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I. Nomenclature

BMS = Battery management system
CHEETA = Cryogenic High-Efficiency Electrical Technologies for Aircraft
EMS = Energy management system
FMI = Functional mock-up interface
FMU = Functional mock-up unit
HTS = High temperature super-conducting transmission line/cable
PEMFC = Proton-exchange membrane fuel cell
SOFC = Solid oxide fuel cell
II. Introduction
A. Background

IN the development of novel electrified aircraft concepts such as the CHEETA aircraft [1]], well-defined models
representing multiple physical and engineering domains are useful in completing aircraft sizing and trade-off studies
in different simulation environments. In the design stages of such types of aircraft, there are limited opportunities for
testing and building physical prototypes of this aircraft concept, and thus, simulation studies give insight into which
designs have the most benefit [2].

Since the CHEETA aircraft system is in an early stage of system development, integrated simulation studies of
multi-physics models assist in subsystem design and parameter definition [3]. In this work, multi-physics models of the
aircraft’s fuel cell and battery are developed. These models are then studied to understand their dynamic electro-thermal
behavior, providing additional information on design considerations in early system development stages.

B. Related Works

First-principles, multi-domain modeling techniques have assisted in modeling other electric aircraft such as [4] and
[S]. These works serve as a foundation for the development of a multi-physics electric aircraft model using the Modelica
modeling language; however, these projects do not use fuel cells and batteries as the aircraft’s primary power source or
cryogenic cooling throughout the system. Both works use a similar modeling structure to the one used with CHEETA,
where the models are able to be easily configured at different levels of modeling fidelity to perform a wide range of trade
studies and enhance simulation predictive capabilities [3].

The work presented herein focuses on the development of electro-thermal models for the fuel cell, battery, and
their controls as envisioned for the CHEETA aircraft power system. Since both the electrical and thermal domains are
represented in the fuel cell and battery models, simulation studies can be used to understand how these components
interact with the rest of the aircraft’s power system. The system architecture has been previously defined in [[1]; the
multi-domain models for other subsystems such as the high-temperature superconducting (HTS) cables are described in

[6].



C. Paper Contributions
The main contributions of this work are:
* Definition of electro-thermal battery and fuel cell models that have been validated against experiment data.
» Simulation studies to understand battery cold plate design with respect to electrical losses and dynamic response.

D. Paper Overview

An introduction to the CHEETA electrical and thermal system is provided in Section[[TI} The fuel cell electro-thermal
model is discussed in Section[[V] Simulation studies for the fuel cell integrated into the remainder of the CHEETA
aircraft power system are also included in this section. The battery model is discussed in Section [V where the
eletro-thermal model is studied under different cold-plate operating conditions to understand how the thermal system
design affects the battery’s electrical dynamics and losses.

III. CHEETA Aircraft Overview

The CHEETA aircraft is a fully-electric aircraft powered by a series of hydrogen fuel cells and batteries. The
aircraft’s electrical system operates at 20° K, as it is cooled by liquid hydrogen at cryogenic temperatures to minimize
losses. As a result, it is necessary to develop component and system models that are able to represent multiple physics
behaviors such as electrical, thermal, mechanical, and control. The aircraft’s electrical architecture is shown in Figure
[I] where it has a hybrid centralized and distributed architecture. The aircraft is powered by a series of fuel cells and
batteries, making it necessary to have detailed, accurate models of the sources. The fuel cells are connected in a
centralized configuration, with tie-line connecting the three fuel cell generation buses. The power produced by the fuel
cells are carried to the motors via HTS transmission line. Each bus where the motors are connected also has a battery
that provides extra power during periods of high energy consumption such as take-off and is the sole power source
during taxiing. More information on the system architecture and HTS lines can be found in [[1,16]]. Other subsystems in
the CHEETA system have been modeled according to a multi-domain behavior, such as with the HTS transmission lines
[6]. Sizing studies have also been conducted for this specific aircraft configuration in [7] to assist in the defining system
requirements from a propulsion perspective.

Each component in the electrical system is modeled in both the electrical and thermal domains, which enables
integrated trade-off studies and sizing analysis. Figure [2] shows the relationship between the various domains in
one branch of the electrical system in Figure E], where the electrical, thermal, mechanical, and control domains are
represented. In this work, the term ‘domain’ refers to each specific physical behavior of interest or engineering field.
For example, all electrical variables in these models are connected and obey fundamental principles such as Ohm’s Law
and Kirchoff’s Laws. The thermal domain is modeled in each component such that all variables and equations obey the
laws of thermodynamics. Integrating each electrical and thermal behavior together within a component and system
model realizes a ‘multi-domain’ model, which allows to understand the interactions between domains.

