2-D model. Moreover, in the case of a fault, the heat 

generation in the HTS tapes occurs significantly fast that the thermal study case C2 (no 

heat conduction between tapes and core/shield copper) likely provides the most accurate 

representation of the cable behavior. As was seen in Figure 4.27, lumped-parameter 

model gives significantly similar results to the 2-D model, in the study case C2. 

These models are adaptable to various scenarios. For instance, if the core and shield coppers are 

electrically disconnected from the voltage source, the resulting behavior could differ significantly, 

potentially enabling the cable to limit fault currents, a scenario that these models can simulate. 

Additionally, they allow for simulating cases such as a coolant pump failure in the cable system. 

Overall, these models provide flexibility to analyze different cases under varying conditions, de-

pending on the specific requirements. 

Following these conclusions, a SIMULINK block based on the lumped-parameter, adiabatic 

model is implemented to simulate the DC and AC cables behavior. Similar to the RSFCL model, 

these blocks are highly adjustable, allowing users to adjust parameters for various cable geome-

tries and materials, making them adaptable for diverse cable configurations. 
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5 Superconducting Motor with 
DC/AC Inverter 

5.1 Background 

A lightweight and compact motor is vital for an electric aircraft due to its weight and space limi-

tations [132]. Previous studies show that currently, an aircraft motor with a power density of at 

least 16 kW/kg is required, while the highest power density of a conventional permanent magnet 

synchronous magnet motor (PMSM) is 5.2 kW/kg [133], [134], [135]. An electric motor using 

superconducting technology seems to be a solution to satisfy this requirement as it allows the 

motor to achieve a higher power density [132], [134], [136]. This work considers a PMSM with 

a stator made up of superconducting tapes, as it is popular in aviation applications [137], [138], 

[139]. Since the objective is system modeling of the aircraft powertrain in MATLAB/SIM-

ULINK, this motor is treated like a conventional surface-mounted PMSM with a difference of 

having a significantly small constant stator resistance due to the superconducting materials. Fur-

thermore, AC losses generated by the tapes are not considered as more advanced methods like 

finite element method (FEM) based tools are needed that are not in the scope of this work. 

The DC/AC inverter is used to drive control the motor by generating an AC voltage, which satis-

fies the desired inputs like speed. In the powertrain considered in this work, the inverter is placed 

between superconducting DC and AC cables, which operate at 77 K. Operating the inverter at the 

same cryogenic temperature is a sensible choice for the following reasons: 

• Cryogenic power electronics provide increased power density and enhanced system per-

formance in various applications [140], [141], [142], [143], [144], [145], [146], [147], 

[148]. According to [141], the experiments on an inverter for application in electric air-

craft show 99% efficiency, higher than operating it at room temperature. 

• The experiment in [140] shows that the resistances of the Si (Silicon) and GaN (Gallium 

Nitride) switches when they are ON can be significantly less at a cryogenic temperature 

of 77 K compared to the room temperature of 300 K. Hence, the inverter efficiency is 

higher at cryogenic temperatures. However, this research shows that SiC (Silicon Car-

bide) MOSFETs show an opposite behavior and have several times higher ON resistance 

at low temperatures. 

• Operating the inverter at room temperature and breaking the cooling path between DC 

and AC cables causes unnecessary cooling losses. 

• Copper lead connections between the cables and the DC/AC inverter must be larger when 

operated at room temperature. Therefore, running the inverter at the same cryogenic tem-

perature as the cables would allow for smaller copper leads. 



5 Superconducting Motor with DC/AC Inverter  

86 

 

5.2 Design and Properties 

The motor properties are described in Table 5.1.  

Table 5.1:  Superconducting motor parameters. 

Parameter Symbol Value 

Number of Pole Pairs 𝑁pp 6 

Stator Resistance 𝑅s 10 μΩ 

Stator Inductance 𝐿s 8.5 μH 

Stator Inductance in d-axis 𝐿d 8.5 μH 

Stator Inductance in q-axis 𝐿q 8.5 μH 

Permanent Magnet Flux Linkage 𝜑PM 0.2577 Wb 

Maximum Speed 𝑛max 1043 rpm 

Maximum (Nominal) Power 𝑃nom 456 kW 

Nominal (Maximum) Torque 𝑇max 4175 N.m 

Motor Inertia 𝐽 1.19 kg.m2 

Motor Damping Coefficient 𝐵 0.19 N.m/(rad/s) 

 

5.3 Motor Electrical Model 

The electrical equivalent circuit of the surface-mounted superconducting PMSM is depicted in 

Figure 5.1 [149]. In this circuit, the effect of the mutual inductance between the phases is already 

considered in the stator inductance 𝐿s. A constant resistance is considered in this work, even 

though the stator resistance is variable with temperature and current. 

 

Figure 5.1: PMSM electrical equivalent circuit [149]. 
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In this circuit, 𝑖M,abc represent the motor three-phase currents, and 𝑒PM,abc are the back electro-

motive force (EMF) induced by the permanent magnets in the three phases. Assuming a sinusoidal 

and harmonic-free variation of the EMF over time 𝑡, it can be calculated with equation (5.1). 

 𝑒PM,abc = 𝜑PM ⋅ 𝜔e ⋅ sin (𝜔e ⋅ 𝑡 + 𝜃abc) (5.1) 

In this equation, 𝜃abc are the three-phase angles given as 𝜃a = 0, 𝜃b = 2π 3⁄ , and 𝜃b = 4π 3⁄ . 

The parameter 𝜔e indicates the electrical rotational speed which is calculated from motor me-

chanical rotational speed 𝜔m and the number of pole pairs 𝑁pp using equation (5.2). 

 𝜔e = 𝑁pp ⋅ 𝜔m (5.2) 

The motor speed 𝜔m itself is determined using the torque balance equation provided below. In 

this equation, 𝑇L is the load (propeller) torque. 

 𝑇e = 𝑇L + 𝐵 ⋅ 𝜔m + 𝐽 ⋅
𝑑𝜔m

𝑑𝑡
 (5.3) 

The torque balance equation indicates that in the case of a speed change in a motor, its torque 

undergoes a transient behavior, which is caused mostly by its inertia 𝐽, and a stationary (steady-

state) behavior, resulted from its friction 𝐵. To design an electric aircraft powertrain, these 

parameters must be considered, especially in the case of a substantial speed change, the transient 

term could be relatively high. As the motor speed is controlled by the inverter, the rate of the 

speed change is decided by the drive control. Hence, the controllers must be designed accordingly 

to prevent transient overloading of the other components in the aircraft powertrain. 

The motor three-phase voltages can then be calculated using Kirchhoff's Voltage Law as shown 

in Figure 5.1 with equation (5.4). 

 𝑢abc = 𝑅s ⋅ 𝑖M,abc + 𝐿s ⋅
𝑑𝑖M,abc

𝑑𝑡
+ 𝑒PM,abc (5.4) 

5.4 DC/AC Inverter Model 

A basic inverter with a two-level topology as shown in Figure 5.2 is considered in this work [150]. 

In this schematic, Sabc are the inverter switches (here IGBTs are shown as an example) and their 

parallel diodes are shown with Dabc. Additionally, the voltage and current on the DC side (gen-

erated by fuel cell) are shown with 𝑢DC and 𝑖DC, while the produced three-phase AC voltages and 

currents are depicted with 𝑢abc and 𝑖abc. 
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Figure 5.2: Schematic of the two-level DC/AC inverter to control the motor [150]. 

Since consideration of the DC/AC inverter switching effects and harmonics generated by the 

switches is not in the scope of this work, an average model of the inverter can be used. The equiv-

alent average model of the DC/AC inverter is illustrated in Figure 5.3. 

 

Figure 5.3: Equivalent average model of the DC/AC inverter. 

This model simplifies the DC side of the inverter with a current source, and the three-phase AC 

side with voltage sources. The total apparent power on the AC side 𝑆AC can be calculated with 

the equation (5.5), where 𝑖abc
∗  are the conjugates of the complex phase currents. Moreover, 𝑃AC 

and 𝑄AC are the active and reactive power on the AC side, and 𝑗 is the imaginary unit. 

 𝑆AC = 𝑢a ⋅ 𝑖a
∗ + 𝑢b ⋅ 𝑖b

∗ + 𝑢c ⋅ 𝑖c
∗ = 𝑃AC + 𝑗 ⋅ 𝑄AC (5.5) 

From this equation, the total active power on the AC side 𝑃AC can be determined by extracting 

the real component of the apparent power, 𝑆AC. Assuming approximately 100% efficiency in the 

inverter, the active power on the DC side 𝑃DC is almost equal to the AC side, 𝑃AC. Therefore, the 

DC current 𝑖DC in the average model generated by the fuel cell is calculated with equation (5.6). 
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 𝑖DC =
𝑃DC

𝑢DC
=

𝑃AC

𝑢DC
 (5.6) 

5.5 Motor Drive Control via DC/AC Inverter 

Previous studies have suggested different methods for controlling a PMSM via a DC/AC inverter. 

These approaches fall into two main categories: scalar control, such as voltage-frequency (V/f) 

control, and vector control, which includes field-oriented control, voltage vector control, and di-

rect torque control [151], [152], [153], [154], [155], [156], [157], [158]. Among all, field-oriented 

control is considered the most commonly known technique, as it is still the most adaptable 

method, offering several advantages such as reduced ripple, fast dynamic response, and high con-

trol accuracy [151], [159], [160], [161]. 

Figure 5.4 illustrates the field-oriented control of a PMSM. This technique consists of two loops: 

an outer loop for speed control and an inner loop for motor torque (current) control. Hence, while 

the inner loop deals with the electrical behavior of the motor, the outer loop adjusts its mechanical 

responses. 

 

Figure 5.4: Schematic of the field-oriented control for a permanent magnet synchronous motor (PMSM) 

[151]. 

As depicted in Figure 5.4, the current control is implemented in the dq-axis reference frame, 

where the Park transformation (three-phase 𝑎𝑏𝑐 system to 𝑑𝑞0 rotary frame) is applied to convert 

the inverter three-phase currents. This transformation is shown in the appendices Chapter 9, sec-

tion A.1, equation (9.32) [162]. 

Starting from the outer loop to control the speed, the mechanical transfer function of the PMSM, 

𝐻m,PMSM, as given in equation (5.7) is used.  

