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Abstract

The report presents the state-of-the-art methodologies used to control Quadrotor UAVs. Prior
to the discussion of the control methodologies, a detailed description of the dynamic modelling
of the Quadrotor is presented. Various control strategies like the Proportional Derivative
Control, the Sliding Mode Control and the Backstepping Control methods have been elucidated
and implemented in MATLAB and SIMULINK. Simulations have been carried out and the

results have been presented.



Acknowledgements

Before all, we would like to thank our supervisor Dr. BOUSHAKI Razika for accepting to do
this project with us and for all the advice she gave us during this year. Many people have
contributed and helped us in achieving this work that it would be difficult to cite them all!
Special thanks to BOUGHELLABA Mouaad who helped us move forward. Finally, our thanks

go to our families for their support and patience.

il



List of tables

Table 1.1 parameters used throughout the project.........ccoccoevveiiiiiiiniiiiiiiiceeeee, 10
Table 2.1 Tuning parameters for PD.........ccccoociiiiiiiiiieiiieiieeece e 17
Table 3.1 Tuning parameters for SMC control..........cccceeeviviiieniiieniieniieieeeeeeee e 23
Table 4.1 tuning parameter for backstepping control ............ccoeceeiiiniiiiiiiniieiieieee. 31
Table 4.2 list of constants that is used in the following equations ..............cccevvevuvennne. 32
Table 4.3 comPariSON tADIE .........cccuiiriiiiiieiiecie ettt re e e eanees 44

il



Table of Contents

F N 0] 1 v T A USRS i
ACKNOWICAZEMENLS.......viiiiiiiieiiecie ettt ettt ettt e s eesbeesteeeabeessaeesseessseesseassseensaensneans i
LSt OF tADIES ... ittt et et e et e b e sb e et e e taeenbeennaeensaas iii
TaDIE Of CONLENLS ....eeicuiiieiiieeeiie ettt et e e et e et e e e e baeesbeeeebeeessseeessseeessseeensseeenseeennns v
LSt OF FIGUIES ...ttt ettt ettt ettt e tae s be e teeesseessaeenbaesseeesseenseesnsaesneans 1
INEEOAUCTION ...ttt et ettt et e et e e bt e seesabeesaeessseessbeensaessseasseaseesnseesneans 1
1. Motivations and ODBJECLIVES ......cccueruiiruiriiriiniiiieeteeeete ettt ettt 1

2. State OF the ATt ..c..eeiiiieiiee et st 2

3. PIOJECT SEIUCIUIE ....vieviiieiiieiie ettt ettt et ettt e e e saeeabeesaeeenbeessnesnsaensneanseenens 6
Chapter I~ Quadrotor dyNAmICS.......cc.ceuirerriirieniieiert ettt 7
Chapter 2 Proportional derivative CONtrol ...........cccveeiiiieiiieeiiieeieeeieecee e 14
2.1  Introduction of Proportional derivative control ...........c.cceocvveeiiieeiiieeiieeeie e 14
2.2 Mathematics of PD Control of QUadrotors ...........cccceevveeiiieniieiiienieeieeieeeee e 14
2.3 RESUILS ettt sttt et aean 16
2.3.1  Results without diStUIDANCE ..........cccvviieiiiieiieeiieeeeeee e 18
2.3.2  Results with Disturbances..........cccceeiiieriiiiiieniiiiieeeee e 20
Chapter 3 Sliding Mode Control ...........coooiiieiiiieiiieeiieeeeee e 22
3.1 Introduction t0 SMC.......coooiiiiiiieeiee ettt et e e e e e s 22
3.2 Mathematics of Sliding Mode Control..........c.cccceeviiiiiieriiiiiierieeiee e 22
3.3 RESUILS ettt e b e b e ebeeeaaeen 24
3.3.1  Results without diSturbances...........c.cceecuvieriiieriiieeiiie e 24
3.3.2  Results with diStUIDANCES........c.eevuiiriieiieiiieieeeee e 27
Chapter 4  Back Stepping COontrol..........c.ooouiiiiieiiiiiieiieeieee ettt 30
4.1  Introduction to BackStePPINg .....c.ccevcuiiiiiiiiiiieeiiie ettt 30
4.2 Mathematics of Backstepping Control...........ccceecuiiiiiiiiiiniiiiiieieeeee e 30
4.2.1 RO CONIOILT ...ttt ettt st e e naeeneees 32
4.2.2  Pitch CONIOLLET. ... coiiiiiiiiiiee e 34
423 YaW CONIOLLET oottt et e e 35
424  Alitude CONtIOIIET ......ccuviiiiiiiieiieeit ettt 37

v



4.3 RESUILS ettt e e e et e e et e e e b e e eaaeeebaeeebaeeeaeeennreaenns
4.3.1 Results without diSturbance .............cccceevciierieiiierieeieeeeeee e
4.3.2  Results with diSturbance ............ccoecueerieiiieniieiieeeeee e

4.4 DISCUSSIONS .. .uvieeireeetreeeiteeetteestteesseeeaseeesssaeassseeasssaeassseeassseeassssesssseessseeeassseesssesenns

1. Proportional Derivative COntrol ............cccieiiiiiiieniieiierie et

2. SHAING MOAE CONIOL .....viiniiieiiieiieeiieiieeit ettt ettt sbeesaaeesbeessaeensees

3. Backstepping COntrol..........coociiiiiiiiiiiieeciie ettt e e e ae e e eere e e

GENETAl CONCIUSION. ... ..iiiiiieiiiiiieeiieie ettt ettt ettt ebe et e e sbeeseesebeessbeenseensneenseas
FULUIE WOTK ..ottt et et e et e et e e st e e e aaeesnbaeessseeennseeenns

BIDLIOZIAPRY ... ettt et eaneas



List of Figures

Figure 1.1 Control teChNIQUES.......coeiiuiiiiiiiiieicrteeecet et 6
Figure 1.1 Free Body Diagram of the QUadrotor.............ccoeeerierienienieienieeeeeeeee e 8
Figure 1.2 Inertial frame & Body frame ...........ccoooeoviiiiiiiiiiiiieeee e 8
Figure 1.3 Block diagram for the open loop simulation .............ccoeceeviieiieniiiiieniieeeeee, 11
Figure 1.4 The desired trajectory for the open loop simulation...........ccccceeevievienieenieennennen. 12
Figure 1.5 outputs of the open [00p SIMUIATION. ....eovireiiriiiiiiiieriieieeeee e 12
Figure 1.6 the helical Trajectory being tracked in 3D and with other perspectives ................ 13
Figure 2.1 PID controller block diagram ............cceevueriiriiiiiinienieieeieeeie e 14
Figure 2.2 Global view of the Simulink model of the system with PD Control...................... 17
Figure 2.3 Position and Orientation VS TIME .........ceoueriiriiriiirieniiienienieeienitesieeeeee e 18
Figure 2.4 Thrust, Rolling, Pitching and Yawing Inputs vs Time.........cccccoceriiiniiiicnncnnen. 19
Figure 2.5 Errors in X,Y,Z and VAW .....cccueeeiiieiiieeeiiieeeiieeeieeesieeesveeesveeseaeeseeeessaeesneessnseeenes 19
Figure 2.6 Position and Orientation vs Time [With Disturbance at 25s]........ccccoceviiniincnnns 20
Figure 2.7 Thrust, Rolling, Pitching and Yawing Inputs vs Time [With Disturbance at 25s] 21
Figure 2.8 Errors in x,y,z and yaw [With Disturbance at 25s] .......cccoooeeiiiniiiiniiinicnee, 21
Figure 3.1 Global view of the Simulink model of the system with SMC control ................... 24
Figure 3.2 Position and Orientation vs TIMe ..........coceiiiiiiiiiiiniiiiieieeeeceeeeeee e 25
Figure 3.3 Thrust, Rolling, Pitching and Yawing Inputs vs Time.........cccceeevviervieenieeenieens 26
Figure 3.4 Errors in X,Y,Z QNd YAW ...cc.eoiiriiiiinienieeieeitenie ettt sttt sttt sae e saeens 26
Figure 3.5 Position and Orientation vs Time [With Disturbance at 25s].........cccceecvveviiennennen. 27
Figure 3.6 Thrust, Rolling, Pitching and Yawing Inputs vs Time [With Disturbance at 25s] 28
Figure 3.7 Errors in X,y,z and yaw [With Disturbance at 255] ......cccoceverviniininieniiniicnns 28
Figure 4.1 Global view of the Simulink model of the system with BSC control .................... 39
Figure 4.2 Position and Orientation vs TImMe .........cccceiiiiiiiiiiiniiiiiiieeceeee e 40
Figure 4.3 Thrust, Rolling, Pitching and Yawing Inputs vs Time..........ccccevovevervenienennennns 40
Figure 4.4 Errors in X,Y,Z and YAW .......ccccuiiriiiiiieiieeie ettt ettt seteesee e saeesaaeenseessneenseas 40
Figure 4.5 Position and Orientation vs Time [With Disturbance at 25s]........cccccccveeeciveenneens 41

