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Abstract

Unmanned Aerial Vehicles (UAVs) are essential tools in precision agriculture, enabling real-time monitoring,
improved land management, and more efficient resource use. Among them, Vertical Takeoff and Landing
(VTOL) UAVs are ideal for operation in confined and uneven agricultural terrains. However, UAVs equipped
with inverted-V empennages suffer from aerodynamic drawbacks including directional instability and adverse
yaw under sideslip conditions. This study advances the state-of-the-art by optimizing the aerodynamic
performance of inverted-V tail configurations through integration of a dorsal fin. Using Computational Fluid
Dynamics (CFD), we assessed multiple dorsal fin designs on a UAV platform with a maximum takeoff weight of
10 kg, payload of 2 kg payload, 2-hour endurance, stall speed of 10 m/s, and operational range of 5 km?. We
analyzed key aerodynamic metrics—Ilift and drag coefficients, lift-to-drag ratio, and yaw moment coefficient—as
well as flow behavior via pressure contours and vorticity plots. The results confirmed that sideslip angles
degrade aerodynamic efficiency; however, a properly designed dorsal fin, particularly variation 2, significantly
reduced adverse yaw at higher angles of attack and sideslip. This modification enhances UAV stability and flight

performance, indicating a meaningful improvement in VIOL UAV design for agricultural applications.
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INTRODUCTION

Unmanned Aerial Vehicles (UAVs) have
undergone significant technological advancements
in recent years, positioning them as invaluable tools
across various industries, particularly precision
agriculture [1]. Precision agriculture refers to the
integration of advanced technologies such as UAVs
to optimize farming practices, improve productivity,
and reduce resource consumption [2]. UAVs have
become central to modern agricultural practices
owing to their capacity to provide real-time, high-
resolution data. They enable farmers to monitor crop
health, soil conditions, and overall field
performance, facilitating data-driven decisions that
enhance land management and operational
efficiency [3]. UAVs offer substantial advantages
over traditional methods, significantly reducing the
time and labor required for field surveys, and
enhancing the accuracy of the data collected. This
capability is essential for both small- and large-scale
agricultural operations, as it allows for more
efficient resource management while optimizing
crop yield and reducing environmental impacts [4].

Among the various UAV configurations,
vertical takeoff and landing (VTOL) UAVs have
emerged as particularly well suited for agricultural
applications. VTOL UAVs can take off and land
vertically, eliminating the need for long runways,
making them ideal for deployment in rural and
agricultural environments where the space for
conventional takeoff and landing is limited [S5]. The
compact nature of VTOL UAVs also allows for easy
transport and deployment, which is particularly
advantageous in remote or difficult-to-reach areas
where infrastructure may be inadequate. Despite
these advantages, optimizing the performance of
VTOL UAVs in demanding  agricultural
environments  presents  several  challenges,
particularly regarding the aerodynamic efficiency of
the empennage configuration.

A common empennage configuration used
in VTOL UAVs is an inverted-V design that
provides stability and maneuverability during flight
[6]. However, this configuration is not without its
aerodynamic challenges. In particular, inverted-V
empennage can experience aerodynamic instability,
particularly at higher sideslip angles, which occur
frequently during turns or in the presence of
crosswinds [7]. These instability issues lead to
adverse yaw moments, which can degrade the
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control and stability of UAV, making it particularly
difficult to maintain a steady flight during
surveillance or data collection tasks in turbulent or
gusty wind conditions [8].

To address these aerodynamic challenges,
this study explored the integration of a dorsal fin
into an inverted V-shaped empennage configuration.
The dorsal fin serves as an additional aerodynamic
surface that enhances the stability of the UAV by
reducing the adverse effects of sideslip angle and
yaw moment [9]. Previous research has
demonstrated that such modifications can improve
the control of a UAV over its aerodynamic
characteristics, particularly in the domains of lateral
and directional stability, where yaw instability is the
most problematic [10]. By increasing the
effectiveness of the empennage, the dorsal fin
improves the overall UAV performance, making it
more suitable for precision agriculture missions.

