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Abstract

In this work, the control of a quadrotor was studied. After having found its mathematical model
which makes it possible to simulate its behavior, three nonlinear controls were used: the proportional
derivative controller (PDC), the backstepping control (BSC), and the sliding mode control (SMC); in
order to study the performance of each of them in quadrotor trajectory tracking. Thus, by comparing
the obtained results, it has been demonstrated that with all controllers, the position, orientation, and
attitude route following errors can fastly converge to minor levels. In the presence of non-external
disturbances, BSC controls the yaw angle and altitude of the quadrotor better than the other two
controllers (SMC and PDC).

Furthermore, in the presence of disturbances, each controller's steady state error maintained the
same order as in the absence of any disturbance. However, as the disturbance increased, the
controllers were unable to keep the quadrotor on course. The numerical and simulation findings show
that BSC is the last one to collapse, confirming the robustness and efficacy of our built-enhanced
control technique.

As the next step, the Extended Kalman Filtre (EKF) was used to estimate the states of the system
and control it without using angular and linear speed sensors. Moreover, the robustness of the controls
in the face of the disturbance of the wind force was studied and estimated using the EKF and was
compensated in real-time. It has been proved that the quadrotor returns to the target trajectory after a
given amount of time (depending on the dynamics of the EKF estimator). This method's resilience is

obvious, and it fills the gaps missed by controllers.
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Resumeé

Dans ce travail, le controle d'un quadrirotor a été étudié. Apres avoir trouvé son modeéle mathématique
permettant de simuler son comportement, trois commandes non linéaires ont été utilisées : la com-
mande proportionnelle dérivée (PDC), la commande backstepping (BSC) et la commande par mode
glissant (SMC) ; afin d'étudier les performances de chacun d'eux en suivi de trajectoire quadrirotor.
Ainsi, en comparant les résultats obtenus, il a ét¢é démontré qu'avec tous les contrdleurs, les erreurs
de suivi de route de position, d'orientation et d'attitude peuvent rapidement converger vers des ni-
veaux mineurs. En présence de perturbations non externes, le BSC controle mieux I'angle de lacet et
l'altitude du quadrirotor que les deux autres controleurs (SMC et PDC).

De plus, en présence de perturbations, l'erreur de régime permanent de chaque contrdleur conservait
le méme ordre qu'en l'absence de toute perturbation. Cependant, a mesure que la perturbation aug-
mentait, les controleurs étaient incapables de maintenir le quadrirotor sur la bonne voie. Les résultats
numériques et de simulation montrent que le BSC est le dernier a s'effondrer, confirmant la robustesse
et l'efficacité de notre technique de controle amélioré.

Dans 1'étape suivante, le filtre de Kalman étendu (EKF) a été utilisé pour estimer les états du systéme
et le contrdler sans utiliser de capteurs de vitesse angulaire et linéaire. De plus, la robustesse des
commandes face a la perturbation de la force du vent a été étudiée et estimée a l'aide de 'EKF et a
été compensée en temps réel. Il a été prouvé que le quadrirotor revient a la trajectoire cible apres un
laps de temps donné (selon la dynamique de l'estimateur EKF). La résilience de cette méthode est

évidente et comble les lacunes manquées par les contrdleurs.

v
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Introduction

Introduction

Recently, UAVs (Unmanned Aerial Vehicles), especially quadrotors, are largely used in differ-
ent fields such as: military and civil rescue and surveillance tasks, reconnaissance applications, in-
dustry pipe maintenance, agriculture field monitoring, and several amateur tasks. This growing at-

tractiveness is due to their simple structure and good stability, low cost and maneuverability [1].

Due to quadrotor’s complicated mathematical modeling and the system non-linearity owing to its six
degrees of freedom (translational and rotational motion) with only four control inputs, several re-
searches were investigated to develop an efficient quadrotors’ controller. Starting from traditional
PID controller which is commonly used to preserve the equilibrium or a desired attitude of the drone;
however, it does not ensure the robustness of the quadrotor, whatever is the controlling target Euler
angle or angular rate, which leads to the cascade PID algorithm to provide better performance and
motion stabilization [2-3]. However, the implemented system still needs to tackle the drone system
non-linearity. In addition to adaptive finite-time control [4], feedback control based on the represen-

tation in quaternions [5] and LQR based controllers [6].

According to various existing research works, backstepping is the best solution for disturbances
rejection because it improves the transient performance [7-10]. Moreover, Different techniques were
established to estimate the required quadrotor’s position and altitude measurements such as: Kalman
filtering (KF) [11], the complementary filter (CF) [12] and Extended Kalman Filters (EKF) [13] es-
timators. Kalman filter is a well-known recursive algorithm that takes the stochastics states spaces
model of the system together with measured outputs to achieve the optimal estimation states. The
optimality of the state’s estimation is achieved with the minimization of the mean estimation error.
Therefore, EKF and backstepping were investigated in this work to estimate the angular velocity and

the speed of our quadrotor; hence, track the desired trajectory and control the altitude.

However, the presence of external disturbances such as wind decreases the efficiency of the
existing controllers [14-15]; therefore, environmental uncertainties such as turbulence influences and
wind disturbances present additional forces and moments on the quadrotor dynamics which were

ignored in the previous works [16-18]. Hence, the design of more reliable controller for quadrotor is
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a challenging task which require an accurate wind forces estimation proposed in the last part of this
paper using EKF. Simulation results are shown to verify the efficiency of the presented model which

can considerably advance the trajectory tracking feature of the quadrotor under wind disturbances.

The work of this thesis focuses on new drone control strategies and more particularly on non-
linear controls. In the first place, we studied the effect of external disturbances on the trajectory of
the drone (wind force). In second place, our work will be devoted to the estimation of the states of
the system using the extended Kalman filter (EKF), the latter will be used to estimate the force of the

wind and compensate to reach the desired trajectory in the most unfavorable conditions.

In the first chapter, the kinematics and dynamics of the quadrotors are described in detail to aid in
understanding the behavior of the drone. we will extract the nonlinear mathematical model of a

quadrotor.

In the second chapter, nonlinear control (BSC (Backstepping Control) and SMC (Sliding Mode
Control)) theories are used to control the quadrotors. In this part, an easy-to-implement enhanced
BSC is developed; then, tested beside two other controllers: sliding mode (SMC) and proportional
derivative controller (PDC) to keep the quadrotor tracking the desired trajectory both in a steady state
and in the existence of outside instabilities. Finally, the three controllers' results are compared to

determine which is the best.

Chapter three will be devoted initially to the estimation of the twelve states of the quadrotor using
the extended Kalman filter, after which the nonlinear control will be carried out without angular and

linear speed sensors.

Chapter four presents the estimation of the system states (quadrotors) where we assume that the
wind force is a state of the system and try to compensate for it and minimize its impact on the system.
A robustness test of this method will be carried out to shed light on the contribution that this technique

can make to the control of the quadrotor.

Finally, a general conclusion on this work is given and some perspectives are proposed.



Chapter 1: Mathematical model of quadrotors

Chapter 1: Mathematical Model of Quadrotors

A drone, also known as an unmanned aerial vehicle (UAV), is an aerial vehicle without a
human operator inside. It can be remotely or autonomously flown. It is either flown autonomously

on a computer using pre-programmed flight plans or remotely by a pilot on the ground.

The first sections of this chapter start with a brief description of the drones, their various cate-
gories, and their main configurations. Then, detailed mathematical modeling of the quadrotors will

be explained in the remaining sections of this chapter.

I.1. Drones’ Classification

UAVs can be categorized in a variety of ways, such as by their range of operation, aerody-

namic configuration, size, payload, or degrees of autonomy, among other factors.
I.1.1. Classification according to operation’s range

According to their maximum altitude, resilience, and sizes, which range from large drones to

micro drones, UAVs can be divided into seven distinct categories as follows:

e High-Altitude Long-Endurance (HALE) aircraft: these aircraft are perfect for offering sur-
veillance, remote sensing, and communication relay capabilities for both military and civil-
ian uses. HALE UAVs usually fly between 9 and 20 kilometers above the ground while
circling particular points of interest at a slow speed, with a 24-hour resilience or longer.

e Medium-Altitude Long-Endurance (MALE): these UAVs have a range of 3 to 9 km and can
travel for long periods of time, usually 24 to 48 hours. These drones can be used for law
enforcement, boarder and coastal patrol, disaster survey, information relays, and environ-
mental protection.

e Medium-Range or Tactical UAV (TUAV): Capable of altitudes between 100 and 300 km
foe an endurance of approximately 10-12 hours. Compared to HALE and MALE, which are
currently used mainly to support military applications, they are smaller and work with sim-

pler systems.
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Close Range UAV: their operational range is 100 km. They are primarily used in civil ap-
plications like powerline inspection, crop spraying, traffic monitoring, national security,
etc....

Mini UAV (MUAV): Within a range of up to 10 km, they can complete their tasks with a
short endurance (30 minutes). They are mainly made for gathering information during close-
quarters battles. Their ability to lift off and land vertically gives them a significant applica-
tion in crowded environments.

Micro UAV (MAV): Their wingspan can extend up to 150 millimeters. They are primarily
utilized indoors, where they must hover and fly gently.

Nano Air Vehicles (NAV): They are only about 10 mm in dimension. They are primarily
used in groups for purposes like radar interference. If they have a tiny camera, they can also

be used for close-range surveillance.

I.1.2. Aerodynamic configuration’s classification

Based on their aerodynamic configuration, UAVs can be divided into two major categories as

follows:

Fixed-wing UAVs: need a runway to launch and land. They are able to cruise at high speeds

for extended periods of time. They are primarily utilized for scientific purposes such as envi-

ronmental tracking and meteorological reconnaissance.

Rotary-wing UAVs: they are able to take off and land vertically. They have excellent maneu-

verability when hover and fly. Four additional groups can be created from the Ro-tary-wing

UAVs which are:

Single-rotor: for stability, they have a primary rotor on top and a second rotor at the tail,
similar to the helicopter configuration.

Coaxial: They have a single shaft with two rotors mounted on it that rotate in opposing
orientations.

Quadrotor: they have four rotors fitted in a cross-like configuration. Whereas, our thesis

is concerned with this drone’s configuration.
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- Multi-rotor: eight or six-rotor UAVs. Due to the large numbers of rotors, they have redun-

dancy and are able to fly even when a motor breaks.

I.1.3. Quadrotor’s description

Quadrotors consist of four actuators that are individually controlled to produce a relative thrust.
Two of the rotors rotate clockwise, and the other two rotors rotate in counter-clockwise direction.

Figure 1.1 shown below depicts that the rotors on the same axis rotate in the same direction.

Fig. 1.1. Rotors rotation on quadrotor.

Even though the quadrotor has 6 DOF, it is equipped just with four propellers; hence it is not
possible to reach a desired set-point for all the DOF, but at maximum four. However, thanks to its
structure, it is quite easy to choose the four best controllable variables and to decouple them to make
the controller easier. The four quadrotor targets are thus related to the four basic movements which
allow the helicopter to reach a certain height and attitude. It follows the description of these basic

movements: Throttle, Roll, Pitch and Yaw.

e Throttle is provided by increasing (or decreasing) all the propeller speeds by the same
amount. It leads to a vertical force which raises or lowers the quadrotor.

e Roll is provided by increasing (or decreasing) the left propeller speed and by decreas-
ing (or increasing) the right one. The motion in the 'x simply describes the quadrotor

moving forward/backward.
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e Pitch is very similar to the roll and is provided by increasing (or decreasing) the rear
propeller speed and by decreasing (or increasing) the front one. The motion in the 'y’
describes the quadrotor moving sideways.

e Yaw This command is provided by increasing (or decreasing) the front-rear propel-
lers’ speed and by decreasing (or increasing) that of the left-right couple. The motion

in the 'z' direction describes the quadrotor turning left/right.

Two configurations generally exist within Quadrotors which are categorized as the ‘+’ or ‘X’
sets, a comparison between the two suggests that the overall control authority from both configura-

tions shows that the performance is identical.

I.2. State of the art

UAVs have become increasingly widely used in the civil and military fields and are the subject
of concurrent scientific research, especially with the development of estimation and observation

theory and artificial intelligence.

