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Abstract :

A quadcopter drone is a complex mechatronic system. This study highlights the recent developments in UAVs, with
a particular focus on quadruple-type multi-rotor UAVs. These UAVs have gained attention due to their suitable
performance, wide applications, advantages in hover ability, maneuverability and low cost of implementation.
However, designing an efficient controller to ensure the robust flight capabilities of the quadrotor remains a
challenge. This work addresses these challenges by presenting a comprehensive approach to the dynamic modeling
and control design of a quadrotor. First, an overview of the UAV configuration, a review of the literature on
quadrotor control methods, and in particular adaptive control. Second, we explain the details of modeling the
guadrotor drone, including the mathematical model derived using Euler-Newton formalism. Also, we design the
control laws to stabilize and track using PID and Backstepping controllers. Simulations were performed using
MATLAB Simulink for various controllers scenarios to validate the results. Finally, we make a scenario where a
guadrotor has an asymmetric geometry and varying mass, using a control approach with an adaptive method to
estimate unknown system parameters. The research concludes with an evaluation of the work and offers
perspectives for future research.

Keywords: UAV, control, quadrotor, modeling, simulation, PID, Backstepping, Adaptive flight control.

Résumé :

Un drone Quadcopter est un systeme mécatronique complexe. Cette étude met en lumiere les développements
récents des drones, avec un accent particulier sur les drones multi-rotors de type quadruple. Ces drones ont attiré
I'attention en raison de leurs performances appropriées, de leurs applications étendues, de leurs avantages en
termes de capacité de vol stationnaire, de maniabilité et de leur faible colt de mise en ceuvre. Cependant, concevoir
un controleur efficace pour assurer les capacités de vol robustes du quadrirotor reste un défi. Ce travail aborde ces
défis en présentant une approche globale de la modélisation dynamique et de la conception de contréle d'un
quadrirotor. Tout d'abord, un apercu de la configuration du drone, une revue de la littérature sur les méthodes de
controle du quadrirotor, et en particulier le controle adaptatif. Deuxiemement, nous expliquons les détails de la
modélisation du drone quadrirotor, y compris le modéle mathématique dérivé a I'aide du formalisme d'Euler-
Newton. En outre, nous concevons les lois de contréle pour stabiliser et suivre a I'aide de contréleurs PID et
Backstepping. Des simulations ont été réalisées a I'aide de MATLAB Simulink pour différents scénarios de contréleurs
afin de valider les résultats. Enfin, nous créons un scénario ou un quadrirotor a une géométrie asymétrique et une
masse variable, en utilisant une approche de contréle avec une méthode adaptative pour estimer des paramétres
systéme inconnus. La recherche se conclut par une évaluation des travaux et offre des perspectives pour des
recherches futures.

Mots clés: UAV, contréle, quadrotor, modélisation, simulation, PID, Backstepping, Adaptive flight control.
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Nomenclature

X, vy, z = longitudinal, lateral and vertical motions, (m)
¢, 0,1 = roll, pitch and yaw angles, (rad)

p, q, r = roll, pitch and yaw rates, (rad /s)

Rr = Assumed inertial terrestrial reference

Rp = reference related to quadrotor

Rgp = The homogeneous transformation matrix from Rg to Rp
I, I, I, = roll, pitch and yaw inertia moments, (Kg.m?)
CL, Cp = lift and drag force coefficients

U. = lift force, (N)

Uy, Up, Uy = roll, pitch and yaw moments, (N.m)

m = mass, (Kg)

K4, = drag force coefficient w.r.t x

K4y = drag force coefficient w.r.t y

K4, = drag force coefficient w.r.t z

K4, = aerodynamic friction coefficient w.r.t x

K4y = aerodynamic friction coefficient w.r.t y

K4, = aerodynamic friction coefficient w.r.t z

w; = rotor velocity, (rad) / s)

J, = rotor inertia, (N.m / rad / s?)

d = distance, (m)

g = gravity acceleration, (m / s?)

IV
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General introduction

In recent years, there has been significant development in Unmanned Aerial Vehicles (UAVs).
Various types of drones with different structures, favorable performance, and wide applica-
tions have emerged. Among them, multi-rotors have gained attention due to their advantages
in hovering ability, maneuverability, simple structure, and cost-effectiveness [37]-[27]. The
quadcopter, in particular, is widely used in aerial photography, inspection, surveillance, cargo
transportation, precision agriculture, and more [19]. Furthermore, the design of multi-rotors
with more rotors, such as hexacopters and octocopters, is rapidly evolving, providing increased
lift and flight duration [28]-[15]. However, additional rotors result in a larger size, limiting their
use in certain areas. Despite their advantages, designing an effective controller to ensure robust
flight capabilities for multi-rotor drones remains challenging [35].

The following main reasons contribute to the difficulty [34]-[39]:

1-Multi-rotor drones are under-actuated systems with six degrees of freedom but only four
control inputs.

2-The system is complex, nonlinear, and strongly coupled, with the dynamics of translation
and rotation interacting with each other.

3-Uncertainties, unmodeled dynamics, and external disturbances always affect system sta-
bility and control performance.

These challenges have captured the attention of many researchers, leading to the introduc-
tion of various control methods aimed at addressing these issues.

The objectives of this work are:

1-Dynamic modeling of a quadrotor with vertical takeoff and landing.
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2-Designing a controller for the stabilization and control of this type of multi-rotor.

The first chapter introduces the classification of UAVs and the composition of the quadrotor.
It also provides a review of recent literature on the different approaches used for quadrotor
control, with a focus on adaptive control.

In the second chapter, the modeling of a quadrotor drone is detailed to design the control
laws and validate them. The Euler-Newton formalism is applied to derive the mathematical
model. The low-level modeling of the rotors is also presented.

The third chapter focuses on the design of control laws for stabilizing and tracking the
trajectory with the PID and the Backstepping controllers. In this study, simulations were
conducted using MATLAB Simulink to express the results. A hierarchical control approach
was proposed, employing a cascade structure that decomposes the system dynamics into two
subsystems: translation and rotation. Dynamic inversion was employed to control the rotor
speeds.

In the fourth chapter, we consider the scenario where the quadrotor has non-symmetric
geometry and the mass varies due to energy consumption from the battery, leading to unknown
system parameters. To address this, we employed the backstepping control approach with an
adaptive method. In MATLAB/Simulink, we estimated the new parameters of the system to
account for these variations.

Finally, the work concludes with an assessment and perspectives of our research.
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Chapter 1. State of the Art

1.1 Introduction

Pilot autonomous aerial vehicles or Unmanned Aerial Vehicles (UAVs) have become a real
center of interest. In recent years, their use has increased considerably. Today, they are used
for civil and military applications, for multiple tasks such as aerial photography, videography,
topography, cartography, payload transport, agriculture, rescue, surveillance, etc.

In this chapter, we present the classification of drones, the different components of the

quadrotor, the control techniques applied to the quadcopter and the adaptive control.

1.2 Classification of drones

The drones are classified on several criteria :

1.2.1 According to the aerodynamic shape

Nowadays, aeronautics engineers design and manufacture different aerodynamic shapes of
drones. They can be classified into three types, fixed wing, flapping wing, and rotary wing
(multi-rotor). Multirotors are classified according to the number of rotors and their positioning.

The quadrotor studied in this work is a multi-rotor of four rotors.

1.2.2 Depending on the landing method

There are two types, HTOL and VTOL :
HTOL: is an extension of fixed-wing drones, they have a high cruising speed and a classic

horizontal landing.

VTOL: they often use a vertical propulsion system. This type of drone can take off and

land vertically and does not need a runway to take off.
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1.2.3 Based on Weight and Range

Some researchers and organizations have classified drones based on weight and range. Table

1.1 presents the list of unmanned aerial vehicles based on weight and range [32].

Table 1.1: Unmanned aerial Vehicles classification based on weight and range

Type Maximum Weight | Maximum Range Category
Nano 200 g 5 km Fixed wing,multirotor
Micro 2 kg 25 km Fixed wing,multirotor
Mini 20 kg 40 km Fixed wing,multirotor
Light 50 kg 70 km Fixed wing,multirotor
Small 150 kg 150 km Fixed wing
Tactical 600 kg 150 km Fixed wing
MALE 1000 kg 200 km Fixed wing
HALE 1000 kg 250 km Fixed wing
Heavy 2000 kg 1000 km Fixed wing
Super Heavy 2500 kg 1500 km Fixed wing

1.3 Drone application area

Drones, also known as unmanned aerial vehicles (UAVs), have emerged as versatile tools with
diverse applications across various industries. These remotely piloted or autonomous aircraft
have revolutionized numerous sectors by providing innovative solutions and enhancing efficiency

in a wide range of tasks. Let’s explore some of the key application areas of drones.

Military domain

Military drones are employed in contemporary warfare and serve to eliminate strategic targets
without endangering the pilots. A use that is still disputed in the army because it puts a cold
distance between the operator and his target, between the control screen and the eliminated
target. The United States is the largest user of combat drones, which entered their armies in
the 1990s. It was for example in 1994 that the Predators made their first test flights and were

launched the following year in the Balkan. These devices which have a range of 1250 km can
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be launched in reconnaissance without weapons or be equipped with weapons. In general, the
drone has a triple use in contemporary armies: surveillance (inside and outside), reconnaissance

of the terrain for ground, and air [26].

(a) Predator Drone [20] (b) Black Hornet mini drone [7]

Figure 1.1: Examples of the military drones

Civil domain

e Agriculture: agriculture is experiencing a new mutation that is characterized by IT,
communications, robotics, or even data collection. agriculture uses drones to map, analyze
and process crops. This is not just the application of new technologies, but an information

revolution, which can lead to more accurate and efficient farm management systems [21].

e Cinematograph: In recent years, drones for filming have come a long way with im-
proved mechanisms and high-resolution cameras. Drones have become an integral part
of filmmaking. In the past, filmmakers were forced to use helicopters and cranes to get
that aerial shot that adds more excitement to a movie. The video quality of these small
cameras, attached to the drones themselves, has improved dramatically over the years

[23].

e Transport and logistics: Drones have appeared recently in the field of logistics, and

many companies have been interested in them for several years. Right now they are in the
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spotlight because we are going through a period of rapid market growth for this technol-
ogy. Logistics companies are developing them with the aim of making them operational
in the next few years. For example, Amazon first became interested in drones when it
launched its Prime Air program in 2013. The project’s goal is to deliver packages within
30 minutes of ordering to an address 10 miles away. Over the past few years, Amazon has
conducted test flights in multiple locations around the world to operate drones as soon as
the law permits. Over the next few years, drones will be in everyday use just like trucks

are today [30].

Figure 1.2: Phoenix 4 AG 10L [11]

(a) DJI Mini 2 [4] (b) K60 Pro [9]

Figure 1.3: Examples of the cinematograph drones
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(a) DHL delivery [2] (b) Mini drone for delivery [3]

Figure 1.4: Examples of the Transport and logistics drones

1.4 Advantages and disadvantages of drones

1.4.1 Advantages

e Maintain an environment.

Cost saving technology.

Aerial imagery quality.

Easy to control.

Security.

Minimize obvious hazards and health risks.

Areas of action that change depending on the scenario.

Remote access to dangerous or impassable areas.

1.4.2 Disadvantages

e The weather conditions, and more specifically the wind, must be within the limits of the

drone to guarantee a good result for your sequences.
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e drones really don’t like rain. On the other hand, they tolerate snow, cold and very high

altitudes (under certain conditions).
e Drones are easy to hack.
e Slow data transfer.

e Night flights are limited depending on conditions. (Night flights are defined as taking

place 30 minutes before or after sunrise or sunset.

e overflights of major cities are subject to local restrictions and the necessary prior autho-

rizations. (especially near airports).