The methodology employed in this study
relies heavily on Computational Fluid Dynamics
(CFD) simulations, which allow for detailed
evaluation of various dorsal fin configurations and
their impact on UAV performance. These
simulations analyzed key aerodynamic parameters,
including the lift and drag coefficients, lift-to-drag
ratios, and yaw moments, under varying operational
conditions [11]. Furthermore, this study investigated
the airflow patterns within the UAV system,
including the pressure contours and vorticity, to gain
a deeper understanding of how the dorsal fin
influences the overall aecrodynamic behavior of the
UAV.

The primary objective of this study was to
enhance the performance of VTOL UAVs,
particularly for precision agriculture applications, by
optimizing the empennage design. By exploring
various dorsal fin configurations, this study aimed to
improve the lateral stability of VTOL UAVs, thus
making them more reliable and efficient in
agricultural settings [12]. The results of this study
are expected to contribute significantly to the
development of more stable UAV systems, further
advancing UAV technology in precision agriculture.
Ultimately, the findings of this study could support
the broader adoption of UAV systems in agricultural
practices, contributing to the technological
advancement and sustainable growth of agriculture
in Indonesia and globally [13].

METHODS

This section describes the methodology
used to design and optimize UAV for precision

agricultural surveillance. This study primarily
utilized Computational Fluid Dynamics (CFD)
simulations to  evaluate the aerodynamic
performance of dorsal fins integrated with an
inverted V-empennage configuration. The design
process began with the overall UAV configuration,
specifically tailored for surveillance in agricultural
environments, to ensure suitability for the limited
space and operational requirements that are typical
of such missions. First, key design parameters,
including the size, weight, payload capacity, and
mission endurance of the UAV, were established.
The next step involves incorporating dorsal fins to
improve lateral stability and reduce yaw moments,
which are critical for maintaining control under
high-sideslip conditions. CFD simulations were
conducted using various dorsal fin designs to
analyze their impact on aerodynamic parameters
such as lift, drag, and yaw moment coefficients. This
iterative approach allows for the refinement of both
UAV design and dorsal fin configurations for
optimal performance in precision agriculture
applications.

This study used various tools to support the
design process, data collection, and data analysis.
Several software applications are used in this study.

e Microsoft Excel was used to organize and
process numerical data.

e Autodesk Inventor 2024: 3D modeling and
design of UAV geometry.

e ANSYS Design Modeler: Creation and
refinement of aerodynamic design.

e ANSYS Mesh: Used to generate the
computational grids essential for CFD
simulations.

o ANSYS Fluent: Simulates the fluid dynamics
around the UAV and analyzes its aerodynamic
behavior.

This study involved conducting
computational fluid dynamics (CFD) simulations on
dorsal fins with an inverted V-shaped empennage.
3D models of the dorsal fins were developed using
the approach described in the Aerodynamic Design
Guidelines of Aircraft Dorsal Fin [8]. The
dimensions of the dorsal fins used in this study are
summarized in Table 1, which outlines the key
parameters, including the vertical tail height (hy),
vertical tail area (Sy), dorsal fin area (Sgr), sweep
angle (¢v), dorsal fin sweep angle (dqr), and other
geometric ratios, such as laghgr, Sae/Sv, and ¢v/da.

These variations provide a comprehensive
framework for analyzing the aerodynamic impact of
different dorsal fin designs, thereby enabling the
optimization of UAV performance.

The independent variables in this study
were the dorsal fins, which were designed with four-
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dimensional variations and included parameters such
as the height, length, sweep angle, and surface area.
The dependent variable in this study was empennage
configuration, specifically an inverted-V design. The
control variables in this study included the Angle of
Attack (AoA), sideslip angle, mesh size, and quality
and size of the fluid domain used in the CFD
simulations.

The 3D geometry of the UAV and dorsal
fin was created using Autodesk Inventor CAD
software. Simplifications are applied to the UAV
geometry to reduce complexity during the meshing
process. Four dorsal fin variations were developed,
based on the independent variables established in
this study.

Figure 1 shows the initial 3D model of the
UAYV, and Figure 2 shows a simplified model for
meshing purposes. Additionally, Figures 3 (a)
through (d) illustrate the four dorsal fin variations.

