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Abstract

This study addresses the need for efficient aerodynamic design in fixed-wing unmanned aerial vehicles (UAVs) for aerial

mapping applications, where flight stability and cruising performance are critical. The research aims to optimize wing geometry

parameters to achieve the desired cruising speed while minimizing drag and ensuring static stability. The methodology integrates

conceptual and preliminary design approaches, followed by aerodynamic simulations using XFLR-5 with the vortex lattice

methodology (VLM-2). Three design variables, winglet length, cant angle, and twist angle, are systematically varied, and the
response surface methodology (RSM) is employed to model and optimize their effects on lift, drag, and airspeed. The
optimization results indicate that the optimal configuration achieves a cruising speed of 16.8 m/s with improved lift
characteristics (CL = 0.48) and controlled drag (CD = 0.022). Further analysis confirms that the optimized UAV satisfies
longitudinal, lateral, and directional static stability criteria under various control surface deflections. In conclusion, the

integration of RSM with aerodynamic simulation provides an effective and systematic framework for enhancing the UAV

performance and stability, particularly in aerial mapping missions.

Keywords: aerial mapping UAV design; fixed-wing UAV design optimization; UAV static stability analysis.

I. Introduction

Unmanned aerial vehicles (UAVs) are rapidly
transforming aerial mapping operations, offering cost-
effective and versatile platforms for acquiring high-
resolution imagery and spatial data. These aircraft,
operated wirelessly or autonomously and guided by
global positioning system (GPS) with gyro stabilization,
provide surveyors and spatial data analysts with
powerful tools for efficient project examination. Fixed-
wing UAVs offer distinct advantages for aerial mapping,
particularly in surveying large, open areas. Their

* Corresponding Author. tsoemardi@eng.ui.ac.id (T. P. Soemardi)

https://doi.org/10.55981/j.mev.2026.1230

increased endurance, lower maintenance costs, and
inherent suitability for georeferencing make them a
compelling choice for enhanced efficiency and speed
[1]{2][3]. The diverse requirements of various missions
necessitate different UAV models. To select the most
suitable UAV for a specific task, we must consider both
the UAV's conceptual design and its design and
requirements objectives (DRO) in the conceptual
design phase.

The successful deployment of fixed-wing UAV:s for
aerial mapping hinges on a robust design process that
encompasses conceptual, preliminary, and detailed
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design phases. The conceptual design phase establishes
the design and requirements objectives (DRO), initial
geometry, and basic parameters [4]. In the crucial
preliminary design phase, determining the wing
reference area and engine thrust, guided by the DRO
and performance requirements through techniques like
National Aeronautics and Space Administration
(NASA) 'Matching Plot' [4][5], is essential. This phase
also includes weight and balance estimation,
encompassing takeoff gross weight, fuel weight, and
empty weight, which includes the airframe and avionics
[6][7]. Critically, all steps in the preliminary design are
intertwined with the aerodynamic and stability
characteristics of the UAV. Static stability, the aircraft's
inherent ability to resist disturbances and return to
equilibrium, is paramount for safe and predictable
flight, especially during automated aerial mapping
missions. Analyzing this stability involves considering
the forces and moments acting on the aircraft, with the
center of gravity as a key reference point. XFLR-5
software, a widely-used software employing the lifting
line theory (LLT) and vortex lattice method (VLM)
methods, facilitates stability analysis by providing rapid
approximations and enabling extensive testing of wing
and tail parameter variations [8][9][10], several studies
have also used these methods to optimize the design by
adding and studying the wing performance effect using
wing geometry and winglet variation [11][12]. This is
vital because wing parameters are interconnected, and
changes in one can significantly impact overall
performance, requiring a global approach to control
[13]. Furthermore, the accuracy of XFLR-5 in
predicting aerodynamic characteristics has been
validated through comparisons with computational
fluid dynamics (CFD) simulations and experimental
testing [14][15][16].

Recognizing the computational efficiency of the
vortex lattice method (VLM) within XFLR-5, this
research employs the response surface methodology
(RSM) to optimize the preliminary design of a fixed-
wing aerial mapping UAV. RSM is a statistical
technique used to model the relationship between
multiple design variables and system responses,
enabling efficient exploration of complex design
spaces [17]. It has been widely applied in engineering
identify
configurations and improve system performance [18].

optimization  to optimal  parameter
In manufacturing and process engineering, RSM has
demonstrated strong capability in capturing nonlinear
interactions between variables and constructing
predictive models based on experimental or simulation
data [19], while also being effective in solving multi-
objective optimization problems involving competing

performance criteria [20].