1.5 Description and composition of the quadrotor

The quadrotor is a multi-rotor of four rotors attached to a rigid frame. it has several char-
acteristics (mechanically simple, vertical take-off and landing, hovering, more payload, longer

flight time, high maneuverability, faster). it consists of:

1.5.1 Frame

The frame is designed to support the weight of other components. it gives the aerodynamic
shape of the drone to ensure its stability. it must be strong and light. the materials used for

its manufacture are generally carbon fibers and aluminum.

1.5.2 Motors

A brushless DC motor (BLDC) is a synchronous electric motor that is powered by direct
current and has an electronically controlled commutating system instead of a brush-based
mechanical commutating system. In this type of motors, the current and the torque, the voltage,
and the speed of rotation are linearly related. Each motor drives a propeller. brushless motors

are listed according to their KV (Figure 1.6), which corresponds to the number of revolutions
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carried out per minute and per volt. Without them, there would be no multi-rotor drones.
They do not use brushes to distribute energy to the rotor. The magnets spin, and the coils are
static, causing less friction and wearing parts except for the shaft. The brushless motors have
an efficiency of close to 90% and do not require maintenance. there are two kinds: rotating
squirrel cage motors, the most common because they offer good torque and fixed squirrel cage

motors that can be embedded in a fuselage [22].

®
CRNLEOR

L
=

(a) Frame [§] (b) Quadrotor configuration +

Figure 1.5: The configuration and the frame of quadrotor

Figure 1.6: Brushless DC motor (1400kV) [10]

10
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1.5.3 The propellers

The quadrotor operates with two normal-pitch propellers (clockwise, CW) and two reverse-
pitch propellers (counterclockwise, CCW). The materials used, in increasing order of price and
performance, are nylon (plastic), wood (typically beech), and carbon fiber. Wooden propellers
have the advantage of being less dangerous in case of impact. Metal propellers, reserved for
general aviation, are used for large drones. The propeller can be of fixed size or foldable, which
makes it less fragile and allows for space-saving during transport. They are classified based on
the product size x step, where the size is the length in inches of the propeller and the pitch is

the horizontal distance traveled in inches by the propeller in each revolution.

Figure 1.7: Propellers used for quadrotor [13]

1.5.4 Variable speed drives

The speed variators on ESC (Electronic speed controller) are electronic circuits, they transform
the direct current of the battery to an alternating current in precise impulses to operate the
brushless motors. They are characterized by a value in amperes (ex: 30A) which indicates the
maximum intensity that they can withstand during the flight. It is modeled as a three-phase
DC-AC inverter which transforms the DC voltage (PWM signal) in its input to a three-phase

voltage in its output.

11
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Figure 1.8: ESC (Electronic speed controller) [6]

1.5.5 Battery

The batteries are the source of energy for the various components of the quadrotor. If circuits
of different voltages coexist on board, it is always lighter and more practical to power them
by the flight battery alone (possibly adding transformers), rather than by other batteries. the
battery must have an optimal weight /power ratio. The ”Lithium Polymer” category meets this
requirement. A LiPo cell provides a voltage of 3.7V. On a drone, batteries with 3 or 4 cells are

generally used. The capacity, voltage and discharge coefficient are indicated in their box.

HIEH

GISCHARGE ErPO

Figure 1.9: LiPo batterie (20000mAh) [12]

1.5.6 Flight controller

It is an electronic card, it receives the information measured by the sensors and transmits

electrical impulses to the speed variators of the motors. It contains a microprocessor, memory,

12
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interfaces 1/O and sometimes integrated sensors. It is programmed through algorithms to

manage the flight in an autonomous or semi-autonomous way.

Figure 1.10: NAZA flight controller for quadrotor [5]

1.5.7 The sensors

Different sensors are used to measure acceleration, speed, altitude, attitude and translate
them into electrical current sent to the flight controller.

Example

— The accelerometers: three sensors (one per axis) to measure the accelerations of the

translation movement.

— Gyroscopes: three gyros (one per axis) to measure the angular rotation speed on each

axis.

— The compass: to measure the intensity of the earth’s magnetic field and determine

north.

— The GPS module: it allows geolocation of the drone in longitude, attitude and altitude.

13
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(a) Gyroscope (b) GPS module (c) Accelerometer

Figure 1.11: The sensors [1]
1.6 Quadrotor control

The design of a flight controller consists in synthesizing control laws which calculate the inputs
of the quadrotor actuators to produce the forces and torques which act and make it possible to
obtain a desired behavior [16].

The flight control approaches proposed in the literature for quadrotor control can be clas-

sified into three categories: linear controllers, non-linear controllers and intelligent controllers.

1.6.1 Linear controllers

In this type, the command synthesis is based on a linear approximation of the quadrotor’s

dynamic model.

For quadrotor control, the PID controller has been implemented either alone or as part of
a hierarchical structure of a control algorithm. The quadrotor dynamics are decomposed into
two subsystems: rotational dynamics and translational dynamics.

The control is then designed in two loops: an inner loop for attitude control and an outer
loop for position control.

The cascade control strategy using PID controllers is the most commonly used in practice.
It has been applied for quadrotor flight control. A combination of PID controllers has been

used for attitude control of a quadrotor [14].

14
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1.6.2 Non-linear controllers

Backstepping control

The backstepping technique is based on a recursive algorithm for controlling linear and nonlin-
ear systems, It allows the synthesis of control laws by defining associated Lyapunov functions. A
non-linear controller is derived using backstepping techniques and implemented on a quadrotor.
Simulation results have shown good performance of the proposed control strategy [36].

One of the problems with the Backstepping controller is its sensitivity to model uncertainties,
as complete information about the model is explicitly required for its implementation [25]. This
modification is beneficial for both robustness and performance in the presence of unmodeled
disturbances. Even under unknown degradation of the propulsion system during maneuvers,
the proposed controller was able to maintain the stability of the quadrotor. However, the

controller still relies on accurate knowledge of the model and quadrotor states [29].

Sliding mode control

Sliding mode control is a type of variable structure control that can be applied to both linear
and nonlinear systems. The basic principle is to drive the system onto a stable hypersurface
called the sliding surface, and then ensure convergence on the sliding surface towards the desired
equilibrium point. A synthesis of sliding mode control laws was presented. The objective was to
stabilize a quadrotor for trajectory tracking. The proposed control strategy was tested through
simulations, and the results obtained were satisfactory [33].

The main drawback of this control method is the peculiar dynamic behavior around the
sliding surface, known as the chattering phenomenon due to the discontinuous ”sign” function
in the control law. To address this issue, a saturation function is often employed to mitigate
this inconvenience. However, the stability of the system depends on the choice of the control

law gain. If the gain is not chosen correctly, the system may become unstable.

15
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Predictive command

The basic principle of predictive control is to use an explicit model of the system in the control
algorithm in order to predict the future behavior at the output. control laws are calculated by
solving constrained optimization problems to minimize tracking error over a finite time interval
called the prediction horizon.

The design of a model predictive controller for attitude control of a quadrotor is introduced.

the indoor and outdoor experiments carried out show promising results [31].

1.6.3 Intelligent controllers based on learning

The controllers of this type are based on fuzzy logic and artificial intelligence. A fuzzy linear
controller is proposed to improve the altitude flight performance of a quadrotor. The control
strategy was tested by simulation. The quadrotor followed the desired altitude, but the system
response time was not satisfactory. A neural network-based real-time controller is proposed for
trajectory tracking while carrying loads. The results obtained are validated experimentally by
implementing the controller on a DSP board. They are good and robust compared with a PID

controller [18].

1.6.4 State of the art of the adaptive flight controller

Adaptive flight control is a type of control technology used in aviation to deal with uncer-
tainties, variances, and changes in aircraft dynamics and ambient variables. It tries to change
control rules and settings in real-time to maintain stability and performance in the face of
uncertainty. The main concept underlying adaptive flight control is to include a parameter es-
timating mechanism that continually updates the aircraft’s model parameters. This estimating
process can be based on a variety of approaches, including adaptive filters, adaptive observers,
and adaptive algorithms, which continually analyze the system’s reaction and alter the control
inputs appropriately.

Adaptive flight control allows the aircraft to retain stability, maneuverability, and track-

16
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ing accuracy even when faced with unknown disturbances, changing flying circumstances, or
fluctuations in the aircraft’s characteristics by modifying the control rules depending on the
estimated parameters.

Both manned and unmanned aircraft systems have routinely used adaptive flight control.
It has increased resilience, fault tolerance, and the capacity to manage different flight regimes
and operating situations. To maintain safe and dependable flight operations, the design and

implementation of adaptive flight control systems must be carefully considered and validated

[38].

Illustrative example

In this section, we explain how to simulate a model reference adaptive controller in MATLAB.
The motivation for creating this post comes from the fact that MATLAB implementation of
model reference adaptive controllers is usually omitted in control theory books. However,
implementation is far from trivial and there are a number of pitfalls that can potentially lead

us to misleading conclusions.

x_m(t)
| {

\ e
] foena o

N
N

<
N
N
| klLdot=-bxe | y
| k2_dot=-bre |

Figure 1.12: A MRAC system for the first-order plant

— > Xm=amxm+bmr

We focus on a simple first-order system, Consider the control of the unstable plant [24]:

T =z + 3u (1.1)

17



Chapter 1. State of the Art

Where y is an output of the system that we want to control, u is an output of a controller
(referred to as the control input), and a and b are constants determining the system dynamics.
We assume that constants a and b are unknown during the control design procedure.

The goal of the Model Reference Adaptive Controller (MRAC) is to compute the control
input such that the system output is as close as possible to an output of a reference model.
The reference model is a model that specifies the desired system behavior. That is, the output
of the reference model is the desired system output that we want to achieve in practice. During
the design process of MRAC, it is assumed that the reference model is known. Accordingly,
for the model (1.1), using the previously designed adaptive controller. The plant parameters
a = —1,b = 3 are assumed to be unknown to the adaptive controller. The reference model is

chosen to be:

G = — A, + 47 (1.2)

Where y,, is the output of the reference model, r is the input of the reference model. We
assume that a,, and b,, the parameters of the reference model are known. The signal r is
known. Since r is known, we can simulate the reference model (1.2) to generate the output of
the reference model y,,. i.e., a,, =4, b,, = 4. The adaptation gain = is chosen to be equal to
2. The initial values of both parameters of the controller are chosen to be zero, indicating no
a priori knowledge. The initial conditions of the plant and the model are both zero.

Since the plant parameters were known, the following values of control parameters:

b

af = . (1.3)

Ty y b

Two different reference signals are used in the simulation:

e r(t) = 4. Tt is seen from Figure 1.14 that the tracking error converges to zero but the

parameter error does not Figure 1.15.

18
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Figure 1.14: Tracking performance, r = 4
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Figure 1.15: Parameter estimation, r = 4

e Now r(t) = 4sin(3t). It is seen from Figures 1.17 and 1.18 that both the tracking error

and parameter €rror converge to zero.
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Figure 1.16: Tracking performance, r = 4 sin(3t)
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Where the control law is :

w(t) = kyz(t) + kor(t) (1.4)
And
by = —re (1.5a)
by = —yye (1.5b)
% 0.5 i
0 5 10 15 20 Tim::sec) 30 35 40 45 50
Figure 1.19: The control law, r = 4

0.5

Control law (u)
o
I

I 1 I 1 I | I I I
1] 5 10 15 20 25 30 35 40 45 50
Time (sec)

Figure 1.20: The control law, r = 4sin(3t)
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Note that, in the above adaptive control design, although the stability and convergence of
the adaptive controller are guaranteed for any positive v, a,,, and b,,, the performance of the
adaptive controller will depend critically on . If a small gain is chosen, the adaptation will
be slow and the transient tracking error will be large. Conversely, the magnitude of the gain
and, accordingly, the performance of the adaptive control system, are limited by the excitation
of unmodeled dynamics, because too large an adaptation gain will lead to very oscillatory

parameters.

