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Abstract

Sustainable aviation is an ever-growing field, with feasibility, safety, and longevity being
key areas of concern. Future electric aircraft will rely on multiple energy sources. Batteries
can provide a fast response to changes in power demands, and fuel cells offer high energy
density for prolonged operation. This work has developed an energy management strategy
(EMS) aimed to minimise the overall energy consumption from these sources. The EMS
is further designed to respect the operational limits of each component. It investigates
three EM approaches to account for the hydrogen consumption restriction, namely the
unconstrained method, the fixed-limit method, and a novel depletion-aware method. The
unconstrained method assumes there is an unlimited amount of hydrogen, meaning it
uses 14.81% more hydrogen than is available, whereas the fixed-limit approach applies
the maximum amount of hydrogen available within the fuel tank. However, when there
is no hydrogen available, the fuel cell shuts down immediately. This work introduces
a novel depletion-aware approach which is conscious of reaching the hydrogen supply
minimum limit and, hence, allows for greater use of the battery energy during this period.
This allows for better coordination between the battery and fuel cell. The three EMSs are
simulated and verified in MATLAB/SIMULINK. The simulation results are then validated
using software-in-the-loop in dSPACE. The work demonstrates that the depletion-aware
approach has distinct benefits compared to the other two methods as it constrains the
fuel consumption and allows a smoother transition between energy storage devices and
provides a scalable energy management strategy applicable to a range of all-electric and
hybrid-electric aircraft.

Keywords: battery; energy management strategy; fuel cell; hydrogen; sizing

1. Introduction

The electrification of aviation is central to achieving the ambitions outlined in the
Flightpath report, which calls for a 75% reduction in carbon emissions alongside significant
decreases in noise pollution and dependence on fossil fuels [1]. Several electrical power
system architectures are currently being explored to determine the optimum solution to
achieve minimum weight and maximum performance. The architectures can vary from
batteries used alongside traditional internal combustion engines to battery—fuel cell aircraft.
The exploration of multiple power sources onboard the aircraft allows for enhanced benefits
that include power availability and redundancy. However, rigorous management of the
power split between the power sources is required throughout the flight mission to improve
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the overall system efficiency and reduce the total fuel consumption. This can be achieved
by designing the appropriate EMS [2].

The main energy management strategy (EMS) categories are rule-based, instantaneous
optimisation, global optimisation, and learning-based [3,4]. Rule-based strategies use
predefined logic and “if-then” rules to control the power split. They are commonly imple-
mented due to their simplicity and reliability, but often produce sub-optimal results [5]. The
instantaneous optimisation techniques aim to achieve the optimum solution in real-time
implementation and therefore lack in not always reaching the global solution. The global
optimisation strategies give the global solution, aiming to find the optimum results using
predefined mission profiles, although they suffer from not being real-time implementable
and having long computation times [6]. Finally, the learning-based methods refer to the sys-
tem’s capability to learn and improve using a trial-and-error mechanism from experiences
and data without being programmed [7,8]. The drawbacks of learning-based methods
include safety concerns if unseen events occur, with the methods being unpredictable, and
being an online optimisation technique makes it difficult for real-time implementation.

Within this work, an instantaneous method, specifically the equivalent consumption
minimisation strategy (ECMS), is employed for its real-time applicability. This enables the
model to represent realistic aircraft flight cases, which can be transformed into practical
onboard EMSs.

Systems have operating constraints that must be considered during design. Parame-
ters being unconstrained render real-time implementation impractical. These constraints
are defined in a variety of studies exploring ECMSs [9-11], which include limiting the
battery state of charge (SOC), fuel cell (FC) power, and battery power. Some EMSs include
additional constraints, such as limiting the FC power slew rate [12]. This prevents fast
changes in current and, hence, avoids increased stresses on the FC. However, these studies
do not explore limiting the fuel available onboard. The all-electric aircraft model within this
paper explores the use of fuel cells and batteries as energy sources. In many studies [13,14],
fuel cells are modelled as infinite energy sources when exploring EMSs, whereas batteries
are sized for limited capacity and carefully considered for SOC. In contrast, this work
constrains the FC according to the hydrogen available onboard. This provides a more
realistic representation of aircraft operations and ensures that the EMS respects both FC
and battery limitations throughout the entire mission duration. This paper considers the
aforementioned operating constraints, including fuel availability, to develop the EMS.

EMSs that are designed for automotive applications, such as [15,16], do not have to
consider the constraint of limited fuel usage; instead, fuel consumption is displayed, indi-
cating the driver when to refuel. However, in aircraft, the hydrogen tank is predefined, and
hydrogen onboard must last for the entire mission. This includes any additional amount
of hydrogen required for fly by and diversions. Incorporating any additional hydrogen
leads to heavier systems. Therefore, with limited battery energy, the fuel consumption
must be optimised to reduce the overall aircraft weight while enabling the completion of
a full mission by applying an EMS.

