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Instituto Superior Técnico, Universidade de Lisboa, Portugal

May 2019

Abstract

Against a background of rising fuel prices and an ever-increasing environmental concern, the avia-
tion industry urges to find alternatives to conventional fossil fuelled powered propulsion systems. As
fully-electric propulsion still falls short as far as operating range is concerned, hybrid-electric propulsion
systems arise as an interesting alternative. This concept offers advantages over these conventional
systems such as increased fuel efficiency, longer endurance, a reduction in undesirable thermal and
noise signatures as well as opening the door to innovative architectures through distributed propulsion.
Furthermore, its variety of operating modes offer the vehicle increased versatility and redundancy.
However, this is a relatively new research area in the aviation industry with a wide range of possibilities
yet to be discovered, mainly on the control methods domain. This way, this thesis strives to explore
those possibilities by fully designing, building and testing a prototype hybrid-electric propulsion system
for a small Unmanned Aerial Vehicle (UAV). As is common in these projects, small scale studies can
be regarded as a stepping stone to large aircraft applications. This document addresses the thorough
mechanical design and instrumentation of a test bench, including the development of an automated
data acquisition and test control system, using National Instruments LabVIEW, and the design of a
rule-based controller based on the Ideal Operating Line (IOL) concept for the control of the powerplant.
It features a 2.3kW Internal Combustion Engine (ICE) (35cc gasoline two-stroke) and 1kW brushless
direct current Electric Motor (EM). These components were chosen to be representative of those
typically found in a small UAV. Each operational mode of the hybrid-electric system was tested and
characterized. Additionally, the hybrid controller performance was compared to its gasoline-powered
alternative through a sample UAV mission.
Keywords: hybrid-electric propulsion, unmanned aerial vehicles, rule-based controller, parallel
configuration, energy efficient propulsion

1. Introduction

A Hybrid Electric Propulsion System (HEPS) is
defined as a combination of battery-powered EM
and an ICE. The design philosophy behind a hybrid-
electric propulsion system is to improve the effi-
ciency of the overall propulsion system when com-
pared to traditional fossil fuel powered solutions
while providing a longer operating range than the
alternative fully electric vehicles. However, the
aforementioned benefits come with an increased
complexity in the powertrain design together with
the need of proper coordination between the differ-
ent operating modes. This results in the need for an
overall vehicle system control strategy that is sig-
nificantly more sophisticated than in an ordinary
vehicle.

There are several possibilities of combining an
ICE and an EM to form a HEPS. They can be
grouped in two main configurations: series and par-

allel.

In a series configuration, the ICE and the EM
are not mechanically coupled. Instead, the engine
is attached to a generator that can either directly
power the motor or charge the onboard batteries.
This means the ICE can be left to operate at its
optimum torque and speed range, regardless of the
driving conditions. However, as series hybrid has
multiple stages of energy conversion, it suffers from
substantial losses [1], precluding its application in
UAVs [4].

Parallel hybrid electric configurations couple the
ICE and EM together through some form of me-
chanical coupling. This way, the power requirement
can be full fulfilled by either the sole action of each
power unit, or a combination of the two as illus-
trated in Figure 1. This configuration is the main
focus of this research.
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Figure 1: Hybrid electric parallel configuration flow
diagram

There are four working modes for a parallel HEV
(refer to Figure 2). ICE ONLY mode is represented
by path 1. On this mode, the engine is the sole
source of power to the aircraft. Regen mode, is
depicted by path 2 and represents the regenera-
tive mode where the ICE is used for both provid-
ing power to the propeller and also charge the on
board batteries packs through the generator/motor.
Another possible mode is EM ONLY, pictured by
path 3, and is the pure electric propelling mode, in
which the engine is shut off or placed idling. Finally,
DASH mode is represented by the sum of path 1 and
3, where both power sources provide power to the
propeller and maybe used in high power demanding
flight phases such as take-off or climb.

