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ABSTRACT

A part of an undergraduate project, it is essertialinderstand
the design process of an aircraft. The one-yeajegr@ims to
design and fabricate a remotely controlled (RC¥raft that is
equipped with stabilization system. The work stdrtsm the

preliminary design process, i.e. sizing and weigtimation and
airfoil selection. This is followed with the idefitiation of

important aerodynamic parameters. The identificatioses
several methods such as vortex lattice method ampautational
fluid dynamic analysis. The aerodynamic parametere

determined the performance of the aircraft andtifiea the type
of propulsion system needed. The stability of tiveraft uses
linearized method to identify the stability chamgdtic of the
aircraft. A prototype was built using low-cost n@és and an
off-the-shelf auto-stabilization system was ablestabilize the
aircraft during the flight test. Post flight-teshadysis are also
conducted for verification.
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Analysis; Performance Analysis; Stability Analysis

NOMENCLATURE

(&)
Cp?

(ﬂ) Lift to Drag Ratio

Lift power of 1.5 to Drag Ratio

Cp
Cl'o(:g Rolling Moment Coefficient at zero beta
Cm,ocg Pitching Moment Coefficient at zero effective aph

Aerodynamic

Cn.ocg Yawing Moment Coefficient at zero beta
Cp Drag Coefficient
C, Lift Coefficient
Py Power Output
Py Power Required
P, Power Available
Poycess EXcess Power
g Rate of Climb
Sw Wing Span
Ug Voltage Input
Voo Free stream Velocity
178 Aircraft Weight
x Derivatives State Vector
Ne Control Vector
Nprop  Propeller Efficiency
Nsys Circuit System Efficiency
ac
all;g Roll Moment Curve Slope
Cm,, o
3 4 Pitching Moment Curve Slope
sere
atzg Yaw Moment Curve Slope

AC,, Battery Capacity
A Matrix A Aircraft Dynamic Characteristic
B Matrix B Aircraft Dynamic Characteristic
E Endurance

R Range (km)

a Alpha, Angle-of-attack

x State Vector

D Density

1.0 INTRODUCTION

An RC aircraft is well comparable with mini UAV an@dio
controlled model airplane in term of size and weidkccording
to Parsch [1] a mini UAV is approximately in rangielm to 3m
wing span. The main difference between these aeglds the
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mission to be carried out and the fundamental aviemployed.

The main function of the propulsion system of tlreraft is to

drive the aircraft up to the sky at a certain aité. Then the
power will be switch off and gliding flight is penfmed.

Normally, gliding flight can be either performed lmganually

controlled or self-autonomous controlled. Manuabntrolled is

referring to radio controlled by operator at grostation whereas
autonomous controlled is referring to augmented tesys
controlled by the integrated microprocessor.

2.0 PROJECT OVERVIEW
2.1 Objectives

The targets of this project are to exhibit a progesign process
flow where involve engineering basics, such as ydical
aerodynamic characteristics, preliminary perfornearamalysis
and stability analysis. Besides that, the projétisao develop a
simple fabrication method to build the aircraft ngsilow-cost
materials. Flight tests provide important dataverification.

The design process of an aircraft follows the stegsSigure 1.
Each step requires a thorough analysis throughitérature and
established methods. It is noted that the desigrtgss in an
iterative process. However, due to time constraird,iteration is
not possible.

3.0 CONCEPTUAL DESIGN
3.1 Weight Estimation and Initial Sizing

Based on Raymer [3] and a parametric study on 2Stieg
similar category airplanes, the initial sizing &imated according
to the sizing procedure. The aircraft is expectdchave high
aspect ratio. The aspect ratio of 10 is used asraefe. The
minimum wing chord is 0.18m. These two values carubed to
identify the other geometry sizing. Table 1 shomssinitial sizing
of the aircraft.