Among these works which have been published, we find: The paper presented in [ 1] applied
LQ and LQG methodologies for quadcopter control systems. The article [2] has focused on opti-
mizing the quadcopter system by implementing a controller that provides motion stabilization. In
[6] an optimal control is developed for the position and yaw control of the quadcopter, based on
linear quadratic regulator (LQR). The work in [7] investigates the problem of a robust path follow-
ing control of a quadcopter unmanned aerial vehicle (UAV). In the article [8], the backstepping
control strategy was devised to control the positions and orientations of the quadrotor subsystem.
Several scenarios were performed to examine the performance of the backstepping strategy. To
control UAVs, a simple control strategy based on a PD controller in the inner loop and a PI controller
in the outer loop is proposed and tested in simulation and experimentation [9]. The authors of [10]
used a robust back-stepping (RIB) integral control method to control a prototype quadcopter, and
they concluded that the controller provides attitude and motion stabilization under various assump-

tions. Authors of [11] opted for the Aircraft position, speed, and attitude estimates can be obtained
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by GPS/INS integration using Kalman filter implementation. [ 12 ]presents the proposal of a compo-
sition of a Complementary Filter used in orientation estimation and a Linear Kalman Filter (LKF)
in position estimation of the UAVs. The data evaluated in the experiments were acquired post flight
from the flight controller embedded in a UAV. The article [ 13] ackles the problem of constant po-
sitioning and collision avoidance on UAVs in outdoor (wildness) search scenarios by using received
signal strength (RSS) from the onboard communication module. Colored noise is found in the RSS,
which invalidates the unbiased assumptions in the least quares (LS) algorithms that are widely used
in RSS-based position estimation. A colored noise model is thus proposed and applied in the ex-
tended Kalman filter (EKF) for distance estimation. The paper [ 14] proposed a novel adaptive for-
mation control architecture for a group of quadrotor systems, under line-of-sight (LOS) distance and
relative distance constraints as well as attitude constraints, where the constraint requirements can be
both asymmetric and time-varying in nature. The authors of the article [ 15] used a steady-state iden-
tification method to estimate the parameters of the mathematical model of the variable-pitch electric
propeller, and after adopted a control and optimization strategy for the variable-pitch propeller,
mainly including the steady-state control and optimization scheme with minimum power consump-
tion, [ 16] and numerical simulations. In [ 17], different types of wind fields which easily affect the
UAYV are summarized; furthermore, the mechanism of their wind fields affecting the UAV is first
strictly analyzed. Next, a novel “reject external disturbance” flight mode for UAV is put forward to
offset the trajectory deviation caused by side wind, which makes use of the wind speed information
obtained by airspeed and ground speed of UAV. In order to implement the “reject external disturb-
ance” flight mode, the Lyapunov stability theory-based variable model reference adaptive control
(VMRAC) system is proposed, and it could also deal with the adverse effects of wind shear and

turbulence on UAV flight.

The characteristics and mathematical models of wind, which have a great influence on un-
manned aerial vehicles in the low-altitude environment, are summarized in [18]; constant wind,
turbulent flow, many types of wind shear, and propeller vortex were considered in this work. More-
over, the mathematical model of the unmanned aerial vehicle was combined with the mechanism of
the unmanned aerial vehicle motion in the wind field and was illustrated from three different types

of viewpoints, including the velocity viewpoint, the force viewpoint, and the energy viewpoint.
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Some simulation tests were implemented to show the effects of different types of wind on the tra-

jectory and flight states of the unmanned aerial vehicle.

The authors of the paper [ 19] discussed wind formation and quadcopter kinematics and pro-
vided cost functions for A* based on distance and wind information. In addition, a collision control
method is incorporated into a flight scenario in outdoor terrain under various curvy formations. In
[20] a new UAYV trajectory planning technique has been proposed, based on the artificial potential
field (APF) for following GMTs in windy environments, to provide steady and continuous coverage
over the GMT. Therefore, a new modified attractive force to enhance the UAV’s sensitivity to wind
speed and direction was proposed. The modified wind resistance attractive force function accom-
modates any small variation of relative displacement caused by wind leading the UAV to drift in a
certain direction. This enables the UAV to maintain its position by tilting (i.e., changing its roll and
pitch angles) against the wind to retain the camera aim point on the GMT. The proposed path-
planning technique is hardware-independent, does not require an anemometer for measuring wind
speed and direction, and can be adapted for all types of multirotor UAVs equipped with basic sen-

sors and an autopilot flight controller.

In [21] a new UAYV trajectory planning technique has been proposed, based on the artificial
potential field (APF) for following GMTs in windy environments, to provide steady and continuous
coverage over the GMT, by proposing a new modified attractive force to enhance the UAV’s sen-
sitivity to wind speed and direction. The modified wind resistance attractive force function accom-
modates for any small variation of relative displacement caused by wind leading the UAV to drift
in a certain direction. This enables the UAV to maintain its position by tilting (i.e., changing its roll
and pitch angles) against the wind to retain the camera aim point on the GMT. The proposed path-
planning technique is hardware-independent, does not require an anemometer for measuring wind
speed and direction, and can be adopted for all types of multirotor UAVs equipped with basic sen-
sors and an autopilot flight controller. This paper [22] presents a novel UAV path-planning tech-
nique, based on the artificial potential field (APF) for following GMTs in windy environments, to
provide steady and continuous coverage over the GMT, by proposing a new modified attractive

force to enhance the UAV’s sensitivity to wind speed and direction .
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In the thesis presented in [23], a new bio-inspired algorithm suitable for finding solutions in
optimization problems is developed. The Ecological Systems Algorithm (ESA) mimics ecological
rules to iteratively find the maximum of a function. This algorithm can be used in static and dynamic
search environments. It is used in our thesis to find the gains of different fault-tolerant controllers
designed for drones.Sliding mode control is then used to develop two passive fault-tolerant control-
lers (PFTC) for quadcopters.Because passive fault-tolerant controls have reduced robustness and
because they can only handle a small number of faults, an active sliding mode control using a Kal-
man filter is developed for quadcopters. The fault is estimated in real time and the control is recon-
figured accordingly. To deal with extreme situations, an emergency controller is developed for
quadcopters subject to such faults. The emergency control device is based on the conversion of the
quadcopter into a trirotor, the fault diagnosis and identification unit which estimates faults and se-

rious failures online is based on the estimates of a Kalman filter.

In [24] a control strategy was presented using Proportional Derivative (PD) Controller for the
attitude and trajectory control of the Quadrotor (UAV). Whereas the authors in [25] explained the
control architecture including vision-based control of the quadrotor; thus, the proposed dynamical

model comprised gyroscopic effects and its control strategies.

In [29]. the authors do a theoretical analysis of the dynamics of the Draganflyer in order to
extract its model which can be used as a computer control system to ensure its stable hovering and
indoor flight. The author of article [31] opted to use a control strategy that includes feedback line-
arization coupled with a PD controller for the translational subsystem and a backstepping-based PID
nonlinear controller for the rotational subsystem of the quadrotor. In [32] the results of two nonlinear
control techniques applied to a quadrotor, a backstepping, and sliding mode control techniques were
presented. After that, the design of an optimal model-free backstepping controller for a MIMO
quadrotor helicopter, perturbed by unknown external disturbances, was described in [33]. The pro-
posed method consists of using a model-free-based backstepping controller optimized by a cuckoo
search algorithm. The work exposed in [34] was devoted to designing and optimizing an autono-
mous quadrotor UAV controller. First, the aerial vehicle's dynamic model was presented; then, an
optimal backstepping controller (OBC) was suggested. Traditionally, backstepping controller (BC)

parameters are often selected arbitrarily. The gravitational search algorithm (GSA) was used in that
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work to determine the BC parameter optimum values. In [39] a Backstepping approach was used
for the synthesis of tracking errors and Lyapunov functions, a sliding mode controller was developed
in order to ensure Lyapunov stability, handle all system nonlinearities, and track the desired trajec-
tories. In [40], a Sliding Mode Control (SMC) approach was designed for the quadrotor in order to
stabilize its vertical flight dynamics. The tracking of a helical desired trajectory was investigated for

the SMC-controlled Quad rotorcraft.

While in [41], two types of nonlinear controllers for an autonomous quadrotor helicopter were
studied. The first one proposed a feedback linearization controller involving high-order derivative
terms and turns out to be quite sensitive to sensor noise as well as modeling uncertainty. The second
involved a new approach to an adaptive sliding mode controller using input augmentation in order
to account for the underactuated property of the helicopter, sensor noise, and uncertainty without

using control inputs of large magnitude.

A direct adaptive sliding mode control was developed in [51] for the quadrotor attitude stabi-
lization and altitude trajectory tracking. First, the developed controller was applied without consid-
ering disturbances and parameter uncertainties. After that, a centered white Gaussian noise with
some parameter uncertainties was added to the considered output vectors, mass, and inertia matrix,
respectively. The synthesis of the adaptation laws was based on the positivity and Lyapunov design

principle.

Hence, the article [53] proposed employing Wolfram Mathematica to find the optimal PID
settings for a quadcopter by minimizing the error integral. The quadcopter control system used four
PID controllers: one to control the altitude and three to control the attitude, i.e., the roll, pitch and
yaw. The minimization functions available in Wolfram Mathematica are ‘FindMinimum’ and
‘NMinimize’. The main difference between them lies in the fact that one searches for a local mini-

mum and the other is responsible for finding a global minimum of a constrained function.

The authors of [54] constructed the relationship between the attitude and linear acceleration
of a small quadrotor unmanned aircraft and proposed a trajectory tracking control design algorithm,
based on the relationship, using a new command-filtered backstepping technique to stabilize the

attitude; and a linear tracking differentiator to eliminate the classical inner/outer-loop structure. In

10
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[55], a new approach was proposed, by using extended Kalman filter (EKF)—Ilinear Kalman filter
(LKF), in a cascaded form, to couple the GPS with INS. GPS raw data were fused with noisy Euler
angles coming from the inertial measurement unit (IMU) readings, in order to produce more con-

sistent and accurate real-time navigation information.

In [56], a novel robust backstepping-based approach combined with sliding mode control is
proposed for trajectory tracking of a quadrotor UAV subject to external disturbances and parameter

uncertainties associated with the presence of aerodynamic forces and possible wind force.

[57] the dynamic model of a 4Y octorotor is derived, and a suitable feedback controller is
designed. Moreover, a simple control reconfiguration scheme is proposed to handle the failure of

one rotor. Simulation results show the feasibility of the proposed controller.

In [58], a cascaded SMC is developed for quadrotor control. The inner loop responsible of
stabilizing altitude and attitude variables is based on feedback linearization control, while the outer
loop that controls the position of the quadrotor is based on SMC. Simulation results show good

performance of the proposed controller despite the presence of external disturbances.

In [59], a nonlinear adaptive estimator is proposed to improve robustness in the velocity estimation,

when only the linear acceleration, the angles and the angular velocity are available for measurement.
I.3. Quadrotor’s Configuration

The quadrotor consists of four rotors in a cross-configuration, as shown in Figure 1.2. These
four actuators are individually controlled to produce a relative thrust. Two of the rotors rotate clock-
wise, and the other two rotors rotate in counter clockwise direction. This configuration allows the
quadrotor to be relatively simple in design yet highly reliable and maneuverable. The dynamic equa-
tion of movement of the attitude could be deduced from the Euler equation. The quadrotor mathe-

matical and state-space models are explained in the following subsections.

Quadrotor has six degrees of freedom (DOF), it only has four rotors, making it impossible to
achieve a desired set-point for all six DOF. However, because of its structure, it is quite simple to

select the four best controllable variables and decouple them to make the controller simpler. The

11
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four quadrotor targets are thus linked to the four fundamental movements that enable the helicopter
to achieve a specific height and attitude. To describe the motion of a 6 DOF rigid body it is usual

to define two reference frames:

e Earth inertial reference (E-frame)

¢ Body-fixed reference (B-frame).

back

Fig. 1.2. Quadrotor configuration.

The distance between the Earth frame and the body frame indicates the exact position of the
center of mass of the quadrotor r = [x y z]T.The orientation of the quadrotor is indicated by the
rotation R from the body frame to the inertial one, and it is described by roll (¢), pitch (8) and yaw
(v) angles representing rotations about the X, Y and Z-axes respectively. Assuming the order of
rotation is pitch, roll then yaw; thus, the rotation matrix R is given by Eq. (1.1) [39]:

cos(8) cos(yp)  cos(y) sin(8) sin(¢p) — cos(¢) sin(y)  cos(¢) sin(8) cos(¥) + sin(¢p) sin(¥)

R =|cos(8)sin(y) sin(¢)sin(8) sin(yh) + cos(6) cos(yp)  cos(¢p) sin(6) sin(y) — sin(6) cos(¥) [ (1.1)
—sin(6) sin(¢) cos(6) cos(¢) cos(6)

To link between the Eulerrates7) = [¢ @ )] that are measured in the inertial frame and

angular body rates w = [P g 7]T. The following transformation is needed: w = R, 7

Where:

12
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cos(f) 0 —cos(¢)sin(0)
R, = 0 1 sin(¢) (1.2)
sin(f) 0 cos(¢) cos(8)

Around the hover position, a small angle assumption is made where cos(¢) =

cos(f) = 1, and sin(¢) =~ sin(@) = 0. Thus, R, can be simplified to an identity matrix I [27].