Figure 2: Energy paths on a Hybrid Electric parallel
configuration

The choice and design of a control strategy plays
a crucial role in optimising Hybrid Electric Vehicles
(HEV) technologies. Much research has been con-
ducted on HEV control strategies for automobiles
but not many have been applied to UAVs. Concep-
tually, the simplest control strategy to implement
is a rule based control strategy. This controller is,
at its core, simply composed by a set of rules that
establish criteria for switching between different op-
erational states. The IOL concept would find its
ideal application on such a control strategy as out-
lined by Hung et al. [6]. The IOL, also called ”econ-
omy line”, is a line made up of all the points which
represent torque and speed combinations where the

BSFC is minimal on different power lines for steady-
state conditions. Other approaches include using
Fuzzy Logic Controllers [8] and neural networks [5].

2. Concept Development
This section addresses the development of a par-

allel HEPS.

2.1. Hybrid electric propulsion system components
The main components which comprise a HEPS

are: ICE, EM, propeller and mechanical coupling.
The ICE used in this project was a Desert Air-

craft spark-ignited 35cc two stroke single cylinder
engine. The maximum torque takes the value of
2.99N · m and occurs at full open throttle when
the engine is running at around 5500RPM as de-
picted in Figure 3. Moreover, as we reach lower
rotational speeds, the maximum torque available
decreases substantially. The lowest Brake Specific
Fuel Consumption (BSFC) and thus highest effi-
ciency region, is located between a rotational speed
of roughly 4000RPM to 6000RPM and a torque
from approximately 1.7N ·m to 2N ·m as shown in
Figure 4.

Figure 3: Torque as a function of throttle and RPM
for the DA35

Figure 4: BSFC as a function of Torque and RPM
for the DA35

A method of calculating the IOL of an engine
consists in plotting lines of constant power on the
BSFC map (Figure 4) and then search along each
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iso power line for the lowest BSFC. Doing this in
steps of a fewWatt, it is possible to connect the dots
and trace an operating line that delivers the lowest
BSFC for any given power. Often the IOL points
do not form a smooth line (such was the case here)
mainly due to the limited number of data points
available in the engine map as well as the very small
fluctuations of fuel consumption in a rather large
area. In order to obtain a workable IOL, a smooth
line was fitted through these points. In this case, a
3rd order polynomial function was created for this
line. The obtained IOL is shown in Figure 5.

Figure 5: Ideal Operating Line of the DA35

The electric motor used was an AXi 4130/20
GOLD LINE V2 outrunner brushless direct current
motor.

In Figure 6 we observe a maximum efficiency of
82.89% at 3686.619RPM with a decreasing trend
past that point. This is an important fact because
the HEPS under development will have the motor
running at the same speed as the engine, meaning
it will run at speeds up to 7000RPM , where it still
should be able to provide the requested torque to
assist the engine.

Figure 6: AXi 4130/20 efficiency test results

The propeller used in this project was a 19′′ × 10
fixed pitch wooden propeller. Several fixed pitch
propellers were mapped during the electric motor
test campaign. They were then plotted against the
BSFC engine maps to try to foresee the working

points of the system. The choice of propeller, and
thus the load applied to the system, intended to
provide a way of effectively testing the system.

Figure 7: Torque versus RPM characteristic for the
19′′ × 10 fixed pitch propeller

Figure 7, shows the Torque versus RPM curve of
this propeller. The experimental data (blue dots)
was fitted with a second order polynomial curve (in
red). As it is possible to observe, torque follows a
parabolic dependency with RPM, as suggested by
the theory [2].

A key component of a parallel HEPS is the me-
chanical clutch required to combine the power of
the ICE and EM. There are two potential clutch
mechanisms for a small hybrid-electric UAV: an
electromagnetic clutch, and a one-way bearing.
This project opted for the latter since it represents
cheaper, simpler, more reliable and lighter option
than the electromagnetic clutch what made it a
good choice for the this proof-of-concept prototype
HEPS. This was also the choice of different authors
such as Koster [7] and Greiser [3].

2.2. Controller Design
Hybrid-Electric propulsion systems performance

is highly dependent on the energy management sys-
tem. The presence of an additional degree of free-
dom for satisfying the drive power demands implies
that the performance of an HEV system strongly
depends on the control of the power split.

