
Journal of Robotics and Control (JRC) 

Volume 6, Issue 1, 2025 

ISSN: 2715-5072, DOI: 10.18196/jrc.v6i1.22594 31 

 

 Journal Web site: http://journal.umy.ac.id/index.php/jrc Journal Email: jrc@umy.ac.id 

Design of a Control System for Hybrid Quadcopter 

Tilt Rotor Based on Backward Transition Algorithm 

Purwadi Agus Darwito 1*, Nilla Perdana Agustina 2*, Hudzaifa Dhiaul Ahnaf 3, Syahrizal Faried Roosydi 4,  

Detak Yan Pratama 5, Totok Ruki Biyanto 6 
1, 2, 3, 4, 5, 6 Department of Engineering Physics, Sepuluh Nopember Institute of Technology, Surabaya, Indonesia 

Email: 1 padarwito@ep.its.ac.id, 2 7009231002@mhs.its.ac.id, 3 ahnafhudzaifa@gmail.com, 4 fariedsyahrizal@gmail.com,  
5 detak@ep.its.ac.id, 6 trb@ep.its.ac.id 

*Corresponding Author 

 
Abstract—An Unmanned Aerial Vehicle (UAV) is an 

unmanned aerial vehicle that can be controlled using either 

automatic or manual control. UAVs are divided into two types: 

rotary-wing, which uses rotating propellers to fly the aircraft, 

and fixed-wing, which uses fixed wings to fly the aircraft. One 

of the advanced developments in UAV technology is the Hybrid 

Vertical Take-Off Landing Quadrotor Tiltrotor Aircraft 

(QTRA) system, which combines the quadrotor UAV system, 

classified under rotary-wing, with the fixed-wing UAV system. 

This allows for vertical takeoff and landing as well as the ability 

to cruise at maximum speed. In the transition between flight 

modes, from quadcopter to fixed-wing and vice versa, the 

transition is carried out by changing the thrust direction of the 

two front UAV rotors from horizontal to vertical and vice versa. 

The change in thrust angle on the rotor is referred to as a tilt 

rotor. The problem that arises from changing the aircraft mode 

from fixed-wing to quadcopter is controlling the UAV's 

transition mode, which must not lose its lift force. Therefore, the 

tilt angle must be changed as quickly as possible. To solve this 

issue, a Hybrid VTOL Quadrotor Tiltrotor aircraft concept was 

designed with fast response, controlled by a Proportional 

Derivative (PD) controller. The results of the PD control system 

response were tested in simulations by observing the X and Z 

positions of the UAV, which can stabilize the position during the 

transition. The success criteria targeted for a stable response 

include a tilting angle with a settling time of 7 seconds, an 

overshoot height of 16 meters, and a steady-state error 

approaching zero. From the transition simulation tests, the 

system response data showed performance with an X-axis 

settling time of 37 seconds, a steady-state error value of 0.1 

meters, and an overshoot of 0.4%. 

Keywords—Hybrid VTOL Tilt-rotor; MAV; Proportional 

Derivative Control; UAV Backward Transition. 

I. INTRODUCTION 

Unmanned Aerial Vehicles (UAVs) have advanced 

rapidly over the past few decades [1]–[3]. UAVs have been 

widely used in various sectors, including the military [4]–[6], 

industry [7]–[9], and other commercial sectors [10]–[12]. 

UAV technology continues to evolve, both in terms of 

hardware and software, to enhance its efficiency, safety, and 

operational capabilities [13]–[16]. Some types of UAVs 

based on design include fixed-wing [17][18], rotary-wing 

[19][20], and hybrid [21]–[24]. An overview of the strengths 

and weaknesses of each type of UAV, focusing on efficiency, 

flexibility, and challenges in operation and control, is 

presented in Table I. 

 

TABLE I.  COMPARISON OF EACH TYPE OF UAV 

Type of 
UAV 

Advantages Disadvantages 

Fixed 

Wing 

- High energy efficiency, 

ideal for long-distance 
flights. 

- Capable of flying for 

longer durations with larger 
payloads. 

- More stable at high speeds 

and in adverse weather 
conditions. 

- Cannot perform 

hovering (stay in one 
place). 

- Requires a runway for 

takeoff and landing. 
- Limited 

maneuverability 

compared to other types 
(less flexible). 

