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Abstract—Emission reduction in transportation requires ad-
vancements in aviation technologies enabling fully electrified
propulsion, among which, the use of superconducting technolo-
gies can provide untapped benefits given their low weight and
minimal losses for high-power transmission. However, to enable
their use in aircraft electrical power systems additional consid-
erations for electrical and thermal performance during faults is
required in order to meet stringent aircraft safety requirements.
In this work, a cryogenically cooled electric aircraft power system
is studied under short circuit conditions for different cooling
media. This system consists of a fuel cell, high temperature
superconducting (HTS) transmission line, inverter, and motor,
where each of their fault models have been explored. A trade-off
study of the impedance of the fuel cell is conducted to identify
the values at which the superconducting cable remains thermally
stable after a short circuit fault, as it is crucial that the cable
does not experience a thermal runaway.

Index Terms—Electrified aircraft modeling, liquid hydrogen,
fault analysis, cryogenic cooling, superconducting lines

I. NOMENCLATURE

CHEETA  Center for High-Efficiency Electrical
Technologies for Aircraft

HTS High temperature superconductor

PEM Proton exchange membrane

II. INTRODUCTION
A. Motivation

NCREASED demand for environmentally-friendly and
economical transportation has led to the active exploration
of electrified aircraft concepts. Of all of the methods of con-
ventional transportation, however, commercial aircraft features
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power requirements typically far higher than equivalently-
sized ground, marine, and rail systems. To produce electrified
propulsion systems capable of meeting these high power
requirements in a compact and high-efficiency fashion, we can
usefully turn to the use of cryogenically-cooled superconduct-
ing materials. However, creating physical prototypes for these
kinds of complex systems can be costly and difficult, indi-
cating the important role that modeling and simulation have
towards understanding the operation of these new concepts
and associated responses to fault modes.

This research specifically focuses on the development of
models and their application in simulation-based studies for
the design of an electrified aircraft power system enabled by
cryogenically cooled high temperature superconducting (HTS)
transmission lines. There are two aspects that need to be
captured: the electrical behavior and the thermal behavior, so
system design, integration, and analysis can be performed for
electrical and thermal management. To this end, to perform
both the electrical and thermal designs together, we will need
to use a technology and modeling methodology that allows us
to combine both behaviors in an entire system model. Multi-
domain models were created to capture each physical aspect
of the power system, specifically the electrical and thermal
domains of the HTS line; each component in the power system
has an individual, reusable model based on the component’s
physical equations and behaviors. The models have been cre-
ated using the object-oriented modeling language, Modelica.
This paper introduces a model of HTS lines configured within
a simple yet representative aircraft electrical power system,
alongside the modeled response of the system operation to
fault conditions. These results inform the design for the fully-
electric aircraft concept currently under development by the
Center for High-Efficiency Electrical Technologies for Aircraft
(CHEETA).

B. Related Works

Previous works have derived the mathematical models uti-
lized in the current study and conducted experiments using
liquid hydrogen (LH>) to derive thermal response characteris-
tics of the line [1], [2]. The electrical power systems subjected
to the fault tests in this study were specified based on the
CHEETA electrified aircraft system [3], and earlier models of
the HTS lines and their application and integration with the
CHEETA power system are described in [4].

HTS lines have been considered in electrified aircraft power
system architectures due to the ability to carry high currents



with low losses while not adding significant weight to the sys-
tem. [5] proposes a temperature and time dependent thermo-
electric model for an HTS cable according to the E-J power
law. The failure modes focus on parameterizing the resistances
and inductances of the line to mitigate different effects from
the fault. In contrast, the HTS models described in this paper
assume a fixed boundary condition between the thermal port
of the cooling media and the cable, allowing for thermal
behavior specific to the cooling media used in the model
and in-depth system level analysis. Other studies on electric
aircraft focus on conducting sensitivity studies adjusting the
cable parameters [6] to prevent/observe the time it takes the
line to quench. In our study, we focus on how the lumped
electrical characteristics of other components in the power
system need to be considered to prevent quenching altogether.

In land-based systems, fault studies have been conducted on
HTS lines such as the one in [7]. The liquid nitrogen cooled
HTS system in [7] is studied under utility fault conditions to
analyze the current distribution of the line, where the studies
primarily focus on the electrical behavior of the line instead of
the thermal behavior with the objective of determining if both
layers of the cable would quench under fault conditions. The
land-based system in [8] presents a three-phase HTS cable
operating at 110kV constructed for grid integration that is
subject to various faults. The fault applied vary in severity (e.g.
single phase short circuit, electrical insulation breakdown)
with the goal of studying current distribution between phases
and the shielding and conducting layers of the line. This
is meant to aid in the design of protection systems in the
electrical domain only. In contrast, for the CHEETA system
fault study, the HTS line needs to be studied from at the
system level to determine the effects of other components
on the quenching of the line under fault conditions under
consideration of both the electrical and thermal domains.

