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Abstract

This paper deals with the design of power control strategies for the hybrid electric propulsion system of
lightweight fixed-wing UAVs for long-endurance surveillance missions. Using as reference application a UAV
with conventional thermal propulsion, the basic objective of the work is to substantiate the feasibility of its
hybrid conversion, up to overcome the limitation of climb performances due to the engine overheating as well
as to enhance the propulsion efficiency. Thanks to a control electronic box dedicated to the power
management, the UAV electric generator is temporarily switched into motor operation, reducing the thermal
engine power request, and thus avoiding its overheating. The paper demonstrates that a management of
propulsion system commands (engine throttle and motor current) based on dynamic ideal-decoupling
techniques is effective to track a target performance signal (as a relevant case, the engine efficiency has
been selected in the work), while limiting the transient deviations of propeller speed, i.e. the UAV thrust.
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1. Introduction

The market of unmanned aerial vehicles, though the dramatic economic impact of the COVID-19
pandemic, has kept on growing through the last decades, reaching a 17.54% compound annual
growth rate from 2020 to 2023 [1], [2]. The absence of CO2-emissions, the minimal noise levels,
the reduced thermal signature, the high power efficiency together with the constant design
improvements of energy storage devices make the electric propulsion the reference solution for
lightweight UAVs in the long-term perspective. However, the specific energy of battery packs is
currently much lower than that of liquid hydrocarbon fuels [2], [3] and the use of Internal
Combustion Engines (ICEs) is nowadays unavoidable, especially for long-endurance UAV
applications. Nevertheless, the poor thermal efficiency of ICEs, ranging from 30% to 40% [4],
remains a relevant shortcoming. Hence, driven by the enhancements of electric systems efficiency
as well as on the wave of the emissions goals set by ICAO, Hybrid Electric Propulsion Systems
(HEPSs) are expected to play a key role in next future UAV developments, and in particular for
long-endurance applications [5]. The HEPS combines the high power efficiency of electric motors
with the high specific energy of fossil fuels and they could enhance both cruise and climb
performances of UAVs [6]. An extensive survey on HEPS architectures for aircrafts is carried out
by Wall and Meyer in [5], and relevant analyses on control strategies are proposed by Harmon in
[7] and Hiserote in [8]. In particular, Hugo and Gonzalez demonstrated in [6] that, in fixed-wing
UAVs, a HEPS with parallel configuration can lead to a 6.5% fuel saving, and the feasibility of this
target has been recently supported by Xie et al. [9], who developed a HEPS control technique for
the Rotron UAV leading to 7% fuel saving. Another advantage given by HEPSs is that the climb
performances would be not limited by the ICE overheating. Actually, being the ICEs for long-
endurance UAVs optimized for cruise operations (i.e. at low power rating), they are typically prone
to overheating during climb, when the power request significantly increases. In [10], it is pointed
that the temperature rate of the ICE head of a lightweight fixed-wing UAV can exceed 1°C per
second during climb.
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These limitations are overcome by performing repeated small climbs alternated with levelled
flights, to cool down the ICE, but the resulting performances are poor. The problem could be
solved by converting conventional ICE-based systems into HEPSs. By using a control electronic
box dedicated to the power control management, the UAV electric generator could be temporarily
switched into motor operation, up to reduce the power delivered by the ICE, thus avoiding its
overheating. In previous works by the authors [10], [11], the benefits of converting conventional
ICE-based propulsion systems for UAVs into HEPSs have been preliminary demonstrated via
simulations and experiments on isolated equipment, using as reference application the Rapier X-
25 UAV developed by Sky Eye Systems (ltaly) [12].

On the wave of these promising results and aiming to the development of a virtual prototype of the
HEPS for the system validation, the research now entails the design of optimal power control
strategies [13], to be defined with the following objectives:

¢ limitation of ICE temperature during climb;

e optimization of ICE efficiency.

2. System description

The HEPS is essentially composed of (Figure 1, additional elements with respect to the ones
already installed on the UAV are indicated in red):

e atwo-stroke single-cylinder ICE with related Engine Control Unit (ECU) [14]
e athree-phase Brush-Less DC Machine (BLDCM), i.e. Electric Machine (EM) [15];
e an EM ECU, implementing a closed-loop current control when the EM acts as a motor;

e a belt-pulleys mechanical transmission to let ICE and EM work in parallel (i.e., torque-
summing) arrangement;

¢ atwin-blade fixed-pitch propeller [16] mounted on the ICE output shaft;

e a Main Battery pack [17] for the power supply of on-board systems and ICE ECU during
hybrid (and emergency) operations;

e a EM Battery pack [17] for the power supply of the EM during hybrid operations;
e aHEPS ECU, implementing the power control strategies.

