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Abstract: The present paper is focused on designing and manufacturing a remote-control test bench for RPA's brushless motors. The main components of the testing bench
(structural, mechanical and electric components) are presented, how they are coupled, and the operating principle. The test bench is characterized by five emergency
systems, one manual and four automated emergency systems that can stop the test under different conditions to avoid damaging the motor. To validate the testing bench,
a SK3-5045 660 kV electric motor was selected along with a carbon fibre reinforced composite propeller. It was experimentally demonstrated that the test bench was fully
automated, there were measured the propulsion force, current intensity, voltage, but also the consumed power of a motor intended for an RPA. The test results were used
to determine the motorization performance and power consumption of an RPA designed with four electric motors (quadcopter type).
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1 INTRODUCTION

Nowadays, an increased interest in unmanned aerial
systems (UAS) is registered for both civil and industrial
fields, thereby they present a challenge for the integration
in the non-segregated airspace along with manned aircraft
[1, 2], especially for the Air Traffic Control (ATC). Many
terms are used to refer to an UAS. Depending on the nation
and organization that use them, terms like remotely piloted
aircraft (RPA) or remotely piloted aircraft systems
(RPAS), and drones are reported [3]. Even if there is a
distinction between those terms, what they all have in
common is that they imply an aerial vehicle that operates
without a human operator on board. According to the
International Civil Aviation Organization (ICAO), only the
unmanned aircrafts that are remotely piloted will be
integrated alongside manned aircrafts in non-segregated
airspace and at airdromes, excluding the fully autonomous
or combined options [4].

The advantages of using RPA are obvious, they offer
new capabilities for the deployment of sensors for various
applications, including science, logistics, education,
journalism, and recreational activities. They are a more
cost-effective method compared with a conventional
aircraft [5]. The RPAs have been successfully applied in
wildlife monitoring and wooded vegetation study [6] as a
way to improve or supplement conventional field
observations [7, 8]. They are a safe method to study fierce
wild animals (i.e. the Nile crocodile [9]) or to discover
poachers [10, 11]. It was reported that RPAS can also be
used for the infrared imaging of photovoltaic systems, a
more cost-effective approach than conventional techniques
[12]. Besides these fields, the RPAs were used in the wind
energy field where they were deployed to retrieve
information about the flow field, turbulence intensity,
vertical wind components and shear at the escarpment site
[13]. Other fields that benefit from the advantages of RPA
are the archaeological and agricultural field, and
cartography where RPA were used for surveillance and
aerial photography [14-16]. Except for these applications,
they were deployed for structural safety inspections, such
as buildings and bridges with high seismic risk [17].

Many types of RPAs were developed [18, 19], but
most of them use propellers and are powered by electric
motors (brushed or brushless DC motors). In terms of
stability, two types of RPA can be mentioned: fixed and
rotor-wing aircraft. The most popular type of RPA are the
rotor-wing aircrafts; they are characterized by a high
degree of freedom in terms of rotor number, such as
bicopters, tricopters, quadcopters, hexacopters, and
octocopters. They are characterized by high reliability [20]
and are adequate for uneven and inhomogeneous grounds
[21].

As many RPAs are powered by electric motors, during
the design phase it is important to test the electrical
configuration of the RPA to define the operating
parameters and to avoid the damage to the motor or other
components. Studies have been conducted regarding
testing and data acquisition during testing of electric
motors for RPAs [22-24] as many test benches have been
developed [25, 26]. The patented test benches [25, 26] have
several disadvantages, but the main disadvantage is that
they are not remote controlled and a human operator must
control and supervise them throughout the testing
campaign.

The present study was focused on designing and
manufacturing a low-cost, remote control test bench for
brushless motors used in RPAs. The goal of this bench was
to determine the performance and limitations of an electric
motor configuration designed for an RPA. The
configuration presented in this study was used to obtain a
utility model.

2 DESIGNING AND MANUFACTURING OF THE TEST
BENCH
2.1 Test Bench Description

An automated test bench was designed and
manufactured to automatically test a RPA motor
configuration. In reference [27] a universal experimental
measuring system for more accurate measurement of
propeller's parameters was presented.

