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ABSTRACT This article presents a preliminary suitable sizing methodology for the design process of the
powertrain architecture for a hybrid-electric propulsion system for ultra-light and general aviation aircraft.
The main objective of this activity is to design and realize a prototype of a hybrid-electric propulsion system
for Cessna 337 aircraft with a maximum take-off power of 134 kW. At the same mission, two operating
strategies have been chosen, max recharge and max efficiency. The first one consists of the engine running
at wide-open throttle to quickly charge the battery, while the second runs at minimum specific consumption
to reduce consumption. The primary energy assessment has been conducted in all proposed propulsion
configurations with the same aircraft, mission, and maximum take-off weight. The results also indicated that
parallel hybrid propulsion shows a better compromise in terms of 10% energy saving, 4% CO, reduction,
and mission duration.

INDEX TERMS Hybrid-electric aircraft, parallel, series, full-electric, training mission, energy saving, CO;

reduction, Li-ion battery.

I. INTRODUCTION

In the Flightpath 2050 report are discussed the European
vision for civil aviation are defined pollution and noise limits
to be achieved by 2050, goals to be reached are to reduce
CO2 emission by 75%, NOx emission by 90%, and noise
reduction by 65% through 2050 [1]. These values are com-
pared to the year 2000 baseline technologies. In Fixed Wing
Project N+3, similar goals have been proposed by NASA.
The most important goals are highlighted: reduction of noise
equal to 71dB, 70% of fuel-saving and, 75% of NOx reduc-
tion [2]. Although general aviation aircraft far outnumber
civil aviation aircraft, they have not been included in the
above programs, mainly due to the fact that civil aviation
has a greater fuel consumption impact of about 92% in US
aviation sector [3]. General aviation will follow the trend set
for civil aviation, with less stringent limits, but still leading to
overall improvements. In [4] have been outlined the principal
field of research in airframe design, propulsion design and
propulsion airframe integration. Propulsion electrification is
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one way to reduce gas emission, and at the same time allows
to increase designs freedom and performances improvement
of future aircraft. Indeed, the electrical motors provide more
potential if compared to internal combustion engines, both
due to their direct reduction in emissions and their inherently
high power-to-weight ratio. However, their power supply
highlights their great limitation for aeronautical application
due to the high specific weight of the batteries. Hybrid
propulsion systems can be the winner in the short to medium
term because on the one hand it combines the advantages
offered by fuel systems and the electric motor [5], then on
the other one, it minimizes the disadvantages when taken
individually. Therefore, the use of hybrid powertrains can
achieve high conversion efficiencies as well as low emissions
and noise pollution. Ye Xie et al. have discussed the state of
art of aircraft powered by hybrid electric propulsion system.
The paper demonstrated that the study of mid-scale hybrid
airplanes can contribute the most to both researchers and
practices. The small-scale hybrid such as unmanned aerial
vehicles has been widely studied and put into practice, while
large hybrid aircraft will be staying at the stage of concept
analysis unless electrical storage technologies experiment
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evolutionary improvements [6]. Glassock et al. have exam-
ined a full electric and a hybrid electric propulsion for a sky-
diver lift. It has been shown how a short duration high power
mission such as skydiving can use HEP equipped aircraft
to reduce fuel consumption, CO2 emission. The skydiving
mission good match the actual electrical propulsion limit,
it is approximately two person-hour of flight time. More-
over, a simply configured distributed propulsion benefits the
efficiency to offset the problematic aspects by the increase
of HEP system weight [7]. Same consideration in terms of
mission duration has been carried out in this study, where
flight segments are repeated several times useful for pilots
training. Usually, preliminary sizing does not require detailed
knowledge of geometry, therefore is particularly suitable for
determining the influence of a new propulsion architecture.
Moreover, also Pornet et al. proposed an extension of the con-
ventional size and performance methodology, for fuel-energy
aircraft. The hybrid retrofit concept is capable of medium
range mission utilizing the conventional propulsion system
only based on fuel. When flying short range mission, signifi-
cant fuel burn savings can be obtained by using the electrical
energy of the battery. The benchmark against a conventional
reference aircraft, shows in Pornet et al. study, a reduction of
potential fuel burn up to 16% and 18% using a mix of fuel
energy to electrical energy [8]. About integrated sizing of
the hybrid propulsion and aircraft have been proposed by de
Vries et al. [9] and Riboldi [10]. The first author proposed a
suitable generic sizing method, applied to a regional transport
aircraft, for the first stages of the design process of hybrid
electric aircraft, taking into account the powertrain architec-
ture and associated propulsion-airframe integration effects.
This method is applied a hybrid electric propulsion concept
featuring leading-edge distributed propulsion. The results of
these studies confirm that, for the assumed technology lev-
els and mission requirements, utilization of hybrid electric
distributed propulsion does not lead any benefit at aircraft
level when compared to a conventional powertrain. There-
fore, de Vries et al. reaffirm that an integrated optimization
study that considers the mission and power control profiles is
necessary. These aspects have a significant influence on the
resulting aircraft characteristics [9]. Riboldi presents in his
work a procedure to effectively tackle the sizing problem for
hybrid electric aircraft, based on an optimal approach where
take-off weight is minimized, and constraints are included to
assure meeting the mission performance requirements while
not exceeding any technological limit. The author proposed
a methodology based on hybrid-electric aircraft design that
corresponds to the requirements that can be met with an all-
electric solution. In this way, the weight advantages that could
be obtained by implementing a hybrid-electric solution are
more evident [10]. Therefore, an effective way to evaluate
the performance of a hybrid powertrain is to take a high-
level approach, as was investigated by Tyler S. Dean on the
Tecnam P2006T aircraft [11]. In this work has been studied
the propulsion system of the Cessna 337, in wich three new
propulsion options have been proposed: parallel hybrid (PH),
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series hybrid (SH), and fully electric (FE). All proposed
solutions have been carried out with the same training mis-
sion, and same maximum take-off weight (MTOW) equal to
1.700 kg. The energy consumption and CO; gas emission
for each configuration have been compared with benchmark
performances of the Continental IO 360. The PH propulsion
configurations have been evaluated in terms of different EM
size, different transmission gear ratio (GR), and different
battery dimension. To carry out all investigation of the HEPS
propulsion configuration has been developed a useful analy-
sis performance model in Matlab/Simulink environment. This
model has been designed to compare the main performance
parameters between different solutions (e.g., parallel, series,
fully electric) and it’s able to be quickly reconfigurable for an
assigned mission profile. This model has been developed to
take in consideration engine performance maps, sometimes
easily available from the manufacturers’ datasheets. There-
fore, it can be easily reconfigured, and it is fast in processing,
so it can be efficiently used for investigating all of propul-
sion configurations during preliminary design. Moreover, this
model has been tested and validated with experimental data
in Cardone et al. studies [12], [13].