As mentioned above, most applications apply an unconstrained approach to fuel
consumption within the EMS. The incorporation of limited fuel capacity along with battery
energy constraints within the EMS is a novelty in this work as it reflects real-world scenarios.
A fixed-limit approach was first implemented to constrain the fuel available. However,
when there is no hydrogen available, the FC shuts down immediately. To avoid this
occurrence, this work introduces a novel depletion-aware approach, which is conscious of
reaching the hydrogen supply minimum limit. When this happens, it allows for greater
use of the battery energy, allowing for a smoother transition between power sources. Of
note is that the hydrogen tank sizing is outside the scope of this work.
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This paper develops an ECMS which minimises hydrogen consumption of the FC
and the equivalent consumption of the battery energy. Furthermore, this work introduces
a feedback loop between the FC and the EMS to monitor the fuel consumption throughout
the mission. This ensures that the FC is treated as a power source with limited energy
available during a mission.

The proposed depletion-aware method differs from existing approaches because it
considers the hydrogen consumption within the EMS. This creates an integrated feedback
loop, reducing the chance of an aircraft running out of fuel mid-flight, whereas existing
approaches such as adaptive ECMS, predictive ECMS, and model predictive control do
not explore this additional constraint within the control strategy. The adaptive ECMS
in [17] allows for the equivalence factor to vary depending on operating conditions and
constraints of the system, such as limited battery SOC. Ref. [18] explores the adaptive ECMS
for safety. However, neither of the adaptive approaches constrain the amount of hydrogen
and rather focus on the equivalence factor to vary battery equivalent consumption, re-
specting battery usage constraints without considering fuel usage constraints. A predictive
ECMS, like [19], can be used to forecast future flight phases and help achieve an increased
reduction in hydrogen by considering a larger time domain than the instantaneous op-
timisation in conventional ECMS. Finally, model predictive control in [20,21] establishes
an estimate for the expected power split for the following time step, with exploration on
the effect of fuel consumption and component degradation. It is often more accurate than
ECMSs at reducing fuel consumption of the fuel cell and the battery energy; however, it
does not monitor or react to low fuel availability and would have to be adapted for this
purpose. Hence, the use of model predictive control does not solve the problem of fuel
availability constraints.

This work is limited to the studies shown within this paper and does not compare
to work from other authors, as there is no strategy available for limiting the hydrogen
available within the EMS. Also, it is limited to the hydrogen consumption data obtained
and does not explore a variety of aircraft sizing. The method has been tested on a small
aircraft of half the size, but this reduces the amount of fuel cells and batteries, rather than
changing the size of components.

This paper is arranged into five main sections, starting with the introduction. Section 2
introduces the aircraft architecture under study. Section 3 covers the methodology applied
for FC sizing and the EMSs implemented. Section 4 displays the validation of the EMS,
ensuring that the control strategy behaves as expected. Section 5 shows the results from
testing the proposed modelling approach on an aircraft design with applied mission profiles.
Finally, Section 6 concludes the work and states the direction of future work.

2. Aircraft Architecture

This paper explores a fully electric aircraft design, as shown in Figure 1, for a light
aircraft with up to two passengers. The electrical power system (EPS) consists of one FC
and one battery to power both the propulsion system and secondary systems. It operates at
a bus voltage of 650 V. The simple architecture allows for the system to be tested on a small
scale, with the potential to scale up for larger aircraft.

As shown in Figure 1, the battery is connected to the DC bus through a bidirectional
power electronic converter (PEC) that allows for charging and discharging of the battery.
The FC, in parallel to the battery, is connected to the DC bus through a unidirectional boost
PEC. The DC bus powers the propulsion system, which consists of an AC motor driving
a propeller, through a DC/AC inverter. The DC bus also feeds secondary power systems
through a buck PEC, for the low-voltage loads, such as avionics and lighting. Figure 1 also
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depicts the connection of local controllers and the global energy management controller to
the EPS.
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Figure 1. Representative EPS architecture under study.

For this study, a typical mission profile has been assumed as depicted in Figure 2. This
shows the normalised power against time for different flight stages including taxi out, take
off, climb, cruise, descent, landing, and taxi in. This allows for the EPS and EMS model to
be tested across the entire mission profile, ensuring sufficient energy is designed and made
available for the whole mission of 6650 s.
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Figure 2. Mission profile, with dashed vertical lines showing the different flight stages.

3. Methodology

This work develops a methodology to design an EMS for aerospace applications that
incorporates FC constraints and limited hydrogen availability within a mission.