The thermal characteristics of the HTS line models are
modeled with the equations in [9], and the treatment of heat
transfer for the liquid nitrogen studied is derived from the
experiments conducted in [2].

The HTS transmission line simulations of the present study
also utilize cold-end cooling models based on studies in
[9], which focuses on the detailed analysis of a ReBCO
Roebel cable quench and stability. Reference [9] outlined the
equations required to model an HTS line cooled in a liquid
cooling bath for external and locally applied disturbances.

The heat transfer characteristics for a saturated liquid hydro-
gen cooling bath are determined from [1]. That paper studied
heat transfer from a horizontal wire immersed in liquid and
super-critical hydrogen for a wide range of bath temperatures
and pressures.

In this work, the thermo-electrical response of an HTS cable
placed within a representative electric aircraft power system
is studied during fault conditions. Reference [3] outlines the
power system, which consists of a fuel cell, the HTS line, and
the powertrain. The powertrain is divided into three physical
components: an inverter, a cryogenically cooled electrically
excited synchronous machine, and a speed controller. The
electrical dynamic model for the fuel cell is derived from
[10], which provides the short circuit characteristics of proton

exchange membrane (PEM) fuel cells.

The inverter requires a Thévenin equivalent model to con-
duct the fault analysis. Reference [11] provides such a model,
where the common-mode behavior of the power electronics
is provided in terms of a Thévenin common-mode equivalent
circuit, which is reliable in predicting the worst-case behavior
of the inverter. The Thévenin inverter modeling approach is
also tested in [11] in a DC micro-grid system, which proves
feasibility for using the equivalent model with the electric
aircraft power system.

C. Paper Contributions

This paper contributes the following:

« A multi-engineering domain (thermo-electrical) model
for an HTS transmission line that has been corroborated
against experimental cryogenic stablility studies. The
thermal behavior of the HTS line has been studied for
liquid and gas hydrogen and liquid nitrogen.

« An inter-operable and open source software implemen-
tation of the HTS model, using the open access and
standardized Modelica language; facilitating reuse and
research reproducibility.

o Fault analysis for a novel electrified aircraft electrical
power system architecture that uses the proposed HTS
line. These trade-off studies show how the unavoidable
impedance of the fuel cell can actually be advantageous
to the system design by using it to limit the quench
current and temperature rise in the HTS cable to protect
the cryogenic system after a short circuit.

« Thermal response analysis under different cooling media.
These studies provide a comparison between the use of
liquid hydrogen and gas hydrogen as coolant. The results
show that liquid cooling offers substantial advantages
over gas cooling for the thermo-electrical stability of the
HTS line during faults.

D. Paper Organization

This paper is organized as follows. In Section III, the
physics- and equation-based models for the HTS line with both
liquid and gas cooling are presented. The model is validated
against previous experimental studies. In Section IV, the power
system used for fault analysis studies is outlined. The model’s
response is analyzed for different cooling media in Section V.
The results from the fault tests are discussed in Section VI.

ITII. HTS MODEL
A. Modelica and Multi-Domain Modeling Overview

Models used in the development of the HTS line for
the CHEETA aircraft are created using the object-oriented
equation-based modeling language, Modelica. The language
provides inter-operability and model portability through an
open access language specification [12], which is supported
by different tools (see [13]). Modelica provides the flexibility
to implement and interface models from different engineering
domains by developing physically-meaningful equation-based
interfaces between them. This means that the equations derived
from the principles of physics and engineering are used to
connect models together. The term ‘domain’ is used to denote
a typical engineering area or discipline. In the case of the



HTS component, both electrical and mechanical domains are
included in a singular model. All electrical variables are
connected and modeled according to Ohm’s Law, Kirchoff’s
Laws, and other electrical principles. Mechanical variables are
modeled according to laws of kinematics, and the thermal
variables obey the laws of thermodynamics. This approach
enables modeling of the HTS line across multiple domains in
an equation-based approach instead of having to reduce the
model’s Differential and Algebraic Equation System (DAES)
into block-diagram oriented representations or declarative pro-
gramming statements as done in other tools and languages.

