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Abstract :—This paper deals with the development of a flight 

controller in order to stabilize the roll motion of a vertical take-

off and landing unmanned air vehicle (VTOL-UAV) during 

hover flight. Using Newton Euler approach, a dynamic model is 

firstly described then a Proportional-Integral and Derivative 

regulator for the stabilization of the VTOL aircraft in the 

vertical plan is synthesized. Next, simulations are carried out in 

order to test the regulator performances.  Finally, the proposed 

control law is executed in real time by an AtMega2560 micro-

controller which is built in an Arduino module in order to 

stabilize the roll motion of a balance platform. 
Keywords—VTOL aircraft; roll control; digital PID techniques.  

 

1-Introduction: 

 

     The use of planes onboard a naval vessel is very important 

for the projection of the naval forces and the increase of the 

action range. Hence, the necessity of deploying big ships 

equipped with long runways that could exceeds the ship’s 

length in order to be able to embark fixed wings planes. A 

remedy for this issue, is the use of vertical take-off and 

landing aircrafts. 

Due to the transition mechanism and airframe VITOL 

aircrafts can be generally classified into two main types [9]: 

Convertiplanes and Tail-Sitters. 

A convertiplane is an aerial vehicle that takes off, cruises, 

hovers and lands with remaining horizontal, it  means that 

the main body configuration does not change during flight as 

Tilt-Rotors [10] and Tilt-Wings [11]. 

A Tail-sitter is an aircraft that takes off and lands vertically 

and the aircraft main body tilts forward using differential 

thrust or control surfaces to flight horizontally; as Control 

Surface Transitioning Tail-sitters (CSTT) [12] and 

Differential Thrust 

Transitioning Tail-sitters (DTTT) [13]. 

In addition to the operability onboard small platforms, 

VTOL aircraft offers several advantages such as high energy 

autonomy in comparison with multirotor aircraft.  

 

The development of unmanned aerial vehicles (UAVs) 

has increased during the last few years, due to their wide 

range applications in both military and civilian. One of the 

latest trends in the UAV’s technology is the development of 

mini aerial vehicles with vertical take-off and landing 

capabilities that are deployable even when no landing 

runway is available. 

Also, many autopilot systems are designed based on classical 

control techniques. These control methods can be found in 

many flight controls studies such as [4,5]. Modern control 

techniques are also used in UAVs autopilot applications [6]. 

Fuzzy logic control was used too in order to control aircraft 

in [7]. Besides, in his project, Octavio Garcia [8] has 

presented a nonlinear control strategy based on Saturated-

Proportional-Integral and Derivative technique. 

The tail-sitter VTOL aircraft shows a natural unstable 

behavior in vertical flight according to previous projects so, 

the manual control is a difficult task. Therefore, this paper 

aims to design a regulator in order to stabilize the roll 

position of the tail-sitter VTOL aircraft during hover flight.  

 

The paper is organized as follows. Section 2 presents the 

dynamic model obtained using the Newton-Euler approach. 

The roll control strategy is developed in section 3. The 

simulation results of the proposed roll control strategy 

applied to the system are given in section 4. Finally, the 

experimental platform and the embedded system were 

described and the real-time experimental results of an 

autonomous stabilized flight of the two-rotor mini UAV 

were discussed. 

 
Figure 1: VTOL mini aircraft 

2- Dynamic model of the tail-sitter VTOL aircraft: 

 

In this section, a modeling approach of a VTOL aircraft 

will be presented. The VTOL aircraft is considered to be a 

solid plane moving in aerospace, it is submitted to torques 

(4) 
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and forces applied to its body depending on the type of flying 

object considered [3].  

 

The VTOL aircraft requires high accuracy during landing 

and take-off maneuvers so these flying objects must be 

designed to control their roll, pitch and yaw motion in small 

area, the objective of this paper is to design a regulator that 

can stabilize the VTOL aircraft during hover flight by 

controlling its rolling motion. Firstly, the dynamic model for 

the VTOL system is described. This model is inspired from 

[1], and it was derived under the following approximations:  

- The aircraft is assumed to be operated over a small local 

region on earth which justifies the utilization of the Flat-

Earth model equations [2]. 

- The blade mass is neglected.  

(Fig.2) shows the VTOL aircraft to be modeled using 

Newton’s classic motion equations. 