By design, the test bench had to fulfil the following
functions:

* testing a brushless motor with a propeller,
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eautomatic measurement and recording of the generated
propulsion force,

 autonomous control of motor speed,

« remote control,

» manual control for emergency motor shutdown,

* automatic emergency system to stop the motor in case of
propeller detachment,

* automatic emergency system to stop the motor in case of
exceeding the maximum force of the load cell,

* automatic emergency system to stop the motor in case its
maximum power is exceeded,

* automatic emergency system to stop the motor in case it
exceeds the maximum current intensity of the electronic
speed controller (ESC),

« register and export data such as PWM percentage, current
intensity, voltage, force, power, and speed in an excel file.

During the design phase of a rotor-wing RPA, many
factors should be considered. For example, the battery ESC
propeller configuration must be selected in a way that the
electric motor should reach the required thrust-weight
ratio. Moreover, the propeller selection is important, it is a
component with a significant role, it provides the
propulsive force by spinning at a speed range and sets the
consumed power of the RPA.

The power consumption has to be lower than the
electric motor's maximum power, and the motor should be
able to provide the required speed range for the propeller.
Besides, the ESC should be selected to comply with the
motor voltage and its required amperage, and the battery
should provide the voltage and amperage required for the
configuration. Therefore, the PWM signal should not
exceed the value at which the power consumption is higher
than the motor capacity by driving the propeller at higher
speeds. A higher value compared to the motor's power and
an amperage higher than the maximum limit of the ESC
can damage the motor and ESC.

The test bench consists of a clamping frame made of
rolled steel angles, as can be seen in the images from
Fig. 1.
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Figure 1 The graphic representation of the testing bench: (a) components; (b)
the working principle of the test bench

The metallic skeleton was fastened to a solid table
using four screws; two linear bearings were attached with
screws to the metallic frame. A 16 mm in diameter metallic
pipe passes through the two linear bearings; it is a force
transmission pipe. These bearings are used to block the
pipe and to allow it to slide only on their axis also
eliminating friction during testing.

At one extremity of the pipe, a flange was mounted
using four screws, and at the other extremity a metallic part
was welded. This metallic part was connected with screws
to the load cell. In this configuration, the load cell was
mounted at one extremity of the pipe to be pulled at the
other extremity with an equal force to the propulsion force
generated by the propeller during testing.

The brushless motor selected for the validation of the
test bench was a SK3-5045 660 kV motor with a maximum
power of 1410 W and an operational voltage of 4-5S
meaning 4 - 5 x 3.7 V. The motor was powered by a LiPo
battery with a 16000 mAh 6S capacity and a discharge
capacity of 12 - 24 C. Some RPAs use Li-lon batteries
because they are reliable and the most available battery
technology [28], but other RPAs use the LiPo batteries
because they have a high discharge capacity compared to
Li-Ton batteries and can provide a high current intensity
required for brushless electric motors [29].

A carbon fibre reinforced polymer propeller was
attached to the motor; it was 381 mm in diameter and had
a pitch of 139.7 mm. As the motor is mounted on the test
bench using a flange, when it starts, it pulls the flange that
activates the load cell. During testing, the load cell is
subjected to bending, the bending force is registered by an
electrical resistor that sends an electrical signal to the
HX711 decoder. Afterwards, the decoder reads the
electrical signal and provides the value of the force.

2.2 Operating Block Diagram of the Test Bench

In the block wiring diagram of the test bench, three
individual electrical circuits are available:
« an electrical circuit for the power supply of the electric
motor, primary circuit,
* an electrical circuit for the first Raspberry Pi (further
called R1),
+ an electrical circuit for the second Raspberry Pi (further
called R2).

The block diagram of the test bench's wiring is
presented in Fig. 2.
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Figure 2 The block diagram of the test bench's wiring
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In the primary circuit, the LiPo battery transmits DC to
the ESC. The ESC controls the voltage and amperage
generated to the electric motor in the form of alternating
current (AC) depending on the received PWM signal.