DC/AC 
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 𝐻m,PMSM =
1

𝐽 ⋅ 𝑠 + 𝐵
 (5.7) 

The speed controller received the reference mechanical speed 𝜔m,ref as an input. A deviation 

from the reference speed leads to a change in the reference electric torque as shown in equation 

(5.3). Therefore, considering a PI controller, the speed control diagram is shown in Figure 5.5. 

 

Figure 5.5: PMSM speed control diagram. 

In this schematic, 𝑘p,s and 𝑘i,s are the proportional and integral gains in the PI speed controller, 

which are tuned based on the desired response speed and transient error proportionally to the 

valued of 𝐽 and 𝐵, respectively. 

The electric torque of a PMSM is calculated with equation (5.8), assuming the same d- and q-axis 

inductances. In this equation, 𝑘T is the torque constant. 

 𝑇e =
3

2
𝑁pp ⋅ 𝜑PM ⋅ 𝑖q = 𝑘T ⋅ 𝑖q (5.8) 

Therefore, the reference torque 𝑇e,ref at the output of the speed controller is translated into q-axis 

current with the equation below. 

 𝑖q,ref =
𝑇e,ref

𝑘T
 (5.9) 

The goal of the field-oriented control in a PMSM is to reduce the d-axis current while maximizing 

its q-axis current as much as possible. Therefore, the reference d-axis current 𝑖d,ref is maintained 

at zero. It is worth mentioning that in specific applications, a method known as flux-weakening 

control, which involves regulating the d-axis current is employed. 

The second controller is the inner loop current controller for the PMSM. Its design is based on 

the electrical transfer function of a PMSM, 𝐻e,PMSM, which is provided in equation (5.10). 

 𝐻e,PMSM =
1

𝐿s ⋅ 𝑠 + 𝑅s
 (5.10) 

This controller compares the actual dq-axis currents which are calculated from three-phase cur-

rents using the Park transformation with the reference dq-axis currents. The controller output are 

dq-axis voltages, 𝑢d and 𝑢q that can be calculated from dq-axis current, with equations (5.11) 

and (5.12). 
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 𝑢d = 𝑅s ⋅ 𝑖d + 𝐿d ⋅
𝑑𝑖d
𝑑𝑡

− 𝜔e ⋅ 𝐿q ⋅ 𝑖q (5.11) 

 
𝑢q = 𝑅s ⋅ 𝑖q + 𝐿q ⋅

𝑑𝑖q

𝑑𝑡
+ 𝜔e ⋅ (𝐿d ⋅ 𝑖d + 𝜑PM) 

(5.12) 

As seen in these equations, these voltages are affected by both 𝑖d and 𝑖q, which can disrupt the 

control of each individually. Therefore, by decoupling these currents, the controller can achieve 

significantly improved performance and better manage current variations. The controller diagram, 

including decupled d- and q-axis is demonstrated in Figure 5.6. 

 

Figure 5.6: PMSM current control diagram, including the decoupling of the d- and q-axes. 

Similar to the speed controller, PI controllers are used to control the currents. Considering the 

PMSM electric transfer function, the proportional and integral gains of these PI controllers, 𝑘p,c 

and 𝑘i,c, are tuned based on the values of the stator inductance 𝐿s and resistance 𝑅s, respectively. 

The current controller generates voltages in the d- and q-axes, which are then converted back to 

three-phase voltages using the inverse Park transformation as shown in the appendices Chapter 9, 

section A.1, equation (9.33) [162]. These three-phase voltages, 𝑢abc, are supplied to the voltage 

source on the inverter AC side (average model) as depicted in Figure 5.3.  

Tuning the drive control for a superconducting motor is more challenging than a conventional 

motor. The primary reason is the significantly lower resistance of the stator, which results in a 

lower 𝑘p,c, potentially thousands of times less. Moreover, this low resistivity leads to a relatively 

longer electrical time constant, as described in equation (5.10), which makes it comparable to the 

mechanical time constant. As a result, the electrical response speed becomes similar to the me-

chanical response speed, which is in contrast to a conventional motor, where the mechanical re-

sponse is much slower. Moreover, as the torque balance equation (5.3) implies, the faster the 

controller is designed to respond to the speed changes, the more quasi-stationary torque is de-

manded by the motor due to its inertia 𝐽. Therefore, if this change by the inverter occurs 
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significantly fast, it might end up with a substantial quasi-stationary power needed by the motor, 

requiring a higher amount of energy from the fuel cell stack and hydrogen. In conclusion, an 

appropriate controller design for such a motor in aviation applications must consider both re-

sponse time and hydrogen consumption in quasi-stationary events, managing the weight and 

space of the hydrogen tanks.  

5.6 Inverter Protection Scheme in the Short Circuit 
Events 

As previously mentioned, a two-level topology is used for the DC/AC inverter. In this configura-

tion, the maximum current each switch module handles in nominal conditions is equal to the 

maximum nominal current on its AC side. In this work, this current was given as 𝐼AC,nom in the 

powertrain specifications provided in Chapter 1, Table 1.1. This nominal value is used to select 

suitable switches for the inverter design. However, in the event of a short circuit on the DC or AC 

side, the current through these switches increases. Each switch module can carry a peak forward 

current, which is typically 1.8 to 2 times its nominal current (for example, for a 600 V, 300 A, 

Infineon IGBT, this value is 600 A, which is twice its nominal current [163]). Once the current 

surpasses the maximum allowable level, the switches block the current flow, allowing it to pass 

only through the parallel diodes [150]. The equivalent circuit of the DC/AC inverter after blocking 

the switches is illustrated in Figure 5.7. This blocking isolates the DC and AC sides of the inverter. 

Since the motor rotor continues rotating, it acts as a generator, supplying current to the inverter 

diodes.  

 

Figure 5.7: Diode-only equivalent circuit of the DC/AC inverter after blocking the switches caused by a 

short circuit, with electrically isolated DC and AC sides, and the motor in generator mode 

supplying the inverter diodes. 

As depicted in Figure 5.8, an algorithm has been developed to implement this blocking behavior. 

Under nominal operating conditions, the motor field-oriented control regulates the three-phase 

voltages supplied to the AC side of the inverter's average model. However, in the event of a short 

circuit, these voltages are set to 0 V, and the diode-only equivalent circuit of the inverter, as shown 

in Figure 5.7, is activated within the network. 

Motor in 

generator mode
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Figure 5.8: Developed algorithm for blocking the inverter switches after a short circuit, with 𝑢abc.FOC as 

three-phase voltages regulted by the field-oriented control of the motor, and 𝑘th being the 

current threshold to block the switches (𝑘th=1.8 to 2 typically). 

The final equivalent circuit of the DC/AC inverter to simulate its behavior in both nominal and 

short circuit conditions is demonstrated in Figure 5.9. As shown in this figure, a three-phase cir-

cuit breaker is implemented on the diode-only circuit, which is OFF in nominal conditions, and 

triggers ON as soon as a blocking signal is received from the inverter protection. 

Inputs: DC current , and 

AC three-phase currents 

OR

Switch ON the diode-only 

equivalent circuit

Yes

No

Using as the input for the 

AC side of the average model
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Figure 5.9: Final implementation of the DC/AC inverter circuit, with the average model supplying the 

motor in the nominal conditions and diode-only circuit activation after a short circuit. 

Two MATLAB SIMULINK blocks were developed using the principles outlined to simulate the 

DC/AC inverter and motor. Like the blocks created for other components, these blocks are fully 

adjustable and can be adapted to various requirements. The motor model can include additional 

factors, but this work focuses on system-level modeling. Therefore, it targets motor performance 

under nominal conditions, response to speed control, and its behavior during short-circuit 

conditions. Considering AC loss calculation in the tapes in detail requires finite element method 

(FEM) based methods in tools like COMSOL Multiphysics. 

5.7 Simulation 

The MATLAB SIMULINK models of the DC/AC inverter and superconducting motor are used 

to simulate their behavior and response to speed and torque variations. In this simulation, the DC 

source is assumed to be a 300 V constant voltage source, and the schematic depicted in Figure 

5.4 is simulated in SIMULINK. This simulation aims to validate the accurate tuning of the con-

trollers in the field-oriented control of the superconducting motor. 

5.7.1 Study Case 

The motor controller behavior is simulated for both speed and torque variations. In a study case, 

the speed sets to reach its highest level, 𝑛max as specified in Table 5.1, followed shortly by an 

increase in the motor torque to its maximum value, 𝑇max also described in Table 5.1. These vari-

ations represent an extreme-case study scenario designed only to evaluate the tuning of the con-

trollers. Figure 5.10 shows the motor reference speed and torque, used in this analysis. 
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Inverter blocking signal from 

the protection algorithm
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Figure 5.10: Motor reference speed 𝑛m,ref and toruqe 𝑇m variations in the MATLAB SIMULINK model 

to simulate the field-oriented control of the superconducting motor via DC/AC inverter, with 

the schematic depicted in Figure 5.4. 

Two control cases of C1 and C2 are analyzed in this study case, as described in Table 5.2. The 

parameters in case C1 were chosen to provide a significantly fast response and minimal transient 

error. The parameters of the current controller seem low because, as mentioned in the sub-chap-

ter 5.5, they are tuned proportionally to the stator resistance and inductance. In the case of a su-

perconducting PMSM, the stator resistance and inductance are low, resulting in low values for 

the current controller tuning. In case C2, the controller parameters are tuned ten times lower than 

in case C1, hence the response speed to the speed and torque variations is slower.  

Table 5.2:  Specifications of the motor controller parameters in two control schemes of C1 and C2. 

Control Scheme Speed Controller Current Controller 

𝑘p,s 𝑘i,s 𝑘p,c 𝑘i,c 

C1 5950 950 0.17 0.2 

C2 595 95 0.017 0.02 

 

5.7.2 Results 

Figure 5.11 illustrates the study case simulation results, where motor speed is shown. These re-

sults highlight the effectiveness of the control scheme C1 compared to the case C2. Both cases 

provide efficient reference speed tracking in the no-load condition, where motor torque is zero. 

However, by increasing the motor torque, the control scheme C1 can maintain the speed at 𝑛max, 

Motor Speed and Torque in the Study Case 
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the scheme C2 requires some time to regulate the speed. Therefore, the control scheme C1 is 

considered in this work, as it shows a better performance. 

 

Figure 5.11: Motor speed 𝑛m variations in the control cases C1 and C2 to the reference speed 𝑛m,ref and 

toruqe 𝑇m changes in the MATLAB SIMULINK model to simulate the field-oriented control 

of the superconducting motor via DC/AC inverter, with the schematic depicted in Figure 5.4. 