More recently, RSM has been increasingly applied
in aerospace design. For instance, it has been used to
model the relationship between structural parameters
and UAV
improvements in flight performance through
optimized configurations [21][22]. In addition, RSM-
based optimization of aircraft wing structures has

endurance, achieving  significant

demonstrated its capability to reduce structural weight
and stress while maintaining performance constraints,
highlighting its efficiency in reducing computational
cost during design iterations [21]. These advancements
demonstrate that RSM is a reliable and efficient
approach for handling multidisciplinary design
variables in aircraft preliminary design, particularly for
stability
characteristics, and overall system efficiency in UAV

improving aerodynamic performance,

applications [22].

This paper is organized as follows: Section I
provides a detailed review of relevant literature on
UAV design optimization, stability analysis, and the
application of RSM in aerospace engineering. Section II
outlines the methodology employed, including the
RSM approach, XFLR-5 simulations, and stability
criteria. Section III presents the optimization results,
and finally, Section IV discusses the findings and their
implications for aerial mapping UAV design. This
paper also includes a summary of key contributions and
future research directions.

II. Materials and Methods

The research begins with determining the
conceptual design, followed by a preliminary design to
obtain power and wing loading estimations. The value
of power and wing loading estimation is used to design
the wing and tail reference. Continued analysis of
aerodynamic characteristics in the form of lift, drag,
and speed requirements on wing geometry variations
was determined by using XFLR-5 software. These
variations will be optimized using the response surface
methodology. The optimum geometry results will be
analyzed for stability characteristics with trim
variations on each control surface to determine
whether the aircraft has static stability and the effect of
control surface deflection on the moment coefficient
acting on the aircraft.

A. UAV conceptual design

Fixed-wing aerial mapping UAVs advance in flight
endurance and can cover larger areas in one flight also
applied successfully for a variety of environmental or
specific applications [3][23][24]. The flight path or
flight mission for aerial mapping with survey grid mode
is commonly used for an aerial mapping UAV mission
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1. Take-off

2. Climbing

3. Cruising
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Figure 1. Typical mission for aerial mapping.

consisting of several main phases, such as: take- off,
climb, cruising, loiter, approach, and landing
[5][25][26]. As shown in Figure 1, after UAVs take off
and climb to a determined altitude, the flight path
during photogrammetry acquisition uses several
parallel line paths to survey some areas. If the aircraft
surveys more than one area of interest, the aircraft will
transition to move to another parallel line path.

A small UAV with a 1900 mm wingspan is used as
a benchmark, one of the popular aircraft units in an
aerial mapping company, to carry an RGB camera for
the purpose of collecting aerial images. Figure 1 is also
used as a common mission to collect the aerial data. The
cruising phase (aerial acquisition) is a very important
phase because it affects the quality of acquired data. The
cruising phase is used as a parameter to decide the
maximum altitude that can be acquired by the aircraft,
also used as a reference for cruising speed, which will
be used as design requirements and objectives.

One of the important parameters is flight speed;
flight speed can cause altitude or Z errors, which is
possibly due to low image quality and too long exposure
times because of faster flight speed [3][27]. This
research uses data telemetry logs from 31 flights with
332 lines for aerial mapping operated with Ground
Sample Distance 2-4 cm at an altitude of 80-200 m
above the ground level as a benchmark for flight speed
requirements according to airspeed in that data.

B. UAV preliminary design

The preliminary design sets the baseline for the
UAV's structure and configuration, including the
airfoil, wing geometry, and tail design. These elements
influence the UAV's
characteristics, which are critical for performance and

directly aerodynamic

stability. Performance analysis evaluates how well the
UAYV meets its operational requirements, such as lift-

to-drag ratio, cruising speed, stall speed, and maximum
speed [5]. It ensures that the preliminary design can
achieve the desired flight characteristics and efficiency
[28][29]. Stability analysis examines the UAV's ability
to maintain controlled and balanced flight under
various conditions. It focuses on factors to ensure the
UAV remains stable during flight [24][30]. In this
research, the UAV preliminary design involves steps
such as wing and power loading estimation, wing tail
design, mass distribution, wing optimization, and static
stability analysis using VLM2 by XFLR-5 software and
response surface methodology.