The R1 circuit integrates a button, a PWM hat, the ESC
and two relays. The PWM hat increases the control
accuracy of the PWM signal generated by the ESC. The
button is attached to two general purpose input/output
(GPIO) pins, one that sends a signal continuously, and the
other pin waits for the electrical signal. By pressing the
button, the circuit closes.

Also, a GPIO pin sends a continuous signal to a COM
socket of a relay 1. Another GPIO pin is attached to this
relay 1 in the NO socket. This means that when relay 1 is
not supplied with an electric current of 5 VDC, the circuit
between COM and NO is open (there is no electric current
between them). The same circuit also exists for the second
relay (relay 2).

The R2 circuit is in charge of the load cell that is read
through the HX711 decoder. It also is in charge of
powering the relays 1 and 2, and of reading the power
module. Both R1 and R2 are powered by a conventional
220 VAC voltage. In Fig. 3 is presented an image with the
electrical test bench components.

Motor || HX711 | Load cell Relay 2

Propeller

Figure 3 Test bench electric components
2.3 Test Bench Software Interface

The scripts used by the testing bench were realized
using the Python Programming Language. They were
realized based on different diagrams like the one presented
in Fig. 4, which is used by the R1 circuit.
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Figure 4 The diagram used for the programming script of R1 circuit

The script is in charge of the electric motor according
to the signals received from R2 circuit. To run the script,
first the safety button must be manually pressed. After
pressing the button, the script performs a security check in
a loop, it checks if the relay 1 and 2 are active or if the
button is pressed. If relay 1 is active, the script will send a
PWM signal to the ESC that sets the motor speed to 0 and

the program stops. If relay 2 is active, the script will
increase the engine speed by 1% (PWM percentage). Also,
if the button is pressed, the engine speed will be set to 0
and the program will close. The operating diagram
according to which the script for the R2 was written is
shown in Fig. 5.
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Figure 5 The diagram used for the programming script of R2 circuit
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The test bench has five emergency systems: four
automatic and one manual, as follows:

* Automatic emergency system 1: If the registered force
exceeds the value of 60 N, then the motor will stop
instantly and the data will be saved.

+ Automatic emergency system 2: If the force suddenly
decreases by 30% compared to a measurement value
determined in a previous PWM percentage, then the motor
will stop instantly and the data will be saved (i.e., in case
that the propeller breaks or detaches from the motor this
emergency system will be activated).

* Automatic emergency system 3: If the amperage exceeds
the maximum value of the ESC, then the motor will stop
instantly and the data will be saved.

* Automatic emergency system 4: If the power exceeds the
maximum power of the motor, then the motor will stop
instantly and the data will be saved.

* Manual emergency system: By pressing the button, the
engine will stop instantly and the data will be saved.

The script for the R2 circuit represents the command,
control and registration centre of the test bench. It performs
three force measurements (with a frequency of 1 Hz) at
each speed percentage, reads the intensity in the power
module, calculates the power and speed and checks after
each measurement if the force is greater than 60 N or if it
has suddenly decreased by 30% compared to the previous
value recorded for a lower PWM value. If this happens, the
script will activate relay 1 (emergency relay), which will
cause the R1 script to stop the motor. In case of an
emergency, all the data will be saved. Three force
measurements are made, the script activates relay 2, the
relay that activates the R1 Raspberry Pi to increase the
PWM percentage of the motor by 1%. The script is in a loop
and if the percentage of PWM becomes equal to the initially
imposed value, the script will activate relay 2, the motor
will stop and the data will be saved. The PWM percentage,
the measured force, intensity and voltage, speed and power
consumed are recorded vectorially so that at the end of each
test they are automatically exported to an excel file.

Based on all the information presented it can be
concluded that the designed test bench is automated and
autonomous. At the beginning of the test, the maximum
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PWM percentage, the maximum motor power, the
maximum ESC amperage and the voltage vector are
introduced depending on the PWM percentage taken from
a pre-test. After entering this parameter, the program will
wait for the button to be pressed to allow it to proceed.
Before starting the test, a visual inspection must be made.

