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The safety during unmanned aircraft operation is essential. Aircraft performance
is one of the most critical factors. That aids pilot to understand the aircraft ability and
operate the aircraft safely. This research aimed to determine the aircraft performance
with flight test methods: including stall speed, maximum speed, maximum range,
maximum flight time, minimum turning radius, maximum turning rate, maximum bank
angle, maximum climb rate, and maximum climb angle. The advantage of proposed
method is the lower budget requirement compared with wind tunnel testing, because
measuring equipment is cheap, and the test results are obtained from the actual flight
conditions.

The process began with the customized instrument development for measuring
thrust force and angle of attack. The flight tests performed both steady-level acceleration
in climb condition by measuriﬁg speed, propulsion, angle of attack, voltage, and
evaluate aircraft performance. This method can determine the actual flight performance

and can be applied to small unmanned aircraft in general.
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T.=D+Wsin6 (2.20)
L=WcosH (2.21)
R/C=V_sin6 (2.22)
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R/C_szme_T (2.23)
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ETJ‘VI 2.14 ﬂ'J”I?JﬁiJWU‘ﬁIEU’EN’E)@TIﬂ"Ii]lﬁigﬂUﬂ‘].lﬂ’ﬂllﬁ? (John D. Anderson, 2012)
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nV,xC
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317 2.16 Sky hunter

M13°99 2.1 AMANIAVDI Sky hunter

Brand Name: Sonic Modell

Item Name: Full Scale Sky hunter

Wing span: 1,800 mm (70.86")

AWE: 1,400 mm (55.11") (U5u'14)

Y

WNuNiln: 36 dm/3.9 £’ (Main wing Area)

4
uWWuﬂﬂWingﬂgﬂ:30{l5ﬂiaﬂih

[ o J
Yd9: EPO + mivou Ivliuos

CG: 13 vo31lnanevisiniln

252 YAMUANMITUUILIZUVTUAY

1) wemasia0s 17 ESOSMD I (Digital Metal gear) 11 ugilnsaiviinihild

[

masnuna lnarugumsin

A13197 2.2 AnaniiAveuemesises 12 ESOSMD II

Voltage: 4.8 V

Torque: 0.8 kg.cm

Speed: 0.09 s/60'

Size:19x 8.3 x 23.2 mm

Weight: 4.1 g

2) U013 SunnySky X2820 Brushless Motors Huginsaiadrausedu i

21NFAYTY
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3199 2.3 paauiAveduomes SunnySky X2820

Stator diameter: 28 mm Rotor Diameter: 35 mm

Stator thickness: 20 mm Shaft Diameter: 5 mm

No. of stator slots: 12 Body Length (Without shaft): 42 mm
No. of Rotor Poles: 14 Body Length: 61 mm

Motor: Kv 800 Max. Lipo Cell 3-5S

No-load current: 0.9A/10V ESC 60A

Motor resistance: 41 m Q) Recommended Prop(inch)

APC13*6.5/APC12*6/APC12*8/APC13*8

Max. continuous current: 46A/30s Weight for aerobatics airplane: 1,400-1,800 g
4SA PC12*6\APC12*8\APC13*6.5\APC13*8

Max. continuous power: 700W Weight for 3D airplane: 1,100-1,400 g
4S APC12*6\APC12*8\APC13*6.5\APC13*8

Weight: 138 g

. ! 3 v Aq ¥
3) Phoenix edge ESC (Electronic speed control) 11 u@an 14 lun1satuqu

3 /9 ¥ Yy 3 o A Yo ' o .
mmgmmmaﬂmﬁyum-gm G]'lllﬁﬂluiy'lmﬂ’l‘ﬂﬂllﬂhlﬂiﬂinﬂﬂa@\?ﬂ']ﬂ‘iﬂ (Recelver)

A15197 2.4 ﬂmﬁuﬂ’amm Electronic speed control

Input Voltage Range: MIN 2S LiPo MAX 8S LiPo Max Voltage: 34V

Max Continuous Amperage at full throttle: 50 amps BEC Output: 5 Amp peak

BEC Voltage: User selectable choice from 5 to 8.4 Volt output  Weight (w/wires): 2.0 oz. (56 g)

Size: W 1.0" (25.4 mm) L 2.0" (50.8 mm) D 0.9" (23.2 mm)
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319 2.17 uwursyaAIUAY Pixhawk (MI: https://ardupilot.org)
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Propeller Firewall