C. Wing and power loading estimation

The crucial step in the aircraft preliminary design
phase is to determine wing reference area (S) and
engine thrust (T) for a jet engine or engine power (P)
for a propeller-driven engine. By using a “matching plot”
to obtain power loading [W/P] and wing loading [W/S],
this approximation depends on the initial flight
performance parameter, followed by deriving an
equation for each performance requirement with a
power and wing loading function [15][17].
Requirements functions that are used to plot, such as:

» Stall speed, as shown in equation (1), is the
minimum required airspeed that can cause a stall.

[%]S = ipVSZCLmax (1)

*  Maximum speed [[%] , as shown in

Vmax]
equation (2), is the weight per power requirement

for maximum aircraft speed.

¥y = o @
Plymax 0.5 p V3 max CDo[W—l/S]+ ML [%]

Ymax

» Take-off run, as shown in equation (3), is the
requirement for maximum take-off run.
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Table 1.
Typical values for several parameter UAV.

Parameter Typical values Name

Cpo 0.02-0.03 Zero-lift drag coefficient

Ar 5-20 Wing aspect ratio

(' 0.2-0.5 Cruise lift coefficient

Crmax 1.2-1.6 Lift coefficient maximum

e 0.6-0.9 Oswald number

np 0.6-0.8 Prop efficiency

(CL/Cp)max 6-10 Maximum lift-to-drag ratio

1—exp (0.60 9CpG St0 ) is the zero-lift drag coefficient, K is the induced drag
[%] _ [5] P (550) (3) factor, y runway friction coefficient, Cp is the ground
Sto Vto

C 1
u-[u+%g] [exp(o-ép 9Cpg Sto m)

S

* Rate of climb, as shown in equation (4), is the
requirement for rate of climb ability.

[K] _ 1(550) )
Plpoc ~ Roc 2 W[ 1155
Wt J JscDol?]l(L/D)maxnp]
NTx
* Ceiling [[%]h ], as shown in equation (5), is the
c

weight per power requirement for aircraft at the
service ceiling.

[K] _ 0(550) (5)
Plpe  Rocc, [zi[yK 1.155 )
np Jp\/%‘%ls (L/D)ymaxnp
* Absolute ceiling [[%] ], as shown in equation (6),
ac

is the weight per power requirement for aircraft at
the absolute ceiling.

[K]ac:’ _ 74c(550) ©6)

P w ( 1.155 )
J3CDOl$ (L/D)max np
K

Ac

+ Equation (1) - (6) are plotted into a matching
chart to consider power and wing loading. Using
equation (7) to equation (8) can be estimated.

s =wto/ 7| (7)
P = Wto/ [%] )

where p is the air density, v is velocity, Cpyqy is the
maximum lift coefficient, 77, is propeller efficiency, Cp,

Cu (1)
Longitudinal Axis

: ‘/"_"\

i x, Vertical Axis/ \
/ Py 4

Angle of Attack
or Pitch Angle(a)

v R

Relative Airflow

()

ra ﬂ Relative Airflow
Longitudinal Axis

drag coefficient, C;p is the obtaining lift coefficient, g
is gravitational acceleration, Sto is short take-off length,
Roc is the rate of climb, (L/D),4x is the lift maximum
drag ratio, Roc, is the rate of climb at service
ceiling, o, is the air density ratio at the service ceiling,
Pac is the air density at the service ceiling and Wto is
the UAV's total weight. Table 1 is used for typical value
parameters [5].

D. Tail design

This step is intended to consider the tail area as
shown in equation (9) to equation (10) with vertical
stabilizer area S, by vertical tail disposition X, vertical
tail volume coefficient V,, horizontal stabilizer area S,
by horizontal tail disposition X}, horizontal tail volume
coefficient V,, C is a wing mean aerodynamic chord
and b is a wing span [31][32].

_ VpSC
Sp = X 9)
7,Sb
Sy =% (10)

E. Static stability and trim analysis

Stability, in the context of flight dynamics, refers to
a system's inherent ability to return to equilibrium after
a disturbance. Static stability specifically concerns the
initial tendency of a vehicle to revert to its original state.
[lustrations of moments act while UAV flight are
shown in Figure 2.

Sideslip Angle
(

Ci+) P
Lateral Axis’
.

Roll Angle ¥ ™
)

(®) (@]

Figure 2. UAV coefficient moment (a) pitching; (b) yawing; (c) rolling.
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Figure 3. Control surfaces trim.