Figure 4.6 Thrust, Rolling, Pitching and Yawing Inputs vs Time [With disturbance at 25 s] 42
Figure 4.7 Errors in X,y,z and yaw [With Disturbance at 255] ........coceviriiniininiininiienes 42

1


file:///C:/Users/ino/Desktop/report%20final%20year.docx%23_Toc13049666
file:///C:/Users/ino/Desktop/report%20final%20year.docx%23_Toc13049667
file:///C:/Users/ino/Desktop/report%20final%20year.docx%23_Toc13049668

Introduction

“A helicopter is a collection of vibrations held together by differential equations.”

John Watkinson

1. Motivations and Objectives

This work will focus on the modelling and control of a quadrotor type UAV. The reason for
choosing the quadrotor is in addition to its advantages that will be addressed later, the research
field is still facing some challenges in the control field because the quadrotor is a highly
nonlinear, multivariable system and since it has six Degrees of Freedom (DOF) but only four
actuators, it is an underactuated system [1]. Underactuated systems are those having a smaller
number of control inputs compared to the system’s degrees of freedom. They are very difficult
to control due to the nonlinear coupling between the actuators and the degrees of freedom [2].
Although the most common flight control algorithms found in literature are linear flight
controllers, these controllers can only perform when the quadrotor is flying around hover, they
suffer from a huge performance degradation whenever the quadrotor leaves the nominal
conditions or performs aggressive manoeuvres [3]. The contributions of this work are: deriving
an accurate and detailed mathematical model of the quadrotor UAV, developing linear and
nonlinear control algorithms and applying those on the derived mathematical model in
computer-based simulations. The thesis will be concluded with a comparison between the
developed control algorithms in terms of their dynamic performance and their ability to

stabilize the system under the effect of possible disturbances.
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2. State of the art

Since the advances in technologies and the ability to manufacture miniature sensors and
controllers using the Micro-Electro-Mechanical Systems (MEMS) technologies, there have
been a lot of advances in the UAVs area. A lot of the research conducted focused on the
quadrotor due to its previously mentioned advantages of easier manufacturing, compactness
and manoeuvrability among others. Some literature focused only on developing a control
algorithm to be applied in a simulation environment while others developed quadrotors models
to test their proposed flight algorithm on. This chapter discusses some of the most commonly

used control techniques and some of the hardware platforms used in research.
2.1. Control

This project focuses on surveying existing control methods and modelling techniques with the
objective of determining capabilities and effectiveness of algorithms for unmanned
autonomous flight, navigation, obstacle avoidance, and performance of acrobatics. The
surveyed control techniques can be fit into one of three categories: linear, nonlinear and model-
free. After summarizing each controller, and its application, each control approach is
categorized accordingly in the comparative table shown in Figure 1.1. The linear methods are
divided into single-input single-output (SISO) methods and multi-input multi-output (MIMO)
methods. Proportional-Integral-Derivative (PID) controllers fall under the SISO linear control
category. MIMO linear controllers consist of linear feedback controllers, such as linear
quadratic regulators (LQG) and linear quadratic Gaussian (LQG), Hinfinity controllers, and gain
scheduling controllers that may utilize synthesis techniques. Nonlinear methods are divided
into linearized and fully nonlinear methods. Linearized techniques start with a nonlinear model,
and utilize various techniques to linearize the system dynamics, including input/output
feedback linearization. Other methods can then be applied, including adaptive control, model
predictive control (MPC), and nested saturation loops, backstepping control approaches utilize
fully nonlinear models. Lastly, model free and learning-based methods include neural networks
(NN), fuzzy logic, and human-based learning techniques. Human-based learning techniques

include differential dynamic programming (DDP) and reinforcement learning.
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2.1.1. Linear flight control systems

They are the most common and conventional flight control systems, typically based on PID,
Linear Quadratic (LQ) or Hinfiniy algorithms. It was reported that in the late 1960’s, a full-scale
helicopter achieved autonomous waypoint navigation using a classical linear control technique
[3] .PID and LQ Bouabdallah et al. proposed the usage of PID and LQ control techniques to
be applied on an indoor micro quadrotor, it was found out that these two types of controllers
performed comparably and were able to stabilize the quadrotor’s attitude around its hover
position when it undergoes little disturbances [4] [5]. Li and Yuntang used the classical PID to
control the position and orientation of a quadrotor and it was able to stabilize in a low speed
wind environment [6] Yang et al. used a self-tuning PID controller based on adaptive pole
placement to control the attitude and heading of a quadrotor. Simulation showed that the
proposed controller performed well with online tuning of the parameters [7].Hinfiniry Raffo et al.
used an Hinfinity controller to stabilize the rotational angles together with a Model Predictive
Controller (MPC) to track the desired position [8]. The effect of wind and model uncertainties
was added to the simulated model and it performed robustly with a zero steady-state error.
Hinfinity 1s a linear robust controller; robust controllers are those parametric uncertainty and
unmodeled dynamics. It is reported that it is used for control of full-scaled helicopters [3]
Switched Dynamics and Gain Scheduling To use a linear controller to control a nonlinear
system like a quadrotor, the nonlinearity of the system can be modelled as a collection of
simplified linear models. This is the concept of gain scheduling and it is commonly used to
design flight controllers. Gillula et al. divided the state space model of a STARMAC quadrotor
to a set of simple hybrid modes and this approach enabled the quadrotor to carry out aerobatic
maneuvers [9] [3]Also, Ataka et al. used gain scheduling on a linearized model of the quadrotor
around some equilibrium points and tested the controllability and observability of the resulting
system [10]. Amoozgar et al. used a gain scheduled PID controller with the latter’s parameters
tuned using a fuzzy logic inference scheme to control a quadrotor. The system was tested under
actuator fault conditions and compared with the performance of the conventional PID
controller. The results showed a better performance for the gain scheduled PID controller [11]

