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Kurzfassung

Der Luftverkehr ist fur etwa 2,4 % der jahrlichen weltweiten Kohlenstoffemissionen
verantwortlich. Ohne weitere MalRnahmen werden sich die CO>-Emissionen bei einem
jahrlichen Wachstum des Passagieraufkommens von 3,6-3,8 % bis 2050 voraussichtlich
verdoppeln. Diese betrachtlichen 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 bewéltigen. Um dieses Ziel
zu erreichen, wurden verschiedene Alternativen zu herkdmmlichem Flugbenzin untersucht.
Die praktikabelsten Losungen fiir den Energietrdger der Zukunft sind nachhaltige
Flugkraftstoffe (SAF) und Wasserstoff. Im Gegensatz zu SAF, das nur in Gasturbinen
verbrannt werden kann, kann griiner Wasserstoff sowohl in Verbrennungsmotoren als auch
zur Stromerzeugung durch Brennstoffzellenstacks in einem Elektroflugzeug verwendet
werden. Flussiger Wasserstoff, LHz, hat einen fast dreimal héheren Energiegehalt pro
Masseneinheit als Flugzeugtreibstoff, was ihn zu einer idealen Wahl fiir die Dekarbonisierung
der Luftfahrt macht. Mehrere Studien haben LH. als die langfristige Ldsung fur
Langstreckenfllige identifiziert, die SAF ersetzen soll. Die Verwendung von Wasserstoff in
einem Elektroflugzeug auf Brennstoffzellenbasis hat zahlreiche Vorteile gegeniber der
Verbrennung in Gasturbinen, darunter ein héherer Wirkungsgrad, ein leiserer Betrieb und die
Vermeidung von Emissionen wie NOx und SO, sowie CO.. 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 GroRe und Gewicht der Komponenten
erheblich zu, insbesondere die GroRe des Wasserstofftanks. Daher missen Gréfie und Gewicht
der Komponenten des Antriebsstrangs leichter und effizienter sein, da eine héhere Effizienz
zu einem geringeren Wasserstoffverbrauch und folglich zu Kleineren Tanks fiihrt.
Supraleitende Materialien stellen eine vielversprechende Lésung dar, da sie eine effizientere
Stromilbertragung bei geringerem Gewicht und Platzbedarf ermdglichen. Dies hat dazu
gefihrt, 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 flr einen schnellen
Ubergang 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 fiir das Verstandnis des stationdren und transienten
Betriebsverhaltens. In dieser Arbeit wird der Ansatz zur Modellierung eines solchen
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Antriebsstrangs in MATLAB/SIMULINK fir 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 Eigenschaften fur Luftfahrtanwendungen bieten, wird dieser Brennstoffzellentyp in
dieser Arbeit betrachtet. Die Brennstoffzelle liefert die Leistung mit einer nichtlinearen
Spannungs-Strom-Variation, d.h. je hoéher der Strom ist, desto niedriger ist die
Ausgangsspannung. Diese Arbeit zeigt den Ansatz fiur die Entwicklung eines
Brennstoffzellenstapels auf der Grundlage der Anforderungen und der Modellierung seines
stationdren und instationdaren 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 Kurzschlussstromen im Antriebsstrang wird ein resistiver supraleitender
Fehlerstrombegrenzer (RSFCL) integriert, der Hochtemperatur-Supraleiter-Bénder (HTS)
verwendet und auf der Grundlage der Anforderungen des Antriebsstrangs entwickelt wurde.
Die Modellierung des RSFCL mit realitatsnahen Parametern unter adiabatischen und nicht-
adiabatischen Bedingungen wird diskutiert. Die Simulationsergebnisse zeigen den effektiven
Beitrag der RSFCL zur Begrenzung des Fehlerstroms. Dariiber hinaus wird wahrend des
Kurzschlusses kein Unterschied zwischen diesen Bedingungen festgestellt, wahrend das nicht-
adiabatische Modell nach dem Fehler vorhersagen kann, wie lange es dauert, bis das
Kihimittel die in den Bandern erzeugte zusatzliche Wé&rme absorbiert und sie in den
supraleitenden Zustand zurickfihrt.

Um die Energie vom Brennstoffzellenstapel effizient zum Motor zu Ubertragen, werden
supraleitende DC- und AC-Kabel integriert. Das spezifische Design dieser Kabel wird zur
Verfligung 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 Kihlmitteltemperatur entlang der Kabellange kann nru durch das 2-D-Modell
berechnet werden. Allerdings ist dieses Modell komplizierter als andere Modelle und erfordert
einen hoheren Rechenaufwand. Die Simulationsergebnisse zeigen, dass das Modell mit
pauschalen Parametern wéhrend eines Kurzschlusses immer noch relativ &hnliche Ergebnisse
wie das 2-D-Modell als Referenz liefert, und das 1-D-Modell ist die ideale Wahl fur die
Simulation von Kabeln kurzer L&nge, da der Temperaturanstieg Uber die Lénge
vernachldssigbar ist.

Der supraleitende Motor fir 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 fiir diesen Motor ber ein grundlegendes elektrisches
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Ersatzschaltbild wird vorgestellt, und der Regelungsansatz unter Verwendung der
feldorientierten Regelungstechnik (FOC), der bekanntesten PMSM-Regelungsmethode, wird
erlautert. Zur Simulation des DC/AC-Wechselrichters wird sein Durchschnittsmodell
betrachtet und ein Fehlerschutzalgorithmus fiir den Wechselrichter entwickelt.

SchlieBlich 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
Wechselstromkurzschliissen simuliert, was Einblicke in den Beitrag der einzelnen
Komponenten zu den Fehlerereignissen ermdglicht. Die Simulationsergebnisse auf
Systemebene bestatigen 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
Uber 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 fiihrt, dass der Motor aufgrund der Motortrégheit
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 fir die Auslegung und weitere Analyse des Motors mit fortschrittlicheren
Methoden verwendet werden. Insgesamt sind alle modellierten Komponenten durch den in
dieser Arbeit erlauterten Ansatz an die Anforderungen anpassbar, was eine vorteilhafte
Maoglichkeit bietet, sie in breiteren Energiesystemanwendungen einzusetzen.






Abstract

Awviation 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, LHz>, 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
LH; 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 SO in addition to CO>. 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.
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Abstract

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 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.

viii



Table of Contents

ACKNOWIEBAGIMENTS ...ttt e e s e e e besreere e e enteneenreenes i
T 74 - 11T U o S iii
AADSTFACT ...ttt bbbttt b et ans vii
LEST OF FIQUIES ..ottt bbb b et b et xiii
LUST OF TADIES ...t bbb bbbt ee e e XXI
[ TS 0] Aol 0] 01V 1 SRR URURRUTPR Xxiii
LISt OF SYMIOIS ... XXV
I Lo 1 oo [UTox AT ] o [OOSR 1
1.1 Motivation and Background............cccceririiieieeiese s 1
1.2 State of the Art on EIeCtric AIrCraft .........ccoooviieieiiie e 3
1.3 Architecture and Configuration of the Powertrain for Electric Aircraft...........c..c........ 4
2 FUBL CRIL ettt bbbt 7
2.1 BACKGIOUNG ....oviiiiiiieiiiteeees ettt bbbttt nb s 7
2.2 FUEl Cell STACK DESIGN ....c.eciiiiiiiieiiitiecieite st 8
2.2.1 Fuel Cell UNit PrOPEILIES. .....cviiieiiieiiieieiisiesieeste ettt seenens 8
2.2.2 Voltage-Current CharaCteristiC ........coevviirireiiiiesireesese s 9
2.2.3 STACK DBSIGN ...ttt ettt bttt bbb et sbenrenea 13
2.3 Fuel Cell, Stationary, Electrochemical Model ..........ccccooeiviiiiiiiiniiiieeene s 15
2.4 Fuel Cell, Transient, Electrochemical Model............ccocorviiiiiiiniiinieieiseccse s 17
2.4.1 Resistive-Capacitive Electrical Equivalent CirCuit...........ccccovvveiiiiiieieiiiinnienns 17
2.4.2 Resistive-Inductive Electrical Equivalent Circuit...........ccocveveviieienniiecieienn, 19

2.4.3 Combination of Resistive-Capacitive and Resistive-Inductive Electrical
EQUIVAIENT CITCUITS .....ecveiteieiicic e e 21
2.4.4 Transient Behavior Selection Algorithm ..., 21
BRI 101U - LA T ] o PR SSSS 23
2.5. 1 STUAY CASE.... ittt ettt et b bbb e et b et ren e 23
2.5.2 RESUILS ...ttt ettt sttt sttt sttt e e re b e reas 24
3 Resistive Superconducting Fault Current Limiter.........ccovv v 27
3.1 BACKGIOUNG ...ttt ettt ettt b ettt sb e bbb e ene 27
3.2 High-Temperature SUperconducting TaPES .........cccveerereiiereieee e 27
3.2.1 Electric Field, Current Density Characteristic of a Superconductor.................. 27
3.2.2 Properties 0f the TaPeS ..o 29
3.3 DeSIgN aNd PrOPEITIES. ..ccviveieitesieieiisie ettt sttt st tesbe e e sbesre e etesaeseerens 30
3.4 EleCtrical CharaCteriStiC .........covviviireiieiie ettt ettt st seerea 31
3.5 Thermal CharaCteriStiC ........cuivvieieirieieiie et e neere 32



Table of Contents

3.5.1 AdiabatiC ENVIFONMENT ........ceiiiiiiicie ettt ettt 33
3.5.2 Non-adiabatic ENVIFONMENT..........ccceiiiiiieieie et 33

3.6 Non-linear, Adiabatic, and Non-adiabatic, Lumped-parameter Model....................... 35
A 111 V1 = 11 o] SRS 37
I ] (10 )Y O - TSRS 37

B T.2 RESUILS ..ttt st e b e e st e e s be e beesbeesbeebeebeenre e 38
3.7.3 MOdelS COMPAISON .......oviviriiieiiririeiei ettt bbb 41

4 SUpPercoNdUCLING CabIe.......cc.cciiiiiee e 43
I = T Tod (o] {10 o S 43
4.2 DeSign and PrOPEITIES ....coveieiiiierieisie et 43
4.2.1 High-temperature Superconducting Tapes Properties........c.ccooevevenvsvceennennn, 43
A O 1o [ 1T o 1] Y PSSR 44
4.2.3 Cable INAUCTANCE. ......ccviiie ettt be e s be e ere e naeenre e 46
A O o] [ O To] F- o | AU SPSI 47

4.3 Electrical CharaCteriStiC.......c.civviiiiieiiiieire ettt ettt sbe e sbe e sreereenre e 52
4.4 Non-linear, Adiabatic, Lumped-parameter Model ...........ccccooeiiiiiiiieninieie e 55
4.5 Non-linear, Non-adiabatic, One-dimensional, Finite-difference-method-based Model
...................................................................................................................................... 55
4.5.1 STALIONAIY STALE ....oviieieieie et ettt 57
4.5.2 TranSIEBNE STALE ....veiveivieeeie et e e e st e e e e b e beera e e ennas 61

4.6 Non-linear, Non-adiabatic, Two-dimensional, Finite-difference-method-based Model
...................................................................................................................................... 62
O ] =V (o] g U V] L= PSR 63
4.6.2 TranSIENE SEALE ....veiveceeeeeie et sr e nesreereeneenes 66

.7 SIMUIALION ... s b e sbe e sbeesbeesbeesbeesteebeenreans 71
4,71 SEUAY CASES...viveriiterieieiesteieeste et e e ste st te st see e te st e e te st stesestesbe st e tesbe s erestenbeneans 71
7.2 RESUILS....cveeie ettt ettt ettt s e e e st esbeesbaesbeesbeesreebeenbe e 72
4.7.3 MOCEIS COMPATISON ...ttt sttt 83

5 Superconducting Motor With DC/AC INVEITEY ...t 87
5.1 BACKGIOUNG ....eviviiiiitiiiieiisie ettt bbbttt bbbt nees 87
5.2 DeSIigN and PrOPEITIES .....cueiviriiieiiitiieieterte et 88
5.3 Motor Electrical MOEL..........c..ooui i s 88
5.4 DC/AC INVEIEr MOUEL .....cvoiviiiiiecicece ettt s 89
5.5 Motor Drive Control via DC/AC INVEIET ......ccccveieieceieeesies e 91
5.6 Inverter Protection Scheme in the Short Circuit EVENtS.........cocooveieicieviceceeeeeene, 94
ST AT ] 4o o SR 96
5.7.1 STUAY CASE ...veuveieeteeieeierie st e st et ste et re et et ste e saesee e e besneereeneen e stesresneeneeneens 97
B.7.2 RESUILS ...ttt sttt sbe e s be e be e s beesbeesbeebeenbeenre e 98

6 Complete Powertrain SimuUlation ... 101
6.1 Flight Profiles DeSCrIPtiON.......cccciveieiiiiie ettt 101



Table of Contents

6.2 Quasi-Stationary Simulation (Flight Profiles Simulation) ..........cccoeeviieniiiienenn, 103
6.3 Transient Simulation (Fault ANAIYSIS) ......ccoeiviiieiieieieee e 106
6.4 SIMUIAtION OULCOMES .....oivieiieiiieiie ettt st sae e e 111
Summary, Conclusions, and OULIO0K ... 113
7.1 SUMIMEEY ..ottt ettt he e bt e sb e e b e e sbe e sbe e ebe e bt en bt enbeesbeesbeennesnneenes 113
A O g Tod (113 o] OSSOSO 116
7.3 OULIOOK ....viteieie sttt s sttt st e st e b et te st s e reste b ene e 118
BIDHOGIrapRy ... .o e 119
A o] o 1= o To [0t PSSO 135
A.L HTS Tape Materials Data..........cccvvrieiiirieiiiiiseese et 135
A.2 HTS Tapes Heat Capacity CalCulation.............coccoviiriiiininenccccneeseeees 136
A.3 Liquid NItrogen ProOPertiES........ccuiriiiiriiiiisireeesene e 137
A4 HTS Cable Layers PrOPEITIES .......ccoviiiriiiiisesieese ettt 138
A.5 Cable Cooling Fluid CalCulations ...........cccoveieieviieir e 139
A.6 Additional Remarks on the 1-D, Transient, FDM Based Model of the HTS DC Cable

................................................................................................................................... 141
A.7 Additional Remarks on the 2-D, Stationary, FDM Based Model of the HTS DC Cable

................................................................................................................................... 143
A.8 Additional Remarks on the 2-D, Transient, FDM Based Model of the HTS DC Cable

................................................................................................................................... 145
A9 Park TransSforMation.........cccooeiiiieiee e s 149

Xi






List of Figures

Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 2.1:
Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:
Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Figure 2.10:

Figure 2.11:

Figure 2.12:

Figure 2.13:

Figure 2.14:

Process of e-fuel production and use in the aircraft with combustion engines
1S TP PSPPSRI 1