Implementing adaptive flight control in a quadrotor can provide several benefits

— Robustness to uncertainties: Quadrotors operate in dynamic and uncertain envi-
ronments where variations in wind, payload, or sensor measurements can affect their
performance. Adaptive flight control can help the quadrotor handle these uncertainties
by continuously estimating and updating the system parameters, allowing it to adapt and

maintain stability and performance.

— Improved maneuverability: Quadrotors are highly maneuverable aerial vehicles, and
adaptive flight control can enhance their maneuvering capabilities. By continuously ad-
justing the control inputs based on real-time parameter estimates, adaptive flight control
enables the quadrotor to respond quickly and accurately to changing flight conditions,

enabling precise trajectory tracking and agile maneuvers.

— Fault tolerance: In the event of component failures or degradation, adaptive flight
control can help compensate for these faults. By continuously adapting the control laws
based on the estimated parameters, the quadrotor can adjust its behavior and maintain

stability, even in the presence of faults or failures in its subsystems.

— Performance optimization: Adaptive flight control allows the quadrotor to optimize
its performance by adjusting the control parameters based on the real-time estimation of
the system’s characteristics. This optimization can lead to improved efficiency, reduced

energy consumption, and enhanced flight characteristics.
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— Adaptability to varying flight regimes: Quadrotors may operate in different flight
regimes, such as hovering, vertical ascent/descent, or aggressive maneuvers. Adaptive
flight control can dynamically adjust the control laws and parameters to suit the spe-
cific flight regime, ensuring optimal performance and stability across various operating

conditions.

— Enhanced safety: By continuously monitoring and adapting to changes in the environ-
ment and system behavior, adaptive flight control can improve the safety of quadrotor
operations. It enables the quadrotor to handle unexpected disturbances or variations,

reducing the risk of accidents or instability.

Overall, implementing adaptive flight control in a quadrotor can enhance its robustness,
maneuverability, fault tolerance, performance, adaptability, and safety, enabling it to operate

effectively in challenging and uncertain environments.

1.7 Conclusion

In this chapter, we give an overview of the different kinds of drones, their different types, their
advantages and disadvantages and the fields of their use. Afterward, we presented the state of
the art of the different commands used for the stabilization and tracking of the trajectory of the
quadrotor. Also, we have talked about adaptive flight control and its benefits on the quadrotor.
Moreover, we explained the behavior of adaptive control in an example of the first-order system
and we implemented the control law obtained by MRAC’s approach to the system using Matlab
Simulink to express the advantage of adaptive control and simulate the dynamics of the system.

In the next chapter, we’ll model the quadrotor.
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Quadrotor Dynamics Modeling
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2.1 Introduction

In this chapter, we are interested in modeling the dynamics of a quadrotor with configuration
X" having two plants of symmetry. The Euler-Newton approach is used, taking into account the
physical effects that affect its dynamics, namely aerodynamic effects, gravity, gyroscopic effects,
friction and the moment of inertia. The quadrotor has four propellers in a cross configuration
where two pairs of propellers turn contrarily. Altering the speeds of the second and fourth
propellers produces a bank rotation and lateral displacement. The first and third propeller
velocities are reversed, which causes pitch rotation and the associated longitudinal displacement.
The motion of the heading is more challenging since it depends on the counter-torque produced
by each set of propellers. To limit the complexity of the dynamics modeling, the following

assumptions are considered:

The quadrotor structure is rigid and symmetrical.

The propellers are rigid.

The center of the mass and the origin of the body reference frame coincides.

Thrust and forces are proportional to the square propellers velocity rotation.

Using these assumptions, it is feasible to describe the flight dynamics as that of a rigid body

under aerodynamic forces caused by the rotation of the propellers.

2.2 Reference frames and passage matrices

For the dynamic modeling of the drone, two reference frames are used, one fixed and the other
mobile.

Let £ = {0, z., Y, z¢} be the fixed inertial reference frame linked to the earth where O is

the origin of the reference frame, x is oriented towards true north, y towards the east and z

downwards.
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Let B = {0, x¢,ye, 2z} be the mobile frame associated with the quadrotor whose origin O’
is located at the center of gravity of the drone, x; represents the longitudinal axis of the drone,
yp the lateral axis and z, perpendicular to the plane (3, O, y;) and facing down.

As the quadcopter is a system with six degrees of freedom, we must define three position
variables and three attitude variables. The position of frame B associated with the quadrotor
with respect to the inertial frame E expressed in E is denoted ¢ = (z,y,2)” where z, y and
z are respectively the longitudinal, lateral and vertical positions. The attitude of frame B
associated with the quadrotor with respect to the inertial frame E expressed in E is given by
the EULER angles and denoted 1 = (¢, 8, )T .For simplicity, the notations sin(.), tan(.) and

» 77t »

cos(.) are abbreviated respectively by ”s”, 7e”.

and

(a) Roll (b) Pitch (c) Yaw

Figure 2.1: EULER Angles

¢ Roll motion: rotation around the x; axis by the matrix Ry.

xp 1 0 O Te
Y| — 0 C¢ 3¢ Ye (21)
2 0 -s¢ co| |z

e Pitch motion: rotation around the g, axis by the matrix Ry.
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xp cd 0 sO| |z,
wl =10 1 0] |ve (2.2)
2 -s¢ 0 cO| |z

¢ Yaw motion: rotation around the z, axis by the matrix R,.

Ty cp sy 0 |z
Yo | — ‘3¢ C”¢ 0 Ye (23)
Zh 0 0 1 Ze

By the multiplication of the three previous matrices, we obtain the passage matrix which
makes it possible to pass from the fixed inertial frame of reference E to the mobile frame of

reference B where R is the homogenous matrix transformation.

xp _cﬁcw cpslsp — sicop csbep + 8¢3¢_ Te
u | = e chsbsp + chep  ssbep — cpshp| | ye (2.4)
2 —s0 spcl coch Ze

R € R3*3 is a Direction Cosine Matrix and it satisfies the following properties:

R-RT=R'-R=1I (2.5a)
det(R) = 1 (2.5b)
R'=R" (2.5¢)

Where RT is the transpose matrix of R, R~! is the inverse matrix of R and I is the identity

matrix.
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2.3 Kinematic modeling

Kinematic modeling is used to establish the relationship between the translational and rota-
tional speeds of the drone expressed in the fixed inertial frame of reference E as a function of

the speeds expressed in the mobile frame of reference B.
Let:
o« (= (2,9, 2)T : the linear speed of the quadrotor expressed in the frame of reference E.
o V = (u,v,w)T: the linear speed of the quadrotor expressed in the frame of reference B.

o= (gb, 9, 1/})T: the angular speed of the quadrotor expressed in the reference frame F.

e O =(p,q,7)T :the angular speed of the quadrotor expressed in the reference frame B.

The relationship that connects the two linear speeds of the quadcopter is as follows:

¢ =RV (2.6)

To find the angular velocity state of the drone, we must take into account the different

rotations:

p 0 0 ¢

g | =ReReRy | 0 | TRoBRo | 6 | +Rs | 0 (2.7)

r ¥ 0 0

Where: L ~ -

P 1 0 —s0 )
gl =10 cp sopc 0 (2.8)
r 0 —s¢p coch w
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This passing matrix, which we refer to as R4, enables us to go from the 7 speed to the )

speed.
Where: _ _
1 sotl cotd

Ry'=10 chp —s¢ (2.9)

Where:
n=R;'w (2.10)

So:

b = p+ sdtlq + cotOr (2.11a)

0 = coq — sor (2.11b)
b= "4 —r (2.11c)

2.4 Dynamic modeling

Equations relating to forces, moments, and quadrotor accelerations may be established by

dynamic modeling.

The following notation is used to distinguish between physical values represented in different

reference frames :
— XPE: for the graders expressed in the fixed inertial frame of reference.

— XPB: for the graders expressed in the mobile inertial frame of reference.

2.4.1 Translation dynamics

Applying the fundamental principle of dynamics (Newton’s second law):
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FE =mé = ma® (2.12)
With:

— FF: is the sum of the external forces acting on the quadrotor and expressed in the fixed

inertial reference frame FE.

— m: is the total mass of the quadrotor.

— a¥: is the quadrotor acceleration expressed in the fixed inertial reference frame.

To express this equation in the mobile reference frame B, we use the transposed passage

matrix RT:

d
RTFP =mR"a? = mR" (—V) (2.13)
dt ),

SO:

FB:m<<°%/>B+va> (2.14)

The equation of the translational dynamics expressed in the moving frame B is given by:
FB=mV+QxV (2.15)

2.4.2 Rotational dynamics

Applying Newton’s second law:

ME = JQ (2.16)

With:
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— MP¥: is the sum of the external torques applied to the quadrotor.

— J: is the inertia matrix of the quadrotor expressed in the moving frame B and defined as

follows:
Jyw 0 0
J=110 J, 0 (2.17)
0O 0 J,.

To express this equation in the moving frame B, we use the inverse passage matrix R;‘l:

dJs}
R,'Mp =R} (%) (2.18)
E
From where:
MP = (@> +Q x JQ (2.19)
it ).

The equation of the rotational dynamics expressed in the mobile frame B is:

MP =JQ+QxJQ (2.20)

2.5 Forces and moments acting on the quadrotor

After the kinematic and dynamic modeling, the forces and moments applied on the quadrotor
are defined. the forces acting on the drone are gravity, drag, air friction, thrust, lift, the torques

produced by the propellers and the gyroscopic effect caused by the rotation of the propellers.

2.5.1 The forces

e The gravity
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The force of gravity (the weight) is applied to the quadrotor’s center of gravity, and

deflected towards the center of the earth along the z. axis.

F,=1| 0 (2.21)

Where g is gravity accelerator.

e Lift force

Each rotor’s thrust force is represented by F;, wherei = 1,.., 4. It is pointed in the opposite
direction of the axis z. and perpendicular to the plane of rotation of the propellers. The

sum of the thrust forces produced by the four rotors results in the overall lift force:

FL:F1+F2+F3—|—F4 (2.22)

The expression of the thrust force Fj is given by:

Fy = Kpw? (2.23a)
K = CTpT;J;T( (2.23b)

With:

— K is is the lift coefficient.
— C'7: is the thrust coefficient of the propeller.
— p: is the air density.

— 1, is the radius of the propeller.
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— w;: is the angular velocity of rotor .

F is the resultant of the forces generated by the four rotors:

cocsl + sopsiy
Fr=| costst) — spey | D F (2.24)
coct

Drag force

The drag force produced by the resistance of the air on the propeller is parallel to the
plane of rotation of the propeller and oriented in the opposite direction of rotation. The

drag moment 7; corresponding to the drag force:

7 = dw? (2.25a)

d= C’Dprgrfﬁ (2.25b)

Where:

— d: is the coefficient of proportionality between the square of the rotational speed of

the rotor and the drag moment.

— ('p: is the drag coefficient of the propeller.

the frictional force of the air

The quadrotor moves in the air, the latter causes friction that is modeled by a simple and

effective model as follows:
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Fd = 0 dey 0 f (2'26)

F,; denotes the resultant of the drag forces along (XY, Z) axis.

