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Introduction

An unmanned aerial vehicle (UAV), commonly known as a drone, is a flying vehicle without a human pi-
lot, crew, or passengers on board. Drones are a component of an unmanned aircraft system (UAS), which
additionally includes a ground controller and a communication system with the drone [2]]. Drones can
be flown under the remote control of a human operator, as a remotely piloted aircraft (RPA), Drones can
have varying degrees of autonomy, and in ascending order of autonomy, the levels are: No Drone Auton-
omy, Low Drone Autonomy, Partial Drone Autonomy, Conditional Drone Autonomy, High Autonomy,
up to fully autonomous aircraft that do not require any human intervention.

While unmanned aerial vehicles are primarily used in military applications today (surveillance, recon-
naissance, damage assessment, etc.)[3]], drones can also perform scientific, public safety, and commercial
tasks such as data and image acquisition in disaster areas, mapping, communication relays, search and
rescue operations, traffic management, and more [4].

In addition to the limitations of fixed-wing drones and the complexity of helicopter drones, multicopter
drones have garnered significant attention from the scientific community. One of the reasons for this
attention is related to the fact that rotary-wing configurations offer the possibility of hovering flight,
which is essential for ensuring clear identification.

Hovering flight is also a means of easily taking off and landing without complex procedures, such as
a prepared aerodrome or a specific landing device. Additionally, multicopters are easy to manufacture
and relatively simple to fly indoors. While quadcopters were almost the only available multicopters
ten years ago, newer multicopters now include Hexacopters, octacopters, and various combinations of
coaxial multicopters.

With six propellers, Hexacopter drones provide excellent flight stabilization and are more resistant to
windy conditions [S)], which can be crucial for a professional drone capable of flying and filming in
hovering flight even in difficult weather.

Furthermore, having six rotors allows for motor redundancy. In other words, a Hexacopter is capable of
compensating for the failure of one motor during flight, enabling the drone to continue to be piloted and
safely brought back without any issues.

Hexacopters have undergone incredible evolution in recent years. Universities, students, and researchers
are continuously working to introduce more robust controllers and modeling and control techniques [5]].
However, from an automation perspective, the mathematical model of drones, in general, is characterized
by coupling between its variables and strong nonlinearity. In particular, the dynamic model of the Hexa-
copter involves a non-invertible control effectiveness matrix (dimension 4 X 6), which poses a challenge
during control. Today, the evolution of drones is accompanied by advancements in control techniques.
Traditional control methods can be applied within a limited range and under certain constraints on the
behavior of these systems, which may limit their application in certain scenarios. In order to work across
the full range of system variables, advanced control techniques provide a promising alternative. Another
factor influencing the evolution of drones is the advancement of flight controllers. These controllers are
necessary to manage the attitude and navigation of the vehicle when no human intervention is desired.



Various autopilot systems are available, ranging from more expensive options in the market to relatively

cheaper and open-source alternatives like the Ardupilot series.
The objective is to provide a mathematical description of a system’s behavior (Modeling) , followed by

simulation-based control using various techniques.
The complete mathematical model of the hexacopter primarily consists of:

» Kinematic equations that establish a relationship between the vehicle’s position and velocity.

* Dynamic model equations that define the relationship governing applied forces and resulting ac-

celerations.

Regarding simulation, the hexacopter was controlled using three different control techniques:

* PID control as a classical technique.
* Backstepping control

* sliding mode



Chapter 1

Overview of multicopters



ENST CHAPTER 1. OVERVIEW OF MULTICOPTERS

1.1 Introduction

The commonly used unmanned aerial vehicles, weighing less than 20 kg or 25 kg [l6], can be classified
into fixed-wing aircraft, helicopters, and multicopters [7], among which multicopters are currently the
most popular. In fact, before 2010, fixed-wing aircraft and helicopters largely dominated the aerospace
field and aeromodelling, but subsequently, multicopters became the new trend due to their ease of use.
Figure 1.1 below shows the evolution of aircraft usage between 2004-2022.[8]]

—— multicopter — fined wing helicopter

100

trends
=i
=

40

Figure 1.1: The trend of aircraft sales.

This evolution is particularly marked by the launch at the end of 2012 by DJI (Da-Jiang Innovations
Science and Technology Co., Ltd.) of an all-in-one solution, namely the ready-to-fly Quadcopter ’Phan-
tom,” and in 2017, the Hexacopter "MATRICE 600 PRO” [9], with significant advantages. Prior to 2010,
multicopters were often assembled only by professional personnel (typically the manufacturer) due to
the separate sale of autopilots and other aerospace components, and the cumbersome adjustment of flight
parameters was done based on payload and flight time.

The main advantages of the Hexacopter "MATRICE 600 PRO” are: quick user piloting, low acquisition
cost of approximately one thousand dollars, which represents significant savings compared to some com-
mercial multicopters such as the MD4-200 and MD4-1000 from Microdrones GmbH in Germany, and
positive contribution to reducing the difficulties and cost of aerial photography. These advantages have
granted it a prominent position in the market.

In the wake of the development of UAVs, and thanks to several factors, including extensive publications
by numerous media outlets after 2012, providing abundant information about multicopters in terms of
technologies, products, applications, and innovations, as well as successful flight attempts, the devel-
opment of open-source autopilot boards, and unprecedented investment in this field, multicopters have
solidified their market share in the small aircraft industry. As a result, their development is becoming
increasingly popular.

This chapter aims to answer the following question: Why are multicopters ultimately chosen? The answer
to this question is based on the aforementioned introduction, which includes an overview of unmanned
aerial systems, a brief historical background on multicopters, an evaluation of aircraft performance, and
the challenges associated with multicopters.
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1.2 Unmanned Aircraft System (UAS)

A Unmanned Aircraft System (UAS) is depicted in Figure 1.2 below. It consists of several subsystems,
including the aircraft (often referred to as UAV or unmanned aerial vehicle), the payload, one or more
control stations, the launch and recovery system for the flying vehicle, the communication system, and
the transportation system. Their global usage is subject to rules, regulations, and disciplines of aviation

[9].

N -
4
autopilot ~ /7 payload
- /
&
GPsS : * 3 Radio Communication ground station
| 3
|- —————— N
=
=
CRCY
launch system Comrolle:r

Figure 1.2: Unmanned Aircraft System (UAS)

1.2.1 Unmanned Aerial Vehicles (UAVs) and model aircraft

Unmanned Aerial Vehicles (UAVs) : The flight of UAVs can be controlled either autonomously by on-
board computers or by remote control from a ground-based pilot or from another vehicle.

The model aircraft (MA): The flight of model aircraft can only be conducted if the aircraft remains within
the visual line of sight (VLOS) of the ground-based pilot. These aircraft, which can fly with or without
propulsion systems, are used for aerial competitions, sports, or recreational purposes. The regulatory
parameters for operating a model aircraft are described in [9]. The Table 1.1 below shows the main
comparisons between UAVs and MAs.

Aspect UAV MA
Composition Complex Simple
Operation | Autonomous and Remote Controlled | Remote Controlled
Role Military or Civil Applications Hobbies

Table 1.1: Main Comparisons between UAVs and MAs

1.2.2 Classification of Unmanned Aerial Vehicles ’UAV”’

Today, several models of UAVs are available based on their application areas. Among these models, there
are fixed-wing UAVs, helicopters, and multicopters which are the focus of our work. As shown in Figure

3
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1.3, unmanned aircraft are classified into three types:

Fixed-wing

Fixed-wing aircraft have wings that are permanently attached to the fuselage of the aircraft. Most civil
and military fighter aircraft are of the fixed-wing type. The necessary lift to balance the weight of the
vehicle is generated by the wings. According to this principle, fixed-wing aircraft, as shown in Figure
1.3(a), need to maintain a certain speed and therefore cannot take off and land vertically. The major
disadvantage of this type of aircraft is the requirement for a runway/launcher for takeoff and landing.