Table 1 Summary of geometry dorsal fin comparison
Para Comparisons
meters Var.1 Var.2 Var.3 Var. 4
Empennage Vertical
Heigh (hyy 0,270 0270 0,270 0270 m
Dorsal Fin Height, har 0,218 0,436 0,301 0,316 m
Empennage Vertical ) )98 (798 0298 0,298 m?
Area (Sv) ’ ’ ’ ’
Dorsal Fin Area (Sar) 0,094 0,179 0,179 0,094 m?
Empennage Vertical ) o1 5551 2091 2221 deg
Angle (¢v)
Dorsal Fin Angle (par) 77,1 664 77,1 66,4 deg
Empennage Vertical o 03¢ 0675 0,038 0,072 m
Length (Iv-af)
Dorsal Fin Length (lsp) 0,218 0,109 0,150 0,237 m

Empennage Vertical 35 300 0300 0300 m

Unit

Root Chord (Cr,v)

Dorsal Fz‘élzgm Chord ) 173 0,073 0073 0073 m
Lu-aillar 0,174 0,659 0,252 0,303 -
hat/h, 0,805 1,613 1,112 1,169 -
lag'har 1 025 0,5 0,75 -
Sar/S. 0315 0,6 0,6 0315 -
1at/Cry 0,726 0,363 0,501 0,790 -
S\/Sar 317 1,67 1,67 3,17 -
ot 028 033 028 033 -

Figure 1 The initial 3D model of the UAV

R

Figure 2 The simplified model for meshing purposes

= X

(a) Variation 1 (b) Variation 2

= X

(c) Variation 3 (d) Variation 4

Figures 3 Four dorsal fin variations

RESULTS AND DISCUSSION

1. Impact of Dorsal Fin on Inverted-V
Empennage

The aerodynamic effects of adding a dorsal
fin were analyzed using Computational Fluid
Dynamics (CFD) simulations, with a focus on lift,
drag, and yaw moments derived from pressure
contours and streamlines around the UAV. The
pressure contours indicate that the pressure beneath
the UAV was higher than that on its upper surface,
indicating the generation of lift. As the angle of
attack (AoA) increased, the lift also increased,
accompanied by a higher drag, which reduced
propulsion efficiency. Larger AoAs lead to airflow
separation over the wings, potentially causing stall, a
condition in which lift is lost at critical AoAs.
Streamlines at low AoAs demonstrated a stable
flow, whereas flow separation was observed at high
AO0As.

Efficient UAV performance requires a
balance between generating sufficient lift to
maintain altitude and maneuverability, while
minimizing drag. The L/D ratio (L/D) is a crucial
performance indicator, as shown in Figure 4. At low
AoAs (-9° to 5°), L/D remained stable across
variations, suggesting a steady airflow around the
wings and empennage. The maximum aerodynamic
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efficiency was observed at AoAs between 9° and
12°, where the UAV generated high lift with
minimal drag. Dorsal fin variation 1 achieved the
highest L/D ratio at an AoA of 9°, exceeding 400,
indicating an excellent aerodynamic efficiency. This
variation effectively generated a significant lift with
reduced drag. Figure 5 shows the airflow and
vorticity for variations of 1.

At AoAs above 15°, the L/D ratios
decreased for all variations owing to the increasing
drag from the flow separation, which reduced the
efficiency and led to stall. These results emphasize
the importance of optimizing the dorsal fin design to
improve the UAV aerodynamic performance,
particularly in maintaining stability and efficiency
under a high AoA.

sideslip 0°

- @--No Dersal Fin
—O— Variation 1
-4 Variation 2

- f =Variation 3

—®—Variation 4

AoA (Degree)

Figure 4 Graph of L/D vs AoA

Figure 5 Phenomena in variation 1: (a) Airflow and
(b) Vorticity

2. Analysis of the Effect of Sideslip Angle on the
Dorsal Fin

This section provides a comprehensive
analysis of the effects of sideslip angle on the
aerodynamic performance and directional stability of
a UAV equipped with an inverted V-shaped
empennage. This study primarily examined several
key aerodynamic parameters, including the
coefficient of lift (Cv), coefficient of drag (Cp), lift-
to-drag ratio (L/D), and coefficient of yawing
moment (Cy), all of which are critical for assessing

the flight efficiency, stability, and overall
aerodynamic performance of UAVs.

