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ABSTRACT

In the framework of developing a climate-neutral aviation industry, hydrogen could play a critical role in the
future. Given hydrogen’s high specific energy but fuel cells’ low specific power, this technology can be effectively
used in conjunction with batteries, which have opposing characteristics. To that end, it is critical to develop
design methodologies that allow for effective component integration and weight optimization. Therefore, this
article introduces an original algorithm, HERACLES, which solves a constrained non linear optimization
problem, aiming to find the lightest hydrogen-driven powertrain able to replace the conventional thermal
engine-driven powertrain of a generic rotorcraft, preserving its given Maximum Take Off Weight (MTOW) and
airframe. In order to demonstrate the effectiveness of the methodology, this is applied to a reference helicopter
representative of the heavy category, MTOW of about 9 ton, considering a FC-based architecture. The optimal
results are presented and then compared to a first sizing guess, showing the improvements on the payload
obtainable with a better system integration. Finally, some sensitivity studies are carried out to picture the
impact of the main technological key performance indexes on aircraft payload.
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rotorcraft requirements pose unique challenges: VTOL
and hover capabilities necessitates higher power-to-
weight ratios while the large hydrogen tanks more vol-
ume [9], [10].



In this paper, we present an original methodology,
HERACLES, which can optimize any hydrogen-driven
powertrain, aiming to maximize the total payload of
the aircraft for a datum MTOW, while preserving the
original flight performance and which is here applied
to a FC hybrid-electric powertrain architecture.
Furthermore, the proposed methodology generates
a battery and a FC optimal power profile, specific
for the considered flight mission, which ensures
that the battery has always an adequate State of
Charge (SoC), even in the event of an emergency.
Moreover, the optimized powertrain complies with
the safety constraints related to the One Engine
Inoperative (OEI) condition: the FC and the battery
packs are partitioned into a number of modules,
which ensures that the total required power can be
delivered even in case of a certain number of failures.
Actually, a number of optimization-based design
approaches [11], [12], including an energy manage-
ment algorithm for the minimization of hydrogen
consumption over nominal mission profiles [13], have
made significant contributions to the proposed solu-
tion. Results refer to a rotorcraft demonstrator based
on 2020 state-of-art and a series hybrid powertrain
architecture.

This paper further demonstrates the capability of
this methodology through a number of sensitivity anal-
yses, useful to evaluate how the hybridization factor
and payload change with the assumptions on FC, bat-
tery and tank technological state of the art. This al-
lows for several considerations concerning the poten-
tial for hydrogen-powered VTOL aircraft in light of
ongoing advancements in FC and battery technology.

2 METHODOLOGY

The ability of sizing a hydrogen-driven powertrain for
a given aircraft with a given MTOW and airframe rep-
resents a fundamental element in drafting study cases
and retrofit exercises to investigate the use of hydro-
gen on rotorcraft and indentify the key issues for the
actual development, manufacturing and installation of
all the components, for instance lofting of large hydro-
gen tanks, flight performance estimation and costs.

A feasible solution is sought here by casting this
question as an optimization problem, by establishing
an appropriate objective function to be minimized un-
der relevant constraints. The objective function is rep-
resented by the total weight related to the powertrain.
The constraints reflect aircraft requirements, battery
limitations, FC operational modes as well as technol-
ogy specifications.

The formulation is cast as a constrained non linear
optimization problem, where non linear equality
and inequality constraints are involved. This is
applied to a specific design flight mission, which is

simulated in time through embedded rotorcraft flight
mechanics equations, in case a detailed flight record
(i.e., altitude, true airspeed, vertical airspeed and
required power) is not available. The final solution
provides the optimal values of the power share among
battery and FC during the design mission, resulting
in an optimal value of the hydrogen, hydrogen tank,
battery, FC and Electric Motor (EM) masses, as
well as an additional mass toll deriving from cables,
thermal management system, and drivetrain.