The design philosophy behind a hybrid electric
propulsion system is to improve the efficiency of the
overall system. For this, each component should op-
erate at or close to its maximum efficiency region.
In this research, efforts are mainly focused in op-
timising the engine operation. As stated before, a
rule based open loop control strategy might be ideal
for the type of controller intended. This was the se-
lected method due to its inherent simplicity, highly
predictive behaviour, and simple debugging. Since
this was the first iteration of this propulsion system,
simplicity was deemed paramount.

In this research, and given the experimental and
proof-of-concept nature of this project, a previously
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developed controller by Harmon and described in [5]
was used. This way, this research project represents
a validation of the results presented in [5] and [3].
The inputs to the particular system in question are
a torque request and the system rotational speed.
The controller then decides which power mode to
use and the correspondent power split, according to
the flowchart below (Figure 8). The rule-based con-
troller presented here is not a closed-loop controller,
but it can have pseudo closed-loop behaviour. The
piece that closes the loop is the aircraft operator
(pilot or autopilot).

Figure 8: Decision tree (Adapted from [3])

Figure 9 pictures the possible working points of
the system. Note that operating points can occur
whenever a torque availability can equal a torque
demand. Reducing the engine or motor throttle
setting will reduce the respective available torque
and the propeller RPM will settle at a lower level.
This way, since we are using a fixed pitch 19′′ × 10
propeller, we expect the system to always operate
on this curve. Thus, conceptually and disregarding
losses, we expect the system to only use the engine
up to roughly 6000RPM . From that point onwards,
an increase in torque request leads the engine to re-
main operating at its most efficient point while the
motor makes up the rest of the requested torque.

Figure 9: System operating points

The implemented controller has different modes
it can operate under which are selected by the user.

These embody the versatility of a hybrid system
and offer the user different possibilities of operation
depending on the mission requirements.

The first is the Single ICE Operation mode.
While a HEPS features both an EM and an ICE, the
ICE is still the main focus of the propulsion system.
The controller reads the torque request from the
user and moves the ICE throttle valve accordingly.
A proper mapping of the torque-throttle curve is
then imperative. This way, ICE ONLY mode tests
(which results are later presented in the Results sec-
tion) were conducted to map different engine work-
ing points allowing to establish a Torque versus
Throttle curve. This curve serves as a look-up ta-
ble for the controller and allows it to update the
throttle value based on the requested torque.

The second is the Single EM Operation mode.
This mode offers a quiet and zero emission flight
using only the EM while the ICE is set to idle po-
sition. In this state, the one-way bearing should
disengage given the lower rotational velocity of the
engine. In a similar fashion the the Single ICE Op-
eration, this mode reads the user input and sets
the EM throttle accordingly. In line with the dis-
cussions carried out above, a map of the Torque
versus Throttle position was used to feed into the
controller.

The third one is the Hybrid mode, where the con-
troller optimises the operation of the ICE as de-
scribed before. It accesses look-up tables with the
IOL information to continuously update the engine
and motor operating points based on the requested
torque and rotational speed. Conceptually, this
mode promises to offer a lower fuel consumption
when compared to the Single ICE Operation and is
thus the main focus of this research project.

Finally, the controller also features a Reset mode.
This is the default mode which the controller jumps
to whenever it is activated. The sole operation of
this mode is to place the ICE at idle and to turn
off the EM. This is an important safety feature as
it allows for a safe and predictable behaviour when
the controller is engaged.

3. Experimental Setup
Once conceptually outlined, the prototype hybrid

system was in need of a method of testing and val-
idation. This section presents the experimental ap-
paratus developed, including a thorough discussion
over the test bench design as well as important con-
siderations when conceiving a powertrain. It con-
cludes with a description of the sensor suite, the
Graphical User Interface (GUI) developed and the
Printed Circuit Board (PCB) electrical connections.