Il. MATERIALS AND METHODS

In Fig.1 have been shown all configurations considered, also
including benchmark powertrain, called conventional. The
simplified representation includes energy sources as fuel and
battery, thermal motor and electric motor/generator, transmis-
sion, gear ratio (GR), and the power parts that connect these
elements. Nevertheless, the effect of converters (i.e., invert-
ers and rectifiers) can be accounted for by including their
efficiency losses in the associated EM elements. All set-up
configurations have been summarized in Table 1.

A. HYBRID ELECTRIC PROPULSION ARCHITECTURE

The hybridization factor is an important index, very now
known in the literature, that allows classifying hybrid propul-
sion. It’s defined as follows:

Pey

HF = ——M—
Pey + Pice

D

where Pgys is electric motor power, and Pjcg is internal
combustion engine power. In this study, the target power has
been fixed at 134 kW, where the maximum P;cg is 95 kW in
all configurations.

1) PARALLEL HYBRID-PH

The parallel hybrid has been divided into three different
types. Each of these, presents a different gear ratio and
weight, showed in Table 1. It should be considered that the
CMD 22 engine is clutched to the propeller not directly,
like the Continental, but with a gear ratio GR = 0.5.
The total transmission ratio between crankshaft ICE to the
propeller shaft has been maintained equal to GR = 0.5.
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FIGURE 1. Scheme of all propulsion system considered: Parallel hybrid (A, B, C), series hybrid, conventional

and full-electric.

The following (2) considered to define the gear ratio value.

GR — rpm_Drl.ven @)
rpm_Driver

PH - A) The propeller has been directly coupled
with the electric motor/generator. This last is coupled at
CMD 22 engine through gear ratio, Fig.1 (A).

PH — B) The propeller has been coupled with electric
motor/generator through gear ratio, while this last is directly
coupled with CMD 22 engine, Fig.1 (B).

PH — C) The propeller has been coupled with electric
motor/generator through gear ratio GR2, while this last is
coupled at CMD 22 engine through another gear ratio GR1,
Fig.1 (C).

This hybrid electric architecture has been proposed using
two different EM sizes EMRAX 228 and 268. The hybridiza-
tion factor is HF=0.29 because 39 kW of electrical power is
needed to reach the target propulsion power. The gears weight
has been estimated at 10 kg in all PH (A) and (B) cases, while
for PH (C) with two gears double weight has been considered.

2) SERIES HYBRID-SH

In this case Fig.l (SH), the CMD 22 engine is discon-
nected from the propeller. For this configuration, two EM
were needed. In particular, one generator connected to
CMD 22 engine, and one motor connected to the propeller,
both EMRAX 348. The hybridization factor in this con-
figuration is HF=0.58, where 134kW of electric power is
needed. The gear weight has been estimated at 10 kg in SH
configuration, where only one gear ratio is present.

3) FULLY ELECTRIC-FE

For this purpose, has been used only one electric
motor EMRAX 348 Fig.1 (FE). In this configuration the
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hybridization factor HF=1. No gear ratio weight gain has
been considered for FE configuration.