The methodology has been implemented in an orig-
inal algorithm, HERACLES, depicted in Figure 1.
Starting from an input file which contains all the neces-
sary data (i.e. aircraft specifications, drivetrain prop-
erties and mission profile) a pre-sizing tool [14] esti-
mates an initial guess for the optimization vector (),
which contains all the variables to compute the cost
function and the constraints:
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The Symbols MB, Mpc, MH27 .Z\fT7 MEM7 .Z\ij\/[S7
Mg, Mc represent the battery, FC, hydrogen, tank,
EMs, Thermal Management System (TMS), gearbox
and cables mass respectively. On the other hand, the
vectors P and Pr¢ are used for the description of the
battery and fuel cell power histories during the flight
mission which is sampled in an arbitrary amount of
time steps (V). As regards the EMs power, it has been
split into torque Tgas, and rotational speed Qgas, in
order to optimize both. All the variables have been
normalized by four factors computed through the pre-
sizing loop, i.e. a reference mass My, torque 7g, ro-
tational speed €y and power Py. The vector of vari-
ables « is then used to compute the cost function J(x),
which is the normalized total mass of the powertrain:

:nBMB +nrpcMpc + Mpy,
My
Mr + Mgy + Map + Mrays + Mc
+ M,
0

J(x)
(2)

+

The cost function takes into account the presence of
np battery packs and npc FC modules.

Referring at Figure 1, after the cost function is
computed, the design mission is simulated. The
mission simulation phase embodies suitable physical
models for the estimation of FC and battery perfor-
mance in order to evaluate the quantity of consumed
hydrogen mass and battery energy. Then the solution
is evaluated to ensure its feasibility. In particular, the
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Figure 1: Flowchart of the HERACLES algorithm.

parameters influencing the components of the cost
function need to satisfy an array of constraints, which
reflect both technological limits and models of the
powertrain dynamics and aircraft flight mechanics.
These constraints can be formalized as a set of 18
relations: 1 equality and 17 inequalities. The equality
is used to ensure that, throughout the mission, the
total power generated by the FC and battery modules
matches the rotor mechanical power requested by
the aircraft, considering also the drivetrain and
electrical distribution efficiencies. At the same time,
the inequalities account for a wvariety of physical
and operational limitations of the aircraft and the
powertrain components, including limits to battery
SoC for the sake of the cells safety and longevity,
and emergency flight phases, such as OEI conditions.
Additional inequality constraints are used to size the
masses of the powertrain components in Equation (2),
recurring to the same physical and statistical models
used in [14].

In particular, the FC packs are sized with either the
maximum power or the maximum efficiency point at a

fixed maximum voltage as design point. The current,
FC efficiency, and effective FC power are then calcu-
lated at each time step using the polarization curve.

The battery pack is simulated through a high-
fidelity dynamic model which permits to evaluate the
power limits and the SoC at each time step [15].

The hydrogen tank mass is sized using a gravimetric
index.

The EMs are sized according to their specific torque
and power characteristics [16].

The TMS and gearbox masses, are calculated using
state-of-art regressions [16], [17].

The electrical power distribution system is sized
accordingly a cable weight model for aeronautical
applications taken from [18].

Finally, after that the constraints are evaluated, the
algorithm compares the feasibility and the first order
optimally with respect to a predetermined target.
Therefore, upon convergence, the methodology returns
the optimal values of all the powertrain component
masses (i.e., FCs, battery pack, liquid hydrogen, tank,
EMs, cables, driveshaft, and TMS), as well as defin-



Table 1: Technology assumptions for the TEH-R study case.

Component Description Value M.U

No. of EM 2
. Type axial flux

Electric motors  ppaf range 237 = 6,000] RPM
Overrating 1.25
No. of packs 2

Battery Specific energy (pack level) 215 Wh/kg
Continuous (peak) discharge C-rate 12 (23) -
Energy density 430 Wh/m3
No. of stacks 2
Specific power (including BoP except TMS) 2.133 kW /kg
Operating temperature 353 K

Fuel cell system Operatin§ pressure 1.5 bar
Cell area 200 cm?
Compressor efficiency 0.8 -

Other parameters DC-bus voltage 1000 \%
Cryogenic tank gravimetric index 50 %

ing an optimal usage spectrum for both power sources.