After pressing the button, the test stand will increase
the motor speed by increasing the PWM signal by 1% and
the three measurements will be made for each increase in
the PWM signal. After increasing the PWM signal, the
program will take a pause (approximate 1 s) for the motor
speed to stabilize and to avoid force measurements in the
transient regimen of the motor. The test ends successfully
when the value of the PWM percentage becomes equal to
the maximum PWM percentage entered at the beginning of
the test.

The test bench is completely automated and it can also
be controlled remotely. Both the R1 and R2 Raspberry Pi
are connected to the internet and can be controlled via
another PC connected to the internet. Their control is
performed by remote-control software, in this case using
the VNC Viewer.

Based on the block diagrams, the program code was
written and a graphical interface was created to serve the
tests. In the image from Fig. 6, is presented the graphical
interface of the test stand during a test.

Motor test software

50

10 000 1000 50
2 s 3009 ST g5 000 300 S ast0 2 75
¢ le ’ mznow ¢ Q e ° Qlw

- T o "

Figure 6 Graphical interface of the test bench
3 LOAD CELL CALIBRATION

Calibration is an important process and was performed
after the test bench was manufactured, before starting the
testing campaign. The calibration involved fixing the load
cell and pulling it with a known force. Depending on this
known force, the correction factor on the resulting
electrical signal was applied.

The calibration procedure involves the following
steps:

« installation of the calibration support,

« starting the registration of the load cell,

« attaching the weight to the wire that passes through the
pulley and is connected to the motor flange,

* recording the value registered by the load cell and
manually introducing it in the reading script according to
the calibration equation. For the calibration procedure,
reference [30] was consulted.

To calibrate the load cell, all test bench components
were assembled except for the motor and propeller. Instead

of a motor, a calibration support was attached. It consists
of a metal frame where a pulley is mounted, as can be
observed in Fig. 7.

Skeleton
calibration

b)
Figure 7 a) Calibration support; b) The forces applied during calibration

A cable was connected to the motor-fixing flange, it
passes through the pulley and at the other end of the cable
a weight with a known mass was attached.

Due to the gravitational force, the weight will pull the
cable, the pulley will transpose the vertical force to
horizontal and the cable will pull the motor flange, thereby
activating the mechanical system of the load cell with a
force equal to the mass of the weight. Thereafter, a
correction factor is calculated and applied to the software.

4 EXPERIMENTAL TESTING AND TEST RESULTS-
VALIDATION OF THE TEST BENCH

First there was realized the calibration of the load cell.
The calibration support was installed on the test bench as
can be observed in the image from Fig. 8.

The load cell has a maximum capacity of 20 kg,
thereby it was decided to realize the calibration using half
of its capacity (10 kg). After calibration, the calibration
support was removed, the ESC was connected to the
battery, and the testing campaign began.

The testing campaign consisted in performing two pre-
tests to determine the scripts functionality, to synchronize
the PWM signal with the motor start, and to determine the
voltage between the motor and the ESC as a function of
PWM. After the two pre-tests, two tests were performed to
evaluate the repeatability of experiments.
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Figure 8 Test bench calibration

The pre-tests were performed using the electrical
motor without the propeller. It was experimentally
determined that during pre-testing the motor was in the
stand-by state at a PWM value of 4300, and had a
maximum PWM value of 8000. Moreover, it was
determined that at 4000 PWM the motor was in an engine
brake state. Based on these measurements, it was
determined that as a function of PWM, the motor stand-by
state corresponded to the 37 step (0% - 100% PWM
percentage). The following step in the pretesting was the
assessment of the script functionality by:

* checking the motor speed increase by increasing the
PWM percentage,

* checking the emergency stop button,

* checking the emergency system 1,

* checking the emergency system 2,

* checking the program completion,

* checking for the conformity of data saving module.