B. MISSION PROFILE

The mission consists of a training mission where flight seg-
ments are repeated several times for pilot training. In par-
ticular, the flight profile has been shaped in a sequence of
repeated climbs, cruises, base lags, descents, landing, but
only one take-off. This mission is also called ‘“‘touch-and-
go”’, in Table 2 all mission segments have been defined. The
mission repetitions are strictly dependent on battery size and
onboard fuel quantity. The model input parameters consist
of each mission sequence of time ¢, aircraft velocity v, and
propeller speed rpm.

TABLE 1. Hybrid electric propulsion configuration.

Configuration  Motor Gear Ratio HF [legllwelght
. CONTINENTAL
Conventional 10 360 - 0
A) GR=0.5
A) 10
) CMD22 B) GR=0.5
Parallel Hybrid gy ax 228 o Gri=0g75, % g; ;g
GR2=0.571
A) GR=0.5
A) 10
. CMD22 B) GR=0.5
Parallel Hybrid - p\ip A% 268 C)Gri=0.725, 029 g; ;g
GR2=0.689
) ) CMD22 B
Series Hybrid EMRAX 348 GR=0.5 0.58 10
Fully Electric EMRAX 348 - 1

C. AIRCRAFT AND PROPELLER

The Cessna 337 is a twin-engine utility aircraft built in a
push-pull configuration. Its engines have been mounted in the
nose and rear of its fuselage. This aircraft handles differently
from a conventional twin-engine aircraft in that if one engine
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TABLE 2. Training mission profile.

Mission Time Alrc”.‘ft Altitude Power Propeller
sequence Is] Velocity (m] (kW] Speed
[km/h] [rpm]
Startup 10 0 50 1735
and taxi
Take-off 20 130 0-91 134 2530
Climb 300 160 91-762 134 2590
Cruise 300 224 762 134 2798
Descent 240 194 762 - 244 45 2123
Hold 60 194 244 40 2080
Descent 30 160 244 - 152 35 1860
Approach 15 160 152 -304 30 1807
Landing 10 130 304-0 20 1531

fails, the plane does not yaw toward that engine. Moreover,
the minimum controllable flight speed is guaranteed, but
the performances in terms of speed and, particularly, rate of
climb are affected. The main reasons that led to choosing this
aircraft in this study are:

- possibility to flight using only one engine. For this reason,
has been chosen to install the hybrid-electric propulsion sys-
tem in the rear of the fuselage. While in the front position to
leave Continental IO 360 engine. This configuration provides
more safety during the development phases. In fact, upon
engine failure on take-off, the pilot would have the choice of
stopping or continuing the take-off without unbalanced thrust
as a conventional twin-engine airplane;

- high useful load to board bulky and heavy battery. The
manufacturer declares that using 134 kW the Maximum Take-
off Weight (MTOW) is 1700 kg, with a useful load about
to 705 kg [14]. In Table 3 are summarized principal charac-
teristics and performances of Cessna 337.

TABLE 3. Characteristics and performance of the Cessna 337 aircraft.

Characteristics Type/Value
Front Engine Continental 10360
Rear Engine HEPS
Front propeller diameter 1930 mm
Rear propeller diameter 1720 mm
Velocity never exceed (VNE) 361 km/h
Stall Speed Flaps Up 128 km/h
Stall Speed Flaps Down 112 km/h
Maximum Take-off weight 1700 kg
Empty weight 995 kg
Useful load 705 kg

In addition, a new propeller has been chosen to match
hybrid-electric propulsion to the Cessna 337. This investiga-
tion has been considered a fixed pitch of 22°, with 1720 mm

of diameter, two blades, and inertia Iprop = 0.35 kg x m2.
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Moreover, for each hybrid-electric propulsion configuration,
the same propeller has been used, this means that will be
transferred the same power of the propulsion at specific air-
craft velocity v and propeller speed rpm. In Fig.2 each marker
point is representative of the training mission phase defined
in Table 2. Through (3.a), (3.b), (3.c), and (3.d) obtained by
application of Momentum Theory and McCormick coeffi-
cient curves of power Cp, torque C, and thrust C7 [15], [16],
the propeller performance curve at different aircraft velocity v
can be obtained in all rpm regime as shown in Fig.2.

J=v/nD (3.a)
P = Cppn’D’ (3.b)
215
M = C,on"D 3.0)
T = Crpn*D* (3.d)
Power 0\.@\%
200 F e Continental 10-360 y
CMD 22 WOT &
EMRAX 228 Continuous
Propeller ) >
~
150 | >
=3
=
g
S 100
50
0 L .
1500 2000 2500 3000

Speed [RPM]

FIGURE 2. Engines and Propeller power curves, at different aircraft
speed v. Marker points representative of mission phase.

D. INTERNAL COMBUSTION ENGINE

The conventional engine equipped on Cessna 337 is the
Continental 10 360 is a 156 kW (210 hp) maximum engine
power, fuel-injected, air-cooled, horizontally opposed six-
cylinder, direct-drive aircraft engine, manufactured by Con-
tinental Motors (Continental Aerospace Technologies, Inc.,
2039 S. Broad Street, Mobile, Alabama 36615, USA).