Let the north-east-down NED coordinate system (𝑥, 𝑦, 𝑧) be 

the inertial reference frame (𝑛 − 𝑓𝑟𝑎𝑚𝑒) and let the 

(𝑋, 𝑌, 𝑍) be the body fixed frame(𝑏 − 𝑓𝑟𝑎𝑚𝑒). 

 
Figure 2: Studied VTOL aircraft and coordinate system 

The orientation of the VTOL aircraft in the (n-frame) is given 

by the three Euler angles 𝜂 =  ( 𝜙  𝜃  𝜓) 𝑇 which are the 

classic yaw, pitch and roll Euler angles commonly used in 

aerodynamic applications. 

The position of the center of mass of the rigid body relative 

to the (n-frame) is 𝜉= (𝑥, 𝑦, 𝑧). 

Using Newton’s classic equations of motion, the dynamic 

model of a rigid object evolving in aerospace is:  

𝜉̇ = 𝑅𝑉                                      (1) 

�̇� = 𝑊𝜂Ω                                    (2) 

𝑚�̇� = −Ω ×𝑚𝑉 + 𝐹                        (3) 

𝐽Ω̇ = −Ω × 𝐽𝑉 + 𝜏                           (4) 

With 

𝑅 = (

𝑐𝜃𝑐𝜓 𝑠𝜙𝑠𝜃𝑐𝜓 − 𝑐𝜙𝑠𝜓  𝑐𝜙𝑐𝜃𝑐𝜓 + 𝑠𝜙𝑠𝜓
𝑐𝜃𝑠𝜓 𝑠𝜙𝑠𝜃𝑠𝜓 + 𝑐𝜙𝑐𝜓  𝑐𝜙𝑠𝜃𝑠𝜓 − 𝑠𝜙𝑐𝜓
−𝑠𝜃 𝑐𝜃𝑠𝜙 𝑐𝜃𝑐𝜙

): the 

orientation of the airframe relative to the fixed inertial 

frame where 𝑐𝑎 (respectively 𝑠𝑎) denote cos(a) 

(respectively sin(a)). 

 

�̇� = (�̇� �̇�  �̇�)𝑇: The angular velocity in the local 

inertial system (n-frame). 

𝑊𝜂 = (

1 𝑡𝜃𝑠𝜙 𝑡𝜃𝑐𝜙
0 𝑐𝜙 −𝑠𝜙
0 𝑠𝜙/𝑐𝜃 𝑐𝜙/𝑐𝜃

): The transformation of the 

angular velocity generated by a sequence of Euler rotations 

from the body to the local reference system during hover 

flight where  𝑡𝑎 denote tan(a). 

𝑚: Total mass of the VTOL aircraft. 

𝑉 = (𝑢 𝑣 𝑤)𝑇: The speed vector of rigid body center of 

mass relative to body frame (b-frame).  

Ω=(𝑃 𝑄 𝑅)𝑇  :The angular velocity in the body frame. 

𝐽 : The inertia matrix of the flying body. 

𝐹 : The external thrust applied to the VTOL aircraft center 

of mass in the body frame. 

𝜏 =(𝐿 𝑀 𝑁)𝑇 :The torques applied to the VTOL aircraft 

center of mass in the body frame. 

The set of attitude equations can be obtained using equations 

(2) and (4). 
According to equation (2) we have: [1] 

 

�̇� = (

𝑃 + tan 𝜃 (𝑄 sin 𝜃 + 𝑅 cos𝜙)
(𝑄 cos𝜙 − 𝑅 sin𝜙)

(𝑄 sin𝜙 + 𝑅 cos 𝜙)/ cos 𝜃
)                 (5) 

 

The inertia matrix is defined by 

𝐽 = (

𝐽𝑥 0 0
0 𝐽𝑦 0

0 0 𝐽𝑧

)                              (6) 

 

The equation (4) can be written as: 

 

Ω̇ =

(

  
 

(𝐽𝑦−𝐽𝑧)𝑄𝑅

𝐽𝑥
+

𝐿

𝐽𝑥
(𝐽𝑧−𝐽𝑥)𝑅𝑃

𝐽𝑦
+
𝑀

𝐽𝑦

(𝐽𝑥−𝐽𝑦)𝑃𝑄

𝐽𝑧
+
𝑁

𝐽𝑧)

  
 

                            (7) 

Then the dynamic model is used to express and represent the 

behavior of the system over time, a regulation of the roll 

angle will be presented in the following section.  