Sadeghzadeh et al. also use a gain scheduled PID controller applied to a quadrotor dropping a

carried payload at a designated time. The algorithm was able to stabilize the system during the

dropping operation [12].
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2.1.2. Non-linear flight control systems

Due to the fact that the dynamics of the quadrotor is of a nonlinear nature, developing nonlinear
control algorithms to be used as flight controllers was necessary. There is a variety of nonlinear
control algorithms applied to quadrotors including: feedback linearization, model predictive
control, backstepping and sliding-mode. Backstepping and Sliding-mode Backstepping is
a recursive control algorithm that can be applied to both linear and nonlinear systems [3]. In a
more recent paper, Bouabdallah and Siegwart proposed the use of backstepping and sliding-
mode nonlinear control methods to control the quadrotor which gave better performance in the
presence of disturbances [13]. Waslander et al. proposed developing controllers that can
stabilize the quadrotor in an outdoors environment, they compared the performance of an
integral sliding-mode controller vs. a reinforcement learning controller. They reached a
conclusion that both controllers were able to stabilize the quadrotor outdoors with an improved
performance over classical control techniques [14]. Madani and Benallegue used a
backstepping controller based on Lyapunov stability theory to track desired values for the
quadrotor’s position and orientation. They divided the quadrotor model into 3 subsystems:
underactuated, fully actuated and propeller subsystems. Their proposed algorithm was able to
stabilize the system under no disturbances [15]. Fang and Gao proposed merging a
backstepping controller with an adaptive controller to overcome the problems of model
uncertainties and external disturbances. The proposed adaptive integral backstepping algorithm
was able to reduce the system’s overshoot and response time and eliminate steady state error
[16] .Lee et al. used a backstepping controller to control the position and attitude of a quadrotor,
the proposed controller was tested in a noisy environment and gave a satisfactory performance
[17]. Zhen et al. combined a backstepping controller with an adaptive algorithm to control the
attitude of a quadrotor. A robust adaptive function is used to approximate the external
disturbances and modeling errors of the system. Simulations showed the success of the
proposed controller in overcoming disturbances and uncertainties [18]. Gonz’alez et al.
proposed using a chattering free sliding mode controller to control the altitude of a quadrotor.
The proposed controller performed well in both simulations and on a real system in the

presence of disturbances [19]. Feedback Linearization Feedback linearization is a control

techniques that uses a nonlinear transformation between the system’s nonlinear state variables

to linear ones. Linear algorithms can be then used to stabilize the transformed linear system
4
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which will then be inversely transformed back into the original state variables. Kendoul et al.
was able to control a quadrotor in several flight tests based on the concept of feedback
linearization [20] [3].Model Predictive Control (MPC) Model predictive control relies on
predicting the future states of the system and tracking the error to give an improved
performance [3].Alexis et al. relied on a MPC to control the attitude of a quadrotor in the
presence of atmospheric disturbances. The proposed algorithm behaved well in performing
rough manoeuvres in a wind induced environment as was able to accurately track the desired
attitude [21].Sadeghzadeh et al. also used a MPC applied to a quadrotor in dropping a carried

payload, the MPC was able to stabilize the system with a promising performance [12].
2.1.3. Learning based flight control systems

Opposing the previous control techniques, learning based flight control systems do not need a
precise and accurate dynamic model of the system to be controlled. On the other hand, several
trials are carried out and flight data are used to \train" the system. There are many types of
learning-based flight control systems, the most widely used are: neural networks, fuzzy logic
and human-based learning. Neural Network Efe used a Neural Network to simplify the
design of a PID controller and decrease the computational time and complexity [22] Fuzzy
Logic The idea behind fuzzy logic is to translate the knowledge and actions of skilled human
beings to a set of rules that can be used by a machine to execute a certain task usually executed
by humans. So, for flight control systems, a skilled pilot is usually the one doing the training

for a fuzzy logic system [3].
2.1.4. Hybrid flight control systems

In recent literature, it was found out that using only one type of flight control algorithms was
not sufficient to guarantee a good performance specially when the quadrotor is not flying near
its nominal condition, so researchers are now proposing using more than one type of flight
control algorithms. Azzam and Wang used a PD controller for altitude and yaw rotation and a
PID controller integrated with a backstepping controller for the pitch and roll control. An
optimization algorithm was used instead of the pole placement technique to overcome the

difficulty of pole placement in a nonlinear time variant system. The system was divided into
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rotational and translation subsystems where the translation subsystem stabilizes the quadrotor
position in flight and generates the needed roll and pitch angles to be fed to the rotational
subsystem [23].Nagaty et al. proposed the usage of a nested loop control algorithm; the outer
loop consists of a PID controller responsible for the generation of the desired attitude angles
that would achieve the desired position. These attitude angles are then fed to the inner loop.
The inner loop stabilization controller relies on the backstepping algorithm to track the desired

altitude, attitude and heading [24].

PID

SIS
Linear Cegie
i
Controllers Ho/H
Model Predictive
| MmO | Gain Scheduling
| ___Fully Nonlinear |

Adaptive
Model Predictive
Sliding Mode

Nonlinear
Controllers

Fully Nonlinear Backstepping
MNeural Networks
Moael el [ Fuszy Logic | Programming

Differential Dynamic

Learning-Based

Reinforcement Learning

Figure 1.1 Control techniques

3. Project structure

This thesis is organized as follow, Chapter 1 presents the mathematical modelling of a
quadrotor UAV based on the Newton-Euler formalism. Chapter 2,3,4 shows three developed
control techniques to control and stabilize the attitude, heading altitude and position of the
quadrotor in space. The controllers are verified using computer simulations and the results of
these simulations are shown. Finally, a conclusion and discussion of the results acquired in the

previous chapters is presented in the conclusion.



Chap I: Quadrotor dynamics

Chapter 1 Quadrotor dynamics

In this chapter, the kinematics and dynamics models of a quadrotor will be derived based on a

Newton-Euler formalism with the following assumptions:

% The structure is rigid and symmetrical.

+ The centre of gravity of the quadrotor coincides with the body fixed frame origin.
+ The propellers are rigid.

+ Thrust is proportional to the square of propeller’s speed.

The model used in this work is a simple one with no Coriolis forces or aerodynamic non
linearities like drag, blade flapping and ground effects. In controlled hover like conditions these
nonlinearities can be assumed to be absent. The main objective of this work is to present
different control technics currently used by researchers to control small UAVs, so the controller

output is directly fed into the dynamic model without making any mapping in the actuator space

In this chapter, the dynamics of a quadrotor using the Newton-Euler formalism is introduced.

The motivation is derived from the work of Mellinger [25].