Rotary-

Wing 

- Capable of hovering, 

vertical take-off, and 

landing (VTOL). 
- Highly flexible for 

maneuvers in tight or 

limited spaces. 
- Does not require a runway. 

- Higher energy 

consumption, resulting 

in shorter flight 
duration. 

- Less efficient for long-

distance flights 
compared to fixed-wing. 

- More susceptible to 

strong winds or adverse 

weather conditions. 

Hybrid 

(Tilt-

Rotor) 

- Combines the advantages 

of fixed-wing and rotary-
wing, capable of VTOL and 

long-distance flight. 

- Better efficiency than 
rotary-wing, especially for 

long-distance flights. 

- Flexible for various 
applications (hovering and 

long-distance flight). 

- More complex and 

expensive system. 
-  Maintenance and 

control are more 

complicated due to the 
mode transition. 

-  Vulnerable to errors 

during the transition 
phase (changes in flight 

mode). 

  

The hybrid quadcopter tilt rotor is one of the latest 

innovations in UAV technology, combining the hovering 

capability and flexible maneuverability of quadcopters with 

the long-distance flight efficiency of fixed-wing aircraft 

[25]–[27]. This design allows the rotors to change position or 

tilt, enabling a seamless transition between fixed-wing and 

multirotor flight modes [28]–[31]. This capability makes the 

hybrid tilt rotor quadcopter highly attractive for applications 

that require long-distance flight efficiency as well as vertical 

takeoff and landing capabilities. In UAV systems, the 

transition phase also plays a crucial role, especially in the 

operation of hybrid tilt rotor quadcopters [32]–[35]. This type 

of UAV has the ability to switch between hover mode 

(vertical flight) and cruise mode (horizontal flight), which 

requires a change in rotor configuration during the transition. 

One of the most critical transition phases is when the tilt rotor 

quadcopter switches to the landing phase [36]–[38]. The 

aerodynamic dynamics change significantly, especially when 
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the UAV transitions backward toward landing [39]–[41]. The 

backward transition in a hybrid tilt rotor is the process in 

which the rotors of the tilt rotor aircraft rotate backward as 

the aircraft switches from vertical flight mode (VTOL) to 

horizontal flight mode (forward flight) [42]–[44]. Similar to 

the delivery process, UAVs must be able to maneuver 

accurately when approaching the delivery point. This 

involves transitioning from cruise mode, where the UAV is 

moving quickly through the air, to hover mode to lower the 

cargo [45]–[47]. Instability during this transition phase can 

lead to delivery failures or even accidents if the UAV is not 

controlled properly [48]–[50]. For monitoring or surveying, 

UAVs often need to switch from hover mode for detailed 

observation to cruise mode to quickly move to the next 

location [51]–[53]. The transition phase from hover to cruise 

demands a control system capable of maintaining the UAV's 

position and orientation stability, as sudden changes in flight 

dynamics can affect data acquisition accuracy [54]–[56]. 

Additionally, in rescue operations, such as searching for 

victims of natural disasters or delivering medical supplies to 

hard-to-reach areas. In these missions, UAVs often have to 

operate in unstable environments, such as hilly areas, and 

transition from hover mode while performing detailed 

searches to cruise mode to reach other areas as quickly as 

possible. Precision and stability during this transition phase 

are essential for the UAV to effectively carry out its mission 

[57]–[59]. 

Thus, this design presents its own challenges in terms of 

control, especially during critical transition phases such as 

landing. In this phase, the transition from forward mode 

(fixed-wing) to backward mode (multirotor) is very complex 

because it involves changes in flight dynamics and requires 

maintaining stability as well as landing accuracy [60]–[62]. o 

achieve optimal performance, a control system is needed that 

can accurately and responsively manage changes in rotor 

configuration. Several control approaches have been 

proposed to address this challenge, such as PID 

(Proportional-Integral-Derivative) control [63]–[66], 

adaptive control [67]–[70], and robust control [64], [71]–

[74]. 