 

3 - roll control 

 

This section presents the roll control of the VTOL aircraft 

during hover flight. The pitch and yaw motion would be 

stabilized with adequate control laws: 

𝑄 = 𝑅 = 0                                   (8) 

Therefore, using the equations (7) and (8), the rotational 

dynamics for the roll angle can be represented by: 

�̈� = 𝐿/𝐽𝑥                                    (9) 

𝑥 
𝑦 

𝑧 
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where, the sum of moments 𝐿 can be calculated as follows: 

𝐿 = 𝑢𝑐(𝑡)𝑑 − 𝐶𝐿 �̇�                          (10) 

With  

𝑢𝑐(𝑡) = F = 𝑓1 − 𝑓2 the force difference between the right 

and left rotor. 

𝑑 : the distance from the center of mass to each rotor. 

The roll rate products an aerodynamic moment −𝐶𝐿 �̇� 

opposing to the roll moment with a roll damping 

derivative 𝐶𝐿. 
Equations (9) and (10) give us: 

 

�̈� = (𝑢𝑐(𝑡)𝑑 − 𝐶𝐿 �̇�)/𝐽𝑥                     (11) 

 

Using (10) and applying the Laplace transform, the 

following transfer function for the roll angle is obtained: 

 

𝐻(𝑠) =
𝜙(𝑠)

𝑈𝑐(𝑠)
=

𝑑/𝐽𝑥

𝑠2+(𝐶𝐿/𝐽𝑥)𝑠
                     (12) 

 

Then, using the transfer function expressed in (11), the 

control loop system shown in the following Figure (Fig.3) is 

proposed to stabilize the roll angle. 

 
 

 

 

The transfer function of the control loop system is given by: 

 
𝜙(𝑠)

𝜙𝑑(𝑠)
=

𝐶(𝑠)𝐻(𝑠)

1+𝐶(𝑠)𝐻(𝑠)
                            (13) 

 

With  

𝐶(𝑠) = 𝐾𝑝 + 𝐾𝑖
1

𝑠
+ 𝐾𝑑𝑠 : Transfer function of the PID 

regulator. 

 

4 – Simulation 

 

To show the behavior of the system control roll stabilization, 

a simulation of the model has been run using Matlab and 

Simulink (Fig.4).  

During this simulation, the 𝐾𝑝, 𝐾𝑑and 𝐾𝑖 values are chosen 

by pole placement method (all poles are equal to -10):  

We found that: 

 

𝐾𝑝 =
300𝐽𝑥
d

  ;   𝐾𝑖 = 1000
𝐽𝑥
d
  ;   𝐾𝑑 = 𝐽𝑥

30 − 𝐶𝐿
𝑑

 

 

The desired roll angle was equal to 0 degrees and the initial 

roll angle of the system was chosen equal to   −5 degrees. 

 

 
 

Figure 4: Block diagram 

From Fig.6, the roll angle error shows a rapid convergence 

toward zero, hence the roll control which is based on the PID 

is performant. 

 

Figure 5: Evolution of the roll control 

 

Figure 6: Evolution of the roll angle error 

Figure 3: Roll Control Loop. 
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Figure 7: Evolution of the roll angle 

 
5 - Experimental test 

 

In this section, qualitative results of a roll stabilization test 

of the VTOL aircraft are discussed. 

 

5-1- Description of used platform 

 

A platform which is represented in (Fig.8) by a balance 

system with two contra-rotating brushless electric AC 

motors is fabricated and connected to microcontroller in 

order to implement and test our regulator. 

Today’s flight control systems have many hardware 

sensors like gyroscope, accelerometer modules, GPS, 

barometric pressure sensors and airspeed sensors which are 

connected on micro-controller. The gyroscope and 

accelerometer sensors are used together to detect any 

movement (roll and pitch) on each of the 3 axes, usually it 

gives back rotation velocity and acceleration values of the 

drone, using those values, the roll and pitch angle are 

calculated in each moment. 

Our goal is to regulate the balance roll angle. In this project 

we will use an inertial movement unit IMU module like the 

MPU6050 which is a device capable of measuring the 

acceleration and rotation velocity. Generally, it consists of 

an accelerometer and gyroscope. Therefore, an IMU does not 

measure directly angles. However, it requires some 

calculations in order to obtain these angles. 