Models created using Modelica can also be interchanged
(i.e. using the replaceable keyword) by exploiting object-
oriented programming principles to analyze models at varying
levels of complexity, allowing users to analyze how different
modeling assumptions affect system or component responses.
This means models sharing the same base class, or same
basic model outline, can be replaceable to one another.
The HTS lines, for example, share the same base class of
the electrical characteristics that can be made replaceable
for different cooling mediums, facilitating model development,
maintenance and re-use. This means one base model exists, but
each cooling media has a specific heat transfer function. Such
functions can be quickly exchanged to represent a cooling
media without the need to change the entire model or to create
multiple models for each kind of media. No model of the
HTS line exists off-the-shelf for system level modeling, so it
is necessary to integrate the functionalities for the thermal and
electrical system.

The HTS line model described herein is studied under two
cooling methods for three different cooling medias. The line
is subject to liquid cooling using hydrogen and nitrogen as
well as gas cooling using hydrogen gas. The comparison
between liquid and gas cooling serves the purpose of showing
that different cooling methods impact the sizing and weight
of the cable, which is a significant constraint in the aircraft
design. System level simulations for liquid nitrogen and liquid
hydrogen cooled HTS lines allows for comparison between the
sizing of a cable for each type of liquid cooling media.

B. CHEETA Electrical System One-Line Diagram

The CHEETA electrical power system consists of energy
sources (i.e. hydrogen fuel cells and batteries), power electron-
ics (i.e. inverters), and other components that supply electrical
power to motors that drive the fans for aircraft propulsion [3].
The CHEETA power system architecture is shown in Figure
1. Each group of fuel cells is connected via HTS transmission
line to a distribution bus containing three machines, invert-
ers, and a battery that is sized only to provide power only
during transient flight conditions (e.g. fast maneuvers) due to
weight/power density constraints. There are three branches for
the electrical system, where they are connected at the fuel cell
buses with a tie line for reliability.

All of the bus bars and transmission lines are encapsulated
by a cryogenic environment, as designated by the blue lines
of the system in Figure 1. The system is modeled to operate
with each motor providing ~1.6MW of power for a total cruise
power of ~14.4MW, with a rated power of 2.5 MW for high-
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Fig. 1. The CHEETA electric aircraft architecture configured to show the
electrical wiring scheme for the system. This schematic focuses on the
electrical components; all cooling and thermal components are omitted. This
representation only shows the go portion of the circuit, the return lines will
also have the same structure.

power flight phases like takeoff and climb. Given the amount
of time the aircraft spends in cruise, it is reasonable to suggest
that a fault may be more probable under this flight phase. In
conventional land-based electric power systems, normally the
current in a system is minimized to limit the /2R losses on
the line, resulting in an operating voltage that is considerably
higher than the current. In the CHEETA aircraft concept,
HTS components provide negligible losses when subject to
cryogenic cooling, allowing for a system to operate at a much
higher current and lower voltage. The HTS line is cooled
separately at a temperature of 20-25 K from the rest of
the cryogenic components. The transmission lines and bus
bars are the components most vulnerable to failure due to
uncontrollable heating, so it is crucial that the temperature is
controlled in its own loop.

C. Model Overview: Liquid Cooled Transmission Line

The HTS line is modeled using a co-axial cable electrical
model with a thermal interface to model the cooling bath,
which is shown in Figure 2. The blue blocks in the figure
represent the electrical connections to external power system
components such as the fuel cell and the inverter. The red box



is the thermal connection to the cooling bath, which couples
the temperature and heat flow to the thermal behavior of the
line. It should be noted that the inductive, capacitive, and most
resistive components are time-varying, such that their values
can change during a simulation depending on operational
conditions as described below. In Figure 2, Ry, is the current
lead resistance. L, R, and C, are the pi-line equivalent
inductance, resistance, and capacitance, respectively. All vari-
ables, units, and definitions are listed in Appendix A.

The transmission line is modeled using the equations out-
lined in [14], [9]. The critical current I. is calculated by
Equation 1, where it is a function of the temperature at the line
surface 7" and the transition temperature of the superconductor
T.. The electric field is calculated by Equation 2 as a function
of the current through the transmission line I,,, the index value
of the line n, the reference electric field E, and the critical
current I.. The resistivity of the line is calculated by Equation
3, where A, is the cross sectional area of the tape in the
line as projected onto a surface perpendicular to the line. For
this line, the transition temperature (7) is 92 K, the reference
electric field (Ey) is 1le-6 V/m, and the critical current at 20
K (I.0) is 3700A.

