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Optimal Flight Trajectories of Hybrid Electric Aircraft with In-flight
Charging

Yuanbo Nie, Paing Ko and Ross Drummond Dept. of Automatic Control and Systems Engineering
University of Sheffield
Sheffield, UK
{y.nie, phmukol, ross.drummond}@sheffield.ac.uk

Abstract— The transition towards electric aircraft is par-
ticularly challenging due to the relatively low specific energy
densities of electrical energy storage systems. If electric aircraft
are to be realised, flight paths must be optimised to take
advantage of the unique features of electric propulsion systems.
In this paper, the problem of determining the optimal flight
trajectories for aircraft powered by a combination of a fuel
cell stack and lithium-ion battery pack is considered. Particular
emphasis is given to the role of the battery pack’s temperature
and in-flight charging requirements on the results. Solutions
that minimise the fuel consumption and the flight time are first
considered. For both cases, the optimal solution was observed
to discharge the battery during the climb with only minimal
in-flight recharging of the battery by the fuel cell. A scenario
that requires a fast climb and descent and the battery to be
charged upon arrival was identified and shown to lead to an
oscillatory profile for optimal in-flight charging. These results
demonstrate the potential of solving optimal control problems
to generate tailored electric aircraft trajectories.

Electric aircraft, trajectory optimisation, optimal control
theory, numerical methods.

I. INTRODUCTION

Whilst the roll out of electric vehicles (EVs) is gathering
momentum, progress in the decarbonisation of aviation has
been much slower. Even though the aviation sector only
accounts for a small proportion of total greenhouse gas
emissions (for example, during 2022 in the UK, aviation was
responsible for 26.0 MtCO,, whereas the transport sector as
a whole was responsible for 112.5 Mt [8]), emissions from
aircraft are predicted to grow in the future and high altitude
aviation is understood to contribute to an extra greenhouse
effect due to the formation of persistent condensation trails
(contrails) [8].

To counter this increase in pollution, there has been a
push to develop electric aircraft charged by renewable energy
sources. Several prototype electric aircraft are now entering
the testing stage such as the Rolls-Royce ACCEL aircraft
which reached a speed of 480 km/h. Such prototype electric
aircraft are impressive, and demonstrate how significant
progress can be made by leveraging the recent advances in
electrical energy storage, notably in battery technology and
charging infrastructure, stimulated by the explosive growth
in electric vehicles. However, in contrast to the growing
adoption of electric vehicles by the public, current electric
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aircraft have yet to break out from the prototype stage and
widespread adoption remains only on the horizon.

The sobering reasons behind the sluggishness in switching
to electric aircraft are simply that, currently, their perfor-
mance can not match fossil-fueled powered aircraft and they
are less well-understood. For example, the battery-powered
Heart Aerospace ES-19 regional aircraft only has a planned
range of 400 km with 19 passengers, whereas a similar
turboprop counterpart can easily fly missions beyond 1000
km. Besides their increased costs, the main obstacles for
aircraft electrification are: i) the relatively low specific energy
and power densities of current electrical energy devices, ii)
safety fears around fires (with Li-ion battery fires being
particularly dangerous), and iii) the lack of airport charging
infrastructure to facilitate rapid aircraft turnaround. The
aggressive power/energy demands of aircraft means that any
performance limitations in the power sources are exacerbated
compared to EVs (which are currently seeing a switch to low
cost, low energy density systems with the rise of Na-ion and
LiFePQO, batteries, neither of which are suitable for long-rage
aviation).

There is then a need to optimise the design and flight
paths of current electric aircraft [3]. Electric aircraft and
traditional aircraft have significantly different characteristics
(for example, traditional aircraft get lighter during the flight
as they burn fuel whereas batteries do not as charge is
just transferred from the cathode to the anode) and these
differences need to be accounted for in how the aircraft is
flown. Addressing this problem is the focus of this paper.
A method to optimise the flight trajectory of an electrified
Fokker 50 aircraft with a hybrid power system is described.
It is assumed that the power source of this electric is formed
of a battery pack and a fuel cell stack and a short-haul flight
from London to Berlin is considered. The main results of the
paper are:

1) Optimal flight trajectories are generated for electric
aircraft powered by a combination of a lithium-ion
battery pack and a fuel cell stack.