The CMD 22 is a 95 kW (127 HP) maximum engine power,
fuel-injected, air-cooled, horizontally opposed four-cylinder,
geared aircraft engine GR = 0.5, manufactured by CMD
Engine (CMD Spa., 2 Via Pacinotti, San Nicola la Strada
81020, Caserta, Italy). In Table 4 are summarized principal
performance and technical specifications of both engines’.
The engine’s weight indicated in Table 4 refers to the wet
conditions ready to flight. In Fig.3 shows the Continental
10 360 and CMD 22 performance torque and specific con-
sumption curves. For the CMD 22 has been calculated ideal
operating line. This curve represents the minimum engine
specific consumption in all function regimes; it has been used
during maximum efficiency run cases.
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FIGURE 3. (a) Continental 10-360 torque and specific consumption curves; (b) CMD 22 specific consumption map. Wide open
throttle (WOT) torque (black curve), and ideal operating line (I0L) torque (red curve).

TABLE 4. Engine performance and technical specifications.

Tec'hmca.ﬂ CONTINENTAL IO CMD 22
specification 360
Bore [mm] 112.776 100
Stroke [mm] 98.552 70
1 Cyl. Disp. [cm3] 984.4 549.5
Displacement tot [cm3] 5906.6 2198
Compression ratio [-] 8.5:1 1.1:1
Cylinder N° [-] 6 4
Firing order [-] 1-6-3-2-5-4 1-3-2-4
Prop. drive ratio [-] 1:1 1:2
Prop. d.rlven [-] Clockwise Clockwise
rotation
Weight (wet) [ke] 190 90
Weight/Power [kg/kW] 1.014 0.895

E. ELECTRIC MOTOR/GENERATOR AND COOLING SYSTEM
To address the challenges of electrification in aircraft, electric
machines are affected by a constant search for innovation.
The aim is to obtain electric machines with high power den-
sity and torque. In order to achieve this goal a new design
approach can be adopted: starting from the mathematical
model of the electric machine a suitable relation between the
requested torque and the required volume is needed [17]. The
most promising machines that bring the main requirements
of an electric traction motor in terms of high power den-
sity, high torque density, high speed range, high efficiency,
high reliability and low costs is definitely represented by
motors Permanent Magnet Synchronous Machine (PMSM).
In this preliminary study have been chosen EMRAX elec-
trical motors/generators. In particular, it is a PMSM axial
flux motors/generators with a high number of pole pairs
whose operating speeds is compatible with the considered
application, which guarantees at the same time high values
of torque density. Three types of EMRAX Low Voltage (LV)
electric motors have been considered, shown in Table 5. Only
EMRAX 268 performance curves have been shown in Fig.4.
The manufacturer has three different possible voltage levels
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for each model, so as to ensure greater flexibility for the
different types of use. In this specific case, the model best
suited to the constraints of our hybrid system is represented
by the low voltage configuration. Indeed, the dc-link voltage
is linked to the choice of energy storage and therefore to
the amount of energy required in the different phases of the
mission. The lowered values of energy required suggest a
configuration of the battery pack with a reduced number of
cells in series which, therefore, requires the choice of a low
voltage configuration of the electric machine.

TABLE 5. Electric motor performance.

Performance 228 268 348 CC
CCLV  CCLV LV
Continuous motor power at
load RPM [kW] 62 107 210
Maximal rotation speed [RPM] 5500 4500 4000
Continuous motor torque [Nm] 120 250 500
Continuous motor current [Arms] 450 500 550
Specific load speed (max load) [RPjVIC]/lV 34 18 9.5
Max battery voltage [Vdc] 160 250 420
Motor efficiency [%] 92-98 92-98 92 -98
Technical specification
Weight [kg] 12.3 20.3 41.5
Diameter [mm] 228 268 348
Width [mm] 86 91 107
IEM = Electric motor inertia [kgm?] 0.0355  0.0664 0.3654

Obviously, based on this choice in order to obtain high
performance, it is necessary to use a combined cooling sys-
tem, where air and water have been used, so as to ensure
the correct disposal of the different rates of energy losses
mainly attributable to Joule losses. The total cooling system
weight including pump, exchanger, and storage tank has been
estimated equal to 15 kg in all configurations. Only in Series
Hybrid, where 1 electric motor ed 1 generator have been con-
sidered, the total cooling system weight has been estimated
equal to 30 kg.
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FIGURE 4. Electric motor performance curves representative of the
EMRAX 268.