Detailed modelling of the battery, power electronic converters, electric machine, and
local controller architecture is beyond the scope of this paper and has been previously
reported in [22]. However, this work has several limitations. There has been no sensitivity
analysis for the parameters in this paper, with values preset, such as the equivalence factor
for splitting battery and fuel cell powers. Thermal constraints are considered only during
the system sizing process, and a comprehensive thermal model has not been developed to
evaluate performance throughout the mission profile. In addition, the study investigates
only one category of EMSs for integrating fuel availability constraints. The primary focus
of this work is on the development and integration of the overall system, rather than on
achieving further optimisation or refinement of system performance.
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3.1. Energy Management Strategy Overview

Introducing a limit to the hydrogen onboard the aircraft increases complexity within
the EMS. The implementation of hydrogen consumption into the FC model causes
a feedback loop between the FC model, including the hydrogen tank, and the designed
EMS, as shown in Figure 3. This feedback loop is initialised assuming no power require-
ment for the FC. Then, as the EMS generates the power requirement, the FC stack voltage
and current are determined. Based on the voltage value, the corresponding hydrogen
consumption is computed based on an efficiency curve. With the initial hydrogen content
within the tank and the computed hydrogen consumption, the hydrogen remaining is
determined and fed back into the EMS. This feedback loop ensures that sufficient hydrogen
remains to continue using the FC.

Energy
Management
Strategy

Hydrogen
remaining using
intial content

Power
requirement

Stack voltage and
current using
polarisation curve

Hydrogen
consumption

Figure 3. Overview of energy management strategy.

From the feedback loop, two key parts of the methodology can be highlighted. The
sizing model must be established to determine the amount of hydrogen onboard the aircraft
at the start of a mission profile and continuous usage of hydrogen during the mission. The
second part is the EMS, which determines the optimum FC power over a given mission
profile to reduce hydrogen consumption.

The hydrogen remaining implemented within the EMS allows for restricted energy
capacity onboard the aircraft. This is implemented into the model in three approaches:
unconstrained hydrogen consumption, fixed-limit, and depletion-aware. These approaches
will be explained in detail in the following sections.

3.2. Fuel Cell Stack Sizing/Modelling

The sizing of the FC and battery is essential for representing the fuel constraints
onboard an aircraft. The battery is sized following an on-design and off-design method [23]
to determine the battery energy capacity, control the state of charge, and respect the battery
power limits within the EMS.

The FC sizing follows the approach in [24,25]. This determines the polarisation curve
of a single cell, which plots the cell’s voltage against its current density. The cell polarisation
curve can be scaled to the stack level. The polarisation curve of the fuel stack gives both
the maximum power of the FC and current as a function of the voltage.

Using the FC output voltage as in Equation (1), the polarisation curve for one cell
can be constructed. This equation comprises the Nerst voltage, ohmic voltage, activation
voltage, and concentration voltage. The Nerst voltage equation (E;ernst), as given in (2), is
a thermodynamic equation that calculates the potential of an electrochemical cell, based on
standard electrode potential, temperature, and concentrations of the reactants and prod-
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ucts [26]. It is based on the Gibbs function Gj;;, which is the thermodynamic potential of
the water produced in liquid form; R is the ideal gas constant with a value of 8.314 ] /K-mol;
F is Faraday’s constant with a value of 96,485 C/mol; T is the cell operating temperature;
P20 is the partial pressure of water; po; is the partial pressure of oxygen; and pp is the par-
tial pressure of hydrogen [24]. The ohmic voltage (V,,ic) is the ohmic voltage drop from the
resistances of proton flow in the electrolyte, with i representing the current density (A/cm?)
and r the cell resistance, as shown in (3). The activation voltage (V,) is the voltage loss
due to the rate of reactions on the surface of the electrodes [27]. This voltage is given in (4),
assuming iy is the exchange current density and « is the transfer coefficient. Finally, the
concentration voltage (Vo) is the voltage loss from the reduction in concentration gases or
the transport mass of oxygen and hydrogen, as shown in (4), where «; is the amplification
constant, k is the mass transport constant, and iy, is the limiting current density.

Vcell = Enernst - Vohmic - Vact - Vconc/ (1)
Giig _ RT PH20
Enernst = — 1_ = X In| ———— ’ (2)
2F  2F (sz x pO2
Vohmic = —1 X1, 3)
i
= ———x1 — 4
Vet uE X g(i()), (4)
Xi*xIn(1-+), >
Veone = {"‘1 (=) > )
0, ir <1i

Using Equations (1)-(5), the polarisation curve for cell voltage against current density
can be established in Figure 4. This polarisation curve is for one cell that is generated based
on the parameters given in [23,24], and is used to determine the number of cells required.
It shows the relationship between voltage and current density per cell by combining the
ohmic, activation, and concentration loss regions into a single figure.
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Figure 4. Polarisation curve of a single cell within the fuel cell.