2.5.2 The torques

The rotors are placed at a distance d from the center of gravity of the quadrotor where 2d is

the wingspan of the drone. This causes roll, pitch and yaw torques that are defined as follows:

— Roll torque:

The roll torque noted Mp allows the quadrotor to rotate around the x;, axis, its expression
is given by:
Mp=d(Fy— F) (2.27)

— Pitch torque

The roll torque noted Mg allows the quadrotor to rotate around the y, axis, its expression

is given by:

Mo =d(Fy— F) (2.28)
— Yaw torque:

The yaw movement is produced by causing a difference in the rotational speeds of the

four rotors.
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The yaw torque noted Mg allows the quadrotor to rotate around the z;, axis, its expression

is given by:

Mg = Cp (wf — wj + wj — w}) (2.29)

I'; is the moment developed by the quadrotor according to the body fixed frame such as:

d(F5 — Fy)
Iy = d(F, — F) (2.30)

Cp (wi — wi + wi — w})
®
Yo

1\
O

(a) Roll torque (b) Pitch torque

Figure 2.2: Roll and Pitch torques
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Figure 2.3: Yaw torque

— Aerodynamic frictions:

L'y = _ATHQ||2
Kiow 0 0
Fa=1| 0 —Kp 0 [l9F
0 0  —Ko

— I'y: is the Aerodynamic frictions.

— A, is the friction coefficient matrix.

2.5.3 Gyroscopic effect

(2.31)

(2.32)

Each rotor exerts a gyroscopic torque on the quadrotor. We denote it by I'y with i = 1,2, 3, 4,

it is defined as follows:
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) 0

Ty=>» QxJ, 0 (2.33)
1=1
(_1)i+1wi
Where J,. represents the rotor inertia.
J,00
Ty=| —J1.40 (2.34)
0

Q = W] — Wy + W3 — Wy (235)

2.6 Rotor dynamics

The rotor is a group of D.C. motors that a reducer uses to turn a propeller. The following

equations provide information on how the D.C. motor works:

dl
V=RI+ Lo+ Kuw (2.36a)
dw 5
Km[ = JF% + pr + CS (236b)

Where:
— V. is the motor input tension.
— w: is the rotational speed of the rotor.

— K. and K,,: represent the electrical and mechanical torque constant, respectively.
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— K is the load constant torque.
— R and Jp: are the motor internal resistance and the rotor inertia, respectively.

— (: denotes the solid friction.

From equation 2.36, and as the inductance of the motors is small, it can therefore be neglected.

So, we can write the model of the rotor in the following form:

Wi = bV + By + Brw; + Bowy? (2.37)

Where: b = R JF 50

—K
61 RJF 62 —=

2.7 Quadrotor model

2.7.1 Modeling with the Newton-Euler formalism

Using the formalism of the Newton-Euler, the dynamics equations are written in the following

way:

mé = F; + Fy+ F, (2.38a)

JQ=—-QANJQ+T;-T,-T, (2.38b)

Where € is the position of the quadrotor center of mass concerning the inertial frame E,m is
the mass of the structure and J € R3*3 is a symmetric positive definite constant inertia matrix

of the quadrotor concerning the body fixed frame.

Consequently, the complete dynamics are as follows:
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e Translation motion :

1
i = p” [— K ta.@ + (cpsbcy) + spsip)U| (2.39a)
L1 .
i=— [— K tayy + (cpsbsip — spcyp)Un] (2.39b)
1
Z=—[-Kyq:2 —mg+ cpcU;] (2.39¢)
m
e Rotational motion:
.1 ~
p= A [(Iy —1,)rq— Kfaxp2 — J,Qq + UQ} (2.40a)
1 _
G =7 [(I: = L) rp = Kpayq® + J:0p + Us] (2.40b)
y
o1 9
i =— (L = 1) pg = Kpuer® + Ul (2:40c)

Rotational kinematics is concerned with the quadrotor’s attitude movements. The
variables ((b, 0, 1/1) describe the rotational velocity in the Earth-fixed reference frame. The
rotational velocity is, however, represented by the rates of roll, pitch, and yaw (p,q,r)
respectively, in the body reference frame. Equation (2.11) expresses the relationship

between these two sets of variables.

where Uy, Us, Us and U, denote the system control inputs that are written according to

the angular velocities of the four rotors:

( U \ ( K, K, K, K, \ (w% \
U2 _ —Kp 0 Kp 0 w% (241)
Us 0 —-K, 0 K, w§

\m) \cb-cpa>4b/\ﬁ/
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The dynamic modeling developed above (2.39) and (2.40) is completed by the following

control inputs constraints:

0 < U <4Kwl,. (2.42a)
—Kpwrax < Uz < Kyt (2.42b)
~Kpwax < Us < Koy (2.42¢)

—20pw? . < Uy < 2Cpw?,. (2.42d)

2.7.2 Modeling with the Euler-Lagrange formalism

We present in this section the Euler-Lagrange approach to model the quadrotor. In this work,
the aim is to find Lagrangian (L). The kinetic energy (7') is composed of two terms, The first
term is the kinetic energy of translation and the second term is the kinetic energy of rotation
and the potential energy (U).

The generalized coordinates of the quadrotor are described by:

q_[xyng@w]T (2.43)

where £ = [z y z]T represents the position of the center of mass of the quadrotor concerning
a fixed frame.
n = [¢ 6 ¥]T are the three Euler angles (yaw, pitch, roll) and represent the orientation of

the quadrotor. The Lagrangian is:

L(Qa Q) = Ttrans + Trot -U (244)

The kinetic energy of translation is given by:
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1 .-
Téﬁrans - §m€T5 (245)

The kinetic energy of rotation is given by:

1
Trot = §J7'7T7'7 —QAJQ (2.46)

Where J represents the inertia matrix. The potential energy is given by:

U=mgz (2.47)

Where 2z is the vertical position, m represents the mass of the quadrotor.

The Lagrangian L is:

1 pe 1
L(q,q) = EmETﬁ + §J7'7T7'7 — QN JQ—mgz (2.48)

The dynamic model of the quadrotor is obtained from the Euler-Lagrange equations with

the generalized external force.

F,
d(@L) oL oD | Fe| (2.40)

a\oq) "9 "9 |y,
n

Where F; € R? is the translational force applied to the quadrotor due to control inputs

F. =|F, F, F,]".

cochs + spsyp
Fe=| copstsip — spcy) Z F; (2.50a)
coch -
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F = Kiw? (2.50b)
4

Fo=) F (2.50¢)
i=1

And M, € R? is the generalized moments M, = [My My My]" and R is the transformation

matrix representing the orientation of the quadrotor.

dKL (w?, — wl)
M, = dK, (wy — wy) (2.51)

Cp (w} — w3 + wj — w})

And D € R? is the dissipation energy D = [D;¢ D,|*

1K 0 0
D¢ = 0 —1Kp, O & (2.52a)
0 0 —1K
sho 0 0 0°

J,w 0 P (2.52D)

OL T
8_q'|§ — [ 0 0 —mg ] (2.53&)
oL . . . . . L 1F
aiqh = |: —¢9<Iyy - IZZ) + Kfax¢2 _¢¢(Izz - I:cz) + [(faye2 _6¢<Izz - Iyy) + vaaqu2 :|
(2.53b)
oD . 7
9 Kot Krayy Kpa.z2 —Jp00 Jwo 0 (2.53¢c)
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d (0L ) o . . .
P @_q = | mi my mzZ Lo 1,0 1.9

the external force F,,; is:

Fext -

2.8 Conclusion

- Fr, (cgcapsh + spsip)
F, (costsyp — spc))
Fy (coch)
My
My
My

ma dexi’
my deyy
mz dez,é
.o + o . . —l_ .
Lca:gb _,we(]yy - Izz) + Kfax¢2 _Jr@‘g
Iyye _wgb([zz - ]xx) + ](fay(é2 eré
L. —O0(Lpy — Iy) + K a0 0

' (2.53d)

(2.54)

Fp (cocpsh + spsi))
Fy (cssw — spev)
Fr, (cpch)

This chapter presented a mathematical modeling approach for the quadrotor UAV. The sys-

tem was modeled by subsystems (motion kinematics, motion dynamics, control efficiency and
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motor dynamics). We have thus obtained the relationship between the quadrotor’s movements
(position and orientation) and the voltages supplied to the four motors. We have used two
different types of formalism, Euler-Lagrange and Euler-Newton, to establish the mathematical
model of the UAV as a rigid body with two orthogonal planes of symmetry. We took into
account the force of friction with the air and the gyroscopic effect of the rotors on the quad-
copter to make the model as close as possible to reality. The development of the control law
is presented in the next chapter, based on this model. And we will validate the synthesized

control laws in a Simulink MATLAB R2021A simulation environment.
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3.1 Introduction

In this chapter, we present the control part of the quadrotor. Before moving on to the control of
the real system, we need to run simulations to validate the mathematical model and identify the
controller parameters. It would be difficult to control a quadrotor UAV without implementing a
control law. This must enable the calculation of the speed setpoint for each of the four motors,
to ensure drone stability while following a position and/or attitude (orientation) reference.

The objective of the chapter is to ensure that the quadrotor achieves a predefined trajectory
zq(t), ya(t), za(t), 1q(t) while remaining stable along its mission. To achieve this, three controls
will be studied and synthesized, namely: a PID as a classical technique, a nonlinear control by

Backstepping, and finally an Adaptive control.

3.2 General command structure

X2
outer loop l inner loop
Desired xd | control of x oE bd | control of the u2
trajectory of x | position | | roll |
Correction Bloc hl
Desired yd | Control of y Uy d | Control of the | us
trajectory of y I position pitch @
| B |
Desired Wd | | Controlofthe | | ua _
trajectory of | yaw W |
L _I Quadrotor Model
A
Desired zd | Control ofz ui -
trajectory of z position =
_J
J

$.0,¥

Figure 3.1: Quadrotor control structure flowchart

Quadrotor control is achieved by a cascade structure consisting of two loops. The con-
troller of the internal loop related to attitude dynamics is responsible for tracking the drone’s

orientation reference, i.e. to follow angles ¢4, 65 and 14, and the external loop linked to po-
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sition dynamics, which position dynamics, which generates the reference roll and pitch angles
and the total lift force required to position the drone at a given altitude. The derivatives
of the quadrotor’s position and orientation form its complete dynamics. The overall system
can be subdivided into two subsystems, describing the dynamics of rotation and translational
dynamics.

In Figure 3.1, we present a simplified synoptic diagram explaining the controller structure
of a quadrotor UAV. The translational motion controller (x, y) outputs the desired orientation
(g, 04) of the quadrotor due to the coupling between these variables. The synthesis of a second
controller then stabilizes the attitude on the desired heading. For example, to hover, the roll
and pitch angles must be maintained at zero. Tilting the machine causes it to move in the (x,
y) plane. Hence the importance of the attitude controller.

In the first case, the control of orientation and altitude is the simplest to realize, since
it is completely independent of the control of other degrees of freedom. As it is completely
independent of the control of other degrees of freedom.

In the second case, all three position coordinates plus yaw are controlled. However, this
latter control mode uses both the roll and pitch orientation controllers. In short, the control
signals from the three position controllers define a lift force vector in the inertial reference

frame. The orientation of this force defines the setpoint sent to the roll and pitch controllers.

3.3 Command synthesis model

Quadrotor control can be achieved by various approaches, including model-based approaches.
Model-based control approaches exploit, as their name suggests, the model for control law
synthesis. However, using the complete model to satisfy the control objective may be unneces-
sary, or even costly in terms of computing capacity (computing time and memory space). For
this reason, we use simplified models to develop control laws, known as ”synthesis models”.
Simplification is based on assumptions that are more or less respected during system evolution.