Table II provides a comparison between the three types of 

control, focusing on the advantages and disadvantages of 

each control system method that has been implemented in the 

transition phase of the Tilt Rotor UAV. Currently, research 

on hybrid UAVs of the Quadcopter Tilting Rotor (QTRA) 

type is still limited in discussing control systems. Some 

studies only address performance based on its aerodynamics 

[75][76]. Optimization analysis in quadcopter mode to 

elucidate the mass coupling variables between the EPS 

component analysis module and the mass analysis module is 

effectively conducted using a multi-objective evolutionary 

algorithm called NSGA-II to find the full Pareto front for 

multi-objective problems [77]. Numerical simulations with 

backstepping control are applied to regulate altitude and 

position during hybrid transitions [78]. However, further 

analysis of performance and error values is not explained in 

detail. Therefore, the optimized Proportional Derivative (PD) 

control strategy offers a simpler yet effective approach to 

managing the backward transition during the landing phase 

of the hybrid quadcopter tilt rotor. This approach focuses on 

controlling speed and orientation, which is crucial for 

maintaining UAV stability during this critical phase. Several 

studies indicate that PD control, with appropriate parameter 

adjustments, can yield better performance in reducing 

oscillations and overshoot, as well as improving system 

response. 

TABLE II.  APPLICATION OF TRANSITION PHASE CONTROL SYSTEMS IN 

HYBRID UAV 

Type of 

Control 
Advantages Disadvantages 

PID Control 

- Simple and easy to 

implement. 
- Fast response for 

position and 

orientation control. 
- Widely used in 

industrial applications 

and UAVs with stable 
dynamics. 

- Parameter tuning (P, 

I, D) is quite flexible 
for various types of 

simple systems. 

- Less effective in systems 
with varying or nonlinear 

dynamics. 

- Sensitive to disturbances 
and noise. 

- Difficult to manage 

systems with significant 
uncertainty or 

environmental 

disturbances. 
- Overshoot and 

oscillations can occur if 

parameters are not tuned 
properly. 

Adaptive 
Control 

- Capable of 

automatically 
adjusting control 

parameters according 

to changes in system 
conditions. 

- Effective in handling 

uncertainty and 
changes in system 

dynamics, such as 

load variations or 
weather changes. 

- More flexible for 

application in non-
static or dynamic 

systems. 

- High computational 

complexity, requiring 
greater resources. 

- Slower calculation 

processes compared to 
conventional PID control. 

- More complicated 

implementation and more 
susceptible to errors if the 

model is not accurate. 

Robust 
Control 

- Resistant to 

disturbances and 
uncertainties in the 

system. 

- Effective in 
maintaining system 

performance under 
varying or disruptive 

environmental 

conditions. 
- Better stability in 

nonlinear conditions 

and high uncertainty. 

- Control design is very 

complex and requires a 

good mathematical model. 
-  Requires more complex 

parameter tuning and is 

not always easy to apply 
to all types of systems. 

-  Typically requires 
heavier computational 

calculations, making it not 

always ideal for real-time 
applications. 

 

The main objective of this research is to design a 

backward transition control system for hybrid tilt rotor 

quadcopters using Proportional Derivative (PD) control 

during the landing phase. The proposed control system is 

expected to optimize the transition from fixed-wing mode to 

quadcopter mode by minimizing oscillations, overshoot, and 

steady-state errors, as well as enhancing landing accuracy. 

This research contributes to the development of optimized 

PD control algorithms for managing backward transitions 

during the landing phase of hybrid tilt rotor quadcopters. The 

algorithm is tested through simulations to evaluate its 

performance. The results of this study are expected to serve 

as an important reference for further development of Hybrid 

Quadrotor Tilting Rotor UAVs, particularly in the area of 

control systems, where research is still limited.  
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II. METHOD 

A. Design of the Hybrid Tilt Rotor Quadcopter System 

The Hybrid VTOL Quadrotor Tilting Rotor Aircraft UAV 

is a model designed to travel in fixed-wing mode and land 

vertically in rotary wing or quadcopter mode. 

Fig. 1 shows the Hybrid QTRA model used in the 

research, separating the actuator controller from the 

mechanism [79]. The model also includes the selection of the 

controller mode, allowing for the choice between the 

transition mode controller and the quadcopter mode 

controller, which can be selected for use [37]. The following 

is the design of the Hybrid QTRA system that has been 

developed. 

