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 Background: Quad-rotor MAV is a potential tool for many kind of application ranging 

from civil to military application. Due to its small size, MAV is difficult to be 

controlled, especially when certain kinds of disturbance appears, e.g. wind gust. An 
accurate model is needed to be developed to construct a robust controller. Objectives: 

This paper describes a new method for positioning control of a quad-rotor MAV. The 

position is obtained from a motion tracking system which has accuracy in mm range. 
This information is then combined with a Linear Quadratic Gaussian (LQG) controller 

for the position control. Result: The experiment shows that the system has very good 

performance. The achieved accuracy of the position control is about 10 mm. 
Additionally, while the platform is given a reference which is generated randomly from 

another object which acts as a leader, the platform can follow the given trajectory. In 

the future, the model obtained in this work can be applied for the formation flight 
control of more than one quad-rotor MAV.  
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INTRODUCTION 

 

 Research on Unmanned Aerial Vehicles, UAVs and Micro Aerial Vehicles, MAVs has rapidly increasing in 

over the past several years. This is since UAVs-MAVs have many advantages not only in the field of military 

and reconnaissance, but also for applications such as terrain and utilities inspection, disaster monitoring, 

environmental surveillance, search and rescue, law enforcement and traffic surveillance, communication relay, 

media services and remote sensing, planetary exploration, agriculture, indoor application and etc.(Nonami et al., 

2010; Kendoul et al., 2007)  

 Research on UAV - MAV is varying from the design of the platform (Pounds et al., 2002; Nice et al., 2004; 

Pounds et al., 2004), modeling and control (Nonami et al., 2010; Boubdallah et al., 2004; Pounds et al., 2006; 

Hoffman et al., 2007; Hoffman et al., 2008; Kendoul et al., 2009), vision based autonomous flight(Nonami et 

al., 2010; Altug et al., 2003; S.Azrad et al,. 2010; Pebrianti et al., 2010; Kendoul et al., 2009), GPS based 

autonomous flight (Nonami et al., 2010; Puls et al., 2009), IR and ultrasonic based autonomous flight (Iwakura 

et al., 2010}, indoor and outdoor application, etc.  

 Due to its size, controlling an MAV is a challenging task. In order to develop an accurate controller, a 

model that represents the nature of the MAV should be derived. This paper describes a new method which is 

using a motion tracking system in order to collect the data for deriving a model of a quad-rotor MAV. The 

motion tracking system is known to have accuracy in mm range. By using this motion capture system, not only 

the dynamics model of the aerial vehicle and the development of the controller, but also the development of 

coordination control algorithm between aerial and ground vehicle was conducted in this research.  

 This paper is organized as follows. Section II will describe the platform and overall system architecture 

used in this research. Section III will discuss the development of MAV model and the controller used in the 

experiment. Section IV will be the experimental result and discussion. Conclusion and Future Works will be 

discussed in Section V. 
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Experimental Setup and Methods: 
 The platform used in this research is an off-the-shelf quad-rotor type MAV, X-3D-BL platform from 

Ascending Technology.  

 The platform was chosen because it is advantageous of light weight, good durability when minor crashes 

happened, and its high performance in terms of payload and stability required for the control.  

 A Vicon MX motion capture system provides position and attitude data for the vehicle in the testbed 

(Vicon, 2006). By attaching lightweight reflective markers to the vehicle's structure, the motion tracking system 

tracks and computes vehicle's and other object's position and attitude at 100 Hz.  

 The Vicon motion capture subsystem is composed of 8 cameras, 1 MX Ultranet units, and a Windows 7 

based server PC. The cameras are connected to an MX Ultranet unit through a proprietary network. The 

Windows 7 based server PC is also designed to be a development PC as well.  

 The system architecture used in this research is shown in Figure 1. While, Figure 2 shows the quad-rotor 

MAV while in the autonomous flight by using the motion capture system. 

 
Fig. 1: System Architecture. 

 
Fig. 2: Autonomous Flight of a Quad-rotor Using Motion Tracking System. 

 

Mav Model and Controller:  
 In this section, we will discuss about the development of attitude, orientation, horizontal position and 

altitude model of the quad-rotor MAV.  

 The basic motion of a quad-rotor is generated by tilting the helicopter. As the rotor speeds decrease, the 

helicopter tilts toward that direction, which enables acceleration along that direction. For this reason, control of 

tilt angles and the motion of the helicopter are closely related and estimation of the attitude (roll and pitch) is 

critical.  

 The system is divided into two loops, which is inner-loop for attitude control and outer-loop for position 

control. The block diagram of the system is shown in Figure 3.  

 

1. Attitude and Orientation Model:  
 Firstly, attitude model for roll and pitch and orientation model, yaw is designed. The data was obtained 

from manual flight conducted by a professional RC flyer.  