The components of the power system in Figure [2] are labeled as follows:

(A) Fuel cell

(B) Battery

(C) Drivetrain system

(1) Controller
(2) Pulse width modulation
(3) DC/DC converter
(4) Motor
(D) HTS transmission line
(E) Propulsion fans
(F) Liquid hydrogen cooling system
(G) Main control unit/system controls

IV. Fuel Cell Subsystem Development

A. Model Development
In the CHEETA aircraft power system, the fuel cell uses proton exchange membrane (PEM) technology due to
its operating temperature, power density, and the maturity of its chemical technology. After conducting initial sizing
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Fig. 2 Single branch of aircraft architecture demonstrating the relationships between the domains and
subsystems.
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Fig.3 Power system with fuel cell operations and functionalities shown in detail.

studies on the system in [[1]], the PEM fuel cell was deemed the best technology for the aircraft as it would not require
a DC/DC converter linking the fuel cell to the rest of the system. This results in a lower system weight and reduced
complexity in converter controls coordination.

The fuel cell models are derived from [8, 9] to define a mathematical model of a PEM fuel cell. This mathematical
model is defined in the electrical and thermal domains, enabling integration and interaction with both the electrical and
cryogenic cooling systems. Figure[3]shows the case of the PEM fuel cell operating with the powertrain, where the fuel
cell processing sub-loop is based off of [8]]. The block at the bottom of the diagram that expands upon the processes
needed to transform the LH; to DC power [8, [10].

The electrical schematic of the PEM fuel cell model is shown in Figure[d] which consists of a cell voltage denoted
as E..y; and multiple resistances and capacitors. The activation resistance R, is determined by Equationm which
is used to determine the voltage drop in the fuel cell due to activation. The resistance representing the concentration
losses of the fuel cell is determined by Equation[2] These two resistances can be used to calculate losses caused by the
chemical reactions in the fuel cell according to Figure[5] These losses vary as a function of the operating temperature
T and current draw /¢ of the fuel cell. In Equations |I| and|2|, R is the universal gas constant, « is the electron transfer
coefficient, F is the Faraday constant, n, is the number of electrons, and 1, is the maximum fuel cell current.
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The fuel cell is also subject to ohmic losses in addition to activation and concentration losses. This is denoted in
Figure @ as Ropnm, which can be determined by Equation[3] These losses correspond to the electrical losses in the fuel
cell, which can be caused by the electrical wiring and connection to the rest of the system. In EquationE], Ronmo 1S the
constant portion of R,p.,, kgy is an empirical constant for calculating R, as a function of current, and kgr is an
empirical constant for calculating R,,, as a function of temperature.

Ronm = Ronmo + krilrc — krrTy 3)

The output voltage of the fuel cell can be determined using the calculated activation, concentration, and ohmic
losses according to Equationd] The activation voltage is described empirically by the Tafel equation in Equation [5} this
voltage drop is only dependent on the fuel cell’s internal temperature. In Equation[6] 7o is the temperature invariant part
of the activation voltage, which is measured in Kelvin. The terms a ¢ and bg¢ in Equations @ and are constant terms
used in the Tafel equation. The voltage drop across the capacitor in Figure ] can be determined from Equation [§]

Vout = Ecell - Vc - Vohm — VYactl (4)
Vact =m0+ (Ty —298)arc + Trbrc In(Irc) (%)
Vacr1 =no+ (Tr —298)arc (6)
Vacr2 =Trbpc In(Ifpc) @)
A%
Ve = (Irc = €=—5) (Ract + Reonc) ®)

The fuel cell’s parameters are listed in Table[I] The parameters were derived from [[10l [I1] and scaled from the
system requirements for CHEETA as necessary. The fuel cell has a power capacity of 2.5MW, operates at 1000V, and is
parameterized with the stack values for the SR-12 stack from [10].

B. Model Validation and Simulation Studies

The model in [[10] was originally modeled in Simulink, enabling us to re-implement the model using Modelica.
The model developed using Modelica is imported in Simulink as a functional mock-up unit (FMU) [12]], which is an
open access standard that provides a model-sharing protocol that enables both models to be simulated in the same
environment for validation. The fuel cell system is parameterized using the values in Table[T|and is configured with
anode pressure P, o4 = 1.5, cathode pressure P.yrnode = 1.0, room temperature 70, = 307.7° K, and initial
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temperature T;y,;;q1 = 307.7° K. The fuel cell model can be obtained from [13]] and validated using an input current
profile played back from the original Simulink model simulation data. The input current profile is shown in Figure|[6]
The voltage output of both the Simulink and Modelica models is shown in Figure[7] Both model voltage outputs match
each other completely, thus validating the Modelica model.

