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Abstract 

Title:  Control Development for Autonomous Landing of Quadcopter on Moving Platform 

Author: Rakhayai Mangsatabam 

Advisor: Tiauw Hiong Go, Sc.D. 

This thesis focuses on the control development for autonomous landing of a quadcopter on 

a moving platform. The object tracking and path following is performed through on-board 

vision-based systems. The goal of the thesis is to develop a controller for autonomous 

landing of a quadcopter and test its fidelity with simulations and experiments. The thesis is 

carried out in two sections, simulation and experiment. The simulation was carried out based 

on the system modeled and a PD (Proportional Derivative) controller was used to simulate 

the quadcopter landing. The simulation was split into three parts, with each part attempting 

to become closer to the experiment in terms of how the current states and desired states are 

observed and computed by the onboard flight controller. The simulation involves targeting 

the marker, following the marker and finally landing on the marker, while ensuring the 

marker is directly below the quadcopter to ensure the quadcopter lands on the marker, while 

the marker is moving. However, the experiments were carried out on a stationary marker. 

The experiments performed were able to validate the simulation results.  
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Chapter 1 

Introduction 

Vertical Take-off and Landing (VTOL) is a desirable trait for flying vehicles. The capability 

of VTOL enables the flying vehicle to access places previous inaccessible. VTOL is most 

commonly observed in rotorcraft vehicles, namely helicopters. However, rotorcrafts are 

usually more complex, possess more degrees of freedom compared to a normal aircraft. Due 

to the complexity of the procedure, assistance from any source often reduces the possibility 

of errors. Autonomous landing of UAVs is being researched to provide an assistance 

and alternative [1].  

Quadcopters or quadrotors is a type of rotorcraft which uses four rotors to produce thrust for 

flight. Quadrotors is not a very new concept as records are available of quad-rotor crafts as 

early as 1907 [2]. These quadcopters were very rudimentary and did not possess appropriate 

flight characteristics. These early quadrotors continued all the way till the 1950’s (Curtiss – 

Wright VZ – 7). However, in recent years, with the advancement in technology, allowing us 

to produce smaller and lighter electronic components, quadcopters have seen a boom in 

popularity.  

In recent years, there has been an increase in the industry for drones and quadcopters. Some 

notable companies in the quadcopter industry include, DJI, Parrot and several other 

companies which sell parts and provides services for the industry. These parts and services 

include, batteries, frames, motors, ESC (Electronic Speed Controller), flight controller and 

many more. Quadcopters are more stable and maneuverable than a typical helicopter due to 

its number of rotors. Due to its relatively simplistic and economical nature, quadrotors are 

very popular and its popularity continues to grow. 
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Quadcopters are now used in various fields such as research, hobbyists, surveillance and 

mapping, delivery services and search and rescue. Quadcopters are relatively cheap and 

small making them an excellent platform for experiments and conducting research. Since 

quadcopters are capable of flight, they are able to traverse over terrain which cannot be 

conventionally crossed. This leads to a rise in the possibility of using quadcopters in 

locations and situations where it may be difficult or not advisable to send people to work at. 

Quadcopters have also captured the hearts of my hobbyists and professionals with its simple 

controls, cheap prices and availability in the market. These quadcopters are used for 

entertainment, ranging between, a simple hobby flight in the house, to a competitive 

environment such as races. Quadcopters are also very popular due to its capability to carry a 

payload in the form of cameras, allowing users to take pictures and videos from locations 

previously not possible.  

However, as with the introduction of any new technology, quadcopters are susceptible of 

being used for the wrong purpose. Also, due to the presence of fast-moving parts, 

quadcopters possess the potential to be hazardous to the people around it. Like any device 

capable of injuring someone, or being used for the wrong purpose, laws and regulations has 

been set up to allow people to enjoy their hobbies and pursue their interests while keeping 

those around them safe [3]. 

Quadcopters for the thesis is used as an alternative to test control systems and theory for 

larger rotorcrafts such as helicopters. Development of methods to autonomously track and 

follow markers and targets will enable helicopters to assist and possibly perform tasks which 

require high pilot skills.  

1.1 Autonomous Systems 

Quadcopters are generally controlled by the user through Radio waves or Wi-Fi signals. 

However, due to the capabilities of a quadcopter, missions may require quadcopters to go to 

locations were the command signal may not be assessable for a finite amount of time. The 
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limitation of a signal-based system forces the quadcopter to operate in the vicinity of the 

controller, or in locations where there is a clear path between the user and the quadcopter for 

a clear path for signals to transfer. However, automating quadcopters allows the quadcopter 

to perform its tasks in locations previously not accessible due to limitations on wireless 

signal transfer.  

Quadcopters now comes with various instruments on board such as GPS allowing the 

quadcopter to accurately obtain its locaiton. Applications have also been developed to allow 

ease of access of quadcopters, such as setting up waypoints, hover with position control, 

flight trajectory following etc. However, most of these applications rely on external data to 

the quadcopter to function. Loss of signal is a very real and very observable issue. Most, if 

not all quadcopters in the market comes with a redundancy system which sets in if there is a 

loss of signal. These redudancy system can range between, stay in current position to land 

right away [4].  

1.2 Vision-Based Systems 

A lot of quadcopters come with on-board cameras. These cameras can be used to perform 

navigation of a quadcopter. Vision-based systems have been used in various other industries 

to determine the position/orientation of the object relative to a known marker. Vision-based 

systems have been used in the space-flights to compute the position and orientation of the 

host spacecraft relative to the target spacecraft [5]. Vision-based systems on a quadcopter 

allows the quadcopter to be free from the limitation of wireless communications and allows 

the quadcopter to perform its mission autonomously. Vision-based systems use video 

processing to determine the shape and size of the observed object and compares it to the 

known data and performs computations to calculate its orientation. Quadcopters who possess 

cameras are capable of vision-based navigation, effectively, becoming an autonomous 

system, capable of finding, locating, and following/tracking the target [6].  



 

 

4 
 

1.3 Objective and Scope 

The objective of the thesis is to develop a controller to autonomously land a quadcopter on 

a moving platform/target. The quadcopter obtains its data on the target using its onboard 

sensors, i.e. cameras, IMU (Inertial Measurement Unit) and Ultrasonic sensors. Visual data 

is used to calculate and find the position of the target relative to the quadcopter. A PD 

controller is used to control the quadcopter with the reference data obtained through the 

cameras. The scope is to develop the controller and verify it using simulations. The 

simulations are then validated through the experiments. The experiments will not completely 

follow the simulation results due to hardware limitations, and hence they will be performed 

to validate certain aspects of the simulation separately.  

1.4 Thesis Outline 

The thesis deals with the data acquisition system of the quadcopter (AR Drone 2.0) and the 

ways it is capable to handling data to perform navigation using its onboard cameras. The 

object to be tracked is detected and then followed using the cameras to provide a reference 

input for the relative position between the object and the quadcopter. Simulations are then 

performed to ensure the fidelity of the controller which is to be used in the experiment. The 

first chapter provides the motivation and outline of the thesis. A mathematical model of the 

quadcopter is developed in chapter two and the controller used for the simulation and 

experiment is discussed. The third chapter explains how the simulation and experiment is 

setup and carried out. The fourth chapter provides a discussion on the results obtained 

through the simulation and experiments. The final chapter concludes the paper and discusses 

the possibilities of future work.  
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Chapter 2 

Technical Background 

2.1 Quadcopter 

Quadcopters are a type of rotorcraft which uses four, as the name implies, rotors to move in 

air. These four rotors use a differential in their rotor speeds and the thrust produced to create 

a motion. Quadcopters are the most popular type to rotorcraft among hobbyists as they fall 

between a mix of simplicity in its design and affordability. Quadcopters have their motors 

arranged in the vertices of a square with the necessary electronics in the center. This design 

allows the quadcopter to be inherently stable. 