This analysis shows the importance of accurate parameter tuning for controlling a superconduct-

ing motor in different scenarios, ranging from no load to full-load conditions. Designing a control 

scheme based only on speed or torque may not be sufficient, and both parameters must be con-

sidered. Even though the target is always providing a fast response to the parameter variations, 

especially motor speed, the speed change rate must always be observed. As torque balance equa-

tion (5.3) implies, if the controller changes the speed significantly fast, depending on the inertia 𝐽, 

the quasi-stationary torque might become significantly high, resulting in a higher than expected 

current and power. This will substantially affect the design of the other components, causing a 

potentially oversizing. Moreover, since the electrical time constant of a superconducting motor is 

much longer than in conventional motors, and relatively close to its mechanical time constant, a 

compromise between current and speed controllers must always be observed, as the outputs of 

the speed controller is an input for the current controller. Simulating the study case for 6 s with a 

6-core 2.3 MHz CPU and 16 GB RAM takes approximately one minute, highlighting the 

efficiency of the models in terms of computational efforts. 

Motor Speed and Torque in the Study Case 
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6 Complete Powertrain Simulation 

The aircraft powertrain, with the structure shown in Chapter 1, sub-chapter 1.3, Figure 1.3, and 

the properties described in Table 1.1, can be simulated in MATLAB SIMULINK using the de-

veloped blocks for each component. The properties of each component are provided in their 

respective chapters, enabling simulation under various operating conditions. The integrated setup 

gives the flexibility to adjust for different power requirements, aircraft configurations, and 

operational flight profiles. In this work, the powertrain is simulated with reference to a typical 

flight profile, as well as under short circuit conditions. With these simulations, the responses to 

dynamic events like short circuits and speed or torque adjustments can be assessed, providing a 

system-level performance analysis and insight into the contribution of each single component.  

6.1 Flight Profiles Description 

Throughout a flight, an aircraft's propeller speed fluctuates across different phases: takeoff, cruis-

ing, and landing. An example of a realistic flight profile is shown in Figure 6.1. 

 

Figure 6.1: Aircraft realistic flight profile, highlighting its propeller speed, torque, and altitude from the 

ground, including three phases: takeoff, cruise, and landing. This flight takes almost three 

hours, and the aircraft undergoes different speed and torque variations [reference to internal 

discussions]. 

This profile consists of three distinct phases in general: 

Realistic Flight Profile

0

5000

10000

15000

20000

25000

30000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 2000 4000 6000 8000 10000 12000 14000

A
lt

it
u

d
e 

/ 
ft

A
ct

u
al

 V
al

u
e 

/ 
M

ax
im

u
m

 V
al

u
e

Time / s

Propeller Speed Torque Altitude



6 Complete Powertrain Simulation  

98 

 

• Takeoff: During this phase, the aircraft accelerates along the runway, with the motor op-

erating at about 50% of its maximum speed. It then reaches its highest RPM for liftoff. As 

the aircraft climbs, the motor speed decreases to approximately 90% of the maximum 

speed, preparing for the cruise phase. This stage demands maximum power and torque as 

the aircraft opposes gravity. 

• Cruise: This is the longest phase of the flight, where the aircraft maintains a steady 

speed, and the motor torque reduces to around 70% of its peak value 

• Landing: At the final stage, the aircraft descends towards the destination airport. Since 

gravity provides most of the downward force during landing, the motor only requires 

about 40% of its maximum torque and operates at roughly 50% of its maximum RPM. 

As seen in Figure 6.1, the aircraft spends most of its time cruising. The focus here is on capturing 

propeller speed and torque variations as they relate to overall powertrain performance. For this 

study on system-level powertrain modeling, only the propeller speed and torque adjustments are 

emphasized. A representative simulation flight profile is shown in Figure 6.2, where the reference 

motor speed, 𝑛m,ref, and torque, 𝑇ref, models these changes to analyze component behavior within 

the powertrain. In this simulation, speed and torque variations occur quickly to showcase the 

motor controllers’ rapid response capabilities, though in real scenarios, these variations happen 

more slowly. This reference speed is used as input in the motor controller, and the reference torque 

is given as load torque to the motor (See torque balance equation in Chapter 5, equation (5.3)). 

 

Figure 6.2: Aircraft simulation flight profile, to simulate the integrated powertrain in MATLAB 

SIMULINK, inspired by the realistic flight scenarios, as depicted in Figure 6.1, and adjusted 

based on the motor specifications, as described in Chapter 5, Table 5.1. This profile highlights 

the reference motor speed, 𝑛m,ref, and reference motor torque, 𝑇ref, which is given as load 

torque, at three different flight operating phases, including a takeoff, cruise, and landing 

phases. 
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6.2 Quasi-Stationary Simulation (Flight Profiles 
Simulation) 

The results of the integrated powertrain simulation in MATLAB SIMULINK are illustrated in 

Figure 6.3. The parameters shown in this figure are as follows: 

• 𝑛m,ref: motor reference speed concluded from Figure 6.2, 𝑛m: motor mechanical speed 

• 𝑇e: motor electric torque, 𝑃DC: total DC power, delivered by fuel cell stacks 

• 𝑖DC and 𝑢DC: DC current and voltage generated by fuel cell stacks 

• 𝑖M,abc: motor three-phase currents 

This figure provides the following insights into the behavior of different components in the air-

craft powertrain: 

• Figure 6.3(a) shows that the motor control is well-tuned, providing rapid and precise 

tracking of the reference speed. This confirms its capacity to respond effectively to 

slower speed variations that are more representative of realistic flight conditions. 

• Figure 6.3(b) highlights that at maximum motor speed, the fuel cell stack delivers its peak 

power of 456 kW, consistent with 𝑃max as defined in Chapter  1, Table 1.1. Additionally, 

the motor reaches its maximum electric torque of 4175 N·m, aligned with 𝑇max, which 

was outlined in Chapter 5, Table 5.1. These results verify the accurate design of the fuel 

cell stacks based on the approach explained in Chapter 2, sub-chapter 2.2, to meet power-

train requirements. 

• Figure 6.3(c) shows the variation of the fuel cell stack DC current and voltage, including 

its transient response to the power variations. As seen, its maximum current reaches 

1.52 kA, equal to 𝐼DC,nom which was specified in Chapter  1, Table 1.1, while the voltage 

decreases to 300 V, aligned with 𝑈DC,nom, as described in Chapter  1, Table 1.1. This 

result shows the necessity of a proper fuel cell stack design. 

• Figure 6.3(d) depicts the motor current variations to torque changes. Here, the peak AC 

current reaches approximately 1.8 kA, which is in line with the motor specifications de-

veloped from requirements in Chapter 1, Table 1.1. 

In this simulation, the superconducting DC/AC cables and the Resistive Superconducting Fault 

Current Limiter (RSFCL) operate under nominal conditions, maintaining their temperature at 

77 K with LN2 cooling. Consequently, their resistance remains negligible, making them almost 

lossless, allowing a highly efficient power transfer within the powertrain (greater than 97 % over-

all efficiency [49]). 
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Figure 6.3: Integrated powertrain simulation results, with reference to the input speed described in the 

simulation flight profile, as depicted in Figure 6.2: (a) motor speed and reference speed, (b) 

motor torque and total DC power, (c) DC current and voltage on the output of the fuel cell 

stacks, (d) motor three-phase currents. 
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6.3 Transient Simulation (Fault Analysis) 

The electric aircraft powertrain can undergo different types of short circuit. These events must be 

studied to analyze the components’ behavior, especially with superconducting components, be-

cause their parameters can significantly change with the current increase. The integrated power-

train in SIMULINK gives the possibility of simulating any short circuit in the system, including 

DC pole-to-pole short circuit, three-phase, phase-to-phase, and single-phase AC short circuits, 

and open-circuit faults. This work analyzes the most severe cases, a DC pole-to-pole short circuit 

and a single-phase open-circuit fault on the AC side. The fault locations in both cases are depicted 

in Figure 6.4. 

 

Figure 6.4: Short circuit scenarios in the aircraft powertrain, which was depicted in Chapter 1, Figure 1.1: 

1) a DC pole-to-pole short circuit on the copper lead connection between DC cable and 

DC/AC inverter, 2) a three-phase AC short circuit on the copper lead between DC/AC inverter 

and AC cable. To make the worst case scenarios, in both cases, the short circuits occur when 

the motor rotates at its maximum speed and torque at 𝑡=1.2 s, with a fault resistance, 𝑅f, of 1 

mΩ. The duration of these short circuits is considered 100 ms. The parameters 𝑖DC and 𝑢DC 

represent the fuel cell stack current and output voltage, and 𝑖M,abc indicates the three-phase 

motor currents. 

Fault Scenario 1: DC Pole-to-Pole Short Circuit 

Figure 6.5 illustrates the simulation results for this short circuit, highlighting the effectiveness of 

the RSFCL in limiting the fault current. This figure shows that after occurring the short circuit, 

the current rises immediately, quenching the superconducting tapes (their temperature exceeds 

the critical temperature 𝑇c) in the RSFCL. Meanwhile, the tapes in the DC and AC cables remain 

in a superconducting state. The figure further reveals that after fault clearance at 𝑡=1.3 s, it takes 

approximately 2.3 seconds for the RSFCL tapes to cool down and return to their superconducting 

state. This recovery time is attributed to the non-adiabatic conditions applied to the RSFCL, which 

allow heat dissipation to occur gradually. This delay highlights the cooling dynamics in different 

conditions, which were discussed in Chapter 3, section 3.5. Furthermore, the fuel cell dynamic 

behavior in response to a short circuit indicates that voltage drops when a fault causes current to 

exceed its maximum limit. However, since RSFCL limits the current, the voltage returns to the 

nominal operating condition shortly after. This limitation also protects the fuel cell stack from a 

short circuit, which might end up damaging the cells. 
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Figure 6.5: Simulation results of the DC pole-to-pole short circuit in the powertrain at the location 

depicted in Figure 6.4: (a) DC current 𝑖DC and voltage 𝑢DC at the output of the fuel cell stack, 

(b) tapes temperature in the RSFCL, inner pole of the DC cable (DCC) 𝑇Tape,in, and the phase 

𝑎 of the AC cable (ACC) 𝑇Tape,a, (c) total tapes resistance in the RSFLC, inner pole of the 

DC cable 𝑅Tape,in, and the phase 𝑎 of the AC cable 𝑅Tape,a, where the total parallel resistance 

of all tapes are considered. 