F. ENERGY STORAGE SYSTEM

The sizing of the Energy Storage System (ESS) must satisfy
different constraints both of an electrical and mechanical
nature. In particular, with reference to the electrical aspects,
the ESS must guarantee: a sufficient energy for the different
phases of the mission, DC-link voltage values compatible
with the chosen motor-generator, in order to favor an effective
control through the inverter, and C-rate values able to make
the necessary power available during the supply phase or to
receive the recovery power during the regeneration phase.
Each of the aforementioned aspects participates in defining
the configuration of the ESS, making it possible to identify
even the minimum technical specifications that the single-
cell battery must present. There are different configurations
possible for each fixed cell. The optimal solutions, given
the nature of the application, are those where the energy
density stands out. Some authors size the battery on the nom-
inal capacity needed to guarantee a defined mission profile,
imposing a maximum discharge coefficient [18]. In this study,
Li-Ion rechargeable batteries have been considered thanks to
their good performance in terms of energy density. On the
other hand, concerning mechanical constraints, the maximum
battery weight has been chosen so that all useful load is
exploited. In addition to the engines and transmission weight,
other loads, three passengers, 25 kg of baggage, a cooling
system, and battery management systems were considered
for all configurations. To evaluate the optimal configuration
of the ESS for the considered application, once the previous
constraints were defined, the single Li-Ion cell was modeled
through a battery dynamic model to predict the ESS perfor-
mance. In Table 6 the most important parameters taken into
account have been shown [19]-[21].

G. PROPULSION SYSTEM MODELLING

The proposed model Fig.5 has been designed to compare
the performance between different propulsion configurations
(e.g., parallel, series, fully electric) and it’s able to be quickly
reconfigurable. The model control parameter is the propeller
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TABLE 6. Li-lon battery parameters.

Parameters Li-Ton
EO = battery constant voltage [V] 3.366
Q = battery capacity [Ah] 34

R = internal resistance [Q] 0.01
K = polarization constant [V/Ah] 0.0076
A = exponential zone amplitude [V] 0.26422
B = exponential zone time constant inverse [AhT] 26.5487

e = energy density [Wh/kg] ~200

speed, this is dependent on the mission profile in Table 2.
The propeller speed error rpm,,,,, has been obtained by (4),
where the difference between input rpm,,,;;,, and calculated
DM giulare 4150 Normalized respect to mission profile.

PMyyission — TPM,

TPMyission
Through rpm,,,,, in input at two PID controllers, one for ICE
and one for EM has been possible to regulate throttle position,
and so also torque available at the propeller. Moreover, two
controller strategies have been considered in order to investi-
gate hybrid-electric configuration for the best compromise in
terms of efficiency, and emission save.

Fastly charge mode strategy consists of battery charge
at max available ICE torque in all regimes, this configu-
ration has been obtained when the engine work at wide-
open throttle (WOT) Fig.3 (b - black curve). Economy
charge mode consists of battery charge at minimum ICE
specific consumption, this configuration has been obtained
when the engine work at corresponding ideal operating line
IOL Figure 3 (b - red curve). The internal combustion engine
torque Mjcr has been described through a 1-D look-up table,
where torque is a function of the rotational speed. Another
2-D look-up has been used to evaluate ICE specific consump-
tion. Similarly, also for the electric motor torque Mjgy, has
been used a 1-D look-up table, and a 2-D look-up has been
used to evaluate EM efficiency. The propeller torque has been
modeled using (2.a), (2.c), where 2-D look-up tables have
been used to insert McCormick coefficients curves [15], [16].
Equations (5.a), (5.b), and (5.c) describe, for each proposed

calulate ( 4)

PMerror =

Conventional Mjcewy — Mpropr(r)

(W@41) — o))

=1 o (5.a)
Parallel Hybrid MICE(t) + MEM(Z) — MpRop(t)
_ ,M (5.b)

At

Series Hybrid and Full Electric Mgy ) — Mprop@)
_ I(w(z+1) — w(r))

At
configuration, the dynamic coupling model between ICE,
EM, and propeller evaluated at the propeller shaft. Where
Mick) is the ICE torque, Mgy () is the EM torque motor
(if positive) or generator (if negative), Mprop(s) is the pro-
peller’s resistant torque, I is the system’s overall moment of
inertia consists of Igm, Iprop and IrRgsipyuar sum (last term

(5.0)
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FIGURE 5. Block scheme of the MATLAB Simulink overall model.

include estimation of ICE, gear ratios inertia), and w is the
propeller speed in rad/s, At is the model increase time step.
The Li-Ion battery has been modelled through an equiva-
lent electric circuit [19]. Follow are showed the mathematical
relationships (6) and (7) used to describe the battery.

Van = Eo—R-i—KQ?it (it +i*) +A-exp(—B - it)
(6)
o . o .
- 1 — —1f
it—0.10 Q—it
+A - exp(—B - it) @)

Vbatt :EO_RZ_K

where i is the discharging or charging current, i* is the filtered
current value, Q is the battery capacity, and it is the current
time integral plus the initial battery charge. Moreover, Ey, R,
K, A, and B refers to the actual battery cell’s characteristics
or calibration constants Table 6.