2.1.1 Quadcopter Design 

Quadcopters can be divided into two main configurations. The ‘𝑋’ configuration (Figure 

1Figure 1) and the ‘+’ configuration (Figure 2). The two configurations determine how the 

motors of the quadcopter is arranged in its body frame axis. Each configuration comes with 

their own characteristics on how the controller is implemented. Most quadcopters in the 

market comes in the ‘𝑋’ configuration. In the ‘𝑋’ configuration, it can be observed that the 

rotors 1 and 3 rotate clockwise while motor 2 and 4 rotate counterclockwise. This is to ensure 

there is a net moment of zero in the 𝑧-axis. Similarly, for the ‘+’ configuration, motors 1 and 

3 rotate clockwise and motors 2 and 4 rotate counterclockwise. Motion is obtained for a 

quadcopter thorough a difference in the thrust by the motors. The ‘𝑋’ configuration rotates 

about its x-axis by having a difference in the thrust between motors 1, 2 and motors 3, 4. 

Similarly, the quadcopter rotates in the y and z-axis through a differential in thrust between 

motors 1, 2, 3 and 4. The same concept applies for the ‘+’ configuration.  
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Figure 1: Cross configuration 

 

Figure 2: Plus configuration 
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2.1.2 AR Drone 2.0 Physical Properties 

The quadcopter used for modelling and experimentation for the thesis is the AR Drone 2.0 

by Parrot. This quadcopter was chosen as it is a very popular premade quadcopter which is 

known for its compatibility for users to “hack” into the system allowing users to make 

changes to the system allowing for experiments on a well-known functioning system, and 

also because it was available in the FIT ORION lab. The AR Drone 2.0 has a ‘𝑋’ 

configuration and comes with an indoor and outdoor hull as shown in Figure 3. 

 

Figure 3: AR Drone 2.0 without and with indoor hull 

The drone has two cameras, one facing forward and one on the bottom, one ultrasonic sensor 

and an IMU (Inertial Measurement Unit) which contains an accelerometer, gyroscope and 

magnetometer. The drone is controlled using Wi-Fi signals and can be controlled using the 
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phone or the computer. An app is available to control the drone from a handheld device. The 

properties of the quadcopter are based on the work of Kendrick Buchala and is seen on Table 

1 [7]. 

Table 1: Physical Properties of Quadcopter 

Component Symbol Value 

Mass 𝑚 0.429𝑘𝑔 

Distance from center to 

mass to rotor center 

𝑙 0.1785 𝑚 

Moment of Inertia about 

𝑥𝐵 − 𝑎𝑥𝑖𝑠 

𝐼𝑥𝑥 2.237 ∙ 10−3 𝑘𝑔 𝑚2 

Moment of Inertia about 

𝑦𝐵 − 𝑎𝑥𝑖𝑠 

𝐼𝑦𝑦 2.985 ∙ 10−3 𝑘𝑔 𝑚2 

Moment of Inertia about 

𝑧𝐵 − 𝑎𝑥𝑖𝑠 

𝐼𝑧𝑧 4.803 ∙ 10−3 𝑘𝑔 𝑚2 

Thrust Constant 𝑘 8.048 ∙ 10−6 𝑁/(𝑟𝑎𝑑/𝑠)2 

Moment Constant 𝐶𝑀 2.423 ∙ 10−7 𝑁/(𝑟𝑎𝑑/𝑠)2 

Rotor Inertia 𝐼𝑟 2.029 ∙ 10−5 𝑘𝑔 𝑚2 
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2.2 System Modelling 

A quadcopter is subject to various forces and effects but not limited to aero-elastic effects, 

flexibility of wings, deformation of structure under stress and various other effects which is 

very complicated and beyond the scope of this project. A quadrotor system is also inherently 

a non-linear system and hence a linearized model of the system is developed. A Newton-

Euler model is used for the ‘𝑋’ configuration quadcopter. 

To linearize the non-linear system, several assumptions has been made. These assumptions 

include: 

1. System is symmetric 

2. Location of center of mass coincide with origin of body frame  

3. System is rigid and there is no deformation under loads 

4. Disturbance from external sources is ignored 

5. Ground effects is negligible 

6. Higher order terms are not modelled 
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Figure 4: Body-fixed Frame of a quadcopter [8] 

There are two frames of reference used in the system, the body and the inertial frame. The 

position and orientation of the quadcopter in the inertial frame is expressed by 𝜉 = (𝑥 𝑦 𝑧)𝑇 

and 𝜂 = (𝜙 𝜃 𝜓)𝑇, where 𝜙, 𝜃 and 𝜓 are the roll, pitch and yaw Euler angles. To convert a 

body fixed frame, a rotation matrix 𝑹 is used [9].  

𝑹 = [

𝑐𝜓𝑐𝜃 −𝑠𝜓𝑐𝜙 + 𝑐𝜓𝑠𝜙𝑠𝜃 𝑠𝜓𝑠𝜙 + 𝑐𝜓𝑠𝜃𝑐𝜙
𝑠𝜓𝑐𝜃 𝑐𝜓𝑐𝜃 + 𝑠𝜓𝑠𝜃𝑠𝜙 −𝑐𝜓𝑠𝜙 + 𝑠𝜓𝑠𝜃𝑐𝜙
−𝑠𝜃 𝑐𝜃𝑠𝜙 𝑐𝜃𝑐𝜙

] (1) 

Where 𝑠 and 𝑐 are 𝑠𝑖𝑛 and 𝑐𝑜𝑠 respectively and 𝜙, 𝜃 and 𝜓 are the roll, pitch and yaw Euler 

angles respectively.  

The nonlinear dynamics of the quadcopter can be expressed by [10]: 

𝑚�̈� = −𝑚𝑔𝑍𝐼 + 𝑅𝑭 (2) 

𝐼�̇� = −𝜴 × 𝐼𝜴 + 𝝉 (3) 
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Where, 𝑚 and 𝑔 is the mass of the quadcopter and the acceleration due to gravity and 𝑭 is 

the force applied in the quadcopter and 𝐼 and 𝜏 are the inertia matrix and the total torque on 

the system. Let (𝛺1 𝛺2 𝛺3 𝛺4)
𝑇 be the rotational speed of each rotor of the quadcopter 

and (𝑈1 𝑈2 𝑈3 𝑈4)𝑇 be the input matrix of the system. Where, 𝑈1 represents the 

upward thrust, 𝑈2, roll, 𝑈3, pitch and 𝑈4 yaw moments. 

�̅� = [

𝑘 𝑘 𝑘 𝑘
𝐾 −𝐾 −𝐾 𝐾
𝐾 𝐾 −𝐾 −𝐾

−𝐶𝑀 𝐶𝑀 −𝐶𝑀 𝐶𝑀

]

[
 
 
 
 
𝛺1

2

𝛺2
2

𝛺3
2

𝛺4
2]
 
 
 
 

(4) 

Where 𝐾 =
𝑘𝑙

√2
 and 𝑘 is the thrust constant.  