T
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Equations 1, 2, and 3 are then used to calculate the values
of the pi-line electrical model. In these equations we assume
completely non-magnetic materials, so p = pg is the perme-
ability of free space and € = ¢ is the dielectric permittivity.
Equations 4, 5, and 6 determine the resistance, inductance, and
capacitance of the line, respectively. In Equations 5 and 6, the
values are dependent on the geometry of the cable, where a is
the inner radius of the co-axial cable and b is the outer radius

of the co-axial cable.
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Fig. 2. HTS pi-line model schematic. When the line is modeled using
Modelica, it is a multi-domain model consisting of thermal and electrical
behavior as all electrical components are temperature dependent.
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Equation 8 gives the AT, for a given heat experienced by
the cable; here there are two terms: the internally generated
ohmic heat present during a quench and a potential pertur-
bation GG4. The heat flow from the transmission line into the
cooling bath is calculated by Equation 9. It is a function of the
heat transfer coefficient (h), change in temperature (AT),), and
cold-end cooling (Q..). The cold-end cooling excess heat flow
is calculated using Equation 10. The heat transfer coefficient
of liquid hydrogen is defined in Equation 7.

100(AT,)5® AT, < 3

h=4 2% 3 < AT, < 100 (7
1000 ATp > 100
pl?
c + Gd
ATP _ (P><Aw ) (8)
h
Qflow =hx AT/) + ch (9)

Qee = To\/2k X Apy X P X h (10)

The equations above are necessary in order to study the
HTS line under fault and quench conditions. Potential fault
conditions can often be the most demanding constraint on the
cooling conditions [9].

D. Model Overview: Gas Cooled Transmission Line

Alternatively, the HTS model can be configured to consider
the thermal response for hydrogen gas cooling methods. The
electrical analytical expressions for the model under these
conditions do not change; they follow Equations 1 - 6.

When the line is submerged in a liquid hydrogen bath, the
difference in temperature between the cable and the cooling
media is consistent for all points on the line. Gas cooling
causes the difference between line temperature and the cooling
media vary as a function of the distance from the inlet of the
transmission line. The change in temperature, AT, along the
line is defined by Equations 11 and 12. All other equations
for calculating the heat transfer remain the same from the
liquid cooling case; the A value is vastly different between
gas and liquid in functional form. This results in a lower heat
transfer value, leading to much higher temperatures in the line.
The total change in temperature is represented by AT}z, in
Equation 13.

Qflow Xz
T = ﬂn e 11
<T(2) > ‘l"tJrvxC’pv><2><7T><(R,;—Ro)2 (i
ATZ =< T(Z) > —Tinjet (12)
ATorar = AT, + AT, (13)
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Fig. 3. Heat transfer characteristics as a function of temperature for the line
submerged in a liquid hydrogen cooling bath.

IV. COMPONENT MODEL ANALYSIS

The physics defining the physical behavior of each indi-
vidual domain used in the proposed HTS model has been
corroborated against published results from previous studies
such as [1], [2], and [9], where the component has been tested
in isolation (i.e. with no other electric power system compo-
nents) in laboratory experiments. Using the knowledge from
these previous studies, i.e. recognizing that the physics and
equations for the model fit an experimental real-world system,
this work aims to assemble the electrical and thermal equations
to implement the HTS model in an aircraft electrical power
system with the purpose of design and analysis. Developing
such model is valuable, as setting up an experiment of such
kind would be costly to do for a system of this size, that does
not exist and it is in early development phases. To this end,
the work in [9] conducted by one of this paper’s co-authors
and the results from [1] were used to corroborate the equations
and thermal behavior of the model, as illustrated in the results
from this section. This ensures that the responses in the model
are consistent with the responses and results in the literature
so they can be used in system-level integration and analysis.

The HTS line system in Figure 6 is simulated to observe
the V-I behavior of the line with the behavior outlined in [14]
and [9]. To reproduce the behavior observed from laboratory
experiments through the current set of simulations, a small
voltage bias is applied to the line model. This means the
voltage drops across the current lead resistance to produce
a current in the line such that we can observe the desired V-I
behavior. This is done to emulate how the experiment injected
a current into the line; given that the present case has a very
low load of only the current lead resistance, the associated
required voltage is correspondingly low.