NEWTON EULER EQUATION

2= Rl Lo <ol an

In the Equation 1.1 the symbols have the following meaning, F is the net force acting on the
quadrotor, 131s a 3 x 3 identity matrix, a is the linear acceleration of the centre of mass, w is
the angular velocity of the robot, m is the mass, I31s the moment of inertia, T is the net torque
and a is the angular acceleration. Now we will write the linear and the angular equations of
motion separately. For transforming coordinated from body frame to the world frame we use

the ZXY Euler angles. It is given in the Equation below:

cWcO —sds¥Vse —cds¥ c¥sO + cOsPs¥V
Wr, = [s¥cO + sdcWsB  cdcV  s¥sO — cVcOsd (1.2)
—cPsO s® cbco
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Here, @ is the angle of rotation about the x axis (roll angle), 0 is the angle of rotation about the
y axis (pitch angle) and ¥ is the angle of rotation about the z axis. We shall write the dynamics

of linear motion in the world frame aiazas and the dynamics of angular motion in the body

frame of reference bibzbs. Refer Figures 1.1 and 1.2

Figure 1.1 Free Body Diagram of the Quadrotor

&3

I ;
M,
1 4 m,

3
=

(00

Figure 1.2 Inertial frame & Body frame
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1. Linear Motion Equation in World Frame aiazas

0 0
mit = [ 0 |+ Wg, 0 (1.3)
—-mg Fi+F, + F; + F,
2. Angular Motion Equation in the Body Frame bibzb3
p Thx 14 p
Il{g]=|%py|— |q| XI|q (1.4)
T Thz r r

Thxis the torque about the body-x axis b1, Tryis the torque about the body-y axis bz and tbzis
the torque about the body-z axis b3. It can be seen in the Figure 1.1 that the rotation about b11is
possible due to the difference between thrusts exerted by the rotors numbered 2 and 4.
Similarly, the rotation about b2 is possible due the difference between the thrusts exerted by the
rotors numbered 1 and 3 and the rotation about the axis b3 can be brought about by changing
the motor torques which changes the drag moments exerted on the quadrotor. With this

information, the Equation 1.4 can be written as Equation 1.5.

p L(F, — F,) p p
I'g| = L(F5 — Fy) - |a xllq (1.5)
r' M, + M, — M, — M, r r

L is the arm length and [p q r]Tis the angular velocity vector in the body frame. The rate of

change of roll, pitch and yaw angles can be found from the knowledge of [p q r]” using the

Equation 1.6.

. . . cO 0 sO
Pl [© O —c®sBI[O) D] ooy 1 —cotal|[P
gl=[0 1 so ||6]-[6]=] o o [l4] @@.6)
T s6 0 cdco 1y 7} —— 0 — r

cd cd

It should be noted that in this model, the aerodynamic effects have been neglected for the sake
of simplification. The dynamic model is now established in Equations 1.3 and 1.5. It is known
as that the control inputs are the rotor thrusts Fiand the rotor drag moments Miand these
quantities depend on the rotor speed. To adopt a modular approach in controller design, we

write the Equations 1.3 and 1.5 as:
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0 0
mir=| 0 |+wg, O] (1.7)
—mg Uq
p p p L(F, — Fy)
I [q] =u, — ql xI|q|l u, = L(F; —F)) && uy =F+F,+F;+F, (1.8)
7 r r M, + M, — M, — M,

The formulated quadrotor model will be used in open-loop simulations to verify the
mathematical model, an open loop simulation was carried out using MATLAB/Simulink. The
quadrotor’s parameters were taken from Bouabdallah’s PhD thesis which is based on the OS4
hardware [26]. The block diagram for the simulation, the desired inputs and their corresponding

unstable outputs is shown respectively in Figure 1.3, Figure 1.4 and Figure 1.5.

Table 1.1 parameters used throughout the project

m(mass) 0.18 kg
I (Inertia matrix) [0.00025 0 2.55e -6
0 0.000232 0
2.55e — 6 0 0.0003738]
g (gravity) 9.8 m/s"2

10
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ul
par . »oqr
- phi tht psi{1)
5
— = phi tht psi
X x dx
sig3 phi tht psi | p2phi

sigd Madel

eI

0 L0

Figure 1.3 Block diagram for the open loop simulation
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sig1 : Thrust (N) vs Time(s)
T T T T

10 T T T T T
5 .
O 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
sig2 : Rolling I/P(N m) vs Time(s)
05 T T T T T T T T T

100

-0.5 L L
10 20 30 40 50 60 70 80 90 100
] sig3 : Pitching I/P(N m) vs Time(s)
T T T T T T T
0.95+ —
| 1 | 1 1 | 1 | 1
0 10 20 30 40 50 60 70 80 90 100
] sig4 : Yawing I/P(N m) vs Time(s)
T T T T T T T T T
0
_1 | 1 | 1 1 | 1 | 1
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Figure 1.4 The desired trajectory for the open loop simulation
) «10°  X(m) vs Time(s) «10°  Y(m) vs Time(s)
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z(m) vs Time(s 4 rad) vs Time(s
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10000 ol
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200t
2 100}
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Figure 1.5 outputs of the open loop simulation.
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After the derived mathematical model of the quadrotor was verified using the open loop
simulation, the simulation environment will be extended to include an altitude, attitude,

heading and position controllers in closed loop to stabilize and to track the desired helical

trajectory.
Time=100.01
Time=100.01
15 T
10
10
e 5
%) "
< 0 2
N s O
>
-10 4 -5}
10}
10
10
0 O _15 1 1 1
-10 -10 -10 0 10
y axis X axis X axis
Time=100.01 Time=100.01
15 T 15 T
10 | : 10|
5 5|
% ®
s Of s 0
N N
-5 -5
10t : 10 |
-15 : : - -15 : : :
-10 0 10 -10 0 10
X axis y axis

Figure 1.6 the helical Trajectory being tracked in 3D and with other perspectives

In the following chapter we’re going to present one of the control techniques basically PD

controller.
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Chapter 2 Proportional derivative control

After the mathematical model of the quadrotor along with its open loop simulation are verified,
a PID controller was developed. The PID controller generates the desired control inputs for the
quadrotor. A PD control is used instead of PID for the sake of simplicity. The block diagram

for a PID controller is shown in Figure 2.1 where Ki = 0 in that case.

System
States

Set ’ e
Point e‘é

Quadrotor Dynamics

Figure 2.1 PID controller block diagram

2.1 Introduction of Proportional derivative control

The Proportional Derivate Control is one of the simplest linear control laws. It is very simple
and computationally efficient. It can be easily implemented in real time systems using
microcontrollers. The mathematical simplicity and ease of understanding makes it one of the

most used control laws in Aerial Robotics.

2.2 Mathematics of PD Control of Quadrotors

The dynamic equations of the Quadrotor are given in Equations 2.1 and 2.2. The Equation
2.1 concerns the dynamics of linear equation and the Equation 2.2 concerns the dynamics

of angular motion.

14
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0 0
mit=| 0 [+wg, O] (2.1)
—mg | Uy
15] P 12
Ig|=u,— ql x 1 ql (2.2)
T r Ly

pl [© 0 —c®sO][d] [d ® 0 6 1p
_|sotd 1 —cotd H

g|=]0 1 s® |le|—|6 o 2P a (2.3)
T sO 0 cdco Iy 7} % P r
(p; q; 1] body angular accelerations measured by the gyroscope.