Helicopter

A helicopter is an aircraft in which lift and propulsion are provided by a rotating wing (see Figure 1.3(b).
The majority of helicopters use a single main rotor for lift and a tail rotor or other anti-torque device.
Based on the above introduction, it is understood that a helicopter has the ability to take off and land
vertically (VTOL). Therefore, no runway or launcher is required for takeoff and landing.

multicopter

Considered a type of remote-controlled or autonomous helicopter with three or more propellers, this
type has the ability to fly in VTOL (Vertical Takeoff and Landing). Figure 1.3(c) shows a Hexacopter
multicopter. Unlike a helicopter, the quick adjustment of the lift force is achieved by controlling the
angular speeds of the propellers, and due to the multiple-rotor structure, their counter-torques can cancel
each other out. Compared to other types of UAVs (Unmanned Aerial Vehicles), most multicopters suffer
from autonomy issues (limited flight time) and low payload capacity.

(a) Fixed wing (b) helicopter (c) multicopter

Figure 1.3: The three models of unmanned aerial vehicles

However, it is necessary to highlight that the trend of using quadcopters is much more significant than that
of Hexacopters[8l], as illustrated in Figure 1.4, with the difference between the two types summarized as
follows:

For the Hexacopter: illustrated in Figure 1.5(a), it has six rotors to generate thrust, pitch moment, roll
moment, and yaw moment.

For the quadcopter: this type only has four rotors to generate thrust and the three moments see Figure
1.5(b).

This means that the fundamental difference between multicopters lies in the relationship between the
number of rotors on one hand and the generation of thrust and the three moments on the other hand.

In addition to the three types of drones presented above, there are UAVs that result from certain com-
binations of these drones, as shown in Figure 1.6 One type of helicopter combines both a tricopter and
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(a) Hexacopter (b) Quadcopter

Figure 1.5: Two highly recognized multicopter models.

a fixed-wing aircraft [10] see Figure 1.6(a). With this configuration, the characteristics of a fixed-wing
aircraft are combined with those of a helicopter. On the other hand, Figure 1.6(b) shows a combination
of a quadcopter with a fixed-wing aircraft and a helicopter [7] [11]].

(a) Combined helicopter (b) Tiltrotor UAV

Figure 1.6: combination of The three models of unmanned aerial vehicles
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1.3 Historical Overview of multicopters

In the previous section, the reason why people choose multicopters was discussed. However, another
question is commonly asked: Why are multicopters more popular today?

The answer can be derived from the history of technological development in multicopters. In general, it
can be divided into five periods as shown in Figure 1.7 below:

1990-2005 = -—-— o 2010-2013 < - — -
[ [

[ |
Growth 03 Developme§@ Activity 05 I Prosperit{>
| [ |
: I
|

I
[
prior 0 1990 < - — - — - J 2005-2010 < - — - J 2013+ < — - J

Figure 1.7: Diagram illustrating the technological evolution of multicopters.

1.3.1 The Maturation Period (pre-1990)

Since the beginning of 1907 in France, the Breguet brothers built their first multicopter, which was a
quadcopter type Figure 1.8 called the Breguet-Richet Gyroplane. It was capable of carrying a payload
equivalent to the weight of a human, as shown in Figure 1.9. During the initial test, the aircraft rose to
approximately 60 cm. With modifications, it achieved 150 cm, and similar heights were reached in several
subsequent trials. However, the Breguet-Richet aircraft was neither controllable nor maneuverable, so it
was only capable of vertical takeoff and landing [12].

Figure 1.8: Gyroplane Breguet-Richet in flight. Figure 1.9: Gyroplane Breguet-Richet No. 1.

In 1920, Etienne Oehmichen, an employee of the French automobile company Peugeot, built a four-rotor
machine [[/]]. His first model failed to take off from the ground. However, after some modifications, his
second aircraft, Oehmichen No. 2, depicted in Figure 1.10, set a world record by staying in the air for up
to 14 minutes, albeit at an altitude of only five meters.

These early models suffered from poor engine performance and could only reach a few meters in height.
Little improvement was made to quadcopter design in the following three decades.
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Figure 1.10: Oehmichen Model No. 2.

It was not until the mid-1950s that the first true quadcopter took flight, designed by Marc Adman Kaplan
[12]. His quadcopter model, Convertawings Model ”A” depicted in Figure 1.11, made its first flight in
1956 and proved to be a great success.

Figure 1.11: The Convertawings Model "A”.

In 1957, the U.S. Army entered into a contract with Curtiss-Wright Corporation to develop a prototype
of a vertical takeoff and landing aircraft (VZ-7) for transporting soldiers and supplies curtiss-Wright
manufactured two VZ-7 prototypes in 1958 that were capable of easily performing hover flights and ma-
neuvers, as shown in Figure 1.12. However, they were unable to meet the altitude and speed requirements
specified in the contract [13]], [14]].

Before 1990, the electrical components of multicopters such as motors and sensors were bulky and ex-
pensive. Moreover, their performance was significantly lower compared to helicopters. As a result,
multicopters were almost abandoned during this period. Over the next 30 years, there were not many
improvements, and this type of aircraft received little attention.

1.3.2 The Growth Period (1990 - 2005)

Starting in the 1990s, researchers began developing micro-electromechanical systems (MEMS) and iner-
tial measurement units (IMUs) weighing just a few grams. However, their use was initially limited due to
issues related to additive and multiplicative noise. As a result, the measurements taken by these systems

could only be effectively utilized after the introduction of algorithms designed to eliminate such noise
[LLS]].
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Figure 1.12: The Curtiss-Wright VZ-7 prototype.

The design of a multicopter requires not only algorithms but also microcomputers on which these algo-
rithms can run. At this stage, the processing speed of microcomputers, such as single-chip microcom-
puters (SCMs) and digital signal processors (DSPs), has significantly improved. This advancement has
encouraged researchers to develop models and design control algorithms [15]],[16]].

In the early 1990s, multicopters began to move away from the military domain and entered the civilian
market. For example, the mini quadcopter (Keyence Gyrosaucer, Figure 1.13(a)) was commercialized in
Japan [17]. This could be considered as the first generation of mini multicopters.

On the other side, in the United States, engineer Mike Dammar developed his own quadcopter powered by
two rechargeable batteries. In 1999, he launched his aircraft under the name Roswell Flyer (Figure 1.13b),
which was later adopted by the company Draganfly [[18]. From this company, a series of multicopters
were commercialized in 2002, such as the fixed-wing Tongo2 (Figure 1.13c), capable of flying for 90
minutes with two batteries, and the quadcopter X4-P.

(a) Keyence Gyrosaucer (b) Roswell Flyer (c) Tongo?2

Figure 1.13: Drones developed during the growth period.

1.3.3 The Development Period (2005-2010)

This period is characterized by a sharp increase in scientific articles and global publications in the field
of avionics related to multicopters, as shown in Figure 1.14.

Although a researcher’s work on algorithms primarily encompasses the theoretical aspects, it was not
easy for them to practically construct a real multicopter during this period, as e-commerce was not as
popular as it is today. To address this issue, Jonathan P. How’s team at the Massachusetts Institute of
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Technology (MIT) created a real-time indoor testbed environment for reliable commercial autonomous
vehicles, catering to the needs of the markets at that time [19]].

In October 2005, Udo Juerss, Jan Wendel, and Daniel Schiibeler founded Microdrones, and in April 2006,
they began production of the md4-200, as shown in Figure 1.15(a). More than 250 units were sold in a
short period of time.
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Figure 1.14: Number of publications related to multicopters.[1]]

Four years later, the same company launched the md4-1000 Figure 1.15(b), which became the first drone
to cross the Alps, covering a total distance of 12 kilometers [20]. Spectators were particularly impressed
by the fact that the md4-1000 flew in GPS mode with well-defined waypoints to accomplish this mission,
making the flight route fully automated.

(2) md4-200

Figure 1.15: Two drones from the company Microdrones.

1.3.4 The Activity Period (2010-2013)

In February 2012, Vijay Kumar from the University of Pennsylvania delivered a speech at the TED
conference titled “ideas worth spreading.” During his presentation, several videos showcased fleets of
micro flying robots performing complex maneuvers and working together on tasks. This conference
highlighted the immense potential of multicopters [21]].
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During this period, several open-source autopilot boards emerged for multicopters, which reduced their
development costs. Table 1.2 presents major projects and their corresponding links.

Autopilot Website

Ardupilot http://ardupilot.com
Paparazzi http://paparazziuav.org
Pixhawk http://pixhawk.ethz.ch
Multiwii http://multiwii.com

Parrot API (SDK) http://projects.ardrone.org

Table 1.2: Open-Source Autopilot Systems

Some companies that previously focused solely on developing autopilots for multicopters also began de-
signing ready-to-fly multicopter drones. For example, at the end of 2013, the Chinese company DJI
specialized in the manufacturing of recreational drones. DJI introduced the "MATRICE 600 PRO” Hex-
acopter [9] to the market, which was ready to fly and had the specifications shown in Table 1.3 .