The HEPS can provide power to the UAV propeller in conventional configuration (the ICE delivers
power to propeller and EM, working as generator) as well as in hybrid configuration (in which the
propeller is powered by both ICE and EM, working as booster motor and supplied by the EM
battery). In particular, depending on the EM working conditions and EM battery, the following
operation modes are defined:

o Generator Mode/Battery Disengaged (GM/BD), in which the EM battery has reached a
pre-defined state of charge and it is disengaged from the EM;

o Generator Mode/Battery Engaged (GM/BE), in which the EM battery is charging, and it
represents an electrical load for the EM;

e Booster Mode (BM), in which the EM, powered by the EM battery, works as motor and
delivers torque on the propeller shaft, therefore supporting the ICE in the generation of
the UAV thrust.
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Figure 1 — HEPS architecture (the connections are related to “Booster Mode” operation).
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3. Propulsion system dynamic model
3.1 Aeromechanical section
The mechanical transmission dynamics is modelled via (1), [10] :

(]iced)ice = Qice (wice'(st) - Qp(wicerAR ) — Tice (Cbé + Kbg)
JemWem = rem(Cbé + Kbg) — Qem
€ = TiceWice — TemWem (1)
1 s 2 ,
Qp = Co(wp, AR )pDy i,
_Va
\ AR = /Dpwice

in which w;., and w,,, are the ICE and EM angular speeds, J;.. and J,,, are the shaft inertias, r;.,
and r,,, are the pulley radii, Q;.. is the ICE torque (depending on ICE speed and throttle §,, Figure
2(Left)), @, is the propeller torque, C, is the propeller torque coefficient (depending on propeller
speed and advance ratio AR, Figure 2 (Right)), D,, is the propeller diameter, p is the air density, 1,
is the forward UAV speed, Q.,, is the EM torque, K; and C, are the belt stiffness and damping, ¢
and ¢ are the belt deformation and deformation rate respectively.
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Figure 2 — (Left) ICE torque map; (Right) APC 18x8 propeller torque coefficient.

AR

3.2 Electric machine section
The current dynamics of the reference EM, which is a BLDCM, can be expressed in a vectorized
form by Eq.( 2),[11], Figure 3:
{Vabc = Rlgpe + LIy + Eabc(ndgem) ( 2 )
Eqpe = kmeemeabc
in which Vg, = [V, = V,,V, = V,,V. = V,,]T is the applied voltages vector, 1. = [I,,1,,1.]7 is the
stator currents vector, E;,. is the Back Electro-Motive Force (BEMF) vector, R and L are the

resistance and inductance of the phases, k,, is the motor speed constant, e,,. = [ey, ey, e.]" is the
BEMF waveforms vector.

Figure 3 - Schematics of the BLDCM (one pole pair) driven by a three-leg converter.

Since the EM is driven via a six-step commutation logic, the three-phase model in Eq.( 2 ) can be
3
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expressed through a scalar monophase equivalent model [16], as in Eq.( 3)

Vo = 2RIom + 2LI gy 4 2K o (3)
The electromagnetic torque can be then expressed by Eq.( 4 ):
1
Qem zé_labc'Eabc = 2kmlom. (4)
em

3.3 Battery packs and on-board systems sections

The current dynamics of the reference battery pack have been modelled with reference to Figure 4
via Thevenin-based equivalent circuit model, Eq.( 5), [18]:
2

V, = Voc(SOC, Ty) = Ry(SOC, T,)0y = Y V;
=1
3 . (5)
S0C = 50Co ~1/Queor | Gyt
0

\V} = 0,/C;(SOC, Ty) — V;/R;(SOC, Ty)C;(SOC, Ty)

where @, is the electrical charge (i.e., SOC), 9, is the delivered current, V,. is the Open Circuit
Voltage and R, is the internal resistance, while R; and C; are the resistance and the capacitance of
the j-th grid, respectively.
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Figure 4. Thevenin equivalent circuit of the reference battery.

The literature highlights that the parameters of each element of the Thevenin circuit are mainly
functions of the SOC and the battery temperature [19].

The on-board systems dynamics is instead modelled as an inductive-resistive load, in which the
resistance is set as an input of the model to simulate variations of power requests, Eq.( 6 ):

Vogs = Ros (D15 + Losjos ’ (6)

where I, is the current delivered to the on-board systems, while L,; and R,,(t) are the equivalent
values of inductance and resistance of the network.

4. Power control strategies

In HEPS and full-electric propulsion systems, a crucial design point is related to the energy
management [20], [21]. The basic idea underlying this work is that the power control strategies
implemented by the HEPS ECU during BM operations can leverage a TITO (Two-Inputs/Two-
Outputs) ideal-decoupling [22], as schematically reported in Figure 5.