(n) Hinge Prototype (V) Linear Bearing Prototype
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1) TAL220B Miniature Load Cell
Y
Straight bar load cell 1150919138031 “Strain gauge” #1815 011a9A1
[ A A o 9 =2 a @ I [ ad a J . .
anuaursousennszi ldunds 5 Alansy luilludyanud@nnseling (Electrical signal)
Ta8 Load cell 9z@1u1503aa 8@ 14N 1 1 H1 (Electrical resistance) M)asuualaslaarwy
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M13197 2.5 AMANIAVY0I TAL220B Miniature load cell

Capacity S5kg
Material Aluminum-Alloy
Parallel beam type IP65 Rating

55 mm x 12.7 mm x 12.7 mm, 200 mm Wire

2) SparkFun load cell amplifier-HX711
SparkFun load cell amplifier 13114 Breakout board v 118 nd11 519
2 4 E A o 1 g [
M3814 Load cell 18vwiie 14 1unsiaiminysoussinszsi Taon1sae Amplifier #1184

<3 1 H H
Microcontroller Naza113091UANUS MU Tl asuulasved Load cell 1§ s19az1dea

Y
IS4

U89 SparkFun Load Cell Amplifier A

A159% 2.6 ﬂmﬁuﬁamm SparkFun load cell amplifier-HX711

Operation Voltage: 2.7V-5V Operation Current: < 1.5 mA

Selectable 10SPS or 80SPS output data rate Simultaneous 50 and 60 Hz supply rejection

3) Arduino Pro Mini 328-5V/16MHz
y .. 4 ¢S A I 9 ' 9
Arduino Pro Mini 1 uvasanvuia@nuaziun lyluniseiuvsyauas

<3| ' @ = = o A
uasdoyadlunny 12C data d411/83 Pixhawk4 board Taelis1vazBuanall

M13719% 2.7 AU aUIAVD Arduino Pro Mini

ATmega328 running at 16 MHz 0.8 mm Thin PCB
Supports auto-reset Max. 150 mA output
Over current protected DC input 5V up to 12V
On board Power and Status LEDs Analog Pins: 8

Digital I/Os: 14 0.7%x1.3" (18 %33 mm)

Arduino Pro Mini 328 - 5V/16MHz
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vedesoonuuuldiivuanaimisoadiaussen nyuldzngdr 9 luanniieniadud

Adaazifg Pitching moment NHAININNIN Torque fiction of bearing 399z a1M1T 191113

Tagduns Torque fiction of bearing (Svenska Kullagerfabriken. General Catalogue,2003) LA

4
fage il
M =0.5puPd (2.30)
Tagh M Ao Tuwudanusudeans Jviedly 99dumas (Nm)
A [ a Q‘f =y
M fio dulseansusuden
A = =\ [l I A o
P Ao L5 AFeAN ey 10U (N)
' A A ' <3|
d fio durguinaenyse Invaodu was (m)
Pitching moment (P) = Lift x Length (Center of pressure-Pivot point) (2.31)

AYoy o

N .. A Y o [ v
AS5048A 11U Rotary position sensor (N3 90N Tuze Encoder) l¥d1msumsia

Absolute angular TusoUUDINITHYU 360 0971 TnaldimaTulad Contactless magnetic sensor

= A 9 o 9 Y = A A . a ]
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A13197 2.8 AMAVIAVDI Arduino Pro Mini

Resolution 14-bit resolution (16384 positions/revolution)
Operating temperature -40°C up to +150°C
Angle accuracy 0.05° after system linearization and averaging

2.6 XLFRS program
I ) o a J 1 =1 o o
XFLRS @WuTdsunsudmsumsiasigring lnariue1naeunsalaus § luaae
9 ' £ Yas . 2 g a 7
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= o 1 dy Y dysl [ = I~ =~ (] g’;
FUNNILAVFIIN1TeoNUV LD auNdelS U asuuaz/Toumneuunvegdisens
1 < 1 o ° 1 4
(XFLR, 2020) 96141509134 Auusud1ves1150unsuda1n31n151% ANSYS Fluent 1104910
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aauMINAaeY 1 2 3 4 5 6 7 8 9
AMNFININATRY (m/s) nm | 12 | 13 | 14 | 15 | 16 | 18 | 20 | 22
asniald | mgega | 1152 | 1238 | 1331 | 14.43 | 1549 | 1622 | 1833 | 1999 | 223
(m/s) Aunde | 11.02 [ 11.99 | 13.02 | 14.03 | 15.03 | 16.01 | 18.04 | 19.99 | 22.02