3.1. Test bench
The parallel hybrid-electric test bench was object

of several iterations with many interactive phases.
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The first step was outlining key design goals of the
proposed system. Firstly, it should present a mod-
ular platform. This means, every component of
the hybrid system should be able to be switched
with relative ease, allowing to implement any com-
ponent combination and test any parallel HEPS for
small UAV applications. This also permits sensitiv-
ity tests to analyze how changing parameters affect
the overall system performance. Secondly, it should
be properly instrumented, allowing to gather all the
important data to fully map the hybrid system per-
formance and permit the controller operation. Fi-
nally, it should provide a safe, reliable, and consis-
tent test base, where tests can be conducted and
repeated without any major damage to the system
and risk to the involved personnel. In fact, given the
system’s high rotational speeds, inherent vibrations
and possible resonance frequencies within the oper-
ational range, safety is paramount. A schematic of
the test bench mechanical design and sensor inte-
gration is presented in Figure 10.

Figure 10: Test bench schematic

The final mechanical design can be seen in Figure
13 and a simplified and easier to understand version
in Figure 11.

Figure 11: Detailed view of the parallel hybrid elec-
tric test bench CAD

Starting from the engine, attached to the its out-
put shaft there is a flywheel. In fact, an important
consideration when operating these engines is that
they are designed to always work with a propeller
attached to its crankshaft. Among other things,
this propeller acts as a flywheel, or mechanical ca-
pacitor. Energy is transferred to the flywheel dur-
ing the engine’s expansion stroke by the applica-
tion of torque through the crankshaft, evening out
any torque spikes due to its large inertia. The fly-
wheel releases its stored energy by applying torque
to the crankshaft during the compression stroke.
This plays a very important role since the energy
coming from an ICE has an intermittent nature.
On this set up, however, the one way bearing pre-
vents any reverse power transmission and thus the
engine is deprived of the flywheel effect of the pro-
peller. This way, a flywheel had to be engineered
and installed between the engine and the one-way
bearing. A precise measurement of the necessary
inertia is difficult to achieve though. The solu-
tion found was estimating the inertia of a 20 × 10
wooden propeller (size recommended by the manu-
facturer) using SolidWorks. Thereafter a 0.25′′ (or
6.35mm) thick aluminium disk with an outer ra-
dius of 180mm was designed to equal the inertia
of such a propeller. The disk was then thoroughly
machined to assure concentricity to the engine out-
put shaft. A tight fit between the inner bore of the
flywheel and the ICE output shaft, was used as a
locating feature preventing any eccentric rotations.
The flywheel was secured using four bolts that go
through the flywheel into the the engine housing.

This addition had a paramount importance and,
overall, enables the system to actually work. In fact,
prior to this installation, the engine was able to go
through its expansion stroke but then it did not
have enough inertia to go through the compression
one. What followed is that the spark plug would fire
and as the piston was far from top dead centre, the
engine would try to rotate in the other direction,
damaging the engine.

The engine’s output shaft was connected to the
one-way bearing shaft through a flexible shaft cou-
pling that absorbs vibrations from the engine. The
latter shaft was supported by a pillow block bear-
ing which locates the shaft axially. The former end
of that shaft was inserted into the inner race of the
one way bearing assembly and locked by a metal pin
(refer to Figure 11). A pulley was then machined
to be embedded into the one-way bearing assem-
bly as shown in Figure 12. In the early designs of
the test bench, this pulley would be connected to
a timing belt. However, this led to excessive radial
loads on the bearings and eventually failure. Thus,
a redesign iteration was conducted using another
another pulley, but the one-way bearing assembly
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design was maintained.

Figure 12: Custom one-way bearing assembly

Connected to the pulley of the this assembly is
a shaft that links directly to the propeller. This
shaft also features a pulley that connects to another
pulley, present on the electric motor side, through
a timing belt (see Figure 11). Alignment between
these two is important because otherwise may lead
to excessive wear or failure of the timing belt. The
two pulleys have exactly the same outer diameter
so the gear ratio is 1 : 1. In the end of this shaft,
a small step was machined to allow the propeller to
rest against this face. A thread was also machined
to tight a nut that presses against the propeller and
holds it in place. This shaft is supported on both
ends by pillow blocks. On the EM side, the motor
is attached to the a shaft through a flexible shaft
coupling. That shaft is supported by two pillow
blocks.