 

Fig. 1. Hybrid VTOL QTRA 

The input signal consists of a trajectory waypoint, and the 

control signal then enters the mode selector as a decision and 

mixer, where there are two conditions to choose from: FW 

for fixed-wing and QR for quadrotor. In Fig. 2, the system's 

mode selector block compares the UAV's actual position with 

the target waypoint, and the selector instructs the UAV to 

choose the appropriate mode. The reference signal from the 

mode selector is then sent to three different blocks: the FW 

controller, the QR controller, and the tiltrotor algorithm. In 

the tiltrotor algorithm, when the block receives an FW signal, 

the tiltrotor condition will produce a target tilt angle of 0°, if 

it receives a QR signal, it will produce a target tilt angle of 

90°. Both controllers will generate reference thrust and 

moment values, which will serve as manipulation variables, 

and then enter the UAV dynamics model. There are five 

manipulation variables in the hybrid QTRA system: the thrust 

force from the two front rotors  𝑅1 and 𝑅2 as 𝑢1, the two rear 

rotors 𝑅3 and 𝑅4 as 𝑢2, the deflection angle of the elevator 𝛿𝑒 
as 𝑢3, the additional pitch moment angle in quadcopter mode 

𝑀𝜃 as 𝑢4, and the tilting rotor angle 𝛿𝑟 which is modeled by 

adding a servo motor to the system, allowing for a change in 

direction of the thrust from the front rotors as 𝑢5. For the 

elevator actuator angle, the degree is limited to 15° upward 

and 15° downward. Meanwhile, for the tilt rotor actuator 

angle, the lower limit is set to 0°, indicating that the tilt angle 

of the two front rotors is in a horizontal position functioning 

in fixed-wing mode, while the upper limit is set to 90°, 

indicating that the tilt angle of the two front rotors points 

vertically functioning in quadcopter mode. In the simulation, 

the rotational speed of the rotors, denoted as 𝜔1 to 𝜔4, is 

limited to a speed of 5000 RPM based on the specifications 

of the Emax MT3515 650kv motor. The pitch angle is 

modeled to ensure that it does not exceed a limit of 12°, as 

the UAV has a stall angle of 12°. 

B. Mathematical Model of UAV Dynamics 

In the simulation, several specification parameters are 

needed as constant inputs in the vehicle model. According to 

Table III, these parameters are intended to facilitate 

calculations and simulations for the QTRA UAV.  

TABLE III.  QTRA UAV SPECIFICATION PARAMETERS 

No Variable Value Unit 

1 Massa (m) 6 Kg 

2 Area of Fixed Wing (S) 0.55 m2  

3 Mean Aerodynamic Chord (𝑐̅) 0.282 m 

4 Wingspan (l) 2 m 

5 Moment of Inertia on y axis (Iyy) 0.7893 Kg.m2 

6 Thrust Koefisien (𝐾𝑇) 0.1142 Kg.m 

7 Air Density (𝜌) 12.133 Kg/m3 

8 Rotor Positions 1 and 2 0.25 m 

9 Rotor Positions 3 and 4 -0.5 m 

10 Gravity 9.8 m/s2 

 

 

Fig. 2. Block diagram of the plant in the hybrid VTOL QTRA UAV system 
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The dynamics of translational velocity along the x-axis is 

obtained from the following equation (1): 

𝑢̇ = −𝑞𝑤 +
1

𝑚
({[𝐶𝐿0 + 𝐶𝐿𝛼𝛼 + 𝐶𝐿𝑞

𝑞𝑐̅

2𝑉𝛼
+

 𝐶𝐿𝛿𝑒𝛿𝑒)𝑠𝑖𝑛 𝛼 − (𝐶𝐷𝑚𝑖𝑛 + 𝐾{𝐶𝐿 − 𝐶𝐿,𝐶𝐷𝑚𝑖𝑛
} 2 +

 𝐶𝐷𝛿𝑒|𝛿𝑒| )  𝑐𝑜𝑠 𝛼]
1

2
𝜌𝑉𝛼

2𝑆} + {− sin 𝜃  [𝑚𝑔]} +

{cos 𝛿  [𝐾𝑇  ∑ 𝜔𝑖
2))4

𝑖=1    

(1) 

The translational velocity along the z-axis, denoted as the 

variable  𝑤̇, is as follows: 

