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Abstract: Various studies have been done in recent years on unmanned solar-powered aircraft for non-
stop flight at a specified location or area. However, if a solar-powered unmanned aerial vehicle (UAV)
can achieve a non-stop flight around the world, it may lead to the possibility of a pseudolite (i.e., pseudo-
satellite) operation. These solar UAVs capable of operating as a satellite enable sustainable aviation
that provides cheaper communication accessibility. Recently, we have developed a mathematical model
for solar UAVs that was followed by the fabrication of a solar UAV model. Both the mathematical
design model and the prototype model have been published. Thus, this work aims to determine the actual
flight performance characteristics of the fabricated solar UAV. In this work, the bench and flight tests
of the prototype solar and non-solar UAV model were compared in terms of aerodynamic
characteristics and performance. These characteristics are determined using the flight test data and
then compared with simulation data using a mathematical design model published earlier. Both
accelerated and un-accelerated methods have been applied to predict the polar drag curve, and a
distinct band of data obtained for both UAV prototypes. The predicted zero-lift drag coefficients were
similar to the theoretical prediction in these UAVSs.

Key Words: SUAV design, solar-powered UAV, drone, UAV, UAS, flight test, drag polar, accelerated
method

1. INTRODUCTION

UAVs can accomplish dangerous and critical mission without concerning the safety of pilots
[1]. A small platform with lower cost is another major factor that arouses huge interest among
the research community [2, 3]. It has been applied on a large scale not only in the military field
but also in commercial applications [4, 5]. Some of the commercial applications are traffic
monitoring, coast and harbor patrolling, and pipeline inspection, while military applications
include surveillance, target acquisition, and reconnaissance [1, 6].

Solar energy is renewable energy with zero-emission, and it is widely applied in the
military, commercial as well as the industry fields. [7-11]. Recently, research focused on the
augmentation of solar cells in UAVs [12]. The purpose of this experimental work development
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is to validate the design methodology of solar UAV with unlimited flight duration [13]. This
achievement is crucial for the vehicle to perform missions without refueling and to last forever
without polluting the environment. However, the efficiency and performance of solar cells
available in the market are not sufficient to accomplish this goal [11]. Thus, many types of
research on increasing endurance of UAV have been done, such as High Altitude Long
Endurance UAYV projects [14-18].

Previous work has been the development of a solar UAV prototype with an endurance of
almost 24 hours [19]. This solar UAV layout is as shown in Fig. 1. To accomplish 24 hours
flight, an innovative design methodology [13] and systems that combine solar cells, lithium
battery, and propeller are used [12, 20]. The advantage of lithium polymer battery is that it is
not using a solid plastic electrolyte, so it is more flexible in shape than the cylindrical form
[21]. This study aims to analyse data of the flight test [22] and to compare them with the
simulation design [13] to establish the UAV aerodynamic characteristics. Also, two methods
of aerodynamic characteristics estimation from flight test data are conducted, which are based
on accelerated flight routines and un-accelerated flight routines to verify the similarity among
them. Furthermore, a non-solar UAV prototype is included in the comparison. For the sake of
comparison of equality, the non-solar UAV is the same UAV model without the solar module.
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Fig. 1 Prototype UAV 3D View Diagram

2. METHODOLOGY

Even if the straight and level flight will have only a short duration compared to the entire
flight, in general, it is measured as a standard condition in the design of an aircraft. The
experimental data have been collected using two flight routine techniques known as
accelerated and un-accelerated linear flight mode to ensure that the aerodynamic
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characteristics and performance of the aircraft are accurately predicted. The straight and level
un-accelerated flight path (cruise flight) is horizontal to the surface and the thrust is assumed
to always act along this horizontal plane. For the flight to be horizontal or constant altitude, it
is easily to see that the lift must be equal to the weight and the flight must be at a constant
velocity (un-accelerated); the thrust must be equal to the drag. The velocity of the airplane
must be sufficient to produce sufficient lift to sustain level flight.