 The input of the system is the change of roll, pitch and yaw channel value from the joystick which is 

available in PPM signal, while the output of the system is the angular velocity. We assumed that the relationship 

between the input and the output data is 2nd order with time delay. The equation is shown in Equation (1). From 

the angular velocity, we applied an integrator in order to get the angular data. 

          (1) 

with Y(s) is the output, angular velocity and U(s) is the input which is the change of roll, pitch and yaw channel 

value from the joystick. For each roll, pitch and yaw, the values of K, ω, ζ and Td are shown in Table 1. The 

model verification is shown in Figure 4. 
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Fig. 3: Block Diagram of (a) X, Y and (b) Z Control Loop.  

 
Table 1: Parameter Values for Attitude and Orientation Model. 

  
 

2. Position Model:  
 The position controller is considered to have three plants. First is the X position model which is influenced 

by the change of pitch angle. Second is Y position model which is influenced by the change of roll angle. And 

last is the Z position model which is influenced by the change of thrust applied on the quad-rotor.  

 

2.1 Horizontal Position Model:  
 The horizontal position model is designed by considering that the movement along X and Y position is 

affected by the change of pitch and roll angle, respectively.  

 As mentioned in Figure 3, there are two loops when we conduct the control of quad-rotor. The position 

control is the outer loop of the system. The inner loop which is the attitude control gives reference attitude angle 

for the outer loop.  

 Boubdallah mentioned that the model of acceleration along X and Y axis is expressed in Equation (2). 

(Bouabdallah et al., 2004)  

 

        (2) 

Therefore, the model from angle to position is simply derived by using Equation (3). 

 

          (3) 

 

with g is the gravitational acceleration. The values of position X and Y, the values of pitch and roll angle, θ and 

ϕ and the values of angular velocities ̇ and    can be measured.  

The model verification for both X and Y position rate model is shown in Figure 5 (a) and (b). 

 

2.2 Altitude Model:  
 Different from the X and Y, the Z position model is derived from the change of throttle as the control input. 

From the change of throttle to the linear velocity along Z direction is modeled by a first order system as shown 

in Equation 4. From the linear velocity to the Z position is modeled simply by using an integrator. 

 

          (4) 

 

with Y(s) is the output which is linear velocity along the Z direction and U(s) is the input which is the change of 

throttle. The parameters kp, tp are 1.130 and 0.081, respectively.  

The verification of Z position rate model is shown in Figure 5 (c). 
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Fig. 4: Attitude Rate and Orientation Model Verification.  

 
Fig. 5: Position Rate Model Verification (a) X rate (b) Y Rate and (c) Z Rate.  

 

3. Linear Quadratic Gaussian Controller:   
 The controller for attitude, orientation and positions are derived by using optimal state feedback control. 

Basically, all of the models can be written in general form as shown in Equation (5). 

 

          (5) 

 

 In order to design the Linear Quadratic Gaussian controller, a new state condition which is an integration 

error between reference and output yn(t) = Cnx(t) is constructed, xr(t) = ∫(r-yn(t))dt. Therefore, the extended 

system is shown in Equation (6). 
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         (6) 

It is considered that the state feedback control input is as shown in Equation (7). 

 

        (7) 

Q and R are selected so that the cost function, Equation (8) is minimal. 

 

        (8) 

Where [ ]T T

a rx x x . 

 Since the controller is based on state feedback, there is a need to feedback all the state conditions. However, 

not all the state conditions of the system can be measured. Therefore, for the state conditions that cannot be 

measured, Kalman filter is used for the estimation. The block diagram of the system is shown in Figure 6. 

 
Fig. 6: Block Diagram of LQG Controller. 

 

RESULTS AND DISCUSSION 
 

 In this section, we will discuss about the experimental result of the designed controller.  

 We conducted the experiment indoor. The conducted experiment is including the autonomous hovering, 

autonomous horizontal and vertical circle trajectory following and the random trajectory following.  

 

1. Autonomous Hovering:   
 The procedure of the experiment is to guide the quad-rotor to do autonomous take-off. After it reaches a 

600 mm of height, then it will be commanded to conduct an autonomous hovering. The result of X, Y and Z 

position is shown in Figure 7. From this result, one can see that the performance of the designed controller is 

very good with the accuracy of 20 mm on the X position, 100 mm on the Y position and below 40 mm on the Z 

position.  

 The plot of X versus Y position is shown in Figure 8. Here, one can see that the performance of the system 

is good, where the hovering data is inside a circle with radius 60 mm. 

 

2. Autonomous Circle Trajectory Following:  
 In this experiment, we evaluated the designed controller to conduct a circle trajectory following task. The 

circle trajectory is divided into two which is the horizontal circle and vertical circle.  