𝑤̇ = 𝑞𝑢 +
1

𝑚
([{− (𝐶𝐿0 + 𝐶𝐿𝛼𝛼 + 𝐶𝐿𝑞

𝑞𝑐̅

2𝑉𝛼
+

 𝐶𝐿𝛿𝑒𝛿𝑒) 𝑐𝑜𝑠 𝛼 − (𝐶𝐷𝑚𝑖𝑛 + 𝐾{𝐶𝐿 − 𝐶𝐿,𝐶𝐷𝑚𝑖𝑛
} 2 +

 𝐶𝐷𝛿𝑒|𝛿𝑒|)𝑠𝑖𝑛 𝛼} {
1

2
𝑄𝑉𝛼

2} 𝑆] + {cos 𝜃  [𝑚𝑔]} +

{sin 𝛿  [𝐾𝑇  ∑ 𝜔𝑖
2))4

𝑖=1   

(2) 

The calculation of the moments acting on the aircraft 

includes the moment generated by the thrust on the aircraft as 

𝑀𝑟(𝑡𝑜𝑡𝑎𝑙) along with the aerodynamic moment occurring on 

the aircraft as 𝑀𝑎. Thus, the total moment in the body frame 

is represented as 𝑀𝑏 n the equation (3). 

𝑀𝑏 = 𝑀𝑟(𝑡𝑜𝑡𝑎𝑙) + 𝑀𝑎
= (0.25 ×  𝑢12𝑠𝑖𝑛𝛿
− 0.5 ×  𝑢34 sin 90

0) + 𝑄𝐶𝐿𝑆𝑐̅ 
(3) 

In the aerodynamic frame, as shown in Fig. 3, there are 

additional variables represented by 𝛼 and 𝛽, where 𝛼 is 

denoted as the angle of attack, which is the angle of incidence 

occurring at the aircraft's wing in the longitudinal direction 

between axis 𝑋𝐴 and axis 𝑋𝐵. Meanwhile, 𝛽 is the angle 

between axis 𝑋𝐴 and the wind speed V occurring in the lateral 

direction of the aircraft, where the lateral axis of the aircraft 

is depicted as the X and Y plane in the body frame with a red 

rectangle. The speed of the UAV, or UAV airspeed, is 

defined as the resultant non-dimensional speed from two 

directions of the UAV, formulated as 𝑉𝑎 in the following 

equation. 

𝑉𝑎 = √𝑢
2 + 𝑤2 (4) 

 

Fig. 3. Aerodynamic frame of the hybrid VTOL QTRA UAV system 

In conditioning the resultant of two velocities in different 

directions, the square of each velocity is needed, and then the 

sum of the two velocities is given a square root to produce the 

final resultant speed. The angle separating the two frames is 

written as angle 𝛼. Using trigonometric laws, the rotation 

between angle 𝑋𝐵  in the body frame and 𝑋𝐴 in the 

aerodynamic frame is obtained as follows: 

𝑋𝐴 = 𝑋𝐵 cos 𝛼 + 𝑍𝐵 sin 𝛼 (5) 

𝑌𝐴 = 𝑌𝐵 (6) 

𝑍𝐴 = 𝑋𝐵(− sin 𝛼) + 𝑍𝐵 cos 𝛼 (7) 

𝑅𝑏
𝑎 = (

𝑋𝐴
𝑌𝐴
𝑍𝐴

) = (
cos 𝛼 0 sin 𝛼
0 1 1

− sin 𝛼 0 cos 𝛼
)(

𝑋𝐵
𝑌𝐵
𝑍𝐵

) (8) 

In analyzing the transformation displacement from the 

vehicle frame to the body frame, the rotation matrix of the 

aircraft from the vehicle to the body is obtained. Thus, the 

equation is derived as follows: 

ℛ𝑣
𝑏 (𝜙, 𝜃, 𝜓) =  ℛ𝑣2

𝑏  (𝜙)ℛ𝑣1
𝑣2 (𝜃)ℛ𝑣

𝑣1 (𝜓)   

ℛ𝑣
𝑏  (𝜙, 𝜃,𝜓)

=  (

𝐶𝜃𝐶𝜓 𝐶𝜃𝑆𝜓 −𝑆𝜓
𝑆𝜙𝑆𝜃𝐶𝜓 − 𝐶𝜙𝑆𝜓 𝑆𝜙𝑆𝜃𝑆𝜓 + 𝐶𝜙𝐶𝜓 𝑆𝜙𝐶𝜃
𝐶𝜙𝑆𝜃𝐶𝜓 + 𝑆𝜙𝑆𝜓 𝐶𝜙𝑆𝜃𝑆𝜓 − 𝑆𝜙𝐶𝜓 𝐶𝜙𝐶𝜃

) 
(9) 

Since the system has a degree of freedom of 3 (Degree of 

Freedom, DOF), it is formulated that the system can have 6 

states, while the controller input in the system is represented 

by 5 inputs. 