The equation of motion of the quadcopter (2) and (3) can be simplified to the following: 

�̈� = (𝑠𝜙𝑠𝜓 + 𝑐𝜙𝑠𝜃𝑐𝜓) ∙
𝑈1

𝑚
(5) 

�̈� = (𝑐𝜙𝑠𝜃𝑠𝜓 − 𝑠𝜙𝑐𝜓) ∙
𝑈1

𝑚
(6) 

�̈� = 𝑔 −
𝑈1

𝑚
∙ (𝑐𝜙𝑐𝜃) (7) 

�̈� = �̇��̇�𝑎1 − �̇�𝛺𝑎2 + 𝑏1𝑈2 (8) 

�̈� = �̇��̇�𝑎3 + �̇�𝛺𝑎4 + 𝑏2𝑈3 (9) 

�̈� = �̇��̇�𝑎5 + 𝑏3𝑈4 (10) 

Where, 𝑎1 =
𝐼𝑦𝑦−𝐼𝑧𝑧

𝐼𝑥𝑥
,  𝑎2 =

𝐼𝑟

𝐼𝑥𝑥
, 𝑎3 =

𝐼𝑧𝑧−𝐼𝑥𝑥

𝐼𝑦𝑦
, 𝑎4 =

𝐽𝑟

𝐼𝑦𝑦
, 𝑎5 =

𝐼𝑥𝑥−𝐼𝑦𝑦

𝐼𝑧𝑧
, 𝑏1 =

𝑙

𝐼𝑥𝑥
, 𝑏2 =

𝑙

𝐼𝑦𝑦
 , 𝑏3 =

1

𝐼𝑧𝑧
 and 𝜴 = −𝛺1 + 𝛺2 − 𝛺3 + 𝛺4. 



 

 

12 
 

However, control of the quadcopter is performed through the body frame as the onboard 

sensors can only measure the onboard data, therefore, it is necessary to convert the equations 

of motion from the inertial frame to body frame. The equations of motion in the body frame 

is as follows [11]: 

�̈�𝐵 = −𝑔𝑠𝜃 + 𝑟𝑣 − 𝑞𝑤 (11) 

�̈�𝐵 = 𝑔𝑠𝜙𝑐𝜃 − 𝑟𝑢 + 𝑝𝑤 (12) 

�̈�𝐵 = −
𝑈1

𝑚
+ 𝑔𝑐𝜙𝑐𝜃 + 𝑞𝑢 − 𝑝𝑣 (13) 

�̇� = 𝑏1𝑈2 + 𝑎1𝑞𝑟 (14) 

�̇� = 𝑏2𝑈3 + 𝑎3𝑝𝑟 (15) 

�̇� = 𝑏3𝑈4 + 𝑎5𝑝𝑞 (16) 

Here, (𝑢 𝑣 𝑤)𝑇 and (𝑝 𝑞 𝑟)𝑇 is the velocity vector and angular rates of the 

quadcopter in the body frame.  

The equations (11) – (16) can be linearized about the equilibrium position, which can be 

simplified by setting all Euler angles to zero. For linearization, small angles approximation 

was used, therefore, 𝑠𝑖𝑛 𝑘 ≈ 𝑘, 𝑐𝑜𝑠 𝑘 ≈ 1 and 𝑎𝑛𝑔𝑙𝑒̇ ≈ 0. Following the work of 
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Bouabdallah and Buchala, the linearized equations of motion in the body frame is as follows 

[1,6]: 

�̇� = −𝜃 ∙
𝑈1

𝑚
(17) 

�̇� = 𝜙 ∙
𝑈1

𝑚
(18) 

�̇� = 𝑔 −
𝑈1

𝑚
(19) 

�̇� = 𝑏1𝑈2 (20) 

�̇� = 𝑏2𝑈3 (21) 

�̇� = 𝑏3𝑈4 (22) 

2.3 Control Methods  

2.3.1 Proportional Derivative Control 

The quadcopter uses a Proportional Derivative to control the position of the quadcopter. The 

Proportional Derivative control is a basic type of control which uses the error and the rate of 

change of error to calculate a new command input. The equation used to formulate the new 

command/control effort is given by the following:  

𝑢 = 𝐾𝑃𝑒 + 𝐾𝐷�̇� (23) 

Here, 𝑢 is the control effort, 𝑒 and �̇� is the error and rate of change of error and 𝐾𝑃 and 𝐾𝐷 

is the proportional and derivative gains. The gains are the parameters which are changed to 

produce the desired output. The 𝐾𝑃 influences how much effort is produced in correcting an 

error. The proportional control acts similar to a spring where the control effort is directly 
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proportional to the magnitude of the error. The 𝐾𝐷 limits the rate of change of error, 

preventing the system from overshooting its target. The derivative error acts like a damper 

where the control effort is proportional to the rate of change of the error.

 

Figure 5: PD controller 

If a steady state error occurs in the system, an integral based controller can be implemented 

to remove the steady-state error. The integral controller can be expressed by the equation 

below: 

𝑢𝐼 = 𝐾𝐼∫ 𝑒(𝜏) (24) 

The gains used is provided in table 3. 
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Chapter 3 

Simulation and Experiment 

3.1 AR Drone 2.0 

The AR Drone 2.0 comes with internal sensors which is used stabilize the quadcopter in 

flight. These sensors include an IMU (accelerometer, gyroscope and magnetometer), an 

ultrasonic sensor on the bottom to measure the altitude and two cameras, one facing front 

and one facing bottom. The experiment was performed using a MATLAB/Simulink S.D.K. 

(Software Development Kit) made by Daren Lee [12]. The simulations were also performed 

in MATLAB R2016a. The experiments were run in the ORION lab at Florida Institute of 

Technology.  

The sensors used in AR Drone 2.0 is as follows: 

1. 3 Axis Accelerometer – Bosch BMA150 

2. 3 Axis Gyroscope – InvenSense IMU-3000 

3. 3 Axis Magnetometer – Unable to find documentation 

4. Ultrasound Sensor – Prowave 400ST260 transmitter and 400SR160 receiver 

The specifications of the camera used is as follows: 

1. Front camera – 90° diagonal, CMOS sensor, 1280 × 720p @ 30FPS 

2. Bottom camera – 64° diagonal, CMOS sensor, 320 × 240 (QVGA) @ 60FPS 
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3.1.1 Simulation Setup 

The simulation of the quadcopter was performed in Simulink. The model of the quadcopter 

was setup with the equations of motion which was previously formulated. The model of the 

quadcopter is assumed to be accurate and no disturbance or noise is taken into account. The 

feedback of the system is set to match what the onboard sensors of the quadcopter would 

provide. The controls of the quadcopter are also set to match the control of the experimental 

setup with the 𝑈 vector.  

3.1.2 Experimental Setup 

The experiment was performed in the ORION lab at FIT. The quadcopter is fit with infrared 

markers to track it in flight using the OptiTrack system. However, the quadcopter is setup as 

an isolated system and will not interact with the OptiTrack system in any way. The OptiTrack 

system is merely for data collection purposes. Instead, the quadcopter will acquire its data 

through its onboard sensors. The target for the quadcopter is found using the two on-board 

cameras. The cameras are set up to detect blue objects and find the centroid of all blue points. 