The RSFCL effectiveness in limiting the fault current and protecting the fuel cell can be high-

lighted in a comparison with a network without an RSFCL. Figure 6.6 shows the powertrain sim-

ulation in the case of a short circuit on the DC side, but in a network without an RSFCL. These 

results confirm that without an RSFCL, a short circuit might damage the fuel cell stack, as the 

DC cable cannot limit the fault current. In such a system, not only is the peak of fault current 

higher, but more importantly, due to not limiting it after the first peak, a significant amount of 

energy flows through copper leads and fuel cell electrodes. Hence, an RSFCL is recommended. 
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Figure 6.6: Simulation results of the DC pole-to-pole short circuit in the powertrain without an RSFCL, 

at the location depicted in Figure 6.4: (a) DC current 𝑖DC and voltage 𝑢DC at the output of the 

fuel cell stack, (b) tapes temperature in the inner pole of the DC cable (DCC) 𝑇Tape,in, (c) total 

tapes resistance in the inner pole of the DC cable 𝑅Tape,in, where the total parallel resistance 

of all tapes are considered. 

Fault Scenario 2: Three-Phase AC Short Circuit 

A three-phase short circuit on the AC side, involving the motor, is influenced significantly by the 

motor's inertia, since it plays a critical role in the motor's response during a short circuit. Hence, 

it is also essential to consider the propeller's inertia in the analysis. The propeller's inertia depends 

on its design and is typically much higher than the motor’s inertia. This study uses a typical value 

of 11.9 kg·m², ten times greater than the motor’s inertia, for the propeller's inertia. This consider-

ation ensures a more accurate representation of the powertrain dynamics during fault conditions. 
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The simulation results for this fault scenario are illustrated in Figure 6.7 and Figure 6.8, high-

lighting several key responses in the powertrain. Following the short circuit, the implemented 

fault protection algorithm in the DC/AC inverter blocks this component from delivering power. 

Figure 6.7(b) demonstrates that this blockage causes the fuel cell stack to stop delivering power, 

dropping its current to zero and resulting in a voltage increase to its maximum nominal level. This 

figure also shows that after fault, the motor rotor does not stop immediately due to inertia, and it 

takes a while for its speed to reach zero rpm, as observed in Figure 6.7(a). Due to this rotation, 

the back EMF generated by the permanent magnets in the motor still exists, leading to turning the 

motor into a generator feeding the fault. Consequently, a large fault current arises on the AC side, 

primarily due to the low stator resistance and transient short-circuit current caused by motor in-

ductance. Figure 6.7(c) illustrates that as the motor speed decreases, the frequency of the fault 

current also declines. Although the back EMF includes harmonic components in practice after 

fault, this simulation assumes a purely sinusoidal back EMF post-fault for simplicity. It is worth 

mentioning that such a high current in the motor superconducting coils can be dangerous and 

potentially cause quenching. However, as mentioned in previous chapters, the resistance of the 

superconducting tapes does not remain constant as assumed in this work, and they will most likely 

increase due to the generated heat, leading to the fault current reduction. Hence, a more advanced 

model is needed to verify the electrothermal behavior of the superconducting tapes. 

Furthermore, Figure 6.8 shows insightful details on the temperature and resistance changes in the 

superconducting tapes within the RSFCL and DC/AC cables. These figures depict that the tapes 

in the RSFCL and DC cable remain unaffected due to the inverter blockage. However, the AC 

cable directly contributes to the fault, and as observed, the tapes temperature in the phases 𝑎 and 

𝑏 exceed critical temperature 𝑇c due to the heat generated in them, causing the quench in the 

superconductor. Meanwhile, the tapes in phase 𝑐 do not quench and remain in the superconducting 

state, primarily because of the lower fault current in the initial transient cycles. The difference in 

the currents flowing in each phase is caused by their different angles at the moment of the short 

circuit. The superconducting AC cable in the powertrain causes an increase in the fault resistance, 

thereby lowering fault current levels. But more importantly, it shortens the time constant for 

damping the energy generated by fault as fast as possible, enabling quicker recovery of the system 

post-fault. In this fault scenario, most of the fault current flows through the AC cable cores as 

their resistance is lower than the tapes resistance. This behavior limits the temperature rise in the 

tapes, preventing potential overheating or damage. 
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Figure 6.7: Simulation results of the three-phase AC short circuit in the powertrain at the location depicted 

in Figure 6.4: (a) Motor actual and reference speed, respectively denoted by 𝑛m and 𝑛m,ref, 

(b) current 𝑖DC and voltage 𝑢DC at the output of the fuel cell stack, (c) motor three-phase 

currents. 

(a)

Motor Speed

(b)

(c)

DC Current and Voltage (Fuel Cell Stack)

Motor 3-Phase Currents



6 Complete Powertrain Simulation  

106 

 

 

Figure 6.8: Simulation results of the three-phase AC short circuit in the powertrain at the location depicted 

in Figure 6.4: (a) tapes temperature in the RSFLC, inner pole of the DC cable (DCC) 𝑇Tape,in, 

and the three phases of the AC cable (ACC) 𝑇Tape,abc, (a) total tapes resistance in the RSFLC, 

inner pole of the DC cable 𝑅Tape,in, and the three phases of the AC cable (ACC) 𝑅Tape,abc, 

where the total parallel resistance of all tapes are considered. 

6.4 Simulation Outcomes 

The powertrain simulation under different conditions, as discussed in previous sections, provides 

insights into its performance and the contribution of each component. The following are some of 

the key points: 

• Fuel cell stack as the power source plays a major role in the powertrain. This component 

has significant impacts on the system performance, not only in a nominal flight operation 

but also during short circuits. Therefore, a proper and careful design is needed that con-

siders a safety margin based on the powertrain requirements. 

• Using superconducting components in this powertrain increases the system efficiency, as 

they impose no loss in nominal conditions. This leads to lower hydrogen consumption, 

resulting in the advantage of requiring smaller hydrogen tanks. 

• Integrating a well-designed RSFCL in the powertrain is pivotal as it can effectively limit 

the short circuit current, which is highly dangerous for fuel cells and DC cable. It was 
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observed that in the case of a short circuit, the DC cable remains thermally unaffected, 

minimizing the risk of LN2 evaporation within the cable. Based on the simulation results, 

placing an RSFCL on the AC side is also recommended, as this compact component of-

fers substantial benefits in limiting and damping the faults, protecting the motor and AC 

cable.  

• Tuning the motor controllers in a DC/AC inverter is more challenging than a conven-

tional motor, as their stator resistance is much lower. This leads to a relatively longer 

electrical time constant, making tuning the motor response to speed variations difficult. 

• A superconducting AC cable might look unnecessary in this powertrain due to its short 

length and minimal space savings compared to a conventional one. However, as was 

seen, this cable can increase the fault resistance during the short circuit, which helps the 

motor quickly dampen the short circuit current. Therefore, placing such a cable would be 

beneficial in fault management in addition to its higher efficiency and lightweight nature. 

• This work treated the superconducting motor as a conventional motor with a constant 

substantially low stator resistance. However, this component has a multi-domain behav-

ior, which makes it highly complicated to model in a power simulator tool like MATLAB 

SIMULINK. Therefore, the constant resistance assumption is used as a worst-case sce-

nario. The simulation results indicated that the superconducting coils inside the motor, 

due to their negligible resistance, are exposed to a more severe fault condition compared 

to a conventional motor, making a superconducting motor more vulnerable to short cir-

cuits. As explained in Chapter 5, a more advanced simulation approach, such as a finite-

element method (FEM), is necessary to model the superconducting motor behavior, 

which involves interacting electrical, thermal, and magnetic characteristics of the super-

conducting coils. The outputs from this work, such as the three-phase currents, could 

serve as input for such detailed FEM-based simulations. 

• Simulation results also showed the time it takes to return to nominal operating conditions 

after a fault. This parameter can be used to design the protection algorithm for the DC/AC 

inverter. 

• These simulations can give a rough estimation of the short circuit current. This estimation 

can be used in designing and sizing the copper leads between components. 

• The integrated system in SIMULINK is significantly fast as the flight profile simulation 

on a computer with a 6-core 2.3 MHz CPU and 16 GB RAM takes only a few minutes. 

 





7 Summary, Conclusions, and Outlook 

109 

 

7 Summary, Conclusions, and 
Outlook 

7.1 Summary 

This work presented the approach for modeling the powertrain of a fully electric aircraft with 

superconducting components in MATLAB SIMULINK. The components in such a powertrain 

include fuel cell stack, resistive type superconducting fault current limiter, superconducting DC 

and AC cables, DC/AC inverter, and superconducting motor. The work aims to simulate this 

powertrain in a power simulator tool like MATLAB SIMULINK, as it is pivotal to investigate 

system behavior under different conditions. Firstly, the simulation of all components in a 

standalone mode via different models and scenarios was explained. This standalone modeling 

allows the use of the models in wider applications and any other power systems. All the developed 

models were designed to provide results under stationary and transient operating conditions, al-

lowing adaptability to various requirements. Finally, the complete powertrain simulation, includ-

ing all the components in a reference flight profile and short circuit conditions, gave valuable 

insights into the system performance and the contribution of each component. 

The fuel cell stack is the system's power supply, converting hydrogen chemical energy into elec-

trical energy. As Proton Exchange Membrane Fuel Cells (PEMFC) offer suitable properties for 

aviation applications, the modeling of this fuel cell type was considered in this work. Unlike an 

ideal voltage source, fuel cell output voltage varies non-linearly with its current, which is called 

the fuel cell polarization curve. As the current required by the load increases, fuel cell voltage 

reduces, explained by the fuel cell stationary behavior that was simulated in this work. However, 

this voltage variation is not instantaneous, and the fuel cell stack undergoes a transient behavior. 

As was explained, most of the research articles translate this transient behavior with a resistive-

capacitive electrical equivalent circuit, while in reality, a resistive-inductive behavior or a com-

bination of both can be seen. Accordingly, a fuel cell model capable of simulating any behavior 

was developed, and above all, the approach to design the stack of cells based on the voltage, 

current, and power ratings was discussed. 