The pitching curve moment is used to considering
longitudinal static stability characteristic of an aircraft.
Figure 2 (a) is an elaborate angle of attack a, with Cy,,
pitching moment coefficient obtained from equation
(11) to equation (12) with M for a moment, p as air
density, v as relative air-speed, S as wing area, and C as

the wing’s mean aerodynamic chord. On the basis of
dac

simple analysis, a negative gradient Cy, or d—g’ <0is
categorized as static stability [9].
M
= 1— 11
Cu %vaSC_ 11
= %m
Cue = %2 (12)

To achieve lateral stability, the airplane must
develop a yawing moment C, that will restore the
airplane to its equilibrium state. When the aircraft is
flying, and it is disturbed from the equilibrium
condition with a sideslip angle 8, The airplane should
have a rotational tendency to return to its equilibrium
condition, defined in equation (13) and Figure 2 (b). In
lateral stability, this condition can be written as Cnp >
0 [9].

dcp

CnB = aB (13)

The airplane exhibits static roll or directional
stability when a corrective force is generated to bring it
back to a level wing position after it is displaced from
this position. This corrective rolling moment C; can be
demonstrated to be a result of the sideslip angle, sideslip
angle depicted in Figure 2 (b), and rolling moment,
Figure 2 (c). The requirement for stability described in
equation (14) is that ;3 < 0. The airplane’s tendency
to roll during a sideslip is determined by the interplay
of wing dihedral, wing sweep, the wing's location
relative to the fuselage, and the effectiveness of the
vertical tail [9].

ap
For an aircraft to maintain steady flight, the sum of
forces and moments acting on it must be zero. This

condition, known as equilibrium or trim, ensures that
the aircraft experiences no acceleration. Conversely,
deviations from equilibrium result in translational or
rotational accelerations. Control surface deflections or
trim is shown in Figure 3, where §, is elevator
deflection, 6, is aileron deflection and &, is rudder
deflection.

Trim control power affects the moment coefficient
value by trimming the control surface, as described in
the equation (15) to equation (18).

* Elevator control power affects the pitching
moment coefficient (Cys,):

dc
M, = d_;: (15)
* Rudder control power affects the yaw coefficient
moment (Cys,):
dcn

Cndr = d_z?r (16)

* Rudder control power affects the roll coefficient
moment (Cs,):
ac;

Cis, = 25, (17)

» Aileron control power affects the roll coefficient
moment (Cy5,):
ac;

Cisa = 25, (18)

In this research, all moment coefficients and
aerodynamic characteristics were obtained using the
XFLR-5 software.

F. Mass distribution

The coefficient of moment is also affected by the
center of gravity (CG) location. CG is concentrated on
all weights distributed in the aircraft. CG location in X,
Y, and Z coordinates from the relative datum can be
estimated using equation (19) - (21). Here m; denotes
the mass of the i-th component, x;, y;, and z; represent
the corresponding position coordinates relative to the
reference datum, and i = 1,2,3,...,n indicates each
component contributing to the total mass of the UAV

[6](7].

_ > mix;

Xeg = —Eljnllrrlql (19)
i=

_ Z’.‘; my;

Yee = —Zlnl T:Lil (20)
i=1

_ L miZ;

Zeg = —zl]nllrrlzil (21)
i=

To obtain the center of gravity at 25 % of the mean
aerodynamic chord length, the location of some aircraft
components is iterated until the CG is located at the
desired place [30].
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[Winglet Length]

A-A Airfoil: NACA 0010

(fixed angle at 0°)
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-
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A

-

Airfoil: Clark-Y
(Twisted angle)

Figure 4. Wing independent variable.

G. Winglet optimization

This research varies three input independent
variables, including winglet length, winglet cant angle,
and wing twist angle or angle of incidence. The
parameter used as an independent variable is shown in
Figure 4 and defined in Table 2. The output of this
optimization is to consider the wing with the lowest
drag and highest lift, and have a specified cruising speed
or airspeed based on the reference benchmark. Winglet
optimization can improve efficiency and improve the
wing UAV for better roll stability, control, and a better
endurance by affecting lift, drag, and moment
coefficient [33][34][35].

