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with Single Ducted-Fan 
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Abstract 

In the modern technology era, the development of automatic flight control and 

technologies directly applied to the military and civilian fields have gradually evolved. Since 

the early 1950s, several types of technology of unmanned aerial vehicles (VTOL UAVs) have 

been researched such as helicopters, quadrotors, missiles, etc. Among them, the single 

ducted-fan unmanned aerial vehicle (DUAV) technology has grown based on its 

characteristics. Moreover, the single DUAV system has successfully demonstrated 

departures from unprepared sites, ship deck spaces, moving trucks, and so forth, because of 

its high maneuverability and efficiency in flight trajectory. 

However, the ducted-fan vehicle has been normally subjected to turbulent environments 

and gusty winds. The single DUAV system is mainly required to accurately follow a 

predefined trajectory, especially, the landing process should as well be considered as one of 

the most important aspects in the development of control systems. Obviously, the landing 

operation is defined consist of lowering the altitude and performing the yaw motion. However, 

the aerodynamic forces and moments which acted on the single DUAV including several 

elements as air conditions of the environment often appear uneven aerodynamic forces. And, 
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Figure 1.1. Organization of control engineering theory scheme 

The model-based control design is proven to be more effective using an available 

mathematical representation of a system. In other words, in modern aerial space 

technology, automatic flight control directly applying to the military and civilian 

fields has gradually developed. Unmanned aerial vehicle (UAV) has proven their 

high applicability in the military as communication, surveillance, reconnaissance, 

and so forth [20-22]. The UAVs also have the potential for civil and scientific 

research activities. Especially, a vertical take-off and landing UAV (VTOL UAV) 

have possessed high maneuverability during vertical and horizontal flights and 

flexion in level flights. Since the early 1900s, several types of technology of VTOL 

UAV have been researched such as helicopters [23], quadrotors [24, 25], missiles 
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[26], etc. Among them, the single ducted-fan unmanned aerial vehicle (DUAV) 

technology has grown based on their characteristics [27-30]. Structurally, the single 

DUAV has been wrapped by hover which improves the thrust force and operating 

safety, as well as protects the motor system from external object damages. A. Akturk 

et al. presented a research study on the rotor and duct geometry of the rotor and the 

duct for that increased the thrust force and reduced aerodynamic loss of the 

experimental ducted fan [31, 32]. Moreover, the single DUAV easily transits to 

cruise flight (horizontal travel) as regards steering motion through the hover part. 

Typically, the motion control principle of the single DUAV is similar to the missile 

motion in longitudinal and lateral flights. The source of lift and aerodynamics is 

solely coming from thrusts like helicopters or multi-rotor copters. While the effects 

of aerodynamic on the single DUAV are similar to the aircraft [33, 34]. The operation 

modes of the single DUAV can be noted as vertical takeoff, transition, cruise, 

transition, and vertical landing [35, 36]. Additionally, the single DUAV system has 

successfully demonstrated to departure and arrive in unprepared sites, ship deck 

spaces, moving trucks, and so forth, thanks to its high maneuverability and efficiency 

in flight trajectory, shown in Figure 1.2. 

 
Figure 1.2. The arrived single DUAV system on ship deck space 
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The introduction of the ducted-fan vehicle control started with the research of 

W. Zhengjie et al. [37], in which the dynamic modeling of the ducted-fan miniature 

is based on parameter identification. This method was done by the identification 

process using the mathematic modeling equation, however, it was a complicated 

process and required adequate sensors for measuring high-speed motor, wind force, 

etc. P. Gelhausen et al. [38] and A. Ko et al. [39] presented the conceptual design 

and preliminary simulation of the ducted-fan UAV. In their studies, the authors 

developed a major operational problem of ducted-fan in crosswinds and turbulent 

conditions. Herein, the designing ducted fan actuation played an important role to 

control the performance of the UAV because of the generating force for thrust and 

steering. For this reason, Z. Lin et al. [40] and Y. H. Choi et al. [41] resulted in using 

static analysis of wind tunnel data for the test of ducted-fan. In these studies, the 

authors applied the various flight conditions and the analysis was provided insight 

into the important design factors, such as the distance from central gravity to the 

center of pressure of the system, shown in Figure 1.3. 

 
Figure 1.3. The single DUAV system in the wind tunnel 
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actuators of rudders during its mission. The designed control scheme with unchanged 

control gains needs to adjust the control signal sent to the remaining actuators of 

rudders. For this purpose, the control method using an adaptive super-twisting 

sliding mode with a time-delay estimation technique is developed. The practical 

feasibility of the controller is confirmed by simulation and experimental tests of the 

single DUAV system. 

