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In the past few years, unmanned aerial vehicles (UAVs) have been 
employed extensively in agricultural observation, wildlife protection, 
and traffic monitoring sectors. Hybrid UAVs combine the advantages of 
both multirotor and fixed-wing types, which can take off and land 
vertically. The key objective of the present work is to investigate the 
aerodynamic characteristics of a vertical takeoff and landing (VTOL) 
fixed-wing Tricopter (VFW tricopter) UAV by creating a 3D model in 
Plane-Maker and simulating that model to get thrust, lift force, drag 
force, and static pitch stability. X-Plane 12 was used to design and study 
the aerodynamic characteristics of a VTOL Tricopter UAV during the 
hover-forward transition flight phase. It has been found that the value 
of thrust force was high before transition, which is suitable for vertical 
takeoff and maneuvering. During the transition, it starts decreasing. 
After the transition, the thrust goes down and then stabilizes at lower 
values to sustain forward motion. This thrust reduction enables the 
plane to glide. In terms of pitch stability, at the beginning of the 
transition phase, the VFW tricopter UAV was unstable. Afterwards, the 
pitch stability stabilizes, indicating that the UAV has adjusted to a stable 
forward flight. Transition thrust vector changes may cause instability 
at the start of the transition phase. Lift force was high and stable during 
hover, decreased during transition, and showed fluctuations as the 
tricopter UAV adjusted to forward flight. Drag force was relatively high 
during hover and decreased during transition, stabilizing at lower 
values during forward flight. The frontal area of the tricopter UAV 
decreased, which caused the plane to produce less drag. This study aids 
in designing and understanding the aerodynamic characteristics of a 
VFW tricopter UAV during the hover-forward transition flight phase. 

Keywords 
UAV, fixed wing, VTOL, hybrid UAV, 
simulation, tricopter  

1. Introduction 
In recent years, civil unmanned aerial vehicles (UAVs) have been used widely in areas such as agricultural 
observation, wildlife protection, and traffic monitoring. There are various types of UAVs, such as multirotor and 
fixed-wing (FW) UAVs. Multirotor UAVs, which consist of multiple rotors, possess certain advantages when 
compared to traditional unmanned aerial platforms such as airplanes and helicopters. Fixed-wing unmanned 
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aerial vehicles (UAVs) consist of a fuselage, wings, and tail, with a motor and propeller acting as the primary 
propulsion system platform [1]. They possess greater top speeds than multirotor UAVs, rendering them more 
appropriate for applications like aerial mapping, monitoring, and surveillance. Different operational aims shape 
the design of each type of UAV [2]. 

Fixed-wing hybrid UAVs offer the benefits of both multirotor and fixed-wing types. They can take off and land 
vertically (VTOL) like multirotors and travel long distances like fixed-wing UAVs. Depending on their propulsion 
type, hybrid UAVs can be further divided into two categories: those with the same propulsion for vertical and 
horizontal flight and those with separate propulsion for each flight mode. The former includes tilt-wing, tiltrotor, 
and tail sitter UAVs, while the latter includes VTOL fixed wing (VFW). The VFW UAV is simple to implement and 
can be further expanded with quadrotors and fixed-wing configuration [3], [4].  

The VTOL fixed wing tricopter (VFW tricopter) UAV consists of 3 rotors, two at the front and one at the tail 
of the plane. VFW tricopter UAVs use tiltrotors for vertical takeoff and landing. The transition of VFM tricopter 
UAVs consists of four phases: take-off, transition, cruise, and landing. Firstly, the UAV takes off vertically using 
vector thrust. After hovering briefly, it transitions to forward flight. The transition process ends when the UAV 
reaches cruising altitude. However, the cruising range will be reduced due to the substantial amount of power 
required for vertical takeoff in order to attain cruising altitude [5]. In that order, the phases of flight with the 
highest power consumption are take-off, landing, and cruise. An excessive amount of energy is expended during a 
vertical takeoff since all three rotors are in motion. 