Specification Value

Total Weight 9.5 kg (with six Li-Po batteries)
Maximum Speed 40 m/s

Autonomy 32 minutes

Obstacle Detection Five directions

Battery 5700 mAh LiPo 6S
Stabilization 3-axis (Roll-Pitch-Yaw)

Table 1.3: Drone Specifications

On the other hand, the French company ”AR. Drone” released the Parrot drone equipped with a front-
facing camera, with the images being transmitted to a smartphone screen. The Parrot drone can be
controlled using a smartphone or tablet. The pilot can see on their screen what the drone’s camera sees,
as if they were in the cockpit. The technical specifications of this drone are shown in Table 1.4 .

Specification Value

Total Weight 420 g

Maximum Speed 12 m/s

Autonomy 12 minutes

Obstacle Detection | No obstacle avoidance module
Battery 1000 mAh LiPo 3S
Stabilization 3-axis (Roll-Pitch-Yaw)

Table 1.4: Drone Specifications

1.3.5 The period of prosperity (+2013)

In recent years, researchers working on multicopters have been striving to make them more autonomous
and cooperative. By adding modules of artificial intelligence based on deep learning, multicopters have
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become capable of playing with a ball, making decisions, handling faults, and delivering products (Ama-
zon Project [22]).

In June 2015, a special edition of the journal Nature” titled ”Science, technology and the future of small
autonomous drones” [23]] was dedicated to the intelligence of machines. This publication summarizes
the challenges in design and manufacturing, detection and control, as well as future research trends in the
field of micro drones. Figure 1.16 shows an estimation based on two platforms, “Engineering Village”
and ”Web of Science,” of the number of articles related to the development of multicopters worldwide
from January 1990 to December 2015. It can be observed that the number of publications reached its peak
in 2013. These preliminary research efforts laid a solid foundation for the development of the multicopter
industry.
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Figure 1.16: Estimation of the number of articles related to multicopters.
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In late 2013, a video was released indicating that Amazon was aiming to deliver small packages to cus-
tomers homes in just thirty minutes through “Prime Air,” which is a delivery project involving only
Hexacopter and Octorotor type multicopters [22] see Figure 1.(17).

In December 2016, Jeff Bezos, the CEO of Amazon, announced that the drone delivery service “Prime
Air” had been successfully tested in Cambridge, UK, by delivering a TV streaming stick and a bag of
popcorn directly to the backyard of a nearby customer.

Table 1.5 presents some of the multicopters that were developed between 2013 and September 2015.

In the war in Ukraine, multicopters, or drones, have been extensively used by both Ukrainian forces and
separatist groups in the eastern regions of Donetsk and Luhansk. These drones have played various roles,
including reconnaissance and intelligence gathering, targeting and artillery spotting, and even aerial at-
tacks. They have provided valuable real-time information, enhanced artillery accuracy, and allowed for
precision strikes. Counter-drone measures have been developed, but the use of smaller drones and tactics
like swarm attacks have posed challenges. Foreign involvement and the supply of advanced drone tech-
nology have further escalated the drone warfare aspect of the conflict. Multicopters will likely continue
to play a significant role as the conflict progresses, shaping the nature of warfare in the region.

1.3.6 Conclusion

From the historical development of multicopters, three conclusions can be drawn:
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Figure 1.17: Prime Air delivery octocopter.

The multicopter is an old product that dates back 100 years, while small multicopters have been around
for over 25 years. The development of multicopters has involved research in the areas of sensors, motors,
and batteries and open-source autopilot boards that enable rapid improvement of guidance, navigation,
and control algorithms.

For users, ready-to-fly multicopters are the future trend because they don’t need to worry about assembly,
parameter tuning, and improvement of algorithms embedded in multicopter autopilot boards.

The Hexacopter has not received as much research and development work compared to the quadcopter.

1.4 Evaluation of multicopter Performance

The evaluation of multicopter performance can be conducted based on the following five commonly used
factors in the literature [7]].

1.4.1 Ease of use

From a user’s point of view, the ease of hovering or performing maneuvers with a drone is a highly
interesting criterion.

1.4.2 Reliability

Reliability is often quantified as the mean time between failures. As drones integrate into our airspace,
the need for improved reliability becomes even more evident.

1.4.3 Ease of maintenance

The two main characteristics of ease of maintenance are troubleshooting ease (the ease of performing
scheduled maintenance) and maintenance ease (the ease of restoring service after a failure).
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Name Company Date | Country | Characteristics

Extremely precise control.

AR.Drone 2.0 Parrot 12/2013 | France GPS.

Automatic stabilization without

Foldable drone.

AirDog Helico Aerospace industries | 6/2014 Latvia
wards the user.

Follows and points the camera to-

Carries 2 batteries during flight.

Inspire 1 DIJI 12/2014 | China
raphy.

Designed for professional photog-

Solo 3D Robotics 4/2015 USA Aerial photography.

Stabilized 4K camera.
Phantom 3 DIJI 4/2015 China Maximum range of 2,000 meters.
Visual positioning system.

Small and intelligent.

Micro Drone 3.0 Extreme Fliers 9/2015 UK Real-time transmission of footage.

Feibot Feibot 9/2015 China

phone.

Drone controller based on a smart-

Table 1.5: Commercialized drones from 2013 to 2015.

1.4.4 Autonomy

The autonomy of a drone is one of the most important performance criteria. In order to fly the drone
with the longest possible payload, most consumer drones are equipped with lithium polymer (Li-Po) bat-
teries. Despite technological advancements, there is still room for improvement in the field of electrical
autonomy.

1.4.5 Maximum payload weight

The payload is the difference between the maximum allowable mass of a vehicle and its empty weight.
It can be a package for civilian applications or even a missile for military applications.

In principle, the combination of the five performance factors actually determines user satisfaction. The
three types of aircraft mentioned in section 1.2.2 are taken as examples and analyzed as follows.

Ease of use

The RC (Radio Control) of a multicopter is the simplest to use. As shown in Figure 1.18, the two
sticks of an RC transmitter correspond to the movements of forward/backward, leftward/rightward, up-
ward/downward, and yaw, respectively. In general, an adult can understand and master the operation
within a few hours.

Flying a fixed-wing aircraft requires a larger airspace as it cannot hover in the air. Remote pilots of fixed-
wing models need to perform control actions more frequently. Learning the operation and control of
helicopters and airplanes takes a lot of time as the movements are coupled. Based on the above analysis,
the multicopter excels in terms of ease of use.

Reliability The multicopter exhibits high reliability in terms of its mechanical structure. Fixed-wing air-
craft and helicopters both have rotating joints in their structures (e.g., ailerons, elevator control surfaces),
which can experience varying degrees of mechanical wear. In contrast, multicopters do not have such
joints in their structure, eliminating this potential issue. Therefore, once again, multicopters excel in
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upward frontwar leftward
rightward
downward backward

Figure 1.18: The movements performed by the arms of the Remote Controller.

terms of reliability.

Ease of maintenance multicopters are the easiest to maintain. They have a simple structure and can there-
fore be assembled with little effort. In contrast, airplanes and helicopters have more complex mechanical
components and structures. Consequently, their assembly is not easy

Autonomy and payload These two criteria represent the weak point of multicopters, as their energy con-
version efficiency is the lowest. Therefore, their flight time and payload capacity do not have any advan-
tage compared to fixed-wing aircraft and helicopters.

A summary of their overall performance is presented in Table 1.6, where a ”’+” sign indicates a strong
point.

According to Table 1.6, multicopters show remarkable advantages in terms of ease of use, reliability, and
maintainability, while they have disadvantages in terms of endurance time and payload capacity.

Aspect Fixed-Wing | Helicopters | multicopters
Ease of Use ++ + +++
Reliability ++ T Tt
Maintenance ++ + T+
Autonomy +++ ++ +
Payload Capacity ++ +++ +

Table 1.6: Comparison of Fixed-Wing, Helicopters, and multicopters

1.5 Bottleneck

The bottleneck in the development of multicopters lies in the inability to further push the existing com-
promise between the payload that can be carried and the size of the drone and its components. This
challenge can be detailed as follows:

Firstly, as the radius of a propeller increases, the dynamic response becomes slower. On the other hand,
helicopters increase or decrease lift by simultaneously changing the pitch angle of all blades equally,
resulting in an ascent or descent behavior.