The centroid is target for the quadcopter.  
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Figure 6: Trajectory of Quadcopter 

3.2 Simulation 

The control of the was set up in in a step where certain parameters have a higher priority 

over another. The quadcopter is controlled in the position of the 𝑥, 𝑦 and 𝑧 axis using a PD 

controller. The position determines how the angle is to be changed which in turn is again 

controlled with another PD controller. The control structure of the quadcopter is given 

below: 

 

Figure 7: Control Scheme 
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The controller is set up in two parts, one controller to control the position and another 

controller to control the angles. The desired position is obtained using the two cameras, but 

for the simulation, it is assumed that the quadcopter is completely aware of its surrounding 

and its target location. The altitude of the quadcopter is controlled by the following: 

�̃� = 𝑧𝑑 − 𝑧 (25) 

Here, �̃� is the error in altitude, 𝑧𝑑 is the desired altitude and 𝑧 is the current altitude. The 

error in altitude can be placed in a PD controller to determine the new control input for 𝑈1 

from equation 19. The controller for altitude can be expressed as follows: 

𝑈1 = 𝑚{𝑔 − (𝐾𝑃�̃� + 𝐾𝐷 �̇̃�)} (26) 

The position of the cannot be controlled directly. Therefore, the acceleration has to be 

controlled to reach the desired position. A simulated variable is used to connect the 

acceleration and position similar to a sliding control [4]: 

𝑎𝐶 = 𝐾𝑃�̃� + 𝐾𝐷 �̇̃� (27) 

Using equation 17, the new acceleration is applied to the equation of motion of the 

quadcopter.  

𝑎𝑐 = −𝜃𝑑 ∙
𝑈1

𝑚
(28) 

The new desired angle can be calculated form equation 28, giving the flowing equation: 

𝜃𝑑 = −𝑎𝐶 ∙
𝑚

𝑈1

(29) 

The control of the angle is straightforward as the Euler angles are directly controlled by an 

input. Therefore, the desired angle along roll and pitch can be controlled using the following, 

where 𝑥 is the angle and �̇� is the angle rate: 
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�̃� = 𝑥𝑑 − 𝑥 (30) 

The controller used to control roll, pitch and yaw can be expressed by the following: 

𝑈2 = 𝐾𝑃𝜙 + 𝐾𝐷�̇� (31) 

𝑈3 = 𝐾𝑃𝜃 + 𝐾𝐷�̇� (32) 

𝑈4 = 𝐾𝑃𝜓 + 𝐾𝐷�̇� (33) 

The vector [𝑈1 𝑈2 𝑈3 𝑈4]𝑇 is the vector of the control input. The control input cannot 

be sent directly to the quadcopter as the quadcopter can only take in PWM (Pulse Width 

Modulated) values for each rotor. Hence, a conversion is required to convert the values from 

control input to rotor speed. The conversion is performed using equation 3. Equation 3 can 

be inverted to produce rotor speed from control input. The matrix for conversion is as 

follows: 

[
 
 
 
 
𝛺1

2

𝛺2
2

𝛺3
2

𝛺4
2]
 
 
 
 

= [

𝑘 𝑘 𝑘 𝑘
𝐾 −𝐾 −𝐾 𝐾
𝐾 𝐾 −𝐾 −𝐾

−𝐶𝑀 𝐶𝑀 −𝐶𝑀 𝐶𝑀

]

−1

[

𝑈1

𝑈2

𝑈3

𝑈4

] (34) 

It is to be noted that the rotor speed cannot go below zero, therefore a saturation function is 

added to prevent the square of the rotor speed from going below zero. 

3.2.1 Simulation Steps 

The simulation was run with two different phases. A homing phase and a landing phase. The 

simulation was run at a frequency of 400 𝐻𝑧. It was run at the given frequency because the 

data acquisition rate of the sensors is at 400 𝐻𝑧. Since a linear system was assumed, the 

states were assumed to be decoupled and each state had its own transfer function. The 

tracking of the position in the 𝑥, 𝑦 and 𝑧 plane was done in the inertial frame. The inertial 
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frame was defined based on the equations of motions which were in turn defined based on 

the inertial frame. The quadcopter follows a given desired trajectory in the inertial frame. 

The simulations were performed for conditions where the altitude does not depend on the x 

and y position and any form of position control is performed solely with the roll and pitch 

angle, the altitude depends on the x and y position but control of the position again depends 

only on the roll and pitch angle, and finally, the altitude depended on the x and y position 

and the position was controlled using the yaw/heading angle and a constant forward velocity 

in the body fixed frame of reference.  

3.3 Experiment 

The experiment was carried out using the AR Drone 2.0 MATLAB/Simulink SDK by Daren 

Lee for MATLAB R2016a. The experiment was split into four sections, Data acquisition, 

Object tracking, Flight Controller, and Actuation.  The Data acquisition section acquired 

data from the onboard IMU and ultrasonic sensor and converted the accelerometer, 

gyroscope, magnetometer and ultrasonic measurements into Euler angles, their rates and 

altitude. The Object tracking section detects the object to be tracked, converts it to an input 

for the controller, an angle or position and calculates the new Euler angle necessary to create 

the necessary actuation. The Flight controller converts the desired angles into the PWM 

values which is provided to the motors and the Actuation section sends the PWM values to 

the quadcopter.  

3.3.1 Data Acquisition 

Calibration of the onboard sensors was necessary to obtain meaningful data. The ultrasonic 

sensor was not calibrated, however, the accelerometer, gyroscope and magnetometer needed 

to be calibrated. The calibration was performed with a script which came with the SDK. The 

script calibrated the sensors by removing the offset and then divided it by a gain to provide 

the accelerometer data in terms of 𝑔’s, the gyroscope data in 𝑑𝑒𝑔/𝑠 and magnetometer data 

in 𝑊𝑏. The ultrasonic sensor provides the altitude in 𝑐𝑚.  
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The IMU data was converted to Euler angles using the Kalman Filter. Additional methods 

to process IMU data was investigated [13]. The Kalman filter takes in the data from the 

accelerometer and calculates the roll and pitch angle with the following equation: 

𝜙 = tan−1

(

 
𝐴𝑦

√𝐴𝑥
2 + 𝐴𝑦

2

)

 (35) 

𝜃 = tan−1

(

 
𝐴𝑥

√𝐴𝑦
2 + 𝐴𝑧

2

)

 (36) 

These angles and their rates are taken into the Kalman filter as the measured angle, while the 

angular rates are obtained with the gyroscope. Therefore, the two states used in the Kalman 

filter are the [𝜙 �̇�]𝑇 and [𝜃 �̇�]𝑇.  

3.3.1.1 Kalman Filter 

The Kalman filter is a very popular and well-known filter and a linear quadratic estimator. 

Kalman filter solves a linear quadratic problem with the state-space of a system model while 

aiming to minimize the error covariance matrix. Kalman filter is a model-based observer 

whose gain is changed across the course of the estimation process to change the closed-loop 

poles to reduce the associated cost function.  