This validated model is implemented using Modelica in the Dymola development environment [14], as shown in
Figure[8] The inputs of the model are replaced with multi-domain connections to integrate the model with the electrical
and thermal systems. The thermal connections are denoted by the red blocks Troom and Tout, which specify the
temperature of the cooling medium and the operating temperature of the fuel cell respectively. These connections
communicate the temperature and heat flow with the rest of the thermal system. The blue block Vout connects the
output voltage of the fuel cell to the rest of the electrical system, communicating both a current and voltage value with
other electrical components.

The fuel cell in Figure [§]is integrated into a test system consisting of the HTS transmission line, cooling system, and
a single drivetrain that has been scaled to the same power level as the fuel cell. The scaling is necessary as parameters
corresponding to the planned 2.5 MW fuel cell are not currently available. The system schematic is shown in Figure [0}
The drivetrain is given a speed command of 100 rad/sec with a constant 200 N-m torque to test the fuel cell in a steady
state, resembling a cruise flight behavior. The fuel cell current and voltage are shown in Figure[I0|when the system is
simulated under the previously defined conditions, where both properties remain constant after initialization.

V. Battery Subsystem Development

A. Model Development

In the CHEETA aircraft power system, the battery has a Li-Ion chemistry and is sized to provide extra power to the
system during taxi, take-off, and landing as well as emergency power in the event of component failure within the fuel
cell or HTS transmission systems. The battery models are derived from [15H17] to represent both the electrical and
thermal behavior. The battery model is table-based, meaning all electrical and thermal characteristics correspond to
values in a look-up table stored in the model. These look-up tables evaluate the temperature and state of charge (SoC) to
determine the voltage and current produced by the battery. The table values were determined from a set of experiments
conducted on the battery in [15[17]], providing a validated battery model when a physical prototype of the system is not
available.

The battery system consists of the battery, a cold plate, a battery management system, and a DC/DC converter, as
shown in Figure@ The thermal domain is denoted by the red lines, the electrical by the blue lines, and the control
schema by the black lines. The charging, discharging, and idle current of the battery are controlled by a bi-directional
DC/DC converter. The operational state of this converter is controlled by the battery management system (BMS), which
provides a signal denoting the duty cycle. The cold plate controls the temperature of the battery cells, which will change
the electrical properties of the battery such as the internal impedance.

The battery system in Figure [I2]is implemented in Dymola using the Modelica programming language. The model



Table 1 Fuel cell parameters.

Parameter Description Value
arc Constant used in Tafel equation (V/K) -0.1373
brc Constant used in Tafel equation (V/K) N/A

C Fuel cell capacitance (F) 10.6
Ecenl Total cell voltage (V) 1558.9
F Faraday constant(sA/mol) 96485.3321
kRrr Empirical constant to calculate Rypy,, (2/A)  1e-9
krT Empirical constant to calculate R,p,, (Q/A)  1e-9
Lnax Maximum fuel cell current (A) 5000
Ne Number of electrons (mol) 2

PO, Partial pressure of oxygen (unitless) 1.6
PH, Partial pressure of hydrogen (unitless) 1.5

R Universal gas constant (J/molK) 8.3145
Rohm.0 Constant portion of R, () 0.2793
Ty Fuel cell temperature (K) 193

a Electron transfer coefficient (unitless) 0.1373
Mo Temperature invariant part of V., (V) 20.145

=

2
2
I
.
£TATY
=i % |0

k-Panade
Cathode F

k=Peathade "

Py

afieyon eusis
04

temperaturaSe prescrivec

] g

Fig. 8 Multi-domain fuel cell model in Dymola.
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Fig. 9 Fuel cell and drivetrain test system schematic.
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Fig. 12 Battery subsystem circuit in Modelica using Dymola.

consists of three domains: electrical (denoted by blue lines), thermal (denoted by red lines), and control (denoted by
pink and light blue lines). There are three external connectors to link the model with the rest of the system: electrical
connections p1 and n1 and Boolean control connection ul. The connector ul receives a signal from the main controller
unit (MCU) to override the battery system in the event of electrical system failure. This control functionality would
improve the safety, reliability, and resiliency of the aircraft’s electrical system.

The battery model was developed using Modelica and the Dassault Battery [16]. The library uses [17],[18] to
parameterize the battery models for various cell geometries and chemistries. In this case, the battery is parameterized
according to the Sanyo 18650 Li-Ion battery provided in the library. The battery parameters are listed in Table 2] The
housing model parameters are derived from the examples in the Battery Library [16] and the number of cells in series
and parallel were determined from the CHEETA system requirements.