Secondly, the larger the radius of a propeller, the greater the fatigue in the center of the rotor due to pro-
peller flapping effects. Propeller flapping refers to the continuous up-and-down motion of a rotor blade,
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which occurs during the flight of multicopters as the motors rotate. The effects caused by propeller flap-
ping are similar to repeatedly bending a flexible wire in one direction and then in the opposite direction.
multicopters are typically equipped with lightweight plastic propellers with a fixed pitch, as excessively
rigid propellers can transmit aerodynamic forces directly to the motor [24]]. This can lead to mechanical
failure of the motor or the frame itself.

Thirdly, the total load supported by the aircraft depends not only on the maximum torque of the motors
but also on the aerodynamic characteristics of the propellers (such as the thrust and torque coefficients,
radius, and pitch). Therefore, the bottleneck is primarily caused by the relationship between the payload
and the propellers, which raises the issue of propeller flapping.

However, there is a hardware solution to increase the payload capacity supported by multicopters, which
involves increasing the number of motors and using smaller propellers.

For example, the German company has designed a VC200 multicopter, shown in Figure 1.19, which
can carry two passengers and achieve a flight endurance of over one hour. The trade-off is that the
total weight of the aircraft has increased, and the endurance time is sacrificed. Additionally, since it
has eighteen motors, the failure rate of a motor has increased [235]. However, there is a high level of
redundancy in the control system. Through intelligent control algorithms, flight safety can be improved.

(a) VC-200 in flight (b) VC-200 disassembled

Figure 1.19: The VC-200 transport UAV

1.6 Missions of multicopters

Most of the missions currently performed with manned aircraft can be carried out by drones. They allow
for the execution of dangerous or repetitive missions at a lower cost and without risking the safety of
a pilot. Furthermore, the miniaturization of these flying devices offers new possibilities that were not
feasible with larger aircraft. Hexacopters, for example, have the ability to fly at low altitudes in urban
areas or even inside buildings. Inspecting infrastructure, border surveillance, and photography are just a
few examples of the applications of these flying devices. In this section, we will present some examples
of their use in both civilian and military domains.

1.6.1 Civil Domain

Missions related to surveillance and security, which are typical in the military domain, can also be di-
rectly applicable to civil security. The Hexacopter can be used for traffic surveillance [26]], maritime
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surveillance, as well as fire detection [27]. In the field of audiovisual production, Hexacopters enable
unique aerial shots for television programs and cinema.

Drones also find their place in the industry, especially Hexacopters, which with their motor redundancy,
robustness, and stability, can perform missions that are difficult to achieve with manned aircraft. They
are used, for example, for the inspection of infrastructure such as bridges, buildings, and wind turbines,
as well as for the inspection of power lines or pipelines [28].

Hexacopters are also used for mapping missions. They can reconstruct high-resolution aerial images of
the areas they fly over as well as a 3D model of the terrain [29]. This type of reconstruction is particularly
useful, for example, for quarry operators or during archaeological excavations [30]. The use of multi-
spectral cameras (visible, near-infrared, thermal) in agriculture is also common.

Drones are new diagnostic tools in emergency situations. For instance, during a flood or a fire, they can
quickly map the affected area to assess the damages [30]. One example is the STaFF® system, a Tactical
System for Forest Firefighting developed by the company Fly-n-Sense.

1.6.2 Military Domain

The search for intelligence on the adversary has always preceded and accompanied military actions. This
imperative has taken new developments with the implementation of aerial capabilities. During the last
conflicts of the 20th century, such as the American intervention in Vietnam, the Gulf War of 1991, or
the fighting in Kosovo in 1999, air superiority was a decisive element in military operations. Similarly,
the role of aviation was crucial in the recent Iraqi conflict and even in the 2022 Ukraine war. As an
example, the combat Hexacopter drone ”19” is capable of identifying targets using artificial intelligence
and engaging them with a shotgun. Indeed, their missions are numerous, including: Observation and
Surveillance; Communication relay; Bombing.

1.7 Challenges of Hexacopters

1.7.1 Endurance

The batteries used by UAVs are heavy and discharge quickly. Gasoline engines, on the other hand, are
noisy and emit combustion gases. One of the proposed solutions to address this challenge is to use a
fuel cell (hydrogen). Drones powered by a hydrogen fuel cell can fly farther and up to three times longer
than Li-Po battery-powered aircraft of similar size [31]. They operate silently, emit only water vapor,
and can be quickly recharged. For example, in 2018, the French company "THEXADRONE” launched the
"HYCOPTER” UAV on the market, powered by 6 electric motors fueled by an ultralight hydrogen fuel
cell from "HES Energy Systems,” with a flight endurance of 3.5 hours [32] Figure 1.20.

1.7.2 Motion and Obstacle Detection

Flight of Hexacopters in urban environments poses a challenge when performing tasks such as aerial
photography or package delivery. Without the aid of human eyes, the Hexacopter must navigate on its
own. To do so, it needs to be equipped with visual sensing capabilities (e.g., camera, ultrasonic sensor,
or LIDAR) that enable the detection of obstacles and external motion [33l]. With the help of control
algorithms, the Hexacopter becomes capable of avoiding obstacles and even performing online trajectory
planning.
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Figure 1.20: UAV HYCOPTER with a hydrogen fuel cell.

Among the technological solutions, there is the LIDAR (IntuVue RDR-84K Radar, as of September 2020)
by Honeywell, which uses multiple beams to detect multiple objects simultaneously.

Figure 1.21(a) shows this device, and Figure 1.21(b) shows that it can be mounted on a Hexacopter. In
addition to weather detection, the system can simultaneously scan and receive radar echoes from aircraft,
ground vehicles, buildings, and even people.

(a) IntuVue RDR-84K device (b) IntuVue RDR-84K mounted on a hexacopter

Figure 1.21: Radar detection system onboard a hexacopter drone.

1.7.3 Localization

Localization is a crucial task for aircraft navigation. It is performed by measurement instruments such
as GPS, which provides the drone’s position during flight. However, its use requires specific conditions
(outdoor, good weather conditions). To overcome this problem, a technological solution is to use an
inertial measurement unit (IMU). This unit contains a set of electronic components (Magnetometer, Gy-
roscope, and Accelerometer) all integrated into a single electronic chip to provide accurate information to
the navigation system [34]]. With an onboard IMU, the Hexacopter can determine its position, direction,
and velocity.
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1.7.4 Communication and Information Security

In December 2011, the American stealth drone RQ-170 Sentinel, shown on Iranian state television Figure
1.22(a), was captured by hacking its GPS coordinates, causing it to land in Iranian territory instead of
its intended location. According to Iranian engineers, the technique used allowed the aircraft to land
without hacking the remote control signals and communications between the American control center
and the UAV. A document (PDF) presented in October 2012 at a conference in Chicago [35]] [36] on flight
security delved into GPS spoofing attacks, exposing the elements necessary for “seamless takeover” of
drones and other aerial vehicles. Two years later, during a ceremony held in Tehran on May 11, 2013, Iran
showcased an RQ-170 drone Figure 1.22(b) that was manufactured through reverse engineering based on
the captured American Sentinel drone from December 2011.

(a) American stealth drone RQ-170 Sentinel. (b) Iranian copy of RQ-170.

Figure 1.22: The RQ-170 drone.

1.7.5 Open-source/Closed-source Autopilot

The onboard autopilot board in the Hexacopter can be either open-source or closed-source, and this
poses a challenge for developers who focus on implementing different navigation, guidance, and control
techniques. Table 1.7 below presents some projects of autopilot boards. In general, an open-source
system is one in which the source code is visible and modifiable, whereas a closed-source autopilot has
restricted access. In the market, commercially available drones typically use closed-source autopilot
boards, while open-source autopilot boards are sold for research and development purposes.