1.3 Objective and researching methods 

This dissertation focuses on developing a control strategy as a key for the landing 

process of the single DUAV system to replace the manual works which may contain 

high difficulties and risky. Particularly, the landing process should be considered as 

one of the most important aspects in developing systems, including the yaw motion 

and lowering altitude (arrival tasks), shown in Figure 1.5. To achieve these tasks, 

the system description and construction, the control designs, the simulation, and 

experimental results to validate controllers, are described as follows 

To describe the single DUAV system in a mathematical model as a case study, 

the aerodynamics of mechanical geometry behaviors has been analyzed. Instead of 

modeling the whole physical dynamics of the system, the decentralized modeling 

method is implemented. The essential nominal parameters have been identified by 

conducting experimental data and estimated by MATLAB Identification Toolbox. 
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Figure 1.5. The control conception of the landing process of the single DUAV 

For altitude motion control including departure and arrival tasks, an extension 

of pole-placement with feedback linearization and fuzzy law is considered as 

reducing the chattering phenomenon and properly deriving the numeric control gains. 

For verification of the proposed controller, the simulation and experiment tests have 

been investigated. 

On the other hand, the angular motion needs to keep the desired position before 

the beginning of the arrival task that dominates the recalling mission of the single 

DUAV system. For the yaw angle motion control, a robust adaptive pole placement 

scheme is proposed to overcome the uncertainties and bound unknown disturbance 

of the single DUAV. The controller is validated by the simulation and experiment 

results. 
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Chapter 2: Induction of the Single DUAV Description and Modeling 

This chapter describes the structure of the mechanical and electrical designs of 

the single DUAV system. Accordingly, the case study of the mathematical model of 

the single DUAV system was introduced to design an appropriate control system. 

Based on this analysis, the nominal dynamic parameters of the altitude and angle 

motions have been successfully identified via experimental data and computational 

software. It can be used for deeply understanding the character of experiments in the 

subsequent chapters. 

Chapter 3: Altitude Control Design Using Extension of Pole-Placement with 

Feedback Linearization and Fuzzy Law 

In this chapter, a new approach of extension of pole-placement with feedback 

linearization method with fuzzy law is proposed to control altitude motion of the 

single DUAV system. The altitude motion including take-off and arrival task is 

controlled by the single thrust force. The problems such as governing the chattering 

phenomenon and arbitrarily exploiting the control gains based on the tracking error 

of the single DUAV system by the fuzzy law. And, the proposed method could 

separate from the physical parameter of the system. The Lyapunov theory is used to 

prove the stability of the controller. Both simulation and experimental tests validate 

the satisfactory performances of the proposed controller. 

Chapter 4: Angular Motion Control Design Using Robust Adaptive Pole 

Placement Scheme in Presence of Bounded Disturbance 

This chapter proposes a robust adaptive pole-placement control scheme is 

proposed to control the yaw angle motion of the single DUAV system. The 

adaptation with sigma-modification law is designed to compensate for the uncertain 
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parameters and bounded unknown disturbance. This method results in the single 

DUAV to track and keep a proper angular motion at the beginning of the arrival task. 

The stability was guaranteed by the uniformly ultimately bounded law in Lyapunov 

stability analysis. The effectiveness of the proposed controller was thoroughly 

verified through simulations and experiments. 

Chapter 5: Adaptive Super-Twisting Sliding Mode Scheme with Time-

Delay Estimation Technique for Angular Motion Control 

In this chapter, the adaptive super-twisting sliding mode scheme with a time-

delay estimation technique is proposed to cope with parametric uncertainties, 

unknown disturbance, and undesirable factors. The time-delay estimation technique 

is a key to canceling high nonlinearities. Moreover, the tracking error of the single 

DUAV is guaranteed by the Lyapunov stability theory. The designed control scheme 

with unchanged control gains needs to increase the power capacity of the remaining 

actuators of rudders. Like the previous chapter, a series of simulation and experiment 

tests are investigated with different situations as normal and abnormal operations to 

confirm the practical feasibility of the proposed controller. 

Chapter 6: Conclusions and Future Works 

The key research results of this dissertation are summarized and suggestions for 

future studies are presented. 
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components so that it is quick to fix and replace. The single DUAV system is 

comprised of the fuselage, servo motors, brushless DC motor, propellers, hover, 

rudders support frame, bearings, shafts, main and extra rudders, respectively as 

shown in Figure 2.3. 

