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Abstract—With the rise of the public interests in the UAVs, 

the UAVs are becoming one of the important technological 

areas of the 4th industrial revolution era. For the UAVs, the 

fixed-wing type is advantageous, because it has a longer 

flight time than the multi-copter type, along with the faster 

speed. However, it requires a separate, lengthy, obstacle-

free landing area, which can be difficult to find in the urban 

area. Additionally, it is not easy to safely land the fixed-wing 

type UAVs. Because of this, demand for the VTOL-type 

UAV is on the rise. The purpose of this study is to design 

and develop a VTOL capable of vertical landing and lift-off, 

as well as having appropriate thrust and lift during vertical, 

horizontal, and transition flights. We developed a 

formalized UAV development process, to provide a 

theoretical guideline to the development process.  In order 

to determine the aerodynamic characteristics of the VTOL, 

we employed the 3D CAD & CAE methods, which can 

simulate the wind tunnel test for the optimal aerodynamic 

efficiency. Using the developed process, we determined the 

criteria for the internal modules that constitute the UAV, 

and we could assemble the airframe, considering the proper 

center of gravity. We conducted the SW setting for the flight 

adjustment and able to carry out the flight test accordingly. 

In the flight experiment, it was found that the developed 

process was adequate to provide a guideline to the successful 

design of the VTOL-type UAV.  

 

Index Terms—UAV, VTOL, fixed wing, drone, multi-copter, 

rotary wing, aircraft design, transition flight 

I. INTRODUCTION 

As the era of the fourth industrial revolution is 

underway, the field of new technologies are continuously 

increasing. As a result, a variety of UAVs (unmanned 

aerial vehicles) has been developed and widely used. The 

fixed-wing type UAV is advantageous because it has a 

longer flight time than the multi-copter type UAV. But it 

has a limited space for the runway, especially in the urban 

area, for safe landing and takeoff [1]. The demand for 

VTOL (vertical takeoff and landing), which can take off 

and land vertically, is increasing because this type doesn’t 

need a runway and can fly like an airplane.   

The main purpose of this study is to develop a 

formalize design process of the VTOL and use that 

process to actually build and fly the VTOL UAV. Up to 

this date, any formalized VTOL development process is 

not available. By providing a theoretically supported, 

formalized development process, we can reduce the 
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possible errors and be able to produce more stable VTOL 

UAV [2]. 

II. STUDY ON VTOL DEVELOPMENT 

In this study, we have developed a UAV development 

process in order to help the engineers to better design and 

construct the UAV. The process is divided into 12 steps 

as shown in Fig. 1 and the details are further elaborated in 

3 chapters, as shown in figures 2, 3 and 4 [3]. 

 

Figure 1.  Development process of UAV 

 

Figure 2.  Development process of UAV Chapter 1 
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Figure 3.  Development process of UAV Chapter 2 

 

Figure 4. Development process of UAV Chapter 3 

A. Establishment of Misiion Requirements 

Figure 5 shows the mission profile of a VTOL UAV. 

Since it is a VTOL airframe, it is necessary to takeoff 

vertically and land vertically as well. When reaching the 

operating altitude, a transition flight is required to switch 

to a horizontal flight. All operations can be done by 

autopilot or the pilot can maneuver manually. Once the 

flight mission is over, the VTOL switches to the vertical 

landing mode, and gradually descend vertically and land 

on a designated spot. In this case, it is necessary to 

maintain the vertical posture and control the altitude 

through thrust control, just like the multi-copter type 

UAV. In either case, a smooth and stable transition flight 

is required. Due to this reason, the flight control of the 

VTOL type is more complicated than the wing-type or 

multi-copter type UAVs [4, 5]. 

 

Figure 5. VTOL mission profile 

B.  Aerodynamic Design Using Airfoil 

For the design of the wing, the lift and drag forces of 

the NACA-4412 airfoil were compared by numerical 

analysis with the reference to the information provided by 

the airfoiltools company. The parameters are set as 

follows. The wing-span was 2.1 m. The AOA was 3 °. 

The cold length was 0.2 m, and the altitude was 100 m, 

while the air density was 1.21 kg/ 𝑚3 . The Reynolds 

number was 240,732 [6, 7]. 

TABLE I. AIR FOIL SPEED FOR LIFT (UNIT: KG) 

 
Table 1 shows the calculation results of the lift versus 

speed of each airfoil. The formula for lift and drag is 

shown in Equation (1).  