[theumre Review )
* UAV Operation System

[C onceptual Design
* Feasibality Study
* Weight Estimation
* Initial Sizing & Aurfoul Selection
* Accessories & Matenial Selection
* Centre of Gravity & Moment of Inertia Estimation
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* Lift, Drag & Moment
* Performance Analysis
* Power & Thrust
* Range & Endurance
* Stability Analysis
* Static Stability Analysis
* Dynamic Stability Analysis

[Opmmm»m
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[ Detai Design

» Complete Modelling
* Fabnication Procedure

[Fabnca!:m
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Figure 1: Design Process Flow, Raymer (2006)

[\'ahdax»:a Works

Table 1: Initial Sizing and Weight Estimations

Paramete Descriptior
Wing MAC 0.18 m
Wing Spal 18nm
Wing Aspect Ratio 10
Aileron Chord 0.045n
Aileron Spal 0.72n
Horizontal Tail MAC 0.075 m
Horizontal Tail Spa 045n

Horizontal Tail Aspect Ratio 6

Elevator Chor 0.03 n
Elevator Span 0.45m
Horizontal Tail Arm 0.86 m
Vertical Tail MAC 0.08
Vertical Tail Span 0.17m
Vertical Tail Aspect Rati 2.131n
Rudder Chord 0.04m
Rudder Span 0.17m
Vertical Tail Armr 0.86
Fuselage length 1.32m
Maximum Tak«off Weight 1.15 ke

High wing configuration is chosen to increase thregitudinal
stability of the aircraft. Rectangular wing configtion is used so
that to ease fabrication process. Moreover, a ativeal tail is
used since this configuration is widely used anohp to
fabricate. The propulsion system is pusher typgufé 2 shows
the conceptual drawing of the aircraft.
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Figure 2: Conceptual Design Drawing.

3.2. Airfoil Selection

UIUC airfoil database [5] gives a wide range offals for
different usage, in this study, the selected diffwithe wing has
to be easy to fabricate. Clark-Y airfoil is selectgdue to flat
surface at lower region. Flat sheet foams are tsegproximate
the upper curvature whereas the trailing edge lisdoae. Figure
3 shows the difference of Clark-Y airfoil and fatatied airfoil.

Figure 3: Fabricated airfoil (upper) and Clark-Yfail (lower).

4.0 AERODYNAMIC ANALYSIS
4.1 Comparing XFLR5 and ANSYS — Fluent Software

The XFLRS5 software is widely used in aircraft des[@] and the

data computed is in agreement with the XFOIL sofenavented

by Mark Drela [10]. ANSYS-Fluent is commercial fludlynamic

computational software that calculates the flowuar a test
subject. The correlation between two software aterthined so
that to obtained more realistic data and justifteel setup used in
ANSYS - Fluent. Figure 4 shows the correlation leetwboth of

the software.

CL wing vs alpha () CD wing vs alpha ()

ing.

] ; «~FLUENT = 2 y «FLUENT
j 03 VLM 0 ” d VLM
© g 3D Panel 005 g 5 3D Panel
10 0 10 20 30 s
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Figure 4: Correlation between XFLR5 and ANSYS —efltu

The result obtained shows that both software cateelell with
each other and by using the same setup in ANSY8&ienE the
aerodynamic characteristics of other model caneverchined.

o
4.2 Comparing Clark-Y and Modified Clark-Y Airfoil

Modified Clark-Y airfoil refers to the approximatioof upper
curvature with several flat surface. Figure 5 shtesdifference
between the Clark-Y and Modified Clark-Y airfoil dhe result
obtained is presented in Figure 6.

Figure 5: Clark-Y (blue) and Modified Clark-Y aiif¢red)
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Figure 6: Comparing Clark-Y and Modified Clark-Yfail

The results obtained shows that the general cuhifted to
positive region and this indicates that by applyarg angle of
incidence in wing design using modified Clark-Y vduegain
the aerodynamic characteristic of the Clark-Y witegign.

4.3 Aerodynamic Analysis Comparing Fabricated and
Modified Clark-Y wing model

Due to limitation of fabrication, the aerodynamitacacteristic of
fabricated wing (shown in upper region of Figurés3jequired to
be determined so that to check for the correlatwth modified
Clark-Y wing. The obtained results are shown inuiFég7.

Lift Coefficient, CLy vs Angle of Attack, a (°) Drag Coefficient, CDy vs Angle of Attack, a (%)
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Figure 7: Comparing modified Clark-Y and fabricateidg
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The result shows that the fabricated wing designinis
agreement with the modified Clark-Y however the egahtrend
of the data shifted to the left.

4.4 Aerodynamic Data for Aircraft

Using similar configuration in ANSYS — Fluent, taerodynamic
parameters of the aircraft can be determined. Eigushows the
aerodynamic characteristic of the aircraft. Themfice airspeed
can be calculated by using equation (1).