The coefficient of lift (CL) measures the
ability of a UAV to generate lift at different angles
of attack (AoA). At a sideslip angle of 0°, when the
airflow was aligned with the UAV’s longitudinal
axis, the pressure distribution was optimal and
facilitated the maximum lift generation. The results
indicated that under these conditions, all dorsal fin
variations produced similar Cp values, with the UAV
exhibiting a relatively high lift coefficient across the
range of AoAs tested.

However, as the sideslip angle increased to
5° and 10°, the presence of dorsal fins began to have
a more pronounced impact on the lift of the UAV.
Specifically, the results suggest that at these sideslip
angles, the lift coefficient (Cr) decreases in certain
AoA ranges, particularly between the 5° and 10°
sideslip. This reduction in Cr, can be attributed to the
lateral wind components, which decrease the
effective angle of attack, and consequently, the
overall lift generation capability. The aerodynamic
efficiency of the UAV was compromised under
these conditions owing to the reduced lift produced
by the dorsal fin.

Interestingly, the impact of the dorsal fins
on lift became more noticeable at higher AoAs (18°
to 27°), where the presence of dorsal fins tended to
increase Cp compared with the baseline condition
(i.e., no dorsal fin present). This improvement can
be attributed to the ability of the dorsal fins to
mitigate the adverse effects of turbulent flow and
enhance pressure recovery over the wing, thereby
enhancing the lift generation at a higher AoA.
Therefore, while dorsal fins may reduce lift under
certain low AoA and sideslip conditions, they
provide a beneficial effect in maintaining lift at a
higher AoA, particularly in high-sideslip flight
regimes.

The coefficient of drag (Cp) is a vital
parameter for evaluating the resistance encountered
by UAV during flight. A higher drag coefficient
indicates increased resistance, which typically
results in a reduced aerodynamic efficiency and
higher fuel consumption. At a sideslip angle of 0°,
the drag coefficients for all dorsal fin variations were
similar, showing a general increase in drag as the
AoA increased, as expected from typical
aerodynamic behavior. This trend follows the
established principles of aerodynamics, where a
higher AoA leads to increased airflow separation,
and consequently, a higher drag.

As the sideslip angle increased to 5° and
10°, an interesting trend emerged: the drag values
for all dorsal fin variations decreased slightly
compared to the 0° sideslip condition, indicating an
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improvement in the aerodynamic performance under
non-zero sideslip conditions. Particularly notable is
Variation 4, which demonstrates the lowest drag
across all AoA and sideslip configurations,
particularly at a 10° sideslip. This suggests that
Variation 4 offers the best drag reduction, likely
because of its optimal design, which minimizes flow
separation and enhances the aerodynamic efficiency
of the UAV under higher sideslip conditions. These
findings emphasize the importance of the dorsal fin
configuration in optimizing drag -characteristics,
particularly for UAVs operating under conditions
with significant sideslip.

450
sideslip 0°
350
= 250 Meo
B @+ No Darsal Fin
£ —o— Variation 1
150
= & =\Variation 2
= [ = Variation 3
50 —a— variati
ariation 4
50
10 5 0 5 10 15 20 25 30
AoA (Degree)
450
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= 250
=
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—O—Variation 1
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-10 5 ] 5 10 15 20 25 El]
AoA (Degree)
50
sideslip 10°
150
«e.ee- No Dorsal Fin
—O— Variation 1
z %0 - Variation 2
;E‘ = & = Variation 3
3 150 —m— Variation 4
50
-50
10 5 0 5 10 15 20 5 30

AoA (Degree)
Figure 6 Graph of Lift versus AoA under the
following conditions: sideslip 0°, sideslip 5°, and
sideslip 10°.
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Figure 7 Graph of Drag versus AoA under the
following conditions: sideslip 0°, sideslip 5°, and
sideslip 10°
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Figure 8 Graph of L/D vs. AoA under the following
conditions: sideslip 0°, sideslip 5°, and sideslip 10°

The lift-to-drag ratio (L/D) is a key
indicator of aerodynamic efficiency because it
represents the ability to generate lift while
minimizing drag. A higher L/D ratio is desirable for
sustained flight efficiency because it enables a UAV
to maintain lift with minimal drag. For a sideslip
angle of 0°, Variation 1 exhibited the highest L/D
ratio, suggesting that it had the best aerodynamic
efficiency, particularly at a lower AoA. This trend is
expected because higher Cp values coupled with
moderate drag result in an optimal L/D ratio at low
Ao0A.