 

                          Lift = 
1

2 
pv2SC𝐿                  (1) 

Drag = 
1

2 
pv2SC𝐷  

The lift efficiency of NACA-4412 and the drag 

coefficient of NACA-4412 were obtained as follows: 

NACA-4412: C𝐿= 0.886, NACA-4412: C𝐷= 0.0118. The 

designed wing was calculated to produce as much lift as 

the weight of the entire airframe (6.43 kg), and could be 

lifted at an airframe speed of 15m/s [8]. 

 

Figure 6. Wing design using the selected airfoil 

C. Airframe 3D CAD Design for UAV 

Figures 7 and 8 show the aircraft structure. The 3D 

CAD was used to design the NACA4412 wing- section, 

which studied the aerodynamic design with the length of 
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2240 x 711 x 160 mm. The airframe design is an essential 

part of the VTOL construction, because it is equipped 

with the FCC (flight control computer) and other various 

modules. In addition it should be designed as a 

streamlined and smoothly shaped airframe to reduce the 

air resistance. It was manufactured using Styrofoam 

material so that the weight of the airframe is minimized 

[9]. 

 

Figure 7. 3D design of airframe 

Figure 8. 2D layout of airframe 

D. Airframe 3D CAE Analysis for UAV 

In order to investigate aerodynamic design based on 

the theory after the airframe design, a simulation CAE 

was carried out to understand the airflow of the wing, 

which determines the flight performance. As shown in 

Fig. 9, the experimental conditions are boundary 

conditions when flying at 0 ° C and 15m/s. The results of 

the analysis are summarized in terms of cross-section for 

a total of 300 seconds at intervals of 100 seconds. As 

shown in Fig. 10, it is found that the flow velocity and 

pressure are generated aerodynamically over time [10-15]. 

 

Figure 9. CAE experimental boundary condition 

 

Figure 10. CAE simulation result 

E. Design and Selection of Motor Thrust 

The output is determined by the rotational speed of the 

motor and the propeller, and the thrust determination 

equation is shown in Equation (2). Also, the equation to 

determine the propeller for generating the thrust after 

determining the required thrust is shown in Equation (3). 

 

         Power = Prop Const * 𝑟𝑝𝑚𝑃𝑜𝑤𝑒𝑟 𝑓𝑎𝑐𝑡𝑜𝑟         (2) 

 

                                        T= 
𝜋

4
𝐷2𝜌𝑣∆𝑣                       (3) 

T : thrust[N] 

D : propeller diameter[m] 

v : velocity of air the propeller[m/s] 

  ∆ v : velocity of air the accelerated by propeller[m/s] 

𝜌 : density of air[1.225 kg/m3 ] 

 

The standard for selecting the appropriate motor is 

shown in Fig.11. 

 

Figure 11. Motor torque / speed curve plot 

In order to find the maximum output of the motor, one 

should check the number of revolutions at which the 

maximum output is generated. Referring to Fig. 11, it can 
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be seen that the maximum torque is generated when the 

number of rotations is at 50% point. In a typical UAV 

flight, the matching of motor rotational directions and the 

torque of each motor is important. Hovering thrust should 

be at least equal to the weight of the airframe and the 

thrust is solely generated by the propellers. The hovering 

should be reached at half the maximum output of the 

motor and should occur at 50% of the battery voltage [16]. 

The DC motor is rated in Kv (Rpm/volts) and the number 

of revolutions at the maximum output is half of the 

motor's Kv/2 multiplied by the voltage of the battery. It is 

shown in the Equation (4). 

 

        rpm𝑚𝑎𝑥𝑝𝑜𝑤𝑒𝑟  = 
𝐾𝑉∗0.5∗𝐵𝑎𝑡𝑡𝑒𝑟𝑦−𝑉𝑜𝑙𝑡𝑠

2
           (4) 

In order to select the propellers using this way, we 

calculate the weight of the VTOL UAV, by calculating 

the total weight as well as the weight of each component 

constituting the UAV. That is, the motor can be selected 

based on the weight derived from the airframe design 

stage. 

F. Selection of Propellers  

The specification of the propellers are distinguished as 

XXYY as shown in Fig12. 

  - XX: overall length of the propeller (unit: inch) 

  - YY: pitch of the propeller 

 

 

Figure 12. Propeller configuration 

The greater the number of XX, the larger the 

magnitude, which means that a larger lift can be obtained. 

The larger the number of YY, the higher the lift can be 

achieved. The propeller should be large with a high pitch, 

but the weight of the propeller is increased as the battery 

consumption also increases accordingly. This leads to the 

decrease of the flight time. Therefore, it is necessary to 

select the proper propeller according to the size of the 

airframe and the specification of the motor. Based on the 

motor selected in this way, the propeller is selected using 

the Equation (5). 