mega | 1057 | 116 | 12.99 | 13.64 | 1448 | 1583 | 17.84 | 19.61 | 2131
nszuafiiald (A) | Mgega | 8.093 | 4965 | 4.898 | 6.545 | 622 | 6.546 | 7.702 | 12.09 | 12.29
Aundo | 6.805 | 4.665 | 4393 | 5392 | 5.506 | 6.16 | 7397 | 7.543 | 7.775
mga | 4476 | 4434 | 3955 | 4212 | 4906 | 5.799 | 7.186 | 5.622 | 6.231
anuainaiald (v) 168 | 168 | 168 | 168 | 168 | 168 | 168 | 168 | 168
yulenziald (DEG) 149 | 1251 | 10.87 | 8.044 | 6.877 | 5.699 | 2.622 | 0.499 | 1.582
useVuRiTalE (%) | Migega | 4.885 | 3.779 | 3.016 | 3.233 | 3.428 | 4.001 | 4.449 | 4.613 | 4.812
Aundo | 4.198 | 335 | 2368 | 2.737 | 2989 | 3.61 | 4.061 | 4.208 | 4.669
mga | 3.286 | 3.004 | 2.193 | 2.263 | 2.494 | 3.282 | 3.867 | 3.922 | 4.05
nmﬁugqqﬂ (min) 28 46 53 40 37 33 - - -

1NAT19N 4.1 Wmsavunial
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o J

4
?fll”].]'i%ﬁ‘ﬂ‘ﬁl!'i\iﬂﬂllﬁglliﬁﬁ%u LI LLiW%uﬂTﬂWﬂ HASDATITIUAN ) NANVUTUNUD

Tuaunsi 2.3-2.6 AUNOBHVDI Anderson (2012) F 1AHaAIA13197 4.2 A1319 Aall

A1519N 4.2 wamiﬁm’gmmmﬁuﬁﬁmmi 6N

]
v A

4
GIJ‘]J‘VWS]}ENﬂ1i ﬁﬂﬂigﬁﬂ‘ﬁlliﬁElﬂl,l,ﬁgll,idgﬁu

usevuRideams () 4058 | 3271 | 2326 | 271 | 2968 | 3.592 | 4.057 | 4.208 | 4.668
Mdufideans (w) 4472 | 3922 | 3027 | 38.03 | 44.59 | 5749 | 73.18 | 84.1 | 102.8
Yhmitnensen (V) 2747 | 2747 | 2747 | 2747 | 2747 | 2747 | 2747 | 2747 | 2747
fuitln (m?) 0.362 | 0362 | 0362 | 0362 | 0.362 | 0.362 | 0.362 | 0.362 | 0.362
113990 (N) 2639 | 2674 | 27.02 | 27.08 | 27.11 | 27.11 | 27.28 | 2743 | 27.6
T/W ratio 0.148 | 0.119 | 0.085 | 0.099 | 0.108 | 0.131 | 0.148 | 0.153 | 0.17
HIIAUDIMA (N) 4.058 | 3271 | 2326 | 271 | 2968 | 3.592 | 4.057 | 4.208 | 4.668
Lift coefficient (C,) 1.083 | 0.928 | 0.795 | 0.686 | 0.599 | 0.528 | 0.418 | 0.342 | 0.284
Drag coefficient (C,,) 0.167 | 0.113 | 0.068 | 0.069 | 0.066 | 0.07 | 0.062 | 0.053 | 0.048
maa vl (w) 1143 | 7837 | 73.8 | 90.59 | 92.51 | 103.5 | 1243 | 126.7 | 130.6
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Abstract: The angle of attack (AOA) is an important parameter for estimating aerodynamic
parameter the performance and stability of aircraft. Currently, AOA sensors are used in general
aircraft. However, there is no a reasonable-price AOA sensor that is compatible to a small fixed-
wing unmanned aerial vehicles (UAVs). This research aims to designs and constructs angle of attract
(AOA) sensor for small fixed-wing unmanned aircraft. Mechanism Design, which is similar to
aerodynamic wheatear vane, can operate in airspeed 10-30 m/s. The direction of airfoil aligns with
the air flow direction. When the AOA of the UAV changes, the air flow changes the direction,
resulting in the change of airfoil direction. The high-resolution rotary encoder, that was used to
measure the angle of the airfoil, was installed with the fin airfoil. For experiment, the accuracy of
the AOA sensor was validated by comparing the angles obtained from the encoder with the
standard rotary table in static and wind tunnel. Finally, the AOA sensor, which was attached on
aircraft, was verified and recorded in flight test. As the results of the measurement, the airfoil angles
detected by the encoder were in good agreement with the standard angles.