Open Source Closed Source
Drone Paparazzi | NAZA M V2
ArduPilot Freefly Alta 8
Dronecode Parrot ANAFI
LibrePilot WingtraOne Gen II

Table 1.7: Open Source vs Closed Source

1.7.6 Mechanical Structure and Propulsion System

The performance of Hexacopters is closely related to their propulsion system and mechanical structure.
This challenge has become one of the most important areas of research and development in aviation [37]],
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[38]. It should be noted that multicopters have three types of propulsion systems, namely fuel-based,
hybrid (fuel-electric), and pure electric. Additionally, there are several possible mechanical structures
such as hexacopters, quadcopters, tricopters, and so on.

1.8 Conclusion

In this chapter, we began by providing definitions related to UAS (Unmanned Aircraft Systems). We
then presented a brief history of multicopter development. Following that, we established criteria for
evaluating the performance of multicopters. Finally, we explored the various applications of drones and
the missions that can be assigned to them, including specific applications for Hexacopters.

In addition to the simplicity of design of multicopters, Hexacopters offer additional advantages compared
to other multicopters, such as increased flight stability, motor redundancy, and payload capacity.

The next chapter presents the modeling of the Hexacopter drone, taking into consideration its flight me-
chanics and working assumptions.
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Modeling of the Hexacopter
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2.1 Introduction

Mathematical modeling provides a representation of the system’s evolution over time based on the inputs
it receives. In the case of the Hexacopter, the mathematical model is used to predict the position and
orientation of the drone over time based on the inputs, which are the voltages provided to the six motors.
The Hexacopter model can then be utilized to develop control laws.

The modeling of the Hexacopter shown in Figure 2.1 can be broken down by modeling each subsystem
separately, which will be developed in this chapter.

2.2 Principle of operation of the Hexacopter

The Hexacopter is a vertical take-off and landing (VTOL) UAV. It consists of six rotors with their pro-
pellers and can perform all six degrees of freedom in space, namely three rotations (roll, pitch, and yaw)
and three translations (along the three axes). This description applies to the specific project object, which
is an ”X”-configured Hexacopter drone. Generally, the motion of the Hexacopter is controlled by the
four channels (chl...ch4) of the Radio Control.

2.2.1 Vertical Movement

Vertical movement corresponds to ascending or descending. It can be achieved by having equal speeds
for all six motors to cancel out the gyroscopic torque generated. Ascending corresponds to a resultant
thrust force greater than the weight of the Hexacopter, and vice versa for descending. Figure 2.2(a) shows
the direction of rotation for each rotor.

2.2.2 Roll movement and lateral displacement along the axis

The roll movement is achieved by applying a torque around the longitudinal axis of the drone. This is
accomplished by having a difference in thrust resulting from the rotation of the motors on the two sides
of the axis. The roll movement is accompanied by lateral displacement along the axis. Figure 2.2(b)
shows the selected motors to perform these two movements.

2.2.3 Pitch movement and longitudinal displacement

The pitch movement is achieved by applying a torque around the lateral axis of the vehicle. This is
accomplished by creating a difference in thrust on either side of the axis. In the case of an X configuration
Hexacopter, it should be noted that there are two rotors on the lateral axis that do not contribute to the pitch
movement. The pitch movement is accompanied by a longitudinal displacement. Figure 2.2(c) shows the
direction of rotation and the motors used to perform pitch movement and longitudinal displacement.

2.2.4 Yaw movement

The yaw movement involves rotating the drone around its vertical axis. This is achieved by the effect
of the drag forces generated by the propellers. The sum of the speeds of the rotors rotating in the same
direction must be different from the sum of the speeds of the rotors rotating in the opposite direction, as
shown in Figure 2.2(d).
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2.3 General Description of the Modeling

The modeling of the drone mainly consists of four parts [[7]:

2.3.1 Kinematic model of a rigid body

Kinematics is independent of mass and force. It only studies variables such as position, velocity, attitude,
and angular velocity. For the kinematic model of the Hexacopter, the inputs are velocity and angular
velocity, and the outputs are position and attitude.

—O D O S

(a) Vertical movement. (b) Roll movement.

X X

—O & BEan (& O

(c) Pitch movement. (d) Yaw movement.

Figure 2.1: Configurations used to achieve the six degrees of freedom.

2.3.2 The dynamic model of a rigid body

Dynamics involves both motion and force, and they are related to the mass and moments of inertia of
the object. Equations such as Newton’s second law, the kinetic energy equation, and the momentum
equation are often used to study the mutual effect between different objects. For the dynamic model of
the Hexacopter, the inputs are the thrust and moments (roll moment, pitch moment, and yaw moment),
and the outputs are linear velocity and angular velocity. The kinematic model of the rigid body and the
dynamic model together form the general rigid model for drone flight control.
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2.3.3 Control efficiency model

The inputs are the angular velocities of the propellers, and the outputs are the thrust and moments. For
multicopters, the thrust and moments are all generated by the propellers. Given the angular velocities of
the propellers, the thrust and moments can be calculated using the control efficiency model. When the
thrust and moments are obtained through controller design, the angular velocities of the propellers can
be calculated using the control allocation model.

2.3.4 Propeller model

The propeller model is a complete power mechanism that includes a brushless direct current (BLDC)
motor, an electronic speed controller (ESC), and a propeller. The input is a throttle command ranging
from O to 1, and the outputs are the angular velocities of the propellers. In practice, a model with the
throttle command as the input and the propeller thrust as the output can also be established.

2.4 Modeling assumptions

For convenience, the following assumptions are made when modeling the Hexacopter [39]:
* The Hexacopter is a rigid body.
* The mass and moments of inertia are constant.
* The geometric center and the center of gravity of the drone coincide.

* The thrust produced by the propellers is always perpendicular to the plane of the frame.

The lift and drag force of a rotor are proportional to the square of its rotational speed.

* The rotors and propellers are identical.

2.5 Definition of reference frames

A preliminary step in developing the equations of motion for a system is the definition of reference
frames. UAVs are typically defined in spatial orientation using two reference systems, as shown in Figure
2.3, and defined as follows [40]:

The Earth frame R is chosen as the inertial reference frame. The x5 axis points towards the North, the
yp axis points towards the West, the 2 axis points upwards relative to the Earth, and Op is the origin of
the frame. In this frame, the position [z, y, z]" and the attitude (roll, pitch, yaw) [®, 6, U]” describe its
linear and angular positioning [41].

The reference frame of the mobile Rp (body frame) is fixed to the body, its origin coincides with the
center of gravity of the UAV. The =g axis points forward of the Hexacopter, ypz points to its left. The
rotor axes point in the positive direction of zp. The vectors of the mobile frame describing the state of
the drone are generally represented as follows: the translational velocities [u, v, w]|’ and the rotational
velocities [p, ¢, 7|7 [40].
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2.6 Modeling of the Hexacopter

The complete modeling of the Hexacopter will focus on the four parts already mentioned in this chapter,
namely:
The kinematic model. The dynamic model. The control efficiency model. The rotor model.

= -
I (Re)

Figure 2.2: The two main frames.

The diagram in Figure 2.4 illustrates the complete model of the Hexacopter, which we will further analyze
in the following sections.
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Figure 2.3: Block diagram presenting the complete model of the hexacopter.

2.6.1 Kinematic Modeling

Kinematics is a branch of mechanics that studies the motion of a body or a system of bodies without
considering the forces and torques acting on it. To describe the motion of a rigid body with six degrees
of freedom, we exploit the relationship between the two previously defined frames: the Earth frame and
the body frame.

The relationship between the Earth frame and the frame attached to the drone can be illustrated by Figure
2.5.

The homogeneous transformation matrix Rgp 1s expressed as follows:

Rgp = Rotz(v) X Roty(0) x Rotx(o) (2.1)
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Figure 2.4: Transformation from the Earth frame to the body frame.

Where the matrices Rot,(¢), Rot,(#), and Rot, (1) represent the transformation matrices for rotation
around the z, y, and z axes, respectively.

1 0 0 cos(d) 0 —sin(0)
Rotx(¢) = [0 cos(¢) sin(¢) | Roty(0) = 0 1 0
0 —sin(¢) cos(p) sin(f) 0  cos(f)

(2.2)

cos(y) sin(¢) 0O

Rotz(¢) = | —sin(¢)) cos(yp) 0

0 0 1

The homogeneous transformation matrix is written as:
CyCy S350Cy — CpSy  SySe + CpSeCy

Rrgp = C¢Sg C¢C¢ + S¢SQS¢ C¢S@S¢ — S¢C¢ (2.3)

—Sg CgS¢ C¢>00

Where S and C represent short notation of sin and cosine trigonometric functions.