For the validation of the polarisation curve, it can be compared to the literature,
such as in [28,29]. Figure 4 follows the same shape for the FC polarisation curve as that
presented in the literature, with the exact values on the curve determined by the selected
input parameters. The polarisation curves from experimental data in [30,31] cannot be
reproduced due to the lack of data available. However, the same trends can be seen between
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the polarisation curves, justifying the use of Figure 4 within this work, with the modelling
of the FC required as a feedforward loop for the EMS.

From this polarisation curve, the stack-level parameters can be assumed. This involves
scaling up from cell level to stack level based on (6)—(8):

Vstack = Ncell X Vcell/ (6)
Lstack = i X Acells (7)
Pstack = Vistack X Istacks (8)

where N, is the number of cells in a stack, A, is the area of one cell, cm?, Vy;, is the
voltage at stack level, V, and I, is the current at stack level, A.

Considering a fixed cell area, the current at stack level can be found based on the
known current density, as shown in (7). From this, the stack sizing can scale the polarisation
plot into an entire FC stack polarisation plot, considering the output voltage in (6), current
in (7), and stack power in (8).

The stack efficiency can be approximated using the cell voltage and the theoretical

maximum voltage per cell:
Veell

Nstack = 1.482"

From previous Equations (1)—(9), the FC stack polarisation curve can be produced. This

©)

can then be used for an approximation of the hydrogen fuel consumption, determined by

P Litaer X R X T X OH, (10)
Ha n x F X Pfuel !

where 7 is the mole of electrons per mole of fuel.
Next, the initial hydrogen requirement within the FC tank for sizing and filling the
tank before a mission is determined using (11):

1 P
H,pip = X /LC dt, (11)
Elow, H2 NFC

where Ej,, 1 is the low enthalpy value of hydrogen, Prc is the FC power, and #pc is
the FC efficiency. The FC energy is calculated by integrating the power required over the
mission profile shown in Figure 2 divided by the FC efficiency.

Hydrogen remaining at each instant of the mission is the initial hydrogen content
minus the hydrogen consumed at that point.

The EMS takes in as input the hydrogen remaining and determines the power output of
the FC by the equivalent consumption minimisation strategy as detailed in the Section 3.3.

3.3. Equivalent Consumption Minimisation Strategy

The EMS implemented follows the equivalent consumption minimisation strategy
(ECMS) approach explained in [32]. This aims instantaneously to minimise the hydrogen
consumption of the FC and the equivalent consumption of the battery energy. The selection
of the equivalence factor was predetermined, and the exploration of alternative values was
not outside the scope of this work. The minimisation function is given by

C = min(Crc +k x Cpast), (12)

where
(13)

k—=1-—2 SOC — O.S(SOCmax + Socmin)
B K 50Cmax + SOCyin ’
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with Cpc being the hydrogen consumption of the FC, g/s, Cyy4; the equivalent consumption
of the battery energy, g/s, k the equivalence factor, and u a constant that correlates to
how strongly the SOC affects the equivalence factor. The battery is limited by the energy
capacity available, which can be used to determine the SOC during a mission profile. This
is incorporated within the EMS.

Typically, in most published works, the operational constraints do not consider the
fuel remaining onboard. In this work, however, the EMS constraints incorporate the
remaining fuel:

SOCpin < SOC < SOChax
Ppatt i, < Pratt < Pattyy

Hzmin S H2 S Hzmax 4 (]‘4)

Prc, .. < Prc < Prc,y
APrc < APrc,,.

where Py, is the battery power, kW, H; is the remaining hydrogen in the fuel tank, kg, Prc
is the FC power, kW, and AP is the rate of change for FC power, kW /s.

These updated constraints allow for more control over the EMS throughout the mission,
considering a variety of unusual scenarios. Therefore, the design should be adaptable to
any mission profile expected to be encountered throughout the aircraft’s service life.

As a summary of the hydrogen equations, the hydrogen fuel tank sizing and hydro-
gen requirement for a mission are calculated using Equation (11). Equation (10) gives
an approximation for hydrogen expected to be consumed during the mission. Figure 5 and
Equation (15) below are also used for the hydrogen consumption but are usually given in
the FC datasheet; therefore, they should be the most accurate, if known.

H2 Consumption (g/s)
N

1 7
P
/“
08 > o8
//
0.6 o
//
04t Pl
,’/
02} =
,./"
0 | . . . .
0 20 40 60 80 100 120
Power (kW)

Figure 5. Fuel cell hydrogen consumption with respect to power level.