Keywords: angle of attack sensor; fixed-wing unmanned aerial vehicles; small unmanned aerial
vehicles

1. Introduction

The angle of attack (AQA) is an angle between the direction of airflow and the cord-line of the
aircraft’s wing. It is an essential factor that affects aerodynamic forces. It is also used to determine
aircraft performance and stability that help user to know the limit of aircraft. At present, the angle of
attack instruments is usually employed for general aircratt to evaluate flight safety. These
instruments help to prevent stalling in large and heavy aircraft that usually fly at high speed [1].
However, there is no actual application for using with fixed-wing RC plane, VTOL aircraft, and small
power electric fixed-wing UAVs. For the research, the angle of attack instruments is only used for
designing the fin.

This paper is aimed to design and create a prototype of the angle of attack instrument that can
measure the angle of attack at low speed flight for small fixed-wing UAVs. That can operate at air
speed range from 10-30 m/s, using the Sonic Modell Mini Sky hunter V2 EPO which has a flight range
of 12-35 m/s as a test aircraft.

Proceedings 2019, 39, 19; doi:10.3390/proceedings2019039019 www.mdpi.comfjournal/proceedings
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2. Design

2.1. Fin Design

A Fin has asymmetric cross-sectional airfoil. When the symmetric airfoil encounters with
airflow, there is a pressure difference between two sides of the fin. This pressure difference induces
the fin to move to the lower pressure side. The fin stops moving when it reaches the equilibrium
position. At that position, the fin is parallel with the airflow direction. This study designed a
mechanism for measuring instrument that is similar to wind vane or weather vane. The fin acted as
a rudder while the front arrow acted as a counterweight. The pressure exerted on the fin causes a
pitching moment. In the design process, the size of the fin must be suitable to generate the lift force
with the small angle of attack at the low speed of airflow. The pitching moment should be higher
than the torque fiction of bearing, which can be expressed by Equations (1) and (2).

Lift coefficient [2] and friction moment of bearing [3] can be expressed, respectively

1
L= EpUZSCI ; M = 0.54Pd 1)

From Momentum equation, that can rewrite in the form of pitching moment as follows

Pitching moment (P)= Lift x Length(Center of pressure — Pivot point) (2)

2.2, Angle Sensor and Electronics Component

The main factor of choosing an electronic device for the small UAV must be lightweight, durable,
and accurate. This study used a high-resolution rotary encoder (As5048a), which is a magnetic
position sensor with low friction, to measure the position. This sensor can transmit two types of
output data: SPI data and PWM data. The finest resolution that the sensor can measure is 0.06 degrees
(in the form of SPI data) [4]. The Arduino Nano board that is small and light was utilized to read the
data and convert the data into 12C data before sending it to the Pixhawk4 board (Figure 1). The
primary function of the Pixhawk4 board is to control the flight and save flight information.

Figure 1. Pixhawk4 board, Arduino Nano boar, As5048a sensor.

3. Method

3.1. Sensor Assembly

The data from the datasheet [4] was used to design and build parts that can be installed on small
aircraft easily. The 3D elements were made of PLA plastic, and they were created using a 3D printer
with a layer thickness of 0.006 mm. All parts were assembled to be angle sensor, as shown in Figure
3. Then, the Arduino Nano was connected to read signal from the As5048a sensor in the form of SPI
data (Figure 2).
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&

Figure 2. Angle sensor.

3.2. Angle Sensor and Fin Calibration

Therefore, the rotary table was chosen to calibrate with a high resolution up to 0.002 degrees [5].
The angle sensor was installed on the rotary table, as in Figure 2. We adjust the rotary angle of 5
degrees per step, then read and record the angle from the Arduino data monitor. The data obtained
from the rotary table was compared with the data collected from the angle sensor to compute the
smallest error of each step. The angle sensor was performed again by adjusting the rotary from 0.1
degrees to 30 degrees for the finest resolution of the measurement.

Figure 3. AOA sensor.

Figure 4. Calibration sensor.