2) Only limited in-flight charging of the battery pack is
observed for minimum time and minimum propellant
consumption problems.

3) Oscillations in the in-flight charging response were ob-
served for problems where the aircraft was encouraged
to maintain a high altitude flight and the battery pack



Fokker 50 aircraft

Fuel cell stack

Yicarau

o Lpan
Lithium-ion battery pack

S =
g Sl
Lo |

—

Electric motor

-
Ly

Fig. 1: Illustration of the modelled electric Fokker 50 aircraft.

was to be charged on arrival.

4) Insulating the battery pack from the drop in atmo-
spheric temperature can significantly improve perfor-
mance.

The ICLOCS2 Toolbox [16] for MATLAB was used to
numerically solve the optimal control problems for the flight
trajectories using the direct transcription method of direct
collocation. The results highlight the differences between
optimal flight paths for electrified and traditional turboprop
powered aircraft, with significant scope for further develop-
ment and experimentation.

Several other recent studies have considered the optimal
management of electric aircraft. For example, [12] used the
minimum principle to generate optimal flight paths and a
similar approach was used in [13] for hydrogen powered
aircraft while ADMM based solvers were used in [9] and
[10] for hybrid aircraft with fossil fuel components. There
has also been interesting studies exploring how features of
the battery pack affect electric aircraft; for example [11]
showed the importance of including thermal cooling of
the pack, [20] examined the role of charging the battery
in flight, [19] highlighted how the battery model’s fidelity
affected the solutions, and [15] showed the impact of pack
topology on the response. Recently, there have also been
more fundamental battery research for electric aircraft, such
as the modelling results of [6], the performance requirements
[5] and the aviation-focused battery degradation dataset of
[4].

Whilst there are similarities between the presented results
and these papers (specifically, on the use of optimal control
theory to generate flight paths for aircraft powered by batter-
ies), there are also important differences. Most significant is
the paper’s focus on hybrid battery/fuel cell power systems,
as opposed to the common hybrid battery/turboprop arrange-
ments of papers such as [10]. We also explore how aspects
such as the battery pack end state-of-charge and its thermal
response affect the solution. Specifically, a flight scenario
prioritising the aircraft to remain at high altitude and the
battery to be charged at the end of flight is shown to generate
oscillatory profiled for optimal in-flight charging. This is in
contrast with traditional understanding based on minimum

propellant consumption and minimum time solutions that
in-flight charging of the battery provides limited benefits
[20]. Moreover, the usefulness of numerical optimal control
for solving such problems at scale is demonstrated. We
are conscious that these results are preliminary and can be
expanded upon significantly, for example by incorporating
more advanced battery models, such as packs of Doyle-
Fuller-Newman models which go beyond the single particle
models of [19]. Doing so will enable higher fidelity simula-
tions able to account for effects such as cell-to-cell variability
in the pack and degradation due to lithium plating.

II. AIRCRAFT MODEL

We begin by introducing the aircraft model used for the
flight trajectory optimisation. As illustrated in Figure 1, a
Fokker 50 was chosen as the representative aircraft to be
optimised. This aircraft is a regional Turboprop airliner able
to seat 40-70 passengers with specifications given in [1].

A. Aircraft dynamics

The following point mass model from [17], modified from
Cartesian coordinates to latitude and longitude states, is used
to describe the dynamics of the aircraft:

h(t) =vras(t) sin((1)) (1)
i~ ) sr(t) o
. 1y _mas(t) cos(r (1)) sin(x(1))
SO = R+ h(0) costr0) (1o
s () = (P (veas (1), ). T(1)
~ Dlonas(t) (1) a(t)) ~ m(t)gsin((1))
(1d)
3(0) = (Loms(t), (), (1) cos((0)
— m(t)g cos(1(1))
(le)
gy _ L (£),h(t), (1)) sin(6(1)
O = @m0 o
() = = F((0), veas(0): T(6). (1g)

The model’s states are: altitude (h), latitude(v), longitude
(@), true airspeed (vras), flight path angle (), tracking angle
(x), aircraft weight (m). The control inputs are the throttle
position (I'), the angle of attack (o) and the roll angle (¢).
vcas 1s the calibrated airspeed which is converted from vrag
using atmospheric conditions. The earth’s radius is taken
to be Rg = 6.371 x 10% km and ¢ = 9.81 m/s? is the
gravitational acceleration. The computation of thrust F;,, lift
L and drag D and the fuel flow F, involves the aerodynamic
and propulsion modelling from the performance data [7].