1.3.1. Quadrotor Dynamics

The quadrotor’s motion may be split into two subsystems: a rotating subsystem (roll, pitch
and yaw) and a translating subsystem (x, y and z coordinates). The revolving subsystem is com-
pletely actuated whilst the translating subsystem is under-actuated [27]. Newton Euler Equation can

be formulated by Eq. 1.3:

F1 [mlgs 03] a [ 0 ]
[T] _[ 0; I [a]+wxl3w’ (1.3)
Knowing that:
Ly, 0 O
=10 I, O
0 0 I,
With:

F': the net force acting on the quadrotor,
T: the net torque
I43: 3 x 3 identity matrix,
I3: the moment of inertia,
m: the quadrotor mass
a: the linear acceleration of the center of mass,
a: the angular acceleration
Based on the Newton-Euler method, the rotational equations of motion are derived in the body

frame with the general formalism Eq. 1.4:

I+ w x [o = Mg (1.4)

Where:

13
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I: is the inertia matrix of the quadrotor.
w: is the angular body rate
Mg: are all the moments acting on the quadrotor in the body frame.

lw and w X lw : Represent the rate of change of angular momentum in the body frame.
1.3.2. Moments acting on the quadrotors

Before we define the last term of the equation (1.4) - Mp- , two physical effects have to be
defined: the aecrodynamic forces and moments generated by a rotor. As an effect of rotation, each
rotor generates a force called the aerodynamic force F; and a moment called the aerodynamic mo-

ment M;. And are given by:
1 202
F; = EpACTr Q; (1.5)

1 202
M; = 5 pACHT>Q)] (1.6)

Where:

p: 1s the air density.

A: blade area.

Cp, Cr: aerodynamic coefficients.

r: the radius of blade.

;: angular velocity of rotor i.

The geometry of the propeller and the density of the air are the major parameters that the
aerodynamic force and moment depends on. In case of a quadrotor the maximum altitude is limited,
thus the air density can be considered as constant. As a result, Egs. (1.5) and (1.6) can be simplified

to the following [8]:

F; = K:QF (1.7)
M; = Ky QF (1.8)

Where Ky and Ky, are the aecrodynamic force and moment constants respectively and i is

the angular velocity of rotor i.

14
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Figure 1.2 shows the forces and moments acting and produced on each rotor of the quadcopter.

It is clear that each rotor produces an upwards thrust force F; and generates a moment M;

that has an opposite direction to the directions of the corresponding rotor.

Starting with the moments about the body frame’s x-axis. By using the right-hand rule in
association with the axes of the body frame, F2 multiplied by the moment arm [ generates a negative
moment about the x-axis, in the same manner, F4 generates a positive moment. Hence, the total

moment about the x-axis can be expressed as [1]:
M, = —F,l + Fyl = —(K;Q3)1 + (K;Q3)1
M, = 1K;(—Q5 + QF) (1.9)

Where [ is the arm length or the distance between the center of mass of the quadrotor and the

axis of rotation of each rotor.
With the same manner the moments about the y-axis are expressed as:
M, = —F 1+ F;l = —(K:Q2)l + (K Q3)1
M, = K;(Qf — Q3) (1.10)

About the z-axis, using the right-hand rule, the moments are expressed as:

M, =—-M; + M, —M; + M,

M, = —(KyQ3) + (KyQ3) — (KyQ3) + (KyQ5)

M, = K, (—Q% + Q% — Q3+ Q%) (1.11)
Finally, by combining the equations My can be easily found and is given by following:

le(—Q§ + Q3%)
Mg = IK:(QF — 03) (1.12)
Ky(—Q%2+ Q%2 — 02 +Q3)

Where: [:represents the distance from the center of the quadcopter to any of the propellers.

15
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The dynamic model of quadrotor can be defined in terms of the position vector and forces

expressions as given in Egs. (1.13) and (1.14); knowing that:

x" 0 (sin(¢) sin(Y) + cos(¢p) cos(P) sin(0)) U,
mly"| = + [ (cos(¢) sin(Y) sin(0) — cos(Y) sin(Pp))U;
z" —mg cos(¢) cos(0) U,

Thus:

=— % (sin(¢) sin(y) + cos(¢p)cos(8)cos(¥))
y" = =22 (cos(¢) sin(8) sin(y) — sin(¥)cos(6))
L 2" = g =+ (cos(6) cos())

(1.13)

Where, (x',y,z )represents the second derivative of position vector, Where U; is the re-

sulting upward thrust of the four propellers and m denotes the mass.

Input terms are defined as U, is the normalized total lift force, and Uy, Ug, and Uy corre-

spond to the control inputs of roll, pitch and yaw moments, respectively (Eq. (1.14)).

u, =b(F,+F,+F;+F,)
u, =W( F,—F)
ug =1lb( F;3—F;)
kuu, =d(F,—F,+F;—F,)

(1.14)

The moment equations can be expressed in terms of the orientation angles (¢, 0, y): Roll,

Pitch and Yaw respectively as given in Eq. (1.15) and Eq. (1.16).

I{pl — IZI Iy ]T‘ qQ + U
4q =IZ L pQ+ Ug
| !

\r' = q+3Uy

@' =p + qsin(p)tg(8) + rcos(p)tg(6)
0’ = gcos(p) — rsin(e)
sin(¢) cos(¢)
l/) =4 cos(6) r cos(6)

(1.15)

(1.16)

Uy ,Ug, Uy represents the total rolling, pitching and yawing torques; whereas, p, q and r

represent the angular velocities in the body frame.
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1.4. State-space Model

A state space representation is a mathematical model of a physical system as a set of inputs,
outputs and state variables related by first order differential equations. "State space" refers to the

space whose axes are the state variables. The state of the system can be represented as a vector

within that space.

In this work the state space model of the quadrotor in the inertial frame is developed. Thus,

the dynamic model of the quadrotor in the inertial frame can be expressed in the form:

X=fXU)
By the system referred as Eq. (1.17):
(X1 =X
xé = a1x6x4 + Qa3x4 + blU(p
X3 = X4
xlll, = UyXpXg + Qa6x2 + szg
Xg = Xg
xé = A7XpXy + b3 U-ll)
{ X7 =xg

(1.17)
cos(xq)cos(x
Xg = QgXg + ————>= (3)U1—g
r_
X9 = X10
o = +2y
X10 = Q10X10 T Uy
! —
X11 = X12

r Ui
(X12 = Q11X12 + ;Ux

The parameters ai, a3, a4, as, b1, b2 and bz can be calculated as follow:

17
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( I, —1
a1=y1 z
x
I
a3—1—
x
Iz_Ix
a4: I
y
Ir
3 a6:I_
y
L. —1
bl_"l 4
z
) d
2 =7
IJ’
b _d
L 3T,

Ix, Iy and Iz denote the inertias of the x-axis, y-axis and z-axis of the Quadrotor, respectively,

Jr denotes the z-axis inertia of the propellers’ rotors.
Whereas,

U, = cos(x;) cos(x3) cos(xs) + sin(x;) sin(xs)
{Uy = cos(x,) sin(x3) sin(xs) — sin(xs) cos(x3)

LS. Conclusion
In order to find the equation of state of the quadrotor, newton’s first and second law are used
to found six differential equations that manage the operation of quadrotor (system has six degrees

of freedom 6 DOF); at the end, the equation of quadrotor is obtained which is constituted of twelve

states. The latter will be used to simulate the operation of the quadrotor.
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Chapter 2: Nonlinear control of quadrotor

In this chapter, three nonlinear controllers are implemented in Matlab Simulink starting by pro-
portional derivative controller (PDC) beside two other controllers: backstepping controller (BSC)
sliding mode controller (SMC); in order to study the performance of each of them in quadrotor tra-

jectory tracking. Thus, the obtained results are compared and conclusions are extracted.
I1.1. PID Control of Quadrotor

From the model obtained in the previous chapter, we will realize the control of the quadrotor
using the PID regulators. To overcome the problem of nonlinearity of the system and to control the
positions x,y through the attitudes ¢ and 6, we use the PI-D regulator to control the angles and PD

regulator to control the positions. The general control strategy is shown in the figure 2.1.

X,y
! gressssssnnnnnn v i ‘U
x U: ' 1 0% pitch : 0 >
--d X,y position correction i :| control X
control YUy i block
— ool z
= P4l rol : U y
A H f control E >
: : z
T : Uy, T
A
:| control (P‘
. ]
z U ’
. Z 1 14
1 SN
:| control :
T z,9,9,y

Fig. 2.1. Quadrotor control strategy.

The desired angles 8% and @@ are given by the relations (2.1) and (2.3) indicated in [54] as

follows:
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d _ Uy cos(y)+Uy, sin(yh)
0% = arctg( Uit ) (2.1)
0% = arsin (m Ux Sin((p);uy Cos(lp)) (2.2)
1
U, = \/Uf + U2+ U2 (2.3)

I1.1.1. Control design
I1.1.1.1. Altitude z-stabilization

A PD controller is used to the z-position control. The vertical input position will be obtained

from the following relationship:
U,=K,,(z% —2) —Ky4,(z2'* - 2') (2.4)
I1.1.1.2. Yaw (y)-controller

To control the yaw angle we use a PI-D controller, and the torque is given by the relation

given in Eq. 2.5:
Uy = Kpypy @ =) + Ky, [ — P)dt — Kgyp! (2.5)

I1.1.1.3. Roll attitude hold

Using the equation of motion ¢ = IlU(p and the structure of the PI-D controller shown in
X

figure 2.2, the transfer function can be extracted:
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8

>
S |
d + L 1 P @

Fig. 2.2. A block diagram of the roll attitude hold loop.

Therefore, the transfer function of this structure is expressed as:

Ki(p
I
TF = = (2.6)
K K K .
§34-3€ 52 PP 1P
Ix Ix Ix

Which can have the same response with ordinary second order transfer function

wf

(s2+2¢8wns+w3)

.his characteristic equation can multiplied by (s — (—p))

(s +p)(s? + 28w,s + w?2) =53 + (28w, + p)s? + REw,p + w2)s + pw?

and identified with the characteristic equation of controller as follows:

K K K;
$% + (28w, + p)s? + (2Ewyp + w2)s + pw? = 5% +—2Ls2 + s+

Ix X X
Ki(p = pwrzllx;
With { Kpy = 2Ewnp + wp)ly; (2.7)
Kd(p = (ZEwn + p)lx

For w, = 1osrd, & =0.9, and p=20

Ky, = 2000 I;
Ky, = 460 I,
Kq, = 38,
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I1.1.1.4. Pitch attitude control

Using the equation of motion 8" = %Ug and the structure of the PI-D controller, the same
y

results of controller are obtained:

Kig = pwrzlly )
er = (sznp + wrzl)l ) (2.8)

Kip = (wan + p)ly

I1.1.1.5. Positions x and y control

A 4

Fig. 2.3. Standard PD loop.

: . K . e :
Using the transfer function — = m, which can identify with a second order system
as+Kp
(1)2
m , we deduce that Kp = wrzl and K;=2¢w,,.

For example w, = 10rd/s and ¢ = 0.9 ,weobtain K,, = 100 and Ky = 18. The controller

gains are shown in Table 2.1.

Table 2.1. Controller gains (PID-C)

X y z @ 0 P

K, | 100 | 100 | 100 | 460I, | 4601, | 460I,

K; 0 0 0 [ 20001I, | 20001, | 20001,

K, | 18 | 18 | 18 | 381, | 381, | 38I,
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I1.1.2. PID controller results and discussions

The simulation results are shown in Fig. 2.4 - Fig. 2.7, the control inputs of rotors are presented
in Fig. 2.4. The obtained control inputs commands could easily be applied to the real model. , it can
be seen from Fig. 2.5 that the speeds of the rotors are of the order of 250rd/s. Fig. 2.6 show the
rotational speed of the quadrotor and the responses of attitudes .in Fig.2.7 show that the quadrotor

must follow a square trajectory at a height of ten meters by setting the yaw angle at 0 radium.