1) MODEL SET-UP

As already mentioned, all HEPS has been carried on with the
same Maximum take-off Weight equal to 1.700 kg, where
useful aircraft payloads are equal to 705 kg. Table 7 has
been reported all propulsion components weight for each
propulsion configuration. For ICE and EM declared by the
manufacturer’s weight has been chosen. The cooling system
weight has been estimated at 15 kg in all cases, only for
SH configuration double weight has been considered because
two electric motors have been considered. In addition, three
crew passengers each 80 kg, and 25 kg of baggage have been
considered. The battery weight has been estimated through
specific energy density. The cells number of series and par-
allel cells have been chosen to maximize the electric storage
and at the same time has been obtained equal energy stored for
parallel hybrid propulsion configuration. The fuel quantity
ensures the mission execution and ensures equal weight in
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all configurations. In Table 8 the main batteries parameters
have been listed for all proposed cases. Lastly, the battery
management system (BMS) and inverter weights have been
estimated at 17 kg in all cases.

IIl. RESULTS

The model outputs provide many parameters both for ICE
and EM how power, torque, the battery state of charge
SOC, voltage, current, and fuel consumption. Therefore, it is
possible to compare different propulsion configurations for
the same mission, so evaluate fuel consumption and CO;
emission. Fig.6 refers to PH-268 (A) configuration, where
Fig.6 (a) shows mission input speed, dashed line, and calcu-
lated ones by the model green line. Moreover, Fig.6 (b) are
shows ICE, EM, and Propeller power. Power negative refers
to aresistive load (i.e., propeller) that is always resistive while
EM changes when switching the motor to generator mode.

The parallel hybrid PH — 228 (B) and PH — 268 (B) con-
figurations must be discarded because in both cases the EM
exceeds the maximum speed range. This condition can be
viewed in Fig.7 (al, a2, b1, b2) by plotting the mission points
on the operating area of the EM. For the EMRAX 228, the
speed exceeds is little, while for EMRAX 268 the speed limit
exceeds is much.

Also, there are no problems during mission execution
when the EMRAX 268 Fig.7 (bl, b2) and the EMRAX 228
Fig.7 (al, a2) have been used in the PH - 268 (A) and PH -
228 (A) configurations, respectively. Only a slight excess of
torque is required for the EMRAX 228. Therefore, it’s impor-
tant to provide an adequate cooling system so that the EM
temperature doesn’t exceed the limit. A better compromise,
between A and B solution, is using motor EMRAX 228 in
PH - 228 (C) configuration, where neither maximum mission
speed exceeds the electric motor limits, nor maximum torque
exceeds the electric motor continuous torque Fig.7 (al, a2).
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TABLE 7. Summary of weights in kilograms of all proposed configurations.

. Tot.
Configuration ICE EM BMS + Gear & Cooling Passenger Baggage Battery Fuel  Useful
Inverter Coupling  System
Payload
Conventional 190 - - - - 240 25 0 250 705
PH-228 (A) 90 12 17 10 15 240 25 220 76 705
PH - 228 (B) 90 12 17 10 15 240 25 220 76 705
PH - 228 (C) 90 12 17 20 15 240 25 220 66 705
PH - 268 (A) 90 20 17 10 15 240 25 220 68 705
PH - 268 (B) 90 20 17 10 15 240 25 220 68 705
PH - 268 (C) 90 20 17 20 15 240 25 220 58 705
SH - 348 90 83 17 10 30 240 25 172 38 705
FE - 348 0 41.5 17 - 15 240 25 367 - 705
3000 150
2800 | Model
2600 H- --| = = = Mission |1 100
—. 2400 f-
& 2200 H g %
S 2000 i 0
8 1800 }J- H
@ 1600 - & -50
1400 100
1200 ‘ ‘ ‘ ‘ e
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Time [s] Time [s]
(a) (b)

FIGURE 6. (a) Required speed mission in dashed line and calculated speed in green line; (b) Instantaneous ICE, EM, and Propeller power.

These figures refer to the PH-268 (A) configuration.

TABLE 8. Battery design parameters.

Ne Ne Tot.
. Nominal Nominal Battery
Configuration  cells cells .
Serics  Parallel Voltage  Capacity Energy
V] [Ah] [kWh]
Conventional 0 0 0 0 0
PH - 228 (A) 38 101 128 343 44
PH - 228 (B) 38 101 128 343 44
PH - 228 (C) 38 101 128 343 44
PH - 268 (A) 62 62 209 211 44
PH - 268 (B) 62 62 209 211 44
PH-268(C) 62 62 209 211 44
SH - 348 100 30 337 102 34
FE - 348 100 64 337 217 73

Similarly, the same investigation has been conducted for
the EMRAX 268 motor in the PH - 268 (C) configuration
in Fig.7 (b1, b2).