It is worth noting that, the physical models behind
each subsystem of the methodology, make it suitable
to work on a series of similar optimization problems
linked to aircraft design and flight performance esti-
mation. For instance, Equation (2) can be changed in
order to minimize other relevant design parameters,
such as fuel consumption, battery life, or direct
operating costs. Additionally, by freezing a specific
powertrain solution sized during a preliminary design
phase, it is possible to simulate off-design conditions,
such as different mission profiles and identify the best
power vectors (Pg and Pp¢) to minimize arbitrary
cost functions.

HERACLES has been coded in MATLAB® and
solves the minimization problem using the embedded
optimization toolbox with either the fmincon con-
strained optimization function or with ga which finds
minimum using genetic algorithm.

3 CASE STUDY

After checking the proper behaviour of the algorithm
through trivial solutions (i.e., high mass of battery
cell or FC), the optimal procedure was applied to
the retrofit of the Clean Sky Green Rotorcraft Twin
Engine Heavy Helicopter — 2020 Reference (TEH-R),
a heavy category (MTOWZ>8 ton) helicopter with
a takeoff power in the range of 2 MW. TEH-R was
chosen because it represents the current state of the
art in rotorcraft technology, allowing the benefits of
a fleet substitution rate to be estimated, its data are
partly available in [19].

Therefore, the scope of the analysis is to replace the
conventional Thermal Engine (TE)-driven powertrain
of the TEH-R with a hydrogen-driven powertrain
featuring a FC system. A schematic of the considered
series powertrain architecture is portrayed in Figure 2.

The retrofit solution is envisioned within a 2030 time
frame. Input parameters about technological assump-
tions (i.e. battery and FC performance, tank gravi-
metric index and EM properties) are instead consid-
ered for the year 2025, allowing a 5 year gap for cer-
tification and testing. Data are summarised in Ta-
ble 1. The FC specific power indicated in the table
considers also the Balance of Plant (BoP) (compres-
sor, humidifier) without the cooling system, accounted
for separately [20]. Concerning the cryogenic tank, the
gravimetric index is assumed equal to 50%. This value
is considered conservative with respect to the values
reported by [21]. The EMs are considered to be of
the axial flux typology and the rotational speed can
range from the main rotor speed to a maximum value
of 6,000 RPM, other considerations have been derived
from previous experiences on a electric tail rotor ap-
plication [22]. Finally, the battery specific energy and
C-rate values are based on state-of-the art power spe-
cialized Li-ion cells [23]-[25] assuming about 3% of an-
nual improvement with respect to the actual values.

4 RESULTS

4.1 The optimal results

As depicted in Figure 3 HERACLES returns a weight
breakdown of the retrofitted solution, splitting the
MTOW among the powertrain components introduced
in Equation (1). In the component-by-component



weight breakdown of Figure 3a the purple bar indicates
the mass of the non-propulsive elements, i.e. struc-
ture, landing gear, avionics, and other non-propulsive
systems, whose contribution amounts to the one of
the original TEH-R. Figure 3b groups the weight con-
tribution into payload weight, empty weight and fuel
weight, and compares the overall amounts with TEH-
R (empty blue rectangles). It is possible to notice a
reduction of the fuel weight of the retrofitted machine
with respect to the original values of TEH-R. However,
the 1,484 kg (-84.6%) of less fuel is counterbalanced by
the increasing empty fraction of 1,807 kg (+35.9%).
This reduces the residual payload by 323 kg (-11.9%).

The hydrogen tank is capable of hosting 271 kg of
liquid hydrogen. According to Winnefeld’s model [21],
the considered gravimetric index implies a thickness
of 200 mm that allows for a self-emptying time of
1.4%/h at standstill in ISA+35 and steady-state
conditions.

The time histories depicted in Figure 4a show the
optimal power management strategy of FC and bat-
tery outputs. In particular, the sum of the battery
power (blue line) and FC power (orange line), net of
the EMs, power electronics and driving system effi-
ciencies must match the required power (green line).
The dashed black line represents the mission profile in
terms of altitude.

The corresponding tank level (yellow line), battery
SoC (blue line) and FC throttle (orange line) are
shown in Figure 4b. The SoC of the battery pack
is always contained between a maximum and a min-
imum value respectively equal to 90% and 10%. In
this case, the dashed-dotted black line represents the
mission profile in terms of range.