Control Ul applied during flight Control U3 applied during flight
15 04
\ 0.2
10 i AL 1 i ]
| ;
5

-0.2

% 50 100 s "% 50 100 150

Control U2 applied during flight Control U4 applied during flight

04 0.1
02 0.05
0 0
202 -0.05

0 50 100 s o 50 100 150

Fig.2.4. Inputs generated by controllers during simulation.
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Q] rotor speed rd/s Q3 rotor speed rd/s
300 300
250 250
} l‘ |' l|l ! |l' Y
200 'l'I’ ! ! i 200 |1 [ |
150 150
100 100
s 50
0 % 50 100 150
0 50 100 150
Q2 rotor speed rd/s Q4 rotor speed rd/s
300 300
250 |. 0 | |
200 'l' = % i 200 i — f i
150 150
100 100
50 50
0
% 50 100 150 0 30 100 150
Fig. 2.5. Rotor speeds.
Qr quadrotor speed rd/s \j (P e
15 04
10 | |
0.2
5
b
-5
0.2
10 ||
R -0.4
150 50 100 15 0 50 100 150

Fig. 2.6. Quadrotor speed and angles responses.
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Fig. 2.7. Path of quadrotor controlled with PID (in left square path, in the right helical path).

In this section, the control of quadrotor using PID regulators was realized. The simulation re-
sults show the effectiveness of this control technique despite the fact that is difficult to size the regu-
lators because of the nonlinearity of the quadrotor model. In order to overcome this problem and

enrich our research topic, nonlinear commands will be used in the coming sections.

I1.2. Backstepping Control

Backstteping is a nonlinear control method, in backstepping design, no constraint is imposed
on the nonlinear characteristic of the system, which must be in the pure parametric form. The basic

of backstepping algorithmes are explained below.

I1.2.1. Backstepping algorithm
Considering the case of nonlinear systems of the form presented by Eq. 2.9:

x; = ‘Pf(x1)9 + Y1 (x1)x;
x5 = @5(x1,%2)0 + P, (X122, )x3 (2.9)
X3 = ¢§(x1,x2,x3)9 + P3(x1x2, x3)U

The vector of parameters 6 is assumed to be known, the number of steps of backstepping

algorithm is equal to the number of states of the system. The corresponding steps are given below:
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stepl
We first consider equation (2.8)
x; = @i (x1)8 + 1 (x1)x, (2.10)

Knowing that, the state variable x, is treated as a command. Thus, the first desired value is

defined as:
a’ =y = x{ (2.11)
The first error variable is defined by &; defined by Eq. 2.12
g=a’—x; =x% —x (2.12)
Which implies:

g =a% —x; = xf, —x; = =i (x1)0 — P (x)x, (2.13)

The quadratic function V(g;) = %812 constitutes a good choice of the Lyapunov candidate

function. Hence, its derivative, yields the solution of Eq. 2.13, and is given by :

V'(ey) = e161 = &(a® — @i (x1)8 — 11 (1)) (2.14)

A wise choice of x, would make V'(¢g; ) negative and ensure the stability of the origin of the

subsystem:
a® — pf(01)0 =1 (x)x; = ~Ki&y (2.15)
Therefore:
d — 1 o’ t — 1
x4 = D00 (a@” —pi(x1)0 + K& = (2.16)
step2

We first consider the subsystem
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{x:,l = (pi(xl)e + lpl(xl)xz (2 17)
Xy = @5(x1,%2)0 + P, (x1X2, )x3
Where the state variable x5 is treated as a command. Thus, the second error variable is
defined by &, as follows:
s=at—x, =x%—x, (2.18)

Consequently, its derivative can be written as:

H=a"—x,=x§ —x; = al - @5(x1, %) — P (X125, )% (2.19)

The Lyapunov candidate function is
V(Sl, 52) = Vl + %522 (2.20)

and its derivate can calculated as follows:

V'(ey, &) = €161 + €65 from Eq.2.13 and Eq.2.19 we obtain Eq.2.21

V'(e1,62) = —K1512 + 52(“1’ - (Pg(xpxz)e — P (x1X3,)x3 — 51) (2.21)

The choice of the desired value of x3 becomes obvious. The latter is given by Eq. 2.22 as

explained below:
(“1, — 05(x1,%)0 — P (X125, )x3 — 1) = =Kz,

1
x4 = at E(xq,%,)0 + Py (x1)e; + Kye,) = a@ 2.22
3 wz(x1xz’)( — @3(xq,%3) Y1(x1)& 2€2) ( )

With k2 >0, and a;calculated analytically such that:

o = 6a dxy
1= 6x1 dt

step3

The system is now considered as a whole. The error variable &5 is defined as:

27



Chapter 2: Nonlinear Control of quadrotors

g3 =a®—x3 =x —x3 2.23
3

Thus, makes it possible to write the equations of the system, in the error space as explained in

the following equations:

&1 =% — @f(x)0 — 1 (x) (@t — &) (2.24)
& = al - @5 (x1,%2)0 — P (x125, ) (@® — &3) (2.25)
g3 = a? — ¢§(x1:x2:x3)9 — Y3 (x1 %2, X3)U (2.26)

With as lyapunov function defined as:
V(er &2, 85) = Vy + 5 (2.27)
Its derivative, along the solutions of (2.25) and (2.26), becomes:
V'(e1, €2, 83) =V, + 6365 =—Kief — Kpe5 + 53(azl — @501, X2, %3)0 + P, (x1%5, )&, —
1/13(x1x2,x3)u) = —K1512 - K2£§ - K3532
which leads to  a? — @&(xy, %, %3)0 + Wy (x1%5, )y — Y3 (1 X5, X3)U = —K3 &3 (2.28)

Now, we are in the presence of the real order . A good choice of it is given by Eq. 2.29 as shown

below:

u (azl — @5 (xy, %2, %3)0 + P, (X%, )€, + Kzez)  (2.29)

3 (x1xp, %3)
With ajcalculated analytically as follow:

da, dx da, dx

’ 2 1 2 2

a, =— —+—.— 2.

2 dxq dt + dx, dt ( 30)

I1.2.2. Backstepping control of quadrotors

The principle of backstepping is to divide the system into several sub-systems in cascade. The
control laws are then made for each subsystem, in a decreasing manner, until a global control law for

the whole system is generated.
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I1.2.2.1. Roll angle Control ¢

Considering the first subsystem mentioned below:

X; =X
{ 1= %2 (2.31)
Xy = A1XeX4 — Qazxy + b1 U,
stepl
The error ¢, between the desired and actual roll angle is expressed as follow:
g =x¢ —x; (2.32)
Consider the Lyapunov function V; = %elz (2.33)
The derivate of Vi along x; trajectory, V’, is computed as follow:With:
V] =¢€¢ (2.34)
g =x —x;=¢] =x¥ —x, (2.35)
Choosing:
g, =-Kg (where: K, &? positive definite function).
The desired X z is extracted:
xd =x¥ + K& (2.36)
step2
Denoting € the error between desired and actual roll angle rate, so that:
& =x%—x, (2.37)
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its derivate is €, = xgl — a1XxX4 + Qazxy — b1 U, (2.38)
Using candidate Lyapunov function
1.2
Vz S E 82 + Vl
Vy, =V + e,6
V, =e161 + &, (2.39)

using the Eq.2.35 and Eq.2.38 , the expression of the derivate of the Lyapunov candidate function

will be:
Vi = e (xf —x;) + &(x — ayx6xy + Qapx, — biUy )
=5 (¥ +& —x3) + & (xg' — A1XeX4 + Qazxy — by Uy, )
= —ky2 + £5(e; + %8 — ayx5x, + Qagx, — b,U, )
to satisfy Lyaponv’s stability condition we take
501 + x8 — ayxgx, + Qayx, — b,U, )= —K,&} (2.40)
Which gives:
(&1 + x%' — ayxex, + Qayx, — b,U, )= —K,¢, (2.41)
Where: ko is a positive constant
xgl = —K;x,

Thus, the control law is: U, = bi (&1 — a1x6x4 + Ky&5 — K3xy + Qayxy) (2.42)
1
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I1.2.2.2.Pitch angle control ¢

Considering the second subsystem mentioned below:

{ X3 = X4
xlll, = AyxXpXg + Qa6x2 + szg

stepl

(2.43)

Considering €5 is the error between the desired and actual angle & and which can be found by:

and

1o dr 1o dr
€3 = X3 — X3 = X3 — X4

Using Lyapunov stability by choosing V3 = %sg

If V'’ is negative; then, the system trajectory is ensured to verify this condition:

!
V= g6 =e(x$ —x,) <0
x¢ = x¥ + Kzeg

step2

The error &, = x$ — x, gives

ey =2 —

The lyapunov function is defined as: V, = %sf + Vs

Thus: V, = V3 + €464 = g385 + €4,

I dr d’
from where V,_&3(x3" —x4) + €4(x5 — azxyxg — Qagx, — byUg, )
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Therefore:

1
Ug S b_(£3 - a3x6x2 + K4£4 - K3x4 - Qa4x2) (2.49)
2
I1.2.2.3 Yaw angle control y

Now, consider the third subsystem mentioned below:

X5 = Xg
{x (2.50)

é = A7XpXy + b3U'll)

stepl
Let’s €5 the error between the desired and actual angle
ar dr

gs=x% —xs and el =x% —x, =x% —x,

With, Lyapunov function is V5 = %sg

where V! = esel = e5(xd —xg) < 0
Thus; xZ = x&' + Kseg
step2
The error g5 = x2 — x¢ and & = x& — x/ and the candidate lyapunov function V4 = %eé + Vs
Thus:
Ve = Ve + g4
= eg&c + £6E6

= e5(x& —xg + &6) + £6(x& — azxx, — b3Uy)

_ 2
= —Ke&§
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Uy = b_3(35 — A7X2X4 + Kog€g — KsX6)

I1.2.2.4. Control of the position z

The fourth subsystem is:

I
X7 = Xg
cos(xq1)cos(x
Xg = QoXg +—1m ( 3)U1 -9

stepl

g, is the error between the desired and actual position z: &, = x¢ — x,

dr dr __

and &; = x5 —x; = x5 — xg

o 1 . . .

The Lyapunov function is V; = Es% and its derivate is:
! ! d’

V7 = &787 = &7(x7 —xg) <0,

Then (x';i, - x8) S _K7€7
The desired value: x§ = x¢'+K, &,

step2
dar

The error g = x§ — xg gives &5 = x&' — x4, and the lyapunov function is:

1
Vg = 5852; + V7
Thus Vg =V, + ggeg =¢€,67 + €&

_ ! d d’
= &,(x¢ —x§) + eg(x§ +&; — (agxg +

Then:
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l COS(Xq) COS(Xx
(xéi +€7 - <a9x8 + ( 1) ( 3) Ul - g >> = _KSSS

m

The control law:

m

Uy (67 — agxg + g + Kgeg — K7xg)

- cos(x,) cos(x3)

I1.2.2.5. Control of the position y

The fifth subsystem is:
X9 = X10
U
’ y
=—U
X10 m 1
stepl

&g 1s the error between the desired and actual position y such that:
g9 = x& — x9 and
ar dr _

I 1
€9 = Xg — Xg = Xg X9

. . 1 . . .
The Lyapunov function is Vg = 3 €2 ; whereas, its derivate is:

!
Vg = €984 = £9(x¢ — x9) <0

Then,

d’ _
(x9 - x10) = —Ko&g
So the desired value is:
xflo = xg’+K9£9

step2

The error will be: &1 = x% — x10  give &0 = x% — x1,
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The lyapunov function V;, = %8120 + Vy; so,

I st li
Vio = Vo + €10€10

= £9&9 + €10€10
_ d’ d d’ Uy
= &9(xg — X719 t &10) + E10(x10 — (E Ui))

’ ! U
= 59(xg - xfo) + &10(xfo+eg — (;y Ui))

, U
(xfo+59 - (Ey U1)> = —Ki0€10

The control law:

U, = %(59 + Ki0€10 — KoX10)

I1.2.2.6.Control of the position x

The last subsystem is represented by the equation below:

! —_
X11 = X12
X1 —&U
12 = 1
m

stepl

Where, £;; is the error between the desired and actual position x

— ~d 1 dr 1 dr
€1 = X711 — X171 and &7 = X3 — X11 = X173 — Xq1

. 1 . )
The Lyapunov function is V4 = > g2, its derivate

1 o d'
Vi1 = €11811 = &11(xf1 — %11) <0
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Then, (x4 —x1,) = —Ky1&,; and the desired value will be:
d _ .d
X1y = x{1+K11811
step2
The error is given by:g;, = x% — x4, ; the derivateis &}, = x% — x1,
. 1 . .
The lyapunov function V;, = > g2, + Vy, its derivate:
Vi, = Vi1 + €128,
=€11811 + €12812
- a _ .d a _ Uxyg
=e11 (X171 — X1z + €12) + €12(x12 — (U1 )
— a’ d da’ Ux iy
= &1 (xfh —x%) + 12 (xfy e, — —U1))
Then:
U
d’ ( X ) —
Xipte —(—U = —K;5¢
< 12T€11 m 1 > 1212
The control law:

Uy = Uﬂl (611 + K12812 — Ky1%15) (2.58)

All the previous steps of backstepping control used to generate a global control law for the whole
system are summarized in the block diagram shown in Figure 2.8. Whereas, the control gains are

given in Table 2.2.
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Table 2.2: controller gains (BSC)

m 1 3 5 7 9 11
® 0 Y z y x
K., 15 15 45 5 10 10
K1 15 15 45 5 5 10
x'=(x',y',2,9',0',y") T X = (%,9,2,0,0,y) 1
d
v BSC Uy -
v -
d
U 0 BSC U3
BSC Correction
—’ o
block >
d
[& o, BSC Uy
BSC
Ui
.| BSC R
Zd

Fig. 2.8. Quadrotor backstepping control structure

I1.2.3. BSC results and discussions

In order to validate our proposed control solution, the model is simulated under Matlab Sim-
ulink software. For that purpose, the results are obtained based on the application of the real parame-

ters summarized on Table 2.1 [1]. In this scenario, it is desired to follow a circular trajectory in XY
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plane, centered in the origin. The height z increases uniformly from zero to 15 meters where the drone
stabilizes.