Once defined the inputs as the demands of EM current and ICE throttle (signals ul and u2 in
Figure 5, respectively), different types of strategies can be obtained, depending on the selected
states/outputs for the scheme (signals y1 and y2 in Figure 5, respectively). As a relevant example,
the HEPS can regulate the power split to track an efficiency target (e.g. ICE Optimal Operating
Line (OOL), Figure 5), while maintaining the ICE speed (i.e. UAV thrust).
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Figure 5 — HEPS control strategy based on TITO ideal-decoupling.

Based on the ideal-decoupling strategy, the decoupled process should have a diagonal transfer
function matrix G(s) as showed hereafter:

P11(s)  P12(8)][D11(s) Di2(s) Py11(s) 0

6 = PEDPE = 5 I |- ]

S =POPS=1p, () P D) Dr@l =L 0 P

where D(s) is the decoupling transfer function matrix, which components can be obtained by
superimposing the decoupling requirement in Eq. (7):

(7)

0u) =~ pp s o
) = )
R o e e
DZZ(S) — P11P22

P11Py5 + P13 Py

5. Results

The effectiveness of the proposed power management strategies has been assessed via nonlinear
simulations, in which the following sequence of events are imposed in both climb and cruise
conditions (the HEPS model has been entirely developed on MATLAB/Simulink environment, and
its numerical solution is obtained via the fourth order Runge—Kutta method at 10™* s of integration
time step):

e |Initial condition (t = 0 s): the UAV flies at 22 m/s airspeed and the HEPS works in
conventional operation (GM/BD), so that the ICE drives the propeller at 7500 rpm in climb,
and at 5500 rpm in cruise;

e Transition to hybrid mode (Hb On, t = 1 s): the HEPS is switched to BM and the EM current
demand is set to zero;

e Activation of the OOL strateqy (OOL On, t = 2 s): the EM current demand is automatically
regulated by the HEPS efficiency controller, tracking the ICE OOL.

To evaluate the impact of the decoupling strategy on the system performances, the results are
hereafter proposed with and without it.

The results of the first test, with the UAV operating in climb condition, are shown in Figure 6 and
Figure 7. From Figure 6 (left), it can be observed that when the OOL mode is activated, the
efficiency regulator effectively tracks the OOL. Additionally, the speed oscillation caused by
changes in the EM current (Figure 6 (right)) is reduced when decoupling is applied. During climb,
to reach the OOL, the system operates at a speed level for which the throttle position should be
reduced (Figure 6 (right)): this requires that the EM acts as a motor, which is beneficial for the ICE
in terms of maximum power excess. This benefit is highlighted in Figure 7 (left), which shows the
power distribution among the HEPS components. For completeness, the main responses of the
EM and main battery are also plotted in Figure 7 (right).
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Figure 6 — Climb condition: (left) ICE speed and efficiency; (right) ICE throttle and EM current.
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Figure 7 — Climb condition: (left) power distribution; (right) battery packs data.

The results referring to cruise condition are then shown in Figure 8 and Figure 9. When the OOL
operation is activated, the efficiency regulator effectively tracks the OOL, and the speed oscillation
caused by changes in the EM current (Figure 8 (right)) is minimized when decoupling is applied.
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Figure 8 — Cruise condition: (left) ICE speed and efficiency; (right) ICE throttle and EM current.

During cruise, to reach the OOL, the system operates at a speed for which the throttle should be
increased (Figure 8 (right)), requiring the EM to act as a brake. This can be conveniently obtained
by re-charging the battery pack dedicated to the EM itself (discharged in climb). In cruise, the ICE
power request is well lower than climb, permitting the ICE to deliver power without degrading its
power excess. These considerations are supported by Figure 9, reporting the power distribution

among components (left) and the battery packs data (right).
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Figure 9 — Cruise condition: (left) power distribution; (right) battery packs data.

Conclusions

The work demonstrates the effectiveness of power control strategies based on ideal-decoupling
techniques to manage the HEPS of a lightweight fixed-wing UAV, by using a control electronics
that converts the UAV electrical generator into a booster motor for enhancing the propulsion
performances. Different power management strategies can be applied when the HEPS operates in
hybrid mode, also depending on mission phase: this work focuses on a strategy tracking the ICE
OOL. During climb, the ICE requires to decrease throttle to reach the OOL target, so that the
electric machine must work as a motor, while during cruise, it must act as a brake to let the ICE
reach the OOL. These two requests can be conveniently harmonized in a climb/cruise cycle, by
discharging and re-charging the battery pack dedicated to the EM itself. The results further
demonstrate the effectiveness of a TITO ideal-decoupling technique to manage the ICE throttle
and electric motor current demand for tracking a target signal as the ICE efficiency, while limiting
transient deviations in propeller speed, i.e. the UAV thrust.
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