The FC hydrogen consumption curve, shown in Figure 5, relates the FC power to
the hydrogen consumption, and is required to determine the optimal battery power. As
the power approaches its maximum rated power, the consumption rate increases due to
the concentration losses. The fuel cell draws hydrogen and air faster than it can reach the
reactant sites inside the cell, causing a bottleneck, which leads to a voltage drop while
current continues to rise [33]. Therefore, consumption increases faster than power increases
at this point. This curve in Figure 5 is usually given within the FC datasheet and can be
used to determine the parameters for the FC consumption equation:

Crc = cP¥c + bPrc + 4, (15)

where 4, b, and c are the coefficients from the fuel consumption curve in Figure 5.
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For the battery, charging and discharging efficiencies can differ, meaning that these
should be taken into consideration when determining the battery equivalent consumption.
These efficiencies for the battery charging and discharging are calculated by [10],

% (1 + 1- 4R?2$Pba“> Pbatt 2 0

batt

Mbatt = 2 Ppasr < 07 (16)
(l \/ 4Rchgph11tt )
/1= —
batt

where Ej,; is the battery open-circuit voltage.

Next, according to [32], the battery power consumption (Cp,), g/s, can be approxi-
mated by

CrCa,
Cratt = Ppart X pare X P £, (17)

avg

where 77, is the efficiency of the battery, Crc,,, is the average consumption of the FC, g/s,
and Ppc,,, is the corresponding average power of the FC, kW.

The FC and battery powers must fall within the constraints set in (13), and can be
calculated using

b—k;
Pyayy = e + Progd, (18)
Crcye
k1 =k X 1pap ¥ £, (19)
avg
Prc = Piogd — Ppatts (20)

where Py, is the load power requested from the electrochemical energy units, kW, Crc,,,

is the average consumption of the FC, g/s, and Prc,,, is the average FC power, kW [32].
The ECMS for determining the optimum FC power is represented by Equations (12)—(20).
The hydrogen remaining at different points in the mission profile is determined by

Hz = Hyjpia — / Crc dt, (21)

where Hp, .  is the initial hydrogen onboard the aircraft, kg. The hydrogen remaining is
fed into the EMS to determine the power required for the next cycle.

Of note is that the constraint for the FC slew rate is a safety consideration which
should be applied to the output power from the EMS. The power change between the time
steps must be limited. Therefore, the battery must provide more power than the FC when
the slew rate restricts the change in power levels, meaning that the FC consumption is
restricted during this part of a mission profile.

Furthermore, the degradation of the battery can be monitored for comparison uses
only, using experimental data and Equations (22) and (23), which can be found in [12,34].
The battery degradation is given by

3 2
h = 0.001442 x ( Phart ) + 0.003205 x (P batt ) +0.1009 x ( Part ) +0.8907, (22)
Qhutt Qbutt Qhatt

[ Poare x h dt

AL - 7
P 3600 X Qpatt % Neyete

(23)

where Qy, is the battery capacity, Ah, and Ny, is the cycle life of the battery.
The results of these battery degradation equations are displayed within Section 5.
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3.4. Hydrogen Consumption Restriction

To implement the limited hydrogen fuel available within the EMS for an aircraft model,
two different approaches are considered for the modelling. The first approach considers the
fixed limit to fuel consumption, whereas the second approach, the depletion-aware strategy,
suggests changing the equivalence factor and battery constraints as the FC is depleted. The
unconstrained fuel consumption method is also presented.

3.4.1. Unconstrained Fuel Consumption

The unconstrained approach assumes that unlimited hydrogen is available within the
fuel tank, assuming it is an infinite energy source. This approach is how EMSs are designed
for the automotive industry. The EMS aims to reduce hydrogen consumption, with no fixed
limit, as electric vehicles are typically refuelled before reaching full depletion. However,
aircraft must manage the limited energy source available, which is predefined. Therefore,
the unconstrained approach is not a true representation. Aircraft aim to limit excessive
weight and hence reduce unnecessary fuel available on the aircraft.

Within this case, the feedback loop is broken, with the fuel consumption not necessary
for calculations, and Equation (21) being for observational purposes only. This means
that there is no feedback between the fuel consumed and the EMS. Therefore, only power
requirements need to be determined in the FC sizing, without the need for hydrogen
availability to be considered. This follows the approach in case studies [32].

3.4.2. Fixed Fuel Limit

Limiting the hydrogen consumption within the EMS works by applying a fixed limit
to the amount of fuel available. This means that once it has reached the minimum allowable
fuel remaining within the hydrogen tank, the FC will shut down. This is because no more
hydrogen can be supplied, and the FC cannot provide additional power. This abrupt FC
shutdown approach is often unfavourable as it causes stress on the FC stacks. However,
without sufficient fuel, it may be required to ensure that the battery takes over and power
is maintained throughout the flight.

For this fixed-fuel-limit approach, the FC is switched off once the remaining hydrogen
reaches 10%, as shown by

0, H2, remain < 0.1

PFC == . 7 (24)
ort {max (mln(Pload - Pbutt/ PFCm,,x)/ PFCm,-n )/ HZ, remain = 0.1

where Prc,p; is the optimum FC power as determined by the EMS, such as the ECMS
method using (20).