Figure 13: Parallel Hybrid Electric test bench

The sensor suite included the monitoring of sev-
eral variables such as: voltage and current (through
a current shunt), rotational speed (with hall effect
sensors attached to the shaft) and fuel mass (given
the propeller RPM, the torque value is extracted
from propeller curves). The sensors were chosen
considering precision, reliability and easy installa-
tion into an aircraft. It is also a simple design which
allows for ease of trouble shooting and monitoring
its operation. Its implementation on the test bench
is outlined in Figure 10.

The testing and simulation environment was pro-
grammed using NI LabVIEW. This software allows
to interface the hardware, control and acquire data
from the tests. The data acquisition procedure was

carried out using the NI cDAQ-9188 outfitted with
input and output modules that interface with Lab-
VIEW. All the sensors were connected to a PCB to
make the interface easier. Connected to PCB is a
harness that links to the cDAQ. Figure 14 shows
the used board, featuring the position where each
individual channel should be connected, selected ac-
cording to the PCB and harness electrical wiring.

Figure 14: Data acquisition printed circuit board

In order to provide a user-friendly interface with
the test bench, a Graphical User Interface (GUI)
was developed. It aimed to allow the test operator
to easily control and monitor the test. The devel-
oped LabVIEW screen can is shown in Figure 15.

Figure 15: LabVIEW Graphical User Interface of
the parallel hybrid-electric test bench

4. Results
With the implementation of the system complete,

the focus now shifts to testing and validation.

4.1. System characterisation
In this section we explore in detail each opera-

tional mode of the system. This test campaign is
composed of four main tests: EM only, ICE only,
dash and regenerative braking.
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The EM only test aimed to map the performance
of the electric motor on the hybrid powertrain. The
test consisted on sweeping the EM throttle from 0%
to 90% in steps of 5%, keeping the ICE turned off.

Considering Figure 16, it is possible to verify a
maximum efficiency of 71% close to 3900RPM . In-
deed, this goes in line with the component level
experiments described in section 2, where the
maximum efficiency was verified at approximately
3600RPM . However, the values differ approxi-
mately by 10%. This can be attributed to pow-
ertrain losses such as friction. The overall shape of
the curve is similar in both tests.

Figure 16: Efficiency results for the EM ONLY test

Performance of the ICE can be analysed by
monitoring the ICE’s fuel consumption, RPM
and Torque output through several power demand
sweeps. The test consisted on sweeping the engine
throttle from 40% (idle) to 65%. At each throttle
position, the engine was run for 5 minutes so as to
permit a more accurate fuel flow calculation. It was
verified that when installed on the hybrid power-
train, the engine was only able to idle at 40% throt-
tle. In fact, it quickly stalled when given a throttle
percentage lower than 40%. Only near higher ro-
tational speeds and throttle inputs was the engine
able to consistently and smoothly operate, present-
ing what was considered a nominal behaviour. With
throttle values higher than 65%, no appreciable dif-
ference on engine speed was verified.

The dash testing aimed to investigate the dash
working mode and understand how the two power
sources interact with each other when operating in
tandem. The test consisted of keeping a constant
ICE throttle, 40%, while sweeping the EM throttle
from 0% to 60% in steps of 10%.

It is possible to see through the change in RPM
(depicted in Figure 17) that this mode works. In-
deed, the motor is able to assist the engine in its
operation. Furthermore, the clutch system utilized
in this project successfully combines the power of
these two power sources despite the intricate me-
chanical interaction. This test also indicated that
the EM never manages to completely overrun the
ICE during dash mode. Therefore, if the ICE re-

mains at idle during electric only mode operation,
it will still provide power to the system.

Figure 17: RPM results for the DASH test

Furthermore, as shown in Figure 17, the RPM
presents a decreasing slope on the high end of the
throttle. This was an unexpected behaviour and
possibly is attributed to the high rotational speeds
where the motor is no longer able to operate effec-
tively. A possible solution to this problem might
be to install a different gear ratio between the mo-
tor and engine pulleys. This would allow to step
down the rotational speed perceived by the mo-
tor, enabling it to work at a lower speed, and thus
more effectively. Overall, it was verified that for
the same EMthr percentage, the motor was able to
draw more current the lower the RPM. Moreover,
as the RPM changes, the results indicate that so
does the torque output of the engine, as expected.