Then, the use of a filter is very important to eliminate 

noise and error. The filter that we are going to use is known 

as complementary filter. It is ideal to implement with 

Arduino; easy to use, with low processing cost and good 

precision. This filter is actually a union of two different 

filters: a high-pass filter for the gyroscope and a low-pass 

filter for the accelerometer. In our case we will take just 98% 

of the angle obtained with the gyro data and 2% of the angle 

obtained with the acceleration data. 

So, to get the best setting of the two motors velocity, an 

adequate value of P, I and D constants should be chosen. 

Each of these three constants will affect the PID control. The 

process of finding the perfect values of P, I and D is 

subsection below. 

 

 
Figure 8: Platform top view 

To obtain a more flexible system, the balance system 

architecture is controlled within only one processing unit. 

The control decisions that should be executed in real time are 

performed by a dedicated micro-controller, an AtMega2560, 

which is built in an Arduino module. This Arduino module 

is used to link actuators (two-rotors) to the sensor (IMU) 

through control laws (PID). 

 

5-2- Digital PID design  

 

A proportional-integral-derivative controller (PID 

controller) is a control law mechanism commonly used in 

industrial control systems. A PID controller continuously 

calculates an error 𝑒(𝑡) as the difference between a desired 

setpoint and a measured process variable (roll angle given by 

IMU) and it applies a correction based on proportional, 

integral, and derivative terms. 

In this project we will use this mechanism to control the 

two-rotors in order to stabilize our mini UAV. We will 

control the inclination angle of the balance (the desired roll 

angle will be equal to zero), which means that the drone will 

be perfectly horizontal. 

By using data from IMU, the real inclination angle of the 

balance was calculated. After that, we have to compare the 

calculated angle with the desired one which is equal to zero. 

 

The two rotors controller is responsible for adjusting the 

balance inclination with respect to the desired angle. For this 

raison, the actual angle 𝜃 given by the IMU and the desired 

inclination 𝜃𝑑 are compared. The last one is given by radio 

transmitter (desired inclination). This generates an error that 

should be reduced at each iteration (14) of the algorithm due 

to the action of a PID controller. The control action 𝑢𝑘 is 

calculated with the following equations: 

 

𝑒𝐾 = 𝜙𝑑 − 𝜙𝑘 

𝑃 = 𝑘𝑝𝑒𝐾 

𝐼𝑘 = 𝐼𝑘−1 + 𝑘𝑖𝑇𝑒𝐾  

𝐷 = 𝑘𝑑(𝑒𝐾 − 𝑒𝐾−1) 
(14) 

User1
Typewritten Text
International Journal of Control, Energy and Electrical Engineering (CEEE)Vol.7 pp.22-27

User1
Typewritten Text
Copyright IPCO-2019ISSN 2356-5608



5 
 

𝑢𝑘 = 𝑝 + 𝐼𝑘 + 𝐷 

𝑒𝐾−1 = 𝑒𝐾 

 

where P, I, D, 𝑘𝑝, 𝑘𝑖 and 𝑘𝑑 are respectively the proportional 

action, integral action, derivative action, proportional gain, 

integral gain and derivative gain. 𝑒𝐾 is the error between the 

desired roll angle 𝜙𝑑 and the actual roll angle 𝜙𝑘 and T is the 

sample time of the system, 𝑒𝐾−1 is the previous error. 

We could observe that the PID controller works well in the 

balance system and a fine tuning is performed in order to get 

the final values of 𝑘𝑝, 𝑘𝑖 and 𝑘𝑑, such that the balance 

behaves as desired performance. After some tests, we found 

the values of 𝑘𝑝= 5, 𝑘𝑖 = 0.01 and 𝑘𝑑 = 2.6.  

The left rotor controller is given by: 

 

𝑉𝑙𝑒𝑓𝑡 = 𝑉0 + 𝑢𝑘                             (15) 

Where 𝑉0 is the initial rotors throttle and 𝑉𝑙𝑒𝑓𝑡is the left rotor 

throttle. 

The right rotor controller is given by: 

 

𝑉𝑟𝑖𝑔ℎ𝑡 = 𝑉0 − 𝑢𝑘                            (16) 

 

With 𝑉𝑟𝑖𝑔ℎ𝑡  the right rotor throttles.  
The following figure (Fig.9) shows a real time response of 

the balance platform after a disturbance application.  