[D; 6; W] Roll, Pitch and Yaw angles.

m system mass.
I system moment of inertia.
Uy The thrust input.
Uy The moment input (3 x 1 vector).

c¥cO —sPs¥sO —cPs¥ c¥sO + cOsPs¥
Wg, = |SPcO + sPc¥WsO®  cDcW  s¥sO — cWcOsd
—cPsO s® cdco

Xdes

Ydes
Zjes
lludes

The desired trajectory is ry =

Let us define: ep=rr—rande, =7 —T
and since we’ve a tracking error problem we want:

Fr-ic+kgre,+kye,=0

Here #.: is the commanded acceleration, calculated by the controller. We design the control

for hovering and linearize the dynamics at the hover configuration, where we have:

ut=mg ©6=0 ®=0 Y=, u=0 p=0 qg~=0 r=0

Using these approximations and all the previous data, one can deduce the following equations:

15
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d. = é (7 1,cSIN(Wdes) — 7 2,:COS(Wdes))
0. :gl (# 1,cCOS(Wdes) + 7 2,cSIN(F des)) (2.4)

Ve =Whes
T3¢ =1 3des + kd, 3( T 3des — T 3) + kp, 3(7' 3,des — ¥ 3)
The control laws can be written as:

ur=m (g +# 3c) (2.5)
kp, o(@c= @) + kd o(pe- p)

Uo= I kp,@(ec— 6) + kd,G(C[c— C[) (26)
kp, y(Pc — ) + kao(re — 1)

Using Equation 1.3 and 1.4, one can get [p;, q; rc] . Alsonote that [11 2 13]T=[x ¥y z]T

2.3 Results

The objective of the control is to track a Helical Trajectory. The Figure 2.2 shows the SIMULINK
model of the Quadrotor with the position and attitude control blocks in closed loop. The system has
been tested with and without disturbances. The disturbance is wind with velocity vector V,, = 5i + 5j +

5k m.s*

16
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1_psl des I refTra) ul ¥ f }-NW
" i B 0hiC 11C psiC par par
Trajectory Generator(Hel
OGS r’ e ML pibs -
xdx phiC (iC psiC 8 . pCqCrC ’—P phitht sl st s
T dghiC ethiC dpsiC byt "
posiion thin atfude control it i ol
control
Model
Figure 2.2 Global view of the Simulink model of the system with PD Control
Table 2.1 Tuning parameters for PD
With respect to Kp Kd
X 4 4
Y 4 4
z 25 10
Phi 625 50
Theta 625 50
Psi 625 50

17
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2.3.1 Results without disturbance

Without any disturbance, the tracking by PD control is excellent and the tracking error is

negligible. The Figures 2.3, 2.4, 2.5 show the position and orientation, control inputs and the

trajectory error in the absence of disturbances.

*®(m) vs timea(s)

roll {in deg) vs time(s)

100

100

10
l .-'"'J_-""\. -
-
> N4
-10 : : : : -2 : : : :
L] 20 40 60 80 100 L] 20 40 &0 80
10 yim) vs time(s) pitch (in deg) vs time(s)
100
{:' [ 5':' L
L]
=10 * * * * * * * *
0 20 40 &0 B0 100 0 20 40 &0 B0
z(m) vs time(s) yaw (in deg) vs time(s)
10r I I I I I I
0.4
ar 0.2
o == -
-10 ’ ’ ’ ’ ’ ’ ’ ’
0 20 40 &0 B0 100 0 20 40 &0 B0
e Aictuial Measure Reference

Figure 2.3 Position and Orientation vs Time
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Thrust (N) vs Time(s)
T T T

T T T T T T
3r .
2 u | 1 1 1 | 1 1 1 | 1
0] 10 20 30 40 50 60 70 80 90 100
5 1073 Rolling I/P(N m) vs Time(s)
T T T T T T T T T
0 - -
_5 1 1 1 1 1 1 1 1 1
0] 10 20 30 40 50 60 70 80 90 100
Pitching I/P(N m) vs Time(s)
02 T T T T T T T T T
0
_02 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
105 1073 Yawing I/P(N m) vs Time(s)
T T T T T T T T T
5 _
0
| 1 1 1 | 1 1 1 |
0] 10 20 30 40 50 60 70 80 90 100

Figure 2.4 Thrust, Rolling, Pitching and Yawing Inputs vs Time

03 error in x(m) vs time(s) 01 error in y(m) vs time(s)
0.05
0
-0.05 1
: -0.1 :
0 50 100 0 50 100
10 & 1073error in z(m) vs time(s) 02 error in psi(yaw)(deg) vs time(s)
5
0 ) |
0 50 100 0 50 100

Figure 2.5 Errors in X,y,z and yaw

From figures 2.3, 2.4,2.5 the results were satisfying “small error”
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2.3.2 Results with Disturbances

The disturbance is wind of velocity V,, = 5i + 5j + S5k m.s? is applied as a step input at time t =

25 s. The Figures 2.6, 2.7, 2.8 show the position and orientation, control inputs and the

trajectory error in the presence of disturbances.

w10 x(m) vs time(s) «10° roll (in deg) vs time(s)
O
2 [
1 ' -2
.l'-r..-
1] — -4
O 20 40 &0 a0 100 L 20 40 (] 80 100
«10% y{m) vs time(s) <10 pitch (in deg) vs time(s)
2 i ™
' |
I
i /
{:I - k r(f {:l =4 J.-‘. i"
.
N, L4/
5 - .3 L
O 20 A0 &0 a0 100 [ 20 A0 (] a0 100
z(m) vs time(s) ; 10" yaw (in deg) vs time(s)
10 FH.
0 o rﬂ f ;"L
"lLJ "4 ";'
10 -1
1) 20 40 &0 80 100 L 20 40 L] 80 100
| m— Actial Measure Reference |

Figure 2.6 Position and Orientation vs Time [With Disturbance at 25s]
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Thrust (N) vs Time(s)
T T T

T 1 1T T T T T T T

(0] 10 20 30 40 50 60 70 80 90 100
Rolling I/P(N m) vs Time(s)
T T

1 1
“o 10 20 30 40 50 60 70 80 90 100
Pitching I/P(N m) vs Time(s)
T T T

02 T T l T T T T
o ‘ _
_02 1 1 l 1 1 1 1 1 1 1
[0} 10 20 30 40 50 60 70 80 90 100
Yawing I/P(N m) vs Time(s)
02 T T T T T T T T T
0 —
_02 1 1 1 1 1 1 1 L 1
[0} 10 20 30 40 50 60 70 80 90 100

Figure 2.7 Thrust, Rolling, Pitching and Yawing Inputs vs Time [With Disturbance at 25s]

0 & 107 error in x(m) vs time(s) «108 error in y(m) vs time(s)
T T 5 T T T
-0.5¢}
s
-1.51
2+
0 20 40 60 80 100 0 20 40 60 80 100
o error in z(m) vs time(s) § X 10’error in psi(yaw)(deg) vs time(s)
-0.5
1t
15 : : : : : : : :
0 20 40 60 80 100 0 20 40 60 80 100

Figure 2.8 Errors in x,y,z and yaw [With Disturbance at 25s]

. It can be concluded from the plots 2.6, 2.7, 2.8 that the control is not robust enough to
tolerate the effect of winds. The system becomes completely unstable with the addition of

wind and all the coordinates except z diverge to oo.
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Chapter 3 Sliding Mode Control

Since the quadrotor system is a nonlinear type system, we proposed using a nonlinear Sliding

Mode Controller (SMC) to control the states of the quadrotor.

3.1 Introduction to SMC

An SMC is a type of Variable Structure Control (VSC). It uses a high speed switching control
law to force the state trajectories to follow a specified, user defined surface in the states space
and to maintain the state trajectories on this surface [28]. The control law for an SMC consists
of two parts; a corrective control part and an equivalent control part. The corrective control
function is to compensate any variations of the state trajectories from the sliding surface in
order to reach it. The equivalent control on the other hand, makes sure the time derivative of

the surface is maintained to zero, so that the state trajectories would stay on the sliding surface.