To check the emergency systems, as the motor was
working during pre-testing without the propeller and no
propulsive force was generated, a manually electronic
weighing scale was used to simulate the increase in the
propulsion force up to 60 N or its sudden decrease by 30%.
The motor was set to start at 0% PWM, the PWM setting
was realized according to Eq. (1):

PWM = Neutral +37 - Percent (1)

where PWM is the value of the PWM, Neutral is the value
of the PWM when the motor is in stand-by (in our case
4300 PWM), Percent is the desired PWM percentage value.

To start the motor the PWM percentage was increased
to 100% corresponding to the maximum value of the
motor. To increase the PWM percentage, 1% steps were
used with a standing-by time for each step of 5 s. During
this standing-by time, the voltage was measured at two of
the three terminals of the motor, in the area between the
motor and ESC (an area with AC). As the motor speed is a
function of voltage and it is specific for each type of motor,
the Eq. (2) follows [31]:

RPM =UxKV ©)

where RPM is the motor speed (rot/min), U is the voltage
applied to the motor (V), and KV is a motor property
specified by the producer (in our case 660).

By performing this measurement for each PWM
percentage, the motor voltage was determined according to
the required PWM signal. Also using Eq. (2) it was possible
to correlate the motor speed according to the applied
voltage, by default the PWM values. The voltage evolution
as a function of the PWM value is presented in the graphic
from Fig. 9, while the motor speed evolution as a function
of the PWM value is presented in the graph from Fig. 9a.
For these graphs the Excel data provided by the test bench
were used as input data, and they were realized using
Matlab R2020a.

Knowing the motor speed and the propeller diameter
of 381 mm, the speed at the propeller's tip can be calculated
according to Eq. (3) [32].

D RPM
T—X—
2 60

V=2 3)

where V' is the speed at the propeller's tip (m/s), and D is
the propeller's diameter (m).

For a better evaluation, an analysis was made as a
function of the Mach number. The Mach number was
calculated using Eq. (4) where the sound speed was
considered 340 m/s.

M=—— )

where M is the Mach number, and V is the speed at the
propeller's tip (m/s).

The representation of the Mach number calculated as a
function of PWM is presented in the graph from Fig. 9c.

Based on the results obtained, it can be observed that
the motor at 100% PWM (the maximum speed) has a 0.73
Mach. Following the pretesting campaign, the actual
testing campaign was performed.

For experimental validation of the test bench the motor
with the propeller mounted was used. The tests were
performed in different days.

During these tests, the motor speed was determined by
multiplying the known voltage for each PWM percentage
with the motor parameter 660 kV. The current intensity
recorded was used to determine the power consumption for
each PWM percentage, thereby the RPA autonomy can be
determined along with the power consumption for each
propeller. The imposed condition is that this power
consumption should not exceed the maximum power of the
electrical motor and the current should not exceed the
maximum current of the ESC to estimate the motor and
propeller performance while not damaging the motor, ESC
and battery.

The first test involved increasing the percentage of
PWM from 0 to 100% with a step of 1%, with three force
recordings at each step. An ammeter with a clap was
installed to measure the intensity of the AC to check the
registered data. It was installed on a wire between the
motor and ESC. The PWM percentage was displayed on
the monitor. The test was started and ended with automatic
emergency shutdown by the fact that the force exceeded
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60 N. The percentage value of the PWM at which the test
was stopped was 80%. Therefore, data were taken from 0%
to 80% PWM percentage.
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Figure 9 a) Voltage evolution as a function of PWM percentage, b) Motor speed
evolution as a function of PWM percentage, c) Mach number evolution as a
function of PWM percentage

The second test was performed to evaluate the
repeatability of the measurement and was realized from 0%
to 70% PWM percentage. These values were selected to
maintain a safe range for the components. The percentage
of 70% corresponds to an amperage of 69 A, and a power
of approximately 1220 W, according to the previous test.
The propulsion force evolution during testing is presented
as a function of PWM in the graph from Fig. 10.