The Kalman filter is implemented in for data acquisition for the quadcopter. There are four 

inputs to the Kalman filter function to track the angle and its rate in the quadcopter; the 

current states (angle and the angular rate), the previous states and the correction of the 

covariance matrix. The state-space form of the Kalman filter model can be expressed as, 

�̇� = 𝐴𝒙 + 𝐵𝒖 (40) 
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𝒚 = 𝐶𝒙 + 𝐷𝒖 (41) 

Here, the next state is predicted using the state-space model and the angular rate. The next 

covariance matrix is also calculated. The Kalman filter then proceeds to estimate the next 

values of the states using the following: 

1. An initial guess/estimate is made for the Kalman gain.  

2. A new Kalman gain is computed using the following: 

�̅�𝑛𝑒𝑤 = 𝑃𝑝𝑟𝑒𝑑𝑖𝑐𝑡�̅�
𝑇 × (�̅�𝑃𝑝𝑟𝑒𝑑𝑖𝑐𝑡�̅�

𝑇 + 𝑅)
−1

(42) 

Where, 𝐾 is the Kalman gain, 𝑃 is the covariance matrix, 𝐻 is the measurement 

matrix and 𝑅 is the measurement noise.  

3. The predicted state is now corrected using the current measured state 

�̅�𝑛𝑒𝑤 = �̅�𝑝𝑟𝑒𝑑𝑖𝑐𝑡 + �̅� × (�̅�𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − �̅��̅�𝑝𝑟𝑒𝑑𝑖𝑐𝑡) (43) 

4. The covariance matrix is finally updated. 

𝑃𝑛𝑒𝑤 = (𝐼 − �̅��̅�) × 𝑃𝑝𝑟𝑒𝑑𝑖𝑐𝑡 (44) 

With the steps above, the Kalman filter will estimate the next values of the states while 

continuously comparing its self to the current state and correcting the predicted state and 

changing its gain to reduce the error between the predicted and the actual states [14].  

3.3.2 Object Tracking 

The object tracking was performed using the two onboard cameras. The front camera has a 

resolution of 1280 × 720𝑝 with a diagonal FOV of 90°. The bottom camera has a resolution 

of 320 × 240 with a diagonal FOV of 64°. However, for video processing, the quality of 



 

 

23 
 

the videos has been downscaled to reduce the load on the processor during flight. The object 

is tracking using its color and by finding the centroid of all the objects with the desired color, 

in this case, blue. The color desired is tuned using a video processing block in the SDK. The 

RGB values of the video is manipulated and a binary video with the data of the centroid of 

all the white pixels is produced. The parameters used to find the blue marker involve a 

minimum and a maximum shift of blue and red and a minimum number of pixels required 

before a centroid is calculated to ignore noise. The parameters used for the experiment are: 

Table 2: Parameter for Object detection 

Blue Shift Min 155 

Blue Shift Max 255 

Red Shift Min 0 

Red Shift Max 98 

Min Pixel count for Object detection 30 

 

The cameras cannot detect the distance of the object, therefore, the absolute location of the 

object cannot be determined, instead, a relative position is used instead. The position is based 

on the camera’s FOV, placing the object between [−1 1]. Since, absolute position cannot 

be determined, relative position is used to calculate the new control inputs.  

The same control laws as the simulation is used in controlling the quadcopter. However, 

certain issues arise while performing the experiment. Since, the camera determines the target 

position, it was necessary to control the heading to ensure the marker is visible at all time. 

The heading angle was controlled using a PD controller. The desired heading angle is 

approximately between [−45° 45°] for the front camera due to the FOV angle. The 
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equations used to control the position is the same as the simulation, however, minor changes 

have been made to convert the camera values to an appropriate desired input. The forward 

camera is not capable of measuring distance; therefore, the desired point has been set to a 

constant 1 𝑚 ahead of the quadcopter with only changes in the heading angle. The camera 

switches to the bottom camera when a marker is detected by the bottom camera. The 

controller then switches to the data provided by the bottom camera. The quadcopter reduces 

its altitude when the quadcopter is within 30 𝑐𝑚 of the marker in both the 𝑥 and 𝑦 axis. The 

cameras cannot provide the absolute position, however, with the ultrasonic sensor, the 

distance from the marker can be measured and the relative position can be determined with 

the following equation: 

𝑥𝑟𝑒𝑙 = 𝑧 × tan(𝜃𝑐𝑎𝑚𝑒𝑟𝑎) (37) 

Here, 𝑥𝑟𝑒𝑙 is the relative 𝑥 position, 𝑧 is the altitude, and 𝜃𝑐𝑎𝑚𝑒𝑟𝑎 is the angle of the maker 

from the center. The 𝜃𝑐𝑎𝑚𝑒𝑟𝑎 is obtained using a linear fit between [−1 1] and 

[−𝜃𝑚𝑖𝑛 𝜃𝑚𝑎𝑥] since the camera provides the offset only between [−1 1]. During the 

landing phase, there is no change in heading as a yaw motion will create a coupling effect 

on the roll and pitch angle. The 𝜃𝑚𝑖𝑛 and 𝜃𝑚𝑎𝑥 values were obtained based on the Field of 

View angle obtained from the datasheet of the camera. The resolution of the camera is known 

along with the diagonal field of view. Using trigonometric functions, the relationship 

between the pixels on the camera and the angle viewed can be obtained.  
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Figure 8: Camera Trigonometric Relationship 

It is to be noted that the cameras and the onboard IMU and ultrasonic sensors run at different 

frequencies. The cameras are set to run at 10 𝐻𝑧 while the controller and the IMU runs at 

400 𝐻𝑧. Running the cameras at maximum capacity leads to a decrease in performance and 

a delay in the system which could lead to catastrophic failure. Therefore, a rate transition 

block is required to allow the camera and the IMU to work in tandem to produce the required 

control input.  

During the landing phase, the quadcopter sets the waypoint to the marker in the 𝑥 and 𝑦 axis 

while the altitude decreases if the quadcopter is within the given bounds.  

3.3.3 Flight Controller 

The flight controller takes in the desired attitude, desired altitude, current attitude, current 

altitude, the nominal motor speed (PWM) to turn on the motor without consideration for 

flight or altitude and a command to take off or land. The take-off command sets the rotors to 

spin at the nominal motor speed. The flight controller uses a PD controller to control the 

attitude of the quadcopter (Equation 31, 32 and 33) and the altitude of the quadcopter. The 

controller converts the �̅� vector to rotor speeds �̅� which is converted to PWM values and 
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then sent to the actuation block. The control scheme used for the quadcopter is shown in 

equations 26, 31, 32, 33 and 34.  

The flight controller controls only the attitude and altitude of the system and does not 

calculate the new Euler angles necessary to reach the target position. The new Euler angles 

are calculated by the Object tracking section.  