The heat transfer behavior of the line submerged in a
liquid cooling bath is corroborated against the results from
the literature in [1] as shown in Figure 3. The nucleate boiling
regime occurs at AT}, below 3 K and the film boiling regime
occurs at AT}, above 3 K. The heat transfer characteristics for
nitrogen derived in [2], [9] are shown in Figure 4.

The HTS line is configured to be subject to gas cooling
as shown in Figure 5. In this case, the current is swept
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Fig. 4. Heat transfer characteristics as a function of temperature for the line
submerged in a liquid nitrogen cooling bath.
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Fig. 5. Gas cooling AT vs Iop, where AT is the difference in temperature
between the hydrogen gas and the cable at a distance (x) from the gas cooling
inlet.

from O to 4kA, where the I,y of the line is 3.7kA. This is
done with the goal of injecting a specific current into the
line; the only load in the system is the current leads so the
required voltage is also low. This shows that the severity
of AT, at shorter distances from the gas inlet increases as
the current carried by the line approaches I.. The observed
change in AT, drastically increases as compared to liquid
hydrogen cooling AT, especially at the end of the HTS
line. This observation suggests that the gas cooling method
presents reduced thermal stability and potential drawbacks for
integration with the aircraft electrical power system.

V. FAULT ANALYSIS
A. Fault Model Overview

To illustrate the application of the HTS line model for
aircraft electrical power system analysis, the HTS line model
is integrated in a simplified yet representative version of the
electrified aircraft electrical power system in [3]. The model
consists of only one branch of the power system in [3], which
is comprised of a fuel cell, an HTS line, an inverter, and an
electrical motor operating as a load with a power factor of 0.91
lagging. The multi-domain system is shown in Figure 6, with
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Fig. 6. Multi-domain aircraft electrical power system modeled using Modelica
with each component used labeled.

both the HTS line and fuel cell modeled in both electrical and
thermal domains. The components in the model are labeled as
follows:

(A) PEM fuel cell (using model in Figure 7)

(B) Boundary conditions set by the cooling system for the
fuel cell and HTS line, connected to thermal interface of
the HTS line and fuel cell.

(C) HTS transmission line (using model in Figure 2)

(D) Fault resistance

(E) Inverter Thévenin equivalent (using model in Figure 8)

(F) Equivalent RL Load model representing the machine
operating at a specified power factor

In this configuration, the ground is a reference voltage at 0
V. The schematic in Figure 6 only shows the “go” cable for the
system; the return is implied. The return line in the system is
at 0 V denoted as a common reference voltage. When there is
a fault, we assume that the fault occurs between the go cable
and the return cable fixed at 0 V.

The thermal interface with the inverter is omitted from
the system because the Thévenin equivalent model does not
allow for adequate modeling of the thermal behavior of the
inverter. To properly model the thermal interface, the thermal
impedance of the IGBT under the proposed cryogenic con-
ditions is needed, which is not currently available. In future
studies and development when such data becomes available,
this behavior will be added as this will have an impact on
the cooling media consumption and losses. Similarly, the
regenerative capabilities are excluded from the model as the
potential for regeneration will be limited by several factors:
(a) the superconducting motor design, and (b) the ability to
store/utilize re-generated energy. Finally, the CHEETA system
design uses fuel cells as the main energy source for propulsion,
the role of the batteries is limited to address transients due to
weight constraints. Since the size of the batteries is limited
due to their projected weight, which means that the potential
for regeneration is trivial compared to the amount of energy
used for propulsion [15].

1) PEM Fuel Cell Model: The fuel cell model is derived
from the electrical circuit model for a PEM fuel cell in [10],
[16] and is implemented using Modelica. The electrical circuit
is shown in Figure 7. It consists of a cell voltage denoted as
FE.y;, multiple resistances and a capacitor, which values are
defined by Equations 14, 15, and 16. Equations 14 and 15
are both temperature and current dependent components. The
activation R,.; and concentration R.,,. resistances depend

on the current generated by the fuel cell, Irc, which is the
operating current of the HTS line (used in Equations 2, 4)
because they are connected in series. In Equations 14 and 15,
which calculates the activation R,.; and concentration R.,,.
resistances respectively, R is the universal gas constant, T’ is
the temperature of the fuel cell, Ir¢ is the fuel cell current, o
is the electron transfer coefficient, F' is the Faraday constant,
ne is the number of electrons, and I,,,, is the maximum fuel
cell current.