An RSFCL is integrated into this powertrain to limit potential short circuits. A lumped-parameter 

modeling of the RSFCL, considering its electrical and thermal characteristics, was discussed. In 

this approach, each layer of the superconducting tapes is treated like a resistor. In an REBCO 

HTS tape where several layers exist, the resistance of all layers except REBCO vary linearly with 

temperature, while the superconductor (REBCO) resistance changes non-linearly with tempera-

ture and current. Since an HTS tape is a thin conductor, the same temperature all across the tapes 

was considered that varies with the heat generated by the tapes power loss. The RSFCL was sim-

ulated under two conditions: adiabatic, where coolant has no impact on the tapes, and non-adia-

batic, where coolant absorbs excess generated by fault current. Simulation results indicated that 

heat generation in the tapes occurs quickly during the fault, and the coolant cannot contribute to 
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heat dissipation. So, no substantial difference between adiabatic and non-adiabatic conditions was 

observed. After the fault, the non-adiabatic model showed an adequate contribution of the coolant 

in eliminating the heat and returning the tapes to the superconducting state. This recovery depends 

on the coolants convective heat coefficient, which varies between coolants. For example, a com-

parison between LN2 and LH2 revealed that LH2 provides a better cooling performance, enabling 

a faster return of the tapes to the superconducting state. 

The superconducting DC and AC cables transfer the electrical energy from the fuel cell stack to 

the motor. This work proposes three models to simulate the superconducting cables: lumped-

parameter, adiabatic model similar to the RSFCL model, and one-dimensional and two-dimen-

sional, finite difference method (FDM) based models. In the 1-D model, the cable temperature 

along its cross section is calculated, while via the 2-D model, the temperature along the length is 

also calculated. A bipolar DC cable can be simulated using these models under different thermal 

conditions. This work considered two extreme thermal conditions: perfect heat conduction be-

tween the HTS tapes and the parallel copper layers and, on the other hand, no heat conduction 

between them. The latter scenario seems more relevant during a short circuit, as the heat genera-

tion in the tapes occurs so quickly that no heat can be dissipated to other layers. The 2-D model 

provides the most accurate results, as it more precisely reflects the fundamental heat transfer prin-

ciples. This model is particularly useful for a liquid coolant, showing the temperature rise along 

the length highlighting the risk of coolant evaporation. Therefore, with the 2-D model, the cable 

behavior is simulated in extreme scenarios to validate the design and eliminate the risk of coolant 

vaporization. Overall, this model can be used as a reference to gain a basic understanding of the 

cable behavior. Simulation results indicate that all models can give substantially similar results 

during a short circuit, while after a short circuit, the 1-D model gives similar results to the 2-D 

model. Therefore, the lumped-parameter model is an ideal choice for the cable simulation during 

a short circuit, and 1-D and 2-D models are recommended for the extended simulations. Moreo-

ver, due to the higher computational efforts and complexity of the 2-D model than the 1-D model, 

the 1-D model is preferred for a short-length cable, as the coolant temperature along the length 

does not vary substantially. The modeling of an AC cable follows the same principles as a DC 

cable. Thus, the SIMULINK block out of the DC/AC cable’s lumped-parameter model was de-

veloped to integrate it into the powertrain. 

In nominal conditions, the fuel cell stack delivers the power at a constant DC voltage, hence, a 

DC/AC inverter is required to transfer this power to the motor on the AC side. This work consid-

ered a superconducting PMSM treated like a conventional electric motor with a significantly small 

stator resistance due to the superconducting coils. The motor was modeled using an electrical 

circuit equivalent to a surface-mounted PMSM. This model assumed a sinusoidal harmonic-free 

back EMF by magnets, and the speed was calculated using the torque balance equation. The motor 

was controlled via DC/AC inverter using field-oriented control (FOC), the most well-known tech-

nique. Tuning the controllers for a superconducting motor is more challenging as its stator re-

sistance is substantially low. This low resistance leads to a longer electric time constant, slowing 

down the electrical response to input parameters. An average model was used for the DC/AC 

inverter, considering no switching effects, as the objective is system-level modeling of the power-

train. Moreover, a fault protection algorithm in the inverter was developed to resemble the real 

behavior of the inverter in the case of a short circuit. This algorithm blocks the inverter from 



7 Summary, Conclusions, and Outlook 

111 

 

delivering power when a relatively higher current is detected, protecting the inverter switches 

from damage. As explained, a more advanced method like FEM-based tools is required to simu-

late a superconducting motor, but this model offers valuable insights into rough estimation of the 

motor behavior under different conditions. The parameters resulting from this model can be used 

as input for advanced simulation of the motor in FEM-based tools. In this work, a control scheme 

was designed to control the superconducting motor, and its effectiveness was validated via a 

MATLAB SIMULINK simulation. 

The complete powertrain, with all the components integrated, was simulated for system-level 

modeling and analyzing the performance of each component. A reference flight profile drawn by 

a realistic flight profile was considered for nominal operating conditions. This profile included 

three flight phases, from takeoff to cruising and finally landing, and described the reference speed 

and motor torque. The reference speed was used as an input in the motor controller, and reference 

torque was given as load torque to the motor. First and foremost, the results indicated the im-

portance of properly designing the components, especially the fuel cell stack as the power source. 

It was observed that with the increase in torque, the power and current required from the fuel cell 

increases, which results in the output voltage reduction. The controller's tuning was also success-

ful, where the reference speed was followed quickly and accurately with a minor overshoot. The 

lossless characteristic of the superconducting components was also confirmed, as their resistance 

remained negligible. However, simulating various short-circuit scenarios with the integrated 

model is possible. The system was simulated under two severe short circuit conditions: a DC pole-

to-pole short circuit and a three-phase AC short circuit. In the short circuits, the successful block-

ing of the inverter by the developed fault protection algorithm was observed. Simulation results 

showed an effective contribution by RSFCL in limiting the fault current protecting other compo-

nents. This finding also supports the recommendation to integrate an RSFCL on the AC side. The 

fuel cell behavior during the short circuit confirmed the necessity of its accurate transient model-

ing. After a short circuit on the AC side, the motor turns into a generator, as its rotor keeps rotating 

due to propeller inertia, generating back EMF by the magnets. Since motor stator resistance is 

substantially low, this leads to a large short circuit current, which is dangerous for the motor coils. 

It was observed that even though a superconducting AC cable might not be capable of limiting 

this fault current, it can still help dampen the short circuit energy by adding resistance in the fault 

path, reducing the time constant. Moreover, this short circuit analysis is beneficial in designing 

and sizing the copper leads between components. The integrated system is significantly fast as 

the flight profile simulation on a computer with a 6-core 2.3 MHz CPU and 16 GB RAM takes 

only a few minutes. 

7.2 Conclusions 

This work successfully developed a detailed MATLAB SIMULINK powertrain model for a fuel 

cell-based fully electric aircraft with superconducting components. Multiple conclusions can be 

drawn regarding the powertrain performance and design. Some of these conclusions are provided 

below: 

• The model enables simulation and analysis under various stationary and transient condi-

tions by integrating potential components. The approach to model each component was 
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explained, allowing for standalone simulation and adaptable design for broader power 

systems applications beyond aviation.  

• A significant outcome of this work is developing a robust PEMFC model capable of cap-

turing stationary and transient behaviors.  The model was developed based on the experi-

ments in previous research works, ensuring a realistic power source behavior for the air-

craft.  

• The RSFCL simulation results show that during a short circuit, the thermal considerations 

and cooling effect in absorbing the generated heat play a minimal role in the results. By 

quenching the tapes after fault, RSFCL can effectively limit the fault current, and it is rec-

ommended that an RSFCL be integrated on the AC side as well. The RSFCL model in 

non-adiabatic conditions is significantly helpful in determining the time after fault when 

coolant can absorb the additional heat. This parameter is useful in designing the protec-

tion systems of the powertrain. The simulation results indicated the significant im-

portance of the RSFCL design in a short circuit to protect other components. 

• The different models developed for the superconducting DC and AC cables showed the 

complex temperature variation inside the cable and the necessity of the 2-D model. How-

ever, the basic lumped-parameter model is an ideal solution during a fault, as it shows rel-

atively similar current, temperature, and resistance behavior compared to the 2-D model. 

However, the developed models provide a unique opportunity to design a cable capable 

of limiting the fault current to eliminate the need for an RSFCL. 

• This work presented the approach to developing models for the RSFCL and DC/AC ca-

bles, which are highly adaptable to the properties and type of superconductor. As an ex-

ample, an RSFCL and cable with MgB2 wires can also be simulated with this approach. 

Moreover, simulating these components using other coolants like LH2 or Helium is also 

possible with these models. These results provide an opportunity to compare different su-

perconductors and coolants, identifying their strengths for the application-based designs.  

• Through this work, the challenges related to the drive control tuning of a superconducting 

motor were identified, primarily due to the low resistance of the superconducting coils of 

the motor. However, using the field-oriented control method with a decoupled 𝑑𝑞-axis 

control, a low-error and fast-tracking of the reference parameters was explained. The tun-

ing of the controllers is highly effective in motor behavior in quasi-stationary events, e.g., 

speed and torque variations. If the drive control is designed to act significantly faster than 

needed, additional quasi-stationary power will be demanded by the fuel cell stack, which 

will result in more hydrogen being consumed. Hence, this work recommends tuning the 

controllers based on a compromise between the required response time and minimizing 

the quasi-stationary power demand. Another possibility is equipping the aircraft with 

onboard batteries to operate during quasi-stationary conditions. These batteries discharge 

during such events but can be recharged through regenerative braking when the motor 

slows down. 

• Based on the torque balance equation, a speed change can cause a potentially high transi-

ent torque due to motor and propeller inertia. The speed variation rate is decided by the 

motor drive control. If the rate is too rapid, it could temporarily overload the other power-

train components. This is particularly critical for superconducting components as if they 

are not appropriately designed, they might undergo quenching due to overheating. In ad-

dition, according to the fuel cell stack transient behavior, this component could 
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potentially stop delivering power as the transient current exceeds the fuel cells maximum 

permissible current. Therefore, the motor drive control design must be coordinated with 

the other components or vice versa. 

• Through system simulation, the substantial importance of the fuel cell system design was 

observed. As fuel cell output voltage varies non-linearly with the current, stationary and 

quasi-stationary events must always be considered in the fuel cell stack design. Addition-

ally, since the fuel cell system response to the load variations is not instant, the time it 

reaches the steady-state must be considered in the control scheme integrated into the 

DC/AC inverter. 