In the case of the quadrotor, on the assumption that it performs angular movements of low
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amplitude, the angular velocity vector €2 expressed in the body reference frame can be reduced

to :

p ¢
Q=1 ¢ || 6 (3.1)
r )

Let’s take as attitude control inputs: Uy, Us and Uy the roll, pitch and yaw torques respec-

tively. The synthesis model for attitude control is given by :

é = Ii [elb ([y - [Z) - Kfax¢2 - ere + U2:| (32&)

- ]i {W (I — 1) — Koy + Jyodp + Ug} (3.2)
Yy

b= [0~ 1) — Fpud? + U (3.20

As for position control, the new model uses as control inputs Us, Uz and Uy for position
control in x, y and z.

The synthesis model for position control is given by:

1
T = — |—Kyga LU 3.3
x - [ fdzT + U 1] (3.3a)
L1 .
y== (=K payy + uyUi] (3.3b)
1
Z= — [—K tq.2 — mg + cpcU | (3.3¢)
Where:
Uy = (cosbc) + spsi)) (3.4a)
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Uy = (cpslsip — spcy) (3.4b)

Using the expressions for u, and w, given in (3.4), we obtain the desired angles ¢4 and 64

as follows:
¢g = arcsin (u;s1q — uycthq) (3.5a)

Ux0¢d + UyS'Q/}d)
CPq

0, = arcsin ( (3.5b)

3.4 PID controller

PID control is one of the most basic and frequently implemented types of control in the
industry. The advantages of the PID controller are its simple structure and low requirements
on the system model (error-based control). The PID controller aims to minimize the current
error e(t) = r(t) - y (t), where r(t) is a desired value, called reference or setpoint, and y(t)
is a measured value of the process output (figure 3.2). Since the process output is used by
the controller to calculate a control signal which is fed back into the process, a closed loop is
formed.

The controller output is made up of three terms that give it its name:

3.4.1 Proportionnel

The term P (Proportional) is an amplification of the error where:

P = Ke(t) (3.6)

The proportional gain K, is a constant. If K, is high, the control signal will be large and
the error will be large, making the controller sensitive and resulting in reduced stability and

large overshoot. Since the proportional term is an amplification of the error, it will get smaller
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and smaller as the error approaches zero. The steady-state error depends on the size of K,,; a
high value of K, will give a low steady-state error. In theory, an infinite gain would leave a zero

steady-state error. In many implementations, the proportional part has the greatest influence

on the control signal.

3.4.2 Integrator

The term I (Integrator) depends on the accumulated differences of old errors where:

I = K]/O e(T)dr (3.7)

The integral gain K, is a constant. By integrating the error signal, the output will reach the
reference faster, and the steady-state error mentioned above is eliminated. The disadvantage
is that the integral part can increase too quickly, causing the control signal to become larger
than necessary to keep the error at zero, and since the I term can only become smaller if the

error is negative, this will lead to an overshoot.

3.4.3 Derivator

The D term (Derivator) is proportional to the derivative of the error where:

d
D = KD%6<t> (38)

The gain of the derivative Kp is a constant. By looking at the derivative, it is possible
to predict the future to correct for rapid changes and thus prevent overshoot and introduce
stability into the closed-loop system. Since the derivative of the error is used, the D term is
likely to amplify noise and therefore can be dangerous to use without proper filtering.

The total output of the PID controller is:
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u(t) = Kye(t) + K[/O e(T)dr + Kp%e(t) (3.9)

It is not necessary to use the three terms of the PID regulator, any combination of the terms

P, I and D is possible.

PID Controler

Y

|
|
|
|
@ﬂ y(
Process
output

g,
g l,
3 =
Q =
(]
o
]
Y

Figure 3.2: Closed loop PID control block diagram

3.4.4 Objective of the command

In our case, the objective is to design a classical (PID) controller for trajectory tracking. The
controller parameters will be set empirically. However, the quadrotor is a six-degree-of-freedom
robot, but the PID structure is mono-variable. Thus, we develop here a set of PIDs for all
quadrotor measured variables.

Figure 3.3 shows the control structure when a (x,y, z,v) trajectory is planned. In general,
stabilization of a quadrotor is achievable by a PD controller for each degree of freedom. However,
a residual error is not canceled out at altitude z when the quadrotor is stationary, due to the
effect of its weight. For this reason, a PD controller is designed for every degree of freedom

except the altitude for which a PID controller has been chosen.
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XY,z
outer loop l inner loop
xd [_ j Ux d u2
_Deswed = PID ) . [} o - ) N
trajectory of x | | | |
Correction Bloc
d | | u 9d | | %
Desired y . PID y Bl - _
trajectory of y I T
| . | |
Desired Wy | . I u4
trajectory of ¥ | | | -
L —_— _I Quadrotor Model
A
Desired zd | U1l
: > PID -
trajectory of z | >
J
$.0,¥

Figure 3.3: Block diagram of the PID command applied to the quadrotor

3.4.5 Control laws

In the quadrotor, we have to control six variables (6 DOF). The PID control laws for these

variables are given by :

e Pilotage loop

t

Ut) = Kpoeolt) + Ko | eolrdr + Kot coft) = 0u(t) = 612
(3.10a)
Ug(t) = Kpgeg(t)-l-K]g/O 69(T)dT+KD9é9(t); 69(75) = Qd(t) —Q(t) (3.10b)

Us(t) = Kpyep(t) + Ky / o () + Kpuéo(t); es(t) = vult) — (1)

(3.10c¢)

e Guidance loop

Uy(t) = Kppe, () + K, /Ot e (T)dT+Kpgéi(t);e.(t) = z4(t)—x(t) (3.11a)
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Uy(t) = Kpye,(t) + K1, /Ot ey(T)dT+ Kpye,(t); ey(t) = ya(t) —y(t) (3.11b)

Up(t) = KPzez(t)+KIz/0 e.(T)dT+ Kp.é,(t);e.(t) = z4(t) —2(t) (3.11c)

3.5 PID control implementation

We will present the simulation results from the application of the PID control technique seen
previously on the quadrotor.

The simulation platform used is Simulink MATLAB R2021A. The simulation model of

the quadrotor implemented in Simulink is complete without any simplification. The physical

parameters of the quadrotor UAV are listed in the following table [17]:

Table 3.1: The physical parameters of the quadrotor

Parameter Value

Mass (Kg) 0.486

Distance d( m) 0.25
I, (N.m/rad/s?) 3.8278 x 10~
I, (N.m/rad/s?) 3.8278 x 1077
I. (N.m/rad/s?) 7.6566 x 1073
K t00(N/rad/s) 5.5670 x 10~
K¢oy(N/rad/s) 5.5670 x 10~
K fo-(N/rad/s) 6.3540 x 10~
K4:(N/m/s) 5.5670 x 1074
K pay(N/m/s) 5.5670 x 10~
Kq.(N/m/s) 6.3540 x 104
Lift force coefficient K,( N.m/rad/s) |2.9842 x 107°
Drag force coefficient Cp( N.m/rad/s) | 3.2320 x 10~7
Rotor inertia J, (N.m/rad/s?) 2.8385 x 1075

54




Chapter 3. Control design techniques

3.5.1 Implementation

The block diagram of the quadrotor simulation model in Matlab Simulink is shown in Figure

3.4.

pseudo inverse Effet gyroscopique

Matrice de mixage Atitude Matrice de passage Position

Figure 3.4: The block diagram of the quadrotor simulation model

The block diagram of the PID control simulation model in Matlab Simulink applied to the

quadrotor is shown in Figure 3.5.

Phi_d [Phi_d]

PID x

L

W

PID Phi

(o>

[Psi_d]

PID Theta

Bloc de correction

PID Psi
quadcopter

Figure 3.5: The block diagram of the PID control
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The block diagram of dynamic inversion control is shown in Figure 3.6.

wid g4l ; wi » 1)

- )

Ratar 1

L

|
Betal o+ 1:'
> uz +

Figure 3.6: Block diagram of dynamic inversion control

The rotor parameters are shown in the following table [17]:

Table 3.2: The rotor parameters

Bo 189.63
B 6.0612
Bs 0.0122
b 280.19

3.5.2 Trajectory tracking

The Parameters of the PID controller are shown in the following table:
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Table 3.3: The Parameters of the PID controller

Kp Ki Kd
U, 0.07 0 0.5
U, 0.1 0 0.7
Uy 18 8 12
Us 1 0 0.8
Us 0.5 0 4
Us 1.2 0 1.2

Example of the command U, of the PID controller in Matlab Simulink:

PID(s)

ux

Figure 3.7: Longitudinal motion (x) PID controller

The first scenario

The quadrotor will fly at an altitude of 25m. We have set the duration of the mission to 50

seconds. The trajectory is given by the equations:

zg = sin(0.25¢ + 30) m

57
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ya = c0s(0.25t + 30) m

zg = 25 m

(3.12b)

(3.12¢)

And the 14 is a Pulse input with amplitude g, and period 25 seconds and pulse width 50% of

the period.

Figure 3.8 shows the evolution of the quadrotor position along the three axes x, y and z by

the PID controller.

05

05

Longitudinal motion{x ,m}

05

05

Lateral motion{y ,rm}
—

(=]
—

Aldtitude (= .m)
=

=1

Figure 3.8: Generation of the desired trajectory by PID control
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Figure 3.9 illustrates the evolution of the attitude (roll, pitch and yaw angles) of the quadro-

tor during the realization of the desired trajectory.
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Figure 3.9: The attitude of the quadrotor achieving the desired trajectory
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Figure 3.10 shows the result of the 3D helical trajectory by the PID controller.
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Figure 3.10: 3D helical trajectory by the PID controller (where z = t)

Now we present the commands of PID control, as well as the angular speeds of the four

rotors.

Figure 3.11 present the commands Uy, Uy, U3 and Uy of PID control and Figure 3.12 present

the rotational speeds of the four rotors during the execution of the desired trajectory.
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Figure 3.11: The commands of the PID control technique
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The second scenario

The "circle of runway” navigation scenario or also called aerodrome circuit is a maneuver that

aircraft make around the runway in a rectangular shape, with turns to the left, and at a desired

height above the aerodrome. In the case of these simulations, we set the duration of the mission

to 50 seconds. The reference trajectory is given by the equations:

ya(t) =

Zd(t) =

\

0m for t € [0; 5]

5m  fort € [5;20]

—7m for t € [20;50]

Om  fort¢el0;15]

bm fort e [15;35]

—7m for t € [35;50]

5m for ¢t € [0;40]

0m for ¢t € [40;50[

(3.13a)

(3.13b)

(3.13c¢)

And the 9, is a Pulse input with amplitude §, and period 25 seconds and pulse width 50% of

the period. To generate the planned trajectory, we used the block Signal builder.

Figure 3.13 shows the evolution of the quadrotor position along the three axes x, y and z

by the PID controller.
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Figure 3.13: Generation of the desired trajectory by the PID controller

Figure 3.14 illustrates the evolution of the attitude (roll, pitch and yaw angles) of the

quadrotor during the realization of the desired trajectory.
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Figure 3.14: The attitude of the quadrotor achieving the desired trajectory

Figure 3.15 shows the result of the 3D visualization of the trajectory by the PID controller.
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Figure 3.15: 3D visualization of the trajectory by the PID controller

Now we present the commands of the PID controller, as well as the angular speeds of the

four rotors.

Figure 3.16 present the commands U1, U2, U3 and U4 of the PID controller and Figure 3.17

present the rotational speeds of the four rotors during the execution of the desired trajectory.
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Figure 3.17: The rotational speeds of the four rotors
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3.6 Backsepping controller

The backstepping technique was developed in the early 90s. The arrival of backstepping
control gave a new lease of life to the control of nonlinear systems, which despite the great
progress made, lacked general approaches. Backstepping is a systematic, recursive method
for synthesizing nonlinear control laws based on Lyapunov’s stability principle, which can be
applied to a wide range of nonlinear systems.