Process of green hydrogen production and use in: (a) aircraft with combustion
engines, (b) electric aircraft [21], [26]. ..ccovooviveieeieie e 2

Potential architecture of the superconducting powertrain for electric aircraft
[A9]. oot rereas 4

Schematic representation of the electrochemical processes in a PEMFC [51]..8
Nernst potential variation with temperature, and hydrogen and oxygen partial

PIESSUIE. ...ttt sttt ettt esne e r e s r e re e nreenne e neereen 10
Fuel cell unit polarization curve including the different voltage drops
(calculated with data from Table 2.2). ......ccocoviiviiiiiiece e 13
Fuel cell stack polarization curve including the different voltage drops
(calculated with data from Table 2.2 and Table 2.3)......cccccocreiiiiiiiiiciee 15
Fuel cell stack stationary electrical equivalent CirCuit...........cccocvvereivrenennn 16
Fuel cell stack stationary model results (calculated with data from Table 2.3
AN FIGUIE 2.5). .ottt 16
Resistive-capacitive (R-C) transient equivalent circuit of the fuel cell stack

LB 7] bbb 17

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)). ... 19

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

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)). .... 21

Fuel cell model schematic highlighting the process to simulate its transient
behavior with different potential responses (R-C, R-L, or a combination of

070 1) TSRS 22
Fuel cell transient output voltage selection algorithm based on the user’s
CROICE. L.ttt 23

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
FIOUIE 2.9). et 24

Fuel cell stack simulation results considering a combination of resistive-
capacitive and resistive-inductive behaviors as a response to a current change

Xiii



List of Figures

Figure 3.1:
Figure 3.2:

Figure 3.3:
Figure 3.4:

Figure 3.5:

Figure 3.6:
Figure 3.7:

Figure 3.8:

Figure 3.9:

Figure 3.10:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Xiv

(calculated with data from Table 2.3 and Table 2.4 and the algorithm shown in
FIGUIE 2.11). ittt 25

Logarithmic electric field-current density curve of the HTS material [92]. .....28

General structure of a superconducting REBCO tape considered for the
SRSFCL design with the properties described in Table 3.1........ccccoevvvvniennn. 30

Electrical model of an HTS tape, considering the resistances of the layers. ....31
Graphical illustration of the heat convection between an HTS tape and the

cooling media in the non-Adiabatic model. .........ccccovvvveiiinienciee 33
Profiles of the coolants convective heat coefficients, hc: LNz at 77 K, and LH:
At 20 K [92], [99]. -rveeeereeieieririee ettt 34
Algorithm flowchart of the RSFCL modeling [92]. ......cccoovveriiiiiiiiiincieee 35
Study case network schematic to simulate RSFCL behavior in nominal and
short circuit conditions with the components described in Table 3.2............... 38

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.

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. .......ccccvvereienineiise e 40
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. .........ccocoevverienne 41
Physical structure of the HTS tape considered for the DC and AC cables
design with the properties described in Table 4.1 [121], [122]. .....ccccecvrerrennnn 44

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
B2 bbbttt ettt e st re s 45

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
e T TSSOSO TP OT OO PT P OTOTOTPRUTTPPRRTOTON 46

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]. c.ovooerieeceesce e 48
Pressure drop analysis results for LNz, 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 LN»
properties obtained from the NIST database [126]. This data is given in the
appendices Chapter 9, section A.3, Table 9.2. ... 50



List of Figures

Figure 4.6:

Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Figure 4.13:

Figure 4.14:

Figure 4.15:

Figure 4.16:

Ilustration of a coolant duct element with a significantly small length of dx
with a temperature TFld, x (no temperature gradient).........cccccccoovvervicienennnn 50
Temperature rise analysis results for LNz, 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 LN>
properties obtained from the NIST database [126]. This data is given in the

appendices Chapter 9, section A.3, Table 9.2. ... vvvvivcevere e 51
Electrical equivalent circuit of a bipolar coaxial superconducting DC cable,
described in Figure 4.2 and Table 4.2. ..o 52

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...........cccccovvereniiiienenn 53

Electrical equivalent circuit of a three-phase superconducting AC cable,
described in Figure 4.3 and the geometry provided in Table 4.3..................... 54

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..........cccoeiiininiiiine, 55

Ilustration 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 Ar,
with Tm representing the temperature of m'™ element and rm denoting the
distance of m'™ element from the cable radial center. Additionally, grad
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. ................ 56

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
Ax. 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 DY XN, .....ccovciiiriiiiiree e 63
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. ......cococvvcvnninicnennnn, 66
HTS cable temperature calculation algorithm in the 2-D, transient model using
ADI numerical MEthOG. .......coeviiiiiiciree e 70
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,

XV



List of Figures

Figure 4.17:

Figure 4.18:

Figure 4.19:

Figure 4.20:

Figure 4.21:

Figure 4.22:

XVi

iLine, is equal to the poles currents in the cable, iin and iout, which were
described IN FIQUIE 4.9, ....cci e 71

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. ......cccccoeevevvvivccennns 73

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

OULET POIES. .ttt bbb bbb e 75
Cable temperature along its radius, resulted from 1-D, stationary model,
described in sub-chapter 4.5, SECtiON 4.5.1. ...occovevieiiiiieiceee e 76

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). ................ 77

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 FIQUre 4.18. .......ccov e 78

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 €ase 2 (C2). ...cccecvrereiirereienene e seeesie s 79



List of Figures

Figure 4.23:

Figure 4.24:

Figure 4.25:

Figure 4.26:

Figure 4.27:

Figure 5.1:
Figure 5.2:
Figure 5.3:
Figure 5.4:

Figure 5.5:
Figure 5.6:

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 CaBI. ..o 80

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

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). ittt 82

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 €ases CL and C2.........ccovireiirineisineneese e 83

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.........ccocevvvevreneneneriennnnns 84
PMSM electrical equivalent circuit [149]. ......ccooeiiiiiiiiiiiieeee e 88
Schematic of the two-level DC/AC inverter to control the motor [150].......... 90
Equivalent average model of the DC/AC iNVEIer. .......ccccovvvveievene e 90
Schematic of the field-oriented control for a permanent magnet synchronous

MOLOr (PMSIM) [L51]. ittt e 91
PMSM speed control diagram. ...........coeiieieiiienieiese e e 92
PMSM current control diagram, including the decoupling of the d- and g-axes.
.......................................................................................................................... 93

XVii



List of Figures

Figure 5.7:

Figure 5.8:

Figure 5.9:

Figure 5.10:

Figure 5.11:

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:

xviii

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...........c........... 95

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 10 2 tyPiCallY)......cerriiririici e 95

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 CIFCUIL. ......coovrveiiiieice e 96

Motor reference speed nm, ref and toruge 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
FIQUIE 5.4, o 97

Motor speed nm variations in the control cases C1 and C2 to the reference
speed nm, ref and toruge 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. ........ccccovvininvninennn, 98

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].........cccoceveverinennnn. 101

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
PRIBSES. 1ttt ettt b bttt n et b nennn 103

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
CUITENTS. .ttt bbb 105

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,



List of Figures

Figure 6.5:

Figure 6.6:

Figure 6.7:

Figure 6.8:

of 1 mQ. 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. ..........cc.c.e.... 106

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 CONSIAEred. ........ccoveveviriineneinisee e 107

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 CONSIARIEM. .........cvciiiieeieee e 108

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. ................... 110
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. ..........coccovvrerviinerennn 111

XiX






List of Tables

Table 1.1:
Table 2.1:
Table 2.2:
Table 2.3:

Table 2.4:
Table 3.1:

Table 3.2:

Table 4.1:

Table 4.2:

Table 4.3:

Table 4.4:

Table 4.5:

Table 5.1:

Table 5.2:

Table 9.1:

Table 9.2:
Table 9.3:

Main specifications considered for the electric aircraft powertrain. .................. 5
Comparison of different fuel cell types [51], [53], [55], [56], [57], [58]........... 7
Fuel cell unit properties [66]. ........ccoureirirereiie e 9
Fuel cell stack properties, designed based on the cell unit properties, as
described in Table 2.2, ..o 14
Fuel cell stack assumed experiment data. .........c.ccoceoverernienensienene e 24
Properties of the superconducting tape considered for the RSFCL design with
the structure ShOWN in FigUIE 3.2, ....ocvcieiiiicececescse e 30
Specifications of the elements in the study case network, used to simulate the
RSFCL behavior, illustrated in FIQUIe 3.7. ....ccccveiveiererese e 38
Properties of the HTS tapes considered for the DC and AC cables design with
the structure shown in Figure 4.1 [121], [122]...cccoevviivireieeere e 44

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
B2, ettt e bttt naererenras 45

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

. F OSSOSO 46
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. ................ 57

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

TADIE 4.2, ..o 63
Superconducting MOLOr PAraMELErS. .......cvverierieieiseeeesre e seeeees 88
Specifications of the motor controller parameters in two control schemes of C1
AN C2.i e 98
Intrinsic properties of the materials used in the HTS tapes and DC/AC cables

[0 ettt 135

LN2 properties at a pressure of 15 bar and a temperature of 77 K [126]....... 137
Intrinsic properties of the materials used in the HTS cable [92], [125]. ........ 138

XXi






List of Acronyms

CO2  Carbon Dioxide

SAF  Sustainable Aviation Fuel

Mt Megatonne

DAC Direct Air Capture

ICE Internal Combustion Engines

NOx  Nitrogen Oxides

SO:  Sulfur Dioxide

MEA  More Electric Aircraft

eVTOL Electric Vertical Takeoff and Landing
rpm round per minute

FC Fuel Cell

PEMFC Proton Exchange Membrane Fuel Cell
AFC  Alkaline Fuel Cell

PAFC Phosphoric Acid Fuel Cell

MCFC Molten Carbonate Fuel Cell

SOFC Solid Oxide Fuel Cell

DMFC Direct Methanol Fuel Cell

NASA National Aeronautics and Space Administration
H: Hydrogen

(07 Oxygen

R-C  Resistive-Capacitive

R-L  Resistive-Inductive

RSFCL Resistive Superconducting Fault Current Limiter

LTS  Lowe Temperature Superconductor

xXiii



List of Acronyms

HTS  High Temperature Superconductor
REBCO Rare-Earth Barium Copper Oxide

LN Liquid Nitrogen

LH>  Liquid Hydrogen

YBCO Yttrium Barium Copper Oxide

PPLP  Polypropylene Laminated Paper

1-D One-Dimensional

2-D Two-Dimensional

ADI  Alternating Direction Implicit

PMSM Permanent Magnet Synchronous Motor
FEM  Finite Element Method

EMF  Electromotive Force

PM Permanent Magnet

KVL Kirchhoff's Voltage Law

IGBT Insulated-Gate Bipolar Transistor
MOSFET Metal Oxide Semiconductor Field Effect Transistor
Si Silicon

SiC Silicon Carbide

GaN  Gallium Nitride

FOC Field-Oriented Control

XXiV



List of Symbols

Symbol Description

P

n

- m =8

>

-

Je

Power

Speed

Current (Instant Amplitude)

Current (Time-variable)

Voltage (Instant Amplitude)

Voltage (Time-variable)
Time

Temperature

Potential

Length (Thickness)
Area

Pressure

Current Density
Concentration

Gas Constant

Faraday’s Constant
Resistance

Inductance

Capacitance

Resistivity

Time Constant

Critical Current Density

Electric Field

Unit

mm

< < >» >

w

atm

A/m?

8.312 J/(mol.k)
96485 C/mol
Q

H

Alm?

V/im

XXV



List of Symbols

Ec

Te

Pr

Nu

g

“vh W

XXVi

Critical Electric Field
Critical Temperature
Superconductor’s n-Index
Depth (Thickness)

Width

Convective Heat Coeffcient
Free Space Permeability
Mass

Mass Flow Rate
Reynolds Number
Specific Heat capacity

Dynamic Viscosity

Fluid Pressure Friction Coefficient

Radiated Heat Input per Area
Axial Distance (Length)

Radius

Generated Power per Volume

Thermal Conductivity
Prandtl Number
Nusselt Number

Flux Linkage

Torque

Rotational Speed
Inertia

Damping Coefficient

Apparent Power

V/m

m
m

W/K.m?
41x107 T.m/A
kg

kgls

J(kg.K)

Pa.s

W/m?
m
m
W/m?3

W/(m.K)

Wb

N.m

rad/s

kg.m?
N.m/(rad/s)

V.A



List of Symbols

P

E

Active Power
Reactive Power

Energy

W
V.AR

Jor Wh

XXVii






1 Introduction

1.1 Motivation and Background

The significant impacts of aviation on global warming, especially CO» 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 CO. emissions [4], in which the passenger flights share is 85% (785 Mt)
[5]. With a yearly passenger traffic growth of 3.6-3.8%, CO, 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
CO: 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].
‘ CO, viaDAC .
{ e all
qbdv\ o lTle] m_ %
@T » i »

Renewable Energy Hydrogen Production E-fuel Aircraft Combustion
Generation via Electrolysis Production Engine

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
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second case, the aircraft will have an electric powertrain. Moreover, liquid hydrogen, LH», 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 LH as the long-term
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].

#H o 0 » @

Renewable Energy Hydrogen Production Aircraft Combustion
Generation via Electrolysis Engine
(a)
— + —
2l fﬂﬂ | EE
B ) % =y=
Renewable Energy Hydrogen Production Electricity Generation Aircraft Electric
Generation via Electrolysis via Fuel Cell Motor
(b)

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 18" 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 CO;
emissions, they still produce nitrogen oxides (NOx) and sulphur dioxide (SOz2), 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.
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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
systems 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 elec-
trical devices, as found in the Airbus A320 and later the Boeing 777 [31]. Through a step-by-
step approach, electrical components gained broader recognition in aviation, with applications
expanding 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 air-
craft [31]:

« Fully Electric: In this configuration, the powertrain is completely based on the electri-
cal 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 passengers, consequently higher power, hydrogen would be a more favora-
ble solution as its liquid form provides significantly higher energy density and passen-
ger-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 ef-
ficiency due to conversion losses, it supports novel concepts like distributed propulsion
and boundary layer ingestion [31]. The system-level benefits and challenges of this
configuration 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 configura-
tions can be either series or parallel. In this setup, a temporary energy source like bat-
tery energy 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 complexity [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. Super-
conducting materials offer a promising solution, allowing for the transmission of the same
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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 air-
craft. A recent example is Airbus’s Advanced Superconducting and Cryogenic Experimental
powertraiN Demonstrator (ASCEND) project [49]. Considering all these potentials, a model
to simulate the 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.

d
|' Superconducting )
Fuel Cell : Fault Current . DC/AC ~ Superconducting
: Limiter Superconducting Inverter Superconducting Motor
1
~

DC Cable — AC Cable
T —

—— Superconducting Cable / Cryogenically-Cooled Connection

e e e e

==== Cryogenically-Cooled Area
—— Copper Leads and Connection

—— Mechanical Connection

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
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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].