3.3.4 Actuation 

The actuation block sends the rotor speed (PWM) to the quadcopter. There are two blocks 

in the Actuation section, an Initialization block and an Actuation block. The initialization 

block initializes the motors and the LEDs present on the quadcopter. The initialization block 

initializes the motors by selecting the GPIO pins for the motors (171 – 174), opens the 

descriptor for the device and then sends the initialization commands to the motor. The 

initialization sequence is carried out only once when the code is built. The Actuation block 

controls the motors by calling the “setPWM()” function in the actuators source file in the 

SDK. The function takes in the array of the PWM values and outputs an error flag. The error 

flag has been setup to return a zero ‘1’ if the propellers hit an object. If the error flag returns 

‘1’, the propellers will stop and will not turn on till the code has been built again.  
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Figure 9: Tracking and Data Acquisition Sections 
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Figure 10: Controller and Actuation Sections 

3.4.1 Simulation 

Simulation of the quadcopter was performed in Simulink. A Simulink block was setup with 

the transfer-function/state-space with the input parameters in �̅�. The state space blocks 

simulated the quadcopter with the inputs. The state space equations were set up from the 

linearized set of equations (Equation 17 – 22). However, the velocity in the 𝑥 and 𝑦 axis 

depends on the roll and pitch angles of the quadcopter. This limitation lead to solving the 

state-space equations for the Euler angles of the quadcopter first and then computing the 

velocity along the 𝑥 and 𝑦 axis. The simulation block diagrams were therefore set up in the 

following manner: 
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Figure 11: State-Space model Setup for Simulations 

The position control was implemented using the position data obtained through the state-

space given in Figure 11. The desired position was provided as a time dependent variable 

mimicking a moving target. All position control in the 𝑥, 𝑦 and 𝑧 axis was performed in with 

the position control using the roll and pitch angle. In the simulation, all states of the 

quadcopter are known, therefore, the position is controlled in the inertial frame.  

3.4.1.2 PD Controller 

A PD controller was implemented to control the position of the quadcopter in the 𝑥, 𝑦 and 𝑧 

axis. The quadcopter states and the reference positions are taken by a Simulink block. The 

block takes in the error in the position data in the inertial frame and performs a vector 

transformation and provides a new vector, which is taken as the reference velocity in the 

body frame. 

�̅�𝑑 = [
𝑐𝑜𝑠 𝜓 𝑠𝑖𝑛 𝜓

−𝑠𝑖𝑛 𝜓 𝑐𝑜𝑠 𝜓
] ∙ [

�̃�𝑒

�̃�𝑒

] (38) 

Here, 𝜓 is the heading or the yaw angle. The reference velocity in the 𝑥 and 𝑦 axis is now 

obtained. The transformation matrix used in Equation 38 is one of the matrixes used to create 

the 𝑅 transformation matrix (Equation 1) when converting the frame of reference between 

body frame and inertial frame. Here, 𝜃 = 𝜙 = 0 therefore, 𝑐𝑜𝑠 𝜙 = 𝑐𝑜𝑠 𝜃 = 1 and 𝑠𝑖𝑛 𝜙 =



 

 

30 
 

𝑠𝑖𝑛 𝜃 = 0. Substituting the 𝑠𝑖𝑛 and 𝑐𝑜𝑠 terms, equation 38 is obtained. Since, the velocity 

of the quadcopter is obtained through its states, a direct PD controller can be implemented 

to control the position of the quadcopter in the inertial frame.   

The control output of the PD position controller for the quadcopter is then taken as the 

reference input for the Euler angles. The new control input can be converted into angles 

through the equations shown in Equation 9. After the reference angle position is obtained, 

another simple PD controller (Equation 31 – 33) is implemented to control the angles.  

3.4.2 Experiment 

The experiment was carried out using a setup similar to the simulation. Since the onboard 

IMU is only capable of measuring the Euler angles, the state-space used in the simulation is 

used to obtain the velocity of the quadcopter in the 𝑥 and 𝑦 axis. Velocity in the 𝑥 and 𝑦 axis 

in the body frame has also been referred to as 𝑢 and 𝑣. Position control in the inertial frame 

in the experiment was also performed through the control of 𝑢 and 𝑣. However, the reference 

position cannot be obtained by the quadcopter anymore as the onboard cameras are not 

capable of gathering information in the inertial frame. To circumvent this problem, the first 

phase of the experiment, which involves moving to a target location is performed by placing 

the marker in front of the quadcopter and moving the marker to the desired location. Since, 

it was assumed that the marker is at a constant distance front of the quadcopter, a constant, 

reference velocity in the 𝑦 axis, or 𝑣 is provided. The position of the quadcopter is then 

controlled through the heading angle and 𝑣. Since, it was assumed that all the angles are 

decoupled and linear, two separate sets of PD controllers were used. In the first phase, the 

reference position and yaw angle are set to a constant and a value based on the x-offset of 

the centroid of the object detected by the camera. If there is no object detected by the camera, 

all the reference position/velocity/angle is set to zero ‘0’, effectively setting the quadcopter 

to a hover.  
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In the second phase of the experiment, the bottom camera detects the relative position of the 

target. Here, the yaw angle is set to zero ‘0’ and any control in the position of the quadcopter 

is obtained through the control in 𝑢 and 𝑣. Here, if we assume the heading angle, 𝜓 = 0, as 

the yaw angle is set to be zero, the transformation matrix 𝑅 becomes an identity matrix and 

error in the error in position in the inertial frame can be assumed to be errors in the body 

frame. While the PD position controller is controlling the position, the reference altitude is 

lowered if the quadcopter is located above the marker. The reference position in the 𝑥 and 𝑦 

axis can be calculated using Equation 37. Therefore, the reference position in the 𝑥 and 𝑦 

axis can be expressed by the equation below: 

𝑥𝑟𝑒𝑓 =
1

2
× tan(25.6 × 𝑥𝑜𝑓𝑓𝑠𝑒𝑡) (38) 

𝑦𝑟𝑒𝑓 =
1

2
× tan(19.2 × 𝑦𝑜𝑓𝑓𝑠𝑒𝑡) (39) 

Since the reference position is simply the distance from the quadcopter to the target, �̃�𝑏 =

𝑥𝑟𝑒𝑓 and �̃�𝑏 = 𝑦𝑟𝑒𝑓. Using the transformation matrix in Equation 38 with the heading angle 

set to zero ‘0’, the required velocities, 𝑢 and 𝑣 is the error in position in 𝑥 and 𝑦 axis, or �̃�𝑏 

and �̃�𝑏.  

With a PD controller to control the position, the new reference Euler angles is calculated. 

Similar to the simulation, a PD controller is implemented to control the Euler angles and 

provide the input vector, 𝑈, to the quadcopter.  
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Chapter 4 

Results 

4.1 Simulation Results 

There were three sets of simulations performed for various target trajectories and different 

gain values. The first set of simulation was performed in an ideal scenario where the desired 

position is only a function of time and all the axis function independently from one another.  

The second set of simulation took the position of the quadcopter in the 𝑥 and 𝑦 axis into 

account over the simulation to ensure the quadcopter lands on the target. The third set of 

simulation attempted to simulate the experiment in its entirety, by controlling the position in 

the 𝑥𝑏 axis through the heading angle, and finally switching to the position control once the 

quadcopter is above the target.  

4.1.1 Simulation Set 1 

In the first set of simulation, the desired position is set to change at certain instances of time. 

The desired position is dependent only on time and the quadcopter is attempts to follow the 

target trajectory. The target the quadcopter is going to land on moves in a sin𝜃 wave at a 

distance of 5 𝑚 in both the 𝑥 and 𝑦 axis. The motion of the target platform can be expressed 

by the equation,  

𝑥𝑑 = 5 + 4 × sin(6𝜃) (40) 

Here, 𝜃 is expressed as a function of time and has been set up to ensure there is no 

discontinuity in the desired trajectory. The desired altitude of the quadcopter starts off at a 

height of 1.5 𝑚, but decreases linearly after 10 seconds. The position of the quadcopter is 

controlled using a PD controller with the following gains; 



 

 

33 
 

Table 3: PD Gains for Controller 

Controlled State Proportional Gain (𝑲𝑷) Derivative Gain (𝑲𝑫) 

Altitude 2 0.7 

X – position  0.8 0.2 

Y – position  −0.5 0.01 

Pitch 1.1 0.1 

Roll 1.2 0.1 

Yaw 1.5 0.1 

 

In table 3, it is observed that the derivative terms do not produce a significant impact on the 

system. An increase in the derivative gains caused the state to undershoot leading to a weird 

oscillating behavior away from the target location. These gains were chosen for the first set 

of simulations. However, further testing showed that there was little to no change in the gain 

values and the system exhibited similar characteristics under different reference positions.  