In addition, no problems are found with the operation of the
EMRAX 348 motor Fig.7 (c1, c2) when used for the Series
and all-electric configurations. The above considerations do
not change if the electric motor works in motor mode whether
fast charge strategy or the economy charge will be chosen but,
change the working points only during charge mode when
electric motor works as a generator. Fig.8 and Fig.9 have
been shown the difference between PH-228 (A) and SH-348
configurations. The first figure shows the operating mission
points referred to the fast charge (al, b1) and economy charge
mode (a2, b2) on CMD 22 specific consumption map, while
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in the second figure same configuration is plotted to highlight
the power shape during the mission. Fig.8 (al, a2) shows that
the functional engine points move from max torque in wide-
open throttle condition to the minimum specific consumption
around the ideal operating line. Fig.9 (al, a2) are shown both
strategies, where the power required for the propeller is the
same in both cases. After a time of 630s, during landing
maneuvers, the ICE follows different paths depending on the
adopted recharge strategy. The same considerations are true
for series hybrid configuration shown in Fig.8 (b1, b2) and
Fig.9 (bl, b2). In Fig.8 (bl), using the fast charge strategy,
the ICE runs at WOT and 5500rpm of crankshaft speed until
the end, while in Fig.8 (b2) adopting the economy charge
strategy, the ICE running at 5500rpm but follow the minimum
consumption curve IOL.

Fig.9 (bl, b2) clearly shows that the ICE starts to run after
some time, when the state of battery charge is less than 0.9.
The ICE power doesn’t transfer to the propeller but is used for
battery charge. For SH-348 configuration the SOC and fuel
consumption could be seen in Fig.10 (al, a2), while current
and voltage required at the battery in Figure 10 (b1, b2). in this
case the battery SOC follows three different trends, first one
is from SOC 1 to 0.9, where only EM is running this trend
is equal for both strategies. From SOC 0.9, until the end of
the cruise at the time of 630s, where adopting fast charge
strategy a lower SOC slope is visible if compared to economy
charge. In fact, during fast charge strategy less energy, and
so less current is required to the battery, how can see in
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FIGURE 7. Operating mission points referred to the electric motor (a1, a2) using EMRAX 228, (b1, b2) using EMRAX 268, (c1, c2) using EMRAX 348 were

(1) refer to fast charge and (2) economy charge.

Fig.10 (bl, b2). The last trend during landing maneuvers,
a major power is available in fast charge if compared to econ-
omy charge strategy. Also, at these stages, when more current
is available to charge the battery, the higher the fuel consump-
tion will be. The battery current plotted in Fig.10 (b1, b2)
doesn’t total energy available at the electrical motor, but only
net make available from the battery side. In other words,
it represents the difference between the required current by
an electric motor and supplied by a generator.

A. ENERGY CONSUMPTION
In all configurations, the total energy consumption Ejyqy
has been calculated as sum of the fuel and battery energy
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contribution through (8)

Etotal = Eﬁtel + Epart )

where, energy Ef,.; depends on the fuel consumption, while
Epqr depends on the battery energy consumption, both calcu-
lated through equation (9) and (10)

Efuel = Mfuel - H; 9
(SOC; = S0Cy) Ecapaciry 3600

Nel

Eparr =

where, My, is the mass of fuel consumption, H; is the AvGas
100 specific net heat of combustion H;=43.5 MJ/kg [22],
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FIGURE 8. Operating mission points referred to the CMD 22 specific consumption map in PH-228 (A) (a1, a2), SH-348 (b1, b2), where (1)

refer to fast charge and (2) economy charge.

SOC; and SOCy refers respectively to initial and final bat-
tery state of charge, Ecqpaciry 18 total battery energy capacity
(see Table 8), n,=0.554 (at 2018) National Electricity Grid
efficiency referred to Italian State [23].

It has been assumed that the electricity stored in the battery
has been taken from the National Electricity Grid and that this
is fully charged at the start of the mission SOC;=1.

The percentage of primary energy has been obtained
by total energy comparison between conventional
Etotal_convenzional and Egprq) gEPS configurations through the
following (11)

Etotal_cnnvenzional - Etotal_HEPS

AEq, = 100 (11)

Etotal_convenzional
Table 9 are shown the results in terms of energy compar-
isons in all propulsion cases, excluding parallel hybrid in B
cases, for both strategies fast charge and economy charge.
InFig.11 are highlighted maximum number of mission repeti-
tion. These values have been calculated knowing final SOCy,
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TABLE 9. Summary of energy consumption.

Configuration FAST CHATGE ECONOMY CHARGE
Moot soc, My soc,
[ke] 8 BB g 8 AEw
Conventional 8.30 8.30 -

PH - 228 (A) 7.16 0.92 7.35 6.63 0.88 10.95
PH - 228 (C) 7.16 0.91 7.00 6.61 0.88 10.71
PH - 268 (A) 7.29 0.92 6.05 6.61 0.88 10.90
PH - 268 (C) 7.18 0.90 5.81 6.61 0.86 9.54
SH - 348 7.66 0.83 -2.53 4.12 0.66  29.52
FE - 348 - 0.67 56.13 - 0.67 56.13

through following (12) round to the nearest integer.
1

~ 1-5s0c;,

As highlighted in Table 9 the most advantageous HEPS con-

figuration is fully electric, with 56.13% energy saving. The

final SOCy permit only three mission repetitions with this
architecture. Similarly, mission repetition for series hybrid

N° (12)
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FIGURE 10. Mission profile in SH-348 configuration (a1, a2) SOC and fuel consumption, and (b1, b2) battery current, and
voltage.
but less energy saving has been obtained 29.52% when econ- 10% using economy charge, until a maximum of 8§ repe-
omy charge strategy is used. Parallel hybrid configurations titions of mission, while around 7% energy saving in fast
showed a good compromise in terms of energy-saving around charge with 12 maximum repetitions. The difference between
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primary energy-saving in (A) and (C) cases has been high-
lighted in Table 9. Them finds justification in the better func-
tional configuration of (A) respect (C) where the operative
points of the EM motors are included in the highest efficiency
zone, how clearly shown in Fig.7 (al, a2, b1, b2).