The basic idea behind Backstepping control is to make looped systems equivalent to Lyapunov-
stable cascaded first-order subsystems, leading to asymptotic global stability. In other words,
it’s a multi-stage method. At each stage of the process, a virtual control is generated to ensure
convergence of the system towards its equilibrium state. This can be achieved using Lya-
punov functions, which ensure step-by-step stabilization of each synthesis step. It should be

remembered that Backstepping is characterized by:

e It applies to looped systems with strict feedback, i.e. the derivative of each component of
the state vector must be a function of the preceding components and depend additively

on the following component.

e We start with the first differential equation of the &; system, which is further away from

the control input U, and complete the control law only in the last step.

e In our case, we can synthesize the control laws for the control loop (U, Us, U,) and the

guidance loop (U, Uy, Uy), forcing the system to follow the desired trajectory.
Purpose of the Control
In the context of trajectory tracking the control objective will be a pursuit problem, we want
the state () to follow a time-varying setpoint z4(¢) and that when ¢ tends to ¢;.

Description of design steps

The Backstepping controller design method is mainly based on Lyapunov’s stability theory

of dynamical systems. The essence of the theory is presented in (Khalil, 1992). In our work,
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we have to consider the quadrotor roll synthesis nonlinear state model to illustrate the design

method:

b = Ii[(]y — 1)0Y — K 4p — J,00 + Uy (3.14)

X

Counsider the state vector:

X=lobodvidaiyys: 1)

From (3.2) and (3.3) and (3.13), we obtain the following state representation:

jil ) (316&)
To = A1T4%¢ + CLQSU% + b1U¢ (316b)
i‘3 = T4 (316C)
l"4 = Q4T2%g + a5xﬁ + bQUg (316d)
jf5 = Tg (3166)
Te = A7T4To + agxg + bgUd, (3.16f)
l"7 = T3 (316g)

: U.
Ty = agrg + U,— (316h)

m
Zi?g = [1310 (3161)
: U. :
T10 = a10T10 + UyE (3.16)
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Ci?ll = 3712

O.Tlcng

T12 = A11%12 + =g

I, I, I
ay = (Iz]_y[x) a5 = _[[Zfay’ . _i_;
a7:<lxlzfy)’a8: I[ifaz’a _ [;;fm
o — —K ty)@ﬂ _ —f;;fzz

. 2 _
To = a124%6 + a2T5 + azrew + b1Us

e First step

(3.16k)

(3.161)

(3.17a)

(3.17D)

(3.17¢)

(3.17d)

(3.17e)

(3.18a)

(3.18b)

Let’s define the first variable in the procedure e; to be the error between the state and the

desired state such that e; = x1 — x14. The derivative concerning time is:

€1 = Ty — T1q = Ty — Taq

(3.19)

And a second Backstepping variable denoted z; = x9 — 73 with 73 a virtual control law to be

determined later. To find this control law we construct a partial Lyapunov function of quadratic
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type :

Vile) = =€} (3.20)
Its derivative concerning time is:

Vi(er) = er.e1 = e1(w2 — 14) (3.21)

25 is chosen such that Vl(el) is negative definite:

To = Qf.ld - ]€1€1 (322)

Where k1 > 0 is a positive regulation constant. Noting that o was chosen so as to have

Vl(el) < 0. Substituting 75 into Vl(el) we find:
Vi(er) = er.(—kie1 + z1) = —kie? +e1.2 (3.23a)

z1 = X9 — T4 + k1€1 (323b)

For global stability, the last term e;.z; will be eliminated in the next step.

e Second step

We now need to define a new system from this new state. It is typically referred to as the
“augmented system”. We also note that in the second design step, the z;state will no longer
appear. This is implicitly taken into account via the error state. The augmented system can

be written as follows:

e1 = —kie1 + 21 (324&)

21 — A1T4T¢ + G,QSE% + b1U2 - i’1d + ]ﬁél (324b)
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Consider the candidate Lyapunov function V;(eq, z1) of the augmented system:

1
Valer, z1) = Vi(er) + 52% (3.25)

Its derivative concerning time is:

%(61, Zl) = €1é1 + 212'1 = 61(—]€1€1 + Zl) + 21(a1x4a:6 + CLQZC% + blUQ — flfld + klél)

(3.26)
By choosing the following controller for roll:
1 ) ) .
U2 — b—(—a1$4$6 — Q2T9 — €1 + T1g — klel - k221) (327)
1
We obtain :
VQ(G; z) = —/f1€2 - k‘zzf (3.28)

With : kq, ko are positive tuning gains.

This ensures that the system is Globally Asymptotically Stable (GAS). Our control objective
has therefore been achieved.

Following the same steps for the roll controller, the control input Us responsible for gen-

erating the pitch rotation and U responsible for generating the yaw rotation are given by:

1 .

Uy = b—l[—a1x4x6 — agwy — 1 + dg — ki(—kier + z21) — ko] (3.29a)
1 ) )

Us = b—Z[—a4x2x6 — asry — € + T4q — kz(—kzex + 22) — kyz)] (3.29b)
1 ) .

Uy = b—[—a7g:2x4 — agxy — €3 + Teq — k5(—kses + 2z3) — kgzs) (3-29¢)
3

The altitude command Uy, the longitudinal and lateral commands (U,, U,) are obtained using
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the same approach described previously, we find :

U, = %[—agxs + Zq + kr(—krer + es) + kses + e7] (3-30a)
m .
Uy = 7[—&103310 + Yqg + ]{79(—]{969 + 610) + k1oe1o + 69] (3‘30b)
1 ..
U, = [—aniz12 4+ g+ Zq + ki (—kuen + ei2) + kiserz +enr] (3.30¢)

COS 1. COS I3
The z; represent the tracking errors for the state variables and the different k; are adjustment

gains for each degree of freedom.

v

> Position ul
> Controller Ux
> Uy
=
[}
o]
) 4
>
xd > NON &a . 7
yd *| HOLONOMICS > _ —u2————»
Zd >| CONSTRAINTS | ¢, Attitude | 3 ,
d —l—> > Controller ua
— —_—P

{

Figure 3.18: Block diagram of the backstepping controller applied to the quadrotor
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3.7 Backstepping control implementation

We will present the simulation results from the application of the Backstepping control tech-

nique seen previously on the quadrotor.
The simulation platform used is Simulink MATLAB R2021A. The simulation model of the

quadrotor implemented in Simulink is complete without any simplification.

3.7.1 Implementation

The block diagram of the Backstepping controller simulation model in Matlab Simulink applied

to the quadrotor is shown in Figure 3.19.

Phi_d

fy_dl vd Uy euyd

|y

Bloc de correction2

Figure 3.19: The block diagram of the Backstepping controlller
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3.7.2 Trajectory tracking

Example of the command U, of the Backstepping controller in Matlab Simulink:

ElE

Thata

BE

@_. .
[«

o =] [ 3] *
[a] 2
s Uzd
__‘ 12

J alpha_1
[T

L - 028

alghal

Figure 3.20: The control input U2 of the Backstepping controller

The first scenario

The quadrotor will fly. We have set the duration of the mission to 50 seconds. The trajectory

is given by the equations:

xq = sin(0.25¢ + 30) m (3.31a)
ya = c0s(0.25t + 30) m (3.31b)
zq =1 (3.31c)

And the 14 is a Pulse input with amplitude 1, and period 20 seconds and a pulse width 50%

of the period.
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Figure 3.21 shows the evolution of the quadrotor position along the three axes x, y and 2

by the Backstepping controller.
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Figure 3.21: Generation of the desired trajectory by the Backstepping controller

Figure 3.22 illustrates the evolution of the attitude (roll, pitch and yaw angles) of the

quadrotor during the realization of the desired trajectory.
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Figure 3.22: The attitude of the quadrotor achieving the desired trajectory
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Figure 3.23 shows the result of the 3D helical trajectory by the Backstepping controller.
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Figure 3.23: 3D helical trajectory by the Backstepping controller (where z = t)

Now we present the control inputs of Backstepping control, as well as the angular speeds of

the four rotors.

Figure 3.24 present the control inputs Uy, Us, Uz and U, of PID control and Figure 3.25

present the rotational speeds of the four rotors during the execution of the desired trajectory.
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Figure 3.25: The rotational speeds of the four rotors for z = ¢, ¢ =1
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The second scenario

The "circle of runway” navigation scenario or also called aerodrome circuit is a maneuver that

aircraft make around the runway in a rectangular shape, with turns to the left, and at a desired

height above the aerodrome. In the case of these simulations, we set the duration of the mission

to 50 seconds. The reference trajectory is given by the equations:

ya(t) =

Zd(t) =

0m for t € [0; 5]

5m  fort € [5;20]

—7m for t € [20;50]

Om  fort¢el0;15]

bm fort e [15;35]

—7m for t € [35;50]

5m for ¢t € [0;40]

0m for ¢t € [40;50[

(3.32a)

(3.32b)

(3.32¢)

And the 94 is a Pulse input with amplitude g, and period 25 seconds and pulse width 50%

of the period. To generate the planned trajectory, we used the block Signal builder.

Figure 3.26 shows the evolution of the quadrotor position along the three axes x, y and z

by the Backstepping controller.

79



Chapter 3. Control design techniques

S - Dsined

Fe
f | \‘\\ — Real

—rw
I
'
"
}
b
|
<=

L=
T
!
!
!
!
!
!
¥
b

Longitudimal motiorn (> .rm}

\;\\
In - 4
| | - "-‘r=m‘.-r.-.-1..i.-1.—w-r.|-|ru-.-.-.-.-.-.-.-.-...--._.
0 5 ] 15 b i ] % & £ 5
Time (sec)
‘E‘ | | ‘
. 5 e nosnann . v = = =Desired
E -ev"! \\\
o i \ \I PE—
g ; ,_/ \!\ Real
|
.
Byl % |
i 5 Yoy o
! | | | | | | | | s
0 5 l] 18 0 b ] % & I3 ]
Time (sec)
| [ | | ‘
(NP P sk ) ) == Deslred
: 4 \\\,\ — Real
s \
o \ -
g
5 { %
t]: I M“'-u.
|] i e
| | | |
0 § l] 15 i % ] % ] £ ]

Time (sec)

Figure 3.26: Generation of the desired trajectory by the Backstepping controller

Figure 3.27 illustrates the evolution of the attitude (roll, pitch and yaw angles) of the

quadrotor during the realization of the desired trajectory.

80



Chapter 3. Control design techniques

i | | " | = Desired
L / f — el
9 A A VAL /| / A
i | B
m | i
¢ | ||
|
£
Fost \J | -
| \ | \ \ | \ | |
0 5 0 15 A % K| % ] & 50
Time (sec)
. | | | | | | | | T
E il | A ) Desired
. /| ; iy — R
s i i iy
% 0 “, i \Uf V\ J"\J"-..-'"--"'"—"'"""""""\ {f \ / \/‘V\/\f--.-m.a._.._.-_...-.-\ / ‘\ f v \’.-n \/\"F'*"""‘"‘"
: \| \
" | ViR
05- y \v( \ \J 1
b | | | | | | | | |
0 5 10 15 | 5 2 % ] & 5
Time(sec)
. | |
2y PR
& /'
i
E’u.s— |
E == = Desired
§ " j j \ | | | | | Thel
0 § 10 15 ] i) K| 3% ] & 50
Time (sec)

Figure 3.27: The attitude of the quadrotor achieving the desired trajectory

Figure 3.28 shows the result of the 3D visualization of the trajectory by the Backstepping

controller.
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Figure 3.28: 3D visualization of the trajectory by the Backstepping controller

Now we present the control inputs of the Backstepping controller, as well as the angular

speeds of the four rotors.