It is observed that at 70%, the propulsion force reached
is about 50 N. The differences between the curves are given
by the axial decentralization of the axial bearings and by
the non-uniformity of the pipe passing through them, at
70% this difference is about 3 N. The graph from Fig. 11
shows the evolution of the power consumed to drive the
propeller as a function of the motor speed.
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Figure 10 The propulsion force evolution as a function of PWM
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Figure 11 The consumed power that engages the propeller as a function of the
motor speed

The results obtained showed that at a value of 70%
PWM, a current intensity of 69 A was obtained in the first
test and 68.8 A in the second test. Also, an approximate
power consumption of the 1221 W propeller (1218 W in
the second test) was recorded. Therefore, this coupling
version of the electric motor with this propeller and with
the ESC, must be limited to a maximum PWM percentage
of about 78%, because the motor has a maximum power of
1410 W, after which the coils insulator starts to melt and
the ESC has a maximum amperage of 80 A.

Therefore, using this test bench, it was found that the
propeller should not be limited because in this speed range,
it does not enter the transonic regimen, and the engine
should be limited to a maximum PWM percentage of 78%
to not burn the motor or ESC, which is limited by the
maximum power. Following the tests, essential data were
collected on the propulsion force generated by the engine
in the current configuration, its power consumption
according to the percentage of PWM and the necessary
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limitations to be imposed in the operation of this
configuration.

5 DISCUSSIONS

The literature survey revealed a high interest for RPAS
development and integration in many civil and industrial
fields. Many RPA can be found on the market, but they are
also built to tailor their capabilities for a specific purpose.
During the design and manufacturing stages of an RPA,
many testing campaigns should be performed to select the
optimum materials for manufacturing, the electric
configuration, the motorization, etc. As it was observed
many studies were conducted on tests performed on
electric motors [22-24] and many test benches were
developed for such purpose [25, 26]. The main
disadvantage of the existing testing benches is that they are
not remote controlled and a human operator must control
and supervise them throughout the testing campaign.

Thereby, a new low cost and automated test bench for
brushless motors was designed and developed. The
automation of this test bench involves recording data and
increasing the PWM value by a certain autonomous step
toward a maximum-desired percentage (imposed). Also,
automation is provided by the emergency systems that
include stopping of the motor if a certain value of force is
exceeded, if the propeller breaks or detaches, or if the limits
of the components are exceeded. There is also a manual
option to stop the motor through a button 10 m away from
the stand. The remote part assumes that the test bench can
be mounted on a fixed table in a certain room and its
control is done through the internet. Moreover, it is realized
using a limited budget; it is a cost-effective version.

6 CONCLUSION

Based on the results presented, it can be concluded that
the designed test bench is automated, it can be reached via
internet (remotely accessed) and can be used to test
brushless DC motors with a propeller mounted in a safe
environment.

During the testing campaign, it was observed that the
selected motor coupled with the carbon fibre composite
propeller, and ESC of 80 A, can be tested up to a maximum
PWM percentage of 78%, reaching a maximum force at this
value of 56 N.

The tested motor configuration will be used in an RPA
(quadcopter type) up to a maximum PWM percentage of
70% to avoid motor damage. Therefore, the RPA will have
a maximum force of 212 N (4 engines like the one tested
on the testing bench) and a maximum power consumption
of 4868 W. The power consumption on the hover flight will
be 3021 W (755 W/engine) with an approximate generating
force of propulsion of 30 N on each engine.

This work presents a low-cost test bench that can be
used to assess the performances of an electric RPA
propulsion system in maximum safety conditions due to
the proposed configuration and the programmed algorithm
that ensures an autonomous test, without the intervention
of an operator. The main advantage of this test bench is
related to the autonomous testing of different propulsion
system configurations, without risking the entire aircraft.
The electric propulsion systems tested can be designed for

many RPAS intended for various type of applications,
especially in the research field.
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Nomenclature

RPA - remotely piloted aircraft

RPAS - remotely piloted aircraft systems
UAS - unmanned aerial systems

ATC- air traffic control

ICAO - International Civil Aviation Organization
DC - direct current

ESC - electronic speed controller

PWM - pulse width modulation

AC - alternating current

GPIO - general purpose input/output
COM - common

NO - normally open
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