On the regenerative testing regard, the test
aimed to investigate the regenerative braking (re-
gen) working mode and understand how the sys-
tem behaves when the motor acts as a generator
and withdraws power from the engine to charge the
batteries. The test consisted of keeping a constant
ICE throttle, 60%, while sweeping the EM throttle
from 0% to −90% in steps of 10%.

Figure 18: RPM results for the REGEN test

Figures 18 and 19 present the rotational speed
and current measurements respectively. The nega-
tive sign in the measured current indicate that it is
flowing into the batteries, charging them. Further-
more, there is an increasing negative slope of the
RPM with a sharp decrease near −70%. This can
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be explained by the increasing load on the engine
that lead the engine to set at a lower RPM. The cur-
rent presents an approximately linear and constant
decrease, reaching a maximum value of −12.848A.

Figure 19: Current results for the REGEN test

4.2. Controller performance
In this section, the developed controller is tested.

The test campaign involved evaluating the system
response to several step functions as well as inves-
tigating its dynamic response to changing inputs.
Thus, each mode was tested separately through a
sample mission. The latter consisted of three dif-
ferent portions with different Torque Request val-
ues. The test campaign was composed of three main
milestones: Single EM operation, Single ICE oper-
ation and Hybrid.

In Figure 20, plotted in blue is the mission pro-
file for the Single EM test. The Torque Request
values were chosen according to those found in the
system’s normal operation. The test was run three
times.

From the orange line in the aforementioned fig-
ure, it is possible to observe the controller is able
to follow the Torque Request closely. It shows the
highly consistent motor performance. This makes
the controller design easier and more straight for-
ward.

Figure 20: Propeller torque during Single EM op-
eration mission

Figure 21 presents the RPM measurements, along
with an indication of the standard deviation, σ, for
each point. A relatively low σ value is observed,
further corroborating the consistent motor perfor-
mance. The results clearly show a near constant

speed operation, with a number of negligible spikes.

Figure 21: RPM results for Single EM operation
mission with indication of standard deviation

Figure 22 depicts the Single ICE operation mis-
sion profile plotted in blue. Overlaid in orange are
the propeller torque results. It is possible to observe
that for the first portion of the mission, the mea-
sured torque is close to the requested one, mean-
ing a successful mapping of the Torque-Throttle
curve for this specific operating point. The same is
not verified for the last two portions of the mission
where the values drastically differ. This illustrates
the engine’s inconsistent behaviour and the difficul-
ties in accurately mapping a Torque-Throttle curve.

Figure 22: Propeller torque during ICE Single op-
eration mission

The RPM measurements present an identical
trend given the torque measurement method ap-
plied in this research. The overall signal is highly
noisy in a clear contrast to the electric motor oper-
ation as discussed earlier. This behaviour is a result
of the torque spikes during the engine operation. It
is possible to see that the irregularities and spikes
increase in amplitude as the rotational speed is re-
duced. In fact, on the transition from the first to
the second leg of the mission, a decrease in throttle
leads to a quick drop in rotational speed. This indi-
cates a rapid engine response to changing throttle
commands. The engine then sets at that operating
point with a relatively constant rotational speed.
However, near the end of the second portion of the
mission, large variations in rotational speed are ver-
ified with a severe drop in RPM when the system
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transitions to the last mission leg. Despite that ini-
tial sharp decrease in rotational speed, the system
accelerates again but this time does not set at a
defined RPM. In contrast, it presents a highly un-
stable behaviour where no clear trend cannot be
extracted. This illustrates the discussion carried
through in Section 4.1 and the difficulties in con-
trolling such a power unit, where it is difficult to
predict its torque output, in addition to the chal-
lenges raised by its unsteady nature.

In Table 1 is possible to observe the different fuel
consumption rates in each section of the mission
as well as the overall fuel consumption. It shows
a rather similar fuel consumption in the first two
sections of the mission, while presenting a clear re-
duction in fuel flow in the last portion, due to the
lower rotational speed and throttle value.

Section Fuel Flow [g/min] Fuel [g]
1 24.50 61.15
2 24.62 61.45
3 22.62 56.46

Total 24.11 180.74

Table 1: Fuel consumption results for ICE Single
Operation Mission

In order to directly compare the controller perfor-
mance between the ICE Single Operation and the
Hybrid, the same mission profile was used for this
test.