• The system-level modeling of the entire powertrain, which was made possible in this 

work, provides the possibility to investigate the accuracy of each component’s design 

based on various requirements. With such a model, the fuel cell design for a stable power 

supply in different control configurations can be examined, the copper leads between 

components can be appropriately sized, and the results for each component can be used as 

a reliable estimation for further advanced analysis and experiments. 

• When a short circuit occurs on the DC side of the powertrain, the fuel cell system under-

goes a severe experience that might damage its electrodes and internal components. The 

short circuit simulations in this work indicate that in the case of equipping no RSFCL, the 

peak of fault current can be limited but not significantly; however, the main advantage of 

the RSFCL is limiting the fault current after this first peak. When a fault is not limited af-

terward, substantial energy flows through the fuel cell stack and copper leads, resulting in 

potential damages and the requirement for unnecessary oversizing of the components. 

7.3 Outlook 

As this work is the first to simulate the complete superconducting powertrain of an electric air-

craft, it has several perspectives. Some of them are given below: 

• The primary perspective of this work is performing experiments on different components 

to validate the models. The real-world challenges that might have been overlooked in this 

work can be identified through these experiments.  

• As a component involving several domains, the fuel cell stack needs to be modeled in de-

tail with more advanced tools. Experimental analysis under different conditions would be 

highly beneficial in further understanding its behavior.  

• In this work, the switching effects of the inverter switches and any harmonics generated 

by the inverter or the motor were neglected. In reality, however, these parameters might 

significantly impact the powertrain performance. Therefore, future works should contain 

these aspects as well, first in a detailed model including the power electronics behavior of 

the switches, then followed by converter prototypes and experiments. 

• A key perspective of this work is modeling the superconducting motor. The electromag-

netic behavior of the coils in the motor must be studied thoroughly as they substantially 

affect the superconducting tapes properties. An estimation of the current and voltages re-

sulted from this work is significantly helpful in such analysis. 
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• This work considered LN2 at 77 K as the sole coolant for the entire powertrain. As dis-

cussed in this work, different coolants have different advantages, so analyzing the feasi-

bility of using different coolant loops for this powertrain would be beneficial. For exam-

ple, LN2 can be used to cool the cables, while helium is used as a coolant in the motor. 

Furthermore, the cases of losing the coolant could be interesting to analyze, as under-

standing how long the powertrain can operate without cooling is crucial for aircraft 

safety. 

• Investigating the issues related to electromagnetic interference (EMI) is another interest-

ing perspective. Since aircraft contain numerous sensors and high-frequency devices, ad-

dressing EMI is vital for operational reliability. 
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9 Appendices 

A.1 HTS Tape Materials Data 

The intrinsic properties of the materials used in the superconducting tapes are given in Table 9.1 

based on the equation (3.6) in Chapter 3. In this table, 𝑇 is temperature, and the formula shown 

for REBCO resistivity is when it is normal state. 

Table 9.1: Intrinsic properties of the materials used in the HTS tapes and DC/AC cables [92]. 

Material Specific Resistivity (𝜌) for  

75 K<𝑇<300 K [Ω.m] 

Specific Heat Capacity 

(𝑐p) for 75 K<𝑇<300 K 

[J/(kg.K)] 

Density 

(𝜌) 

[kg/m3] 

Silver (Ag) 6.17 × 10−11𝑇 − 2.082 × 10−9 220.5 + 0.046𝑇 1049 

REBCO 1 × 10−4𝑇 − 10 × 10−4 (𝑇 > 𝑇c) 

390 (
250

𝑇
)
2 𝑒

250
𝑇

(𝑒
250
𝑇 − 1)

2 

6390 

Hastelloy (Hy) 8.958 × 10−11𝑇 + 1.103 × 10−6 
190 + 388 (1 − 𝑒−

𝑇
310) 

8890 

Copper (Cu) 6.841 × 10−11𝑇 − 3.06 × 10−9 390.9 − 593.4𝑒−0.014𝑇 8960 

Aluminum (Al) 1.13 × 10−10𝑇 − 6.718 × 10−9 6 × 10−5𝑇3

− 0.0471𝑇2 + 13.281𝑇
− 423.27 

2700 
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A.2 HTS Tapes Heat Capacity Calculation 

The heat capacity of a layer in the HTS tape, 𝐶layer, is calculated from its specific heat capacity 

𝑐p,layer and mass 𝑚layer  with equation (9.1) based on the data given in Table 9.1. 

 𝐶layer = 𝑚layer ⋅ 𝑐p,layer (9.1) 

The layer mass 𝑚layer is calculated using equation (9.2) with the layer density 𝜌layer, cross-

section area 𝐴layer, and length which is equal to tape length 𝑙Tape. 

 𝑚layer = 𝜌layer ⋅ 𝐴layer ⋅ 𝑙Tape (9.2) 

Finally, by determining the heat capacities of all 𝑁layer layers, the total heat capacity of the tape 

can be computed using equation (9.3). 

 𝐶Tape = ∑ 𝐶layer,i

𝑁layer

𝑖=1

 (9.3) 
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A.3 Liquid Nitrogen Properties 

The parameters 𝛼𝑖 to calculate ℎc,LN2
 which was provided in Chapter 3, equation (3.13) are given 

below: 

 
𝛼0 = 38147, 𝛼1 = −28209, 𝛼2 = 7232.8, 

𝛼3 = −494.38, 𝛼4 = 13.25, 𝛼5 = −0.12773 
(9.4) 

The LN2 properties at a pressure of 15 bar and a temperature of 77 K are as below [126]: 

Table 9.2: LN2 properties at a pressure of 15 bar and a temperature of 77 K [126]. 

Parameter Symbol 

 

Value 

Desnity 𝜌LN2
 811 kg/m3 

Viscosity 𝜂LN2
 166.68 μPa.s 

Specific Heat Capacity 𝑐p,LN2
 2025 J/(kg.K) 

Thermal Conductivity 𝑘LN2
 0.15 W/(m.K) 
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A.4 HTS Cable Layers Properties 

In Table 9.3, the intrinsic properties of the cable layers are detailed. 

Table 9.3: Intrinsic properties of the materials used in the HTS cable [92], [125]. 

Cable Layer Thermal 

Conductivity (𝑘) for  

75 K<𝑇<300 K 

[W/(m.K)] 

Specific Heat Capacity 

(𝑐p) for 75 K<𝑇<300 K 

[J/(kg.K)] 

Density (𝜌) [kg/m3] 

Core/Shield 

Copper 

534.2 See Table 9.1. 8960 

HTS Tape 150 Calculated based on the 

different layers data 

given in Table 9.1 and 

section A.1. 

Calculated based on the 

different layers data 

given in Table 9.1.** 

Polypropylene 

Laminated 

Paper (PPLP) 

0.15*  430 8890 

Liquid Nitrogen 

(LN2) 

0.15 2025 811 

* Immersed in LN2. 

** Density of the HTS tapes is calculated based on the density, mass, and volume of the sub-

layers in the tapes. Their properties are described in Table 9.1. 
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A.5 Cable Cooling Fluid Calculations 

The following procedure shows the calculation of the cooling fluid Reynolds number 𝑅𝑒Fld. 

First, from fluid mass flow rate 𝑚̇Fld, density 𝜌Fld, and the fluid duct area 𝐴Fld, the fluid velocity 

in the duct 𝑣Fld is calculated with equation (9.5): 

 𝑣Fld =
𝑚̇Fld

𝜌Fld ⋅ 𝐴Fld
 (9.5) 

Then, a base Reynolds number 𝑅𝑒Fld,b needs to be calculated with equation (9.6) [129]. In this 

equation, 𝑑H,Fld is the fluid duct hydraulic diameter, and 𝜇Fld is the fluid dynamic viscosity. 

 𝑅𝑒Fld,b  =
𝑣Fld ⋅ 𝑑H,Fld ⋅ 𝜌Fld

𝜇Fld

 (9.6) 

This equation is valid for the case of an inner fluid channel, but for an outside channel, it needs 

to be adjust based on the ratio between the inner and outer fluid duct diameters, represented by 

𝑑in and 𝑑out, which is named 𝛼 and defined as follows: 

 𝛼 =
𝑑in

𝑑out
 (9.7) 

It is worth to mention that in the particular cable considered in this work, the shield copper outer 

diameter 𝑑Sh,Out is equal to the fluid duct inner diameter, so these parameters can be replaced 

with each other. 

With the value of 𝛼, the accurate value of Reynolds number 𝑅𝑒Fld for the outer channel (which 

is the case of the considered cable in this work) can be calculated with the following equation: 

 𝑅𝑒Fld  = 𝑅𝑒Fld,b ⋅
(1 + 𝛼2) ⋅ ln(𝛼) + (1 − 𝛼2)

(1 − 𝛼)2 ⋅ ln(𝛼)
 (9.8) 

To calculate a coolant convective heat coefficient in a cable, the approach below must be fol-

lowed. 

First, the fluid Prandtl number 𝑃𝑟Fld needs to be calculated with equation (9.9) from fluid specific 

heat capacity 𝑐p,Fld, viscosity 𝜇Fld, and thermal conductivity 𝑘Fld. 

 𝑃𝑟Fld =
𝜇Fld ⋅ 𝑐p,Fld

𝑘Fld
 (9.9) 

Then, based on the fluid Reynolds number 𝑅𝑒Fld which was calculated in equation (9.8), the 

coolant duct friction coefficient 𝜉Fld is calculated as below: 

 𝜉Fld = (1.8 log10(𝑅𝑒Fld) − 1.5)−2 (9.10) 
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In the next step, the fluid Nusselt number 𝑁𝑢Fld needs to be calculated with the following equa-

tion [129]: 

 𝑁𝑢Fld  =
(
𝜉Fld
8

) ⋅ 𝑅𝑒Fld ⋅ 𝑃𝑟Fld

𝑘1 + 12.7 (
𝜉Fld
8

)

1
2
⋅ (𝑃𝑟

Fld

2
3 − 1)

⋅ 𝑘Nu,c 
(9.11) 

In this equation, 𝑘Nu,c is the Nusselt number correction factor which depends on the ratio of the 

inner and outer duct diameters 𝛼 (equation (9.7)), and 𝑘1 is a self-built parameter. The parameters 

𝑘Nu,c and 𝑘1 are defined with equations (9.12) and (9.13), respectively. 