Minimum flying speed for straight and level flight occurs when the wing is operating at
maximum lift coefficient, that is, near the stall angle. The maximum flying speed for the
straight and level is limited by the thrust available from the engine. This condition also requires
a small value of the lift coefficientand hence a small angle of attack. An accelerated motion
and curved flight are considered, specifically for the cases of take-off, landing, and the
constant-altitude banked turn. However, there is a limit to their use since they also contribute
to increased drag and retard the airplane acceleration. The constant-altitude banked turn was
the flight routine technique used in this experimental work.

The following subsections will explain numerically the UAV airfoil lift and drag
characteristics. Then, the static tests findings of the UAV prototype model will be presented.
Finally, the flight test data are presented and compared to elucidate the disparity between the
actual data and numerical simulation.

Prototype UAV Airfoil Characteristics

The Super-AVA-e model is used for the solar and non-solar UAV prototype, and there are 4
varieties of airfoils in the Super-AVA-e, which include AG 24, AG 25, AG 26, and HT 21.
The lift coefficients over the angle of attack of these airfoils are displayed in Fig. 2. The
numerical data are obtained by referring to the prototype airfoil specification. The simulation
using these data estimated that the prototype UAV model has a wing angle of attack ranging
from -13.6° to 11.8° with a maximum lift coefficient of 1.53. The drag polar of the prototype
airfoils are plotted in Fig. 3, and the average zero-lift drag coefficient of these airfoils is
0.0047.
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Fig. 2 Lift coefficient versus angle of attack of prototype model airfoils

Prototype UAV Wing Characteristics
The lift and drag coefficient data of the prototype airfoil is not sufficient since the assumption
of the infinite wing is made. Thus, a finite wing’s lift and drag coefficient has been simulated
by using the design methodology proposed in previous work [13].

The drag polar of the prototype UAV model is presented in Fig. 4. It is estimated that the
zero-lift drag coefficient is approximately 0.0111 for both solar and non-solar UAV. It is
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nearly twice more than basic airfoil data due to induced drag at wingtips. On the other hand,
for the drag polar, the difference between solar and non-solar UAV in simulation is negligible.

These differences are mainly because the solar UAV is assumed to have take-off weight
0.4kg more than non-solar UAV while other parameters are the same in the simulation for both
of them.

. 0.025 -
- .
. 'l., Drag
:'. .-gfuefﬁcient 0.02 | AG4
LJ
s b = AG25
0.015 | - AGE

=

T ’ T T T T T L") T T T T T T T T T

1 -075 -05-025 0 025 05 075 1 125 15
Lift Coefficient

Fig. 3 Drag coefficient versus lift coefficient of prototype model airfoils
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Fig. 4 Lift versus Drag Coefficient of Solar & Non-Solar Prototype UAV

3. RESULTS AND DISCUSSIONS

In this section, both the static and flight test results of the prototype UAV model is/are
presented. The findings are elaborated in detail.

Static Test
Before the flight test is conducted, static tests are carried out to ensure both solar and non-solar
UAVs are capable of real flight. The static test is on the maximum throttle endurance of the
prototype.

This flight test is essential to ensure that the expected endurance performance is attainable
and it also assists in establishing the UAV’s readiness for its maiden flight.

The first static test data of battery power and electric propulsion system at full throttle are
shown in Fig. 5.

INCAS BULLETIN, Volume 12, Issue 4/ 2020



177 Experimental Analysis of Small Solar Unmanned Aerial Vehicle to Predict Aerodynamic Performance

50 100% Throttle 350
Current Power
(A) vy + 300
40 | W)
Voltage e 250
M) 39 Vi T | 00
Temperaturef; 150
(°C) 20 T Current (A) s 0l tag e (V) y
] Temperature (°C) Power (W) 100
10
50
0 i i i . . 0

0 5 10 15 20 25 30 35 40 45
Duration (Minutes)
Fig. 5 Prototype UAV's Power Systems - Bench Test @ 100% Throttle

The battery packs used in this test which gives a nominal voltage of 11.1V and 18.2Ahr
cumulative current is the prototype complete battery pack set. This battery pack is connected
to the electronic speed controller, brushless electric motor, and 13 x 8 folding (Aero-Naut)
propeller. The voltage, current, and temperature data are recorded using the Eagle Tree System
data logger. The system is powered up to full throttle and maintained there until the battery
packs power is fully depleted.