Wo

Vo = 2PSwCL @
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Lift Coefficient, CLy vs Angle of Attack, a (%) Drag Coefficient, CDy vs Angle of Attack, a (°)
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Figure 8: Lift coefficient and drag coefficient aifcraft

Pitching moment coefficient of the aircraft can determined
by considering two conditions, gliding flight andvpered flight.
The center of gravity is located approximatelyhat wing quarter
chord, i.e. 0.05 m from the leading edge. The thavsilable is
estimated by using MotoCalc (commercial softwaré). [The
obtained results are shown in Figure 9.

Pitching Moment Coefficient, Cm,, vs Angle of

Attack, a (°)

; 0.1
H -
e
i ! -l 10 | T ——
& 0.1 %
3 il 100%
‘__; 02 ® { $0%
- B
8 03 Ny 0%
Hl 04
° Angle of Attack, a ()
a

Figure 9: Pitching moment diagram

Yawing moment and rolling moment coefficient is etetined
using ANSYS - Fluent software. The obtained resaflésshown
in Figure 10. Both rolling and yawing moments witisspect to
the sideslip angle show that the aircraft has sofmedegree of
stability.
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Figure 10: Yawing and rolling moment coefficient

5.0 PERFORMANCE ANALYSIS
5.1 Drag Polar

Drag polar is obtained by plotting lift coefficienersus drag
coefficient. The obtained results are shown in FedLL.
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Figure 11: Drag polar

5.2 Power

A high-torque-low-rotational-speed electric motsruised so that
to perform a low speed flight. The propulsion sgste
specification is listed in Table 2.

Table 2: Propulsion system specifications
Electric motor Emax XA - 2215
General powe 180W

RPM 980kV
Battery capacit  |LiPo battery 11.1V 2150mAh 3
Propeller siz APC 10" x 4.7’

The motor performance is modeled using a commercial

software called MotoCalc [4]. The software conssdeidl the
conditions of motor power output and these incltideairspeed,
electric motor type, battery capacity, throttle uhsupply and
electric motor controller. The efficiency of theopeller used is
modeled based from UIUC [5]. The equation is giirekq. (2).

Fa = NpropPo 2)

The power required is computed at the steady flagimtdition
using Eq. (3).

Pr = (30?5 Cp ) Veo @3)

The power available with 100% thrust setting andvero
required are shown in Figure 12.

Power vs Airspeed, v at sea level

Figure 12: Power available (blue) and power regufred)

The results show that the limit of the electric arothat
operates at 100% throttle is 33.5W at airspeed7h2/8® Several
throttle inputs are also considered and the reshdivs that the
minimum thrust is 60% throttle setting. The resaits shown in
Figure 13.
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Figure 13: Various power available

6.0 STABILITY ANALYSIS
6.1 Static Stability

Static stability can be identified by observing fhitehing, rolling
and yawing moments as shown in Figure 9 and 10. rékelt
shows that the aircraft is statically stable. Tlés proven
according to Nelson (1998) reference book and twlts is
shown in equation (7), (8) and (9).

ACpm,,
P eg <0, Cmo >0 @)
acy,
D ﬁg <0, Co,, =0 (8)
a’;g >0, cnocg 0 (9)

Besides, neutral point is calculated and it is fedaat 0.04 m
behind center of gravity with static margin of 0722

6.2 Dynamic Stability

The dynamic stability of the aircraft can be estiedausing the
analytical data obtained in the aerodynamic anslySihe

linearized equations of motion approximate the iomnal and

lateral dynamic response [9]. The stability deiixeg in the state
space modeling and the sample equation are repeesen Eq.

(10). The state space modeling for longitudinalioroaind lateral
motion are as in Eq. (11), (12) and (13), respebtiv

X = Ax + Bn, (10)

For longitudinal gliding flight,

-0.3366  0.5583 0  -9.8107[Au
] [-1 6011 -11.4237 122537 0 [|Aw
0.3261 -25536 -10.5841 0 ||Aq
1 0o 1lae
-77199 0 AS]
-66.4509 Of[Ady (1)
0 0

Ap|_|-76.1768 -43.3144 9.5746 0 Ap

Ar| [147.1112 -1.2934 -2.0016 0 Ar
Ad 0 1 0 0 Ad
0 0.2060
3999.2809 22.8530 ASa]
-44.7730 -170.5637| LAS,
0 0

(13)

MATLAB allows the transfer function and root locpket for
every single condition. The zero-pole plot is detieed by
obtaining the eigenvalues for matéxin equation (11), (12) and
(13). The results are shown in Table 3 and Fig6réof
longitudinal motion whereas Table 4 and Figuredridteral
motion.