Table 1.1: Main specifications considered for the electric aircraft powertrain.

Parameter Symbol Value
Maximum Power Prax 456 kW
Maximum Speed Nmax 1043 rpm
Maximum Nominal AC Current (Peak) Incnom 1.8 KA
Minimum Nominal Pole-to-Pole DC Link Voltage Upcnom 300 V
Maximum Nominal DC Current Ipcnom 1.52 kA
Coolant (LN2) Temperature Tin, 77K

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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2.1 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 Power Efficiency Application
Temperature (°C) (kW) (%)

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

Membrane Fuel Cell Trucks, Mobility

(PEMFC)

Alkaline Fuel Cell 70-130 0.1-50 50-70 Backup

(AFC) Generators,
Primary Power
Generators

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

Fuel Cell (PAFC) Hospitals, Utilities

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

Fuel Cell (MCFC) Scale Power
Generation

Solid Oxide Fuel 500-1000 0.5-2000 40-72 Medium to Large

Cell (SOFC) Scale Power
Generation

Direct Methanol Fuel 70-130 0.001-100 40 Mobility

Cell (DMFC)
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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, irc and ug are the fuel cell generated current
and voltage, respectively.

Hydrogen as fuel —

Urc Load

.
H* protons through electrolyte Electric energy generated

0, +4e™ + 4H* > 2H,0 ' by fuel cell
+

D g

=
Oxygen, usually Water Electrons flow around the
from the air (vapor) external circuit

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

Parameter Symbol Value
Membrane Thickness Im 178 um

Fuel Cell Active Area Agc 64 cm?

Cell Operating Temperature T 333K
Hydrogen Pressure PH, 1 atm
Oxygen Pressure Po, 0.2095 atm
Fuel Cell Maximum Current Density  Jrc max 469 mA/cm?

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 potential® Eyernst- This voltage is calculated with equation (2.1) [67]. In this equation,
T is the cell temperature, and py, and po, 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 X 1073(T — 298.15) + 4.31 X 107°T
. [ln(sz) + 0.51n(p02)]

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 Eyernst 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.

2.1

! Named after Walther Nernst, a German physical chemist who formulated the equation.
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125 Nernst Potential vs Temperature

== py,=1.5 atm, po,=1 atm
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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 (u,ct)
« Concentration voltage drop (u.o,) O mass transport voltage loss
» Ohmic voltage drop (ug)

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].

Uper = —[E+ & T+E-T- ln(coz) + &, - T - In(ipd)] (2.2)

In this equation, cq, is the oxygen concentration which is calculated with equation (2.3) from
the oxygen partial pressure po, and the cell temperature T.

Po,
COZ = _(ﬁ) (2.3)
5.08 x 106e™\'T

10
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Moreover, & (i = 1 — 4) are the parametric coefficients to describe the cell model. These
parameters are shown in equation (2.4).

& =—0.948,& = 7.6 X 1075,&, = —1.93 x 10~*
2.4)
&, =286 1073 + 2 x 10™*In(Apc) + 4.3 X 10~5In(cy,)

In equation (2.4), Agc is the fuel cell active area, and cy, is the hydrogen concentration
calculated with equation (2.5) from the input hydrogen partial pressure py;, and the operating
temperature T.

— P,
CH, = —(7_7) (2.5)
1.09 x 10%e\T
As seen above, the equation (2.2) is not able to calculate the activation voltage drop at no load
condition named as u,cnr. 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 u.,, Varies with the temperature T and fuel cell
generated current density Jgc and is calculated with equation (2.6) [52].

Ry T ]
g FC
Ueon = — ‘In{1——— 2.6

con 2F ( ]FC,maX) ( )

In equation (2.6), R 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 Jgc is calculated with
equation (2.7) from fuel cell current ixc and active area Agc.

Jec = Anc 27

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 Ry;) and the electrodes contact and material resistance to
the electron flow (named R() [51]. Fuel cell total equivalent resistance named R, is therefore
calculated with equation (2.8).

11
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RQ = RM + RC (28)

Contact resistance R is generally constant in a temperature range of 320-370 K [68], but is
difficult to predict. In this work, R¢ is considered 20 mQ.cm? [66]. On the opposite, the
membrane resistance Ry, is significantly dependent on the fuel cell temperature T and current
density Jgc. Membrane resistivity py is calculated with equation (2.9) [66].

) 303
M — T-303
[ — 0.634 — 3/xc] - et 18(—)

T 2
181.6 |1 + 0.03/p¢ + 0.062 (—) -Jé'cs] 29)

In this equation, the term 181.6/(1-0.634) is the membrane resistivity at no-load condition
(Jre=0 A/m?) and a temperature of 303 K (30 °C). 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 1 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 py; and membrane length [, and fuel cell active area Agc, membrane
resistance Ry is calculated with equation (2.10).

Rm = pm - 5— (2.10

The Ohmic voltage drop ug is finally calculated with equation (2.11) from fuel cell generated
current ipc and the total fuel cell equivalent resistance R, [66].

U = RQ . iFC (211)
Knowing the generated voltage and all the voltage drops in a fuel cell unit, its final output

voltage ugc is calculated with equation (2.12).

Upc = ENernst — Uact — Ucon — Uq (212)

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.

12
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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 P which is calculated from the output voltage ugc and
current igc with equation (2.13) is also illustrated.

Prc = Upc " Irc (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 Jrcmax. HOWever, at current densities higher than
Jrcmax: 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 Jgc max. FOr the PEMFC considered in this work,
the nominal optimal condition is the following:

Jrcnom = 0.375 A/cm?, Upcnom = 0.6 V, Prcnom = 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 Ugc st nom Of 300 V and the power Pgc st nom Of 456 KW equal to the maximum
required power P,,.x (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.

13
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If the nominal output voltage of a fuel cell unit is Ugc nom, @ fuel cell stack composed of N,
number of cells in series can generate a total output voltage of Ugc stnom Which is calculated
with equation (2.15).

Urcstnom = Urcnom = Nc (2.15)

To deliver the maximum requested power P,,., the fuel cell stack must generate a nominal
current of Irc s¢nom at its nominal output voltage Ugc senom- Since the voltage and power are
known, this output current is then calculated with equation (2.16).

Pmax

(2.16)

IFC,st,nom - UFC,st,nom
Then, since the fuel cell nominal current density Jrcnom IS known, the right amount of the
cells active area for the stack named as Ag¢ s must be found. This parameter is calculated with
equation (2.17).

_ IFC,st,nom

Apcst =—F——— (217
]FC,nom

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 ugcs: for No number of cells in series is calculated from stack total Nernst
potential Enernstst, activation voltage drop u,cqse, CONcentration voltage drop ucense and
Ohmic voltage drop ugq ¢ With equation (2.18). The calculation of these voltages is also shown
in equation (2.18) where Eyernst: Uact: Ucon aNd ug represent voltages existing for a single
cell. Lastly, the stack power Pgc g is determined from upc s and igc s¢ 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 N, 500

Fuel Cell Stack Active Area Afpc st 0.385 m?
Nominal Stack Output Voltage Urc stnom 300V
Nominal Stack Output Current IrC stnom 1.52 kA
Nominal Stack Output Power Prcstnom = Pmax 456 kW

14
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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 = N¢ * ENenrst
Uact,st = Ne - Uget
Ucon,st = Ne * Ucon (2.18)
Uqst = Ne - uq

Urc,st = ENernstst — Uactst — Uconst — Uast = Ne * Upc

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 @nd the voltage drops uact s, Uacest and uq g¢ 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 Rq . This equivalent
resistance of the stack Ohmic losses is calculated with equation (2.19).

Uq,st
Rost =+

(2.19)
lFC,st

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 Aat t = 6 sand finally is setat 300 Aatt =8
s. equal to the nominal stack current, corresponsing to the stack lowest voltage at 300 V.

1.8 600
—ipcst  ==UpCst

1.5 500

1.2 400
g >
= >
£09 300 §
3 S

0.6 200

0.3 100

0 0
0 2 4 6 8 10

Time/s
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 sys-
tem to reach steady-state conditions. Therefore, it is important to consider not only the station-
ary behavior 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 resis-
tive-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 inad-
equate 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
UactstNL FEPresents the stack activation voltage drop at no-load condition (igcst=0 A). This
parameter is calculated with equation (2.20) from the number of cells N. and the activation
voltage drop of one cell at no-load condition w,c¢ .. The parameter u,qe ¢y, is 100 V in this
work (500 x 0.2 V). Moreover, the parameters Ry and Cq4 are respectively dynamic resistance
and capacitance with a dynamic voltage of u4 to model the fuel cell transient behavior. The
stack output voltage ugc s, is then calculated with equation (2.21).

R4 + Uqgst —
Uact,st,NL

IFC,st

+ 0

+
ENernstst _ Cq URC, st Load

O
O

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

Uact,stNL — N, - Uact,NL (2-20)

Upc,st = ENernstst — UactstNL — Ud — Uqst (2.2

The dynamic voltage uq is a sum of activation and concentration voltage drops deducting
UactseNL- THIS is shown in equation (2.22).
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Ug = Uactst T Ucon,st — Uact,st,NL (2.22)

This voltage comprises two terms: transient and steady-state. The steady-state component of
uq is characterized by the resistance Ry, while the capacitance C4 simulates its transient be-
havior. The dynamic resistance Ry is calculated with equation (2.23).

Uq
Rd =

- (2.23)

LFC,st
Furthermore, the constant capacitance C4 value is determined through an experiment con-
ducted 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 uq; for time ¢ before and after t* is found with equa-
tion (2.24), where the exponential term describes the transient behavior, and Ry is the corre-
sponding dynamic resistance at the stack current of ipc s=I (calculated from equation (2.23)
based on equation (2.22)). Moreover, the parameter Ty is the R-C branch time constant in the
equivalent circuit that is calculated with equation (2.25).

0 t<t”
— =(t=t")
Uq1 = Rgp-1- (1 —e TRC > t=>t” (224

TrRc = Rd,I . Cd (225)

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 tgs. The value of the capacitance Cy is then calculated from equation (2.25) with
equation (2.26).

_Trc _ Lss

Cy=-2 =
Rqi  SRqyx

(2.26)

Considering Uy, as the stack voltage at no-load condition and Ug as its steady-state voltage
at a current of [, the stack voltage ugc . including its R-C transient is calculated based on
equations (2.21) and (2.24) with equation (2.27).

UNL < t*
Upcst = —(t-t*) (2.27
U+ Rgqy-1-e 7re ;t>t”

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, including I and t4 can be derived, and the equivalent capacitance Cq is calculated.

18
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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
R4 and Lq represent the equivalent resistance and inductance to model the fuel cell dynamic
(transient) behavior. Additionally, the controlled-voltage source with the amplitude of g g
indicates the stack steady-state voltage, subtracting its Ohmic losses, which are already repre-
sented in the circuit by its equivalent resistance R s¢. Eventually, the parameter ugg g is cal-

culated using equation (2.28), leading to the calculation of the stack output voltage ugc s as
shown in equation (2.29).

+ Ug -
Rq + Ugst —
Rost  IFCst
_’A
+
Uss,st La UFc,st Load

O
9

Figure 2.9: Resistive-inductive (R-L) transient equivalent circuit of the fuel cell stack [80].
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Uss,st = ENernst,st — Uact,st — Ucon,st (2-28)

Ufpc,st = Ussst — Ud — Uqst (2.29

In the R-L circuit, the dynamic voltage ug 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 tgy, 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 uq4 reaches a maximum value of Ry - 1. This causes a sudden drop in the stack output
voltage, referred to as the minimum transient voltage and denoted by Uy, iin. Given the steady-
state stack voltage for current I as Ugs, the voltage Uy, mip 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 voltages, and it is added solely to simulate its transient behavior.

0 t<t”
Ug = =(t=t*) (2.30)
Rd'I'I'e TRL ;t=>tt
Ly (2.31)
TRy = — .
RL Rd,I
Utr,min = Uss — Rd,I -1 (2-32)

Since Uy min and Ugg are known, the equivalent dynamic resistance at the current I denoted
by Rq 1, is then calculated with equation (2.33).

Uss - Utr,min

= (2.33)

Rq1 =
Similar to the R-C circuit, the time that the R-L branch reaches its steady-state conditions is
indicated by t, which is about five times the time constant tg;, due to its exponential varia-
tions. Therefore, the inductance Ly can be calculated from equation (2.31) using equation
(2.34).

lss * Rd,I

2.34
z (2.:34)

Lq =1trL Ra1 =
Finally, the stack voltage ugc ¢ including its R-L transient is calculated based on equations
(2.28), (2.29), and (2.30) using equation (2.35) (Uyy: output voltage at no-load condition).
Moreover, the variation of this voltage with the previously described experiment should re-
semble Figure 2.10 based on the theoretical equations explained above.

UNL HR t*
Upcst = =(t=t") . (2.35)
Uss —Rq1-1-e "rRu it=t
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2.4 Fuel Cell, Transient, Electrochemical Model

(R-L Circuit)
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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 igc g as input, and respectively, generating the stack voltages
Upc,stre (€quation (2.27)) and ugc ¢ . (BQuation (2.35)) at the output. An algorithm then se-
lects one of these voltages based on the user’s choice of the fuel cell behavior.

21
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Choice of Fuel Cell Behavior (R-C, R-L,

Fuel Cell Resistive-Capacitive
Equivalent Circuit

or Combination of R-C and R-L)

UF(C,st,RC

Fuel Cell Resistive-Inductive
Equivalent Circuit

>

UF(C,st,RL

Transient
Output
Voltage

Selection

Algorithm

UFC,st

Y

Load

lFC,st

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 repre-
senting 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.
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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 sim-
ulates the fuel cell stack considering the stack current variation described in Figure 2.6. These
parameters 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) Uy min 200V
Time to Reach Steady-state tss 1s

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.

1.8 w . . . 600
g = Upc g RC) —o=—upq (R'L)‘
1.5 1500
1.2 1400
2 -
o9t f 1300 &
S =
0.6 1200
0.3} 100
0 1 1 1 0
0 2 4 6 8 10
Time /s

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).

24



2.5 Simulation

1.8 : : : : 600
——ipcy —€—Upc, (R-C and R-L Combination)

500

400

300

Current / kA
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0 L L 1 0
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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 solu-

tions for the fuel cell simulation when a system point of view is intended that is also the ob-
jective 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
promising solutions to limit short circuit current in a significantly fast, reliable, and effective
way [81], [83]. These advantages, alongside the significantly low impedance of superconduct-
ing fault current limiters during nominal operation, fast fault current limitation, and automatic
recovery to the initial state, make them an appealing alternative to conventional current limit-
ing 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 ad-
vantages of FCLs and the benefits of the RSFCLs, with the recent objective of aircraft electri-
fication, 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 im-
plemented in the aircraft 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 den-
sity, 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
3.1192].
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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].

n—-1
E() = E, - (](]—T)) : (]{—T)) 3.1

In this equation, E. represents the critical electric field. In the case of a superconductor, it is
mostly 1 uV/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 7. The de-
pendence of critical current with temperature can be calculated in the interval from 65 K to the
critical temperature T. with equation (3.2).