Rotational Kinematics

The relationship between the angular velocity of the Euler angles and those expressed in the Rp frame is
established as follows:

The angular velocity vector €2 can be expressed as:

p ¢ 0 0
Q=1|q]| =10]+ Rotx(¢)" - | 0| + Rotx(¢)” - Roty(6)” - 0 (2.4)
r 0 0 (G
Therefore, we obtain:
p 10 0 ¢
gl =10 <cos¢ singcost 0 (2.5)
r 0 —sing cosgcosd/) \o
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The inverse relationship is given by:

¢ L0 0 p
)= [0 e o) 4 2
(0 0 r

cos cosf

mme¢ig

Translation Kinematics

The relationship between the linear velocities of the drone’s center of gravity expressed in the Rxp and
Rpgp frames can be established by the equation:

T U
Z) = REB v (27)
z w

2.6.2 Dynamic Modeling

Dynamic modeling of a physical system takes into account not only the motions but also the causes of
these motions, including the forces and moments acting on it, based on the assumptions already estab-
lished in this chapter.

Dynamic Position Model

The dynamic modeling of the translation of the Hexacopter begins by enumerating the set of forces acting
on it. Using the Newton-Euler formalism, the equation governing the dynamics of the drone’s position
can be written as follows:

mé = F;+ F,+ F, (2.8)
With:
* m: The total mass of the Hexacopter.
 ¢&: The position vector of the center of gravity of the Hexacopter.
» F: The resultant of the thrust forces generated by the six rotors.
0
0

Fy = 2.9)

TRB

where T is the resultant of the thrust forces generated by the six propellers.

e F;: The resultant of the drag forces.
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~Kpe 0 0\ K j1a
Fo=| 0 —Kp 0 |é=—|Kug (2.10)
0 0 —Ks Kpi:2)

where Ky, Ky, and Ky, represent the coefficients of the drag forces in the R frame.
F,: The force of gravity.

Fy, = 0 (2.11)
_mg RE

Where g is the acceleration due to gravity.
By expanding the Newton-Euler formalism of equation (2.8), we obtain the following:

i 0 — Ky, 0
m y = REB 0 + —Kftyy + 0 (212)
z T — K2 —mg
T Ky d
¥ = — (cos¢sinfcosy + sine sin ¢) — it
m m
T Ky g
i = — (cos ¢sinfsint) — cos ) sin @) — 24y (2.13)
m m
T Ky 2
7= —cos¢cost — e LT —mg

Dynamic attitude Model

The dynamic modeling of the Hexacopter’s attitude takes into account all the moments exerted on it. By
using the Newton-Euler formalism, the equation governing the dynamics of the drone’s attitude can be
written as follows:

JQ=—-QAJQ+ My — M, — M, (2.14)

with J the symmetric inertia matrix of the Hexacopter given by:

Ly 0 0
J=|0 I, 0 (2.15)
0 0 L.

My : The resultant moment of thrust and drag forces of the rotors around the center of gravity of the
drone:

Ly
My = | Ty (2.16)
Ly

Where I'y,, I'g, and I'y, are the roll, pitch, and yaw moments performed by the drone respectively.

Kfo, O 0
My=| 0 Kz, 0 |Q° (2.17)
0 0 Ky,
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02 = | ¢ (2.18)

Where K;,,, Kq,, and Ky, represent the coefficients of aerodynamic friction and 2 represent the
element wise square of {2
M, : The resultant of the couples due to gyroscopic effects.

6 0 0
My=Y QnJ, 0 =QA| 0 (2.19)
i=1 (-1 1w, Jyw
J, : inertia of the rotors and
W=W] — Wy + Wws — ws + ws — Weg (2.20)

By explicitly stating the equation governing the attitude dynamics of the Hexacopter in equation (2.14),
we obtain:

Ixxp P [:cxp Fqﬁ Kfaxp2 p 0
Lyi |l =—\a| A Lwa | +|To| — | Kray@® | = |a|A]| O (2.21)
L.r r L.r Ly K oor? r Jyw
This yields:
(- 1
b= ]_(qr(jyy - Izz) - Kfa:vp2 - erq + F¢>)
) 1 )
q= i (pr(Loz — Low) — Kyoyq® + —Jywp + I'p) (2.22)
vy
) 1 )
\ r= I_ (pQ<I:m - Iyy) - Kfa;ﬂ” + FT/’)

Finally, we obtain the dynamics of the attitude (Euler angles: roll ¢, pitch 8, and yaw ) through the
transformation matrix already established in equation (2.6)

¢ 1 0 0

p
7| _ |0 cos¢ —sing
0 sing  cos¢ q (2.23)

cosf cosb

with 6 :I:g

2.6.3 Control Efficiency Model

The control efficiency model highlights the relationship between the rotation speeds of the propellers and
the resulting efforts (forces and moments).
The thrust force 7; generated by propeller i is given by:

T; = Crw? (2.24)
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where (g, is the lift coefficient of propeller i and w; is the rotor speed of propeller i.
The drag torque 7; of rotor i is given by:

I = Cpw? (2.25)

The drag coefficient C'p; of rotor i is the coefficient of drag torque of rotor i.

The Hexacopter’s flight is driven by the six propellers. The angular velocities of the propellers i, where i
=1, ..., 6, determine the total thrust T and the moments I".

The total thrust acting on the Hexacopter is given by:

6 6
T=YT=) Crw} (2.26)
i=1 i=1
Taking into consideration that the six propellers are identical (C; = ... = Cg = C), we obtain:
6
T:CLZUJZ?:C’L(wf+w§+w§+wi+w§+w§) (2.27)

i=1
For an X-configuration of a Hexacopter, the resulting moments from the thrust forces generated by the
rotation of the propellers are obtained geometrically, as shown in Figure 2.6.

Figure 2.5: Geometric configuration of the rotors.
We therefore have:
[y =d(-Tysing — Ty — Tysin g + Tysin§ + T5 + Tgsin §)

— 21 T 2 2 I 20 T 2 250 T
= dOL(—wisin § —wy — w3 sin § + wjsin § + ws + wg sin §) (2.28)

LU2 UJ2 UJ2 L{Jz
=dOp(—F —wi —F + 5 +wi+58)
[g =d(—Ticos g +Tszcos g+ Tycos g — Tscos g)

— 2 s 2 s 2 T2 s
= dC(—w{ cos § 4 w3 cos § + wjcos & — wg cos ¢) (2.29)

dCV/3
2

(—wi 4 wi + wi — wg)
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Ty =Cp(—wi +w; — w2 +w: — w2 +wp) (2.30)

With d as the distance between the rotors and the center of gravity of the Hexacopter, all of the above can
be rewritten in the form of a matrix called the “’control efficiency matrix” as follows:

Cr CL Cr Cr Cr C, Wi
T d d d d
r _dCr —dCy, _dCp  dCL dC;, dCr w%
@ — 2 2 2 2 w3 (2 31)

Fg dCL \/g dCL \/g dCL \/g dCL\/g wz ’

— 0 — 4

F¢ 2 2 2 2 Ws

_CD CD —CD CD _CD CD wg

The inverse process of obtaining the propeller rotation speeds from the desired/produced forces is called
”command allocation model.” This relationship is utilized for the implementation of the flight controller.
The flight performance of a multicopter vehicle heavily relies on the control allocation strategy used to
map the control vector consisting of thrust and roll, pitch, and yaw moments to the propeller speeds [42]
[43]].

For a quadcopter drone, under normal circumstances, the command allocation matrix can be obtained
by simply inverting the control efficiency matrix (a 4x4 matrix). However, for a Hexacopter UAV, the
control efficiency matrix is not invertible (non-square), and the command allocation matrix cannot be
directly obtained by inversion. Therefore, we resort to an approximation of the command allocation
matrix, which can be obtained using various methods [44]]. In our work, we used the method of pseudo-
inverse for inversion.

Although the pseudo-inverse method is useful for obtaining the command allocation matrix, this strategy
only exploits a limited range of the vehicle’s capabilities to generate thrust and moments. To exploit
a much wider range, another calculation method called ”weighted pseudo-inverse” is proposed in the
literature [45], [46l]. There are also methods that use neural network-based learning to calculate the
inverse with more precision. In our work, we used the ’pseudo-inverse” inversion method.