3.2 Mathematics of Sliding Mode Control

We consider near hover configurations, so we can have the following approximation: p~® ,

g~06 and » ~. The dynamics of angular motion is given in the following Equation:

IO =w—0xIlo=> o= —-110o x 1o + I 1w, (3.1
We’ve
() dc
Ww=[e| and w.=|6c
¥ Yc

The error is defined as e(t) as e(t) = w — W,
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From the equation 3.1, the relative degree of the system is 2, so the First Order Sliding Mode

Control variable can be defined as: s=¢é + e

Differentiating once,

$=¢€+1é

$§=6 — e+ A — i)

s=-1toxlo+l Tu-dc+Aw— @) (3.2)
S==1" Yo x 1 —dc+ A —wc)+ 1 tuz

S = asm + fsmuz

Where agy = — 1 '@ x 1o — dic + A( @ — wc) and psm = 1 L. For nominal control, the
control law will be chosen as: uz=fsm (—asm + V)

For sliding mode, v must be chosen as: v = —K * sign(s)

Here, K is the sliding mode gain matrix. Using the above equations, the control input for

controlling the altitude is: Uz = Bsm™ * (—aism — K * sign(s))

For the given problem at hand:s;

o) o) dc b [dc sign(s1)
Ua=—I(-1"*|§|x1|6| - |Bc[+2(|6|—|6c| ) —k|sign(s)| ) (3.3)

Ny Ny e Y| Ly sign(s3)

21 0 0 ki o o0

Where A=(0 12 0 and k=10 ky o
0 0 13 0 0 ks

Table 3.1 Tuning parameters for SMC control

With respect to kp Kd
X 20 30
Y 10 10

z 4 4
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5 0 0 100 O 0
k=10 55 0 /1=[0 100 0]

0 0 55

3.3 Results

The objective of the control is to track a Helical Trajectory. The Figure shows the SIMULINK
model of the Quadrotor with the position and attitude control blocks in loop. The system has
been tested with and without disturbances. The disturbance is wind with velocity Vector:

V,=5"+5"+5"km.s

’ rermrel
ul » /— plut

Trajectory Generator(Helix)
P x dx

s

#

uz u2

P = = P dphi dtht dpsi
1 W phi tht psi phiC thtC psiC
i B dphi dtht dpsi

attitude control

position control dphi dtht dpsi(1)
B phi tht psi —‘

Model

0]

dphi dtht dpsi

phiC thtC psiC (4

Sliding Variable

Figure 3.1 Global view of the Simulink model of the system with SMC control

3.3.1 Results without disturbances

Without any disturbance, the tracking by SMC control is better than PD control. The

magnitudes of errors are less than the case of PD control. But the control is discontinuous and
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control

switches very frequently. The Figures 3.2, 3.3, 3.4 show the position and orientation, control

inputs and the trajectory error in the absence of disturbances

x(m) vs time(s)

roll {in deg) vs time(s
. . (in deg) vs time(s)
1]
=10
1] 20 40 &0 80 100 1) 20 40 60 80 100
m) vs time(s Pitch {in deg) vs time(s
. y(m) vs time(s) . (in deg) vs time(s)
50
[1]
1]
=10 =50
1] 20 40 60 80 100 1] 20 40 &0 80 100
z(m) vs time(s) oz yaw (in deg) vs time(s)
10 ’
0 1]
=10 -0.2
1] 20 40 60 80 100 O 20 40 &0 80 100
s Actual Measune Reference

Figure 3.2 Position and Orientation vs Time
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Thrust (N) vs Time(s)
T T T

2 e A ) } ) T WA n 1 W Vo

0 10 20 30 40 50 60 70 80 90 100
Rolling I/P(N m) vs Time(s)

10 20 30 40 50 60 70 80 90 100
Pitching I/P(N m) vs Time(s)
T T T

0 10 20 30 40 50 60 70 80 90 100
Yawing I/P(N m) vs Time(s)
0.04 T T T T T T T T T
0.02
0
-0.02

Figure 3.3 Thrust, Rolling, Pitching and Yawing Inputs vs Time

error in x(m) vs time(s) error in y(m) vs time(s)

0.06 0.04
0.04
0.02 ¢
0.02
0
0
-0.02 : -0.02 :
0 50 100 0 50 100
error in z(m) vs time(s) 0.2 error in psi(yaw)(deg) vs time(s)
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0.02
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0 : 0.2 -
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Figure 3.4 Errors in X,y,z and yaw
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Without any disturbance, the tracking by SMC control is better than PD control. The
magnitudes of errors are less than the case of PD control. But the control is discontinuous and

switches very frequently.

3.3.2 Results with disturbances

The disturbance is wind of velocity Vw= 5% + 5% + 5k is applied as a step input at time t =
25 s. The Figures 3.5, 3.6, 3.7 show the position and orientation, control inputs and the

trajectory error in the presence of disturbances

x(m) vs time(s roll {(in deg) vs time(s
o (m) (s) 0o (in deg) (s)
o 50
0
=10
1] 20 40 60 80 100 1) 20 40 60 80 100
m) vs time(s Pitch (in deg) vs time(s
. y(m) (s) 0o (in deg) (=)
1) 0
=10 =100
1] 20 40 &0 80 100 1) 20 40 &0 a0 100
z{m) vs time(s) 02 yaw (in deg) vs time(s)
10 ’
1)
A0 -0.2
0 20 40 &0 B0 100 0 20 40 &0 80 100

Actual Measune

Reference |

Figure 3.5 Position and Orientation vs Time [With Disturbance at 25s]
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Thrust (N) vs Time(s)
T T T

4 T T T T T T
2
0 1 | | 1 | | 1 | 1
0 10 20 30 40 50 60 70 80 90 100
Rolling I/P(N m) vs Time(s)
0.02 T T

-0.02 !
0 10 20 30 40 50 60 70 80 90 100

Pitching I/P(N m) vs Time(s)
T T T T

T

0 10 20 30 40 50 60 70 80 90 100
Yawing I/P(N m) vs Time(s)
T T T

0 10 20 30 40 50 60 70 80 90 100

Figure 3.6 Thrust, Rolling, Pitching and Yawing Inputs vs Time [With Disturbance at 25s]

error in x(m) vs time(s) 0 error in y(m) vs time(s)
0 : . :
-0.5
-1
At
15F 2]
2t ! 1 3 i
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error in z(m) vs time(s) 02 error in psi(yaw)(deg) vs time(s)
0 F . T
2t
4t
6
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Figure 3.7 Errors in x,y,z and yaw [With Disturbance at 25s]
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The Figures 3.6, 3.7 , 3.8 show the position and orientation, control inputs and the trajectory
error in the presence of disturbances. It can be concluded from the plots that the control is
robust enough to tolerate the effect of winds. The system becomes unstable with the addition
of wind but gains control in approximately 5 seconds and all the coordinates converge to the

desired values.
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Chapter 4 Back Stepping Control

Backstepping controller is used to control the attitude, heading and the altitude of the
quadrotor. This is a recursive control algorithm that works by designing intermediate

control laws for some of the state variables.

4.1 Introduction to Backstepping

Backstepping is a recursive control algorithm that works by designing intermediate
control laws for some of the state variables. These state variables are called “virtual
controls” for the system [29]. Unlike other control algorithms that tend to linearize
nonlinear systems such as the feedback linearization algorithm, backstepping does not
work to cancel the nonlinearities in the system. This leads to more flexible designs since
some of the nonlinear terms can contribute to the stability of the system. An example of
such terms that add to the stability of the system are state variables taking the form of
negative terms with odd powers (e.g. -x3), they provide damping for large values of x

[29] [30].

