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Analysis of propulsion units dedicated to test stands for aviation systems

This paper presents an analysis of selected propulsion units dedicated to test stands for unmanned aircraft systems. It focuses on
engines suitable for aircraft with a maximum take-off mass up to 150 kg. The study includes an analysis of propulsion units that can be
used to power systems on stationary test stands dedicated to advanced research and measurement of prototype aerospace technologies
intended for use in rotorcraft. The analysis of propulsion units shows that electric units are a better choice for powering UAV rotorcraft
test stands. Their main advantages include the possibility to simplify the construction of the device by eliminating gears and to mount the
motor in a vertical position, simpler power supply, cooling and control systems and the lack of an exhaust system. Additional advantages
are undoubtedly lower vibration generation, cheaper and easier operation as well as better comfort.
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1. Introduction

Not so long ago, it seemed that the beginning of the 21
century would be a period of intense aviation development.
The transport of people and goods by air has increased its
market share every year [10, 16]. Environmental regula-
tions are increasingly influencing the type of transport used
[11], but the market for unmanned aerial vehicles is experi-
encing intensive development, both in terms of the technol-
ogies used and the scope of use of unmanned aerial systems
[5, 8]. Diverse technologies for enhancing the operational
capabilities of UAVs are used and considered.

For propulsion of unmanned aerial vehicles weighing
more than 50 kg, propeller power units with two- or four-
stroke piston engines are mainly used. It is characteristic
that while in UAV with mass between 50 kg and 100 kg
engines of various manufacturers are used, whereas in the
mass range of 100-500 kg is dominated by rotary piston
engines. Internal combustion engines are popularly used to
power manned ultralight aircraft, by their high reliability,
relatively long overhaul intervals (of the order of several
hundred hours), which are at least several times lower than
the prices of engines manufactured exclusively for un-
manned aerial vehicles.

Regardless of the concept of conducted research, it is
essential to test new systems before launching the aircraft
onto the market. The first stage is computer-aided design
and numerical fluid mechanics testing [15]. The next stage
is bench testing [18]. The preparation of a bench and the
selection of a suitable power unit determine the success and
efficiency of research. The dynamic development of the
engine market and the seemingly abundant offer and possi-
bilities of applying selected power units to flying prototype
systems make it possible to freely shape test stands. This
publication focuses on the analysis of propulsion units that
can be used to power systems on stationary test stands ded-
icated to advanced research and measurement of prototype
aircraft technologies for rotorcraft. The paper points out
that appropriately selected propulsion units have a decisive
influence on the effects of conducted research. Based on
commercially available engines and manufacturers' data,
the main parameters for analysis are presented. The benefits
of using specific solutions are indicated and the risks asso-

ciated with the use of an inappropriate power unit are de-
fined. Selection of a proper propulsion unit is an example of
how to optimise energy consumption and emissions of
target flying systems.

This study focuses on the analysis of aircraft with an
MTOM of 150 kg, equipped with different propulsion sys-
tems. Part of research focuses on the use of alternative fuels
in already existing internal combustion engines, e.g. syn-
thetic fuels in a Wankel engine [17] or the modification of
engine assistance systems to reduce emissions [6]. The use
of a compression ignition engine in light aviation is also
being considered and such aircraft are already in service
[19]. Research is also underway to develop an aviation
diesel engine with opposed pistons [7, 20]. Other concepts
to reduce emissions or aircraft power demand are related to
interference with aircraft aerodynamics [2] or the use of
modern construction materials [22] or even interference with
an aircraft shape through the use of smart materials [1, 3].

Thus, it is one thing to select an internal combustion en-
gine for an aircraft and another to select an engine to drive
a propeller system test stand. In particular, the following
aspects are important: absence of reduction gearbox, ability
to operation in any position, vibration, weight and size.
These and other aspects will be analyzed in this paper.

2. Materials and methods

The methodology used in this study enables us analyse
and evaluate literature resources. In addition, solutions
offered on the market are reviewed and their suitability for
the test bench is determined.

2.1. Selection of basic engine parameters

Unmanned helicopters with a take-off weight of up to
150 kg are powered by internal combustion or electric en-
gines. An analysis of existing designs has shown that the
minimum power demand and engine torque depend on the
rotor design, size and operating parameters. According to
the calculations carried out, for a 2 m diameter main rotor
design with a maximum speed of 1500 rpm, the parameters
of the required power and torque are 25 kW and 150 Nm,
respectively. An exemplary aircraft with the given take-off
mass is the UMS SKELDAR R-350 (Fig. 1) powered by
a 25 kW turboshaft engine [26].
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Fig. 1. UMS SKELDAR R-350 unmanned helicopter [25]

2.2. Combustion engines

Two aircraft combustion power units were analysed.
The first is a two cylinder two-stroke inline engine — the
F23 Lightweight (Fig. 2) manufactured by Hirth Engines. It
is used to power, among others, the Solid Air Diamant LP
(ultralight trike) and the Aeronix Airelle (ultralight tandem
wing). The second engine is the AR731 from UAV
ENGINES. This is a Wankel engine specifically manufac-
tured for use in UAVS.
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Fig. 2. View of the F23 Lightweight engine [21]

2.3. Electric motors

Electric motors were also analysed here due to their in-
creasing use in aircraft propulsion and the conditions of use
of the test stand. Three types of units were considered here,
i.e. an induction motor, a permanent magnet synchronous
motor (PMSM), and a brushless direct current motor
(BLDC).