The position of the simulated quadcopter along with the target position is shown in Figure 

12. It is observed that while the quadcopter has a good command following characteristics, 

it was not capable of closely following commands which change over time. Overall, the 

quadcopter was capable of reaching the target position and performing the required 

maneuvers, i.e. the landing while following a moving target.  
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Figure 12: Position History in Sim 1 

4.1.2 Simulation Set 2 

The second set of simulation uses the position of the quadcopter to ensure that the target is 

below the quadcopter to ensure that the quadcopter will not miss when it lands. A small 

control logic has been setup to ensure that the quadcopter lowers its altitude if �̃�𝑒 and �̃�𝑒 is 

less than 50 𝑐𝑚. The gains of the controller for this simulation set was experiment and 

several changes were made, however, the gains from table 3 was fully capable of adequately 

controlling the quadcopter.  

No changes were made to the desired trajectory in the 𝑥𝑒 and 𝑦𝑒 position, however, in the 

altitude, a conditional statement was introduced. The statement is as follows; 

𝑧𝑟𝑒𝑓 = {
𝑧𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 0.025 |�̃�𝑒|, |�̃�𝑒| < 0.5

𝑧𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
(41) 
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The second set of simulation attempts to ensure the fidelity of the controller to track and 

closely follow a moving target. The plots of the reference and the actual position of the 

quadcopter is given in figure 13. 

 

Figure 13: Position History in Sim 2 

In Figure 13, it is observed that in the quadcopter is finding it difficult to follow the trajectory 

along the 𝑋𝑒 axis, mainly in the sinusoidal region. This leads to the conclusion that the 

controller used in the quadcopter is not very efficient in tracking trajectories which does not 

have a constant velocity. This conclusion can be verified by the ability of the quadcopter to 

track the position in the 𝑍𝑒 axis, as the altitude has been set to change linearly. A saturation 

function was added in the desired altitude because altitude cannot be negative. The error in 

the 𝑋𝑒 and 𝑌𝑒 position is shown in figure 13. 

In figure 14, it can be observed that the error in the x-position overshoots its bounds when 

the quadcopter is following a sinusoidal wave. However, these overshoots occur for a relative 
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short amount of time compared to the rest of the simulation can it can be assumed that the 

trajectory following characteristics of the controller is capable.  

 

Figure 14: Error in Position in Sim 2 

4.1.2 Simulation Set 3 

In the third set of simulation, the position of the quadcopter is controlled using the heading 

angle and a constant forward velocity. This is performed to imitate the experimental setup 

as the forward cameras cannot measure distance. After the quadcopter has reached the 

desired position using the heading angle and a constant forward velocity, the control is then 

switched over to the position control as the target position can be obtained using the bottom 

camera and the ultrasonic sensor.  

The parameters for the simulation are set up such that the quadcopter will move forward with 

a constant forward velocity, 𝑢 = 0.5 𝑚/𝑠, in the body-frame, for 10 seconds. Upon reaching 

10 seconds, the quadcopter changes its heading angle to −90°, for another 10 seconds. The 
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initial 10 seconds, causes the quadcopter to move forward in 𝑋𝑒 by 5 m, and then the second 

10 seconds, causes the quadcopter to turn and move forward in 𝑌𝑒 by 5 m. This sets the 

quadcopter at [5 5]𝑚, where the assumed moving landing marker is located.  

 

Figure 15: Position History in Sim 3 

Figure 15 shows the target position along with the actual position of the quadcopter in the 

third simulation. The desired position for the 20 seconds where the quadcopter was 

controlled using the heading and forward velocity is not very neat. A linear trend is expected 

for a system moving forward at a constant velocity, however, the system does not respond 

accurately as the previous two simulations. This was mainly due to the controller directly 

providing a velocity input which it was not designed for. An increase in the gains causes a 

better performance in the first 20 seconds of the simulation, however, it causes a severe 

oscillation over the remaining of the simulation. Since, the goal of the simulation is to 

provide a foundation and a benchmark for experimental data, the lower gain (original) values 

were used. This choice was made because the system was still able to reach the target 
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location, [5 5]m, albeit with poorer performance, but well within the 50 cm bound as seen 

in figure 16. 

 

Figure 16: Error in Position in Sim 3 

 

4.2 Experimental Results 

The experimental data was obtained using the OptiTrack system (Motive) available in the 

ARL (Orion lab) at FIT. The OptiTrack system measured the position of the target and the 

quadcopter in the inertial frame. The target for the first phase of the experiment, where the 

quadcopter is constantly moving forward with only changes in the heading angle to track the 

target, is physically held by an associate. This was done because the camera is a wide-angle 

lens which not only distorted the video, but was also not very good in detecting objects which 

were quite far away. Other issues which were not present in the simulation also rose over the 

course of the experiment. The most notable of these issues being the slight, but ever so 

constant drift in the angle data obtained from the IMU. Since, the angles are used to 
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determine the rest of the states, the error in the angle lead to small, but not negligible drift in 

the quadcopter.  

The simulation was performed for an ideal system with no disturbance or noise, however, 

the presence of nearby walls reflects the wind from the propeller causing a disturbance on 

the system. The altitude of the quadcopter, measured by an ultrasonic sensor, was prone to 

detecting small bumps and perturbations present on the floor causing the quadcopter to 

possess some unnecessary characteristics. 

 

Figure 17: Quadcopter position vs. Target position 

Figure 17 shows the trajectory of the quadcopter in 𝑥, 𝑦 and 𝑧 axis along with the target 

trajectory for phase 1. The target is placed in front of the quadcopter, therefore, there is 

always an inherent offset in the position of the target and the quadcopter in the 𝑥 and 𝑦 axis. 

The OptiTrack system was turned on and data acquisition was started before the quadcopter 

was turned on, hence, the delay in the flight in the quadcopter which is observable in the 𝑧 

axis plot. The exact point where the quadcopter cannot be determined as the quadcopter 



 

 

40 
 

system is independent from the OptiTrack system, therefore, for truncation of excess data, 

leeway of several seconds will be provide.  

The quadcopter exhibited remarkable characteristics in its ability to follow a target based on 

vision data through its onboard camera. This was also due to the quadcopter being limited in 

its degree of freedom. The forward velocity, 𝑢, has been set to a constant, while the lateral 

velocity, 𝑣, is set to zero. The only variable which is constantly changing is the reference 

yaw angle.  

 

Figure 18:Yaw angle (deg) vs Time (s) 

Figure 18 shows the yaw angle of the quadcopter from an inertial frame. The quadcopter 

starts at an angle with an offset of about 90°. This offset occurs due to the quadcopter and 

the OptiTrack system not being synchronized. The discontinuity occurring at about 22.5 sec 

and 31 sec is due to the quadcopter crossing ±180°. The yaw angle not reaching 180° at 31 

sec is due to interpolation of data points as it is not physically possible to attain such data.  
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Figure 19:Error in position (m) vs Time (s) 

Figure 19 is a plot of the error of the quadcopter in the 𝑥, 𝑦 and 𝑧 axis, where the time spent 

on the ground is truncated. It is observed that the error is bound between (−0.5 0.5) m. 