B. CO, EMISSION

The mass of CO, gas emission My co, has been esti-
mated in all cases by the sum of directly CO; emission
by fuel consumption My,.;_co, and indirect emission linked
to grid energy consumption necessary to charge the battery
Mbatt_C02~

Miorai_co, = Mfuei_co, + Mpan_co, (13)
Myei_co, = Myer - 3.16 (14)
Mbalt_C02 = Ebatt 444 .4 (15)

where, M, is the mass of fuel consumption, assuming the
average chemical formula of AvGas 100 to be CgHjs, the
approximated amount of Carbon Dioxide emitted in the atmo-
sphere for each kilograms of fuel is 3.16kgcq, /kgper [51,
Epay depends of the battery energy consumption (see equa-
tion 9), 444.4kgco,/kWh (at 2018) National Electricity
Grid efficiency referred to Italian State [23]. The per-
centage of CO, gas mass emission has been obtained by
comparison between conventional M;ya1 O, convenzional and
Miotal_co, HEPs configurations through the following (16).

M total_CO,_convenzional — M total_CO,_HEPS

ACOyq, = - 100

M total_CO,_convenzional

(16)

Table 10 and Fig.12 are shown the results in terms of
CO; gas mass emission comparisons in all propulsion cases,
excluding parallel hybrid in B cases, for both strategies fast
charge and economy charge.

The proposed procedure can be made by exploiting differ-
ent types of mission profiles as described in [24].
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TABLE 10. Summary of CO, gas emission.

Configuration FAST CHATGE ECONOMY CHARGE
Mfueico,  Mbareco, ACOp,  Mpuerco,  Mpareco,  ACO,,
[ke] [ke] [ke] [ke]
Conventional 26.31 - - 26.31 - -
PH - 228 (A) 22.70 2.85 2.92 21.03 4.07 4.61
PH - 228 (C) 22.70 3.01 2.28 20.97 4.28 4.05
PH - 268 (A) 22.76 2.73 3.10 20.97 4.19 4.38
PH - 268 (C) 22.76 3.43 0.46 20.97 4.80 2.06
SH - 348 24.28 4.57 -9.65 13.06 9.28 15.07
FE - 348 - 19.3 26.6 - 19.3 26.6
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FIGURE 12. Summary of the percentage variation of the CO, gas
emission.

IV. CONCLUSION

The results obtained using parallel hybrid propulsion show in
PH - 228 (B) and PH - 268 (B) configurations that directly
couple the electric motor to the internal combustion engine
must be discarded because both the EM exceeds the maxi-
mum speed range. The energy saving and reduction of CO,
gas emission are obtained in all configurations except for
series hybrid when fast charge strategy is used because the
ICE specific consumption and EM efficiency don’t guarantee
a real benefit. The most advantageous energy 56% and CO,
reduction 26.6% solution is the fully electric configuration,
but the final SOCy, allow the pilot only two mission repeti-
tions. The series hybrid configuration, only using economy
charge strategy, can reduce energy 29.5% and CO; by 15%
but only two mission repetitions are possible. Therefore, the
parallel hybrid propulsion could be the best compromise in
terms of energy, and CO; saving, and mission duration. In the
PH - 228 (C) and PH - 268 (C) configurations, two gear ratios
have been used, the EM is enabled to work in a possible
functional range, but the operating points don’t fit into best
efficiency. Therefore, the benefits are limited if compared
to (A) configurations.

In conclusion, the PH - 228 (A) and PH - 268 (A) are
the best compromises configurations. An average 10% of
the benefit in terms of energy-saving and 4% of CO2 gas
reduction using if the economy charge strategy are used.

For the PH - 228 (A) configuration is important to super-
vise the maximum temperature because overcoming contin-
uous torque is needed for some mission phases. Moreover,
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is mandatory for both electrical engines to evaluate the EM
shaft robustness that must be able to transfer the sum of ICE
and EM torque to the propeller. Moreover, the adoption of
a different strategy can increase the advantages by around
30% but against decries the mission duration in terms of the
number of repetitions. During this preliminary study, good
results have been obtained in terms of energy-saving and
CO; gas emission reduction, if compared with benchmark
performances using Continental 10 360.

According also to [11] the better compromise in terms of
energy saving, CO; reduction and mission duration could be
identified in the parallel hybrid configuration. Future stud-
ies will be needed on strategies optimization, that take into
account engines efficiency and mission target, how example
mission duration or CO; reduction.
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