 𝑘Nu,c  =
0.75𝛼−0.17 + (0.9 − 0.15𝛼0.6)

1 + 𝛼
 (9.12) 

 
𝑘1  = 1.07 +

900

𝑅𝑒Fld
−

0.63

(1 + 10𝑃𝑟Fld)
 

(9.13) 

Finally, the fluid convective heat coefficient ℎc,Fld is calculated with equation (9.14): 

 ℎc,Fld  =
𝑁𝑢Fld ⋅ 𝑘Fld

𝑑H,Fld
 (9.14) 
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A.6 Additional Remarks on the 1-D, Transient, FDM Based Model 

of the HTS DC Cable 

Apart from the FDM based heat transfer equation for an element 𝑚 in solid layers which was 

described in Chapter 4, section 4.6.2, equation (4.24), the equations for the elements 𝑚=1 and 

𝑚=𝑀 are given below. 

For the element 𝑚=1: 

 [𝜓1 + 4] ⋅ 𝑇1
z+1 − 4𝑇2

z+1 = 𝜓1 ⋅ 𝑇1
z +

(∆𝑟)2

𝑘1
⋅ 𝑔1

z+1  (9.15) 

For the element 𝑚=𝑀: 

 
−2𝑇M−1

z+1 + [𝜓M + 2 + 𝜑 ⋅ (
1

2𝑀
+ 1)] ⋅ 𝑇M

z+1 + [−𝜑 ⋅ (
1

2𝑀
+ 1)] ⋅ 𝑇Fld

z+1

= 𝜓M ⋅ 𝑇M
z +

(∆𝑟)2

𝑘M
⋅ 𝑔M

z+1    
(9.16) 

The matrices of the equation (4.28) in Chapter 4, section 4.5.2 are shown in equations (9.17) and 

(9.18). 

 𝑇 =

[
 
 
 
 
 
 
 
 
 

𝑇1

𝑇2

⋮
𝑇m−1

𝑇m

𝑇m+1

⋮
𝑇M−1

𝑇M

𝑇Fld ]
 
 
 
 
 
 
 
 
 

      ,         𝜓 =

[
 
 
 
 
 
 
 
 
 

𝜓1

𝜓2

⋮
𝜓m−1

𝜓m

𝜓m+1

⋮
𝜓M−1

𝜓M

𝜓Fld ]
 
 
 
 
 
 
 
 
 

      ,      Β =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(∆𝑟)2

𝑘1
⋅ 𝑔1

z+1

(∆𝑟)2

𝑘2
⋅ 𝑔2

z+1

⋮
(∆𝑟)2

𝑘m−1
⋅ 𝑔m−1

z+1

(∆𝑟)2

𝑘m
⋅ 𝑔m

z+1

(∆𝑟)2

𝑘m+1
⋅ 𝑔m+1

z+1

⋮
(∆𝑟)2

𝑘M−1
⋅ 𝑔M−1

z+1

(∆𝑟)2

𝑘M
⋅ 𝑔M

z+1

𝑞rad ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (9.17) 
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Α =

[
 
 
 
 
 
 
 
 
 
 
𝜓1 + 4 −4 0 ⋯ 0 0 0 ⋯ 0 0
𝐴2,1 𝐴2,2 𝐴2,3 ⋯ 0 0 0 ⋯ 0 0

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 ⋯ 𝐴m−1,m−1 𝐴m−1,m 0 ⋯ 0 0

0 0 0 ⋯ 𝐴m,m−1 𝐴m,m 𝐴m,m+1 ⋯ 0 0

0 0 0 ⋯ 0 𝐴m+1,m 𝐴m+1,m+1 ⋯ 0 0

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 ⋯ 0 0 0 ⋯ 𝐴M−1,M 0

0 0 0 ⋯ 0 0 0 ⋯ 𝐴M,M 𝐴M,Nr

0 0 0 ⋯ 0 0 0 ⋯ 𝐴Nr,M 𝐴Nr,Nr]
 
 
 
 
 
 
 
 
 
 

 

𝐴m,m−1 = (
1

2𝑚
− 1) ⋅ (

2

1 + 𝜂m,m−1
) 

𝐴m,m = 𝜓m + 2 + (
1

2𝑚
− 1) ⋅ (

𝜂m,m−1 − 1

𝜂m,m−1 + 1
) + (

1

2𝑚
+ 1) ⋅ (

𝜂m+1,m − 1

𝜂m+1,m + 1
) 

𝐴m,m+1 = (
1

2𝑚
+ 1) ⋅ (

−2𝜂m+1,m

1 + 𝜂m+1,m
) 

𝐴M,M−1 = −2 , 𝐴M,M = 𝜓M + 2 + 𝜑 ⋅ (
1

2𝑀
+ 1) , 𝐴M,Nr

= −𝜑 ⋅ (
1

2𝑀
+ 1) 

𝐴Nr,M = −ℎc,Fld ⋅ 𝑃𝑒Fld,in    ,     𝐴Nr,Nr
= 𝜓Fld + ℎc,Fld ⋅ 𝑃𝑒Fld,in 

(9.18) 
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A.7 Additional Remarks on the 2-D, Stationary, FDM Based Model 

of the HTS DC Cable 

Apart from the FDM based heat transfer equation for an element 𝑚 in solid layers which was 

described in Chapter 4, section 4.6.2, equation (4.24), the equations for the elements 𝑚=1 and 

𝑚=𝑀 are given below. 

For the element 𝑚=1: 

 4𝑇1,n − 4𝑇2,n =
(∆𝑟)2

𝑘1
⋅ 𝑔1,n  (9.19) 

For the element 𝑚=𝑀: 

 
−2𝑇M−1,n + [2 + 𝜑 ⋅ (

1

2𝑀
+ 1)] 𝑇M,n + [−𝜑 ⋅ (

1

2𝑀
+ 1)] ⋅ 𝑇Fld,n

=
(∆𝑟)2

𝑘M
⋅ 𝑔M,n  

(9.20) 

The matrices of the equation (4.35) in Chapter 4, section 4.6.1 are shown in equations (9.21) and 

(9.22). 

 𝑇n =

[
 
 
 
 
 
 
 
 
 
 

𝑇1,n

𝑇2,n

⋮
𝑇m−1,n

𝑇m,n

𝑇m+1,n

⋮
𝑇M−1,n

𝑇M,n

𝑇Fld,n ]
 
 
 
 
 
 
 
 
 
 

    ,     Βn =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(∆𝑟)2

𝑘1
⋅ 𝑔1,n

(∆𝑟)2

𝑘2
⋅ 𝑔2,n

⋮
(∆𝑟)2

𝑘m−1
⋅ 𝑔m−1,n

(∆𝑟)2

𝑘m
⋅ 𝑔m,n

(∆𝑟)2

𝑘m+1
⋅ 𝑔m+1,n

⋮
(∆𝑟)2

𝑘M−1
⋅ 𝑔M−1,n

(∆𝑟)2

𝑘M
⋅ 𝑔M,n

[
𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
] ⋅ 𝑇Fld,n−1 + 𝑞rad]

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (9.21) 
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Αn =

[
 
 
 
 
 
 
 
 
 
 
 

4 −4 0 ⋯ 0 0 0 ⋯ 0 0

−
3

4
2 −

5

4
⋯ 0 0 0 ⋯ 0 0

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 ⋯ 𝐴m−1,m−1 𝐴m−1,m 0 ⋯ 0 0

0 0 0 ⋯ 𝐴m,m−1 𝐴m,m 𝐴m,m+1 ⋯ 0 0

0 0 0 ⋯ 0 𝐴m+1,m 𝐴m+1,m+1 ⋯ 0 0

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 ⋯ 0 0 0 ⋯ 𝐴M−1,M 0

0 0 0 ⋯ 0 0 0 ⋯ 𝐴M,M 𝐴M,Nr

0 0 0 ⋯ 0 0 0 ⋯ 𝐴Nr,M 𝐴Nr,Nr]
 
 
 
 
 
 
 
 
 
 
 

 

𝐴Nr,M = −ℎc,Fld ⋅ 𝑃𝑒Fld,in    ,     𝐴Nr,Nr
= ℎc,Fld ⋅ 𝑃𝑒Fld,in +

𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
 

(9.22) 
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A.8 Additional Remarks on the 2-D, Transient, FDM Based Model 

of the HTS DC Cable 

The additional equations in the two half time-steps of the ADI method applied to the 2-D, transi-

ent, FDM modeling of the cable are given below. 

First Half Time-step: 

For the element 𝑚=1 in the axial element 𝑛: 

 
−(∆𝑟)2 ⋅ 𝑇1,n−1

z+
1
2 + [𝜓1 + 2(∆𝑟)2] ⋅ 𝑇1,n

z+
1
2 − (∆𝑟)2 ⋅ 𝑇1,n+1

z+
1
2

= [𝜓1 − 4(∆𝑥)2] ⋅ 𝑇1,n
z + 4(∆𝑥)2 ⋅ 𝑇2,n

z +
(∆𝑥 ⋅ ∆𝑟)2

𝑘1
⋅ 𝑔1,n

z+1  
(9.23) 

For the element 𝑚=𝑀 in the axial element 𝑛: 

 

−(∆𝑟)2 ⋅ 𝑇M,n−1

z+
1
2 + [𝜓M + 2(∆𝑟)2] ⋅ 𝑇M,n

z+
1
2 − (∆𝑟)2 ⋅ 𝑇M,n+1

z+
1
2

= 2(∆𝑥)2 ⋅ 𝑇M−1,n
z + [𝜓M − 2(∆𝑥)2 − 𝜑 ⋅ (∆𝑥)2 ⋅ (

1

2𝑀
+ 1)]

⋅ 𝑇M,n
z + [𝜑 ⋅ (∆𝑥)2 ⋅ (

1

2𝑀
+ 1)] ⋅ 𝑇Fld,n

z +
(∆𝑥 ⋅ ∆𝑟)2

𝑘M
⋅ 𝑔M,n

z+1    

(9.24) 

For the cooling fluid element 𝑚=𝑁r in the axial element 𝑛: 

 
[−

𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
] ⋅ 𝑇

Fld,n−1

z+
1
2 + [𝜓Fld +

𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
] ⋅ 𝑇

Fld,n

z+
1
2

= [ℎc,Fld,n ⋅ 𝑃𝑒Fld,in] ⋅ 𝑇M,n
z + [𝜓Fld − ℎc,Fld,n ⋅ 𝑃𝑒Fld,in]

⋅ 𝑇Fld,n
z + 𝑞rad 

(9.25) 

In equation (9.25), the parameter 𝜓Fld is self-defined as follows: 

 𝜓Fld =
2𝜌Fld ⋅ 𝑐p,Fld ⋅ 𝐴Fld

∆𝑡
 (9.26) 

The matrices for the axial element 𝑛 in this model are detailed as below. 