Moreover, the development of a flight simulation structure for UAVs using the same techniques and 
subsystems enables the validation and verification of concepts and systems, optimization of the design, and 
additionally, the enhancement of flying techniques and performance [6]. The X-Plane flight simulator has 
remarkable precision in forecasting the aerodynamic behavior of the aircraft [7]. The X-Plane flight simulator 
operates on the principle of the blade element theory. X-Plane divides the aircraft into many small elements, and 
calculates the forces acting on each element several times per second. X-Plane provides realistic simulation. 
Laminar Research claims that using the blade element theory to calculate the forces on the aircraft is more 
accurate than the stability derivative method. 

The design of a VFW UAV is the crucial step in building a UAV for better performance. The transition phase 
of vertical takeoff to horizontal flight of UAVs is also a critical point that determines the possibility and operational 
success of these systems. During this phase, the VFW UAV must shift from a hovering mode, relying on vertical 
thrust, to forward flight, which requires aerodynamic lift. This shift creates a complex control challenge, which is 
one of the reasons for accidents. Many studies discussed other types of VFW UAVs, but there is not enough 
knowledge regarding VFW tricopter UAVs. There is a lack of a comprehensive understanding of the specific 
aerodynamic characteristics which drive the VFW tricopter UAVs during transition flight. This knowledge gap is 
limiting the optimal utilization of these advanced aircraft, impacting their stability and performance. To solve this 
issue, this project aims to investigate the aerodynamic characteristics of VFW tricopter UAVs during the transition 
phase and provide valuable insights to unlock the full potential of hybrid UAVs. The study investigates the 
behavior of a VFW tricopter UAV during the hover-forward transition phase using computer simulation. The focus 
of this simulation model lies on important performance parameters like the thrust, stability, lift, and drag forces 
acting on the UAV during the flight phase. 

2. Methodology  
2.1  Plane-Maker (X-Plane) 
This study uses the Plane-Maker software, which is an X-Plane program, to design the VFW tricopter model, as 
shown in Fig. 1. Similarly, Fig. 2 displays the model in wireframe view, along with the location of the CG. Plane-
maker allows the user to create any type of aerial vehicle [8]. The program offers a visual interface for creating an 
airplane based on certain physical attributes, such as weight, engine power, wingspan, wing area, control surfaces, 
and the center of gravity [9]. X-Plane has the ability to forecast the flight characteristics of the aircraft [9]. The 
model details are in Table 1. 
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Fig. 1 VFW tricopter UAV model in Plane-maker 

 
Fig. 2 Wireframe view 

 
Table 1 Design parameters 

Parameters Values 
Weight Approx. 8.1 lb 

Wingspan 1.5 meters 
3 Motors (engine) 620 kV (each) 

Centre of gravity (CG) At 25% of the chord 
Battery 6,000 mAh 

Airfoil shape for the Wings NACA 2412 
Airfoil shape for Props Clark Y 

Propeller 3.6 inches 

Measurements of the UAV's weight and specifications are necessary to create an accurate X-Plane flying 
model, as indicated in Table 1. The VFW tricopter UAV model consists of three motors, two at the front and one at 
the tail of the UAV. All three motors are modeled with a 3.6-inch propeller. After creating the design, the first step 
is to define the moving components of the UAV, such as the rudder, elevator, and ailerons. Then the engine 
parameters such as propeller RPM (revolutions per minute), size, and the location of motors (engines) need to be 
specified. The propeller and motor specifications window are shown in Fig. 3 and 4. To add VTOL capability to the 
fixed-wing UAV, the front two motors must move from 0 to 90 degrees at a tilt rate of 15 degrees per second, as 
demonstrated in Fig. 6. The value of the motor’s input, such as "+1” provides the power to the aircraft, and the 
motor turns off when given “0”. The weight and center of gravity play the most important role in the stability of 
the plane. The last step is to assign the weight and center of gravity, as shown in Fig. 5. The design that is created 
through the Plane-Maker software will be simulated using the X-Plane software, as explained in the following 
section. 