For the purpose of optimization, the response
surface methodology is conducted to obtain the
optimum output from varying independent variables.
Response surface methodology is a statistical and
mathematical method used to model the relationship
between multiple variables and the responses they
produce. Design of experiment (DoE) was used to
determine the causal relationship among the different
experimental

parameters, ranging from the

dependence to the interaction between them [20].
III. Results and Discussions

A. Conceptual design

The UAV design incorporates flight speed
requirements based on data from 31 aerial mapping
flights contains 332 lines. Figure 5 illustrates the
distribution of cruising speeds obtained from 31 flight
datasets. The data indicate an average cruising speed of

Table 2.
Wing independent variable.
Parameters Value
Winglet length (mm) 250.351; 257.758; 278.542; 287.939
Cant angle (deg) 0; 10; 20; 30
Twist angle (deg) 0;1;2;3;4;5

16.8 m/s with a relatively small standard deviation,
confirming the consistency of operational conditions.
This value is therefore selected as the design target for
the UAV optimization process.

Table 3 describes design requirements and
objectives. Aircraft objectives can fly until 1100 ft above
sea level, making this aircraft capable to capture image
at GSD 4 cm up to 150 m ground elevation according
to benchmark data. The 1700 mm wingspan is shorter
than the benchmark, that have 1900 mm wingspan.
Total weight and payload are estimated by calculating
the total weight of the common component that is used
as an aerial mapping instrument and its parts.

For aerial mapping purposes, this research adopts a
configuration consisting of a high wing, rectangular
wing, conventional tail, single tail boom, and a tractor
single-propeller electric propulsion. The high-wing
configuration provides inherent lateral stability and
improved ground clearance, which are advantageous
for take-off and landing operations in unprepared areas.
It also enhances downward visibility, which is essential
for aerial mapping missions [32]. A rectangular wing
planform is selected due to its geometric simplicity and
ease of manufacturing, as well as its predictable

Line Count

11 12 13 14 15 16 17 18 19 20 21 22 23
Cruising Speed (m/s)

Figure 5. T-log data cruising speed diagram.
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Table 3.
Design requirements of objectives.

Parameter Requirements

Cruising speed 16.8 m/s

Absolute ceiling 1100 ft

Wing span 1700 mm

MTOW or WTO 3 kg

Purposes Aerial mapping

Payload 829 g total weight for battery and camera

aerodynamic characteristics in low-speed flight regimes,
making it suitable for small UAV operations [10][32].

The conventional tail configuration offers stable
and well-understood longitudinal and directional
control characteristics, facilitating reliable flight
behavior and simplifying the design process [31][32].
The use of a single-tail boom reduces structural
complexity and overall weight compared to twin-boom
configurations, while still maintaining adequate
structural integrity for lightweight UAV platforms
[31][36]. Furthermore, a tractor single-propeller
configuration powered by an electric motor is selected
due to its higher propulsion efficiency and reduced
aerodynamic interference with empennage surfaces
[37]. This configuration also minimizes vibration levels,
which is beneficial for improving image quality in aerial
mapping applications [38][39]. In addition, electric
propulsion systems provide low noise, high reliability,
and operational simplicity, making them well-suited
for small UAV missions [5][40].

Initial parameters are determined based on Table 4
and subsequently substituted into the governing
equations to generate the matching plot for preliminary
sizing. These parameters represent key design inputs

such as wing loading, power loading, and aerodynamic
coefficients required to establish the design space. The
matching plot is then used to identify feasible design
regions that satisfy multiple performance constraints
simultaneously.

The selection of these parameters is based on the
design requirements and objectives (DRO), including
mission-specific criteria such as cruising speed and
operating altitude. These DRO parameters play a
critical role in defining the performance constraints,
ensuring that the resulting design configuration meets
the operational requirements of the aerial mapping
mission.

B. Power and wing loading estimation

Table 4 presents the initial design parameters used
in the preliminary design phase to construct the
matching plot for wing loading and power loading
estimation. These parameters include aerodynamic
coefficients, flight performance requirements, and
environmental conditions derived from the design and
requirements objectives (DRO). The selected values,
such as cruising speed, air density ratio, lift coefficients,
and drag coefficients, serve as key inputs for evaluating
performance constraints, including stall speed, rate of
climb, take-off distance, and ceiling. By incorporating
these parameters into the governing equations, the
matching plot can be generated to identify the feasible
design region. This table, therefore, plays a critical role
in ensuring that the selected UAV configuration
satisfies all performance requirements simultaneously.