NW : Because the speeds of the real quadrotor motors might not be accessible during the flight, the
term (2, might not be performed. Consequently, this term cannot be used in the calculation of the
control laws and may cause stability issues.

Figure 2.10 shows the response of rotor speeds. Figure 2.11 illustrates the inputs generated by
controllers during flight. Figure 2.12 illustrates that the real and the desired positions exactly meet
each other in three-dimensional space. Figure 2.11.d illustrates the response of orientation angles
(roll, pitch, and yaw), where the dotted lines denote the desired values and continues-lines shows
the estimated values. It is clearly demonstrated that the estimated values track the desired trajecto-

ries with an acceptable dynamic.

In this part we realize the control by backstepping of the quadrotor, this control technique makes
possible to control firstly a state of the system and secondly the successive derivatives of the state, we

noticed that simulation results showed the effectiveness of the proposed control.
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Fig. 2.9. Rotor speeds using BSC.
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16

Control Ul applied during flight

Control U3 applied during flight
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Fig.2.10. Inputs generated by controllers during BSC simulation.
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Fig.2.11. Quadrotor speed and angles responses (BSC).
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Fig. 2.12. Path of quadrotor controlled with BSC (in left square path, in the right helical path).

I1.3. Sliding Mode Control of Quadrotors

This part describes the following points: First, the theory of sliding mode control (SMC) is
presented, and then the control of quadrotor by SMC is treated. Finally, we interpret obtained the

results.
I1.3.1. Design of sliding mode control

The design of sliding mode controllers considers stability and good performance issues systemat-

ically in its approach, which is divided into three main stages:
1- Choice of surfaces,
2- The establishment of the conditions of existence and convergence,

3- Determination of control law.

I1.3.1.1 Choice of sliding surfaces
The choice of sliding surface concerns the number needed as well as the shape, depending on
the application and the intended purpose. In general, for a system defined by the following state

equation:

x'(@)=fx)+gx)U (2.59)

As for the general form, we propose a form of general equation to determine the sliding surface

which ensures the convergence of a state variable x towards its set value .

s() = (S+ A)H e(x) (2.60)
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e(x): the error of the variable to be regulated,
A: positive constant,

r: relative degree is the smallest positive integer such that
I1.3.1.2 Conditions of existence of convergence

The convergence conditions allow the dynamics of the system, in the phase plane, to converge

towards the sliding surface, we cite two conditions

The direct switching condition
This is the first convergence condition, it is in the form: s(x)s’(x) < 0

The Lyapunov function,This involves formulating a positive scalar function for the state variables
of the system and choosing a control law that will cause this function to decrease V' (x) < 0 .

By defining the Lyapunov function:
1
V(s x,t) = 3 s2(x, t) (2.61)
Its derivative will be: V' (x)=S(x).S (x)

For the Lyapunov function to decrease, it suffices to ensure that: V(s,x,t) = V(s) = 5.5 <0
it is used to estimate the performance of the control, the study of robustness and guarantees the

stability of the nonlinear system

I1.3.1.3. - Determination of control law
The sliding mode control includes two terms which are equivalent control term and switching con-

trol term:
U(t) = Us(t) + Ugq(2) (2.62)

I1.3.1.3.a. Equivalent control

The equivalent control is a control which, applied to the system, produces the movement of the

system on the sliding surface whenever the initial state is on the surface. Suppose that the trajectory
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of the state meets the surface of the commutation at time t1 and that a sliding mode exists. The

existence of a sliding mode implies that, for all

The system is represented in the following form

x'(t) = f(x) +g()U

(2.63)

Ueq(t) is the equivalent part of the sliding mode control, i.e., the necessary known part of the con-

trol system when s = 0.

We define the equivalent control U,, as the vector that satisfies

dS S dx

S gy 08 05 4
— === () +g(W) = = F()+ 5= g =

S:E_ax'dt

the equivalent control is:

3s " (as
Ueq = (a g(x)) (a f(x)>

Ug(t) is the sliding control mode defined as:

I1.3.1.3.b. Sliding control

) ) aS aS
V(s,x,t) =V(s)=s.5=s (a f(x) + FP g(x)(Ueq + Us)> <0
aS aS aS 0
s(52 F@+ 52 gUeq +5- gV, <

With eq(2.64) Then: s (Z—i g(x)Us) <0

Where sgn(s) is the mathematical signum function defined as:

I aS
s = —Ksgn(s) x sgn FP g(x)

aS
—Ksgn(s) if I glx)>0
Us = X

aS
Ksgn(s) if FP glx) <o
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I1.3.2. Sliding mode control of quadrotors
Considering the following system:

( X1 = Xy
Xé = A1XgXy + .Qa3x4_ + blU(p

X3 = X4
x['; = AyuXpXg + .Qa6x2 + szg
X5 = Xg

Xé = A7XpXy + b3U¢

X7 = Xg
1, cos(x;) cos(x3) (2.68)
Xg = QgXg + m Up—g
Xy = X19
Uy

!
Xip0 = A10X10 + — U
10 10%10 T Uy

T
X11 = X12

I} 1
X = a11x12 + _U
12 m X

I1.3.2.1. Control of the x position

The degree r equal 2:
d r—1
s(x) = (E + A ) e(x) =e'(x) + de(x),e(x) =x — x¢ (2.69)
s) ==x" —x% + Ax —x%) = x, — x¥ + A(x — x9) (2.70)

The control Uefr using eq(2.65)

0
Lo =N 1] H ==
ds X2 fx
and af(x) =1 1] I—fole = Ax, — X

Ueqg = m (A2, +Ex,) (2.71)

The Uatt Ug; = —Ksgn(s(x) because g—;g(x) >0

The control  Uy_controt = M (—sz + fm—xxz) - szgn(s(x)) (2.72)
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I1.3.2.2. Control of the y position

The degree r equal 2,

s(y) = (% +4 )r e(y) =e' () +de(),e(y) =y —y* (2.73)
s ==y —y¥+Ay—-yH=y—y¥+ 2 -y

The control Ueff
-1

e = (229 (o2rm)

0
Lo =0 1] H ==

m

V2

9s _ _ _ _L
and axf(y)—[l 1][jyzl—lyz Y2

m

f;
Ueq = m<_/1)/2 +ay)/2

The Uatt :
ds
Us = —Ksgn(s(y) because ag(y) >0
The control law:
_ fy
Uy—control =m (—AYZ + EYZ) - Kysgn(s()’)) (2-74)

I1.3.2.3. Control of the z position

The degree r equal 2,
d r—1
s(z) = (a +2 ) e(z) = e'(2) + Ae(2),e(2) = z — z° (2.75)
s(2)=z'—z¥+AMz—-2%) =2, — z¥ + A(z — z%)

The control Ueft:

o "o
Ueq = —(ig(z)) (if(z)) (276)

0
Z9@) =0 1] H ==

m
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Zy

ds
and af(z) =1 1] [—7&22

fz
=Az, — =z
27 %2

f
Ueq = m<—lzz +Ey22 -9

The Uatt U, = —Ksgn(s(z) because g—ig(z) >0
. _ fz
The control law: U,_contror = —M (—/122 +-2; - g) — K,sgn(s(z))

11.3.2.4. Control of the ¢ direction

Y1 = @

Considering th f :{
Oonsi erlng €S¢e equa 101NS (pé _ a19'1/)' + a399' _ a13(p% + ble

The degree r equal 2,

r—1

d
s(p) = (E + Ay ) e(p) = e'(p) + A,e(@),e(p) = p? — ¢

s(@) = o — @' +2,(p* — @)
=% — @y + 2,(0% — @)

Thus Uea = ~(Z9@) (Zr )

I

0
Eg@) =14 -1 H =2

Iy

)

(2.77)

(2.78)

E — [— — — _ ! / 2
and axf(‘ﬂ) =[-4p —1] [a19’¢’ — ay302 + a3QG’] = —App2 —a,0'Y" — a308" + a3¢93

Ueg = _Ix(_)%p‘l’z — 0,0y — ;08" + a13¢3)

The Uatt Ug = —Ksgn(s(¢) because g—ig@p) >0

U(p—control = _Ix(_/1<p§02 - a19’1/)’ - a3QG’) - K(psgn(s((p)
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11.3.2.5. Control of the 6 direction

{ 01=0, (2.80)

0; = a,@'P’ + agQe’ — a;405 + b,Us

The degree r equal 2,

r—1

d
s(0) = (E+ A ) e(8) = e'(0) + Age (), e(0) = 64 —
s(0) = 0% — 0’ + 1,(0% — 0) = 6% — 0, + 15(6% — 0,)
Uey = — (290 (2£®)
as 0 1
590 =[-4¢ 1] [;_11 =—

@2

as
and af(G) =1 —1] [‘14‘,0'1/” - a14922 + agQ@’

= —1g0, — a 9"’ — agQ@’ + a1,65

The Uatt: Us = —Ksgn(s(0) because g—ig(e) >0

UG—contro = —Iy(—leez - a4(p,¢’ - a6Q(p’ + a14022) - Kesgn(s(é’) (2-81)

I1.3.2.6. Control of the ) direction

{ Y1=9 (2.82)

Y5 = a;9'0" — aysy5 + bsU,

The degree r equal 2,

s@)= (242, ) e@) = ') + Aye()e) =y —

S() = = YO~ Ay — ) = Y~y + Ly (% — )
Ueg = — (L) (Zfw))

0
Zg@) = [~y —1] H ==

Iz
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ds 1/’2
- = _/1 _1 = — —_ g’ 2
and SF@) = (A | o o] = A — a0’ + arsd

The Uatt: Ug = —Ksgn(s(y) because Z—ig(lp) >0

Ulp—control = _Iz(_/lwlpz - a7(p’9’ + a15¢§) - KlpSgn(S(w) (2-83)

All the previous steps of SMC used to generate a global control law for the whole system are

summarized in the block diagram shown in Figure 2.13. Whereas, the control gains are given in Table

2.3.

Table 2.3. Used gains of the SMC controllers

X y z @ 0 Y

K 10 10 15 20 20 20

2 0.5 0.9 0.9

A 2 2
£ 0.5 0.5 0.5 0.5 0.5 0.5
d Ul
z SMC
d
hd SMC v -
] sme Yy o9, [ omc U3 >
»| Correction >
block
d
d 0 Uz
b'e UL
» smc x‘ SMC
T

x=(X,¥,2,9,0,0)

x'=(xy, 70,0, y)T

Fig. 2.13. Quadrotor sliding mode control structure.
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11.3.3. SMC results and discussions

To test the control theory applied to the quadrotor we chose a square trajectory at an altitude of

ten meters and we fixed the yaw angle at zero radium.

The simulation parameters are given in Table 2.3.

Figure 2.14 shows the simulation results of the four inputs, where U1 represents the pushing

force it is of the order of ten Newtons and the other inputs the torques are a round zero Nm.

Figure 2.15 illustrates the speeds of the four rotors they are almost equal to 215rd/s. In Figure
2.16 the speed of rotation of the quadrotor is almost zero for a square trajectory and on the left; in

addition, the attitudes coincide with the requested movement.

To test the robustness of the control structure, a helical trajectory was applied (see Figure 2.17),

and the quadrotor follows the desired trajectory successfully.