III. HYBRID ELECTRIC POWER SYSTEM

In this section, the model for the electric propulsion system
of this hybrid aircraft is described. The Fokker 50 aircraft
was assumed to be powered by the hybrid power source of
Figure 1 where the current to the motor is the sum of that



from both the fuel cell and the battery. Since the fuel cell
capacity is much larger than the battery, the fuel cell is also
assumed to be able to re-charge the battery during the flight.

A. Fuel cell model

A model from [14] is used to describe the fuel cell, with
state equations

Vialt) = —% wat(t) + A In (—“;ff)) , ()
, My, — Mg ) ,
m(t) = | — — 5 (1) Nge. (2b)
®) ( 2F  4FM;) " ()N

Here, V. is the instantaneous voltage, Ay is the activation
voltage reaction rate variable, ig is the fuel cell current,
i9p = 50 A is the exchange current density, 74 = 1 s is the
time constant for the activation voltage drop. Additionally,
My, = 1.00794 x 2 x 1073 kg mol~! is the molar mass
of liquid hydrogen, Ma;, = 28.96 x 1073 kg mol~! is the
molar mass of air, My = 0.209476 is the molar fraction of
oxygen in air, F = 96485.3 C mol~! is Faraday’s constant
and Ng = 5000 is the number of series-connected cells in
the stack.
The fuel cell voltage is described by

‘/fc (t) = Nfc (V;)c,fc(t) - (V;lct(t) + V;)h(t) + Vt(t))) (20)

where Vg, is the voltage drop due to the fuel cell’s internal
resistance, Vocre = 1.2 V is the open circuit voltage for a
single cell, and Vianspore is the voltage drop due to reactant
mass transport across the fuel cell. These additional voltage
drops satisfy

Von(t) = —Riig (1),
Vi(t) = mye (),

(2d)
(2e)

with R; = 0.9 x 1073 Q2 the fuel cell internal resistance, and
my; = 3 x 107® V and n; = 0.015 A~! some empirical
constants for transport losses.

B. Battery Model

An equivalent circuit model is used to capture the dy-
namics of the lithium-ion battery of the hybrid aircraft, as
shown in Figure 2. It is assumed that a current can be drawn
from the fuel cell stack to charge the battery, giving the
overall charging current of ipaot(t) = tba(t) — Ffeavac(t)
where in,(t) is the current (with signs taken to be positive
for charging and negative for discharging) drawn from the
battery and iscopay (t) is the current from the fuel cell to charge
the battery in flight. As the voltages are different for the two
energy systems, the conversion from the fuel-cell discharge
current to the battery charging current will be based on the
exchanged power with an efficiency of 7 = 0.8. The model
equations for the battery pack are obtained from [18] which
were parameterised for the A123 Systems APRI8650M1A’
high power lithium-iron phosphate cylindrical cells of [2].
The electrical equations of a multi-cell battery pack based
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Fig. 2: Equivalent circuit model of the battery.

on this model are

Thatt ot (t> ) (t> Tbatt ot (t)
= D gy = — 4 et (3a
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Thatt.tot (T
Voau(t) = N (V(J(xl(t)) + 22(t) + Rol)t;\[[t()) ., (3b)
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with z1(t) being the state-of-charge of the cell, xo(t) the
relaxation voltage of the RC pair in Figure 2, and Vi, (t) is
the cell voltage. As illustrated in Figure 1, the pack is built
from modules of N, = 100 cells connected in parallel, and
with N, = 200 of these modules then connected in series.
This model assumes that all cells in the pack are the same,
and so the current is distributed evenly across the module’s
parallel branches. The model parameters are: () = 3Ah is the
cell capacity, Ry = 0.003( is the series resistance, and the
RC-pair is defined by R; = 0.002€2, C; = 8 x 10°F. A look-
up table is used to compute the open-circuit voltage (OCV)
Vo from the state-of-charge x; based on the experimental
data from [2], [18].
The temperature dynamics of this cell are modelled as

mbatthATball(t) = - hbattAbattATbatt(t)
+ Ro(ibau () + ireapan(t)”)
+ 22(t) (Tare (t) — Tgcaban(t))