When air flow through the fin, there is a lift force that causes the change in the direction of the
fin. The fin always balances itself to be in the equilibrium condition. The fin balancing can be affected
by the wind direction, airfoil shape, air speed, fin forming, etc. Therefore, to ensure that the fin is in
the position aligned with the direction of the airflow. It is necessary to test the fin in the wind tunnel.
This study designed fin that can operate at a minimum speed of 10 m/s using NACA 009 airfoil with
the cord of 20 mm, and the span of 20 mm. The distance from the pivot point to the center of pressure
(Cp) is 25 mm, Reynold number at speed 5 m/s is 7000 [6], and Cl at the angle of attack of 0.1 degrees
is 0.006. From Equation (1), we have L. =49.32 uN. From Equation (2), P =1.23 uN. From Equation (2),
M =375 Nm that shows that P =3.3 M. It indicated that the fin could respond to the air speed of 5m/s
with the threshold angle of attack of 0.1 degrees. After forming the fin using the 3D printer, the fin
was installed into the angle sensor, as shown in Figure 4. The assembly angle sensor was tested in
subsonic wind tunnel 305 mm that was able to generate wind speed of 0-36 m/s. The first experiment
was to find the speed range that the fin can work efficiently. The experiment conducted in the range
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of air speed of 0-36 m/s with various levels of the angle of attack to test the angle measuring capability
of the angle sensor. The correct calibration requires a high precision instrument.

The AOA sensor was installed on the aircraft at the position where the air turbulence was
minimum, such as at the front of the plane, etc. The AOA sensor on the aircraft was connected to the
flight control board using the data cable. The Arduino Nano board read the data from the magnetic
sensor in the form of bit data and then transformed it into 12C data and sends it to the Pixhawk board
to receive the data and save the data.

3.3. Flight Test

The aircraft equipped with the angle sensor was tested by flying at the height of 100 m. The flight
mode was changed to loiter mode with the bank angle of 5 degrees to reduce the influence of side
slip turn go. The flight speed was at 18, 21, 24, 27, and 30 m/s. The test time for each level of wind
speed test is one cycle of flight.

4. Result

After the re-calibration of the angle sensor, the AOA sensor was tested to find the optimum air
speed range that the sensor could function. In the wind tunnel, it was found that the fin stably
responded at the air speed range of 10-30 m/s. It demonstrated that the AOA sensor could work
appropriately at the air speed range of 10-30 m/s. When the angle sensor is rotated by 5 degrees at
the air speed range of 10-30 m/s to measure the angle of the fin and the angle sensor, it is found that
the measured angle of the fin and the measured angle collected from the angle sensor had an average
difference of 5 degrees. It demonstrated that the responding angle of the fin was in good agreement
with the measured angle collected from the angle sensor, as shown in Figure 5. Therefore, this AOA
sensor can work properly during Air velocity from 10-30 m/s.

- airspeed 10 m/s  ==—airspeed 20 m/s = airspeed 30 m/s
17.5 —— -— —
™ L
15 _— S o]
12.5 & ) nillhactl el &

o —  Pepammrgensy

S %r"#"ﬂr«‘-,j* P N

25 —

AOA (DG)

0 50 100 150 200 250 300 350
Tim(s)

Figure 5. Calibration Angle of fin— Angle of sensor.

Flight Test

Figure 6 shows the relationship between the speed of aircraft and the angle of attack measured
in each unit of time. Test speeds start from 18-30 m/s. Because the batteries of test aircraft were
increased during the test, increasing the load, and the flight speed to avoid the stalling. In this test, it
could fly at a minimum speed of 18 m/s. From the above information, when an aircraft flew at the
lowest speed of 18 m/s, the angle of attack was in between the range of 12-13 degrees. While at a
maximum speed of 30 m/s, the angle of attack was in between the range of 1-1.5 degrees. When the
aircraft operated at a constant level of height with the speed reduction, the aircraft needed to increase
the angle of attack to create enough lift force to fly at the same altitude. On the other hand, if the
aircraft increased in speed, it must reduce the angle of attack to maintain itself at the same height. In
this experiment, the flying height was at 100 m for all test speeds. From Figure 7, it demonstrates that
the AOA sensor can operate on small aircraft at a flight speed of 10-30 m/s.
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Figure 7. Relation of airspeed and AOA in actual flight.

5. Conclusions

The AOA sensor for small aircraft has two main components: a mechanism for measuring wind
direction and a sensor for measuring the angle of rotation of the device. In mechanical design, it must
have an asymmetric cross-sectional shape to be able to respond to the change in the wind direction
as low as 1 degree. The AOA sensor can work at air speed that is lower or equal to 10 m/s. The sensor
selection must be small, light, and high accuracy.

This study designed and built the AOA sensor that could measure the angle of attack at the air
speed of 10-30 m/s with a weather vane-like mechanism. The fin was a NACA 009 that could respond
to the air speed of 10-30 m/s stably. There was a good agreement between the measured angle of the
fin and the measured angle collected from the angle sensor. Therefore, this AOA sensor can work
properly during Air velocity from 10-30 m/s.
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