Control Ul applied during flight Control U3 applied during flight
2C 0.3
10 0.1 l |
s o r
o -0.1
-5 -0.2 |
-10 -0.3

-15 -0.4
o 50 100 150 o 50 100 150

Control U4 applied during flight
Control U2 applied during flight

0.3

0.2

0.1

-0.1 “

0.1 -0.2

0.1 _0.4

Fig. 2.14. Inputs generated by controllers during simulation (SMC)
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Ql rotor speed rd/s Q 3  rotor speed rd/s
250 250,
200 — — 200 — —t
150 150
100 100]
50 50
0 0
0 50 100 150 0 0 10 150
Q
Q 2 rotor speed rd/s 4 rotor speed rd/s
250 250
200 200
150 150
100 100
50] 50
00 50 100 150 00 50 100 150
Fig. 2.15. Rotor speeds (SMC)
Q r quadrotor speed rd/s \|j (p e
3 0.3
2 0.2
1
0.1
° | |
2 -0.1
3
-0.2
4
-5 -0.3
-6 -0.4
0 50 100 150 0 50 100 150

Fig. 2.16. Quadrotor speed and angles responses (SMC).
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/
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===
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g ]
CEN
0 |
-5
20
10 - 10
0 0 5
y(m) 105 x(m) y(m) 105 x(m)

Fig. 2.17. Path of quadrotor controlled with SMC (in left square path, in the right helical path).

In this part of the chapter 2, sliding mode control of quadrotor was realized following the same
scenario as the previous part. The obtained simulation results showed the good performances and

robustness of this control technique.

In order to make a comparison between the three control techniques chosen in this chapter,
disturbance will be applied to the three control structures, in the coming part, and extract the reaction

of each one to this disturbance.

I1.4. Nonlinear control for disturbances rejection in quadrotors

Matlab simulink is the most useful software used to test the behaviour of nonlinear systems
and to validate the results of the recently developed controllers [38], [40], [41]. Therefore, model
simulation is done using Matlab Simulink program to verify our suggested control approach. To
achieve that, a quadrotor model is designed and controlled by three different controllers which are:
PD, sliding mode and the BSC. Hence, each one of them is tested with and without disturbances to
track a quadrotor’s trajectory of radians R=8 shown in Figure 2.18. The quadrotor has to track the

trajectory defined by the time functions: X = 8sin(0.1t), Y = 8 cos(0.1t) and Z = 0.2¢t.
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Fig. 2.18. Attitude, heading and position reference, (a) trajectory tracked by the Quadrotor. (b) PDC, (c)
SMC, and (d) BSC.
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11.4.1. Without disturbance

Figure 2.18(a) is an illustration of the trajectory tracked by the quadrotor. The next Figures show the
position, orientation (see Figure 2.18(b), Figure 2.18(c), and Figure 2.18(d)), trajectory errors (illus-
trated in Figure 2.19(a), Figure 2.19(b) and Figure 2.19(c)) and control inputs in the absence of dis-
turbances generated by the three controllers.

U1 vs Time(s) w10 U2 vs Time{s) 55 U1 vs Time(s) i w107 U2 vs Time(s)

2 2
0
. 1
0 -2 15
0 50 100 0 50 100 a 50 100 a 50 100
13 U3 vs Time(s) 5 <10 U4 vs Time(s) 5 w107 U3 vs Time(s) i w107 U4 vs Time(s)

a1 1

0 0r—
bR | -1
0 50 100 0 50 100
(@) (b)
b U1 vs Time(s) «10% U2 vs Time(s)

1

5 0

-
0

0 50 100 0 50 100
U3 vs Time(s) «107 U4 vs Time(s)

02

0
01

-2
0

-4
0.1

-B
0.2

0 50 100 0 50 100
©

Fig. 2.19. U1, U2, U3 and U4 vs. time, (a) PDC, (b) SMC, and (c) BSC

Discussion: without any disturbance, the steady state error from the SMC was the smallest
followed by PDC then the BSC for the displacement across both the X and Y axes. In the event that
no disturbances, SMC has proven its efficiency even in the previous work [4], [20], [42]. However,
for the displacement on the Z axis, the SMC did 10! times worse than the BSC, with the PDC doing
the best here. And finally, for the steady state error for yaw angle, the BSC also was 107 better than

the PDC, and the SMC and being lasting this category.
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11.4.2. With disturbance

The Next figures show the position and orientation (see Figures 2.20(a), 2.20(b) and 2.20(c)),

and control inputs (shown in Figures 2.21(a), 2.21(b) and 2.21(c)) in the presence of a ramp disturb-

ance of the vector F=9t i+9t j+ 9t k (N), starting from the 10th second of the simulation with a force

limit of 9 N.
i x(m) vs time(s) - roll (in deg) vs time(s) % X(m) vs time(s) roll (in deg) vs lime(s)
NI = = = - Al Measus — Ackal Messe
/| Retence ——— Ratewnce - — - -Relerorce
0 X 7 90 l 0 \
o | .
10 o= -10
0 20 40 6 8 100 0 20 40 6 8 100 0 20 4 6 & 100 0 20 0 6 8 1
0 y(m) vs time(s) % plich (in deg) vs lime(s) " yim) vs time(s) " piich (in deg) vs time{s)
™\ - = = =Aca Maasure ! - = = Achal Maasus — Actud! Vadsune Actual Meason
\. — Raence 0 ~———{ ——— Relesnrce M = = = ~Relererce 0 = = = ~ Relennce
o\ \Y 0
10 100 «10 o
0 220 40 6 8 100 0 20 40 6 8 1100 0 20 4 6 & 100 0 20 4 6 8 10
» 2{m) vs time(s) yaw (in deg) vs time(s) 2 z(m) vs time(s) adi yaw (in deg) vs time(s)
- = = = Actal Maasure » : - = = = Achal Maasuw — Atun! Veasure
10 ——— Pa‘orece 0 f Raf H 10 — 0]
0 a0f | 0
10 -0
0 2 4 & 8 100 0 20 40 6 & 100 0 220 4 6 & 100 0 20 4 6 8 10
(a) (b)
" x{m) vs time(s) 100 roll (in deg) vs time(s)
P\ [ - - -aamuaan - = — Actel Maasure
,"’ Ra‘ererce S0 Ra'or~ce
0 7 |
\\ / \ o) = ':TT)'_: — s e o
e o l
10 S0
0 20 8 & 0 100 0 2 £ 0 &
0 y(m) vs time(s) - pich (in deg) vs time(s)
: - - - A Messure - - Act Measure
\\ Re‘erece h Ra‘orce
0 \ ({ \ 0 ——
\E N1
10 S0 i
0 20 & & & 100 0 20 & €0 & 100
2{m) vs time(s) - <10 Yaw (in deg) vs time(s)
2 - = = - Actal Measure : - — — Actal Maasure
g Ra‘orece 10 I; Ra "o rece
10 :—‘ —r
0 o
0 2 0 & 80 100 0 20 40 €0 & 10
(c)

Fig.2.20. Altitude, heading and position reference measurement vs. actual measurement, (a) PDC, (b) SMC, and
(c) BSC.
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i U1 vs Time(s) «10% U2 vs Time(s) - U1 vs Time(s) ; w102 U2 vs Time(s)
2
3 2
1
2 2 0
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1 i = -2
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0 50 100 a 50 100 0 50 100 0 50
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01 1
0
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Fig.2.21. U1, U2, U3 and U4 vs. time, (a) PDC, (b) SMC, and (c) BSC

Discussion: now, in the case of disturbance. For small disturbance, the steady state error for
every controller kept the same order as in case of no disturbance. But as the disturbance increased the
controllers could not keep the quadrotor in trajectory anymore. The first controller that collapsed was
the SMC. Making the PDC the best controller of the three under disturbance, but even this last one
also collapsed after adding 133.33% of the first disturbance force. Then, BSC proves that it is the best
to resist for all kind of disturbances; but, after adding about 50% of the previous disturbance force,
the BSC collapsed too. However, the simulation result obtained from the implementation of the

proposed BSC is very satisfactory compared to the previous works which show some complexity of
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the analytical inference and a considerable dynamic error, especially in presence of noise [4], [5],

[43]

I1.5. Conclusion

It is established that the position, orientation and attitude path following errors can rapidly
converge to slight values with all controllers. In case of non-external disturbance, BSC shows good control

of the yaw angle and the altitude of the quadrotor comparing to the two other controllers (SMC and PDC).

Moreover, in the case of presence of disturbances, for small disturbance, each controller's steady
state error maintained the same order as in the absence of any disturbance. However, as the disturbance
increase the controllers could not keep the quadrotor in trajectory anymore. Numerical and simulation
results confirm that BSC is the last one that collapsed which confirm the robustness and efficacy of our

constructed enhanced control strategy .
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Chapter 3: Extended Kalman Filter (EKF) estimation

Different techniques were established to estimate the required quadrotor’s position and altitude
measurements such as: Kalman filtering (KF) [11], the complementary filter (CF) [12] and Extended
Kalman Filters (EKF) [13] estimators. Kalman filter is a well-known recursive algorithm that takes
the stochastics states spaces model of the system together with measured outputs to achieve the opti-
mal estimation states. The optimality of the state’s estimation is achieved with the minimization of
the mean estimation error. Therefore, EKF and backstepping were investigated in this chapter to es-
timate the angular velocity and the speed of our quadrotor; hence, track the desired trajectory and

control the altitude.

II1.1. Quadrotors state model

The estimated orientation of the quadrotor is defined by the Euler angles: {(ﬁ, 0, l/j}, pitch, roll,
and yaw, respectively. The total estimated angular velocity of the quadrotor represented by
{?ﬁ’, o’ ,/1/7’}, is seen in the axes (X, Y, Z) of the reference frame. Therefore, the total estimated speed

of the quadrotor is presented by {J?’ Y, 7 } Hence, in this work EKF, is used for the estimation of:

I PP e e 1Y e T
X = [f'ylz’\'@;H'IPJX"YI;Z’;(P’;H',IPI] :
The state space representation of the quadrotor is defined as:

( X1 = Xy
Xy = Ay XeXy + Qazxy — azx3U,

r_
X3 = Xy
x:l_ = a4x2x6 + QaG - a14x2+b2 Ue
r_
x5 = Xg

Xg = A7XaX4 — Ay5X¢ + b3Uy,
$ X7 = Xg (3.1)
cos(xq) cos(x3)
xé:a9x8+—1 3U1—g
r_
X9 = X10

= +4y

X10 = Q10X10 T Uy

! —_
X11 = X12

r Uy
\  X12 = A11X12 t ;Ux
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!

. — — — — — — — — — — ! —
Where: x; =@, x, =p, %3 =0,X4 =@, X5 =, X6 =7, X =2Z,Xg =Z,Xg =Y, X190 =Y , X171 =

ly—Iz T T I1z—Ix Iy—Ix 1 1
X, X, =x', al = Y ,a2=]—,a4=]—,a3= a5 ==~ , bl=—,b2=—,
Ix Ix Iy 1% 1z Ix Iy
1 kftz kft Kfax Kfa Kfa
p3 =209 =-L2 g10= -2 413 =12 514 =YY 515 =82
Iz m m Ix Iy 1z

In the vector form as x'(t) = f(x) + g(x)U + g, (x), the system is represented in the follow-

ing form:
. [ 0
X
xz [ X2 T blU(p
X! a1 XXy + Qazxy — as3x;3 0 07
; X4 b,Uy 0
xlf a4xe6 + Qa6x2 - a14x2 O 0
x? X6 b3Uy 0
x? = A7XX4 — A15Xg + 0 _10 (3.2)
X7 Xg cos(x1)cos(xz) U g
_X,'é agxg m 1 0
x5 X10 0 0
/; a10x10 ﬁ U 0
X10 m 2y
/ X12 0 n
x}l - A11%12 . U,
LX12 o Uy
— xl —_
o X, 0 0 0 0 0 0°
x? A1 XgXy + Qa3X4 - algx% 0 0 0 bl 0 0 0171
o X4 0.0 0 g 0 0f,n [0
xé,l AsXo X6 + QagX; — A14X5 8 8 8 0 b, O UZ' 0
5 Xg 0 o O0ON% 0
x? = A7XyX4 — A15%X4 + 8 8 8 0 0 bs||Ux|y 0 (3.3)
X7 Xg L0 0 0 0 o0llU, g
X4 AgXg - 0 0 0 0 0l}lu, 0
Xq *10 0 1 0 00 0 | Uy | 0
x! A10%10 0 m 0 0 0 O 0
P X12 o0 , 0 0 O N
X -
1 a11X12 o o0 » 0O 0 O
X12
Thus
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f&) =

X2
a1 XgXy + azx, — ay3x5
X4
A4X3X6 + NaAgXy — ApaX5
Xe
_ 2
A7X2X4 — A15X¢g
Xg
AgXg
X10
A10X10
X12
a11X12

gr(x) =

Taking the derivate of f(x) with respect to x:

1 0
—2a43 Qa, + a1xq
0 1
—Qa, + azxg —2044
of _
ax

Coo0ococococooo oo

SO OO OO OO OO OO

Q
oooooo"go
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Q
oooooo";{o
N

0
0
0
0
0
0
,g(x) =10
1
m
0
0
0
L0
-0
0
0
0
0
g
0
0
0
n
0 0
0 agx,
0 0
0 asx,
0 1
0 —2a4s
0 0
0 0
0 0
0 0
0 0
0 0
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(3.4)

(3.5)

The discrete formulation of the state model is obtained by discrediting the continuous solution

between two sampling times 7, by considering #(k +1)—¢(k)=Ts and #(k)=kTs (k€ N).