 

2.1 Horizontal Circle:   
 The updated trajectory is on the X and Y position while the Z position is constant. The equation of the 

trajectory is shown in Equation (9). 

 

         (9) 
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where t is the time for updating the new position of the trajectory and r is the radius of the circle, assigned to be 

500 mm.  

 The time plot of X, Y and Z position during the horizontal circle trajectory is shown in Figure 9. While the 

X and Y position is shown in Figure 10.  

 

 
 

Fig. 7: X, Y and Z Position During Autonomous Hovering.  

 

 
Fig. 8: X Vs Y Position During Autonomous Hovering.  

 

 From this result, one can see that the system can follow the given trajectory. It can be said that the 

controller has a quite good performance. Additionally, from Figure 10, one can see that the trajectory of the 

system is more or less looked like a circle with 500 mm of radius. However, there is still some overshoot when 

the position is changing and delay appears in the experiment which is 0.5 second and 1.3 second on the X and Y 

axis, respectively. 

 

2.2 Vertical Circle:  
 In case of the vertical circle trajectory, the updated trajectory is on the Y and Z position while the X 

position is constant. The same as the horizontal circle, the equation for updating the trajectory is shown in 

Equation (10). 
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         (10) 

 

where t is the time for updating the new position of the trajectory and r is the radius of the circle, assigned to be 

500 mm.  

 
Fig. 9: X, Y and Z Position During Autonomous Horizontal Circle Trajectory Following. 

 
Fig. 10: X Vs Y Position During Autonomous Horizontal Circle Trajectory Following. 

 

 The time plot of X, Y and Z position during the horizontal circle trajectory is shown Figure 11. While the Y 

and Z position is shown in Figure 12.  

 From this result, one can see that the controller has a quite good performance where the system can follow 

the given trajectory. However, there is delay appears when the system follow the given trajectory. From Figure 

12, one can see that the trajectory of the system is more or less looked like a circle. However, the quad-rotor still 

cannot follow the trajectory accurately. 

 

3. Autonomous Random Trajectory Following:  
 The next experiment is a random trajectory following. In this experiment, we used another object which 

acts as a dummy leader, in order to guide the platform to follow the given trajectory. The leader which is a cube 

is first tracked by the motion capture system. The detected X and Y position of the leader will be the X and Y 

position reference for the quad-rotor, respectively. The leader is placed on the ground, which makes the Z 

position is 0 mm. We set the distance on the Z position between the leader and the quad-rotor is 600 mm. 
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Therefore, the equation of the platform position reference is shown in Equation (11). The process is illustrated 

by using Figure 13. 

 

        (11) 

 

where XRef, YRef, ZRef  are X, Y, and Z reference for quad-rotor, respectively. While XLeader, YLeader and ZLeader are 

the X, Y and Z position of the leader, respectively.  

 

 
Fig. 11: X, Y and Z Position During Autonomous Vertical Circle Trajectory Following. 

  

 
Fig. 12: Y Vs Z Position During Autonomous Vertical Circle Trajectory Following. 

 

 The result of X, Y and Z position is shown in Figure 14. Here, one can see that the performance of the 

system is very good. The quad-rotor can follow the leader. However, there is still some vibration which is about 

100 mm on the X axis, 150 mm on the Y axis and 60 mm on the Z axis. Additionally, one can observe about 10% 

of overshoot on the X and Y position when the position is changing. 

 

 
 

Fig. 13: Illustration of Random Trajectory Following Process. (a) Dummy Leader (b) Quad-rotor.  
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Fig. 14: X, Y and Z Position During Random Trajectory Following.  

 

Conclusion:  
 In this paper, we designed a quad - rotor model and a controller for accurate positioning purpose.  

 The model for quad-rotor type MAV was designed. The verification between model and the real input – 

output data showed an accurate result. The Linear Quadratic Gaussian (LQG) controller was designed for the 

purpose of autonomous hovering, autonomous trajectory tracking and preliminary leader following task.  

 The experiment on the autonomous hovering, autonomous circle trajectory following and a prelimenary 

step on the leader follower experiment showed a good result.  

 On the autonomous hovering, the accuracy achieved is 20 mm on the X position, 100 mm on the Y position 

and 40 mm on the Z position. During the horizontal and vertical circle trajectory following and also the random 

trajectory following, which is here considered as the preliminary step for the leader follower experiment, the 

accuracy of the controller is around 100 to 150 mm on the X and Y axis which is considered to be good enough. 

However, in order to do more complicated task such as autonomous recharging task, a more precise position 

controller should be designed. This task will be our future work. Additionally, a leader follower algorithm will 

be developed as the other future work.  
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