T.—T
T) =Jop- ( c ) 3.2
JeT) = Jeo - (- (3.2
In this equation, T, is the temperature of cooling fluid. This work considers liquid nitrogen
(LN;) as a coolant at 77 K. Moreover, T is the superconductor critical temperature, and J. o is
the initial critical current density at T,,, 77 K.

The specific resistivity of a material p is calculated with equation (3.3) based on equation
(3.).

n-1
& ? B (JC?T)) ' (chT)> 49

Using equation (3.3), the resistance can then be calculated. Equation (3.4) shows the basic
principle of resistance calculation.
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3.2 High-Temperature Superconducting Tapes

l
R=p-Z (34)

In this equation, R is the resistance, [ 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 superconduct-
ing material can be divided into three regions [93]. These regions are depicted in Figure 3.1
and explained 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
superconductor starts to enter this region upon a rise in its current and temperature.
This occurs when the electric field across the superconductor exceeds an E, 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 (/4)”
[97]. In this state, the superconductor behaves like a normal conductor (resistor), with a
transition index of 1. As a result, the superconductor's specific resistivity can be calcu-
lated as a linear function of temperature T, as shown in equation (3.6). In this equation,
m and p, are the material-specific data to calculate their resistivity.

p=m-T+p, (3.6)

3.2.2 Properties of the Tapes

In this work only REBCO high-temperature superconductors are considered with critical tem-
peratures 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
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3 Resistive Superconducting Fault Current Limiter

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.

g

A\

lTape

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 1.2cm
Tape (Length) lrape 85m
Silver Thickness dag 4 um
REBCO Thickness dRrEBCO 1 um
Hastelloy Thickness dyy 100 pm
Tape Total Thickness drape 105 pm
Tape Cross-section Area Atape 1.26 mm?
Tape (REBCO) Critical Current I, 550A@ 77 K
Tape (REBCO) Critical Temperature T, 92 K

3.3 Design and Properties

The critical temperature of REBCO is around 92 K [92], thus the tapes made up of this super-
conductor must be cooled to lower than this temperature. To provide such a temperature, liquid
nitrogen (LNZ2) 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
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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.

3.4 Electrical Characteristic

According to the previous sub-chapter, each layer of the HTS tape has its own material de-
pendent resistance. Therefore, a superconducting tape can be modeled as a resistor. The elec-
trical model of a superconducting tape is shown in Figure 3.3. The resistance of a supercon-
ducting tape, Rrape, Would be calculated based on the parallel resistors law. This calculation

is found in equation (3.7).

RTape U' T)

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

1 _ 1 1 + 1 (3.7
Rrape Rag  Rrerco Ruy -f)

In this equation, Rag and Ry, 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 Rrggco
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.
Considering Nr,pe 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
Rrape,tot 1S calculated with equation (3.8).

RTape

(3.8)

RTape,tot = N.
Tape
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3 Resistive Superconducting Fault Current Limiter

3.5 Thermal Characteristic

In addition to the electrical behavior, an HTS tape exhibits a thermal characteristic which is
influenced by fluctuations in its temperature. As shown in equation (3.2), the temperature var-
iation 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 continuous current with an amplitude Ir,pe flowing through a tape with a re-
sistance Rrape, the power loss in the tape, Prape, is determined with equation (3.9). This power
loss is directly responsible for heating the tapes and affecting their thermal behavior.

PTape = RTape : l’%ape (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
different. The tape temperature Tr,pe Varies over time t by the power loss in the tape Prape
and the convected power to the cooling media, P.. This is shown in equation (3.10), where the
parameter Cr,pe 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.

aT
CTape e PTape - F 3.10)

ot
Based on equation (3.10) and using Euler method [98], the temperature change in the tapes
ATr,pe is calculated with equation (3.11), where At represent the simulation time-step.

(3.11)

Prape — P,
ATrape = At - [M]

CTape

This equation shows that in nominal conditions with a current passing by superconducting tape
less than the critical current I, 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 T.. As explained before, the specific resistivity
p is dependent on the temperature. Therefore, the resistance of the tape itself changes with the
temperature variation.

Moreover, depending on the thermal behavior considerations, two cases can be analyzed for
the cooling power P.: adiabatic environment, and non-adiabatic environment. These cases are
explained below.
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3.5 Thermal Characteristic

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
(Pcadiabatic=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 the whole tape is considered the same as a single temperature Tr,p,e. Therefore, no
heat is exchanged 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 P, 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).

HTS Tape

lTape

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 = th *Wrape * lTape ' [TTape - TLNZ] (3-12)

The parameter h. (unit: W/(m2.K)) in this equation is the coolant convective heat transfer co-
efficient. This parameter specifies the amount of heat exchanged between one m? 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 h. 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 LN at
77 K and LH: (liquid Hydrogen) at 20 K convective heat transfer coefficients, h;y, and
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3 Resistive Superconducting Fault Current Limiter

h¢Lu,. are shown in equations (3.13) and (3.14) [92], [99]. In these equations, AT is the dif-

ference between the coolant temperature and the temperature at the surface of the tapes. The
a; parameters for the calculation of the h .y, are given in the appendices Chapter 9, section
A.3. Furthermore, Figure 3.5 shows the h. profiles for these two coolants.

2170 ;AT < 3.2
hein, = {(a0 + AT + @ AT? + a3 AT + a,AT* + asATS) /AT ;3.2 < AT < 28 (3.13)
(3970 + 98AT) /AT ;AT > 28
100ATS3 ;AT <3 (3.1%
hein, = 1—05 ;3 < AT <100
AT =
1000 ;AT > 100

Convective Heat Transfer Coefficien
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Figure 3.5:  Profiles of the coolants convective heat coefficients, h.: LN, at 77 K, and LH; at 20 K [92], [99].

This figure illustrates that during a fault, the increase in the tapes temperature, and conse-
quently 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
(LN32) performs better in absorbing heat. However, when the temperature rise is more signifi-
cant, liquid hydrogen (LHz) demonstrates superior heat absorption, which likely allows it to
restore the tapes to their initial superconducting state more rapidly.
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3.6 Non-linear, Adiabatic, and Non-adiabatic, Lumped-parameter Model

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-pa-
rameter 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
parameter 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.

1. Inputs: circuit parameters, 13. End of simulation,
tapes and RSFCL properties store data.

2. Initial values
* End of ti
3. tZtl = ¢z + At na ot time

reached?

@ (11 N
* Tape critical current

No [ Yes
update: 12+1
(41, 4.2. ) - 7y <
Continue Zi0ad=0
. J
[ I (10. R
- L2 ~ Tape/total tapes resistance
5. Total tapes current . pz+l pz+l
. +1 update. RTape! RTape tot
calculation: IT35e tor L ' )
P i
A 9 A
Tapes layers current " Tapes layers resistance
calculation: 15", I§tgco. iy calculation: R5;", RE}!
_ Y, \ Y,
A
A 4
(7 ; ) (c - ™
7. Iterative process to calculate 8. Temperature calculation for
REBCO and tape resistances: » adiabatic and non-adiabatic
L R&tEco ) L conditions: T3, J

Figure 3.6:  Algorithm flowchart of the RSFCL modeling [92].
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3 Resistive Superconducting Fault Current Limiter

This lumped parameter model allows adiabatic and non-adiabatic environments to be further
distinguished. 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
simulation.

3. The simulation in a time-loop starts from this step, where parameters like simulation time
and time-step interval At are taken. The parameter t?* 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 tg, ¢, the load
impedance Z} .4 is short-circuited (Z;,,.4=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 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, 1%;;e,tot, must be cal-

culated. 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 Ny, tapes, the
current is distributed evenly among them. The current in each sub-layer can then be deter-
mined. For instance, the REBCO current at current time-step, I&faco., is derived from its re-
sistance at previous time-step, Rggpco With equation (3.15). In this equation, RT, . represents

the tape resistance at previous time-step, which is calculated using equation (3.7).

Z z+1
JZ+1 _ RTape .ITape,tot

REBCO — (3.15)

Z
RREBCO NTape

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,
particularly when the current exceeds the critical current I, but the temperature remains below
the critical temperature T.. Therefore, a reliable algorithm is required to calculate the precise
REBCO resistance, R&%5o. The algorithm for this calculation can be found in [92].

8. In the next step, the tapes temperature TTZ;I}e is calculated for both adiabatic and non-adia-
batic 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, Rf\’él and R%{;,l, are calculated
with equation (3.6).
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10. Since the new resistances of all sub-layers are updated, the tapes resistance and, conse-
quently, 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 simula-
tion time has been completed, the process concludes.

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

3.7 Simulation

To simulate the models described in previous sections, MATLAB programming is used. More-
over, a MATLAB SIMULINK block has been developed, offering flexibility to adjust param-
eters and select between the adiabatic and non-adiabatic models [101]. This section considers
a basic 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 con-
stant 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
configuration, it is assumed that both poles have identical line impedance, with the total re-
sistance and inductance of each pole represented by Ry ine and Lyine, respectively. A pole-to-
pole short circuit scenario is considered to occur at the load location, where the most severe
case with 0 Q fault resistance is assumed. The parameters related to this short circuit event are
also outlined in Table 3.2.
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Riine Lyine '7? ------ 1
2 2 : Tape,tot :

lLine

RLoad
DC pole-to-pole
short circuit

LLoad

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.

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 Upc 300V
Line Resistance Riine 0.02 Q
Line Inductance Liine 40 puH
Load Resistance Rioad 0.18Q
Load Inductance Lioad 0.38 mH
Nominal Line DC Current ILine,nom 1.5KkA
Fault (Short Circuit) Resistance REeault 0Q
Fault Moment trault 0.1ls
Fault Duration td,Fault 100 ms

3.7.2 Results

The line current iy;, 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.
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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.

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 Tr,p. and their total resistance in the RSFCL Rrgpe,tor 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 T, (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.
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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.

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.
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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 isg, irggco, and iy, 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 (MgB:) 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.

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 superconducting state and nominal operation. Therefore, its estimation
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via the non-adiabatic model is essential as it can be used to control and protect the other com-
ponents.
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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 com-
mercialize superconducting 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 su-
perconducting 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
applications in which weight and space are crucial criteria, superconducting cables seem to be
an appealing 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, superconducting 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
properties 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 I, of 210 A and 100
A are chosen respectively for the DC and AC cables [121]. These superconducting tapes are
represented with four layers of material: one layer for the REBCO superconductor, the Has-
telloy (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 Wrape 4 mm 4 mm
Copper Thickness dcu 40 pm 9 um
Silver Thickness dag 3 um 2.4 um
REBCO Thickness dRrEBCO 2 um 1.6 pm
Hastelloy Thickness dyy 75 pm 50 pm
Tape Total Thickness drape 120 pm 63 pm
Tape Cross-section Area ATape 0.48 mm? 0.25 mm?
Tape (REBCO) Critical I, 2I0A@ 77K 100A@ 77K
Current
Tape (REBCO) Critical T, 92 K 92 K
Temperature

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 LN 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 in-
cludes 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 avail-
able 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 Drape,in 10 mm
PPLP Outer Diameter DppLp 15 mm
Outer HTS Tapes Outer Diameter Drape,out 15 mm
Shield Copper Outer Diameter Dgp, 18 mm
Cooling Fluid (LN2) Outer Diameter Drig 28 mm
Cable Diameter Dcable 30 mm
Cable Length lcable 50m
Number of the Inner HTS Tapes Nrape,in 8

Inner HTS Tapes Total Critical Current I Tape,in 1.68 kA
Number of the Outer HTS Tapes Nrape,out 12
Inner HTS Tapes Total Critical Current I Tapeout 2.52 kKA
Cooling Fluid Mass Flow Rate Mp1q 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 LN 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 Drape 6.5 mm
Kapton Outer Diameter Dka 7.4 mm
Shield Copper Outer Diameter Dgp 7.5mm
Cooling Fluid (LN2) Outer Diameter Dgig 39 mm
Cryostat Outer Diameter Dcryo 66 mm
Cable Length lcable 2m
Number of the HTS Tapes Layer per Phase Nrape layer,ph 8
Number of the HTS Tapes per Layer per Nrape/layer,ph 3
Phase

Total Number of the HTS Tapes per Phase Nrape,ph 24
HTS Tapes Total Critical Current per Phase I pp 2.4 kA
Cooling Fluid (LN2) Temperature TN, 77K

4.2.3 Cable Inductance

In addition to the cable resistance, calculation of the superconducting cable inductance is nec-
essary. 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 L, which includes as well the mutual inductance with the other pole. If L, and
Le oyt are respectively the total effective inductances of inner and outer poles, the total cable

inductance Lc,p1e Can be calculated with equation (4.1).

Lcable = Le,in + Le,out
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Knowing this equation, the total cable inductance with the parameters given in Table 4.2 is
calculated via equation (4.2) [123]:

_Ho- lcable
LCable - .

Dpprp)°

[ Dsh 2 ( dsh ) Dsp 3 ] (4.2)

| + 7+ (52 = 2+ In(Q)

Drape,in 1— (DPPLP) Dpprp/ 4
Dgp

In this equation, u, is the free space permeability and it is equal to 4 x 10~7 [T.m/A]. More-
over, the parameter ¢ is dependent on the thickness of the outer pole, and ratio Dppyp/Dgp. In
the given cable, parameter In({) is calculated as 0.05.

Furthermore, for the AC cable, the effective inductance for each phase, Lcapie,ph, IS calculated
with equation (4.3), where D5, represents the center-to-center distance between phases
[123]. In this cable, Dppypn is approximately 23.5 mm.

2 2Dph2pn
LCable,ph = 2_0 : lCable -In 1 PP (43)
n e 4- DT
ape

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 T.. A coolant is used to provide such
a condition. Considering that coolants are pumped from one side of the cable, their pressure
and temperature 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 re-
main within acceptable 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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Nitrogen Phase Diagram (Pressure-Temperature Curve)
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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 LN> is pumped at 68 K and 15 bar, a pressure drop higher than 12 bar or a
temperature rise above 78 K poses a risk of LN2 vaporizing. Due to the large density difference
between liquid and gaseous nitrogen (pn, > 130pgy,), vaporization can transform 1 liter of
liquid nitrogen 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 LN 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 ensure 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].

lcable Me1d)
Ap = Apg - () (4.4)
Fd 2pma - dupa \Apia

In this equation, pgq, Aria, and mgq are the fluid density, area, and mass flow rate, respec-
tively. The parameter dy pq 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 Agq 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.
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» Pumping the coolant at a higher mass flow rate results in a higher pressure drop.

« 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 (LH>), compared to liquid nitrogen
(LN32), increases the pressure drop.

« Acthicker coolant duct, meaning a larger hydraulic diameter dy g4, reduces the pres-
sure drop.