Thus:

F=ed7s ~ [ +dF +Ts,G = g(x) * T, G, = g, (x) * T

of

Where [ is the identity matrix and dF = 5
X

follow:

. Therefore, F can be calculated from Eq. (3.5) as
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af
r1 Ts 0 0 0 0 0 0 0 0 0 0
0 1—2a43Ts 0 Qa,Ts+ a;xgTs O a,x4Ts 0 0 0 0 0 0
0 0 1 Ts 0 0 0 0 0 0 0 0
0 _Qa4TS + a3x6TS 0 1 - 2a14T5 0 a3x2T5 0 0 0 O 0 0
0 0 0 0 1 Ts 0 0 0 0 0 0
10 a3x4Ts 0 asx,Ts 0 1-2a45T¢ O 0 0 0 0 0
10 0 0 0 0 0 1 Ts 0 0 0 0
0 0 0 0 0 0 0 1+4+agTg O 0 0 0
0 0 0 0 0 0 0 0 1 Ts 0 0
0 0 0 0 0 0 0 0 0 14aTs O 0
0 0 0 0 0 0 0 0 0 0 1 Ts
K] 0 0 0 0 0 0 0 0 0 0 1+aqTs]
(3.6)
In the same way, we get:
r 0 0 0 0 0 0 1 -0 1
0 0 0 BbTg O 0 0
0 0 0 0 0 0 0
0 0 0 0 b,Tg O 0
0 0 0 0 0 0 0
0 0 0 0 0 b3 T 0
G = g(x)TS = 0 0 0 0 0 3;)5 ) Gr = gr(x)TS = 0 (37)
T, 0 0 0 0 0 gTs
0 0 0 0 0 0 0
0 —Ts 0 0 0 0 0
0 0 0 0 0 0 0
L 0 0 -Tg 0 0 0 . -0 -

I11.2. Extended Kalman Filter (EKF) estimation

The algorithm of the Extended Kalman filter (EKF) can be summarized in nine steps: first, the
state vector must be initialized followed by the acquisition of the data; then, the state must be pre-
dicted. After that, matrix of the covariance error must be estimated and the gain of the Kalman filter
must be calculated. Therefore, the state-vector can be estimated at time (k+1) and the estimation
covariance error must be updated. At the end, the final results must be stored and repeated from step

3. These steps are explained in detail in the following subsections. Start by defining:

States X = [x,y,z,9,0,%,x",y",z',¢",0", '],
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Input U = [U,, Uy, U, Uy, Uy, U¢]T, and
Output y = [xr y: Z! (pl 0’ lp]T
II1.2.1. Initialize the state vector:

%(0/0),P(0/0),R and Q must be initialized. With P is the covariance matrix of states estima-
tion, R is the covariance matrix of the output noise, and Q is the covariance matrix of the system

noise.

I11.2.2. Data acquisition
At this step, the process starts the acquisition of the data: u(k/k),y(k + 1)

I11.2.3. Prediction of the state

Prediction of the state vector at sampling time (k+1) from the input u (k), state vector at previous

sampling time f(k/ i)» by using F given by Eq.(3.6) and G given by Eq.(3.7), is obtained from:

% (k + 1/k) = F « %(k/k) + G * u(k)) (3.8)

y( T 1/ = g@k/k),u(k)) (3.9)

The notation J?(k + 1/ k) means that it is a predicted value at the (k+1)" instant, and it is based

on the measurements up to k” instant. In the following step of the recursive EKF computation starts.

II1.2.4. Estimation of the covariance error matrix

The covariance error matrix can be recursively estimated using the following equation:

P+ 1)) = F(k)P(k/k) FT(k) + Q(k) (3.10)

I11.2.5. Calculation of the gain of the Kalman filter

The Kalman filter gain K(k + 1) is computed as;

K(k+1) =P*T1/)6TUyGP* T 1/)6™ +RUN)™ (.11
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Where G = on ,
0x

With /4 represents the output of the system.
I11.2.6. State estimation

The state-vector estimation at time (k+1) then is determined as:

Fk+1/k+1) =%k +1/k)+Kk+ D(yk+1) — 5k + 1)) (3.12)

When calculating the new state value X(k + 1/k + 1), the Kalman filter gain K(k + 1) is
multipliedwith the error of the output (named the innovation). The innovation process (y(k + 1) —
y(k + 1)) has an important impact in improving the results of our work; where, y(k + 1) is the

real output of the process and y(k + 1) is the estimated output of the process.
I11.2.7. Updating the matrix of the estimation covariance error
The last step of the EKF algorithm is to estimate the covariance computation as:

P(k+1/k+1) = F(k)(I — K(k + 1)G)P(k + 1/k) (3.13)

I11.2.8. The storage of the final value
The obtained results must be stored using the following formula:
X(k/k)y=x%(k+1/k+ 1)
P(k/k) =P(k+1/k+1) (3.14)
I11.2.9. For the next step (k+1),
Repeat the steps from step 2.
I11.3. Results and discussions

In order to validate our proposed control solution, the model is simulated under Matlab/Sim-

ulink software as shown in Fig. 3.1.
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X = (x,y,2,0,0,y)7

‘Vd U g
NLC 4 >
d
U 0 U3
d Y NLC
¥ 3] NLC | Correction a_— g
block (Pd .
’ 2
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X >
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el Zd
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Extended Kalman Filter

Fig. 3.1. Block diagram Nonlinear Control of Quadrotor using EKF.

For that purpose, the results are obtained based on the application of the real parameters sum-

marized on Table 3.1 [23].

Table 3.1. Quadrotor parameter used in our simulation

Ix Body inertia respect to x axis 8.3 Kg.m? Friction aerodynamics coefficients
Iy Body inertia respect to y axis 8.3 Kg.m? Kfax 5.5670.¢ N/rd/s
Iz Body inertia respect to z axis 14.2.e% Kg m? Kfay 5.5670.¢ N/rd/s
Ir Rotor inertia 104e® Kg m? Kfaz 6.3540.¢* N/rd/s
m Mass of the quadrotor 1 Kg
g Gravitational constant 9.81 m. s Translation drag coefficients
b Thrust factor 54.2¢* Kftx 5.5670.¢° N/m/s
d Grag factor 1.1e® m Kfty 55670, N /m/s
1 Horizontal distance: propeller 024 m Kftz 6.3540.c" N/m/s
center to CoG
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In this part of or work we simulated the nonlinear control without linear and angular sensors
using the extended kalman filter according to the following scenario, who it is desired to follow a
rectangular trajectory in XY plane. The height z increases uniformly from zero to 15 meters where the

drone stabilizes as shown in Figure 3.2.

Fig. 3.2. The desired rectangular trajectory to be followed by the quadrotor.

In Fig 3.3, we find the simulation results of the roll angle ¢, pitch angle 6 and yaw angle y using
nonlinear control, where we notice that the difference between the desired and estimated quantities is

small in the case of the backstepping control.
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Fig. 3.3. Simulation results of the roll angle ¢, pitch angle 6 and yaw angle  using nonlinear control. (a) BSC,

(b) SMC
In Fig.3.4, we find the estimated linear velocities where we notice that the results given by BSC
are relatively good compared to those given by SMC.
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Fig. 3.4. Simulation results of the x velocity, y velocity and z velocity using EKF, (a) BSC, (b) SMC
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Fig. 3.5 illustrates the simulation results of the angular velocities estimated using EKF where
notice that the velocities given by the sliding mode control are more than the double of the velocities

given by the backstepping control during the transitional regime.

Fig 3.6 shows the simulation results of the positions estimated using the extended kalman filter
where we notice that the estimated states follow the desired instructions in the two control cases with

an acceptable overshoot in the case of sliding mode control.

€ .
pe (rd : 5) p-~ (rd :s)
2 0
1.5
4
1
0.5 2
o 0 ~ A~
s [ {
2
-1
-4
-1.5
2 50 100 qp (rd:s)so "o 50 100 qe (rd :sho
2 6
1.5
4
1
0.5 2
0
|
-0.5 1 /
-1 2
-1.5
20 50 100 o 50 100 150
r® (rd :s) r® (rd :s)
0.015 0.01
0.01 | | ] nI I J 0 N
0.005 1 t i} -0.01
0 I -0.02
-0.005 1 I -0.03
-0.01 -0.04
F T
-0.015 -0.05
-0.025 50 100 150 '0'0”0 50 100 150
(a) (b)

Fig. 3.5 the estimated results using EKF of: the pitch rate ¢, the roll rate p and the yaw rate r, (a) BSC, (b) SMC

65



Chapter 3: Extended Kalman Filter (EKF) estimation

d

_ & S
16 20,

L s m—)

12 / \ 15 -
/

N =] N b N 2
—~— |
I
~—
/

0 50 100 150 -50 50 100 150

20,

“0 50 100 150 0 50 100 150
d e
Zd Ze — Z — 7z
16 20
14 /f
12 / 15
m 10 /
8 / ’
4 /
4/ 5
2
0 0
0 50 100 150 0 50 100 150
(a) (b)

Fig. 3.6. Simulation results of the x position and y position and z position using backstepping control, (a) BSC,

(b) SMC

In Fig.3.7 we find the path followed by the quadrotor estimated using extended Kalman filter,
where we notice that the quadrotor successfully follows the desired path for the two commands (BSC)

and (SMC).
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Fig. 3.7. Response of quadrotors model. (a) BSC, (b) SMC.

Fig. 3.8 shows the altitude and attitude control inputs of the quadrotor. As shown in the simu-

lation result, the altitude control input ul is a positive value and close to about 10 N, we see also that

the inputs u2, u3 and u4 are reasonable.
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Fig. 3.8. Simulation of the control inputs.

The previously discussed results were obtained from Matlab Simulink. The models created in
the second chapter were modified by adding EKF block to the already implemented controllers’
blocks. The EKF are the blue boxes shown in the following Simulink blocks. Figures 3.9, 3.10, and
3.11 correspond to the modified PDC, SMC and BSC controllers respectively by considering the
EKF.
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I11.4. Conclusion

In this chapter we controlled a drone using a nonlinear control method with the aim of keeping
all the information on the system and without linearization (backstepping control method, sliding
mode control), which is generally used to control high order nonlinear systems. In the control struc-
ture the angles (¢, 8 and 1)) and the positions (x, y and z) have been picked up directly from the
system; while, the angular and linear velocities (p, ¢, r and x’,y’, z") were estimated using the ex-

tended kalman filter.

The results obtained in this chapter are very successful which has urged us to use the extended

kalman filter to estimate the wind disturbance in the next part of our thesis.
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Chapter 4: Wind’s Force Estimation

The presence of external disturbances such as wind decreases the efficiency of the existing
controllers [14-15]; therefore, environmental uncertainties such as turbulence influences and wind
disturbances present additional forces and moments on the quadrotor dynamics which were ignored
in the previous works [16-18]. Hence, the design of more reliable controller for quadrotor is a chal-
lenging task which requires an accurate wind forces estimation using EKF that is proposed in this
chapter. Simulation results are shown to verify the efficiency of the presented model which can con-

siderably advance the trajectory tracking feature of the quadrotor under wind disturbances.