However, as the AoA increased and the
UAV transitioned to higher-drag regimes, the L/D
ratio decreased across all variations, reflecting the
increased drag associated with a higher AoA. In this
context, the L/D ratio for all variations decreased, as
expected, because of the inherent aerodynamic
losses associated with a higher AoA. Nevertheless,
when the sideslip increased to 5° and 10°, the L/D
ratio improved slightly for all wvariations, with
Variation 4 performing best at a 10° sideslip. This
suggests that Variation 4 offers the best overall
aerodynamic efficiency under higher sideslip
conditions, likely because of its ability to balance the
effects of lift and drag, while minimizing the
negative impact of lateral wind components on
performance.

The coefficient of yawing moment (Cy) is a
critical measure of the directional stability of a
UAYV, as it quantifies the yawing moment generated
during flight, which is influenced by sideslip and
AoA. At a sideslip angle of 0°, the Cy increased
steadily with the AoA, exhibiting a nearly linear
trend for all dorsal fin variations. This indicates that,
as the AoA increases, the UAV experiences more
yaw, which can lead to stability issues.

When the sideslip angle was increased to 5°
and 10°, the presence of dorsal fins became more
significant in reducing the yaw moment. In
particular. Variation 2 showed the most promising

results in reducing yaw at a 5° sideslip, suggesting
that the dorsal fin design in this variation effectively
mitigated the yawing instability under these
conditions. At a 10° sideslip, Variation 4
consistently provided better stability, demonstrating
the increased effectiveness of the dorsal fins in
enhancing directional stability at higher sideslip
angles. These results highlight the role of dorsal fins
in improving the ability of UAVs to maintain
directional stability, particularly under conditions
involving significant yaw and lateral-wind
components.

The aerodynamic effects of adding a dorsal
fin were analyzed using Computational Fluid
Dynamics (CFD) simulations, with a focus on lift,
drag, and yaw moments derived from pressure
contours and streamlines around the UAV. The
pressure contours indicate that the pressure beneath
the UAV was higher than that on its upper surface,
indicating the generation of lift. As the angle of
attack (AoA) increased, the lift also increased,
accompanied by a higher drag, which reduced
propulsion efficiency. Larger AoAs lead to airflow
separation over the wings, potentially causing stall, a
condition in which lift is lost at critical AoAs.
Streamlines at low AoAs demonstrated a stable
flow, whereas flow separation was observed at high
Ao0As.
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Figure 9 Graph of Cy vs. AoA under the following
conditions: sideslip 0°, sideslip 5°, and sideslip 10°

CONCLUSION

Aerodynamic Performance at Optimal
Angles of Attack (AoA). The simulation results
demonstrated that the maximum lift-to-drag ratio
was achieved at angles of attack (AoAs) between 9°
and 12° when utilizing Variation 1 of the dorsal fin
with with the smallest dorsal fin height 0,218 m.
This  variation  significantly  enhances the
aerodynamic efficiency of the UAV, producing a
substantial lift force while minimizing the drag. This
indicates that variation 1 is particularly effective in
optimizing the overall aerodynamic performance of
the UAV, contributing to better fuel efficiency and
improved flight performance.

Impact of Sideslip Angle on UAV Stability.
As the sideslip angle increased, the simulation
revealed a corresponding decrease in key
aerodynamic  parameters, including the lift
coefficient, drag coefficient, lift-to-drag ratio, and
yaw moment. This suggests that UAV stability is
adversely affected as the sideslip increases.
Additionally, the dorsal fin configuration minimally
influenced these parameters when the sideslip angle
was 0° or at low AoA. This indicates that under
these specific conditions, the dorsal fin does not
substantially affect UAV performance.
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