To calculate Apq, 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 Regyq
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
Repyq, the procedure explained in the appendices Chapter 9, section A.1 must be followed
[129].

1 Repq - /A
2log< Fid * v AF1d

= = ),Re > 2300 (4.5)

Ap1d

By solving this equality in equation (4.5), the friction coefficient Ap 4 is calculated as described
in equation (4.6).

1

= 251 (4.6)
20— —
4w ( log (SOReFld))

In this equation, w(z) is the Wright Omega function. Based on [128], for the duct type de-
scribed above, equation (4.6) can be used when Rep4>5x10%.

/1Fld

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 de-
scribed 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 LN, 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
temperature gradient. In other words, the temperature is the same as Tgq at every point of
this element.

Cooling fluid duct element with
temperature Tgq x

Cooling fluid pumping

with rate iy [ko/s] Superconducting cable

=

f—
dx

b

lcable

Figure 4.6: Illustration of a coolant duct element with a significantly small length of dx with a temperature Tgq
(no temperature gradient).
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Considering a radiated heat input from outside as q.,q (constant along the cable, considered
1 W/m in this work) and c,, r1q as cooling fluid’s specific heat capacity, the heat balance equa-
tion can be written as (4.7).

) dTryg,
MFid * Cp,Fid * dx = = qrad (4.7)

Solving this equation results in calculating the fluid temperature at a distance x from the pump-
ing side (Trqx). This is shown in equation (4.8), where Tryq, is the coolant temperature at
the beginning of the cable.

qrad
Fldx = Corid X + Triax, (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 tempera-
ture 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 LH> instead of LN, reduces the
temperature rise.
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Figure 4.7: Temperature rise analysis results for LN, 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 LN, 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 LN temperature rise along the cable length for
the cable described in Figure 4.2 and Table 4.2. This figure indicates that the LN will experi-
ence a negligible temperature increase of 0.06 K, which falls within the safe operating range
for LN, 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 elec-
trical system. The equivalent electrical circuit of a superconducting cable is shown in Figure
4.8.

inner pole

. 1
]
H HTS DC cable
o : |¢| R O i a—— .
A ! Rcaple  Lcable
| in
——Ccable series

outer pole

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 jn and L, o, denote the effective inductances of each pole as explained in the
sub-chapter 4.2.3. The cable capacitance Cc,p1e 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 ne-
glected. Since the two poles are in series, the total cable resistance Rcapie and inductance
Lcaple can be calculated based on the series impedance rule. Calculation of the cable induct-
ance Lcapie Was explained in the sub-chapter 4.2.3.

Moreover, R;, and R, are the non-linear resistances of the inner and outer poles, respectively,
due to the existence of the superconductor. The cable resistance Rc,p1e CoONsists 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.
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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, i;, and iy, 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, Rrgpco 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,
temperatures, and currents. The parameters Rrapesin @d Rrapes,out d€Note the equivalent re-
sistances 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,ins RTapes,out: and shield/copper resistances, Rcore and Rgp, 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 igrgpcoin. Furthermore, the voltage on the two
poles are shown as u;, and uqy;.

As explained in the sub-chapter 3.2, the resistance behavior of REBCO is non-linear with cur-
rent density / and temperature T, while the resistance of other layers varies only with temper-
ature 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).

Rcaple = 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, Rcapleabc denote the three-phase cable
resistance, and Lcaple abc represent its inductance. With the same principle as DC cable, the
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cable capacitance in each phase is neglected due to the insulation, and low voltage rating and
frequency.

HTS AC cable

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, Rcapie,pn 1S 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, Rrapepn, and phase resistance
Rcable,ph are calculated using parallel resistors law, considering the same properties for all
HTS tapes. The parameters needed to calculate the resistance of all the layers are provided in
the appendices Chapter 9, section A.1, Table 9.1.
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0]

Phase resistance = Rcaple,ph

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.

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 tem-
perature 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 pro-
cess for determining the various parameters of the cable layers is based on the algorithm de-
scribed 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-
adiabatic 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 char-
acteristic 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
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multiple elements with a small thickness indicated by Ar. Figure 4.12 shows a part of the cable
cross-section with the finite-difference elements.

1 2 m—1 m m+1 M-1 M M+1

Tm = m-Ar

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 Tgq. Each solid element
has a thickness of Ar, with T,,, representing the temperature of m™ element and r,,, denoting the distance
of m™ element from the cable radial center. Additionally, g,.q represents the radiated heat from outside,
assumed to be 1 W/m in this work, and h. g4 indicates the cooling fluid convective heat coefficient.

The parameter Ar and consequently total number of FDM elements must be chosen with a
compromise between the computational effort and the accuracy of the results. If the number
of elements 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 ele-
ments is too low, the results might be inaccurate. Since no temperature gradient is considered
within the HTS tapes due to their thinness, the parameter Ar is set equal to the tapes thickness,
drape, as specified in the section 4.2.1, Table 4.1. Table 4.4 shows the 1-D FDM parameters

applied to the cable.

56



4.5 Non-linear, Non-adiabatic, One-dimensional, Finite-difference-method-based Model

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 Ar 120 um
Total Number of the Elements in the Solid Layers M 74
Number of the Radial Elements for the Cooling Fluid Ny rid 1

Total Number of the Radial Elements N, 75

With this data, the area and volume of a certain element m, denoted by A,, and V;, can be
determined using equations (4.10) and (4.11).

A, =m-2m—1) - (Ar)? (4.10)
Vm = Am " lcable (4-11)

The temperature of each element can be determined using FDM based on heat transfer princi-
ples. 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 con-
dition 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 sudden 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].
2
ZTZ+%-2—:+%=O (4.12)

In this equation, the parameters T, g, and k represent temperature, generated power, and ther-
mal 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 ele-
ment m™ 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.
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In this equation, g,,, denotes the generated power in the element m, which is calculated with

equation (4.14), where Ry, and I;, are the resistance and flowing current in this element. More-
over, V;, is its volume which its calculation was described in equation (4.11).

Ry - I3
Vi

Im = (4.1%)
Moreover, Ny m-1 and N1 m represent the thermal conductivity ratios between the m™ ele-
ment and its neighboring elements, as described in (4.15). In this equation, k,,_4, ky,, and
km+q are the thermal conductivities of the elements m-1, m, and m+1, respectively.

k Km+1
Nmm-1 = k_m yMm+1m = Ircn_+ (4-15)
m-—1 m
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 equation 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.

A 2
4T, — AT, = (ary” krl) g1 (4.16)

1 1
~2Tu-1 ¥ [2 T (m + 1)] Tu + [‘<" ' (m + 1)] "Tha
(4.17)
_ (an)?

In equation (4.17), the parameter ¢ is a self-built parameter which is given in (4.18), where
ky is the thermal conductivity of last solid element, m=M.

58



4.5 Non-linear, Non-adiabatic, One-dimensional, Finite-difference-method-based Model

2Ar - hC,Fld
o=

™ (4.18)

The parameter h.q represents the cooling fluid (LN2) convective heat coefficient which de-
pends 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
temperature 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
written in a matrix form as follows:

AXT =B (4.19)

In this equation, T is the temperature matrix that contains the temperature of all FDM elements,
and its size is N, x 1. Additionally, in equation (4.19), A is the known matrix of coefficients
in the heat transfer equations (On the left side of the equations), and B is the known matrix of
power generated in the elements (On the right side of the equations). The sizes of matrix A and
Bare N, x N, and N, X 1, respectively.

The matrices T and B are shown in equation (4.20), and the matrix A is presented in equation
(4.21). In the matrix A, the array A;; represents the contribution of element m = j (i.e., Tj) to
the calculation of the temperature of element m =i (i.e., T;). For example, the array Ay, ;m—1
is the coefficient of T,,,_4 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 A, the arrays related to heat transfer of a cer-
tain element m and last solid element m = M, based on equations (4.13) and (4.17) are shown.
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0 0 0 0 0 0 Aum  Awn,
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A (4.21)
mm-1 = (1 + Tmm- 1)
1 Nmm-1 -1 NMm+1,m — 1
Amm =2+ (— - 1) ( Jmilm -
mm 2m nmm 1 + 1 r]m+1,m + 1
1 _an+1m
At = (5 +1) (2o
mmt = g (1 Flrrim
1 1
AM,M—l =-2 ) AM,M =2+ Q- (m + 1) AM,Nr =—@Q- (m + 1)

By building all the matrices in equation (4.19), the temperature matrix T in the stationary re-
gime can be calculated with equation (4.22).

T=A"1xB
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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 equa-
tion accounts for the time-dependent changes in generated power within the elements. As a
result, temperature variation over time is considered alongside heat transfer.

dT
dr?

dl g p-cp dT

ar . g dar 4.23
ar T T (4.23)

1
r

In this equation, p represents the density and c;, is the specific heat capacity of the material.
Similar to the FDM form used in the stationary heat transfer model, the 1-D heat transfer equa-
tion for the transient state can also be derived. This work employs the implicit method to com-
pute temperatures 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 2
- 1) R . . TZ-I;l
[<2m <nm,m_1 + 1>] m-1

1 Nmm-1 — 1 1 NMm+1m — 1
2 (__1). Nmm-1 7~ = (_ 1). Mm+im — 1
* [‘pm HRRAV (nm,m_1 1) G ) Geam 1)) @429)

. Tr%l+ 1

1 —2Nm+1,m (Ar)z
. 1) | L . TZ+1 — . TZ o~ 7 . pqZt1
+ [<2m + (nm+1,m +1 m+1 lljm m + km Im

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., T%) and the power
generated in each element at the new time step gZf!. Additionally, ¥, in equation (4.24) is
defined like equation (4.25) from element m density, specific heat capacity, and thermal con-
ductivity which are represented respectively with pp,, ¢pm, and kp,. In this equation, At de-
notes the time-step interval. The properties of all the materials are provided in the appendices
Chapter 9, section A.1.

_ (Ar)? - ppy, - Cpm

4.25
m kg - At (4.25)
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The procedure to find the heat transfer equations for other radial elements in solid layers fol-
lows 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
temperature of the last radial element in solid layers, Ty, along with the fluid convective heat
coefficient h gq, the fluid temperature can be calculated using equation (4.26). In this equa-
tion, ppiq represents the fluid density, and ¢, giq is the specific heat capacity of the fluid. Ad-
ditionally, the parameter Pepq ;, represents the fluid duct inner diameter (= - dgy, in the cable
considered in this work).

—hepa - Pepain - TG + [Yria + heria - Periain] - THE (4.26)
= Ypia - Trig + rad

In this equation, T4t and T44* 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 T%4 is the fluid tem-
perature in the previous time-step. The parameter g4 is a self-built parameter as described in
equation (4.27).

Prid Cprid - Apd (4.27)

Ypg = AL

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 0 is built to simplify the pro-
cess. 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.

AXT?*1 =19 .T%?+B = 0?*! (4.28)
The temperature matrix in the new time-step T2*1 is then calculated with equation (4.29).

T2+l = A~1 x g2+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 length (x-direction) is also divided into N, number of elements with the same length
defined as Ax. 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 temper-
ature can rise along the length, as discussed in section 4.2.4 of this chapter. In this cable,
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cooling fluid, LN 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=Ny). The finite difference demon-
stration of the cable along its length is depicted in Figure 4.13.

7777777 i/ Cooling
s ||# i

Figure 4.13: lllustration of an HTS cable axial direction with applied finite difference method (FDM), where its length
is divided into N, elements with a length of Ax. 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 x,,.

£ ...;O O

X, =n-Ax

Similar to the values of Ar in the radial direction, choosing a value for Ax is a compromise
between computational effort and accuracy. In this work, the length of each element Ax is
chosen as 1 m. Therefore, the total number of axial elements Ny is calculated from the cable
length I, p1e- 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 Ax Im
Total Number of the Axial Elements Ny 50

If A, is the area of radial element m (calculated with equation (4.10)), the volume of this
element in the axial element n, V,, ,,, is determined as follows:

Vion = Ap - Ax (4.30)

Similar to the 1-D model, the 2-D modeling of the cable in both stationary and transient con-
ditions must be studied.

4.6.1 Stationary State

The 2-dimensional heat transfer equation in the stationary regime is given in equation (4.31)
[130], [131].
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d*T 1 dT d?T g

FrAr AR (43D
As seen, the difference between 1-D, as described in equation (4.12), and 2-D models is the
additional term d?T /dx? 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
calculated, 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 element m in the axial element n, including the boundary conditions with its adjoining
elements based on equation (4.13) results in equation (4.32).

G 1) ()| =
2m 1+ Nmmo1 m-1,n
! Mmm-1 — 1 1 Mm+1m — 1
+2+<——1).('— +(—+1) Tmeim = )| 4130
[ 2m Nmm-1 T 1 2m Nmitm + 1 m,n ( )

1 —2Mm+1,m (Ar)z
R 1) | ——].T =" .
+ [<2m + <1 + 77m+1,m m+1,n km gm,n
In this equation, the generated power in the radial element m in the axial element n, denoted
Imn, is determined with equation (4.33), where Ry, , and I, ,, are the resistance and flowing

current in this element. The parameter V;, ,, represents the volume of this element which is
determined with equation (4.30).

2
Imn = w (4.33)
m,n
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., Ty, , instead of Ty,). The main
difference 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:

MEd * Cp Fid
[—hcria - Perain] - Twn + [hc,Fld - Pepg + — | Tridn

(4.39

Mg * Cp,Fld
[ = TFld n-1 1 Grad

In this equation, Trq, represents the cooling fluid temperature at axial element n, while
Trign-1 denotes its temperature in the element before (closer to the beginning of the cable).
The term Tgqq—1 is 0N the right side of the equation (known side) since the temperature
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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
approach as 1-D model. This is shown in equation (4.35).

Ay XT, =B, =T, =A;!xB, (4.35)

In this equation, T, is the temperature of radial elements in axial element n. Subsequently, the
matrix A, is the coefficient matrix for this temperature matrix, and B,, 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
Al

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 tem-
perature matrix T can be found. This matrix has N, 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 corre-
sponding column. This is shown in equation (4.36), where the array T, , represents the tem-
perature of the radial element m in the axial element.

T=[T] [Tl - [Tacql [Tal [Taxad - [Tn]] (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
negligible 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 B, 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 equa-
tion (4.37) [130], [131].

d’T 1 dT d?T g p-c, dT
e Tt T - L 4.37
dr2+r dr+dx2+k kK dt (437

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
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matrices; instead, a so-called ADI (Alternating Direction Implicit) numerical method is rec-
ommended 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).