2.6.4 Rotor Model

Generally, motors used in drones are either geared DC motors or brushless motors (BLDC) that drive the
propellers. The rotor dynamics is approximated to that of a DC motor [41], and it is described by the
following dynamic equations:

V=ri+ Lﬁ + kow
dt (2.32)

d
i + COs + kw?

km- = Jr
ST

With:

V: The input voltage of the motor.

w: The angular velocity of the rotor.

* ke, ki The electrical and mechanical torque constants, respectively.

k.. The load torque constant.

r: The motor resistance.
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e J,.: The rotor inertia.

» (s Represents the dry friction.

km Cs kekm kr 2

w =

2.7 Control Synthesis Model

Control of the Hexacopter can be achieved through different approaches, including model-based ap-
proaches. Model-based control approaches, as the name suggests, utilize the model for synthesizing the
control law. However, using the full model to achieve the control objective may not be necessary and can
be computationally expensive (in terms of computation time and memory usage). Therefore, we resort to
simplified models, known as “’synthesis models,” for developing the control laws. The simplification is
based on assumptions that are more or less valid during the system’s evolution.

In the case of the Hexacopter, assuming that it performs small-amplitude angular movements, the angular
velocity vector €2 expressed in the body frame [ can be approximated as:

P\ (¢
O={q|~|[¢ (2.34)
r ¥

Considering the attitude control inputs as Uy, Uy, and Uy, representing the roll, pitch, and yaw torques,
respectively, the synthesis model for attitude control is given by:

S ‘ .
(b = I_[edj(Iyy - IZZ) - Kfaz¢2 - ere -+ U¢]
0= —[60(Le = L) = Ko + Jywd + Uy (2.35)
vy
w = ]—_[¢9([xw o Iyy) - Kfaz¢2 + U¢,]

\

Regarding the position control, the new model uses Uy, Uy, and Uy, as control inputs for position control
in the X, y, and z directions, respectively. The synthesis model for position control is given by:

( T Kfta: .

T=—U, — T
m m
T K

j=—U,— —L%y (2.36)
m m

s (COS¢C089)UZ B Kftzz" .y

\ m m
U, = cos ¢sinf cos 1y + sinysin ¢ (237)
U, = cos ¢sinfsiny — cossin ¢ '

The expressions for the desired roll angle (¢4) and pitch angle (6,) based on equation (2.34) are:
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¢g = sin"* (U, sintp — Uy, cos )
. 1 (Ux cos ) + Uy Sin;b) (2.38)
f; = sin

cos 0

2.8 Conclusion

This chapter presented a mathematical modeling approach for the Hexacopter drone. The system was
modeled using subsystems kinematics of motion, dynamics of motion, control efficiency, and motor
dynamics. We obtained the relationship between the motions position and orientation of the Hexacopter
and the voltages provided to the six motors, which constitutes the complete model of the drone.

The Hexacopter model poses a major challenge for control due to a non-invertible control efficiency
matrix and an inaccurate control allocation matrix.

In conclusion, we presented a reduced model of the Hexacopter that can be used in the synthesis of control
laws using approaches or strategies based on the model.
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3.1 Introduction

In this chapter, we present the control part of the hexacopter. Flying a hexacopter drone would be difficult
without implementing a control law. This control law should allow for the calculation of the setpoint
speed for each of the six motors to ensure the stability of the drone while following a position and/or
attitude (orientation) reference. The objective of this chapter is to ensure that the hexacopter follows a
predefined trajectory (x4(t), ya(t), z4(t), 14(t)) while remaining stable throughout its mission. To achieve
this, three control approaches will be studied and synthesized: a PID controller as a classical technique,
a non-linear Backstepping controller, and finally a sliding mode controller.

The simulation part concerns the implementation and validation of the three control. The objective of
these controls is to perform two scenarios hovering and trajectory tracking, specifically the famous “cir-
cuit around the runway” test, which is well-known in the field of aviation. The simulation results using
the three control techniques are obtained based on the parameters from [39] presented in Table 3.1.

Parameter | Description Value

m Total mass 0,65 kg

1., Moment of inertia around z 7,5.107% kg.m?

I, Moment of inertia around yp 7,5.107% kg.m?

I.. Moment of inertia around zp 1,3.1072 kg.m?

K, Drag coefficient along g 5,576.10~* N/rad?/s*
Ky Drag coefficient along yz 5,576.10~* N/rad?/s*
Ky, Drag coefficient along zp 6,354.10~* N/rad?/s*
Kox Aerodynamic friction coefficient around zp | 5,576.10~* N/rad?/s*

K tay Aerodynamic friction coefficient around yp | 5,576.10~* N/rad?/s*
K. Aerodynamic friction coefficient around 25 | 6,354.10~* N/rad?/s*

Cr Lift coefficient 4,2.107° N/rad?/s*

Ch Drag coefficient 3,2320.107" N.m/ rad?/s?
d Half wingspan 0,425 m

J, Motor inertia 6.107° kg.m?

K. Electrical torque constant 0,0216 N.m/A

C, Dry friction 5,3826.107 3 N

K, Load torque constant 3,2320.10~" N.m/ rad?/s*
K, Mechanical torque constant 0,65 kg

r Motor resistance 0,6 Q2

Table 3.1: Simulation parameters

The aerodrome circuit navigation scenario is a maneuver performed by airplanes around the runway in
a rectangular pattern, with left turns, and at a desired height above the aerodrome, which presents the
challenge of the test we have set the mission duration to 100 seconds. The reference trajectory (Figure
3.1) is defined by the equations:

Om  fort € [0,5)
fort € [5,25)

—7m fort € [25,100]

zq(t) =< 5Hm
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Om  fort € [0,15]
ya(t) =<{5m  fort € [15,35]
—7m fort € [35,100]

5m fort € [0, 80]
za(t) =
Om fort € [30,100]

Orad fort € [0, 60]
Ya(t) = < 1rad fort € [60, 70]
Orad fort € [70,100]

ARPRRRR VEIF (JEN TR AN SEE U N T U VR (R .

=
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Figure 3.1: The aerodrome circuit navigation scenario

3.2 State of the art on the control of multicopters

Drones have several specific characteristics that make the design of control algorithms challenging.
Rotary-wing drones, in general, are underactuated systems, sensitive to aerodynamic disturbances, and
exhibit highly nonlinear dynamics. Moreover, they exhibit significant coupling between different state
variables of the system and their control inputs. With the objective of reducing or eliminating these
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undesirable effects, the development of control strategies for autonomous aerial vehicles has been the
subject of hundreds of publications in recent decades. This section is dedicated to presenting the control
architectures found in the literature.

In general, different control strategies are classified as linear or nonlinear based on the mathematical
representation of the vehicle used for synthesizing the control laws. Linear control approaches are very
popular because their design and implementation are relatively straightforward, which has led to their
integration into the majority of autonomous aerial vehicles. Conversely, the implementation of nonlinear
control approaches on drones is somewhat limited, but they are highly regarded for their theoretical
contributions.

3.3 Linear Approaches

In the context of linear systems theory, control synthesis is based on a linear approximation of the vehi-
cle’s dynamic model. This approach allows for decoupling the dynamics into four Single Input - Single
Output (SISO) loops associated with a single control input [47]. Typically, these four loops describe
the longitudinal position or velocity of the drone, the lateral position or velocity, the vertical position
or velocity, and the orientation around the vertical axis. Several linear control architectures are now
presented.

* Linear PID Control: The PID control strategy is undoubtedly the most intuitive and straightforward
approach to implement on a processor. It allows for easy understanding of the physical role of each
control term, enabling the gains to be adjusted accordingly. This approach has been successfully
tested on various experimental platforms, such as quadrotors [48]] and hexacopters [49]] [S0] [S1].

* Pole Placement Control: Pole placement control is a method that involves determining a gain ma-
trix to place the eigenvalues of the closed-loop system at predefined positions. To ensure stability
of the closed-loop system, the eigenvalues should be chosen with strictly negative real parts. This
control architecture has been used by the authors of [52]] [53]] [54] for the control of a helicopter,
hexacopter, and fixed-wing drone, respectively.

The aforementioned linear approaches are very interesting as they allow for precise determination of
closed-loop stability, performance, and robustness. However, these techniques rely on the assumption
that the system is linear, which is only true in a region of the state space around a particular operating
point. Consequently, stability proof is not guaranteed if the vehicle deviates from this operating point.
Special control algorithms must be developed to expand the operational range of the aerial vehicle.