By utilizing the functions equation (1) to
equation (6), a matching plot was generated, as shown
in Figure 6. The acceptable region in this plot provides
the optimal values for wing loading [W/S] = 9 and

Table 4.

Initial design parameters.
Parameters Symbol Value Units Parameters Symbol Value Units
Cp0 lift Cpo 0.025 p to poratio [ 0.91511
Aspect ratio Ar 7.27272 Rate of climb Roc 1050 fpm
CL cruise Crc 0.398 Rate of climb ceiling Roce 1000 fpm
CL maximum CrL max 1.58 Absolute ceiling Ca 11000 ft
Oswald number e 0.8 Ca air density pca 0.00164
Propeller efficiency n 0.8 pca to poratio 0 Ca 0.689896
[CL/Cp] max [CL/Cpb]max 1.36 Lift coefficient TO Clto 0.3
Cruising speed Vv 55.1 fps Drag coef TO Coro 0.02992
Service ceiling hc 3000 ft Ground friction u 0
Stall speed Vs 32 fps Drag coef Gnd Cpg 0.02992
Induced drag factor K 0.054688 Cv at ground Cig 1.30578
Max speed Vimax 100 fps Take off run Sto 38 ft
Ceiling air density p 0.00217 Slug/ft3 Take off speed V1o 40 fps
Sea-level air density Po 0.00237 Slug/ft3 Crrotate Cur 0.95
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weight-to-weight ratio [W/P] = 1.621238. A wing
loading of 9 and a thrust-to-weight ratio of 1.621238
were chosen as the design parameters.

Figure 6 presents the matching plot used to
determine the feasible design region based on multiple
performance constraints, including stall speed, climb
rate, and take-off distance. The intersection of these
constraints defines the acceptable region for wing
loading and power loading. From this region, a wing
loading value of 9 and a thrust-to-weight ratio of 1.62
that all
requirements are satisfied simultaneously.

are selected, ensuring performance

C. Wing and tail design

Using equation (7) and equation (8), the wing
reference area S = 4.0795181 ft* (0.379 m?) and
power requirement P = 0.734874 HP (547.99 W),
respectively. The resulting wing design, with a mean

20

aerodynamic chord (C) of 229.642 mm. Figure 7
illustrates the reference geometry of the wing and
horizontal stabilizer derived from the preliminary
design calculations. The wing configuration is
determined based on the selected wing loading and
aerodynamic requirements, while the horizontal tail
area is sized using the horizontal tail volume coefficient
longitudinal stability. This

baseline geometry

to ensure adequate
configuration establishes the
required to balance lift generation and pitching
moment control, forming the foundation for
subsequent aerodynamic optimization. Obtained the
horizontal stabilizer reference where
xp = 0.602317 m represents the horizontal tail arm
length and V, = 0.701188104 denotes the horizontal

tail volume coefficient, conducting equation (9), the

geometry,

projected area of the horizontal stabilizer s, was
calculated as 0.0860366 m?.

18 \
16 - \\ \

14 N N

12 - NIl

WPl
- = WiPlg
- = WP,
- = WP,
WP,

e Selected
[W/S] & [W/P]

[W/P]=9
] [W/S]=1,621238
4 4
2 -
0 T T T T T T
0,0 0,5 1,0 1,5 2,0
[W/S]

Figure 6. Matching plot.
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Figure 7. Wing and horizontal tail design.
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Figure 8. Vertical tail design.

Figure 8 describes the reference geometry of the
vertical stabilizer with x, = 0.602317 m and V, =
0.220979152. Using equation (10) to obtained
horizontal stabilizer's projected area, Figure 8 presents
the geometry of the vertical stabilizer, which is designed
based on the vertical tail volume coefficient and tail arm
length. The vertical tail plays a critical role in providing
directional stability and controlling yawing motion.
The selected configuration ensures sufficient restoring
moment under sideslip conditions, contributing to the
overall lateral-directional stability of the UAV.
Obtained S,, is 0.024818 m?.

D. Wing optimization

The UAV design defined in XFLR-5 is shown in
Figure 9. The analysis was conducted using the Vortex
Lattice Method 2 (VLM2) to obtain the values of C, Cp
and V, T relative airspeed required for cruising
conditions. Figure 4 the Clark-Y airfoil is used as a
twistable or independent variable from wing section 1
to wing section 3, while wing section 4 uses the NACA
0010 airfoil with a fixed twist angle of 0°. The wing is
symmetrical, and the chord length varies between
sections 2 and 4 of the wing section along the Y-axis
(lateral) direction.