IV.1. Wind’s force estimation using EKF

The success and efficient quadrotor’s trajectory tracking in presence of wind disterbances,
model depends on the density of measurements and the wind prediction map accuracy [19]. The wind
forecast maps provided present high uncertainty and the wind distribution is really stochastic [19];
this can cause Fixed-wing UAVs with rigid wings and airfoils, for example, drift in the wind direction
due to wind thrust [20]. Therefore, in this section of our work, wind’s force estimation using EKF
and compensated it in real time is provided. The wind’s force is break down in three directions x, y

and z as shown in Fig. 4.1.

y
A F ‘ E ind Fy-z

A

left

A
back s
s M
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Fig. 4.1. Quadrotor state model including wind’s force.
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Starting from the newton's second rule my = ZE , we can get the following equations’

system:
mx = Uy — fix' — Fy—x
my" = Uy_fyy’_Fw—y (4.1)

mz =U,—f,z —F,_,

Therfore, the linear accelerations is expressed by eq. (4.2) as follow:

o1 ,
X :;(Ux_fxx — Fy_x)

Y =—(Uy— £y = Fuey) (4.2)
kZ" = %(Uz — fzz' — Fw—z)

Where:

F_x 1s the wind force in x direction

Fy_y is the wind force in y direction

F.y—; 1s the wind force in z direction

In the vector form as: x'(t) = f(x) + g(x)U + g,(x), and in the aim to introduce the wind
force in the system, Eq. (4.2) is modified such that: x; = ¢, x, =p, x3 =0, x4, =q,
Xs =1, X¢ =T, X;=2, Xg=12, Xg=Y, Xy0=Y,

X11 =X, X1 =x', and

X13 =F, x4 =E, X5 = F.
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Therefore, the system is expressed by Eq. (4.3) as follow:

x0T X, 0 0 0 0 0 0
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o Xe 000 0 0 0 0
5 2 000 0 0 blU] |°
x4 A7X2X4 — A15Xg sif %, 0
' X 0 00 0 0 ollU
X7 8 1 Y 0
x = !
x| = agxy + 2 ] R | bell B3 P RO
. %10 0.0 0 0 0 offflel o
X10 A10%10 F % 0 - 0 0 00 U6 0
x)y %17 000 0 0 of ¥ |
x:’lz ai1X12 + % 0 0 % 0 0 0 0
x}3 0 O 0 0 0 0 O 0
X14 0 0O 0 o 0 0 O n
x5l L 0 0 0 0 0 0 O
Such that:
X2 0 0 0 0 O 07
a1 X,%g + azQxy — a13x5 0 0 0 by O O 107
X4 0O 0 0 0 0 O 0
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X15 l
A11X12 + >~ 00—~ 0 0 0 0
0 000 0 0 0 0
0 000 0 0 0 N
0 ‘0 0 0 0O o0 o
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The derivate of f{x) with respect to x is expressed as:
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)TS can be calculated from Eq. (4.5) as follow:
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Whereas, G=9gx)Ts=|m and G, = g,(x)Ts = |9T5s
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IV.2. Results and discussions

In order to validate our proposed control solution, the previously created block diagram given
in Fig. 3.1 is modified such that the wind’s force was injected to the system and simulated under

Matlab/Simulink software. The modified block is shown in Fig .4.1. Therefore, to test the efficiency

of our estimator, a wind force expressed by F, = dy,I + dyyj + dy,k is applied at t=50s then
another force expressed by ﬁw = dpyl + dyy] + dzzk_)is applied at t=60s and from t=70s until the

end of the simulation (150s) we applied the force ﬁw = d3,l + d3y] + d3ZE. The injected and esti-

mated x, y and z wind’s force components are shown in Fig. 4.2.
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Fig. 4.2. Block diagram of Nonlinear Control of Quadrotor Using the extended Kalman filter for the estimation
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and compensation of wind’s force.

dy = [dix, d1y, dyz| =[5+0.2sin (4t), 5+0.2sin (4t), 5+0.2sin (4t)]

dy = [day, day, da,]= [7+0.2sin (4t), 3+0.2sin (4t), 5+0.2sin (4t)]

ds = [dsy, dsy, d3,] =[7+0.2sin (4t), 3+0.2sin (4t), 7+0.2sin (41)]
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Fig. 4.3. The injected and estimated wind’s forces. (a) BSC, (b) SMC.

It can be noticed that F,, successfully follows the component of F.., and Fy, and ﬁWy

follow Fy. and F\,, respectively but with oscillations.

Therefore, the work carried out allows us to estimate the amplitude and the direction of the
wind’s force at any time. Hence, this makes it possible the compensation the wind’s force in real time.
The presence of the wind’s force disturbs the quadrotor response and causes it to shift from the desired
trajectory as it is illustrated in Fig. 4.4. The disturbance error depends on the applied wind’s force

amplitude.
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Fig. 4.4. Response of quadrotors model to the wind force without compensation.

Thus, our work objective in this part consists in estimating and compensating this force in order
to reach the desired position even in the hazardous conditions. Fig. 4.5 illustrates the wind force
compensation. It is clearly shown that the drone position is disturbed for short time (from 50s to 54s);
then, the quadrotor will be able to track its desired trajectory perfectly once the wind force is com-

pensated as shown in Fig. 4.5 (b).

Fig. 4.5. Response of quadrotor model to the wind force with compensation (a) BSC, (b) SMC.
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IV.3. Robustness test of the compensation method:

In order to test the robustness of the compensation method we applied a wind force of ten new-

ton, the test is done in two stages:

First stage : we apply this force at t=50s and see the behavior of the two control methods , in

the Fig.4.8 we find the response of the quadrotor model to the disturbance of the wind force without

compensation .

Fig.4.8.(a) shows that for the control by backstepping the quadrotor moves away from the

desired trajectory but remains contollable.in the other hand for the sliding mode control (fig4.8.(b)),

the quadrotor becomes uncontrollable and risks being destroyed.
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Fig. 4.8 Response of quadrotors model to the wind force without compensation ,(a)BSC, (b) SMC

In the fig.4.9 we find the thrust force U1 and the speed of the first rotor where we notice that
they are proportional and that during the application of the wind force the speed increases and gener-

ates the increases in the thrust force to overcome the force of the wind.

Second stage: in this step we have compensated the wind force by the force estimated by EKF.
In fig. 4.10, we noticed that quadrotor resumes the desired trajectory after a certain time (which de-
pends on the dynamics of the estimator EKF). The robustness of this method is clear and fills the gap

left by the sliding mode control.
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Fig.4.11 shows the attitudes responses, where we notice that the simulation results of the roll
angle is the image of the component of the wind force according to the y direction (F,, ), and the
simulation results of the pitch angle is the image of the component of the wind force according to the

x direction(—F,,,).
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Fig. 4.11 Attitude tracking (¢,0,y). (a)BSC, (b) SMC
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IV .4. Conclusion

Kalman filter was used to estimate the wind force; satisfactory results were obtained which
allowed us to compensate instantly this force and to reach the desired position with great precision
even in unfavorable conditions due to presence of wind disturbances. We concluded that this method
is beneficial in the case where the quadrotor undergoes a disturbance of wind force and can bring a
complement to the control methods .but like all control methods this technique is limited by the power

of the quadrotor and the strength of wind.
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Conclusion and Perspectives

The work presented in this thesis aimed to show that it is possible to achieve the desired trajec-

tory by several control and estimation methods even under unfavorable conditions, such is the wind.

In the first chapter we developed the mathematical model of the quadrotors in space(x,y,z) and
by using the first and second law of Newton we have obtained the six main equations which the
movement of translation and the movement of rotation of quadrone. we ended up with a system of
equations of twelve states ,six of which represent the positions (X,y,z) and directions (¢, 8,1).,the
other six equations represent the linear velocities (x',y’, z").and angular velocities (¢’,8',4y").. This

system of equations has been exploited in the remaining chapters.

In the second chapter we realized the back stepping control of the quadrotors, for this we first
developed the basic algorithm of the control by back stepping, in the second place we applied this

control theory to the model of the quadrone obtained in the first chapter.

To test the reliability of the control structure, we chose a helical trajectory; we have noticed

from the results of simulations that the quadrotors quickly reaches the desired trajectory.

Third, we announced the theory of sliding mode control and its application to the quadrotors
model. The results of simulations have shown the effectiveness of this control method in achieving
the desired trajectory. In order to test the robustness of the two control methods, we injected a dis-
turbance (wind force) and we noticed that the quadrotors moved away from the trajectory under the
effect of this force and successfully returned to the desired position after a while hence the robustness

of these methods to disturbance rejection.

In the last chapter, we used the extended Kalman filter to estimate the linear and angular veloc-

ities to control the quadrotors.

The control structure consists of three position sensors and three direction sensors, the angular

and linear velocities were estimated by the extended Kaman filter.
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The results showed that the Kalman filter converges rapidly with faster dynamics then that of

the system (quadrotors).

In a new approach we assumed that the wind force is a state of the system and we have extended
the system states equation to fifteen states, whose three additional states represent the components of

the wind force( Fy—x, Fy—y, Fy—z)-

The results showed that the Kalman filter allowed to instantaneously estimating the components
of the wind force with an acceptable error, and then we proposed in a new initiative to compensate

this force and allow the quadrotors to reach its desired trajectory successfully.

In the future work we hope to practically realize the compensation of the force of the wind; as
well as, a tolerant control of the loss of one of four motors and to realize the control of the quadrotor

through a vision camera to avoid unexpected obstacles.
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Appendices

Appendix A:

Correction block

The desired angles 8% and @@ are given by the relations () and () indicated in  [38]

B U, cos(yp) + U,, sin(p)
0% = arctg< U 1o )
o4 = arctg <m U, sin(¢p) ; U, cos(lp)>
1

. U1\?
With (;) = U2+ U2 + (U, + g)?
Uy
U,+g = Ecos((p) cos(0)
Uy . . .
U, = — (cos(¢) sin(0) cos(y) + sin(¢) sin(y))
U
U, = El (cos(¢) sin(@) sin(y) — cos(Y) sin(ep) )
We multiply the expression of U, by cos(y)) and we obtain
U
U, cos(yp) = El (cos(¢) sin(8) cos? () + sin(¢) sin(y) cos(Y) )
We multiply the expression of U, by sin(y) and we obtain
U
Uy sin(y) = El (cos(¢) sin(8) sin?(y) — cos(Y) sin(¢p) sin(y))
the sum of the two expressions gives

Uy cos(yp) + U, sin(yp) = % cos(¢) sin(6)

Dividing by U, + g we obtain
Uy cos(y) + U,, sin(y) _ cos(g)sin(8)

U,+g ~ cos(p) cos(0) tg(6)
and the desired pitch angle will be expressed by
U, cos + U, sin
Hd — arctg( X (1/)) vy (l/})>
U, +g

We multiply the expression of U, by sin(y)) and we obtain

U,sin(y) = % (cos(¢@) sin(8) cos(y) sin(y) + sin(¢) sin?(y))

We multiply the expression of U, by cos () and we obtain

Uy cos () = % (cos(¢) sin(8) sin(y)) cos () — cos? () sin(ep))
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subtracting the two expressions gives
U
(Ux sin(y) — U,, cos (1/))) = Elsin((p)

and the desired roll angle will be expressed by

da

ol = arsin (m Uy sin(@)-Uy cos(z/)))

Ui

with U; = /U2 4+ U + U2
Appendix B:

The EKF has been started with the following initial conditions:

Xo=[0 0000 01 O0T10T1UO0TUO0 0 0]
3 0 0 000000 O0O0O0 0 0 O
0300000UO0UO0UO0TO0TO0TO 00O
003 00O0UO0UO0OUO0OUO0UO0GO0TO OO0 O
0003 00UO0UO0UO0UO0TO0TO0TO OO0 O
00003 00UO0UO0UO0TO0GO0TO OO0 O
000003 0O0UO0UO0TO0TO 0O 0O0 O
000 0O0O030UO0UO0TO0TO0TO0O0 O

P=|l0 00 0OOOO300G0O0UO0UO0O0
000 0O0O0OUOZ30UO0UO0TUO0TO0 O
000 0O0O0OUOUOZ30U0TU0T0 0
000 0O0O0UOUOUOTOT30U0O0 0
000 0O0O0OUOUOTOTOT30T0 0
000 0O0O0OUOUOUOTOTO O30 0
000 0O0O0OUOUOTOTOTO OTO O 3 0
0o 0 00O OOOOO0OO0OO0O0 0 3
0 0 000 01000 O0UO0O0 0 0
000 0O0O0O0OUOT1O0UO0TO0TO0TO0 0

c-11 000000000000 O00Q
001 000O0UO0UOUO OO OGO OGO OO0 0
000 0100UO0UO0OUOT OO OGO OO0 0
0 00 0OOOO0OOOO0OT1O0TUO0 0 o

The system noise covariance matrix Q is 15x15, and the measurement noise covariance matrix R is

6x6,

Q and R are diagonal, and only 15 elements must be known in Q and 6 in R.
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System noise covariance matrix Q:

0.5

0.5

0.5

0.5

Measurement noise covariance matrix R

0
0
0
0

Appendix C:

Control of quadrotor

motor 1
motor 2
motor 3
motor 4
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