 
Figure 2.2. Schematics of the studied single DUAV system 

 
Figure 2.3. Detailed mechanical of the single DUAV system 

 

 

1. Fuselage
2. Servo motors
3. BLDC motor
4. Propellers
5. Hover
6. Rudders support frame
7. Bearings
8. Shafts
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The main thrust force is generated to counteract the gravitation and drive the 

angle motion by the brushless motor (BLDC) and propellers system. Moreover, the 

BLDC system is covered by the hover sub-system to increase the thrust force 

following the aerodynamic law. Herein, the hover sub-system is designed by the ratio 

1:3, length, and inner diameter, respectively. The propeller system includes three 

single propellers. A detailed description of the BLDC motor and propellers is 

illustrated in Figure 2.4. The dimension of the BLDC motor and propellers are 

introduced in Table 2.1. 

Table 2.1. The parameter of the thrust force subsystem 
Devices Parameters Values 

 
Hover 

 

Length 
Inside diameter 

Outside diameter 

140 [mm] 
410 [mm] 
440 [mm] 

Propellers Single propeller 
Diameters 

3 
393.7 [mm] 

BLDC motor Diameters 60 [mm] 

 
Figure 2.4. The thrust force system 
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In other words, the rudders support frame is played a crucial to driving the 

angular motion of the single DUAV system. The extra rudders are integrated into the 

main ones to increase the efficiency of the driving force. The rudders use the 

aerodynamic of the BLDC motor to generate the driving force for angle motion. 

More interestingly, the rotation of the rudders is operated by servo motors. 

Specifications of the rudders support frame are introduced in Table 2.2. A detailed 

description of it is illustrated in Figure 2.5. 

Table 2.2. The parameter of the rudders support subsystem 
Devices Parameters Values 

Main rudders Width 
Length 

140 [mm] 
140 [mm] 

Extra rudders Width 
Length 

90 [mm] 
50 [mm] 

Servo motors Number 4 

Shafts Length 
Diameters 

150 [mm] 
3 [mm] 

Bearings Diameters 3 [mm] 
Support feet Length 170 [mm] 

 
Figure 2.5. The rudders support frame 
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Consequently, the maximum height and diameter are 450 [mm] and 520 [mm], 

respectively. The experimental mechanical structure of the single DUAV is shown 

in Figure 2.6. 

 
Figure 2.6. The mechanical structure of the single DUAV system 
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2.1.3 Electrical design 

The configuration of the proposed control system used for this dissertation is 

shown in Figure 2.7. This configuration of electrical devices comprises a computer 

with LabVIEW software, Arduino Mega boards, brushless DC motor, servo motors, 

BLDC driver, load-cell sensor, gyro sensor, laser sensor, RS232, and Bluetooth 

communication protocols. And, Figure 2.8 shows the Arduino Mega 2560 board 

which is an I/O data acquisition device between LabVIEW and motors (BLDC and 

servo). 

 
Figure 2.7. The configuration of electrical devices 

 
Figure 2.8. Photos of Arduino Mega board 
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Parameters Values 
Supply voltage 
Interface 
Profile 

5 ~ 12 [V] 
Bluetooth v2.0 
Serial port profile 

Figure 2.15. Photo of the Bluetooth gate 

2.1.4 Implementation of controlling system 

The implementation configuration of the control system for experiments in this 

dissertation is shown in Figure 2.16. As above mentioned, the target of this study is 

to develop an approach method for the single DUAV motion control. There is two 

approach motion in this dissertation, which consists of altitude and yaw angle 

motions. The laser sensor is used for the altitude motion control of the single DUAV, 

as shown in Figure 2.17. Besides, the gyro sensor is measured the yaw angle motion 

control of the system. 

 
Figure 2.16. The implementation configuration of the controlled DUAV system 

1. Ardunio Mega
2. Bluetooth gates
3. BLDC driver
4. BLDC motor
5. Gyro sensor
6. COM gate
7. Servo motor
8. Power & COM line
9. Load-cell sensor

1 2

3

4
5

7

6

9

8















- 29 - 

For the research field in this dissertation, there are two approaches ways 

including the altitude and angular motion controls. In the single DUAV system, the 

procedure of identification attains the model of each motion control, is described as 

follows: Firstly, the whole rigid body of the system is fixed all motion directions, 

including transformation and rotation. Secondly, the desired corresponding 

transformation or rotation will let be free for the identified purpose, and then the 

suitable type of input signal is applied to result from the output response. Based on 

these steps, the model one by one of the rigid systems for motion control purposes 

is properly achieved. Finally, by using the Identification Toolbox in MATLAB, the 

model for desired motion control is obtained by the applied input and the 

experimental responding data. However, this method needs to tune steps to fit well 

the experimental response and the simulation result by using MATLAB Toolbox. 