  

 
Figure 9: Real time response of the balance platform 

 

 

CONCLUSION 

 

In this paper, a mathematical model describing the 

dynamic motion of a tail-sitter VTOL aircraft was presented 

using Newton Euler formulation. This model is an adequate 

mathematical presentation in order to apprehend the VTOL 

aircraft dynamic motion during hover flight. The PID 

controller is employed to perform roll control for the system. 

The simulation results show that the used control 

technique gives good results in terms of regulation. After the 

validation of the proposed control law through simulation, 

the results are supported by experimental tests. Future work 

in this area includes a stabilization of the pitch and yaw angle 

in addition to the test of the aerospace stabilization position 

of the mini aircraft.  

 

 References 

 

[1] Wong, K. C., Guerrero, J. A., Lara, D., & Lozano, R. 

(2007, October). Attitude stabilization in hover flight 

of a mini tail-sitter UAV with variable pitch propeller. 

In Intelligent Robots and Systems, 2007. IROS 2007. 

[2] B.L. Stevens and F.L. Lewis, Aircraft Control and 

Simulation, John Wiley and Sons, New Jersey USA; 

2003. IEEE/RSJ International Conference on (pp. 

2642-2647). IEEE. 

[3] CASTILLO P., LOZANO R. and DZUL A., 

Modelling and Control of Mini-Flying Machines, 

Springer-Verlag, London, 2005 

[4] MCLEAN, Donald. Automatic flight control 

systems(Book). Englewood Cliffs, NJ, Prentice Hall, 

1990, 606, 1990. 

[5] NELSON, Robert C. Flight stability and automatic 

control. New York : WCB/McGraw Hill, 1998. 

[6] MAGNI, Jean-François, BENNANI, Samir, et 

TERLOUW, Jan (ed.). Robust flight control: a design 

challenge. Berlin : Springer, 1997. 

[7] BOSSERT, David et COHEN, Kelly. Fuzzy logic 

non-minimum phase autopilot design. In : 2003 

AIAA Guidance, Navigation, and Control 

Conference and Exhibit. 2003. 

[8] GARCIA, Octavio, CASTILLO, Pedro, WONG, K. 

C., et al. Attitude stabilization with real-time 

experiments of a tail-sitter aircraft in horizontal 

flight. Journal of Intelligent & Robotic Systems, 

2012, vol. 65, no 1-4, p. 123-136. 

[9] SAEED, Adnan S., YOUNES, Ahmad Bani, ISLAM, 

Shafiqul, et al. A review on the platform design, 

dynamic modeling and control of hybrid UAVs. In 

: Unmanned Aircraft Systems (ICUAS), 2015 

International Conference on. IEEE, 2015. p. 806-815. 

[10] STREETLY, Martin (ed.). IHS Jane's All the World's 

Aircraft: Unmanned: 2013-2014. IHS Global, 2013. 

[11] MURAOKA, Koji, OKADA, Noriaki, et KUBO, 

Daisuke. Quad tilt wing vtol uav: Aerodynamic 

characteristics and prototype flight. In: AIAA 

Infotech@ Aerospace Conference and AIAA 

Unmanned... Unlimited Conference. 2009. p. 1834. 

[12] STONE, R. H. et CLARKE, G. The T-wing: a VTOL 

UAV for defense and civilian 

applications. University of Sydney, 2001. 

5 

0 
Time(s) 

10 

1 2 3 

𝜙° 

User1
Typewritten Text
International Journal of Control, Energy and Electrical Engineering (CEEE)Vol.7 pp.22-27

User1
Typewritten Text
Copyright IPCO-2019ISSN 2356-5608



6 
 

[13] SAEED, Adnan S., YOUNES, Ahmad Bani, ISLAM, 

Shafiqul, et al. A review on the platform design, 

dynamic modeling and control of hybrid UAVs. 

In: Unmanned Aircraft Systems (ICUAS), 2015 

International Conference on. IEEE, 2015. p. 806-815. 

Appendix A.  VARIABLE DESCRIPTION 

Notation value Description 

𝐽𝑥 

𝐶𝐿 
𝑑 

 

0.0144 kg.m2 

0.36 
0.2 m 

- x-axis moment of inertia 

- roll damping derivative. 
- Rotor distance from the 

center of mass. 
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