T In(1 e
Ryu = - s 1llrc) _ Vacrs (14)
aneFIFC IFC
RT —Ire
Reone = — — 1 15
7/LeF‘IFC " ( Imaz ) ( )

Equation 16 is the resistance of the polymer membrane
(Ronm), which consists of the resistance in between the
membrane and electrodes, and the resistances of the electrodes
[16]. Ronmo is the constant portion of R,pn.,, kry is an
empirical constant for calculating R,p,, as a function of
current, and kg is an empirical constant for calculating R,p,
as a function of temperature. This resistance is connected to
the activation and concentration resistances in series as shown
in Figure 7.

Rohm = Rohmo + krilrc — krrTy (16)

The output voltage of the fuel cell is calculated using
Equation 17. The activation voltage, which is a voltage drop
that is only affected by the fuel cell’s internal temperature, is
described empirically by the Tafel equation in Equation 18.
In Equation 19, 719 is the temperature invariant part of the
activation voltage, which is measured in K. The terms arc
and bpc in Equations 19 and 20 is a constant term used in
the Tafel equation. The voltage drop across the capacitor in
Figure 7 can be determined using Equation 21.

Vout = cell V Vohm - Vactl (17)
Vet =10 + (Tf - 298)(1}70 + beFC ln(IFc) (18)
Vaetn =10 + (Tr — 298)arc (19)
Vactz = Trbre In(Ipc) (20)
dV
Vo = (Irc — C—2)(Raet + Re) @n

dt

The fuel cell has a power capacity of 2.5MW and is
parameterized with the stack values for the SR-12 stack from
[16]. It operates at 1000V.

2) Inverter Model: The inverter model used in the fault
analysis circuit is an averaged model reduced to a Thevenin
equivalent, which is derived from the model outlined in [11].
The purpose for using this model is because the common-
mode behavior of the converter must be modeled to analyze
the circuit and predict the worst-case common-mode response.
Hence, the Thévenin equivalent model satisfied the needs for
the fault analysis studies herein. The electrical model is shown
in Figure 8.

The Thévenin impedance is calculated using Equation 22,
which is a function of the common mode resistance, R..,,,, and
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Fig. 7. PEM fuel cell electrical circuit diagram.

diode resistance, Rp. The Thévenin voltage is determined by
Equation 23, which is a function of the common mode voltage.

Rp

Zih = —= + Rem (22)

Vem,est
Vin = —3—

: (23)

B. Fault Studies

The fault studies conducted below use the circuit shown in
Figure 6. To simulate fault conditions, at the beginning of the
simulation period, the fault’s variable resistor in block D (see
Figure 6) is set to 1 M2 to limit current draw, and then drops
to ~ 02 when the fault is applied, thereby creating a bolted
fault. The line is given a critical current carrying capacity I
of 3700 A, which translates to critical current I, of 2870 A
at 20 K.

In addition, a trade-off analysis is conducted by performing
a parametric sweep total fuel cell impedance in Figure 7, al-
lowing the electro-thermal stability boundary of the aggregate
source impedance to be determined. For impedance above this
threshold the HTS line remains stable after the fault event.
However, for impedance values lower than this threshold,
the system experiences a quench event, characterized by an
uncontrollable heating of the HTS line after a fault occurs.

Finally, the studies analyze different types of cooling media
and methods in order to determine which method will offer
the best fault performance. The types of media analyzed are
hydrogen and nitrogen. For the case of hydrogen, both liquid
and gas cooling are analyzed. These results are needed to
provide requirements to the cooling system design, which will
be addressed in future work.

1) Liquid Hydrogen Cooling: The HTS line is cooled with
liquid hydrogen for the power system model shown in Figure
6. The equivalent resistance of the PEM fuel cell system in
Figure 7 is swept over 20 values to determine the fuel cell
impedance that best serves to protect the HTS system from
quenching. The heat transfer of the HTS line follows the
behavior in Figure 3.

The change in temperature prior to applying the short circuit
as a function of the fuel cell impedance is shown in Figure
9. When the resistance of the fuel cell is zero, AT, is 1.63
K. This ensures that the line will stay below the film boiling
region when operating in steady state with the expected load.

Zih

|
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Fig. 8. Thevenin equivalent electrical model for common-mode operation
of inverter [11].

When the line is cooled with liquid hydrogen, the line can
operate at approximately 2.43 times the critical current I,
before entering film boiling. After the short circuit fault is
applied, the change in line temperature is modeled to rise to
an exceedingly high temperature, indicating a thermal failure
of the HTS material. Figure 10 shows that the line will rise to
an unstable temperature for any fuel cell equivalent resistance
value below 0.414 €, which for resistance above this, we
ensure that the line will remain below film boiling after the
short circuit. This trend is observed due to the HTS line
quenching whenever the change in temperature (AT),) is above
3 K, which is based on the heat transfer characteristics of the
line in Figure 3.