1 1 1
zZ+5 Z+5 Zts5
—(Aar)? - Tm,nzfl + [l»l]m,n + Z(AT')Z] ’ Tm,nz - (an)?- Tm,r12+1

= [(AX)Z . (% — 1) . <#jm—1)] ‘Th-1n

+ [zpm,n — 2(Ax)? + (Ax)? - (% - 1> : (%) + (Ax)? - (% + 1) (4.38)

. <1 - nm+1,m)] T2
1+ 7]m+1,m e

1 21 (Ax - Ar)?
+ [(AX)Z : (% 1) . (%)} Thiint T ngnJrr}
m+1,m m

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
corresponds to the power generated within the element. This equation allows for the calcula-
tion of heat transfer for all elements in the solid layers of the cable. Additionally, the parameter
Ymn 1S a self-defined parameter with equation (4.39). In this equation, the density p,, and
thermal conductivity k,, 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 ¢, m n can change. Therefore, it must be calculated individually for each axial element
to account for these temperature differences.
2(Ax - AT)? - p - Comn

= 4.39
mn ky - At (4.39
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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).

1
Axy, X TernJrZ = Qr& + Bxy, = Oxp, (4.40)

This equation shows the temperature calculation at each iteration of the first half time-step for
1

. . . . +5 .
a certain redial element m. In this equation, Txrzn 2 is the temperature of the radial element m

in x-direction (size of the matrix: Ny X 1), and the matrix Ax,, is the coefficients of the matrix
1

Ter,:E as found in the heat transfer equations (size of the matrix: Ny x Ny). Furthermore, on
the right (known) side, the matrix Qn% is the radial contribution for element m (size of the
matrix: Ny X 1) calculated from the values of the previous time-step, and the matrix Bx,, in-
dicate the generated heat (power loss) in this element in x-direction (size of the matrix:
Ny X 1). The matrix 6x,, is a matrix to simplify the process, and it represents all the heat
(power) in element m in x-direction (size of the matrix: Ny X 1). The contents of the matrices
are shown in the appendices Chapter 9, section A.1. By building all the matrices, the temper-

1
. . . . += . .
ature of radial element m in x-direction Txrzn % can be calculated with equation (4.41).

Z+1

Tx., 2= Axg! X Oxp, (441

m
Finally, after completing the iterative process and calculating the temperature for each radial

1
element along the axial direction, the main temperature vector in the first half time-step T**2
is calculated (size of the matrix: N, x Ny). Each row of this matrix belongs to one radial ele-

1
. +5 . .
ment; therefore, the transposed form of matrix TxIZn 2 is placed on the row m of the matrix

1 1
T%*2. The matrix T**2 is shown in equation (4.42). In this structure, the symbol “T” on the top
right of each row denotes the transposed matrix.

7743 _ [ 72
=||rx (4.42)

Second Half Time-step:

In the second half time-step, the direction of calculation is reversed. For the radial -direction,
an implicit approach is used, meaning the temperatures are labeled as z+1, indicating that these
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radial temperatures must be calculated in this half time-step. For the axial x-direction, an ex-
plicit approach 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:

o (1) ()

1

! [l”mm + 20807 + (002 (52— 1) (%) @02 (5-+1)

. <77m+1,m B 1)} . TZ41
m,n
77m+1,m + 1

1 _an+1m
Ax)? - (_ 1) S —2T )L ztl
+ [( x) om + <77m+1,m 1 m+1,n
2 Z+% 2 Z+% 2 Z+%
= (Ar)?-T + [Ymn — 2(8r)?] - T 2+ (AP)? - T,

m,n—1 ,n+1

(4.43)

2
+M. z+1

m,n
km ’

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/im-
plicit tags of the temperatures. Additionally, the black term on the right-hand side indicates the
power generated 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).

1
Ary X Tr2t = erzl+2 + Bry, = 0r, (4.44)

In this form, the matrix Tr?** represent the temperature of all elements in r-direction in a
certain axial element n (size of the matrix: N, X 1), and the matrix Arn, consists of the coeffi-

cients corresponding to these temperatures (size of the matrix: N, X N,.). Furthermore, the ma-
1

trix erzl+E indicates the contribution of temperatures in x-direction which were calculated in
the previous half time-step (size of the matrix: N, X 1), and the matrix Br, is the heat (power)
generated in the elements in r-direction at a certain axial element n (size of the matrix: N, x 1).
Similar to the previous half time-step, the matrix 6r, simplifies the calculation (Size of the
matrix: N, X 1). The contents of these matrices are detailed in the appendices Chapter 9, sec-
tion A.1. By building all the matrices, the temperature of the elements in r-direction in a certain
axial element n, Tr;Z*1, can be calculated from equation (4.44) with equation (4.45).
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Tr2tt = A7 x O, (4.45)

after completing the iterative process and calculating the temperature for each axial element,
the main temperature vector T%*1 is calculated (size of the matrix: N, x N,), as shown in equa-

1
tion (4.46). This matrix is the updated version of the matrix T2 which was obtained in the
first half time-step. Each column of this matrix belongs to one axial element; therefore, the
matrix TrZ*1 is placed on the column n of the matrix T.

T2 = [[Tr{™] o [TrEY] - TrE (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.

[ Previous steps [ End of temperature calculation ]
[ Calculation of g
l calculation of the main temperature
matrix (T)
[ mold — o

nt column in matrix T: TrZ*!

Tr#*t = Argt X 6n,

T

Building matrices Ar, Qx, Br, and
or

nNew — p0ld 4 1 ]4,

Figure 4.15: HTS cable temperature calculation algorithm in the 2-D, transient model using ADI numerical method.
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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.
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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-chap-
ter 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.

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.

Rine  Lime  m—iioRCcEDIE

RLoad

+
Upc <_ short circuit
RLine LLine LLoad
2 2
— 1.

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, ijqe, IS equal to the poles currents in the cable, i, and i, 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 con-
ductivity, 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 crucial. The following cases are examined in the non-adiabatic conditions:

o Case 1 (C1): Perfect heat conduction between HTS tapes and the core/shield cop-
per: This case represents the ideal scenario where optimal heat transfer occurs between
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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 con-
ductivity. This case will be shown with “C1” in the simulation results.

o 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 par-
ticularly 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
models, the thermal conductivity of the finite-difference elements in the core/shield
copper 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.

72



4.7 Simulation

Inner Pole Currents and Voltage
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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 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, u;,, shows a slight increase attributed
to the inner pole exceptionally low resistance, primarily due to the core copper’s low re-
sistance. 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. Add-
ing 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. Conversely, fault limiting is usually not the primary ob-
jective 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, temper-
ature, and resistance. This figure also considers the parameters of all tapes in the poles. Before
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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 tempera-
ture rise remains 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).
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HTS Tapes Current
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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 @Nd iTapeoutr FePresent respectively the current flowing through inner and outer poles, (b) HTS
tapes temperature (both poles), where Trape in and Trape,out FePresent respectively the temperature of the
tapes in the inner and outer poles, (c) HTS tapes resistance (both poles), where Rrapein @nd Rrape,out
represent respectively the resistance of the tapes in the inner and outer poles.
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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 tempera-
ture 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.

Temperature of the Cable in Radial Direction
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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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Line Current (7ype)
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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,i;; e, 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, temperature changes in the HTS tapes of the outer pole occur more rapidly than in the
tapes of the inner pole.
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HTS Tapes Temperature
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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 clearance. 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-parameter, adiabatic model cannot perform.
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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).
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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
temperature 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 temperature 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
section 4.2.4.2, and Figure 4.7, since this increase in the coolant temperature is inevitable.

Temperature of the Cable in Radial Direction at Different Lengths

77.08
—_——1z; = 0m z3 =30 m
—t—2y = 10 M =z, =50 m

77.06 Gt

N

E

2

s 77.04 - .

(] I

a,

g

H

77.02 1

77 e————0C——C—0—6—0C—C—C—0—

Cable Radius / mm

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 x; =0 m represents the beginning of the cable where LN2 is pumped in, and x,=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
different 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 temperature profile along the length, emphasizing the 2-D model's essential role
in advanced cable analysis.
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Coolant Temperature in Axial Direction (T'piqx)
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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
(LN.) 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=10s, t=20's, and t=40s.

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 inter-
esting observation 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).
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4.7.3 Models Comparison

The models developed for the HTS cable simulation can be compared based on two main cri-
teria:

« Accuracy: The models must provide accurate results that realistically simulate cable
behavior. In this regard, the 2-D model is considered the most accurate as it closely ad-
heres 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 com-
pared to assess accuracy. Figure 4.26 illustrates the line current iy i, resulted from simulation
with different 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.
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Figure 4.26: Comparison of the line current i;;,. 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
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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.

Inner HTS Tapes Temperature (T'rape,in)
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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 Trape in, (b) inner HTS
tapes resistance Rrape,in-

From a computational efforts point of view, the cable simulation for 40 s using different mod-
els 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
o One-dimensional, non-adiabatic model: ~14 s
« Two-dimensional, non-adiabatic model: ~15 min
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Based on these criteria, the following conclusions can be determined by comparing these mod-
els:

« 2-D Model (Most Accurate Model): This model is crucial as it provides a basic un-
derstanding 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 yields results very close to those of the 2-D model, making it an efficient and
recommended choice in these scenarios.

o 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.

o Lumped-Parameter Model (for Cable Simulation during a Short Circuit): During
a short circuit, the lumped-parameter model is recommended, as the parameters re-
sulted 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 sig-
nificantly, 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, depending 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
geometries 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
limitations [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 mo-
tor 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/SIMULINK, this motor is treated like a conventional surface-mounted PMSM with
a difference of having a significantly small constant stator resistance due to the superconduct-
ing materials. Furthermore, AC losses generated by the tapes are not considered as more ad-
vanced 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
satisfies 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
performance in various applications [140], [141], [142], [143], [144], [145], [146],
[147], [148]. According to [141], the experiments on an inverter for application in elec-
tric aircraft show 99% efficiency, higher than operating it at room temperature.

o The experiment in [140] shows that the resistances of the Si (Silicon) and GaN (Gal-
lium Nitride) switches when they are ON can be significantly less at a cryogenic tem-
perature of 77 K compared to the room temperature of 300 K. Hence, the inverter effi-
ciency is higher at cryogenic temperatures. However, this research shows that SiC
(Silicon Carbide) MOSFETSs 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 cryo-
genic temperature as the cables would allow for smaller copper leads.
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5 Superconducting Motor with DC/AC Inverter

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 Ry 10 pQ
Stator Inductance Ly 8.5 uH
Stator Inductance in d-axis Lq 8.5 uH
Stator Inductance in g-axis Lq 8.5 uH
Permanent Magnet Flux Linkage Ppm 0.2577 Wb
Maximum Speed Nmax 1043 rpm
Maximum (Nominal) Power Prom 456 kW
Nominal (Maximum) Torque Tiax 4175 N.m
Motor Inertia Ji 1.19 kg.m?
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 Lg. A constant resistance is considered in this work,
even though the stator resistance is variable with temperature and current.

iM,a Rs Ls €PM,a
—>

U, O
iMmb  Rs Ly epM,b
—>

Up O [  —. + | ]
iM,C Rs Ls ePM,C -
—>

Ue O

Figure 5.1: PMSM electrical equivalent circuit [149].
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In this circuit, iy ,pc represent the motor three-phase currents, and epp apc are the back elec-
tromotive 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 equa-
tion (5.1).

€pM,abc = PPM * We * sin(we * t + Oapc) (6.1

In this equation, 6, are the three-phase angles given as 8, = 0, 6, = 2n/3, and 6, = 41/3.
The parameter w, indicates the electrical rotational speed which is calculated from motor me-
chanical rotational speed wp, and the number of pole pairs N, using equation (5.2).

we = Npp . (;_)m (52)

The motor speed wy, itself is determined using the torque balance equation provided below.
In this equation, Ty, is the load (propeller) torque.

=T, 4B w4+ om (5.3)

dt
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 /, 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).

. diM,abc
Uabe = Rs - iMabc + Ls - dt + epM,abe (64

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, S, are the inverter switches (here IGBTS are shown as an example)
and their parallel diodes are shown with D,,.. Additionally, the voltage and current on the DC
side (generated by fuel cell) are shown with up¢ and ipc, while the produced three-phase AC
voltages and currents are depicted with w,p,. and iyp..
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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
equivalent average model of the DC/AC inverter is illustrated in Figure 5.3.

U, iy
—
o——
+
Uy, ib
; —
Do (="
- Ue i

~ —>
Oo—
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 S can be calculated
with the equation (5.5), where i}, are the conjugates of the complex phase currents. Moreo-
ver, Pac and Q¢ are the active and reactive power on the AC side, and j is the imaginary unit.

Sac = U i3+ Up iy +Uc - if = Pac+j - Qac (5.5

From this equation, the total active power on the AC side P, can be determined by extracting
the real component of the apparent power, S,c. Assuming approximately 100% efficiency in
the inverter, the active power on the DC side Ppc is almost equal to the AC side, Pac. There-
fore, the DC current ip¢ in the average model generated by the fuel cell is calculated with
equation (5.6).
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ipc=—=— (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 in-
verter. These approaches fall into two main categories: scalar control, such as voltage-fre-
quency (V/f) control, and vector control, which includes field-oriented control, voltage vector
control, and direct 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 re-
sponse, and high control 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.

DC Source
id,ref =0
| i Ud ref dao
W ref Speed Te,ref 1/kr Lgref Current U rof q
Controller Controller L abe
g-axis Current ) . Inverse Park Transform
W Generator g lq

ia

dq0 ih

abc |e—tc

Park Transform | —
PMSM

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 dg-axis reference frame,
where the Park transformation (three-phase abc system to dqO rotary frame) is applied to
convert the inverter three-phase currents. This transformation is shown in the appendices
Chapter 9, section A.1, equation (9.32) [162].

Starting from the outer loop to control the speed, the mechanical transfer function of the
PMSM, Hy, pmsm. as given in equation (5.7) is used.

91



5 Superconducting Motor with DC/AC Inverter

1
HmpMsm = Ts+B 6.7

The speed controller received the reference mechanical speed wp, ref 8s 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 Pl controller, the speed control diagram is shown in Figure 5.5.

wm,ref k: Te,ref
kps+— >
bs

S

wm
Figure 5.5:  PMSM speed control diagram.

In this schematic, k, s and k; ; are the proportional and integral gains in the P1 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 g-
axis inductances. In this equation, k- is the torque constant.

3 . .
T, = ENpp “PpMm g = kr - lq (58
Therefore, the reference torque T, ¢ at the output of the speed controller is translated into g-
axis current with the equation below.

i _ Te,ref
qref kT

(5.9)

The goal of the field-oriented control in a PMSM is to reduce the d-axis current while maxim-
izing its g-axis current as much as possible. Therefore, the reference d-axis current iy 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, H, pmsy, Which is provided in equation (5.10).