The current design for the battery subsystem is shown in Figure [I3] which consists of a scaled pack of cylindrical
cells with a Li-Ion chemistry. These scaling blocks, denoted by A and B in Figure [I3] multiply the electrical and
thermal characteristics of the individual Li-Ion cell block by the number of cells in parallel and series. The cold plate
is required to maintain a constant temperature, and thus, this is modeled with a constant boundary condition that is
applied to each side of the cell’s housing through the housingHeatPort thermal connector in Figure[I3] This port will
then allow to determine the heat flow rate that the cold plate needs to absorb together with the liquid hydrogen cooling
system to maintan a constant temperature, as illustrated in the top of Figure[14]

B. Model Validation and Simulation Studies

Before the battery management system and cold plate cooling system can be designed, the battery must be simulated
to fully discharge to ensure that the discharge behavior is as expected. The battery is connected to three drivetrains as
shown in Figure[T4]and is configured in Dymola for simulation. This configuration represents one independent branch
of the CHEETA electrical power system in Figure [I]

In this simulation scenario, the battery is run to completely discharge. The voltage and current are shown in Figure
and The battery’s state of charge over time is shown in Figure which decreases linearly. However, since this
battery model includes representation of non-ideal electrical behavior, the voltage decreases non-linearly over time as it
discharges. The simulation terminates when the state of charge reaches 10%, this is part of the control logic in the BMS
which aims to protect the battery health and prevent it from completely discharging.

The battery system is tested for different cold plate design and operating temperatures to give insight on how the
thermal properties affect the battery’s performance. The battery is placed in a circuit in Figure|18] which is modeled as



Table 2 Battery parameters.

Electrical Parameters

Parameter Description Value
Chom Nominal capacity of the cells based on scaled data (As) 3600
np Number of cells in parallel (unitless) 50
ng Number of cells in series (unitless) 125
SOC;nit Initial state of charge of the scaled pack (unitless) 1
Ty Battery operating temperature (C) 20
Vv Nominal voltage of battery (V) 500
Housing Model Parameters
Parameter Description Value
D Cell diameter (m) 0.0181
h Cell height in z direction (m) 0.0648
negDiameter Negative pin diameter (m) 0.009
negHeight Positive pin height (m) 0.004
posDiameter Positive pin diameter (m) 0.009
posHeight Positive pin height (m) 0.004
tg Cell sheet thickness (m) 5e-5
N/A Pin material Steel
N/A Sheet material Steel
N/A Core material Lithium-Ion

a lumped thermal impedance with a constant temperature boundary condition imposed at all sides of the battery. The
battery is connected in series with a variable resistor, which will change according to a step signal. The purpose of this
test is to understand the effect of cold plate temperature on the electrical dynamics and internal resistances of the battery.
The cold plate is configured to operate at three temperatures: 0° C, 20° C, and 40° C. Each battery has an initial cell
temperature of 20° C.

The resistance in Figure [I§]is stepped down from 10 Q to 1 Q at 10 seconds, which aims to emulate a change in
the electrical load. The voltage and current produced by the battery at each temperature are shown in Figures[19]and
[21] The temperature of the cold plate affects the current after the step, the severity of the peak current, and settling
time of the current after the resistance drops. The internal resistance of the battery is shown in Figure where the
resistance drops during the transient period following the step change. The internal resistance is represented per cell in
Figure 23] which would result in a large difference in battery losses when scaled to the specifications of the CHEETA
aircraft. Lower cold plate temperatures results in higher ohmic internal resistances consistent with other studies such
as [19]. These considerations are necessary to design the protections and control of the electrical system and battery
management system.

VI. Conclusion

The objective of the CHEETA project was to develop a new design for fully-electrical commercial aircraft. Due to
the envisioned use of hydrogen-based fuel and liquid cryogenic cooling, it was necessary to understand design trade-offs
required to develop and validate multi-domain models (with different levels of modeling fidelity) for all subsystems in
the proposed electric aircraft propulsion architecture. In this work, we created physics-based models of the battery and
fuel cell systems and apply them to both the electrical and thermal studies. This modeling approach gives insight into
the development of the aircraft system design and constraints.

The fuel cell system models are studied to understand the effects of temperature and sizing on the electrical and
thermal behavior of the system. Because an actual commercially available fuel cell sized to the CHEETA specifications
is not available yet, the system studies were conducted considering the capabilities of an existing smaller fuel cell to aid

10
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in determining sizing for the subsystem. These tests provide understanding in scalability for fuel cell systems used in
electric aircraft, showing the value of these integrated simulation studies at early stages of system development.

In the battery system, both requirements for the cold plate’s design and battery management system were modeled
and studied in the electrical, thermal, and control domains. This allows us to understand the effects of the operating
temperature on the battery’s losses and electrical dynamics to aid in the design of the multiple control schemes involved
in the system (i.e., electrical management and protection, thermal management, etc.). The results of these studies
provide a deeper understanding on how the cold plate temperature affects the electrical dynamics of the battery and the
required heat flow rate that the cryogenic cooling system needs to be able to dissipate.
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