where AT (t) = Toa(t) — Tamp(t) [K] is the temperature
difference between the cell Ty, (¢) and the ambient air sur-
rounding the pack Tymp(t). When the pack is insulated, then
Than(t) = 293 K and when it is not, then T,mp(t) decreases
with altitude following the standard atmospheric condition.
Mpae = 39 x 1073 kg is the cell mass, C, = 2025.737
Jkg='K~! is the specific heat capacity, Apyy = 3.714x 1073
m? is the surface area and hpy = 43 W m2K~! is
the convective heat transfer coefficient. The entropic heat
generation rate has been neglected in this model as it is
assumed that the large currents during electric flight cause
joule heating to dominate.

(3¢)

C. Integrating Battery and Fuel Cells

The electric motor is modelled as a first-order response,
with the dynamics of the shaft power being

Prosorar = Prvshate

P w,shaft = (43-)

Tm
and 7, = 2 s is the time constant. Py, is the total power
available from this hybrid power system, defined as

Pw,tota] = _(Vbattibatt + Wcifc)~ (4b)
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and another formulation minimising the flight time Fig. 3: Results for minimum propellant consumption prob-
lem.
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and for the fuel cell: Fig. 4: Results for the minimum time problem, with and

without heating of the battery.
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Finally, the charging of the battery by the fuel cell is subject

! The results for the minimum propellant problem are shown
to the constraint in Figure 3. As seen in Figure 3a, the optimal solution for
NpyQ < irean(t) Ve (¢) <04 the turboprop aircraft was to climb to the ceiling altitude to
720 P V() ’ benefit from the decrease in air density and resistance for

better efficiency. By contrast, the hybrid aircraft climbed to
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Fig. 5: Results for the fast climb and descend problem.

a lower altitude of approximately 5,000 m and travelled at a
slower airspeed. Whilst the shaft power of both aircraft were
similar, the mass of fuel burned by the turboprop was greater
than that from the hybrid aircraft.

Figure 3b shows the distribution of the current across the
hybrid power system during the flight. During the climb,
most of the current is drawn from the battery to meet the
power demands and to limit the burning of hydrogen fuel.
Then, during the cruise stage when the battery has gradually
reached its 20% state-of-charge limit, the hydrogen fuel cell
dominates as the power source. Note that none of the current
is used from the fuel cell to recharge the battery during the
flight for this minimum consumption problem. This result
agrees with [20] which, for a hybrid aircraft composed of a
battery and a mechanical engine, found that only a minimal
amount of fuel is saved by charging the battery during flight.

C. Results: Minimum Time Problem

The results for the minimum time problem are shown in
Figure 4. The comparison between the turboprop and the
hybrid aircraft is shown in Figure 4a. Notice that the flight
time is similar. The hybrid aircraft initially demanded more

power and followed a fast climb, in contrast to the turboprop.
The two aircraft then cruised at similar altitude and speed.

Figure 4b shows the response of the electric power system
during this flight. The main difference compared to the
minimum propellant problem of Figure 3b is that the current
drawn from the fuel cell stack is significantly increased, and
the battery drained faster. During descent, current from the
fuel cell can be seen to be injected back into the battery.

As discussed in studies such as [11], the thermal response
of the battery is an important for electric aircraft. Figure 4a
compares the model predictions when the battery is insulated
(as in when Ty, = 293.15 K- this is referred to as the
heated battery in Figure 4a) and when it is exposed to the
outside air. The benefits of insulating the battery are clear
from this figure. Without insulation, the heat generated by
the battery is not enough to balance out the drop in ambient
temperature as the aircraft climbs. As such, the insulated
battery achieves a higher and faster cruise and reaches its
destination sooner, highlighting the benefits of insulating the
pack.