3.4.3. Depletion-Aware

The depletion-aware approach aims to reduce hydrogen consumption as the hydrogen
fuel is depleted and increases battery usage. This can be enabled by allowing the equiv-
alence factor to decrease, along with the SOC limits. Therefore, a greater reliance on the
battery prolongs the remaining fuel for the given mission. For example, if an aircraft has
an unexpected diversion, both the FC and battery can be used alongside each other to
cover for longer and reduce single-source dependency. This prevents the FC hydrogen
supply from being depleted immediately, avoiding an abrupt FC shutdown, which can
induce stress on the FC stacks, degrade lifetime and reliability, and cause voltage spikes.
Gradual reduction in FC output allows for increased control of operating conditions, such
as thermal management, which may further mitigate internal hardware damage [35].

The SOC must be reduced gradually, in controlled increments, to avoid abrupt con-
straint changes while the battery regulates the DC bus voltage. However, the equivalence
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factor may be changed in larger increments according to the desired power split. The
hydrogen thresholds were selected at three equally spaced intervals for demonstration
of the method. Introducing more intervals would control the usage of hydrogen more
accurately but also add complexity to the system and reduce the real-time calculation
during validation of the method. The equivalence factors were selected to optimise the
battery SOC increments. These decreases in stages for the SOC and equivalence factor
according to the hydrogen remaining are shown in the equations:

0.75 Hy, remain > 0.3
SOCpin = { max(SOCyin, — B, 045) 02 < Hy, yepain < 0.3, (25)
max (SOCypin, — B, 0.15) Hy remain < 0.2

kl HZ, remain = 0.3
k=<ky 02< H2, remain < 0.3, (26)
k3 HZ, remain <02

where B is the incremental decrease in SOC per time step, SOC,;, is the intermediate SOC,
SOCin, is the lowest SOC available for the battery, which is usually reserved for failure
operational conditions, and k represents the equivalence factor with 1, 2, and 3 denoting
the decrease in equivalence factor values depending on hydrogen consumed.

In this strategy, Equation (24) is also applied so that the FC switches off once the fuel
is depleted but allows for a smoother transition as the reliance on the fuel consumption is
decreased and the battery provides more energy.

A sensitivity analysis of the hydrogen threshold values and equivalence factor could
be conducted to further refine and optimise the results. However, this was beyond the
scope of the present study and was therefore not undertaken.

4. Validation Platform

The methodology in the previous section was simulated within MATLAB/Simulink
R2023b and then validated in the dSPACE ControlDesk 2022-B environment. Given the
strong correspondence between the two sets of results, this paper focuses and reports
only the dSPACE results, as they confirm the control system is performing as expected
in real-time.

The validation of the EMS with integrated fuel consumption restrictions was imple-
mented as a software-in-the-loop set-up in dSPACE, following the same approach as [34].
This set-up ensures real-time applicability of the enhanced EMS. This enables for the EMS
controller to be separated from the EPS, consisting of the electrical power system and sizing
models. The EPS and sizing models were implemented into dSPACE DS1006 (dSPACE
SE & Co. KG, Paderborn, Germany) and the EMS, the controller into the smaller dSPACE
DS1104 (dSPACE SE & Co. KG, Paderborn, Germany), with the two dSPACE’s connected
through analogue and digital signals on the control boards, as shown in Figure 6.

DS1006 DS1104 Controller
SiZing \ SO0C, Pyaees Proaas [ \
I EPS Model | EMS I
I Model | HZ remain»FCfail I
S — S P | ’ S —
- Prc N

Figure 6. dSPACE validation set-up.
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The use of software-in-the-loop for validation ensures that the EMS controller per-
forms as expected. The control code is compiled into C for testing, and the change in
software ensures that it behaves as expected across different solvers. The simulation step
size is determined for accuracy and simulation speed to ensure that real-time simulation
is feasible.

The dSPACE set-up is seen in Figures 7 and 8. In Figure 7, on the left-hand side, the
DS1006 is connected to a computer that runs the electrical power system modelling. On the
right-hand side, the DS1104 is set up to run the control algorithm, which consists of the
EMS. The connections between the two controller boards are seen in Figure 8, with both
digital and analogue connections set up, with more wires connected than necessary for this

model as it has been set up for larger-scale model testing as well.

[

Figure 8. Interfaces between DS1006 and DS1104 control boards [34].

The dSPACE set-up was used to obtain the results in the following section, which
matched the results obtained through Simulink, and therefore, the EMS results are validated
using software-in-the-loop.