𝑥̇(𝑡) =  (𝑢̇ 𝑤̇ 𝑞̇ 𝜃̇ 𝑥̇ 𝑧̇)𝑇 (10) 

𝑢(𝑡) =  (𝑢1 𝑢2 𝑢3 𝑢4 𝑢5)
𝑇  (11) 

C. Control System 

In controlling several control variables on the UAV, such 

as ailerons, elevators, rudders, and rotor speed, both linear 

and nonlinear controllers can be implemented. Some 

examples of applying linear controllers on UAVs include the 

use of Proportional Integral Derivative (PID) controllers, 

eigenvalue assignment, robust control, model predictive 

control, and gain scheduling. Meanwhile, some nonlinear 

controllers that can be implemented include Backstepping 

Proportional Derivative, Sliding Mode, and Lyapunov. 

In the research conducted, a nonlinear control was used 

with a Proportional-Derivative (PD) controller without 

employing the backstepping method to control the transition 

of the UAV. In Fig. 4, there are three modes that can be 

provided by the backward transition algorithm, namely 

cruising mode using the fixed wing, transition mode, and 

landing mode using the quadcopter. 

 

Fig. 4. Control block diagram of hybrid VTOL QTRA 
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The fixed wing controller block in Fig. 5 can only be used 

when the backward transition algorithm determines that the 

mode used by the UAV is cruising mode with fixed wing. The 

pitch comparison will be controlled again using the 

Proportional Derivative (PD) controller, which generates a 

reference angular velocity value for pitch, denoted as 𝑞𝑟 
which is then compared with the actual angular velocity value 

𝑞𝑎. The comparison result from both blocks will produce an 

output as the deflection angle for the elevator, where the 

elevator movement is restricted to a range of 15° to -15°. 

 

Fig. 5. Cruising controller with fixed-wing mode 

The transition controller model is further explained in Fig. 

6 Immediately after the aircraft receives the command to 

perform a transition, the transition controller will activate by 

obtaining inputs as the error value on the Z-axis, denoted as 

𝑒𝑍 and the error on the X-axis, denoted as 𝑒𝑋. The error value 

on the X-axis 𝑒𝑋, will be controlled using the PD controller, 

which generates a reference pitch value 𝜃𝑋. The next 

controller is the landing or VTOL controller, represented in 

Fig. 7. This controller again requires input error values on the 

X-axis as 𝑒𝑋 along with the error value on the Z-axis as 𝑒𝑍 to 

land the UAV system. The X setpoint used has the same value 

as when the UAV undergoes the transition condition, with the 

goal that the UAV does not experience a change in X position 

during landing, while maintaining the pitch moment of the 

UAV to remain stable. The input setpoint value that differs in 

the landing controller from the previous transition controller 

is the height input, where it is targeted that the UAV can 

achieve a height of 0 meters. 

 

Fig. 6. Transition controller with quadcopter mode 

 

Fig. 7. Landing controller with quadcopter mode 

The mode will determine which controller will be used in 

the system among the three main controller blocks in Fig. 4. 

The backward transition algorithm block also determines the 

tilting angle of the rotor in changing the thrust angle of the 

two front rotors. The first controller in the system is the 

cruising controller, the second controller is the transition 

controller, and the third controller is the landing controller. 

III. RESULTS AND DISCUSSION 

The modeling of the control system is carried out by 

incorporating mathematical equations into the MATLAB 

Simulink software. The elaboration of the state differential 

equations in the system is performed using the expand 

function in MATLAB, making the linearization process 

easily conducted with the Jacobian algorithm. Below are the 

differential equations in matrices A and B that will be used in 

the control system. 