 𝑇𝑥m

z+
1
2 =

[
 
 
 
 
 
 
 𝑇m,1

z+
1
2

⋮

𝑇m,n

z+
1
2

⋮

𝑇m,Nx

z+
1
2
]
 
 
 
 
 
 
 

             ,             𝐵𝑥m = 

[
 
 
 
 
 
 
 
 
(∆𝑥 ⋅ ∆𝑟)2

𝑘m
⋅ 𝑔m,1

z+1

⋮
(∆𝑥 ⋅ ∆𝑟)2

𝑘m
⋅ 𝑔m,n

z+1

⋮
(∆𝑥 ⋅ ∆𝑟)2

𝑘m
⋅ 𝑔m,Nx

z+1

]
 
 
 
 
 
 
 
 

 (9.27) 
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𝑄𝑟m
z =

[
 
 
 
 

𝐹r,1 ⋅ 𝑇m−1,1
z + 𝐹r,2 ⋅ 𝑇m,1

z + 𝐹r,3 ⋅ 𝑇m+1,1
z

⋮
𝐹r,1 ⋅ 𝑇m−1,n

z + 𝐹r,2 ⋅ 𝑇m,n
z + 𝐹r,3 ⋅ 𝑇m+1,n

z

⋮
𝐹r,1 ⋅ 𝑇m−1,Nx

z + 𝐹r,2 ⋅ 𝑇m,Nx

z + 𝐹r,3 ⋅ 𝑇m+1,Nx

z
]
 
 
 
 

 

 

𝐹r,1 = (∆𝑥)2 ⋅ (
1

2𝑚
− 1) ⋅ (

−2

1 + 𝜂m,m−1
)   

𝐹r,2 = 𝜓m,n − 2(∆𝑥)2 + (∆𝑥)2 ⋅ (
1

2𝑚
− 1) ⋅ (

1 − 𝜂m,m−1

1 + 𝜂m,m−1
) + (∆𝑥)2

⋅ (
1

2𝑚
+ 1) ⋅ (

1 − 𝜂m+1,m

1 + 𝜂m+1,m
) 

𝐹r,3 = (∆𝑥)2 ⋅ (
1

2𝑚
+ 1) ⋅ (

2𝜂m+1,m

1 + 𝜂m+1,m
) 

𝐴𝑥m =

[
 
 
 
 
 
 
 
 
 
𝐹x,1 2𝐹x,2 ⋯ 0 0 0 ⋯ 0 0

𝐹x,2 𝐹x,1 ⋯ 0 0 0 ⋯ 0 0

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 ⋯ 𝐹x,1 𝐹x,2 0 ⋯ 0 0

0 0 ⋯ 𝐹x,2 𝐹x,1 𝐹x,2 ⋯ 0 0

0 0 ⋯ 0 𝐹x,2 𝐹x,1 ⋯ 0 0

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 ⋯ 0 0 0 ⋯ 𝐹x,1 𝐹x,2

0 0 ⋯ 0 0 0 ⋯ 2𝐹x,2 𝐹x,1]
 
 
 
 
 
 
 
 
 

 

𝐹x,1 = 𝜓m + 2(∆𝑟)2     , 𝐹x,2 = −(∆𝑟)2 

Second Half Time-step: 

For the element 𝑚=1 in the axial element 𝑛: 

 

[𝜓1 + 4(∆𝑥)2] ⋅ 𝑇1,n
z+1 − 4(∆𝑥)2 ⋅ 𝑇2,n

z+1

= (∆𝑟)2 ⋅ 𝑇1,n−1

z+
1
2 + [𝜓1 − 2(∆𝑟)2] ⋅ 𝑇1,n

z+
1
2 + (∆𝑟)2 ⋅ 𝑇1,n+1

z+
1
2

+
(∆𝑥 ⋅ ∆𝑟)2

𝑘1
⋅ 𝑔1,n

z+1    

(9.28) 

For the element 𝑚=𝑀 in the axial element 𝑛: 
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−2(∆𝑥)2 ⋅ 𝑇M−1,n
z + [𝜓M + 2(∆𝑥)2 + 𝜑 ⋅ (∆𝑥)2 ⋅ (

1

2𝑀
+ 1)] ⋅ 𝑇M,n

z

+ [−𝜑 ⋅ (∆𝑥)2 ⋅ (
1

2𝑀
+ 1)] ⋅ 𝑇Fld,n

z

= (∆𝑟)2 ⋅ 𝑇M,n−1

z+
1
2 + [𝜓M − 2(∆𝑟)2] ⋅ 𝑇M,n

z+
1
2 + (∆𝑟)2 ⋅ 𝑇M,n+1

z+
1
2

+
(∆𝑥 ⋅ ∆𝑟)2

𝑘M
⋅ 𝑔M,n

z+1  

(9.29) 

For the cooling fluid element 𝑚=𝑁r in the axial element 𝑛: 

 

[−ℎc,Fld,n ⋅ 𝑃𝑒Fld,in] ⋅ 𝑇M,n
z+1 + [𝜓Fld + ℎc,Fld,n ⋅ 𝑃𝑒Fld,in] ⋅ 𝑇Fld,n

z+1

= [
𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
] ⋅ 𝑇

Fld,n−1

z+
1
2 + [𝜓Fld −

𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
] ⋅ 𝑇

Fld,n

z+
1
2

+ 𝑞rad 

(9.30) 

The matrices for the axial element 𝑛 in this model are detailed as below. 

 

𝑟n
z+1 =

[
 
 
 
 
𝑇1,n

z+1

⋮
𝑇m,n

z+1

⋮
𝑇Fld,n

z+1
]
 
 
 
 

             ,             𝐵𝑟n = 

[
 
 
 
 
 
 
 
 
(∆𝑥 ⋅ ∆𝑟)2

𝑘m
⋅ 𝑔1,n

z+1

⋮
(∆𝑥 ⋅ ∆𝑟)2

𝑘m
⋅ 𝑔m,n

z+1

⋮
(∆𝑥 ⋅ ∆𝑟)2

𝑘m
⋅ 𝑔Fld,n

z+1

]
 
 
 
 
 
 
 
 

 

𝑄𝑥n

z+
1
2 =

[
 
 
 
 
 
 
 𝐻x,1 ⋅ 𝑇1,n−1

z+
1
2 + 𝐻x,2 ⋅ 𝑇1,n

z+
1
2 + 𝐻x,3 ⋅ 𝑇1,n+1

z+
1
2

⋮

𝐻x,1 ⋅ 𝑇m,n−1

z+
1
2 + 𝐻x,2 ⋅ 𝑇m,n

z+
1
2 + 𝐻x,3 ⋅ 𝑇m,n+1

z+
1
2

⋮

𝐻x,4 ⋅ 𝑇
Fld,n−1

z+
1
2 + 𝐻x,5 ⋅ 𝑇

Fld,n

z+
1
2

]
 
 
 
 
 
 
 

 

𝐻x,1 = (∆𝑟)2, 𝐻x,2 = 𝜓m,n − 2(∆𝑟)2, 𝐻x,3 = (∆𝑟)2 

𝐻x,4 =
𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
, 𝐻x,5 = 𝜓Fld −

𝑚̇Fld ⋅ 𝑐p,Fld

∆𝑥
 

 

𝐴𝑟n =

[
 
 
 
 
 
𝜓1 + 4(∆𝑥)2 −4 ⋯ 0 0 0 ⋯ 0 0 0

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮
0 0 ⋯ 𝐻r,1 𝐻r,2 𝐻r,3 ⋯ 0 0 0

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮
0 0 ⋯ 0 0 0 ⋯ −2(∆𝑥)2 𝐻r,4 𝐻r,5

0 0 ⋯ 0 0 0 ⋯ 0 𝐻r,6 𝐻r,7]
 
 
 
 
 

 

(9.31) 
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𝐻r,1 = (∆𝑥)2 ⋅ (
1

2𝑚
− 1) ⋅ (

2

𝜂m,m−1 + 1
) 

𝐻r,2 = 𝜓m,n + 2(∆𝑥)2 + (∆𝑥)2 ⋅ (
1

2𝑚
− 1) ⋅ (

𝜂m,m−1 − 1

𝜂m,m−1 + 1
) + (∆𝑥)2

⋅ (
1

2𝑚
+ 1) ⋅ (

𝜂m+1,m − 1

𝜂m+1,m + 1
) 

𝐻r,3 = (∆𝑥)2 ⋅ (
1

2𝑚
+ 1) ⋅ (

−2𝜂m+1,m

𝜂m+1,m + 1
) 

𝐻r,4 = 𝜓M,n + 2(∆𝑥)2 + 𝜑 ⋅ (∆𝑥)2 ⋅ (
1

2𝑀
+ 1) ,𝐻r,5 = −𝜑 ⋅ (∆𝑥)2 ⋅ (

1

2𝑀
+ 1) 

𝐻r,6 = −ℎc,Fld ⋅ 𝑃𝑒Fld,in , 𝐻r,7 = 𝜓Fld + ℎc,Fld ⋅ 𝑃𝑒Fld,in 
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A.9 Park Transformation 

Considering phase 𝑎 alignment to q-axis, the Park transformation (three-phase 𝑎𝑏𝑐 to dq-axis) is 

shown in equation (9.32) [162]. 

 [
𝑑
𝑞
0
] =

2

3

[
 
 
 
 
 sin(𝜃) sin(𝜃 −

2𝜋

3
) sin(𝜃 +

2𝜋

3
)

cos(𝜃) cos(𝜃 −
2𝜋

3
) cos(𝜃 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 
 

× [
𝑎
𝑏
𝑐
] (9.32) 

To convert the 𝑑𝑞0 frame values to the three-phase 𝑎𝑏𝑐 system, the inverse Park transformation 

is used. This transformation is shown in equation (9.33) . 

 [
𝑎
𝑏
𝑐
] =

[
 
 
 
 

sin(𝜃) cos(𝜃) 1

sin(𝜃 −
2𝜋

3
) cos(𝜃 −

2𝜋

3
) 1

sin(𝜃 +
2𝜋

3
) cos(𝜃 +

2𝜋

3
) 1]

 
 
 
 

× [
𝑑
𝑞
0
] (9.33) 

 