2) Liquid Nitrogen Cooling: A similar study was also con-
ducted with the HTS line thermal behaviors replaced with the
liquid nitrogen heat transfer characteristics (shown in Figure
4). The nitrogen-cooled line is stable when the change in
temperature (AT},) is below 11 K. The line’s thermal behavior
and carrying current prior to applying the short circuit fault is
shown in Figure 11. When the R,p., ~ 0, AT, is exceedingly
high, making the line thermally unstable and indicating a
failure of the HTS material. The equivalent fuel cell resistance
must be at least 0.345 €2 for the line to be cryogenically stable
in normal operation conditions. In addition, it should be noted
that the nitrogen cooled line does not offer the same safety
factor as liquid hydrogen before the cooling media enters
the film boiling region. This means that the liquid hydrogen
will remain in the cryogenic regime for a carrying current
of approximately twice the rated current capacity. In liquid
nitrogen cooled cases, the line stays thermally stable only for
operational currents less than the rated maximum capacity; the
line will not remain in the cryogenic regime if this is exceeded
unlike the liquid hydrogen case.

The same sweep of the fuel cell impedance is applied as
in the liquid hydrogen case. Figure 12 shows that the line is
thermally stable for fuel cell impedance larger than 0.548 )
when a short circuit fault is applied at the inverter terminals.

3) Hydrogen Gas Cooling: Simulations were also con-
ducted with the line’s heat transfer characteristics set to
represent the behavior of hydrogen gas. Hydrogen gas cooling
is stable when the difference between the line temperature
and gas is less than 3 K. Because hydrogen gas heats up as
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a function of the distance from the inlet of the line cooling
system, the HTS line’s length as a function of the gas inlet’s
location must be carefully considered.

Figure 13 shows the change in line temperature as a function
of the distance from the inlet of the hydrogen gas according to
Equation 11. Hydrogen gas is not as effective at removing heat
as liquid nitrogen or hydrogen. When the fuel cell impedance
is 0.723 , the temperature difference of the hydrogen gas
from the inlet to the furthest point on the 10m line stays
below the quench temperature prior to the short circuit. The
line is operating at 49.6% of the maximum current capability,
which limits the robustness of the HTS line and requires a
significantly more robust cable design for the same current
transfer in the liquid hydrogen and nitrogen cases.

When the short circuit is applied, the line is quenched
for any fuel cell impedance below 0.871 ). This means that
difference in temperature AT, of the hydrogen gas from its
inlet to the line and the measured temperature at every point
in the line is less than 3 K. The line is operating at 56%
of the maximum operational current for the line under these
conditions. This implies that the line must be designed to have
nearly four times the current capacity for the same line used
with different cooling media.

VI. CONCLUSION

An electric aircraft power system that uses HTS lines with
cryogenic cooling has been modeled for fault analysis stud-
ies that help inform cooling design by considering different
cooling methods and media. Using a multi-domain, thermo-
electrical model of the HTS line within a simple yet repre-
sentative aircraft system, fault simulations were conducted to
inform different trade-offs in the power system electro-thermal
design. It was observed that proper sizing of the fuel cell
would need to take into account also the characterization of the
aggregate equivalent impedance to protect the HTS line when
there is a short circuit in the system, alongside observations
of the cooling requirements that each media and method
should meet to prevent a quench event. While the variable
value of the fuel cell impedance itself cannot be controlled,
it provides understanding of how the cable can be designed
to be protected in both normal and fault conditions. The
studies were conducted for three different cooling mediums:
liquid hydrogen, liquid nitrogen, and hydrogen gas. When the
transmission lines are submerged in liquid hydrogen, the line
remains thermally stable for nearly twice the rated current.
This behavior shows that liquid hydrogen cooling allows the
system to operate safely and thermally stable under the worst
fault conditions considered. This characteristic also provides a
buffer to intermittent surge events in the line current, allowing
the system to operate safely without having to implement any
redundant lines or other protection equipment. This design
approach minimizes HTS system size and weight, which is
crucial for an aircraft’s electrical power system.