On other hand, the altitude model is easily verified based on each element of the 

mathematical equation. For clear understanding, the aforementioned procedure is 

illustrated in Figure 2.19. 

 
Figure 2.19. The flowchart of the identification steps of the model system 

Step 2: Let free the desired direction and apply input signal

Step 1: Fixed all directions of body system

Step 3: The altitude model: 
To identify each element of 
the mathematical equation

Step 3: The yaw angle model: 
To identify by I/O signal of 

the system

Step 4: Tuning the parameter on MATLAB Toolbox
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With the input signal, the thrust force is recorded by the load-cell as seen in 

Figure 2.21. The relation between the input signal and output force is identified by 

experiment, shown in Figure 2.22. 

 
Figure 2.21. The input signal and output response 

 
Figure 2.22. The linearization of the thrust of the BLDC model system 
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To solve this problem, this dissertation assumes that the characteristics of the 

four rudders are similar together. The identified input signal is similarly used for 

each rudder. And, the four rudders are operated simultaneously in the identification 

process. Herein, the modeling of the yaw angle in the practical identification 

becomes a type of single input single output (SISO). 

Subsequently, the square-type signal of the input time is selected to excite each 

rudder. Based on this fact, a square signal with varying amplitude is sent to each 

servo motor of the rudder so that the yaw angle position of the body system can be 

changed. The measured yaw angle position by the gyro sensor is recorded. Figure 

2.23 shows an experimental input signal (time) and the yaw angle response (degree). 

 
Figure 2.23. The identification of the thrust of the BLDC model system 
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By MATLAB Identification Toolbox, the transfer function dynamics of the yaw 

angle of the single DUAV are estimated. The number of poles, zeros, and delay terms 

have been preselected, then the locations of these terms have been located 

automatically to maximize the best fitness with the experimental data set. The 

correlation of the experimental data and simulation response is shown in Figure 

2.24. Figure 2.25 shows the correlation of input and output signals based on 

identification theories. Table 2.3 also summarizes the automatically calculated 

fitness rates which are selected by several methods. 

Table 2.3. Fitness rate of models for the yaw angle motion dynamics 
Model candidate Fitness ratio (%) 

2 poles 52.5 
Process model (2 poles with delay) 51.05 

1 pole 1 zero 43.46 

 
Figure 2.24. The measured and simulated of the yaw angle response 
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altitude and yaw angle motion dynamics of the single DUAV system have been 

successfully identified using experimental data and computational software. 
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Chapter 3. Altitude Control Design Using 
Extension of Pole-Placement with 
Feedback Linearization and Fuzzy 
Law 

3.1 Introduction 

In the previous chapter, the mathematical modeling of the altitude of the single 

DUAV system was successfully identified, as well as the physical parameters. 

However, the altitude motion is natural high nonlinearity, large uncertain 

perturbations, and disturbance. Henceforth, the good control performance may be 

difficult to be obtained by the conventional sliding mode control and PID methods.  

Based on the mentioned facts, this chapter introduces a new approach of 

extension of pole-placement control (PPC) by combining the pole-placement [50, 51] 

and feedback linearization control [52, 53] with fuzzy law (F-PPFC) [54]. The F-

PPFC method solves the problems such as reducing the chattering phenomenon and 

arbitrarily exploiting the numeric control gains by the fuzzy law. More interestingly, 

the advantages of this method are the separation from physical parameters and the 

convergence of the tracking altitude error in a shorter time [55]. Generally, the 

stability of the F-PPFC control method is guaranteed by the Lyapunov theory. 

Furthermore, to demonstrate the effective and satisfactory performance, the 

comparisons of the performance of the Ziegler-Nichols tuning PID method [56], 

conventional sliding mode control, and the F-PPFC controller is implemented by the 

simulation and experiment tests for the altitude motion. Finally, the root means 
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Moreover, the errors of the altitude position, the control signals, and the velocity of 

the single DUAV system are presented in Figure 3.6 ~ Figure 3.8, respectively. 

More interesting, the special of the F-PPFC is that the control gains can be 

adjusted as following the errors of the altitude performance. The characteristic of the 

control gains k  and �G are introduced in Figure 3.9 and Figure 3.10, respectively. 

Therefore, the F-PPFC method provides a flexible approach to control the altitude 

of the single DUAV with the separation of physical parameters and fuzzy law. 

Besides, Figure 3.11 presents the phase portrait of the F-PPFC and C-SMC methods. 