The first of these is the industrial solution of TAMEL
4Sg200L-4-1E2 (Fig. 3). It is an induction motor with im-
proved efficiency, the 1E2 class according to IEC60034-
30:20009.

Fig. 3. View of the 4Sg200L-4-1E2 motor [23]

The other proposed units are permanent magnet motors.
The PMSM type motor analysed was a product from VEM
with the symbol PE1R200L4, also manufactured for indus-
trial applications.

The last drive unit included in the review was REB 30
from the Czech company MGM COMPRO, representing
BLDC type motors. Its parameters are only close to those
required. This is due to the low availability of engines of
this type on the market which meet the required assump-
tions. Such motors are not very popular and the full specifi-
cation of these units is not available. The presented engine
is a product used mainly in aviation, for propelling VTOL
aircraft and drones. The specific design of the engine is
shown in Fig. 4.

Fig. 4. REB30 motor [12]

3. Results

3.1. Combustion engines

Selected internal combustion engine parameters collected
during the analysis of existing designs are given in Table 1.

Both of these drive units meet the power requirements
of a test rig for rotorcraft with a take-off mass of up to 150
kg. However, it is very important to note that for both en-
gines, mechanical transmissions are required to achieve the
desired torque and speed. This complicates the construction
of the test stand and, consequently, affects the economic
aspect, increasing the cost of the device. This is undoubted-
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ly a disadvantage of the use of internal combustion engines,
as their operating range covers rotational speeds significant-
ly exceeding the values required on the rotorcraft test stand.
The AR731 engine reaches its highest torque at about 7000
rpm and maximum power at 8000 rpm and the F23 at 6500
rpm respectively (Fig. 5).

Table 1. Selected parameters of internal combustion engines [14, 24]

Parameter Unit F23 Lightweight AR731
Engine type — Boxer Wankel
Maximum power kwW 36.7 (6500 rpm) 28.3 (8000 rpm)
Maximum torque Nm 53.0 (6300 rpm) 35.5 (7000 rpm)
Calculated torque
(at 1500 rpm) if Nm 231 178
a gearbox applied
Weight kg 22 9.9
Power-to-weight | . \q 167 2.86
ratio
. Mogas regular
Min. 95 octan fuel
Fuel - - - grade or Avgas
with 2-stroke-oil 100LL
Cooling - Air Air
Size mm 591x493.5x366 328x600x262
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Fig. 5. External characteristics of AR731 and F23 engines [14, 24]

Another disadvantage of using internal combustion units
is the need to purchase, store and supply fuel to the engine,
and in the case of two-stroke engines, also to prepare a pile-
oil mixture such as the F23 Lightweight. This necessitates
the construction of an adequate supply system in the labora-
tory, equipped with apparatus enabling the control and
maintenance of fluid parameters such as temperature and
pressure. In addition, the use of internal combustion en-
gines requires the use of a fume extraction system for in-
door testing. The disadvantages of such a solution also
include the need for a special system enabling air cooling of
drive units and a complicated system for controlling operat-
ing parameters and steering the drive unit.

An undoubted advantage of using a Wankel engine such
as the AR731 is the low vibration level declared by the
manufacturer [24]. In the case of combustion units with
a different layout, there is a need to dampen generated vi-
brations.

3.2. Electric motors
Considering many disadvantages resulting from the use
of internal combustion engines in test stands, electric en-

gines were analysed. They offer a greater choice because of
a wider market of units characterised by parameters similar
to those required. Selected parameters of the engines under
consideration are listed in Table 2.

Table 2. Parameters of selected electric motors [12, 23, 27]

Parameter Unit 4?‘?_2'2?‘ PE1R200L4 REB 30

Motor type — Induction PMSM BLDC

Nominal KW 30 (1400 30 (1500 25.30

power rpm) rpm)

Indicated Nm 195 191 150

torque

Calculated

torque (at Nm 191 191 N/A

1500 rpm)