1

Hepusv = 77~ (5.10
S S

This controller compares the actual dg-axis currents which are calculated from three-phase
currents using the Park transformation with the reference dg-axis currents. The controller
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output are dg-axis voltages, uq and u4 that can be calculated from dg-axis current, with equa-
tions (5.11) and (5.12).

di
udst-id+Ld-d—:—we-Lq-iq (5.11)

' di , (5.12)
uq=Rs-lq+Lq-d—f+we-(Ld‘ld+gopM)

As seen in these equations, these voltages are affected by both iy and ig, 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 con-

troller diagram, including decupled d- and g-axis is demonstrated in Figure 5.6.

id,ref ki c Te,ref Uq
—PE_}—V kp’c + _s’ > +_

A

iq
—_—m8

\ 4
(S
)
h
Q
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A\ 4

i
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o)
. \If

Figure 5.6: PMSM current control diagram, including the decoupling of the d- and g-axes.

A\ 4

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 k; ¢, are tuned based on the values of the stator inductance Lg and resistance Rg, re-
spectively. The current controller generates voltages in the d- and g-axes, which are then con-
verted back to three-phase voltages using the inverse Park transformation as shown in the ap-
pendices Chapter 9, section A.1, equation (9.33) [162]. These three-phase voltages, u,p., 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 k., potentially thousands of times less. Moreover, this low resistivity leads to a
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relatively longer electrical time constant, as described in equation (5.10), which makes it com-
parable to the mechanical time constant. As a result, the electrical response speed becomes
similar to the mechanical response speed, which is in contrast to a conventional motor, where
the mechanical response is much slower. Moreover, as the torque balance equation (5.3) im-
plies, the faster the controller is designed to respond to the speed changes, the more quasi-
stationary torque is demanded by the motor due to its inertia J. Therefore, if this change by the
inverter occurs 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 hydro-
gen. In conclusion, an appropriate controller design for such a motor in aviation applications
must consider both response time and hydrogen consumption in quasi-stationary events, man-
aging 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 config-
uration, 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.
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a
<& Motor in

ic b generator mode

N

D> XDy, XD,

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 behav-
ior. 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.

Inputs: DC current ipc, and
AC three-phase currents i,

ipc = kwh - Ingnom
OR

labe 2 kth ' IAC,nom

( N\

Uape = 0 Uabc = UabcFOC
. ¢ J
4 N\

Switch ON the diode-only
equivalent circuit
v
Using up as the input for the

AC side of the average model
\ J

Figure 5.8: Developed algorithm for blocking the inverter switches after a short circuit, with wu,y,. goc as three-phase
voltages regulted by the field-oriented control of the motor, and ky, being the current threshold to block
the switches (k,=1.8 to 2 typically).
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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
circuit 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.

la

ipc 2
o— | ®
-+ ib

DC/AC Inverter —> o
Unc Average Model ;
_ C
oO———— O

Diode-Only
Equivalent
Circuit of the
Inverter

0: OFF (nominal conditions)
Inverter blocking signal from ______ 1: ON (short circuit)
the protection algorithm

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
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in Figure 5.4 is simulated in SIMULINK. This simulation aims to validate the accurate tuning
of the controllers 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, n,,, as specified in Table 5.1, followed shortly
by an increase in the motor torque to its maximum value, T, also described in Table 5.1.
These variations represent an extreme-case study scenario designed only to evaluate the tuning
of the controllers. Figure 5.10 shows the motor reference speed and torque, used in this anal-
ysis.

Motor Speed and Torque in the Study Case
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Figure 5.10: Motor reference speed n, .. and toruge T, 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 tran-
sient error. The parameters of the current controller seem low because, as mentioned in the
sub-chapter 5.5, they are tuned proportionally to the stator resistance and inductance. In the
case of a superconducting 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.
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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
results 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 n,.4, 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.

Motor Speed and Torque in the Study Case
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Figure 5.11: Motor speed n,, variations in the control cases C1 and C2 to the reference speed ny, ¢ and toruge Ty,
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 supercon-
ducting 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 considered. Even though the target is always providing a fast response to the parameter
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variations, especially motor speed, the speed change rate must always be observed. As torque
balance equation (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. Simu-
lating 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.
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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 developed 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,
cruising, and landing. An example of a realistic flight profile is shown in Figure 6.1.

Realistic Flight Profile
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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].
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This profile consists of three distinct phases in general:

« Takeoff: During this phase, the aircraft accelerates along the runway, with the motor
operating at about 50% of its maximum speed. It then reaches its highest RPM for lift-
off. 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.

o 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 cap-
turing 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 ad-
justments are emphasized. A representative simulation flight profile is shown in Figure 6.2,
where the reference motor speed, ny, ref, and torque, Tyer, models these changes to analyze
component behavior within the powertrain. In this simulation, speed and torque variations oc-
cur quickly to showcase the motor controllers’ rapid response capabilities, though in real sce-
narios, 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)).
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Simulation Flight Profile
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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,
Ny rer, and reference motor torque, T...¢, Which is given as load torque, at three different flight operating
phases, including a takeoff, cruise, and landing phases.

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:

o Ny rer: Motor reference speed concluded from Figure 6.2, ny,: motor mechanical speed
« T.: motor electric torque, Ppc: total DC power, delivered by fuel cell stacks

e ipc and upc: DC current and voltage generated by fuel cell stacks

* ipMabce Motor three-phase currents

This figure provides the following insights into the behavior of different components in the
aircraft 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 By, as defined in Chapter 1, Table 1.1. Addi-
tionally, the motor reaches its maximum electric torque of 4175 N-m, aligned with
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Tmax, Which was outlined in Chapter 5, Table 5.1. These results verify the accurate de-
sign of the fuel cell stacks based on the approach explained in Chapter 2, sub-chapter
2.2, to meet powertrain requirements.

« Figure 6.3(c) shows the variation of the fuel cell stack DC current and voltage, includ-
ing its transient response to the power variations. As seen, its maximum current reaches
1.52 kA, equal to Ipc nom Which was specified in Chapter 1, Table 1.1, while the
voltage decreases to 300 V, aligned with Upc 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 Kwith LNz cooling. Consequently, their resistance remains negligible, making them almost
lossless, allowing a highly efficient power transfer within the powertrain (greater than 97 %
overall 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,
because their parameters can significantly change with the current increase. The integrated
powertrain 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.

DC pole-to-pole Three-phase

ipc short circuit AC short circuit iM'a,
Fuel T —] bc DCAC [ L AC | g
Cell Upc RSFCL é - Motor
D Cable Inverter ¥ Cable im,c
Stack —

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, R;, of 1 mQ. The duration of these short circuits is
considered 100 ms. The parameters ipc and upc represent the fuel cell stack current and output voltage,
and iy 41 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 T,) 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:
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Simulation results of the DC pole-to-pole short circuit in the powertrain at the location depicted in Figure
6.4: (a) DC current ip¢ and voltage up at the output of the fuel cell stack, (b) tapes temperature in the
RSFCL, inner pole of the DC cable (DCC) Tr,pe,in, and the phase a of the AC cable (ACC) Trape,a (C)
total tapes resistance in the RSFLC, inner pole of the DC cable Ryape,in, and the phase a of the AC cable
Rrape,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
simulation 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
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amount of energy flows through copper leads and fuel cell electrodes. Hence, an RSFCL is
recommended.

Figure 6.6:
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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 ip¢c and voltage up at the output of the fuel cell stack,
(b) tapes temperature in the inner pole of the DC cable (DCC) Trype,in, (C) total tapes resistance in the
inner pole of the DC cable Rrape,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.
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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-m?, ten times greater than the motor’s inertia, for the propeller's
inertia. This consideration ensures a more accurate representation of the powertrain dynamics
during fault conditions.

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 deliver-
ing 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 inductance. Figure 6.7(c) illustrates that as the motor
speed decreases, the frequency of the fault current also declines. Although the back EMF in-
cludes 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 men-
tioned in previous chapters, the resistance of the superconducting tapes does not remain con-
stant 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 T, due to the heat generated in them, causing the
quench in the superconductor. Meanwhile, the tapes in phase ¢ 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, ena-
bling 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:
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6.4 Simulation Outcomes

Tapes Temperature in the RSFCL and DC/AC Cables

110
i TT&PE«,'& (ACC) — 1 TTape,b (ACC) EEEE c LIL TTape,c (ACC)
® Trpype (RSFCL) @ Trapein (DCC)
M
— 100
o
E
2
2 90
=
o
[_'
80
77
1.1 1.15 1.2 1.25 1.3 1.35 1.4
Time /s
(a)
12 Tapes Resistance in the RSFCL and DC/AC Cables
—— Rrupen (ACC) === Rpype, (ACC) 2@+ Ryapec (ACC)
e 9 L J RTape (RSFCL) L RTape,in (DCC)
=
3
8
I
~
Al A .
1.1 1.15 1.2 1.25 1.3 1.35 1.4
Time /s
(b)

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) Trpe,in, and the three
phases of the AC cable (ACC) Trape,abc, (@) total tapes resistance in the RSFLC, inner pole of the DC
cable Rrape,in, and the three phases of the AC cable (ACC) Ryape abe: 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, pro-

vides 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 compo-
nent 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 considers 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 consump-
tion, resulting in the advantage of requiring smaller hydrogen tanks.
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« 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 observed that in the case of a short circuit, the DC cable remains thermally unaf-
fected, minimizing the risk of LN evaporation within the cable. Based on the simula-
tion results, placing an RSFCL on the AC side is also recommended, as this compact
component offers 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 light-
weight 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 be-
havior, 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 scenario. The simulation results indicated that the superconducting coils in-
side 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 circuits. As explained in Chapter 5, a more advanced simulation ap-
proach, such as a finite-element method (FEM), is necessary to model the supercon-
ducting motor behavior, which involves interacting electrical, thermal, and magnetic
characteristics of the superconducting 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 condi-
tions 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 estima-
tion can be used in designing and sizing the copper leads between components.

« The integrated system in SIMULINK is significantly fast as the flight profile simula-
tion on a computer with a 6-core 2.3 MHz CPU and 16 GB RAM takes only a few
minutes.
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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 inves-
tigate system behavior under different conditions. Firstly, the simulation of all components in
a standalone mode via different models and scenarios was explained. This standalone model-
ing 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, allowing adaptability to various requirements. Finally, the complete powertrain
simulation, including all the components in a reference flight profile and short circuit condi-
tions, gave valuable insights into the system performance and the contribution of each compo-
nent.

The fuel cell stack is the system's power supply, converting hydrogen chemical energy into
electrical energy. As Proton Exchange Membrane Fuel Cells (PEMFC) offer suitable proper-
ties 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 under-
goes 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 combination of both can be seen. Accordingly, a fuel cell model capa-
ble 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-param-
eter modeling of the RSFCL, considering its electrical and thermal characteristics, was dis-
cussed. 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 temperature and current. Since an HTS tape is a thin conductor, the same tem-
perature all across the tapes was considered that varies with the heat generated by the tapes
power loss. The RSFCL was simulated under two conditions: adiabatic, where coolant has no
impact on the tapes, and non-adiabatic, where coolant absorbs excess generated by fault
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current. Simulation results indicated that heat generation in the tapes occurs quickly during the
fault, and the coolant cannot contribute to heat dissipation. So, no substantial difference be-
tween 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 comparison between LN> and LH:
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-dimensional, 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: per-
fect heat conduction between 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 generation 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 principles. 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 cir-
cuit, 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. Moreover, 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 developed 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
considered a superconducting PMSM treated like a conventional electric motor with a signif-
icantly 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 technique. Tuning the controllers for a superconducting motor is more
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challenging as its stator resistance 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 powertrain. 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 delivering power when a relatively higher current is de-
tected, protecting the inverter switches from damage. As explained, a more advanced method
like FEM-based tools is required to simulate 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 superconduct-
ing 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 in-
cluded three flight phases, from takeoff to cruising and finally landing, and described the ref-
erence speed and motor torque. The reference speed was used as an input in the motor control-
ler, and reference torque was given as load torque to the motor. First and foremost, the results
indicated the importance 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 con-
troller's tuning was also successful, where the reference speed was followed quickly and accu-
rately 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 blocking of the inverter by the developed fault pro-
tection algorithm was observed. Simulation results showed an effective contribution by
RSFCL in limiting the fault current protecting other components. 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 modeling. 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 cur-
rent, 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.
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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 con-
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ditions by integrating potential components. The approach to model each component
was 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
capturing stationary and transient behaviors. The model was developed based on the
experiments in previous research works, ensuring a realistic power source behavior for
the aircraft.

The RSFCL simulation results show that during a short circuit, the thermal considera-
tions and cooling effect in absorbing the generated heat play a minimal role in the re-
sults. By quenching the tapes after fault, RSFCL can effectively limit the fault current,
and it is recommended 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 protection systems of the powertrain. The simulation results indicated the
significant importance of the RSFCL design in a short circuit to protect other compo-
nents.

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.
However, the basic lumped-parameter model is an ideal solution during a fault, as it
shows relatively 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
example, an RSFCL and cable with MgB2 wires can also be simulated with this ap-
proach. Moreover, simulating these components using other coolants like LH, or He-
lium is also possible with these models. These results provide an opportunity to com-
pare different superconductors and coolants, identifying their strengths for the
application-based designs.

Through this work, the challenges related to the drive control tuning of a superconduct-
ing 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
dg-axis control, a low-error and fast-tracking of the reference parameters was ex-
plained. The tuning of the controllers is highly effective in motor behavior in quasi-
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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 de-
manded 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. An-
other possibility is equipping the aircraft with onboard batteries to operate during
quasi-stationary conditions. These batteries discharge during such events but can be re-
charged through regenerative braking when the motor slows down.

Based on the torque balance equation, a speed change can cause a potentially high tran-
sient 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
powertrain components. This is particularly critical for superconducting components as
if they are not appropriately designed, they might undergo quenching due to overheat-
ing. In addition, according to the fuel cell stack transient behavior, this component
could potentially stop delivering power as the transient current exceeds the fuel cells
maximum permissible current. Therefore, the motor drive control design must be coor-
dinated 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, station-
ary and quasi-stationary events must always be considered in the fuel cell stack design.
Additionally, 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 be-
tween 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 un-
dergoes 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 afterward, substantial energy flows through the fuel cell stack and
copper leads, resulting in potential damages and the requirement for unnecessary over-
sizing of the components.

117



7 Summary, Conclusions, and Outlook

7.3 Outlook

As this work is the first to simulate the complete superconducting powertrain of an electric
aircraft, it has several perspectives. Some of them are given below:
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The primary perspective of this work is performing experiments on different compo-
nents to validate the models. The real-world challenges that might have been over-
looked in this work can be identified through these experiments.

As a component involving several domains, the fuel cell stack needs to be modeled in
detail 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 gener-
ated 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 electro-
magnetic behavior of the coils in the motor must be studied thoroughly as they substan-
tially affect the superconducting tapes properties. An estimation of the current and volt-
ages resulted from this work is significantly helpful in such analysis.

This work considered LN 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 fea-
sibility of using different coolant loops for this powertrain would be beneficial. For ex-
ample, LN> 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
understanding how long the powertrain can operate without cooling is crucial for air-
craft safety.