5. Results

The EMS combined with FC sizing constraints has been tested for an aircraft EPS
model, shown in Figure 1. A normalised mission profile, displayed in Figure 2, has been
used to test the interaction between the EMS and sizing model for the FC. The main
modelling parameters for this study are listed in Table 1, some of which were stated as
the constraints for the model in Equation (14). The hydrogen slew rate limits how fast the
system can react to changes, meaning that the battery is always required to react faster than
the fuel cell. The hydrogen tank capacity and battery size were determined simultaneously

https://doi.org/10.3390/aerospace13070641
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to ensure that all mission requirements can be completed while maintaining a minimum
battery SOC of 75%. Consequently, 75% of the battery capacity remains available as
an energy reserve, which can be utilised to satisfy reserve and diversion requirements in
the event that the hydrogen supply is depleted.

Table 1. Key modelling parameters.

Parameter Value Units
Minimum battery SOC 75 %
Maximum battery SOC 95 %

Fuel cell slew rate 5 kW/s

Hydrogen pressure 1.97 atm
Gravimetric efficiency 11 %
Converter efficiency 98 %
Inverter efficiency 96 %
Electric machine efficiency 98 %
Aviation reserve 75 % remaining of battery SOC

Typically, in electric vehicles, a fuel warning indicator will illuminate when 20% of
fuel is remaining, depending on temperature and pressure [36]. Therefore, in this study,
it is assumed that approximately 10% of the hydrogen must remain in the tank once it is
considered depleted to ensure safety through pressurisation and temperature control in the
fuel tank.

This aircraft and mission profile have been tested for an unconstrained EMS for
hydrogen, and both the hydrogen limiting approaches are used to show the differences
between the methods. Within both the constrained approaches, it is considered that there is
no hydrogen remaining for the FC to operate when consumed hydrogen reaches 4.05 kg.
This assumes that the original tank size is 4.50 kg, with 10% remaining in the tank after the
completed depletion of hydrogen.

The approaches to limiting the hydrogen available are compared against the uncon-
strained hydrogen usage case, as shown in Figures 9 and 10, for hydrogen consumption
and battery SOC, respectively. This is followed by Figure 11, which shows the normalised
FC power, which is a direct result of the energy management strategy power selection.

5 T T T T
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Fixed Limit
g 4+ Depletion-aware 7
o
0}
Esaf ]
»
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o
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§2f 1
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Figure 9. Comparison of fuel cell hydrogen consumption.
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Figure 10. Comparison of battery SOC.
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Figure 11. Comparison of normalised fuel cell power output.

The noise in the FC power for the depletion-aware approach, as shown in Figure 11
around 4500 s, may cause slightly more energy usage than the smooth equivalent. This is
due to changes in power demand from the EMS within the dSPACE set-up. These noises
are not present in simulation results in Simulink, and refining of parameters and time steps
may be able to minimise the noise in further studies. Reducing the step size can reduce
some of this noise, but for the system to operate in real time, there is a minimum feasible
step size that can be used for the model.

The unlimited fuel for the unconstrained method allows the aircraft to use more than
the 4.50 kg designed to be on board the aircraft, and the 4.05 kg that is actually available to
be used, as shown in Figure 9. Instead, this unconstrained approach requires an additional
0.60 kg, which equates to 14.81% above the available fuel to complete the mission. Therefore,
it is an unrealistic scenario, as aircraft cannot refuel during a mission.

Within the fixed-limit approach, the FC operates normally, allowing the EMS to
determine the power output. Although once this fixed hydrogen limit is reached, the FC
cannot provide any more power, and the battery must immediately provide the remaining
power to the system. This is shown in Figure 9, with the hydrogen consumed remaining at
4.05 kg, which is the total hydrogen available, and the battery SOC can be seen to decline
at 5157 s.

The depletion-aware approach monitors the remaining hydrogen and adjusts the
SOC and equivalence factor, if required. This enables greater use of the battery earlier,
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ensuring a smoother transition from FC and battery power to battery-only power. For
example, within this study, it is implemented so that at 30% of the hydrogen remaining,
the equivalence factor and battery SOC are lowered to an intermediate step. After the hy-
drogen remaining reaches below 20%, the equivalence factor and SOC are further reduced.
Then, once it reaches 10% remaining, the hydrogen supply cannot be delivered as in the
previous approach that applies a fixed limit to the hydrogen. This gradual decrease in SOC
constraints, along with the equivalence factor, offers a smoother transition, as shown in
Figure 9. However, for improved results, additional transition steps for equivalence factor
and battery SOC decline at more than three hydrogen availability indicators should be
explored in future studies. This aims to provide a constant gradual decline in hydrogen
consumption and remove noticeable steps, allowing for improved battery lifespan, though
a study exploring the impacts of these parameters was outside the scope of this paper.

Comparing the three approaches mentioned, the unconstrained fuel usage case uses
approximately 14.81% more fuel than the available fuel within the fuel tank. Both the fixed-
limit and depletion-aware cases respect this limit and turn the FC off once it reaches the
limit of fuel availability. Furthermore, the unconstrained approach completes the mission
with a battery SOC of 84.67%, whereas the constrained approaches have approximately the
same battery SOC once the mission completes, with the fixed-limit and depletion-aware
approaches reaching 52.45% and 52.35%, respectively. This means that for the additional
0.60 kg used by the unconstrained approach, the constrained approaches use an additional
32.3% battery SOC over the 6650 s mission profile.