4.2 Mathematics of Backstepping Control

The dynamic model presented in Equations 2.1 and 2.2 are re-written for the sake of

convenience. The state variables are renamed as follows:

x1=®, x2= X1, x3=0, x4=x3, x5=Y , X6 =X5, X7=2, X8=Z, X9 =X, X10=X9, X11=y and x12=x11
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The control inputs are:

1. Thrust=u1
2. Rolling Input=u21
Pitching Input=u22

Yawing Input=u23

The following parameters are used:

I _IZZ I _I Ixx_l 1 1 1
=—yy a2=ZZ XX a3=—yy b1=— b2=— b3=—

a
lyy Iyx lyy Izz

IXX IZZ

Using these state variables and the parameters, the dynamic model can be written as:

_ -X:l - ] xz )
X2 A1X4Xe + D1Upq
X3 X4
X4 Ay XX + byliy;
X5 X6
X6 _ A3X2Xy + b3Uy3 (@.1)
X7 Xg '
Xg —g + b,y (cosx;cosx3)u,
X X10
o b,(cosxssinx; + sinxscosxzsinx;)uy
xil . . 12 .
. | b, (sinxssinx; — coSXx5Cc0Sx3SinXx; )u, |

The model developed in Equation 4.1 is used to implement the backstepping control.

Table 4.1 tuning parameter for backstepping control

With respect to kp kd
X 10 1
y 10 1
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Table 4.2 list of constants that is used in the following equations

C C G Cs Cs Cs Cr Cs

100 100 100 100 100 100 1 1

4.2.1 Roll Controller

The states x1 and x2 are the roll and its rate of change. Considering the first two state

variables only:

[951] _ [ X2 ] (4.2)
X, lagxaxe + biuy,g

The roll angle equation is strictly in feedback form, the second equation is influenced by
an input. This makes the choice of the Lyapunov function easier. A simple positive

definite Lyapunov Function is picked:

1, (4.3)
171 = _Zl

2

Here z, is the error between the desired and the actual roll angle defined as:

Z1 = X1c — X1

The time derivative of the function defined in Equation 4.3 is;

V1 = 212y = 2 (X3 —%1) = Z1(x1c —x2) (4.4)
According to Krasovaskii-LaSalle principle, the system is guaranteed to be stable if the
time derivative of the positive definite Lyapunov function is negative semidefinite. A
positive definite bounding function is picked which is a bound on v; as given in

Equation
1.71 - 2121 == Zl (X.lc —Xz) < —C1Z12 (45)

Here c1is a positive constant. To satisfy inequality 4.5 the virtual control input is chosen

to- be:
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(%2) desirea = X1c + €124 (4.6)
A new error variable Z,is defined which is the deviation of the state X from its desired
value.
Zy =Xy — 5C1C — C1Z1 (47)

Rewriting equation 6.4 =

V1= 2121 = Z1( X1 — X2)
=27y (X1d— (22 + X114 + C121)) (4.8)
Vlz _Z1 Zz - C]_Zl 2

The next step is to augment the first Lyapunov function V1 with a quadratic term in the

second variable Z, to get a positive definite V2.

1
V2:V1+E 222

Vo=V1+ Zzéz (4.9)
V2 = _Zl Zz - C]_Zl 2+ Zz (Xz - jé]_c - C]_Z]_)

Choosing a positive definite bounding function and substituting the model ( x2) leads to

the following:

—212 — C121% + Z2(arXaXe + b1l — ¥1d — €172 < —¢y2¢ — 27 (4.10)

Using the equality case of Equation (4.10), we get:

1 . .
Upr = o= (¥g + €121 — 1XaXs + 21 — CoZ) (4.11)
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4.2.2 Pitch controller

The states x3 and x4 are the pitch and its rate of change. Considering the third and the

fourth state variables only:

J.C3 _ x4_
[554] B [a2x2x6 + bzuzz] (4.12)

The pitch angle equation is strictly in feedback form, only the second equation is
influenced by an input. This makes the choice of the Lyapunov function easier. A simple

positive definite Lyapunov Function is picked:

Vo= 122 (4.13)
Here Z3 is the error between the desired and the actual roll angle defined as:

23 = X3¢ — X3

The time derivative of the function defined in Equation 6.13 is;

Vy =2z323=23(x3c — %3) = z3( X3, - X4) (4.14)
According to Krasovaskii-LaSalle principle, the system is guaranteed to be stable if the
time derivative of the positive definite Lyapunov function is negative semidefinite. A
positive definite bounding function is picked which is bound on V3 as given in Equation
Vy =23( %3, - Xa) < —c322 (4.15)
Here ¢ 3 is a positive constant. To satisfy inequality 4.15 the virtual control input is
chosen to be:
(X4) desired = X3, + 323 (4.16)
A new error variable z4 is defined which is the deviation of the state x4 from its desired
value.
Z4 = X4 — X3¢ — C3Z3 (4.17)

Rewriting Equation 6.14
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V3 =12323 = 23( X3d — Xa)
= z3( X3d — (24 + X34 + C323)) (4.18)
V3 = —2324 — C3z3
The next step is to augment the first Lyapunov function Vswith a quadratic term in the
second variable z4 to get a positive definite Va.
— 1_2
Vi=V3+ 5 2
V4 = V3 + 2474 (4.19)
V4= 2324 — Caz3® + 24( %4 — ¥3c — CaZ3)
Choosing a positive definite bounding function and substituting the model ( x4) leads to
the following:
—737Z4 - C3Z§ + z4(a2x2Xe + boU22 — ¥3d - C3z3) < —ngg - C4ZZ (4.20)

Using the equality case of Equation 4.20, we get:
Uz = i (X3d + €323 — a2X2Xe + Z3 — C4Z4) (4.21)

4.2.3 Yaw controller

The states xs and xs are the yaw and its rate of change. Considering the fifth and the

sixth state variables only:

5(5 _ X6
[x6] - [angX4, + b3u23] (422)

The yaw angle equation is strictly in feedback form, that only the second equation is
influenced by an input. This makes the choice of the Lyapunov function easier. A simple

positive definite Lyapunov Function is picked:

— 1 2
Here zs is the error between the desired and the actual roll angle defined as:

Z5 = X5¢c — X5
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The time derivative of the function defined in Equation 4.23 is;

Vs= zsis= z5(dksc— xs) = zg (Xsc — X6) (4.24)

According to Krasovaskii-LaSalle principle, the system is guaranteed to be stable if the
time derivative of the positive definite Lyapunov function is negative semidefinite. A

positive definite bounding function is picked which is a bound on Vsas given in Equation

Vs= zs(Xsc— x6) < —cCsz2 (4.25)
Here ¢5 is a positive constant. To satisfy inequality 4.25 the virtual control input is
chosen to be:
(xe) desired = Xsc + CsZs (4.26)

A new error variable zg is defined which is the deviation of the state xs from its desired

value.

Ze = X6 — Xsc — C5Z5 (4.27)

Rewriting Equation 6.24

Vs = 2525 = 25( X5d — X5)
= z5( X5d — (26 + X5d + C525)) (4.28)
V5 = —7I5l6 — CsZ52

The next step is to augment the first Lyapunov function Vswith a quadratic term in the

second variable z¢ to get a positive definite V.