Table 3: Eigenvalues for longitudinal motion

Eigenvalues for gliding Aphugoia = —0.1591 £ 0.6893i
flight Ashort = —9.7019 + 4.5943i

Eigenvalues for Aphugoia = —0.2364 + 0.7372i
powered flight Ashore = —9.7087 & 6.1624i

Pole Zero Map

Figure 16: Pole zero plot for longitudinal motion

Table 4: Eigenvalues for lateral motion

Eigenvalues Arou = —43.1308
Aqutcnron = —1.3418 + 12.1577i
Aspirat = 0.1558
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Pole Zero Map

Figure 17: Pole zero plot for lateral motion

The results show that the longitudinal motion isaiyically
stable. All poles are located at negative regiorheWas, the
lateral motion is dynamically unstable due to tbeation of the
spiral pole is located at positive region. Thisiagan be proved
by observing the initial condition applied to pitaoll and yaw
angles for 5. The initial condition response is analyzed with 8.0 FLIGHT TEST
MATLAB and results are shown in Figure 18.

Figure 20: Th prbfoype

Flight test is carried out and two main parameighpand roll
angle are obtained using HK Mega Pilot 2.5 autopslgstem.
Besides, two autopilot modes are investigated, the. manual
mode and stabilizing mode where the augmented raysse
P applied with the control setting listed in Table 5.

Response (o initial conditions

Table 5: PID setting in stabilizing mode
R Servo Roll PID | Servo Pitch PID Servo Yaw PID

T . R P 0.400 P 0.400 P 1.000
L ' : [ 0.04( [ 0.04( [ 0.00(
T F ra— D 0.040 D 0.020 D 0.000

wh ¥ Tacrease wilk lime

Figure 18: Response to initial conditions The results obtained for pitch angle is shown guFé 21
(manual mode) and Figure 22 (stabilize mode).

7.0 PRELIMINARY DESIGN, DETAIL DESIGN AND

FABRICATION Pitch angle (°) vs time
4
Figure 19 shows the three dimensional model ofafheraft. The 0 2
fabrication is based from this design. ] o
2 695000 700000 20000 725000
)
-4

time

Figure 21: Pitch angle under manual mode

The results shows that the aircraft tend to stabiliself at -1
pitch angle. The results show that the flight testelates well
with theoretical data.

Figure 19: SolidWorks modeling of aircraft

The aircraft is fabricated by using simple fabiiimatmethod
and low cost materials for example poly-foam, tapd wooden
stick. Figure 20 shows the prototype.
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understand the actual performance of the aircrafnanual and
stabilize mode. It shows that the aircraft is atdeachieve the
required flying quality. The flying quality of thercraft is further

Pitch angle (°) vs time
10

e 3 A improved with the present of an auto-stabilizateystem. In
g o A A " A — pitch general, the exercise of design and build of a lsmahanned
4 26000 \L“F\’f; WY U'RS“BO U 790000 gesice dpitch aircraft has achieved its objective. Further wosks needed to
s ’ L"( study the performance and stability of the aircraftvarious
10 . flying conditions.
time
Figure 22: Pitch angle under stabilizing mode REFERENCES
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Figure 24: Roll motion under stabilizing mode

When comparing the responses, the stabilizing mode
significantly improved the roll stability as compdrto manual
mode. Based on lateral dynamic stability, the uistaspiral
eigenvalues would affect the lateral stability atids does
correlate with roll motion under manual mode (Feu23).
However, as a augmented system is applied, theatiistabilize
at zero roll angle in the present of moderate gust.

9.0 CONCLUSIONS

A proper design process is established by followhregreference
by Raymer (2006). Starting with the conceptual glesif aircraft,
the major sizing is simplified and determined adamgly. The
design process follows the standard design pracegdich the
analytical aerodynamic characteristics are detezthin
preliminary performance of the aircraft is idertdfi and both
static stability as well as dynamic stability aretetmined. The
results are obtained and discussed. A flight testonducted to
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