During this full-throttle period, the electric motor temperature is within 40°C, which gives
an assurance that the internal fuselage temperature does not exceed 70°C, temperature at which
the LiPo battery pack can explode in the air.

The battery voltage depletes from fully charged to 9V, and it is stopped due to the battery
power management system. This has proven that the battery power system is safe to be used,
and the shelf life is protected.

The maximum current delivered is nearly 30A, which provides a maximum power of
325W. This amount of power gives around 108W/kg power to weight ratio during the initial
flight. This ratio is high enough for the UAV to climb without an assisted launch system.
Therefore, both solar and non-solar UAV flight tests were launched manually.

Flight tests
Initially, all flight test data are adjusted since the data logger might record with minor offset
values from zero. Actual aerodynamic characteristics can be calculated as all the required
parameters are obtained from the flight tests. The parameters are voltage, current, x-axis
acceleration, y-axis acceleration, altitude, and speed. Since all data points required are for a
level flight, rigorous screening is needed every second to determine the points with zero or
near - zero x-axis acceleration.

Then, from these data points, the power can be estimated by multiplying the voltage and
current and the efficiency of the electric propulsion.

There are 4 types of system efficiencies in this model that need to be considered to
estimate the final power output precisely, which are battery, ESC, electric motor, and propeller
efficiencies.

Then, the UAV thrust can be calculated by dividing the power over UAV speed. Since the
thrust is estimated at zero acceleration, the drag equals to thrust.
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The flight test was conducted using accelerated and un-accelerated flight technique
routines to analyze the aerodynamic characteristics for both solar and non-solar UAV models.
The maiden flight is done successfully to test the stability & control system, power system,
and heat dissipation from the propulsion system.

Besides, the UAV range check was done on both the RC transmitter and ETS receiver.
All wireless and stored data recordings are verified before actual flight plan routines were
done. This verification is essential to collect high accuracy data from flight test.

Then, the following flight tests were done to ensure both accelerated and un-accelerated
flight routines can be performed, where each test flight has an average duration of
approximately 25 minutes.

Fig. 6 presents the flight path during one of the flight test of non-solar UAV. The non-
solar UAV has clocked 8.76 km in range and manages to reach an altitude of 118 meters from
the ground level during this flight test.

During these flight tests, the battery system, electric propulsion system, and aerodynamics
characteristics are analysed.

Figs. 7 and 8 illustrate the sample flight data collected for solar UAV. The solar UAV has
flown around 31.42 minutes with an average speed of 46 km/hr. Data on altitude, speed, x-
axis acceleration, y-axis acceleration, power voltage, current, and rpm output over the flight
duration are collected.

According to these figures, the whole flight path can be explained in detail. The launch
and landing point of the flight test can be identified by analysing the x-axis and y-axis
acceleration in Fig. 7.

The UAV accelerated at launch approximately about 2.34g parallel to the forward flight
path and -2.14g perpendicular to the flight path, which is approximately 23m/s? of
acceleration.

This acceleration is achieved by launching the UAV with 7.04kg of thrust, which provides
675W of equivalent power and a total lift of 6.42kg. Yet, the actual force used in the flight test
cannot be determined precisely as the data logging system does not have an angle sensor.
Moreover, the exact moment when the throttle stick position is operated can influence the
required thrust during launch.
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Fig. 6 Case Study UAV Flight Path
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Flight Data: Altitude, Speed, X-Acceleration & Y-Acceleration vs. Flight Duration
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Fig. 7 Flight Data: Altitude, Speed & X & Y Acceleration vs. Flight Duration

Fig. 8 shows that the UAV has begun its flight test at an initial voltage of 12.31V and
completed it at 12.09V.