Figure 11 provides a comparison between the output power from the FC for the three
case studies. The constrained approach increases FC power as the power demand in the
mission profile increases, the same as the unlimited fuel approach at approximately 4350 s.
This shows that even though the fuel usage is being restricted, the EMS tries to optimise
the system.

Table 2 highlights the final states of different parameters as a comparison of the three
strategies. It explores the battery degradation costs for one mission, the estimated battery
lifetime impact compared to the unconstrained approach, and the battery SOC throughput.
The battery degradation cost is calculated using Equations (22) and (23) presented in [12,34],
as mentioned in Section 3.3. The estimated lifetime impact of the battery shows that the
fixed limit uses the battery 160% faster than the unconstrained approach for this mission,
whereas the depletion-aware approach degrades the battery lifetime slightly less at 147%.
The battery SOC throughput measures the continuous discharging and charging of the
battery, with the higher value of the fixed-limit method highlighting more battery energy
usage. A value of zero indicates no battery usage, and a value of two is equivalent to fully
discharging and recharging the battery. Overall, this table shows that the unconstrained
approach is best for battery degradation but lacks for over-usage of the hydrogen consumed.
Therefore, the depletion-aware approach respects this constraint while using less battery
energy than the fixed-limit approach.

Table 2. Results summary of key performance indicators comparing the three approaches to hydrogen-
constrained EMS.

Unconstrained Fixed-Limit Depletion-Aware
Battery degradation costs (%) 0.00163 0.00424 0.00403
Hydrogen consumed (kg) 4.65 4.05 4.05
Battery SOC (%) 84.67 52.45 52.35
Battery SOC throughput 1.1039 1.3957 1.3882
Estimated battery lifetime degradation impact (%) - 160 147
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With the constrained approaches, the limit to the hydrogen fuel means that an aircraft
design can be created and tested within a simulation, ensuring that the desired mission
profile can be achieved with the energy requirement on board. This limit to fuel respects the
design of an aircraft and the inability to refuel during flight, similarly to the battery, which
has fixed operation limits designed within the EMS. Further, the benefit of the depletion-
aware approach over the fixed = limit one is that the FC can be ramped down over time,
meaning there is no abrupt change between power sources when no fuel is remaining, and
ensuring a smoother transition between systems during the FC switch off. As mentioned
in Section 3.4.3, the depletion-aware approach reduces the stress on the FC, allowing the
system to be both safer and more reliable as unforeseen circumstances arise from the lack
of fuel available onboard the aircraft during a mission.

The purpose of this work was to establish a practical solution to limited fuel on-
board aircraft, particularly when sizing hydrogen tanks for all-electric aircraft. This study
demonstrated a methodology capable of being scaled up. This proposed strategy may be
implemented onboard varying sizes of aircraft with multiple power sources, one of which
contains fuel, to ensure that a sufficient amount remains throughout a mission duration.
However, this was not included within the scope of this work. Instead, this paper compared
three EMSs for constraining fuel, with the depletion-aware method being the proposed
solution for sustainable aviation.

6. Conclusions

This paper presented an analytical model for sizing a complete FC system by extending
a well-established stack sizing method and included hydrogen requirements. Building on
this model, an energy management strategy was developed to actively constrain hydrogen
use rather than treating the FC as an unlimited source. Three EMS approaches were
examined to reflect different ways of handling hydrogen availability: an unconstrained
approach, a fixed-limit method that enforces a hard shutdown when the tank is depleted,
and a depletion-aware method that anticipates low-fuel conditions and increases battery
usage to maintain a smoother transition between power sources.

The EMS approaches were implemented and evaluated through detailed MAT-
LAB/Simulink simulations, with further verification carried out using software-in-the-loop
testing on the dSPACE platform. The results show that incorporating a depletion-aware
approach avoids abrupt FC shutdown, supporting a more controlled reduction in FC output
with smoother battery—FC interaction. This means that hydrogen consumption is monitored
and controlled throughout, and battery usage increases as the hydrogen stored is depleted.
The unconstrained FC showed that the hydrogen consumed was 14.81% over the 4.05 kg of
hydrogen available, whereas the fixed-limit and depletion-aware approaches respected the
constraint. The depletion-aware approach also showed 13% less battery depletion when
comparing against the fixed-limit approach, with the unconstrained approach as a reference
for the best battery lifespan.

Overall, the work demonstrates practical EMS approaches for limiting onboard hydro-
gen while maintaining reliable power delivery, offering a scalable EMS framework suitable
for future all-electric and hybrid-electric aircraft architectures.
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