From the time histories of Figures 4a and 4b it
is possible to observe that the optimal usage of the
battery pack, resulting from the algorithm, consists in
depleting the charge mainly during peak phases (take-
off) and residually discharging during cruise. Towards
the end of the mission, the battery is charged again to
provide the power boost necessary for landing. Then,
some residual recharge happens to avoid getting below
the minimum 10% SoC.
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Figure 2: Schematic of the fuel cell-based hydrogen-
powered powertrain.
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Figure 3: Results of the TEH-R solution.

Figure 4c¢ shows FC efficiency along the mission, ob-
tained matching the power requirement with FC po-
larization curve at each time step.

Figure 4d depicts battery power (blue line) within
its upper and lower bounds, which are a function of
the battery SoC. These limits are widened during
transients phases (corresponding to takeoff and
landing) where the battery power can use a boost
power mode.

In Table 2 are listed some of the most important
outputs of the algorithm, such as, the rated powers of
EMs, battery pack and FC, the sizing of the cryogenic
tank and the volumes of these subsystems.

Finally, in Figure 5 is shown the lofting of the pow-
ertrain subsystems for the retrofitted solution.
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Figure 4: Optimized powertrain results.
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Figure 5: Rotorcraft dimensions and powertrain components lofting.

4.2 First guess and optimized solution com
parison

- all powertrain weight, a comparison between the op-
timization results, already discussed in Section 4.1,
and the algorithm first guess, is shown in Fig-

To better visualize the effectiveness of the optimiza- ure 6. The initial guess derives from a pre-sizing
tion loop and understand how it can reduce the over-



Table 2: Results of the HERACLES sizing process for TEH-R FC-powered solution.

Component Description Value M.U.
MCP (Peak power) 1,001.0 (1,251.3) kW
Weight 211.0 kg

Electric motors  Diameter 0.52 m
Length 0.29 m
Speed 6,000 RPM
No. of cells (s x p) 269 x 6
MCP (Peak power) 460 (828) kW

Battery Nominal energy 39.58 kWh
Weight 183.5 kg
Volume 0.0635 m?
No. of cells (s x p) 1,277 x 6

Fuel cell system Power 1,001 kW
Weight 469.5 kg
Volume 0.3613 m3
Diameter 1.51 m

Hydrogen Tank Total length (including end caps) 3.01 m
External Volume 4.47 m3
Boil-off rate 1.4 %/h

Transmission Gear ratio 25.32
Weight 619.1 kg

. Overall length 32.5 m
Cabling Weight 86.1 kg

tool, namely Retrofit Of HydroGen powEred Rotor-
craft (ROHGER), which is described in [14]. Hence,
Figure 6a depicts the difference in powertrain weights
between HERACLES and ROHGER results. Here, it
is possible to see a payload increase of 236 kg, which
is approximately equal to 9% of the MTOW. This in-
crease in payload is due to a reduction in the overall
empty weight, which can be explained component by
component as follows:

e EMs: the optimization algorithm converges to
a higher rotational speed of the electric motors,
specifically equals to 6,000 RPM, against to the
2,000 RPM of the first guess. Thus, at constant
specific torque and required power, the electric
machine weight is reduced regardless of inverter
mass [16], saving a total of 82 kg for each EM.

e Gearbox: because of the higher gear ratio of the
gearbox due to the rotational speed of the EMs,
its weight increases by 24 kg, which is a very small
price to pay given the high sparing weight ob-
tained for the EMs.

e FCs: better battery utilization, as shown in Fig-
ure 6b, allows for a FC power reduction which
results in a lower weight of approximately 134 kg
while maintaining OEI powers.

e Battery: HERACLES aims for a small increase
in battery pack weight of 12 kg for an optimal
hybridization factor of around 32% compared to

the initial value of 29%; where the hybridization
factor is computed through the battery and fuel
cell maximum continuous rated powers as follows:

Pp

(3) 9= Pr T Pro

Hydrogen: the fuel mass is lower for two reasons,
first, the better power usage of the two energy
sources allows the FC to operate at a higher ef-
ficiency throughout the mission, and second, the
pre-sizing ROHGER algorithm accounts for the
boil-off rate, specifically 13.1 kg of vented hydro-
gen during a 30 minute ground hold phase, ne-
glected for simplicity during the optimization.