 
Fig. 3 Input window for Propeller specification 

CG 
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Fig. 4 Input window for Engine specification 

 
Fig. 5 Input window for Weight & center of gravity 

 
Fig. 6 Input window for VTOL requirement 

2.2 Simulation in X-Plane software 
The flight simulator X-Plane was chosen because of its ability to predict the aircraft’s flying qualities with high 
accuracy. This is performed by using the blade element theory. The software employs the blade element theory to 
generate the forces and moments acting on individual aircraft surfaces, and subsequently applies these processed 
results to the entire aircraft [7]. The software divides the aircraft into numerous small elements, calculating the 
forces acting on each element several times per second. X-Plane is a more advanced and adaptable flight simulator 
than competitors such as Flight Gear and FSX. Furthermore, X-Plane's simulation results are more reliable, earning 
it the distinction of being the only FAA-certified flight simulator [10]. Laminar Research claims that using the blade 
element theory to calculate the forces on the aircraft is more accurate than the stability derivative method. The X-
Plane can simulate the cloud cover, rain, wind, thermals, microburst, and fog. This work utilizes X-Plane 12 to 
generate the tricopter model and simulate its dynamics, as illustrated in Fig. 7. The X-Plane is capable of producing 
a substantial amount of data. Fig. 8 displays the list of data outputs. The X-Plane provides the output data in the 
form of a text file where a user can check all flight data. 
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Fig. 7 Hybrid tricopter UAV during flight in X-Plane 

 
Fig. 8 Data output list window 

 
 

This study shows a way to use flight-time simulation to make correct-by-construction plans even better at 
being optimal. It is not novel to use simulations and optimizations to determine the best course of action during a 
UAV mission [11]. The parameters to be studied in this research are static pitch stability, thrust, lift, and drag of 
the VFW tricopter UAV over time during the hover-to-forward transition phase. 
 
2.3 VTOL tricopter Design 
This section involved creating a VTOL tricopter design using Plane-Maker and performing detailed simulations in 
X-Plane to analyze its static pitch stability, thrust, lift, and drag over time. Plane-Maker, the X-Plane program, 
facilitates the design process using the design parameters listed in Table 1. Fig. 9(a) and (d) show the isometric 
and top view of the tricopter VTOL plane. The design of the VTOL tricopter plane was a crucial aspect of this 
project. The plane model consists of three motors, two at the front and one at the tail of the aircraft. All three 
motors are modeled with a 3.6-inch propeller. The vector rotors in the front two motors can move from 0 to 90 
degrees during transition, with a tilt rate of 15 degrees per second. Fig. 9(b) shows the rotors at 0 degrees. Fig. 
9(c) shows the rotors at 90 degrees. The plane’s actual weight is 8.1 pounds. The plane's center of gravity is 
situated at 25% of its chord length. 
 

  
(a) (b) 

  
(c) (d)  

Fig. 9 (a) Isometric view of tricopter UAV in Plane-maker; (b) Rotors at 0 degree; (c) Rotors at 90 degrees; (d) Top 
view of tricopter UAV 

0 degree 

90 degrees 
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Flight experiments have been conducted in the simulation to assess the tricopter's performance from 
transition mode to cruising mode in order to validate the design. The flight was initiated at a 10 nm approach to 
conduct the test. The ideal weather conditions are established for the simulation. 
 
3. Results and Discussion 
The simulation of the hover-to-forward flight transition phase was done using X-Plane by using a 10 nm approach 
to flying the plane. The simulation started with a hover at 4000 feet with no weather effects. The simulation took 
around 18 seconds. The transition from hover to forward flight occurs between the 5th and 10th seconds. 