Weight kg 270 220 7.7

Power-to-

weight kW/kg 0.11 0.14 3.90

ratio

Supply \ 400 AC 400 AC 63-800 DC
- Fan Fan - -

Cooling B integrated integrated Airfhybrid

Size mm 400x787 400%x680 267x101

x501 %461 %267

The great advantage of electric motors is the existence
of units with sufficient power and speeds close to the re-
quired one and still generating sufficient torque. Speed
control can be performed with an inverter, which is a much
simpler method than in the case of internal combustion
engines. This allows the relevant parameters (speed and
torque) to be achieved without the need for reduction gears.
Additionally, they can be used in any position, which al-
lows them to be placed vertically under the rotor and the
shafts to be axially aligned without additional bevel gears.
An electrical system is required to power the motors, which
is generally a simpler solution than a fuel supply system. In
the case of DC motors, additional AC-DC converters are
required, which somewhat complicates the installation. An
alternative is battery power. However, this is less advanta-
geous due to the cost of batteries and the need to recharge
them. It must be ensured however that the electrical instal-
lation is of sufficient voltage to meet the power require-
ments of the engine. Moreover, most electric motors do not
need additional cooling systems. The BLDC motor present-
ed here is an exception, because it is used in aviation and
there is a pursuit to reduce weight, taking into account the
possibility of cooling while the aircraft is in motion. The
advantage of electric motors is that they generate less vibra-
tion than internal combustion ones. A huge advantage is
also their simpler and cheaper operation. They do not re-
quire periodic servicing, replacement of fluids and consum-
able parts. They are also less prone to faults due to their less
complex construction. They also show higher efficiency,
which reduces both operating costs and environmental
pollution. The comfort of using electric motors is also high-
er, as their operation is quieter and their maintenance is
cleaner [9]. A significant disadvantage of using electric
motors is cables with relatively high voltage. They may
adversely affect the indications of measuring devices.
A good separation of signal wires and the use of shielding
iS a necessity.
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Induction motors and PMSMs are the largest in size and
weight, while the presented BLDC motor is lighter and
smaller than both these designs and internal combustion
engines. The BLDC motor also has the highest power-to-
weight ratio. When used in an aircraft, these parameters
would probably eliminate induction motors and PMSMs,
but in the case of the test bench this is not a critical parame-
ter. Larger size is not such a key issue, and significantly
higher mass can even be an advantage as it adds weight to
the bench. A significant disadvantage of BLDC motors is
still the small number of products offered with a power of
more than 20 kW. In addition, most of the products on offer
are only available to order, which increases waiting times
and purchase costs. Due to their construction, BLDC mo-
tors and PMSMs have a larger speed control range than
induction motors while maintaining high efficiency. In
addition, they can be significantly overloaded. Higher effi-
ciency of permanent magnet motors translates into smaller
size and weight while maintaining similar electromechani-
cal parameters [4].

Electric units generate high torque from the first motor
revolutions [13]. Additionally, induction motors generate
an even higher starting torque. This makes it easy to set the
rotor in motion and removes the need to warm up the motor
before testing, which would be the case for internal com-
bustion engines. The induction type motor is also the most
popular of electric motors, resulting in the widest choice,
easy availability and lowest prices of the solutions consid-
ered.

3.3. Comparison of internal combustion and electric
motors
Internal combustion engines and electric motors were
compared Table 3 in terms of their advantages and disad-
vantages.
The advantages presented indicate the superiority of
electric motors in application to UAV test stands.

4. Conclusions

The analysis of the motors shows that electric units are
a better choice for powering UAV rotorcraft test stands.
Their main advantages include the possibility to simplify
the construction of the device by eliminating gears and to
mount the motor in a vertical position, simpler power sup-
ply, cooling and control systems and the lack of an exhaust
system. Additional advantages are undoubtedly lower vi-
bration generation, cheaper and easier operation as well as
better comfort.

Due to the fact that the offer of BLDC motors meeting
the power requirements is limited, and the weight and size
of the motor during ground tests do not play a key role,

induction motors and PMSMs seem to be a better choice.
These units are manufactured in many configurations,
which allows for a favourable selection of performance
parameters to meet demand. When choosing between
a PMSM and an induction motor, it is worth remembering
about the possibility of more accurate speed control while
maintaining high efficiency in the case of a PMSM. Addi-
tionally, with similar parameters of operation it should be
lighter and smaller than an induction motor. Additionally,
an induction motor shows a high starting torque, which
helps set the rotor in motion, while a PMSM requires ap-
propriate control.

Table 3. Advantages and disadvantages of selected engines

position

Aspect Combustion engines Electric motor
Reduction gearbox Necessary Unnecessary
Bevel gearbox Necessary Unnecessary
Operation in any No Yes

Supply system

Sophisticated, extra
measurement neces-

Electric installation
necessary, system
design simpler that in

sary combustion engines
Exhaust gas system Yes No
Control system Sophisticated Simple
Cooling system Necessary Mostly unnecessary

Vibration

Mostly high vibration

Low vibration

Measurement and

Possible due to high

signal disturbance None or low voltage cables

i Higher, except for
Wetght Low BLDC motors
Size Smaller Larger, except for

BLDC motors

Market availability

Single limited series

on demand, no ideal

operations parame-
ters

Single limited series of
BLDC motors, wide
offer, serial production
of PMSMs and induc-

tion motors
BLDC/PMSM
Price High — moderate
Induction — low
Maintenance costs High Low
Scl;flculty of opera- Higher Lower
Operation comfort Lower Higher

It should be remembered however that the final choice

of a motor should be guided by the power and torque re-
quirements for the case. In addition, the decision may be
influenced by infrastructure and installations already in
place, which is an individual matter for users.
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Nomenclature

PMSM Permanent Magnet Synchronous Motor
BLDC Brushless Direct-Current Motor

VTOL Vertical Take Off and Landing
UAV  Unmanned Aerial Vehicle
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