Hydrogen tank: whether a 50% of gravimetric in-
dex has been considered in the optimization algo-
rithm, through ROHGER the tank is effectively
sized showing that a gravimetric index of 61.2%,
including BoP, can be reached, so that 50% is
instead a conservative value.

TMS: due to the lower power of the FC stack, 15
kg of TMS weight can be saved.

Cables: the total amount of electrical power is
constant, even if it is split differently between FC
and battery, so the amount of cable weight does
not change.

Finally, Figure 6b depicts the best power usage of
the FCs and battery packs discovered by HERACLES



in comparison to the initial guess. It is clear that the
battery pack’s ability to reduce the power peak of the
FCs allows for a lighter solution.
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Figure 6: Comparison between the oprimized solution
and the first guess.

4.3 Sensitivity analysis

Some sensitivity studies on the design parameters of
the main powetrain components are here presented.

In particular, Figure 7 shows how the percentage
difference in payload between the retrofitted machine
and the original TEH-R changes with respect to the
FC specific power and tank gravimetric index. Given
that the fuel is the energetic content of the hydrogen
system and that its specific energy is constant, the
variation of the tank weight represents the system’s
specific energy. As a result, it is possible to overall
observe the hyperbolic behaviour of the payload
contour line with varying tank gravimetric index (y
axis) and FC specific power (x axis).
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Looking at the solution’s sensitivity to both power
sources, Figure 8 depicts the payload variation against
the battery (y-axis) and FC (x-axis) specific power.
The contour lines are flattened on the abscissa axis
due to the high weight of the FC, which means that
the payload is more sensitive to variations in the
specific power of the latter than to those of the battery.

Analogously to Figure 8, Figure 9 shows the sen-
sitivity of the resulting optimal hybridization factor
¢ to the same variables, i.e. FC and battery specific
power. It is clear from the graph, that the value of
the hybridization factor remains almost constant de-
spite the changes in the two variables. A constant ¢
means that the ratio between battery and FC power
does not vary since HERACLES converges always to
the same power share. The reasons of this behaviour
are probably due to the values of the battery peak
specific power, always higher than the one of the FC,
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and mainly to the particular aircraft and design flight
mission characteristics. In particular the parameter
leading the optimal ¢ is represented by the difference
between the takeoff and the cruise power, divided by
the takeoff power.

5 CONCLUSION

In this paper, a methodology for the optimal retrofit
of a hydrogen-powered VTOL is presented. The sizing
is based on an original tool, HERACLES, that imple-
ments a constrained optimization problem to size the
powertrain components (i.e., battery, FCs, hydrogen,
tank, gearbox, EMs, TMSs and cables) and returns the
optimal power share over a pre-defined mission profile.

The algorithm is capable of addressing multiple
rotorcraft categories, from lightweight single engine to
fast compound architectures. The proposed solution
is compliant with the airframe of the considered
reference aircraft, since it preserves the MTOW. In
particular, the results presented refer to the TEH-R
case of study, or a large rotorcraft FC-based retrofit.
Due to an increment of the empty weight because
of the FC system, the cryogenic tank and EMs, the
overall residual payload is 11.9%, lower than the
original aircraft. This can be seen as the price to pay,
for the present study case, to obtain the result of zero
CO4 emissions with today’s technology. However,
comparing the results to the first guess an increment
of 9% of the payload is possible optimizing the archi-
tecture hybridization factor, the usage of the battery
pack and the FCs, and increasing the EMs rotational
speed. The results are highly correlated to the
state-of-the-art technology, with particular emphasis
on the payload’s dependence on assumptions about
FCs, batteries, and tank gravimetric index. The
sensitivity analysis also indicates the improvements

that must be made to FC and battery technologies
for a given retrofit solution in order to be applicable
without penalization in terms of payload and range.

The flexibility of the developed methodology lends
itself to be applied on various platforms with different
architectures; this allows to evaluate different techno-
logical solutions, indicating when they could be ready
to sustain profitable business cases in the future. Fur-
ther applications of HERACLES will be targeted to
understand which combination of propulsion technol-
ogy and powertrain could be successful to maximize
performance while pursuing the restrictive carbon re-
duction goals of the aviation sector.
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