3.1 Static Pitch Stability Analysis 
The simulation was conducted to evaluate the pitch stability parameters of a VTOL Tricopter UAV during the 
hover-to-forward transition phase. Table 2 shows the value of Cm (pitching moment coefficient) and Alpha (angle 
of attack) for analyzing pitch stability. The static pitch stability data indicates, as shown in Fig. 10, a typical 
behavior for a VTOL UAV transitioning from hover to forward flight. Initially, during the hovering phase from 1st 
to 3rd seconds, the tricopter shows stable hovering in hover mode, with Cm values ranging from -2.0314 to -5.7387 
and alpha values ranging from 1.9553 to 1.9749 degrees. A rise in Alpha values leads to a negative pitching 
moment. The slope of the Cm vs. Alpha curve is negative, as shown in Fig. 10, indicating stability during hover [12]. 
 

Table 2 Cm vs Alpha 
Time 
(sec) 

Cm 

 
Alpha 

(degree) 
Rotor tilt 
(degree) 

Phase 

1 -2.0314 1.9553 0 Hovering 
phase 2 -2.1159 1.9619 0 

3 -5.6103 1.9749 0 

4 1.6052 2.2166 Transition starts 

5 2.0048 2.3379 15 During 
transition 6 1.7822 2.5481 30 

7 0.8372 2.9908 45 

8 0.2927 3.6607 60 

9 0.1654 4.1815 75 

10 -0.0713 5.2412 90 

11 -0.3776 6.1672 90 Forward 
phase 12 -0.4939 4.3879 90 

13 -0.4331 2.1888 90 

14 0.9402 3.2841 90 

15 0.8175 3.5601 90 

16 0.7515 3.9801 90 

17 0.137 4.6583 90 

18 -0.1858 5.2653 90 

The transition starts at the 4th second, the Cm value rises to 1.6052, and the angle of attack is 2.2166°, which 
represents instability in this region. During the transition phase from 5th to 10th seconds, as shown in Fig. 11, the 
Cm again rises to 2.0048 and alpha also rises to 2.3379° showing a continued nose-up moment, which also 
represents instability at 5th second. However, as the phase progresses, Cm values decrease and eventually become 
negative -0.0713 as alpha increases from 2.3379° to 5.2412°. This trend indicates the tricopter UAV adjusts 
towards stability by developing a nose-down moment as alpha increases. 

The graph in Fig. 12 shows that the Cm values oscillate between positive and negative during the forward 
flight phase from 11 to 18 seconds, indicating dynamic adjustments in response to fluctuating Alpha values. This 
phase demonstrates that the tricopter UAV consistently modifies its pitch to maintain stability. Negative Cm values 
(-0.3776 to -0.4939) at higher Alpha angles (6.1672° to 4.3879°) signify a stable nose-down moment. Conversely, 
at 13 to 14 seconds, there is a minor increase in Cm values from -0.4331 to 0.9402, indicating a phase of slight 
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instability in the tricopter UAV during forward motion. Subsequently, Cm levels began to decrease as alpha values 
increased, thus indicating stability. 

During the hovering phase, the tricopter UAV is stable with negative Cm values, maintaining a nose-down 
moment with positive alpha (AOA) values. At the beginning of the transition phase, there is potential instability 
with the increase of Cm values as alpha values increase. Stability improves as Cm values decrease and eventually 
become negative, indicating the UAV adjusts to a stable forward flight. After the transition phase, the tricopter 
UAV exhibits stability with fluctuations in Cm and Alpha. The presence of both positive and negative Cm values 
indicates ongoing adjustments to maintain stable forward flight. But at some instant, it shows a slight instability. 
An aircraft can be considered to have static pitch stability if the slope of the Cm vs. Alpha curve is negative. A rise 
in Alpha (angle of attack) leads to a negative (nose-down) pitching moment. This causes the nose to move 
downward and decreases the angle of attack, thus returning the aircraft to its original position [12]. 