         𝒓𝒑𝒎𝒊𝒅𝒆𝒂𝒍 = (
𝟐

𝝅
)

𝟏

𝟐𝝎(
𝒈

𝟑
𝟐 𝒎

𝟑
𝟐

𝜶𝑫√𝝆
)𝟏/𝝎      (5) 

ω = Power Factor from Aircraft 

α = Power Coefficient from Aircraft 

D = Diameter[m] 

𝜌 = Air Density [1.225kg/m3] 

m =Mass [kg] 

g= Gravity [9.8m/s2] 

G. Selection of Battery  

The battery in this study was selected as 6 Cell, 22.2 V, 

10,000 mAh type, considering flight time and thrust. Here, 

the ‘mAh’ indicates the capacity of the battery. For 

example, an indication of 100,000 mAh means that you 

can use 1 hour when you draw 10,000 mA. The ‘V’ 

indicates the voltage. One must use a battery with the 

proper voltage to stabilize the current to drive motors. 

The ‘Wh’ shows how much power the battery has. This 

value can be calculated by multiplying the capacity mAh 

with the voltage V. The ‘C’ indicates the discharge rate. 

For instance, the meaning of ‘3S 10000mAh 15C’ means 

that it can output 15 times and it can discharge up to 

10000 x 15 = 150A. 

The battery is directly related to the flight time, and 

Equation (6) represents the flight time according to the 

capacity and the consumption current of the battery. 

 

             Flight time = Battery capacity/amps              (6) 

 

Flight time= 10000mAh* 
60𝑚𝑖𝑛

(ℎ𝑜𝑢𝑟)
∗

1

(40𝐴)
∗

𝐴

(10000𝑚𝐴)
 =24 min 

H. Center of Gravity  

In 3D design, the center of gravity is shown as 440mm 

from the end to the center as shown in Fig.13. 

 

Figure 13. Center of gravity 

However, when the actual modules are placed, the 

center of gravity is different from the design value. As 

shown in Fig.14, it is necessary to review the 

consideration of the center of gravity appropriate to the 

actual product after arranging the modules in the airframe 

[17-19]. The assembly process is shown in figures 15 and 

16. 

 

Figure 14. Product module relocation LAYOUT 

I. Assembly & SW setup  

As shown in Fig.15, the designed UAV was 

manufactured by using Styrofoam and 3D printer, and 
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assembled by referring to the layout of each module to 

establish the center of gravity. In order to make the 

VTOL 'H' type, a motor and a propeller were added by 

attaching a carbon fiber column to the airframe as shown 

in Fig.18. In order to provide a vertical height from the 

ground, a supporting frame is constructed by 3D printer 

and attached, as shown in Fig.17. The completed VTOL 

UAV is shown in Fig. 18. 

The GCS (ground control station) SW is required to set 

up and operate the finished UAV. FCC is selected as a 

PixHawk type. In order to operate the UAV properly, we 

downloaded the Mission Planner GCS SW from the 

Ardupilot site to set up the UAV parameters [19-21]. 

 

Figure 15. Assembling internal component modules 

 

Figure 16. Airframe attached with carbon fiber columns 

 

Figure 17. Floor support made with 3D printer 

 

Figure 18. Completed UAV appearance 

J. Flight Experiment  

After completion of the airframe construction, setting 

up of the center of gravity, as well as the flight 

parameters, we analyzed the VTOL flight characteristics 

by conducting numerous test flights. The test results 

revealed that the VTOL was effectively performing in all 

flights including the takeoff, transition, horizontal, and 

landing. Fig. 19 shows the results of the flight experiment. 

 

Figure 19. Flight step-by-step experiment 

K. Flight Data Analysis  

It is possible to analyze the flight data by referring to 

the log data that can be extracted from the FCC after the 

flight test was over. For instance, as shown in Fig.20, a 

stable hovering is verified. If the throttle cruise value is 

between the range of 0 and 1,000, a stable hovering is 

performed. In this test flight, it seems that the proper 

hovering was done between 80 and 300 [22-25].  

 

Figure 20. Flight hovering data 
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III. CONCLUSION 

To analyze the effectiveness of the proposed UAV 

development process, the specifications of the VTOL 

UAVs are compared as shown in Table 2. The one on the 

left is the previously constructed VTOL UAV by us 

without using the proposed development process. It did 

not consider the important aeronautical design factors 

properly, as opposed to in this study. Due to this reason, 

the previously developed VTOL has a trouble with the 

center of gravity during the transition flight, as well as the 

aerodynamic efficiencies during the horizontal flight. As 

a result, one can apply the formalized UAV development 

process that has been proposed in this study, in order to 

save the potential errors. 

TABLE II. SPECIFICATION COMPARISON OF STUDY 
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