The maximum current occurred in the flight test is 34.43A, and the highest electric motor
rpm is 9256 for the flight test. Only 6.11% of battery capacity have been used throughout this
flight test, which means that the UAV can maintain the flight path for 3.62 hours before the
battery runs out of energy.

Besides, there is only 1.27% error between the maximum rpm occurred in the flight test
and the electric motor manufacturer specified rpm per volt ratio of 800. The maximum power,
altitude, and speed achieved in this flight test are 392.8W, 117m, and 83km/hr. respectively.

Flight Data: Voltage, Current, Temperature, kRPM vs. Flight Duration
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Fig. 8 Flight Data: Voltage, Current, Temperature, KRPM vs. Flight Duration
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Summary of Findings - Flight Aerodynamic Characteristics
The UAV’s altitude is used to identify the air density precisely while other parameters are
obtained from flight test data to calculate the drag coefficient. The same method can be used
for the y-axis acceleration to determine the lift coefficient since UAV weight equals to the lift
when y-axis acceleration is zero. The actual drag polar obtained from the flight test, as shown
in Fig. 9 were for both solar and non-solar UAV using the accelerated and un-accelerated
method. These results show that both accelerated and un-accelerated methods produce similar
drag polar curve. Thus, both flight test methods are suitable to predict small UAV aerodynamic
characteristics.
Flight Testing: Lift Coefficient vs. Drag Coefficient
of Solar & Non-Solar-powered Case Study UAV @ Accelerated & UnAccelerated Flight Test
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Fig. 9 Flight Testing: Lift vs. Drag Coefficient of Solar & Non-solar UAV @ Accelerated & Un-Accelerated
Flight Test

The yellow triangles and pink squares in this figure are data obtained for the non-solar
UAYV flight tests. The results show that in accelerated flight, the non-solar UAV’s zero-lift
drag coefficient is 0.0171 compared to 0.0106 when tested in un-accelerated flight. A blue
curve line has also been plotted on this graph to define the average drag polar obtained for
non-solar powered UAV. The average zero-lift drag coefficient for non-solar powered UAV
is 0.0118 obtained from the flight test, while it is predicted to be 0.0111 during the design
simulation. The difference is mainly due to the fuselage, and tail drags are not considered in
the design simulation. Regardless, the small difference could be because of the fuselage
sufficiently narrow to have a minimum drag.

The green triangles and red squares in the figure are data obtained from the solar UAV
flight tests. The results show that the solar UAV’s zero-lift drag coefficient is 0.0247 in
accelerated flight, while the coefficient changes to 0.0273 in un-accelerated flight. The purple
curve line defines the average drag polar curve for the solar UAV. The average solar and non-
solar UAV’s zero-lift drag coefficient is 0.0267 and 0.0118, respectively, according to the
flight data.

Unlike the simulation result, the solar UAV possesses a zero-lift drag coefficient almost
twice more than the non-solar UAV. These differences are due to the attachment of the solar
module on the UAV wing making the surface not smooth, mainly because the soldering bulges
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on the solar module connection have contributed to the increment of the drag. Yet, this drag
can be reduced significantly by using automated soldering machine techniques. Furthermore,
the dihedral wing design impedes the solar module to keep the shape of the wing airfoil. Thus,
avoiding the wing dihedral joints for solar module installation can decrease the drag.
Nevertheless, the actual drag coefficient along the lift coefficient for both solar and non-solar
UAYV is much higher than the simulation design, which indicates that the assumptions for the
induced drag estimation in the simulation design still need to be improved further.

5. CONCLUSIONS

Solar and non-solar UAV flight tests have been carried, and the flight test data have been
analyzed. The aerodynamic characteristics are estimated based on the recorded flight data
using both accelerated and un-accelerated flight routines. Unlike simulation design, whereby
the aerodynamic characteristics for both types of UAVs are almost the same, the actual drag
polar for solar UAV is higher than non-solar UAV. The zero-lift drag coefficient of solar UAV
is almost twice more than non-solar UAV mainly because of the drag induced by solar module
attachment on its wing. The drag polar for accelerated or un-accelerated flight routines is about
the same for both types of UAVS.
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