The phase portrait of F-PPFC is either a more stable node or stable focus than the 

conventional SMC. That means the stability of the F-PPFC scheme oscillates small 

range altitude error and quickly slides to the equilibrium point. For a more clear 

process, the evaluation results of the RMSE are summarized in Table 3.4. Herein, 

the F-PPFC method has improved by 11.41% and 20.71% of the control performance 

compared to the PID and C-SMC, respectively. 

Table 3.4. RMSE values of the controllers 
 PID C-SMC F-PPFC 

RMSE values 12.7205 14.213 11.269 
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Figure 3.5. The detailed altitude tracking performance of the single DUAV 

 
Figure 3.6. The altitude tracking error of the controllers 
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Figure 3.7. The control signal of the controls 

 
Figure 3.8. The velocity of the single DUAV system 

 
Figure 3.9. The characteristic of the control gain k 
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Figure 3.12. The scaled DUAV system in the controlled altitude 

3.4.2 Experiment results 

Figure 3.13 presents the effectiveness and satisfactory performances of the 

dynamic tracking altitude performance based on the designed controllers. Similar to 

the simulation test, the F-PPFC, C-SMC, and PID work well and are effective with 

enhanced tracking performances. Furthermore, the F-PPFC method preserves a more 

stable and better convergence response than the other methods, as seen in Figure 

3.14. Herein, the independence of physical parameters of the system is clearly the 

advance of the F-PPFC control. Subsequently, Figure 3.15 and Figure 3.16 illustrate 

the control signal of the controllers and the PWM of the actuator, respectively. 

Similarly, the F-PPFC method provides superior performance such that it 

governs the chattering phenomenon and the state reaches the equilibrium point in a 

short time by using the fuzzy law. The control gains of F-PPFC are designed by the 

fuzzy law based on the error altitude variables of the single DUAV system. The 
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characteristics of control gains are shown in Figure 3.17 and Figure 3.18. Besides, 

Figure 3.19 shows the experimental phase portrait of the F-PPFC and the SMC. The 

experimental phase portrait of the F-PPFC method properly verifies either a more 

stable node or stable focus than the conventional SMC. Therefore, the stability of the 

single DUAV system is evidently guaranteed. 
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Figure 3.13. The detailed altitude tracking performance in the experiment 
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Figure 3.14. The experimental altitude tracking error of the controllers 

 
Figure 3.15. The experimental control signal of the controls 

 
Figure 3.16. The PWM signal of the single DUAV actuator 
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3.5 Summary 

In this chapter, an altitude control design for the single DUAV system was 

presented. The altitude position in cases of landing down and taking off was 

controlled by the single thrust force. Moreover, this chapter has introduced a new 

approach of extension of pole-placement with feedback linearization method with 

fuzzy law. It gave solutions to the problems such as governing the chattering 

phenomenon and arbitrarily exploiting the control gains based on the tracking error 

of the single DUAV system by the fuzzy law. And, the F-PPFC method could 

separate with the physical parameter of the system. Moreover, both simulation and 

experimental results were demonstrated to validate the effectiveness and satisfactory 

performances of the F-PPFC controller.  
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Chapter 4. Angular Motion Control Design 
Using Robust Adaptive Pole 
Placement Scheme in Presence of 
Bounded Disturbance 

4.1 Introduction 

Attaining controllable motion of a single ducted-fan unmanned aerial vehicle 

system (DUAV) is not an easy task because of the presence of uncertain parameters 

and unknown disturbance. In particular, the angular motion has kept the desired 

position before the beginning of the landing process that dominates playing a crucial 

role in the recalling mission of the single DUAV system. However, uncertainties and 

disturbance are always existing in controlling the single DUAV system while the 

identification of the dynamic model does not fully describe the real system. 

Based on the aforementioned issues, this chapter proposes a new approach to 

combining a robust adaptation law [59, 60] and pole placement control [61-63] 

(RAPPC) to handle the uncertainties and unknown disturbance. The adaptation with 

the sigma-modification law [62, 64] is used to compensate for the uncertainties and 

bound unknown disturbance. Besides, the proposed RAPPC scheme guarantees the 

characteristic polynomial variable to be uniformly ultimately bounded (UUB) using 

the Lyapunov stability theory. Simulation tests with the proposed RAPPC control, 

RAPPC without sigma-modification law (APPC), and a PID control system are 

conducted to enhance the efficiency of the new approach method. Consequently, 
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Figure 4.2. Simulation tracking performance of the yaw angle 

 
Figure 4.3. The yaw angle errors 

 
Figure 4.4. The control signals: A (RAPPC) and P (PID) 
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