Vg =Vs5 + Zl 762
Ve=Vs+ 2626 (4.29)

Ve = —2526 — Cs25° + Z6( X6 — X5 — C525)

Choosing a positive definite bounding function and substituting the model ( x4) leads to

the following:

—27526 - c5ZZ + Zo(asXoXa + D3Ups — X 50— C525) < —Csz8 — Coz2 (4.30)
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Using the equality case of Equation 4.30, we get:
Uz = b—13 (Jsd + c5Z5 — @3X2Xa + Z5 — CoZs) (4.31)

4.2.4 Altitude controller

The states X7 and Xg are the altitude and its rate of change. Considering the seventh and

the eighth state variables only:

i ] (4.32)

X7\ _
[a‘cg] _[—g + by (cosx; +cosxz) uy

The altitude equation is strictly in feedback form, that only the second equation is
influenced by an input. This makes the choice of the Lyapunov function easier. A simple

positive definite Lyapunov Function is picked:

Vo= 1 22 (4.33)

2
Here Z71s the error between the desired and the actual altitude angle defined as:
27 = X7c — X7

The time derivative of the function defined in Equation 4.33 is;

Vi= z727= z71(x7c— %7) = z7( %7¢ - X8) (4.34)

According to Krasovaskii-LaSalle principle, the system is guaranteed to be stable if the
time derivative of the positive definite Lyapunov function is negative semidefinite. A

positive definite bounding function is picked which is a bound on V7 as given in Equation

Vi= z7(%7c- x8) < —C7Z72 (4.35)

Here c7 is a positive constant. To satisfy inequality 4.35 the virtual control input is chosen
to be:

(xs) desired = X7c + C7Z7 (4.36)

A new error variable zg is defined which is the deviation of the state xg from its desired

value.
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Z8 = Xg — X7¢ — C7Z7 (4.37)

Rewriting Equation 4.34

Vi=2127= Z7( X7d — X7)
= Z7( X7d — (Zg + %74 + C727)) (4.38)
V? = —7778 — C7Z72

The next step is to augment the first Lyapunov function V7 with a quadratic term in the

second variable zg to get a positive definite Vs.

Vg =V7 + % zg?
Ve =V7+ zs2g (4.39)
Vs = —27Zg — C7Z7* + Zg( X8 — X7c — C727)

Choosing a positive definite bounding function and substituting the model ( xg) leads to

the following:

~272s - 122 + z3(—g + by(cosxy +coSx3) Uy — ¥ 70— c727) <

(4.40)

—c1z2 - csz}

Using the equality case of Equation 4.40, we get:
Upy = ————— (¥7q+ C727 - CoZs + g + 27) (4.41)

by COSXq COSX3

4.3 Results

The objective of the control is to track a Helical Trajectory. The Figure 4.1 shows the
SIMULINK model of the Quadrotor with the position and attitude control blocks in loop.
The system has been tested with and without disturbances. The disturbance is wind with

velocity vector Vw= 5i+5j +5km.s1.
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QOutt xd dxd ddxd
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Distribution Commanded_Coordinates ut _/ u1
Bus P zd dzd ddzd
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u2
. |
| attitude_control
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attitude_control

Figure 4.1 Global view of the Simulink model of the system with BSC control

4.3.1 Results without disturbance

Without any disturbance, the tracking by Backstepping control is better than both
Proportional Derivative and Sliding Mode Control. The magnitudes of errors are the
least. The control is smooth and continuous. The Figures 4.2, 4.3, 4.5 show the positions,

orientations, control inputs and the trajectory error in the absence of disturbances.
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Figure 4.2 Position and Orientation vs Time
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Figure 4.3 Thrust, Rolling, Pitching and Yawing Inputs vs Time
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Without any disturbance, the tracking by Backstepping Control is better than both
Proportional Derivative and Sliding Mode Control. The magnitudes of errors are the

least. The control is smooth and continuous.

4.3.2 Results with disturbance

The disturbance is wind of velocity Vw= 5i + 5j + 5k at is applied as a step input at time
t=25s. The Figures 4.5, 4.6, 4.7 show the positions, orientations, control inputs and the

trajectory error in the presence of disturbances.
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Figure 4.5 Position and Orientation vs Time [With Disturbance at 25s]

41



Chap IV: Backstepping control
Thrust (N) vs Time(s)
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Figure 4.6 Thrust, Rolling, Pitching and Yawing Inputs vs Time [With disturbance at 25 s]
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Figure 4.7 Errors in X,y,z and yaw [With Disturbance at 25s]

The Figures 4.5, 4.6, 4.7 show the positions, orientations, control inputs and the trajectory
error in the presence of disturbances. It can be concluded from the plots that the control

does not perform as well as SMC, there is significant steady state error and the system
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does not converge to the desired trajectory but has steady state errors. The system does

not become unstable with but does not converge to the desired values either

In this chapter, the summary of all the control methods is presented. The advantages and

the disadvantages of the various techniques is explained.

4.4 Discussions

1. Proportional Derivative Control

The advantages of Proportional Derivative (PD) Control are:

a. [Easy to understand and implement.
b. fewer tuning parameters.

c. tuning process is not complicated
The disadvantages of PD Control are:

a. The derivative term creates problem in real systems. It amplifies the noise.

b. The control is not robust to disturbances and parameter variations.

2. Sliding Mode Control

The advantages of Sliding Mode Control (SMC) are:

a. Easy to understand and implement.

b. Robust to parameter variations and disturbances.
The disadvantages of SMC are:

a. The control law is discontinuous, and this may adversely affect the actuators.

b. The gains are very high, and it can cause actuator saturation.
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3. Backstepping Control

The advantages of Backstepping Control (BSC) are:

a. Ensures Lyapunov Stability.
b. It does not involve cancelling of system non-linearities by feedback

linearization, hence it is not system dependent.
The disadvantages of BSC are:

a. The theory is mathematically exacting.
b. There are several gains to tune.
c. Although it does not become unstable with introduction of disturbances, there is

considerable finite steady state error. The solution can be to use integral

backstepping.
Table 4.3 comparison table
[Disturbance/Control] max | ex max | ey max | e; max | eg Control
|(m) |(m) |(m) |(m)
Without Disturbance/PD 0.0747 0.0747 0 0.016 Low and Smooth
Without 0.01 0.03 0 0.123 Discontinuous
Disturbance/SMC
Without Disturbance/BSC 0.0151 0.0151 0 0 Low and Smooth
With Disturbance/PD 0 0o 0 0o Saturated
With Disturbance/SMC 0.03 0.08 0.06 0.15 Discontinuous
With Disturbance/BSC 0.5 0.5 5 0 Low and Smooth
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General Conclusion

The goal of this work was to derive a mathematical model for the quadrotor. Three
control techniques were then developed; a linear (proportional-Derivative PD), a
nonlinear (Sliding Mode and Backstepping) controllers. A complete simulation is then
implemented on MATLAB/Simulink successfully relying on the derived mathematical
model of the quadrotor. The simulation environment is used to evaluate the mentioned
controllers and compare their dynamic performances. The tuning of the parameters of
the three used controllers is done using the genetic algorithm GA. The three controllers
performed comparably in near hovering operation of the quadrotor in the range of 0~20°
of attitude and heading and gave better performance outside the linear hovering region

when the system is perturbed.
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Future work

one valuable addition would be the robustification of the developed control techniques
against wind as this is a common problem with quadrotors control and our simulation
results showed a huge degradation of the performance of the controllers when the system
is exposed to wind. Moreover, in our work it is assumed that all the model parameters
are known accurately without any uncertainties, which is not the case in reality, thus,
developing adaptive control algorithms to count for the system uncertainties would
enhance the performance of the quadrotor when operating in a real environment. Adding
an integral action to the developed Backstepping and sliding mode (SMC) controllers
will lead to the formulation of an adaptive control algorithm robust to system

uncertainties and to eliminate the shattering effect for the SMC.
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