D. Fast Climb and Descend Scenario

The solution to traditional trajectory optimisation problem
formulations show that when full flexibility is given to adapt
the flight trajectories, charging of the battery in flight is often
unnecessary. However, there will also be scenarios where in-
flight charging of the battery becomes an indispensable part
of the real-world operations. Here, we consider a scenario
where adverse weather is present at lower altitude of the
flight path so that the aircraft should maintain at an the
maximum altitude of 2,6000 ft as much as possible. For this
problem, the objective becomes

tr
min / Sh(t)Q dt + )\ttf + Jreg (10)
0

z,u,ty

with s;,(t) > 0 a slack variable for the path constraint h(t) +
sp(t) > 7,620 m. Ay = 0.01 the trade-off parameter for the
secondary objective to minimize the flight time. The scenario
is further complicated by a short turn-around requirement
(or lack of facilities) at the destination airport, requiring the
SOC to be higher than a certain level at arrival. This scenario
poses an interesting challenge for the operation of the hybrid
electric aircraft:

o to reach a high altitude quickly, the energy stored in the
battery must be consumed to allow a steep climb,

o the fuel cell must charge the battery in-flight to meet
the arrival battery SOC requirement.

Figure 5 compares the results of solving this problem
for different values of the final battery state-of-charge, with
z1(ty) > {0.5, 0.7, 0.8}. When the required SOC of the
battery can be reached through continuous charging using
the excess energy from the fuel cell, e.g. in the case with
x1(ty) > 0.5, a gradual increase in the battery SOC is
observed after the initial climb and the aircraft maintains
steady flight. As the final SOC requirement is increased,
as in when z1(¢ty) > 0.7, 0.8, then oscillations emerge in
the profiles of Figure 5 due to in-flight fast charging of the



battery. Here the trajectory of the aircraft oscillates between
two operation points:

¢ One of the operation point corresponds to the optimal
cruise condition of the aircraft. However, the excess
power available from the fuel cell at this condition
cannot continuously charge the battery to a level that
is required at the end of the flight.

o The other operation point corresponds to the optimal
charging condition of the battery by the fuel cell. How-
ever, under this condition, the available shaft power will
not be enough for the aircraft to maintain its airspeed.

By switching between the two operation points, i.e. by
switching between periods where the airspeed is allowed
to drop for fast charging of battery, and periods where the
charging current to battery is allowed to drop for the recovery
of airspeed, the battery can achieve an overall faster charging
rate in comparison to steady flight operations. This can be
observed in Figure 5a with steeper SOC charging curves seen
during the oscillations.

Figure 5 also presents the solution where 1 (ty) > 0.8
is enforced together with di fcopett(t)/dt = 0, i.e. requiring
a constant current for the in-flight charge of the battery.
This solution corresponds to the strategy that throughout the
cruise, the split of the power remains relatively constant for
the part that is used to power the flight and for the part that
is used to charge the battery. In comparison to the solution
with airspeed and current variations, this constant current
solution is clearly sub-optimal: with longer flight time, higher
propellant consumption, and a slower charging rate for the
battery SOC.

In summary, imposing higher terminal SOC values causes
a trade-off to be navigated between the power from the
fuel cell that is siphoned off to charge the battery and that
which is used to maintain the aircraft at its optimal flight
trajectory. These results demonstrate that for flight scenarios
with simultaneous requirements on the flight path and on the
energy sub-system, the solution will be non-conventional and
non-trivial. The need for in-flight charging also contrasts with
the lack of in-flight charging identified in the earlier results
for the minimum time and fuel consumption problems as
well as that on [20], all based on having higher flexibility in
the solution space for the flight trajectories.

CONCLUSIONS

A method to optimise flight trajectories for electric air-
craft powered by lithium-ion batteries and fuel cells was
developed. Mathematical models for the aircraft, battery, fuel
cell and motor were incorporated for the numerical solution
of the resulting optimal control problems. Three problems
were solved for a benchmark flight between London and
Berlin involving an electrified Fokker 50 aircraft; a minimum
propellant consumption problem, a minimum time problem,
and one which prioritised the aircraft to remain at high
altitude and the battery to be charged upon arrival. In all
cases, the trajectories of the electric aircraft differed from
that of a turboprop; for the minimum propellant problem, the
electric aircraft flew with a faster but lower cruise whereas

for the minimum time problem, the hybrid aircraft was faster
but operated at higher shaft powers. Oscillations in the in-
flight charging were observed for the high altitude flight
problem with the battery charged upon arrival, with these
oscillations caused by the balancing between the aircraft’s
propulsive needs and that required to charge the battery. The
paper also explored the role of battery temperature on the
response, providing a limit on aircraft performance. Future
work will further enhance the realism of the modelling and
problem formulation, and explore the benefits of electric
aircraft co-design together with operation trajectories.
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