 
     Fig. 10 Cm vs Alpha (degree) during hovering phase 

 

 
         Fig. 11 Cm vs Alpha (degree) during transition phase 
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          Fig. 12 Cm vs Alpha (degree) during forward phase 

3.2 Thrust Analysis 
The data derived from the simulation, illustrated in Table 3, provides significant insights into the performance of 
the VFW tricopter UAV during the hover-forward transition phase. Figure 13 illustrates that at the commencement 
of the simulation, the VFW tricopter UAV generated a thrust of 10.62 lbf, enabling the necessary vertical lift for 
takeoff. During the interval of 1 to 3 seconds in the hovering phase, the thrust remains very stable at around 10.62–
10.79 lbf. The tricopter's capacity to sustain a hovering position prior to commencing the transition demonstrates 
its stability. At 4 seconds, the thrust attained 10.863 lbf, signifying the starting phase of the transition flight. 
Throughout the interval from 5 to 10 seconds, the thrust progressively decreases from 9.85 lbf to a minimum of 
2.6 lbf at the 10-second mark. This signifies a transition from hover mode to forward mode. Upon completion of 
the transition phase, the tricopter's thrust stabilizes, signifying a successful shift to forward flight. From 11 to 18 
seconds, the tricopter's thrust consistently measures around 2 to 2.3 lbf. The low thrust readings signify that the 
tricopter has successfully entered forward flight and is maintaining stable forward thrust. Research findings 
demonstrate a consistent variation in thrust during the transition from hovering to forward mode. The tricopter 
first produces significant push to achieve hover, which gradually diminishes as it transitions to forward motion, 
ultimately stabilizing at reduced levels to maintain that motion [13]. 
 

 
Fig. 13 Thrust over time 

 
 

Start 

End 
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Table 3 Thrust over time 

Time 
(sec) 

Thrust 
(Ibf) 

Rotor tilt 
 (degree) 

Phase 

1 10.62 0 
Hovering 

phase 2 10.6 0 

3 10.79 0 

4 10.862 Transition starts 

5 9.85 15 

During 
transition 

6 9.22 30 

7 7.67 45 

8 6.43 60 

9 3.445 75 

10 2.6 90 

11 2.5 90 

Forward 
phase 

12 2.3 90 

13 2.05 90 

14 2.22 90 

15 1.9502 90 

16 1.9864 90 

17 1.9941 90 

18 2.115 90 

3.3 Lift and Drag forces 
The data obtained from the simulation, as shown in Table 4, provides insights into the lift and drag forces acting 
on the VTOL tricopter during the hover-forward transition phase. The dynamic action of air generates lift force by 
creating pressure differences on various parts of the aircraft, primarily the wings. It works perpendicular to the 
direction of flight and the aircraft’s lateral axis through the center of pressure. In level flight, the lift force 
counteracts the downward force of weight [14]. 

Figure 14 shows the lift forces produced by the tricopter during all flight phases. During the hovering phase, 
which lasted 1-3 seconds, the rotors generated the necessary vertical lift for takeoff, as evidenced by the first 
recorded lift force of 9.05 lbf. The lift force consistently measures roughly 9.05 to 9.705 lbf. This illustrates the 
tricopter's ability to maintain a hover. At 4 seconds into the transition, there is a noticeable reduction in lift force, 
which decreases to 9.462 lbf, signifying a decline in vertical lift as forward motion initiates. In the transition phase, 
the lift force progressively decreases, ultimately reaching a value of 6.465 lbf at 10 seconds. This reduction is 
expected as the tricopter UAV transitions from hover to forward mode. Following the transition phase from 11 to 
18 seconds, the lift force significantly decreases, attaining 5.488 lb at 11 seconds and subsequently declining to 
3.499 lbf at 12 seconds. This indicates that the rotors promptly diminished their thrust following the shift. 
Subsequently, the lift force undergoes a progressive increase from 8.8 to 10.13 lbf between 13 and 14 seconds. 
The lift attains a consistent range of 7.185 to 6.414 lbf by the conclusion of the forward phase. The variations 
suggest that the VTOL tricopter UAV achieves vertical lift via its wings during forward flight mode.  
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Fig. 14 Lift force over time 