Figure 3.29 present the control inputs Ul, U2, U3 and U4 of the Backstepping controller

and Figure 3.30 present the rotational speeds of the four rotors during the execution of the

desired trajectory.
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Figure 3.30: The rotational speeds of the four rotors

83



Chapter 3. Control design techniques

3.7.3 Simulation results
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Figure 3.31: 3D visualization of the trajectory by the Backstepping and the PID controllers
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Figure 3.32: 3D helical trajectory by the Backstepping and PID controllers
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For the bouth simulations of PID and Backstepping controllers and with a different scenar-
ios, the Figures (3.8), (3.13), (3.21) and (3.26) depict the evolution of the quadrotor’s position
along the three axes (z, y, and z) using the Backstepping and PID controllers. According to
these figures, it is evident that the quadrotor’s position converges to the reference position with
nearly zero steady-state errors, indicating excellent precision.

The Backstepping controller exhibits the best response times for position convergence along
all three axes in this simulation.

Figures (3.9), (3.14), (3.22) and (3.27) illustrate the attitude evolution (roll, pitch, and yaw
angles) of the quadrotor during the execution of the desired trajectory. From these figures, it
is noticeable that the roll and pitch angles achieved by the drone are not the same, which can
be attributed to the commands U, and Uy.

In this case, there are no reference angles to evaluate the performance of the obtained angles.
Convergence and return to zero for the roll and pitch angle curves are faster with PID control,
but notable self-oscillations are observed, which explains the superior response time for this
control.

Figures (3.12), (3.17), (3.25) and (3.30) present the rotational speeds of the four rotors
during the execution of the desired trajectory. The angular speeds of the four rotors are equal
during the hovering phases, at a speed of 200 rad/s.

Motors 2 and 4 contribute to a pitching moment and the first displacement along the x-axis.
The same occurs at t = 12 sec.

During lateral movement (displacement along the y-axis at t = 7 sec and t = 17 sec), all
four motors contribute to the rolling moment. The same occurs at t = 35 sec when the drone
executes a yaw rotation.

The obtained results do not exactly correspond to expectations, which are influenced by the
control allocation matrix, not being precisely calculated (pseudo-inverse). This explains the
occurrence of motor speeds at inappropriate instants related to the movements associated with
those motors.

The magnitude of the speed reflects the energy consumed by the corresponding control.
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The faster the motors rotate, the higher the consumption.

Furthermore, the Euler angles, including roll, pitch, and yaw, approached zero, indicating
the stabilization of the quadcopter’s orientation. The nullification of Euler angles is a crucial
requirement for maintaining Stable flight. The control law effectively tackled the complex
dynamics and uncertainties associated with the quadcopter system, resulting in minimized
oscillations and rapid convergence of the Euler angles to zero.

The achieved stability in both altitude and Euler angles indicates the successful design and
implementation of the backstepping and the PID controllers. The simulation results demon-
strate theThe simulation results demonstrate the robustness and efficiency of the control laws
in ensuring a Stable flight, thereby enhancing the quadcopter’s overall performance and ma-

neuverability.

3.8 Conclusion

In this chapter, we designed the control laws using two methods: PID and Backstepping
to ensure the stability and trajectory of the four motors. Also, we applied these control laws
to all-wheel drives. In the simulation, both PID and Backstepping had to follow the desired
paths. The results confirm the effectiveness of Backstepping and PID control laws in reference
tracking. Moreover, PID is a linear command which means there are non-linear elements in the
command. This leads to a less stable flight, which is why we added a backstepping command to
eliminate the nonlinear elements for a more stable flight. Second, we fit the law of background
control in addressing the complex dynamics and uncertainties inherent in quadcopter systems
for stable flight. In the next chapter, we will see the contribution of an adaptive flight control

strategy on modeling and attitude stabilization.
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4.1 Adaptive Flight Control

Adaptive backstepping is a control design methodology that is used to design controllers for
nonlinear systems. It is a recursive design procedure that uses Lyapunov functions to ensure the
stability of the closed-loop system. The backstepping approach provides a recursive method for
stabilizing the origin of a system in strict-feedback form. The adaptive backstepping approach
has been an effective tool in the control of uncertain linear systems. However, its traditional
recursive non-linear design is complicated, especially for a plant whose relative degree is high.
The main idea behind backstepping control is to transform the system into a canonical form that
facilitates the design process of the feedback controller. The main advantage of adaptive control
over backstepping control is its adaptability to changes in the system’s dynamics, making it

suitable for applications where the system’s dynamics vary over time.

Adaptive sliding mode for rotor

The model of the rotor in the following form [17]:

W= bV + By + frw + Fow? (4.1)
The control law:
1, .
V = g(w — ﬁo — Blw — 62w2) (42)
The new control law is:
V=hw+ M\ — Xw+ )\30)2 (43)

_ 1 _ _B _ _B —
where: h =7 | A =—-5, A=-5 )\3__%
To synthesize the adaptive control law V/, it is assumed that the full state vector components
are available through the measure and that the sign of h is known. We assume also that the
parameters h and \; are unknown constants.

Now, let us choose a sliding surface oy such as:
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o1 =w — v (4.4a)
v = wy — ke (4.4b)
e=wg—w (4.4c)

where e represent the error between the desired angular velocity and the real angular veloc-
ity, wy is the desired angular velocity and k denotes a real positive parameter. Now a candidate

Lyapunov positive definite function V(o) is defined:

1
Vi = 50'{’ (4.5a)
: 1 )
‘/1 = 01 E(V—/\l—/\gw—)\gw )—Ul (45b)

The non-linear dynamic of the rotor is written in the following way [7]:

hy™ + Z a;fi(x,t) =u (4.6)
i=1

e Sliding mode control

Counsider the control law :

u=hy™ — ks + Z a;fi(z,t) (4.7)
i=1

For our adaptive control, the control law (4.7) is replaced by :
n
U = hyﬁn) — ks + Z dzfz(a:, t) (48)
1=1
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Slotine suggests choosing the following adaptation law:

h= —ysign(h)sy"™ (4.9a)
a; = —vysign(h)sf; (4.9b)

By replacing in (4.5b):
u:ﬁ[wd—ké—ka]+5\1+5\2w+5\3w2 (4.10)

The following figures are the simulation of the rotor with adaptive sliding mode control:

| [omega_d] E

 — D

wl

=<

Gotos

Figure 4.1: Rotor with adaptive control
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Figure 4.3: Parameters estimation

Analysis of Simulation Results:

Upon synthesizing adaptive sliding mode control based on Slotine’s book and applying the

control laws to the rotor system, we conducted simulations to evaluate the performance of the

control strategy. The primary objective was to track the reference velocity while addressing

the nonlinearities and uncertainties in the system.
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The simulation results revealed satisfactory tracking of the reference velocity, indicating the
effectiveness of the adaptive sliding mode control in achieving the desired tracking objective.
However, an issue arose in the steady state, resulting in shattering behavior. This can be
attributed to the discontinuity of the sign function employed in the control law. The shattering
phenomenon can be problematic as it leads to oscillations and instability in the system.

Furthermore, we examined the estimation results of the system’s parameters, specifically
the convergence of the three parameters ();) to their real values. The estimation algorithm
demonstrated successful convergence. However, one parameter, denoted as 'h’, did not con-
verge to its real value. This discrepancy can be attributed to the adaptation gain used in the
control strategy. Adjusting the adaptation gain using optimization techniques could potentially

improve the convergence of 'h’ to its true value.

4.1.1 Description of design steps for the quadrotor

To synthesize adaptive control laws, it is assumed that some uncertainty remains concerning
the main coefficients w.r.t the aerodynamic moments, inertia matrix and mass of the system.
It is also assumed that the full-state vector components are available through the measure and
that the sign of b1l is known.

Now, let us consider roll dynamics expressed from (3.14a) and (3.14b) such as:

jfl = T9 (411&)
To = A1T4%¢ + CLQSL‘% + agrqw + b Us (411b)

Where ay, as, ag and b; are considered unknown parameters.

Let 2z, be a new coordinate and &, the tracking error related to roll angle such as:

q=E =0 o (4.12)

e First step
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Let Vi(z1) be a candidate positive definite Lyapunov function:

1
Vi(z1) = 52% (4.13)

Whose time-derivative Vl(zl) is rendered negative definite:

Vi(z1) = —c128 1 >0 (4.14)

By a stabilizing function x5, which is the desired value of x5 defined as a virtual control as

follows:

Lo, = gﬁd — (121 (415)

Since x5 is just a state variable, let z; be the corresponding error variable:
Z9g = T + C121 — qbd (416)

And 2%, its time derivative which can be expressed in the following form:

hlzg = )\1$4$6 + )\2%% + U¢ — hl [¢d —C (2’2 — 0121)} (417)
With :
_ 1 _ _ & _
hy = b A1 b Ao b A3 b

e Second step

To synthesize the control law Uy, let us try to achieve this objective by augmenting the
already existing Lyapunov function V;(z;) with a quadratic term in the error variable z,. Con-

sequently, the augmented Lyapunov function V5(z1, 25) is introduced as follows:
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1 h
Va(21, 22) = 52% + %zg (4.18)

Its time derivative is rendered negative definite:

Va(z1, 20) = —c122 — |ea]22 <0 hica > 0 (4.19)
By the stabilizing control law Uy, chosen as follows:
U¢> = —5gn (hl) 21 — C2%y — A\ T4Tg — )\2517% + hy [de —C (22 - 0121)} (4-20)
Of course, the control law (3.38) can not be implemented, since \; et hy; are unknown

parameters. Instead, one can employ the certainty equivalence principle in which unknown

parameters are replaced by their estimates ;\Z and hy. Tt results:

Us = —sgn (h1) 21 — cp22 — Mz aws — 5\21‘% + Iy {éd —cp (22 — 0121)} (4.21)

And the time derivative of V5(z1, z2) becomes:

Vo = —c128 — |ea| 25 + 2o 5gn (h1) [5\1:64566 + Xoxd + M Qay — Iy (C'ng —cp (22 — Clzl)ﬂ

(4.22)
Where S\Z and ;zl denote the estimation errors:
hi=hy— Iy (4.23D)

Replacing the control law (3.39) in (3.35), we get the new closed-loop dynamics expressed as
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follows:
2’2 = —Lzl — 222 + i :\1$4$6 + 5\2.562 + 5\3@%4 — ill (gbd —C (ZQ — 6121)>}
|| hy hy 2
(4.24)
This yields:
1 -~ _
i=Az+ —AW(z,Q) (4.25)
h
With:
S\T = [5\1, 5\2, 5\3, iLl] (426&)
— _ . T
W(z, ) = {mxﬁ, x5, Qry, g — c1 (22 — clzl)} (4.26b)
21 —C1 1 <1
= = Az (4.26¢)

V)L

e Third step

Since the third term of (3.40) is indefinite and contains the estimation errors \; and hy, we can
not conclude anything about the stability of (3.36). Therefore, we augment V5(z1, 25) with a
quadratic terms in the parameters errors \; and Ay to obtain the following Lyapunov function

‘/3(21, 22, 5‘(}5):
I3

~ 1
%(Zl, 29, )\¢) = Z% + —Zg +

_ 1 2, 1
27T

M\ 4.97
2y oA (4.27)

Where 74 > 0 is the adaptation gain according to the roll dynamics. The time derivative

of V3(z1, 22, 5\¢) is as follows:
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3
. ) ) 1 [~ = ~ X
‘/:9, = 21%1 + |h1| 2929 — 7— hlhl + E >\z)\z
¢ i=1

~

~ A
= —clz% — |ea] z% + A1 | zosgn (hy) x4x6 — 7;
- (4.28)
~ A
4+ Ay | z28gn (hy) 23 — 22
Vo

) . hy)
—hy |zasgn (hy) (de —c1 (22— Clzl)) + 7;

The terms of (3.46) containing A4 components are still indefinite. However, the situation is
much better than in (3.40). In fact, the dynamics of estimation errors vector /~\¢ = —;\¢ appears
explicitly. Note that, with the appropriate choice of 5\¢, the indefinite term can be canceled.