This error bound occurs due to the target marker being placed about 0.5 m ahead of the 

quadcopter. The error in the 𝑥 and 𝑦 axis alternate and the sum norm of the errors is a 

constant as the quadcopter keeps a constant distance behind the target. Figure 18 shows the 

norm of the error in the trajectory in the 𝑥 and 𝑦 axis. The norm of the error 𝜀 is calculated 

by: 

|𝜀| = √𝑥𝑒𝑟𝑟𝑜𝑟
2 + 𝑦𝑒𝑟𝑟𝑜𝑟

2 (42) 

It is observed that the norm of the error stays at about 0.5 m. However, there regions where 

the norm is significantly away from the 0.5 m mark. This deviation occurs due to the target 

not being moved at a constant given speed as the target is hand-held.  
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Figure 20: Error Norm (m) vs Time (s) 

Phase two of the experiment provided more challenged due to the increase in control, 

effectively doubling in the amount of degree of freedom the quadcopter possesses. Phase 

two of the experiment uses the bottom camera to determine the location of the target on the 

ground and keeps the quadcopter above the target and the lowers the altitude. Due to the 

increase in the degree of freedom the quadcopter has, several issues which were did not 

affect phase one arose. The quadcopter possessed freedom of motion in the roll and pitch 

angle, effectively, control over the velocity in 𝑥 and 𝑦 axis, (𝑢 and 𝑣).  

There were several issues present with the state estimation from the angle data obtained 

through the onboard sensors which were not obvious in the first phase. The velocity data 

depends on the angle and the input to the motors as given in Equation 17 and 18. The desired 

velocity was a constant, therefore, the effect of change in the values of 𝑈1 were minimal. 

However, in the second phase, the desired position which determines the velocity keeps 

changing. This led to sudden changes in the current velocity in the system. The onboard 

camera had a slightly limited field of view below the quadcopter.  
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Figure 21: Position (m) vs Time (s) Phase 2 

Figure 21 shows the position of the quadcopter as a function of time. In the second phase, 

the error in the position is significantly larger and is does not follow a set pattern like in 

phase one. The increase in the error is due to the increase in the degree of freedom. Changes 

in the roll and pitch can lead to more errors as the quadcopter attempts to hold its position 

using the bottom camera. In Figure 22, it is observed that the error in position in the 𝑦 axis, 

tends towards the negative direction. The 𝑦 axis is the forward or the pitch direction. In phase 

1, this error was mitigated by commanding a larger velocity than the drift. However, when 

trying to track the target in both 𝑥 and 𝑦 axis, errors in angular data becomes compounded 

causing the behavior observed in figure 22.  

The data from the onboard sensors also tend to drift over time. The slight offsets on the 

sensors over the course of the flight causes the errors in the angle and angle rate estimation 

to compound leading to undesirable characteristics. These characteristics were easily 

noticeable in the second phase of the experiment.  
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Figure 22: Position Error (m) vs Time (s) Phase 2 

4.3 Discussion 

The experiment was split into two sections, the simulation and the experimental phase. The 

simulation phase dealt with the formation of the equations of motion, development of control 

laws and simulation, while the experimental phase dealt with the implementation of the 

control law in the quadcopter. However, there were discrepancies with the assumptions made 

when modelling the system. The system model assumed ideal case scenario with optimal 

settings. However, in the experimental phase, the quadcopter was subject to various internal 

and external influences which caused the quadcopter to deviate from the model.  

The gains for the simulation were tweaked, leading to an appropriate response by the system. 

These gains were then implemented in the experiment. However, the gains obtained through 

the simulation did not provide the output by the quadcopter. New gains were then found 

using trial and error for the experiment. The accuracy of the model was validated by the 

deviation of the experimental gain and the simulation gain. There was not much of a change 
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which leads to the assumption that the model is accurate to an extent, but since it does not 

take disturbances and errors into account, the result was barely satisfactory.  

There were two main sources of errors in the experimental phase. The first source of error 

was the onboard sensors and the method used to determine the states of the quadcopter. The 

sensors had a tendency to drift after a moderate impact. Therefore, anytime the quadcopter 

performs a slightly hard landing, the sensor data becomes inaccurate leading to undesirable 

characteristics by the quadcopter. The Kalman filter used for the filtering the accelerometer 

and gyroscope data did not always provide a smooth and accurate estimation. The error in 

the estimation generally came from the offset in the gyro data, however, the angles provided 

by the Kalman filter was relatively noisy. The second source of error is the difference in the 

data acquisition rate between the onboard cameras and the IMU. The cameras running at 

60𝐻𝑧 and the onboard sensors running at 400𝐻𝑧 causes the controller to lag behind while 

the quadcopter is visually tracking an object. This leads to a lag in the system which may 

cause the quadcopter to exhibit unstable characteristics.  

The quadcopter was able to provide results which validated the simulation data with the 

experimental data. However, the presence of the two main sources of errors led to 

unaccounted characteristics. The unmodelled dynamics also came into play as the 

quadcopter tried to perform various maneuvers in a short amount of time.  
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Chapter 6 

Conclusion and Future Work 

The vison-based navigation controller for autonomous landing of the quadcopter was 

developed over the course of the project. The system model developed for developing the 

control law was capable of simulating the quadcopter to an extent where the control laws 

developed for the model could be applied for the quadcopter with only minimal changes. 

However, the unmodelled characteristics which involves inaccessible data by the 

quadcopter, could be observed by the system. This led to errors and unaccounted actions by 

the quadcopter.  

The PD controller developed for the vision-based control was able to perform adequately. 

However, the PD controller did not produce sufficient results in the second phase of the 

experiment. The drop in the quality of results was due to the PD controller not being 

sufficient for a precise time dependent maneuver. The PD controller is not sufficient to 

adequately control a linearized model of a nonlinear system, especially when the states of 

the model are pushed to the edge of the linearization bounds. The quadcopter exhibited 

coupled motions based on the calculated desired angles which occasionally led the 

quadcopter to develop a form of oscillation in the 𝑥 and 𝑦 axis effectively causing the 

quadcopter to move in circles. The oscillation of the quadcopter occurred in any location and 

was not always centered around the target. However, this behavior was not observed in the 

first phase as the forward velocity dominated the behavior of the system. Also, the 

oscillations occurred not only during the second phase but also during hover without any 

fixed frame of reference. The oscillations which occurred over the course of the experiment 

could be overcome with using a different sensor for controlling altitude as the behavior 

occurred only when there was a jump in the altitude. A controller suited for nonlinear 

systems could be used to account for the nonlinearity of the system when experiencing large 

angle deflections. 
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The quadcopter currently can only track simple colored objects and has no understanding of 

the orientation of the object. Further work can be done on the project to develop image 

processing tools to allow the quadcopter to obtain its relative position and orientation from 

a visual image. Due to the cameras present on the quadcopter being wide-angle lens, the 

images collected by the quadcopter is distorted. Work can be done to remove the distortion 

allowing the quadcopter to know its relative position and orientation from a target object 

through visual-based systems.  
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