Liquid hydrogen cooling provides an operational buffer
before quench, where the line can carry currents up to twice
the critical current prior to quench. When the lines are subject
to cooling with liquid nitrogen and hydrogen gas, the system
does not have this buffer and only stays stable when the system

remains under the rated current. This gives inherent reliability
to and allows for a smaller line to be used in the case of
liquid hydrogen cooling, where other cooling methods require
adjustment in the line sizing for fault protection. Since this
HTS line will be used in an aircraft electrical power system, it
is necessary to size the line so that it is as light as possible. The
liquid hydrogen cooled HTS line quenches at a lower fuel cell
impedance than the liquid nitrogen and hydrogen gas cooled
cases, meaning that the line is more flexible for integration
with various fuel cell designs and is a good candidate for
lower impedance fuel cells. The drawback of gas cooling are
that the line does not have the same buffer before quenching
as compared to the liquid hydrogen or liquid nitrogen cooling
would have for the same cable size. As a result, the gas cooled
cable would need to be sized larger or multiple cables would
need to be included in the electrical power system design to
re-distribute the current. This would add weight to a system
where minimizing weight is a priority.

Future work will expand the thermo-electrical modeling,
by including models of cryogenically-cooled bus bars, and
thermal modeling of other components in the system which
have not included in this work (i.e. inverter and motor) to
perform an integrated cooling system design that meets the
specified boundary conditions in this paper during fault con-
ditions. Other system configurations will also be considered
in the future, including studying the system with a battery as
a power source and cryogenic bus bars connecting the HTS
line to the powertrain. The current leads will be modeled in
further detail in the future to consider the dynamic effects of
vapor cooling.

APPENDIX A - PARAMETER DEFINITIONS

Parameter Description Unit
HTS - Electrical Parameters

Cr Pi-Line Capacitance per unit length F/m

FEo Reference electric field V/m

E Electric field V/m

f Frequency of AC system Hz

L Pi-Line Inductance per unit length H/m

n Index value of superconductor N/A

Iop Current into the HTS line A

Ieo Critical current at 0 °K A

I. Critical current at 20 °K A

Rac Pi-Line AC Resistance Q

Ry, Resistance of the brass connectors Q

R Pi-Line Resistance per unit length Q/m

w Frequency of AC system rad/sec

tan § Phase angle lag in AC operation N/A

Lo Relative conductivity of wire material N/A

€r Relative permittivity of wire material N/A

p Resistivity of HTS tape Qm
HTS - Thermal Parameters

Cho Heat capacity of gas coolant J/K

Gq Energy perturbation causing a fault W/m?

h Heat transfer coefficient W/m*K

Qce Cold-end cooling of the line W

Qflow Heat flow out of the line Y

Ty Cooling bath temperature °K

T. Critical temperature °K

Tintet Inlet temperature for gas cooling °K
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[1] H. Tatsumoto, Y. Shirai, M. Shiotsu, Y. Naruo, H. Kobayashi, and
Y. Inatani, “Heat transfer characteristics of a horizontal wire in pools

Temperature of gas coolant as a func-
tion of linear distance

Velocity of gas coolant

Distance from gas coolant inlet
Temperature jump at interface be-
tween cryogen and HTS surface
Total temperature jump at interface
between cryogen and HTS surface in
gas cooling

Temperature jump at interface be-
tween cryogen and HTS surface at a
distance (z) from inlet of gas cooling
Cable thermal conductivity

HTS - Geometrical Parameters
Cross sectional area of copper portion
of wire
Inner radius of co-axial cable
Outer radius of co-axial cable
Circumference of line
Inner radius of cryostat
Outer radius of cable

Fuel Cell Parameters
Constant term in Tafel equation to
calculate activation voltage
Constant term in Tafel equation to
calculate activation voltage
Fuel cell current
Fuel cell maximum current
Fuel cell internal voltage
Faraday Constant
Empirical constant to calculate F..j;
Empirical constant to calculate Ropm
Empirical constant to calculate R,pm
Number of electrons
Universal gas constant
Activation resistance
Concentration resistance
Ohmic loss resistance
Reference term used in ohmic loss
resistance calculation
Temperature of fuel cell
Output voltage of fuel cell
Voltage drop from internal capaci-
tance
Voltage drop from ohmic loss, Ronm
Total voltage drop from activation loss
from Rach Vactl + Vact2
Voltage drop due to activation loss
from R,.: only dependent on fuel cell
internal temperature
Voltage drop due to activation loss
from R,.: dependent on fuel cell in-
ternal temperature and current
Electron transfer coefficient
Temperature invariant part of V.

Inverter Parameters
Common-mode resistance
Diode resistance
Common-mode voltage
Thevenin voltage
Thevenin impedance
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