𝑋̇ = 𝐴𝑋 + 𝐵𝑈

=

(

 
 
 
 

𝑋𝑢 𝑋𝑤 𝑋𝑞
𝑍𝑢 𝑍𝑤 𝑍𝑞
𝑀𝑢 𝑀𝑤 𝑀𝑞
0 0 1

cos (𝜃) sin (𝜃) 0
−𝑠𝑖𝑛 (𝜃) cos  (𝜃) 0

   

−𝑔 cos 𝜃 0 0
−𝑔 sin 𝜃 0 0
0 0 0
0 0 0
𝑋𝑑𝑡 0 0
𝑍𝑑𝑡 0 0)

 
 
 
 

(

 
 
 

𝑢̇
𝑤̇
𝑞̇

𝜃̇
𝑥̇
𝑧̇)

 
 
 

+

(

 
 
 

𝑋𝑢1 0 𝑋𝑢3
𝑍𝑢1 −0.3333 𝑍𝑢3
𝑀𝑢1 −1.2670 𝑀𝑢3
0 0 0
0 0 0
0 0 0

   

0 𝑋𝑢5
0 𝑍𝑢5

1.2670 𝑀𝑢5
0 0
0 0
0 0 )

 
 
 

(

 
 

𝑢1
𝑢2
𝑢3
𝑢4
𝑢5)

 
 

 

(12) 

The Backward Transition algorithm block also has inputs 

C and D, which represent the actual position values on the x-

axis as  𝑥𝑎, the actual position on the z-axis as 𝑧𝑎, and the 

actual horizontal velocity as 𝑢𝑎. 

The comparison of reference and actual values, shown in 

Fig. 8, will result in error values, where 𝑒𝑥 is the error for the 

x setpoint, 𝑒𝑧 is the error for the z setpoint, and 𝑒𝑢 is the error 

for the horizontal speed setpoint. The reference setpoint 

values are as follows 𝑋𝑟  s 3000 during cruising and 3120 

during hovering and landing;  𝑍𝑟   is 100 during cruising and 

hovering, and 0 during landing. 𝑈𝑟  is 30 during cruising and 

0 during hovering and landing. Parameter tuning is used to 

achieve maximum performance by controlling the required 

response time and robustness of the controller. Fig. 9 shows 

one of the position X controller systems during the transition, 

which is robust and has a quick response time with a 

proportional gain (P) of 27626.55 and a derivative gain (D) 

of 1578.49. Thus, the gain values for the control system are 

presented in Table IV. 

TABLE IV.  UAV QTRA CONTROLLER ENHANCEMENT 

Controller 

Variable 
Loop Gain 

Mode 

Cruise Transisi VTOL 

Controller 

X 

Outer 
P - 0.001 0.001 

D - -0.076 -0.076 

Inner 
P - 27627.2 27627.2 

D - 1578.53 1578.5 

Controller 

Y 

Outer 

P 0.047 -0.465 28.613 

I 0.001 -0.081 - 

D 0.32 -0.397 12.903 

Inner 
P 146.05 - - 

D 12.948 - - 

Controller 

U 
Outer 

P 29621 - - 

I 54355155 - - 

D 0.025 - - 
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Fig. 8. Backward transition algorithm 

 

Fig. 9. Tuning the PD controller during the transition process 

The first closed-loop test simulation was conducted in 

cruising mode, where the aircraft was positioned at an altitude 

of 70 m above the ground and was increased to 100 m. The 

altitude increase of the aircraft was controlled using the 

elevator at the tail to reach the setpoint at an altitude of 100 

m.  

The response shown in Fig. 10 indicates that the UAV 

first increased its altitude to 106 m before reaching the target 

set point of 100 m. The UAV experienced fluctuations with 

an overshoot during PID control, as the elevator continuously 

worked to maintain altitude stability at 100 m. In steady 

conditions, the altitude error was measured at 0.41 m. This 

can be improved by adjusting the controller gains to optimize 

system response. In testing the increase in distance along the 

x-axis, the response graph demonstrated a stable increase in 

distance x corresponding to the time function. Fig. 11 shows 

the close-loop transition test, where the UAV is targeted to 

stabilize its position at specific set points for x and z. In the 

transition mode of the UAV system, the aircraft, starting from 

an initial altitude of 100.41 m, aims to establish its position 

at 100 m. It can be observed that the altitude change during 

the transition condition has a relatively fast response, with a 

settling time of less than 20 seconds. Meanwhile, for the 

control of the x position, the data indicates that the position 

control has a relatively longer settling time of 59 seconds. 