Three independent variables, as shown in Table 2,
were used for three responses. Response surface
methodology was employed to produce the expected

outcomes. Data was tested for normality and adequacy
using normal plots for residuals and outliers, as
analyzed by Design Expert software. Figure 10 shows
the UAV model in XFLR-5 for
aerodynamic analysis using the Vortex Lattice Method
(VLM). The geometry incorporates the defined wing

implemented

configuration, airfoil distribution, and tail arrangement
based on the preliminary design parameters. This
model is used to evaluate aerodynamic characteristics
such as lift, drag, and required airspeed under varying
winglet configurations. The use of XFLR-5 enables
efficient parametric analysis of multiple design
the
subsequent optimization using response surface
methodology (RSM). Figure 10 (a) shows the C; data
points, Figure 10 (b) shows the C, data points, and
Figure 10 (c) shows the V data points. All data points
exceeding the allowed range of +3.62672 were
Data

variations, providing dataset required for

considered abnormal.
conducting XFLR-5.
Figure 11 illustrates the response surface plots

was obtained by

representing the interaction effects of winglet length,
cant angle, and twist angle on lift coefficient, drag
coefficient, and airspeed. The results demonstrate that
the twist angle significantly influences lift generation,
while the cant angle and winglet length affect both drag
interactions

and aerodynamic efficiency. These

highlight the trade-offs between achieving higher lift

Wing Section 3

Wing Sectign 2

_ \/ Wing Section 1
, X

v

Wing Section 4

Figure 9. XFLR-5 plane design.
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and maintaining low drag, emphasizing the importance optimize the wing geometry by varying independent
of multi-variable optimization in UAV wing design. variables to achieve the highest C;, lowest Cp, and a
The response surface methodology was employed to target airspeed (V) of 16.8 m/s. In clean variables, which
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Figure 12. Optimal solution ramp.

have no winglet and twist angle, C; is obtained at
0.19135, Cp, is obtained at 0.02122, and V is required at
26.2 m/s.

Figure 12 presents the optimization results obtained
using the response surface methodology, showing the
optimal combination of design variables. The ramp
function indicates that a winglet length of 283.123 mm,
cant angle of approximately 30°, and twist angle of 3.8°
yield the best performance. This configuration achieves
the target cruising speed of 16.8 m/s while increasing
the lift coefficient to approximately 0.48 and
maintaining a relatively low drag coefficient. The result
confirms the effectiveness of the optimization approach
in meeting aerodynamic performance requirements.

E. Mass distribution

The UAYV design is plotted in XFLR-5 according to
the optimal solution ramp and tail references. The
weight distribution is illustrated in Figure 13 and
provided in Table 5. According to Table 5 and

conducting equation (19) to equation (21), the CG
location was found to be X-; = 58.7 mm, Y, = 0 mm,
and Z; = -33.93 mm.

Figure 13 illustrates the mass distribution of the
UAV components used to determine the center of
gravity location. The placement of major components
such as the battery, motor, and payload is carefully
arranged to achieve a center of gravity near 25 % of the
mean aerodynamic chord. This configuration is critical
to ensure stable flight characteristics and directly
influences the aerodynamic moment and control
effectiveness of the aircraft.

F. Static stability and trim analysis

Longitudinal stability is specified by Cyq, Cyq
based on the variation of §, at -4°, -2°, 0°, 2°, and 4°.
Figure 14 shows the relationship between pitching
moment coefficient and angle of attack for various
elevator deflections. The negative slope of the curve
indicates that the UAV satisfies the criteria for

A O/H
/2 P
(ifl:l L A c—dr_ o
167/ .19
18

Figure 13. Mass distribution.
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Table 5.
UAV components and mass distribution.
No Item Mass (g) X (mm) Y (mm) Z (mm)
1 Propeller 23 -347.25 0 12.5
2 Motor 138 -329.25 0 12,5
3 Battery 606 -94.25 0 -85
4 ESC 70 -91.25 0 -15
5 Power module 20 -22.25 0 -45
6 fuselage 625 23.75 0 -48
7 Flight controller 38 58.75 0 -45
8 Camera 223 58.75 0 -95
9 GPS 32 58.75 0 30
10 Wing 953 118.75 0 0
11 Buzzer 5 132.75 0 -45
12 Receiver 15 133.75 0 -15
13 R Aileron servo 12 138.75 -380 0
14 L Aileron servo 12 138.75 380 0
15 Telemetry 24 198.75 0 -15
16 Rudder servo 12 658.75 0 0
17 Verstab 60 658.75 0 40
18 Elevator servo 12 678.75 0 0
19 Horstab 120 683.75 0 0
Total 3000