Figure 23: Throttle variation for hybrid mission

In Figure 23 is presented the throttle percentages
of both the EM and the ICE. It is possible to see
that the controller behaves as expected and, tries to
position the system in a state where it would out-
put the requested torque, according to its look-up
tables. When the controller is engaged, it reads the
rotational speed and quickly calculates what should
be the torque output of the engine, in order to op-
erate it at its most efficient point. It then con-
sults the Torque-Throttle curves to set a throttle
command, which in this initial moments is approxi-
mately 48.6%. The electric motor is responsible for
making up the difference between the engine torque

and the requested one. This way, the controller
again accesses the Torque-Throttle curves and sets
a throttle command, in this case, approximately
32%. From Figure 25, in this initial segment, a
positive current flow is visible meaning the motor is
successfully providing torque to the system. After
an initial period where the rotational speed remains
approximately constant, the system drastically ac-
celerates (as can be inferred from Figure 24).

Figure 24: Propeller torque results for hybrid mis-
sion

Thereafter, the controller again calculates the op-
timum torque output for the engine and sets the
correspondent throttle position, this time at ap-
proximately 49.5% for the ICE and 28% for the EM.
However, for this rotational speed, the motor is no
longer able to operate effectively and a continuous
change in current value is verified in Figure 25 with
an average close to 0A, despite the relatively con-
stant EMthr value.

Figure 25: Battery Current during hybrid mission

Given the interaction between mechanical, elec-
tric and power electronics components in this sys-
tem, it is difficult to assess the reasons of such be-
haviour. However, a possible cause might be ad-
vanced. Given the high rotational speeds, the back
electromotive force generated might surpass the dif-
ference in potential the ESC sets at that specific
throttle positions and thus the current starts flow-
ing in the opposite direction. This prevents a cor-
rect control of the system. During the remaining
of the mission, the system shows an insensitivity
to the input Torque Request, despite the change
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in EMthr, and continues to operate at roughly the
same rotational speed. The correspondent torque is
always higher than the requested one.

Table 2 shows the fuel consumption data. It indi-
cates a constant fuel consumption rate, due to the
near constant rotational speed and engine throttle
value. There is a 3% reduction in fuel consump-
tion relative to the ICE Single Operation mission.
Nevertheless, it is important to emphasize that the
observed torque output values were different.

Section Fuel Flow [g/min] Fuel [g]
1 23.24 58.01
2 23.35 58.19
3 23.26 58.07

Total 23.38 175.26

Table 2: Fuel consumption results for Hybrid Mis-
sion

5. Conclusions

This research successfully proved the feasibility
of a HEPS for small UAVs. A comprehensive test
campaign allowed to fully map each of the four op-
erating modes. The results of section 4 proved that
the system is reliable, safe and is able to enhance the
versatility of an UAV by providing it with a range of
different operating modes. In order to achieve these
goals, a prototype system was conceived. This in-
cluded component selection, design of a test bench,
sensor integration and the development of a GUI.

Secondly, it successfully implemented supervi-
sory controller that automatically drives the system
based on the current operating mode, the system’s
rotational speed and the user’s torque request. The
controller offers three different operating modes,
ICE Single Operation, EM Single Operation and
Hybrid. It allowed to evaluate the system dynamic
behaviour to changing inputs as well as its open-
loop response to a step function.

Throughout this process and discussed in the ap-
propriate sections, the main challenges of design-
ing, implementing and controlling HEPS were as-
sessed. In fact, this research provided insight on
how the two power units interact with each other
when working together. An example of this is the
motor inability to assist the engine at high rota-
tional speeds. This means the effectiveness of the
dual mode is limited in RPM. Another problem en-
countered was the highly inconsistent performance
of the small two-stroke ICE, which raises difficulties
when controlling the system.

In conclusion, the developed test bench opens the
door to a wide range of possibilities. This may in-
clude testing and validating different control strate-
gies or changing the system’s components, such as

the gear ratio or the mechanical coupling and eval-
uate the respective implications.
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