This is due to the fact that the x position controller on the 

UAV in quadcopter mode has two different controllers, 

which results in the UAV requiring longer control times. The 

third closed-loop test was conducted in landing mode, where 

the aircraft needed to control its position at 3120 m, with a 

height set point of 0 m to ensure a successful landing. This 

closed-loop test can be seen in Fig. 12. The aircraft 

decelerates its vertical speed as it approaches the 0 m set 

point. The VTOL controller in this system uses PD controller 

gains combined with the thrust from both the front and rear, 

allowing the UAV to reach the desired altitude. Meanwhile, 

to maintain stability in the x position, the same type of 

controller used in the transition phase is employed, affecting 

the moment on the UAV to prevent any shift in the x position. 

 

Fig. 10. Results of the cruising system testing 

 

Fig. 11. Results of the transition system testing 

 

Fig. 12. Results of the landing system testing 

By using the VTOL transition control algorithm from 

cruise mode with fixed wings to hover and then proceeding 

to the landing process, the trajectory tracking of the system is 

shown in Fig. 13. During cruising in fixed wing mode, the 

initial z position is set at a height of 70 m, and the travel 

distance is set to 0 m, stabilizing the trim condition of the 

fixed wing aircraft. The UAV performs a pitch maneuver to 

reach the setpoint at a height of 100 m on the z-axis. The 

UAV then travels a distance of 4800 m along the x-axis and 

lands at that coordinate. During the landing process, the UAV 

is targeted to maintain its position at a distance of 3120 m 

along the x-axis while reaching the setpoint at a height of 0 

m on the z-axis. However, during the position control when 

landing, the UAV experienced a position shift of 20 m, thus 

failing to achieve stability in the x position during landing. 
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Fig. 13. Trajectory results of hybrid VTOL QTRA aircraft 

Performance testing was conducted for each different 

condition, with each mode having its own controller. The first 

performance test obtained data for z during cruising as shown 

in Fig. 10, where the response to the setpoint of 100 m on the 

z-axis while cruising in fixed wing mode resulted in a system 

error of 5%, with a settling time of 100 seconds. The input to 

this controller can be said to meet the criteria of a control 

system, where the overshoot is a maximum of 5%. The 

following Table V presents the performance results for each 

test in every mode. 

TABLE V.  SYSTEM PERFORMANCE TEST RESULTS 

State 
Settling Time 

(s) 

Steady State 

Error 

Max 

Overshoot 

Z (cruise) 100 0.4 m 5% 

Z (transition) 57 0 m 1% 

Z (landing) 35 0 m 0% 

X (transition) 57 0.1 m 0.4% 

X (landing) 35 20 m 20% 

 

From this study, the airspeed response 𝑉𝑎 was obtained 

using the equation (4). 

The data in Fig. 14 obtained shows that the airspeed 

during the transition in this study has a response time and 

settling time that is relatively faster compared to previous 

research [80]. 

 

Fig. 14. Response of airspeed 𝑉𝑎 over time 

The rise time in this study was achieved in 0.5 seconds, 

while in previous research, it took 5 seconds. The settling 

time in this study was found to be 1.5 seconds, compared to 

7 seconds in previous research. The results in Fig. 15 also 

demonstrate that the transition process did not cause any 

overshoot from the target airspeed of 0 m/s. A drawback of 

the simulation results in this study is that the airspeed during 

the transition condition is less smooth; however, it still 

managed to reach the same setpoint. 

 

Fig. 15. The response of airspeed 𝑉𝑡 over time [80] 

IV. CONCLUSION 

The landing process system has been designed for the 

UAV Hybrid VTOL QTRA with PID and PD controllers to 

manage the transition from cruising mode to landing. The 

transition mechanism changes the tilting rotor manipulation 

variable from 0° to 90°, increasing the lift force of the UAV 

from the rotors to compensate for the aerodynamic lift, and 

adjusts the x position setpoint in quadcopter mode by 

modifying the moment on the UAV. The response of the 

Hybrid VTOL QTRA system is robust, although it has a 

relatively long settling time. The performance response 

results of the UAV indicate a response time of 57 seconds, 

with an overshoot of 1% in the z position and 0.4% in the x 

position. The steady-state error in the system is recorded as 0 

m for altitude z and 0.1 m for position x. Future research 

could introduce variations in the speed of the rotor tilt angle 

changes and cruising, as well as variations in controller gain 

using diverse tuning methods to achieve optimal performance 

during the UAV transition process. 
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