longitudinal static stability. This behavior confirms that
the aircraft has an inherent tendency to return to its
equilibrium condition after a pitch disturbance, which
is essential for stable and controlled flight during aerial
mapping missions. Using linear regression at §, = 0°
the values obtained were Cyq = -0.0331 and Cys, =
-0.0273.

Lateral stability, as characterized by the yawing
moment coefficient Cy5, Crz Was analyzed at various
rudder deflections 6, at -6°, -4°, -2°, 0°, 2°, 4°, and 6°.

Figure 15 presents the variation of the yawing moment
coefficient with respect to the sideslip angle under
different rudder deflections. The positive slope of the
curve indicates that the UAV exhibits directional static
stability. This means the aircraft can generate a
restoring yawing moment when subjected to lateral
disturbances, ensuring stable flight behavior in
crosswind conditions. Linear regression analysis at
8, = 0° yielded a C,z =0.0002 and rudder control
power Cps, = -0.0012.

0,1
0,0 -

S £
-0,1
-0,2
-0,3

Figure 14. Cy, at §, variation.
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6, at -6°, -4°, -2°, 0°, 2°, 4°, and 6° also affects roll
moment coefficient. Figure 16 illustrates the influence
of rudder deflection on the rolling moment coefficient.
The results indicate that rudder input not only affects
yawing motion but also contributes to rolling behavior
due to aerodynamic coupling effects. This interaction
highlights the importance of considering control
surface coupling in the stability and control analysis of
UAV configurations. obtained that C;5, =6 x 10~

Roll stability, characterized by the rolling moment
coefficient C;p was analyzed. Figure 17 shows the
relationship between the rolling moment coefficient
and the sideslip angle, which is used to evaluate lateral
stability. The observed trend indicates that the UAV

generates a restoring rolling moment when subjected to
sideslip, confirming its lateral static stability. This
characteristic is essential to maintain wing-level flight
and ensure a predictable response to disturbances, the
relationship between C; and sideslip angle (), yielded
a Cyp value of -0.0036.

Figure 18 presents the effect of aileron deflection on
the rolling moment coefficient, representing the control
power of the aileron. The results show a consistent
change in rolling moment with respect to control input,
indicating effective roll control authority. This confirms
that the aileron configuration is sufficient to provide the
required maneuverability and control responsiveness for
the UAV. The aileron control power (C 16, ) was
determined to be -0.0034.

0,006

0,004

0,002

-0,002

-0,004 -

-0,006

Figure 15. Cyg at &, variation.
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0,0002 -

30,0000 —

-0,0002 -

-0,0004

Figure 16. &, affect C; .
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Figure 18. C; at §, variation.

IV. Conclusion

This study aims to optimize the preliminary design
of a fixed-wing unmanned aerial vehicle (UAV) for
aerial mapping applications by improving aerodynamic
performance and ensuring static stability through wing
geometry optimization. The results demonstrate that
the integration of conceptual and preliminary design
methods with aerodynamic simulation using XFLR-5
surface
methodology (RSM) successfully identified an optimal

and optimization through response

wing configuration. The optimized design achieved the

target cruising speed of 16.8 m/s, with an improved lift
coefficient of approximately 0.48 and a controlled drag
coefficient of approximately 0.022. Furthermore, static
stability analysis confirmed that the UAV satisfies
longitudinal, lateral, and directional stability criteria
under various control surface deflections. The findings
highlight the effectiveness of combining aerodynamic
simulation with statistical optimization techniques to
systematically explore the design and improve UAV
This
computationally efficient alternative to high-fidelity

performance. approach  provided a
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methods while still delivering reliable design insights,
making it particularly suitable for early-stage UAV
development. Future work should focus on
incorporating structural and aeroelastic effects into the
optimization framework, as well as conducting
experimental validation through real flight testing.
Additionally, further research can explore multi-
objective optimization approaches to simultaneously
consider aerodynamic performance, structural weight,
and energy efficiency for more comprehensive UAV
design improvements.
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