The wing, rotor, fuselage, and other projecting elements produce drag, a force that obstructs airflow and acts 
as a retarding force against the aircraft's motion. The drag force is a resistance that opposes the relative wind's 
direction. [14]. Figure 15 illustrates the drag forces exerted on airplanes throughout all phases of flight. The 
hovering phase occurs from 1 to 3 seconds, exhibiting a considerable drag force of approximately 1.056 to 1.077 
lbf. This signifies that the UAV experienced a certain degree of drag force while hovering. Minor adjustments in 
hovering stability can also account for the variations in drag force. At 4 seconds, as the transition commences, the 
drag force begins to diminish. This was expected when the tricopter UAV's rotors began to tilt forward to initiate 
its forward drive. During the interval from 5 to 10 seconds, the drag force steadily decreases, ultimately reaching 
a value of 0.387 lbf at the 10-second mark. The decrease in drag occurs due to the reduction in the frontal area of 
the tricopter UAV. In the forward phase, spanning from 11 to 18 seconds, the drag force diminishes from 0.337 lbf 
at 11 seconds to a minimum of 0.243 lbf at 12 seconds. Upon reaching the minimum, the drag force subsequently 
increases, peaking at 0.641 lbf. After 14 seconds, it stabilizes at around 0.5 lbf toward the end of the forward phase. 
The fluctuations in these values signify that the UAV adjusts its velocity and orientation during forward motion. 

 
Fig. 15 Drag force over time 
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Table 4 Lift and Drag forces over time 
Time 
(sec) 

Lift  
(lbf) 

Drag  
(Ibf) 

Rotor tilt 
(degree) 

Phase 

1 9.05 1.056 0 Hovering 
phase 

2 9.19 1.077 0 

3 9.705 1.055 0 

4 9.462 0.957 Transition starts 

5 8.853 0.922 15 During 
transition 

6 8.9 0.852 30 

7 7.987 0.713 45 

8 8.089 0.585 60 

9 7.532 0.449 75 

10 6.465 0.387 90 

11 5.488 0.337 90 Forward 
phase 

12 3.499 0.243 90 

13 8.8 0.481 90 

14 10.13 0.641 90 

15 7.185 0.55 90 

16 7.062 0.516 90 

17 6.864 0.466 90 

18 6.484 0.419 90 

4. Conclusion 
The objectives of this project, which are to design VFW tricopter UAV using Plane-maker and conduct simulations 
in X-Plane to analyze the aerodynamic characteristics of the plane during the hover-to-forward transition phase 
have been successfully achieved. The simulation revealed key insights into the UAV's static pitch stability, thrust, 
lift, and drag forces. In terms of static pitch stability, initially, the VFW tricopter UAV consistently produces 
negative Cm during hovering, which causes it to have a nose-down tendency. However, as indicated by the negative 
slope of Cm vs. Alpha, the UAV is statically stable. Then, at the beginning of the transition phase, there is potential 
instability with the increase of Cm values as alpha values increase. But afterwards, it becomes stable as Cm values 
decrease and eventually become negative, indicating the UAV adjusts to a stable forward flight. The instability at 
the beginning of the transition phase might be due to the changing of the thrust vector during the transition. 

It has been found that the value of thrust force is considerably good for vertical takeoff and forward flights. 
Before the transition, the thrust was high for vertical lift and maneuvering, but after the transition, the thrust went 
down to make the plane glide. Lift force was high and stable during hover, decreased during transition, and 
showed fluctuations as the tricopter UAV adjusted to forward flight. Drag force was relatively high during hover 
and decreased during transition, stabilizing at lower values during forward flight, indicating successful 
aerodynamic adjustment. Overall, simulation data is crucial for optimizing the VTOL tricopter's design and 
enhancing its flight performance, contributing to the advancement of UAV technology in diverse applications. This 
project helps to cover the knowledge gap in understanding the VFW tricopter UAV’s behavior during transition. 
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