Investigating the issues related to electromagnetic interference (EMI) is another inter-
esting perspective. Since aircraft contain numerous sensors and high-frequency de-
vices, addressing 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 (p) for Specific Heat Capacity =~ Density
75 K<T<300 K [Q.m] (cp) for 75 K<T<300 K (p)
[J/(kg.K)] [kg/m?]
Silver (Ag) 6.17 x 107117 — 2,082 x 10~  220.5 + 0.046T 1049
-4 -4 250
REBCO 1x1074T =10 x 1074 (T > T, 100 Jen2 o 6390
(T) 250 2
(1)
-11 -6 T
Hastelloy (Hy) 8.958 x 1077 + 1.103 x 10 190 + 388 (1 _ e_m) 8890
Copper (Cu) 6.841x 107117 —3.06 X 10™°  390.9 — 593.4¢ 00147 8960
Aluminum (Al) 1.13 x 107197 — 6.718 x 10™° 6 x 107573 2700
—0.0471T?

+ 13.281T — 423.27
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A.2 HTS Tapes Heat Capacity Calculation
The heat capacity of a layer in the HTS tape, Ciayer, is calculated from its specific heat capacity
Cp layer aNd Mass my,yer With equation (9.1) based on the data given in Table 9.1.

Clayer = Myayer * Cp,layer (91)

The layer mass my,ye, is calculated using equation (9.2) with the layer density pj,yer, Cross-
section area Ajayer, and length which is equal to tape length lpape.

Myayer = Player * Alayer * lTape (9.2

Finally, by determining the heat capacities of all Nj,ye, layers, the total heat capacity of the
tape can be computed using equation (9.3).

Nlayer

CTape = Z Clayer,i (93)
i=1
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A.3 Liquid Nitrogen Properties

The parameters a; to calculate h¢;y, Which was provided in Chapter 3, equation (3.13) are
given below:
ag = 38147, a, = —28209,a, = 7232.8,
9.4
a3 = —494.38,a, = 13.25,a5 = —0.12773

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 PLN, 811 kg/m?
Viscosity NN, 166.68 pPa.s

Specific Heat Capacity ¢y, 2025 J/(kg.K)
Thermal Conductivity — kyy,  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 Specific Heat Capacity Density (p) [kg/m®]
Conductivity (k) for  (cp) for 75 K<T<300
75 K<T<300 K K [J/(kg.K)]
[Wi(m.K)]

Core/Shield 534.2 See Table 9.1. 8960

Copper

HTS Tape 150 Calculated based on Calculated based on the

the different layers different layers data

data given in Table 9.1 given in Table 9.1.”™
and section A.1.

Polypropylene  0.15 430 8890
Laminated

Paper (PPLP)

Liquid 0.15 2025 811

Nitrogen (LN>)
* Immersed in LNa.

** 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 Regq.

First, from fluid mass flow rate mgq, density pgq, and the fluid duct area A4, the fluid ve-
locity in the duct vgq is calculated with equation (9.5):

TMEiq

_— 9.5
Prid * Arid ©9

Vrld =
Then, a base Reynolds number Regq}, needs to be calculated with equation (9.6) [129]. In this
equation, dy pyq is the fluid duct hydraulic diameter, and ugq is the fluid dynamic viscosity.

Vrid * dupid * PRid
Repgp =————— (9.6)

HUrid

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 d;, and d,;, Which is named « and defined as follows:

din

dout

a= 9.7
It is worth to mention that in the particular cable considered in this work, the shield copper
outer diameter dgp oy is equal to the fluid duct inner diameter, so these parameters can be
replaced with each other.

With the value of «, the accurate value of Reynolds number Reg 4 for the outer channel (which
is the case of the considered cable in this work) can be calculated with the following equation:

14+a?)-1 + (1 —a?
Repg = Repp * ( a(l)_ ng) 1n((a) ) (9.8)

To calculate a coolant convective heat coefficient in a cable, the approach below must be fol-
lowed.

First, the fluid Prandtl number Prgq needs to be calculated with equation (9.9) from fluid
specific heat capacity cp piq, VISCOSity pigiq, and thermal conductivity kgq.

HUF1d * Cp,Fid

PrFld = (99)

kgia

Then, based on the fluid Reynolds number Regq Which was calculated in equation (9.8), the
coolant duct friction coefficient égq is calculated as below:

épa = (1.8logyo(Repq) — 1.5)72 (9.10)
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In the next step, the fluid Nusselt number Nug4 needs to be calculated with the following
equation [129]:

(%) “Repyq - Prrig
Nugyg = ' kNu,c (9_11)

1 2
2 _
k1+127<%§)-<m§d—1>

In this equation, kyy ¢ is the Nusselt number correction factor which depends on the ratio of
the inner and outer duct diameters a (equation (9.7)), and k; is a self-built parameter. The
parameters ky, . and k, are defined with equations (9.12) and (9.13), respectively.

07577 + (0.9 — 0.152%°)

= 9.12
Knu.c T (912
900 0.63

k;y =107 + - (013)

ReFld (1 + 10PTFld)

Finally, the fluid convective heat coefficient h g4 is calculated with equation (9.14):
Nugyq - ki
hepa = P (919
H,Fld
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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:

zZ+1 Z+1 Z (AT‘)Z z+1
[ +4] - TP — AT =, - TE + P (9.15)
1
For the element m=M:
Z+1 1 Z+1 1 z+1
2M 2M
(Ar)? (9.16)

=9Ym- Ty + i
kem

The matrices of the equation (4.28) in Chapter 4, section 4.5.2 are shown in equations (9.17)
and (9.18).

[ (Ar)z z+1 ]

k9
(Ar)z . gz+1
k; 2
T [ Y1 :
7?2 1,[).2 (Ar)? ' gz+1
r : : km—l m—1
m-1 lpm—l (AT)Z
r=| " = | Ym i (917
B Trq+1 ’ v = Yme1 ’ - ka 10
H : (AT) . gZ+1
Tv-1 Ym-1 kmyq mtl
Tm Yy :
[ Trg [ Ppiq | (Ar)? gt
kM—l M-1
(Ar)?
kM . ngV[+1
qrad
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Witd —4 0 0 0 0 - 0 0
AZ,l AZ,Z A2,3 0 0 0 0 0
0 0 0 - Ap_im-1 Am-im 0 0 0
A= 0 0 0 Amm-1 Amm Amm1 0 0
- 0 0 0 0 Am+1,m Am+1,m+1 0 0
0 0 0 0 0 0 AM—l,M 0

0 0 0 0 0 0 A AM,Nr
0 0 0 - 0 0 0 oo Ann Anon,

s = (5= 1) (755,
mm T \2m 1+7mm-1
1 Mmm-1— 1 1 Nm+1,m — 1
A = +2+<__1). fmm-1 - +(_+1)_ ,
mm = ¥Ym 2m (nm,m—l +1 2m Mm+1m 1
1 —2Mm+1,m
A = (— 1) o —T
mm 2m * (1 + Mm+1,m

1 1
AM,M—I =_2:AM,M =¢M+2+(p<ﬁ+ 1) ‘AM'Nr=—¢.(ﬁ+ 1)

(9.18)

An.M = —herid - Pepdin » AnpN, = Yrid + Acrid © Perigin
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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:

(Ar)?

4'Tl,n - 4'Tz,n =7 "Y1in (919)

For the element m=M:

1 1
_ZTM—l,n + [2 + Q- (_ + 1)] TM,n + [_(p . (_ + 1)] . TF]d,n
M 2M (0.20)

- kM : gM,l’l

The matrices of the equation (4.35) in Chapter 4, section 4.6.1 are shown in equations (9.21)
and (9.22).

(ar)?
kl : gl,n
(Ar)?
k2 “J2n
[ Tl,n :
Ty (Ar)?
N K1 *Im-1,n
: m—
Thm-1n (Ar)z g
T 7, "Ymn
: k_l *Im+1,n
TM—l,n mr :
Tvin (Ar)? '
| TF]d,n ] kM—l ) gM—l,n
(Ar)?
kM ' gM,Il
Mg * Cp,Fid
[Tp] “Tridn-1 + Grad|
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144

"4 —4 0 0 0 0 0 0 1
3o, 5 0 0 0 0 0
4 4
0 0 0 - Apami Amoim 0 0 0
An = 0 0 0 Am,m—l Am,m Am,m+1 0 0
0 0 0 0 Am+1,m Am+1,m+1 0 0
0o 0 0 - 0 0 0 v Ayeim 0
0 0 0 0 0 0 v Aum  Aun,
lo 0 0 - 0 0 0 v Anm Awn,]
Mpd * Cp,Fid
An,m = —herd - Peridin » Anpn, = herid - Peridin + v E—

(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,
transient, FDM modeling of the cable are given below.

First Half Time-step:

For the element m=1 in the axial element n:

1 1 1
—(AP)? T2+ [y + 20002 - Ty 2 — (Ar)2 - Ty,
(Ax - Ar)? (9.23)
= [y = 4Ax)?] - T + 400 T + ——— 913

For the element m=M in the axial element n:

+z i o
—(Ar)? T 2 |+ [ + 2(A1)2] Ty 2 = (A)2 - Ty 2,

= 2(Ax)2 Tii-1n + [wM = 2(Ax)? — ¢ - (Ax)? - <i+ 1)] (9.24)

1 (Ax - Ar)?
: Tl\%l,n + [QD : (Ax)z ' <2M + 1)] ’ TFZld,n + k gl%/l+r}
M

For the cooling fluid element m=N;. in the axial element n:

mFld Cp,Fld Mpiq - CpFld z+%
Ax Fldn 1 T |¥ra t Ax " 'Fld,n (9.25
[hc,Fld,n - Pepain] - Tin + [Wrda — herian - Perdin] <0)
“Tfidn T Grad
In equation (9.25), the parameter yp 4 is self-defined as follows:
2pp1q * Cp,Fid - Arid
Yra = B (9.26)
At
The matrices for the axial element n in this model are detailed as below.
— 2 -
Z+E M . r%n+11
Ty km ’
1 : : 2
z+> +1 (Ax - Ar)
Tx, %= T;,nz , Bxy, = e gEH (9.27)
H 1 '
772 (Ax - Ar)2 at1
- mvNX‘ k mNX
- m
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Z Z Z
Fri Tome1n B2 T + Frz - Ty
VA VA Z
QTr%l S Fr,l : Tm—l,n + Fr,2 : Tm,n + Fr,3 : Tm+1,n

|Foy T in, + Fro Thn, + Fos - Tarin, |

1 —2
= 2 . — — . ————————————
Fra = (8x) (Zm 1) (1 n nm,m_1>

1 1—"mm-1
F.,= —2(Ax)%2 + (A 2-(——1)- L Ax)?
r,2 ll)m,n (x) +( x) om 1+77m,m—1 + (Ax)

. (L+ 1) . (1 - nm+1,m>
2m 1 + 77m+1,m

Frz = (Ax)? - (L - 1) : (M)

Zm 1 + nm+1,m
Fy1 2F; =+ 0 0 0 = 0 01
FX,Z FX,l b 0 0 0 ce 0 0
0 0  Fyq Fp 0 0 0
Axy, =| O 0 Fy; Fei1 Fyo 0 0
0 0 = 0 Fgy Fy = 0 0
0 0 « 0 0 0 - Fyy Fy
L 0 0 =« 0 0 0 - 2F, Fyl
Fx,l =Ym+ Z(Ar)z , Fx,Z = _(Ar)z

Second Half Time-step:

For the element m=1 in the axial element n:

[h1 +4(A0)%] - TiR' — 4(A0)? - TE3!

1 1 1
Z+5 Z4+= zZ+=
= ()2 TL02, 4 [y — 200)7] - Tia2 + ()2 - T o2,
2
+ M . gZtl
k1 1,n

For the element m=M in the axial element n:

146

(9.28)



9 Appendices

—2(Ax)? TE_1n + [sz +2(8x)* + ¢ - (Ax)? - (ﬁ + 1)] “Trin

[ @ - (Ax)? - (LM‘F 1)]'T§1d,n

z+— z 1 (929
= (Ar)? - Ty 2 + [hm — 2(4r)?] - T 2 + (A% Ty 2,
(Ax - Ar)?
Ty
For the cooling fluid element m=N;. in the axial element n:
[—heridn - Perain] - Ti + [Wrd + Repdn - Perdin] - Thn
> 1 1
__[™Mr1a " Cp,Fid z+5 Mpyg - Cp,Fid z+5 9.30
- Ax ] Teigm-1 [lpFld Ax ] “Taan (9:30)
+ Grad
The matrices for the axial element n in this model are detailed as below.
[(Ax - Ar)? ]
——gih
TZ+1 m
: : 2
et = ‘T} b= | B
Kkm ’
Z+1 :
TFldn (Ax . AT‘)Z i1
T I9Fidn
m ]
[ += z+% z+l ]
Hy 1 Tln 1t Hyo Tl,n + Hys T1 n+1
: (9.3
Z+% 1 1 !
Qxn = |Hy, - Tm L+ sz T 24+ Hy ;- Tmr1+1
1
Hy 4 TF]d n-1 + Hys - TFld n

Hx,l = (AT)Z'HX,Z = l;bm,n - Z(Ar)znyS = (Ar)z

TME1q * Cp,Fid TEiq * CpFld

Hx,4 = Ax 'HX,S = Ypg — Ax
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[1/)1+4(Ax)2 4 . 0 0 0 - 0 0 o]

0 0 - Hyy Hep Hps - 0 0 o0

Ar, = : : ; ; ; : : :
0 0 - 0 0 0 - -2(Ax)® H,, Hs

0 0~ 0 0 0 - 0 H.e H,

1 2
— 2 . —_— . —
Hr,l (Ax) (27” 1) (nm,m—l + 1)

1 n _1_1
H., = +2(A%)% + (A 2.(__1). Mmm-1 = 1) 202
r,2 1»bm,n (Ax) (Ax) om Mmmt + 1 (Ax)

. (L + 1) : (M)
2m Mm+1m 1

1 _277m+1m
Hys = (A 2-(—+ 1)- _~m+lm
i ( x) 2m 7)m+1,m‘|'1

1
Hes = Yaan + 20007 + 9 (40 - (35 + 1) g
1
=—¢- (A 2-(—+1)
¢ (80% - (5

Hpe = —h¢pa - Pepgin » Hr7 = Yrd + hepd - Perdin
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A.9 Park Transformation

Considering phase a alignment to g-axis, the Park transformation (three-phase abc to dg-axis)
is shown in equation (9.32) [162].

sin(@) sin(6 — —) sin(6 + —)

a
[ l 5|cos(8) cos(6 ——) cos(6 +—) X[ ] (9.32)
1 1 1 ¢
2 2 2

To convert the dq0 frame values to the three-phase abc system, the inverse Park transfor-
mation is used. This transformation is shown in equation (9.33) .

sin(6) cos(@)
[ ] [sm(e) cos(G—— ] [ l (9.33)

sin(@ +—=-) cos(6 + —) 1
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