Thus, we choose the adaptation laws as follows:

( )
0 T4Tg ( \

) <1
Ao =s8gn (h1) | 2 (4.29)

\ ")

\ 0 — [ng —C (22 - 0121)] )

Which yields:
Vs <z1, 29, 5\¢> = —c128 — | 25 <0 (4.30)
This implies that z = 0, 5\¢ = 0 equilibrium point of the closed-loop adaptive system

consisting of (3.43) and (3.46) is globally stable. Adaptive flight control and adaptation laws

related to pitch, heading and altitude dynamics are obtained by following the same steps
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presented above, we get:

U@ = —8gn (hQ) 23 — C424 — 5\41’21’6 - ;\51'421 + ilQ |:0d — C3 (24 - 0323)i| ;C3, h204 >0 (431&)

Uw = —8gn (h3) 25 — Cgrg — 5\71]21‘4 — 5\81;(23 + iLg |:77Dd — Cp <Z6 — 0525)] 3 Cs, h306 > 0 (431b)

U.= ﬁ [—;\11%2 —C12212 — 211+ M (5d +g—cn (212 - 0112’11))} ; ¢, c12 >0
1 COS T3
(4.31c)
With:
0 ToXg ( \
. <3
g = g sen (hy) 0 22 (4.32a)
<4
\ 0 — {Hd — C3 (24 — 0323)} ) \ /
( )
0 Ty ( \
. %5
Ay =psen(hs) | 22 (4.32b)
\ ")
\ 0 — {@Ld —c5 (2 — 6525)} )
(N [ )
A1 0 T12 211
=, (4.32¢)
\ m ) \ 0 —[Z2¢+g— cu(z12 — crizn)) / \ 212 )
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And
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Figure 4.4: Block diagram of the Adaptive backstepping flight command applied to the quadro-

tor

4.2 Adaptive Backstepping Flight Control implementa-

tion

We will present the simulation results from the application of the Adaptive Backstepping

Flight control technique seen previously on the quadrotor.
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The simulation platform used is Simulink MATLAB R2021A. The simulation model of the

quadrotor implemented in Simulink is complete without any simplification.

4.2.1 Implementation in the yaw angle

Suppose I, is not equal to I, and the drag coefficient K faz is unknown. In such a scenario,
the previous control law is inadequate and fails to achieve the desired tracking angle yaw.
To address this issue, an adaptive approach law needs to be implemented in the yaw control.
The objective of this adaptive approach is to estimate the unknown parameters of the system
and control law. By continuously updating and adapting the control parameters based on the
estimated values, the adaptive approach law enables the system to better compensate for the
unknowns, ultimately improving the accuracy and effectiveness of the yaw control.

The block diagram of the Adaptive Backstepping flight control simulation model in Mat-
lab Simulink applied to the yaw control is shown in Figure 4.8. Adaptive flight control and

adaptation law equations related to heading dynamic are given by:

U¢, = — Sgl’l (hg) 25 — CgRe — 5\7[E2l‘4 — 5\81‘(23 —I— iLg |:¢d — Cp (26 — 0525):| X Cs, h306 > 0 (434&)

( )
0 ToTy ( \

Z5
v ="sgn(hs) | 22 (4.34b)

\0 —[@Ld—65(26—0525)}) K 6)

>

4.2.2 Trajectory tracking and parameters estimation

In the simulation of the Adaptive Backstepping flight control, we will simulate the altitude z

and the angle ¥ to make the heading of the quadrotor.
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Figure 4.5: The block diagram of Adaptive Backstepping flight control applied to the yaw

control
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Figure 4.6: The estimator equation
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Figure 4.7: The U, command equation

We have set the duration of the mission to 50 seconds. The reference trajectory is given by

the equations:

¢
wd(t):< 0Om
\
)
yd(t):< 0 m
(
0m
2a(t) =\ 20 m
5 m

for t € [0;50]

for t € [0;50]

for t € [0;15]

for ¢ € [15;35]

for t € [35;50]
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And the 9, is a sine wave input with amplitude

planned trajectory, we used the block Signal builder.
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Figure 4.9: The ¢, 6 angles and altitude z outputs

4.2.3 Results

The figures above illustrate the estimation of system parameters and outputs, with a specific

focus on achieving the desired output tracking rather than the convergence of parameter esti-

mation. The primary objective is to determine the appropriate adaptation gain, represented by

v;, for the yaw control law. Through iterative adjustments of the adaptation gain, the system
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Figure 4.10: The \g, Ag and hj3 estimated outputs

aims to optimize the control law and improve the accuracy of the desired output tracking.
Additionally, the figure demonstrates that the control law for v, which represents the heading
angle, is deemed acceptable. This conclusion is drawn from observing the convergence of the
error between the desired and actual heading angles, which steadily approaches zero. This

outcome can be considered a positive result, indicating the effectiveness of the control law in

achieving the desired tracking.

4.2.4 Implementation in the altitude

The drag coefficient K fdz is unknown. In such a scenario, the previous control law is
inadequate and fails to achieve the desired tracking altitude. To address this issue, an adaptive
approach law needs to be implemented in altitude control. The objective of this adaptive
approach is to estimate the unknown parameters of the system and control law. By continuously
updating and adapting the control parameters based on the estimated values, the adaptive
approach law enables the system to better compensate for the unknowns, ultimately improving
the accuracy and effectiveness of altitude control.

The block diagram of the Adaptive Backstepping flight control simulation model in Mat-

lab Simulink applied to altitude control is shown in Figure 4.2. Adaptive flight control and
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adaptation law equations related to altitude dynamic are given by:

1
U. =

=
COS 1 COS I3

() )

A1 0 T12

m 0 —1|z — 11 (212 — c11211
\ / \ [Za+g ( )]/

()

11

")

[—/\113012 —c1pz19 — 211 + M (Za+ g — 11 (212 — 011211))} ; ci,c12 >0

(4.36a)

(4.36D)

Figure 4.11: The block diagram of Adaptive Backstepping flight control applied to altitude

control

4.2.5 Trajectory tracking and parameters estimation

In the simulation of the Adaptive Backstepping flight control, we will simulate the altitude z

and the angles ¢,0 and ¥ to make the stabilization of the quadrotor.
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Figure 4.13: The U; command equation

We have set the duration of the mission to 50 seconds. The reference trajectory is given by

the equations:

0 rad for ¢ € [0;50]

0 rad for ¢ € [0;50]
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And the z4 is a step input with a final value of 20 m, and step time 20 sec. And ¢4, 04 and

14 have initial values

s
30

(4.37¢)

Va(t) = 0 rad for ¢ € [0;50]

% and 1 respectively, to ensure the stability of hovering.
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Figure 4.14: The altitude z; and z outputs
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4.2.6 Results

— Altitude Motion Tracking: The study involved tracking the motion of the quadrotor in

terms of altitude or vertical displacement. This could refer to how well the quadrotor

maintained a specific height or how accurately it followed a desired altitude profile.

— Stability of Orientation Angles: The study also examined the stability of the quadrotor’s
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orientation angles. This typically refers to the ability of the quadrotor to maintain a

desired orientation (such as level flight) without excessive deviations or oscillations.

— Mass Variance and Unknown Parameters: The quadrotor had a variance in its mass due
to the mentioned factors, and the drag coefficient in the Z direction was also unknown.
Despite these uncertainties, the tracking position error was reported to be almost negli-
gible. This suggests that the control law used in the study demonstrated robustness in

the face of unknown parameters.

The results indicate that the adaptive control approach used in the study was effective in
estimating the quadrotor’s mass, even in the presence of variations and uncertainties. Ad-
ditionally, the control law demonstrated robustness by achieving accurate altitude tracking,

despite unknown parameters such as the mass and drag coefficient in the Z direction.

4.3 Conclusion

In conclusion, this chapter focused on the application of adaptive flight control to a quadrotor,
considering the variations in system parameters such as mass and the inertia moment about
the x and y axes. The development of adaptive control laws based on Lyapunov stability and
the dynamic nature of parameters proved crucial in ensuring robust and accurate control of the
quadrotor.

The adaptive control design employed backstepping techniques, allowing for the adjustment
of control parameters in response to changing system dynamics. By continuously adapting the
control laws to accommodate variations in the system, the quadrotor demonstrated improved
tracking performance and stability in various flight scenarios.

The simulation results showcased the effectiveness of the proposed adaptive control scheme.
The tracking error of the reference trajectory for both the z-axis and yaw angle converged to
zero, indicating precise trajectory following. Moreover, the hovering stabilization was success-

fully achieved, further validating the efficacy of the adaptive control approach.
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Chapter 4. Adaptive Flight Control

Overall, this study has demonstrated the importance and effectiveness of incorporating
adaptive control techniques in quadrotor flight control. By accounting for varying system
parameters, such as mass and inertia, the adaptive control laws presented in this chapter
have the potential to enhance the performance and robustness of quadrotor systems in real-
world applications. Further research and experimentation could explore the implementation
of adaptive control in other flight maneuvers and evaluate its performance in more complex

environments.
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General conclusion and perspectives

In this work, we tackled the problem of stabilization and control for a multi-rotor of quad-
copétre type. The objective of the thesis was to synthesize simple and robust control laws,
based on the results of recent work.

First, we identified the different components of the drone. Then, we did a bibliographic study
on the control approaches applied to the quadrotor drone, particularly the recent Adaptive flight
control. The literature on this subject is rich and the approaches proposed are diverse.

Before continuing our work, it was inevitable to establish a dynamic model. Based on the
Newtonian approach, we presented the kinematic and dynamic modeling of the quadrotor to
have a mathematical model close to reality by taking into account all the torques and forces
acting on our drone. In addition, low-level modeling is presented to obtain the differential
equations of the dynamics of the rotors to follow their rotation speeds during the flight.

A cascade control structure to control the dynamics of the six degrees of freedom quadrotor
was used. Three control methods are used for stabilization and trajectory tracking. The first
is a classic PID controller and the second is a non-linear Backstepping control and the third
is an Adaptive approach. To control the rotational speeds of the different rotors, a dynamic
inversion control based on Lyapunov’s stability theory was used.

The results of the simulation of the control laws synthesized and applied to the model of the
quadrotor and the dynamics of the rotors were presented in the last chapters. Different flight
scenarios are planned to show the effectiveness of the proposed control techniques in stabilizing
and following the desired trajectories.

For the rest of the work, we can list several perspectives:
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General conclusion and perspectives

The control methods proposed in this work are efficient at the theoretical level in simula-
tion. A promising prospect would be to implement them on board a quadrotor to carry

out real experimental tests.

To exploit the redundancy property of the quadrotor, the synthesis of a fault-tolerant
control law would be beneficial to recover the drone in the event of a failure of one or

more actuators.

The choice of the gains of the various approaches is difficult to find a compromise between

the various parameters of the six degrees of freedom.

A group of drones can carry out missions more efficiently than a single drone In light of

this idea, our work could consider the control of multi-robot systems.
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