3.4 Nonlinear Approaches

In most applications, the implemented control is based on a linearized model of the considered vehicle’s
dynamics. However, in recent years, there has been an increasing focus on control approaches based
on a nonlinear representation of aerial vehicle dynamics. These nonlinear approaches offer significant
theoretical contributions, although their application remains somewhat limited. The most commonly used
nonlinear control architectures for drone piloting and guidance are:

* Backstepping Control: One of the most well-known methods in nonlinear control is the Back-
stepping theory. This method provides a recursive control design tool based on Lyapunov theory
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[S5] [S6]. In the field of UAVs, it has been applied to helicopters [S7][S8][S9]and hexacopters
[60][61][62].

* Sliding mode control: (SMC) is a type of nonlinear control system methods that change the dy-
namics of the system by designing a multiple control structure to make sure that trajectories slide
towards a switching surface. The control law works by switching from one continuous structure
to another depending on position in state space. It is a robust control technique, which has the
ability to compensate modeling errors, system’s parameter differences and work for nonlinear and
time varying systems. However, it has a draw back in forming a chattering effect that gives a high
frequency oscillation [63] [64]].

3.5 General Control Structure

The control of the hexacopter is achieved through a cascade structure consisting of two loops. The inner
loop controller, related to attitude dynamics, is responsible for tracking the drone’s orientation reference,
i.e., following (¢g4, 4, %4) The outer loop controller, related to position dynamics, generates the desired
roll and pitch angles as well as the total lift force required for positioning the drone at a given altitude.
The derivatives of the hexacopter’s position and orientation form its complete dynamics. The overall
system can be subdivided into two subsystems describing the rotation dynamics and the translation dy-
namics. Figure 3.1 presents a simplified block diagram illustrating the controller structure of a hexacopter
drone.

The controller for translation motion (X , y) outputs the desired orientation (roll, pitch) of the hexacopter
due to the coupling existing between these variables. The synthesis of a second controller then stabilizes
the attitude towards the desired heading. For example, to perform a hover, the roll and pitch angles should
be maintained at zero. The tilting of the aircraft causes its movement in the (x, y) plane, highlighting the
importance of the attitude controller’s accuracy.

In the first case, controlling orientation and altitude is relatively straightforward, as it is completely inde-
pendent of controlling other degrees of freedom. In the second case, control is performed for all three
position coordinates plus the yaw orientation. However, this mode of control utilizes both roll and pitch
orientation controllers. In summary, the control signals from the three position controllers define a lift
force vector in the inertial frame. The orientation of this force defines the setpoint sent to the roll and
pitch controllers.

3.6 Synthesis of PID Control Laws

PID control (Proportional-Integral-Derivative) is certainly the most commonly used control structure in
the industry. It has been adopted in over 90% of control architectures, many of which consist only of
proportional and integral actions. The dominance of this approach stems not only from its simplicity but
also from the performance it offers to closed-loop systems, regardless of their application domain.

3.6.1 Principle of Control

The central idea of this type of controller is to generate a control signal based on the difference between
a setpoint y,.s and a measurement y. Let e be the error defined as e = y,.y — y. The expression for the
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Figure 3.2: Diagram of the General Control Structure.

control signal u generated by a PID controller in the time domain is given by:

de(t)
dt

t
u(t) = Kpe(t) + KI/ e(r)dr + Kp (3.1)
0
The control signal is therefore the sum of three terms: a term proportional to the error, a term proportional
to the integral of the error, and a term proportional to the derivative of the error. The integral, proportional,
and derivative components can be considered as control actions based on the past, present, and future,
respectively. Adapting the control signal u to the requirements of the closed-loop system is achieved by
appropriately selecting the proportional gain K p, the integral gain /;, and the derivative gain K.

3.6.2 Control objectives

In our case, the objective is to design a classical controller (PID) for trajectory tracking. The controller
parameters will be adjusted empirically. However, the hexacopter is a six-degree-of-freedom robot, while
the structure of the PID is single-variable. Therefore, we are developing a set of PIDs for all the measured
variables of the hexacopter.

Figure 3.2 shows the control structure when a trajectory (z, y, 2, ¢) is planned. In general, the stabilization
of an hexacopter can be achieved by a PD controller for each degree of freedom. However, a residual
error remains uncancelled at the altitude z when the hexacopter is in hover due to the effect of its weight.
For this reason, a PD controller is designed for each degree of freedom except for altitude, for which a
PID controller has been chosen.
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Figure 3.3: Structure of PID Control.

3.6.3 Control Laws

In the hexacopter, we need to control six variables (6 DOF). For this purpose, the control laws for these
variables using PID are as follows:

* For the control loop:

Uy(t) = Kpges(t) + Kiy [ eg(r)dr + Kpgea(t) 1e4(t) = dalt) — o(1)
Ug(t) = Kp9€9<t> + K[@ f(f eg(T)dT + KDgeg(t) ;eg(t) = Qd(t) — 9(t> (32)
Up(t) = Kpyey(t) + Kry [ es(T)dr + Kpyey(t) ep(t) = va(t) — v(t)

* For the guidance loop:

Uy (t) = Kpyer(t) + Kpa [ ex(7)dr + Kpeeo(t) ;ex(t) = za(t) — x(t)
Uy( ) = KPyey(t) + Ky fo ey(T)dT + KDyey(t) §€y(t) = yq(t) —y(t

) (3.3)
U,(t) = Kp.e,(t) + Kr. fot e.(T)dT + Kpse,(t) ;e.(t) = zq(t) — 2(t)

~

the following is the simulation result for the two seniors hovering and trajectory tracking using PID
control
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Figure 3.10: PID thrust and moments trajectory.
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3.7 Synthesis of Backstepping Control Laws

During recent years, a significant portion of the scientific community has focused on researching pro-
cedures for developing control laws for nonlinear systems, such as Backstepping. Numerous works
addressing this new theoretical approach have emerged, with notable mentions of [38] [60] [62] . Appli-
cations of this approach to real systems have also been presented in the literature.

3.7.1 Backstepping theory

The backstepping technique was developed in the early 1990s. The introduction of backstepping control
breathed new life into the control of nonlinear systems, which, despite significant progress, lacked general
approaches. This technique is a systematic and recursive method for synthesizing nonlinear control laws
that utilize the Lyapunov stability principle and can be applied to a wide range of nonlinear systems.

The basic idea of backstepping control is to make the closed-loop systems equivalent to stable cascade
subsystems of order one in the sense of Lyapunov, which leads to global asymptotic stability. In other
words, it is a multi-step method. At each step of the process, a virtual control signal is generated to ensure
the convergence of the system to its equilibrium state. This can be achieved using Lyapunov functions
that step-by-step stabilize each synthesis stage. It should be noted that backstepping is characterized by:

* It is applicable to strictly feedback systems, meaning that the derivative of each state vector com-
ponent must be a function of previous components and depend additively on the next component.

» We start with the first differential equation of the system z; which is further away from the control
input u, and we complete the control law in the final step.

* In our case, we can synthesize the control laws for the control loop (Uy, Uy, Uy,) and the guidance

loop (U, Uy, U.), thus compelling the system to follow the desired trajectory.

3.7.2 Control objective

In the context of trajectory tracking, the control objective is a pursuit problem, meaning we want the state
z;(t) to follow a time-varying reference x4(t) as t approaches ¢;.

3.7.3 Description of the design steps

The design method of the Backstepping controller is primarily based on the Lyapunov stability theory of
dynamical systems. The core of the theory is presented in (Khalil, 1992). In our work, we consider the
nonlinear state model for the roll synthesis of the hexacopter to illustrate the design method:

1 .. ) )

¢ = I—[Qqﬂ(l}, —-1I)— Kfa;.;<b2 — Jywl + Uy (3.4)
Let the state vector be:

X=[¢d00pdaiyyzz]

Hence, equation (3.4) becomes the following state-space form:

{ AR (3.5)

.I:Q = A1T4Te + CLQ.Z‘% + asr4wo + b1U¢
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_[_]z Kagj Jr d
ap = y] 70’2:_; , U3 _I_’blz_[_

* First step:
Let’s define the first variable of the procedure as e, which represents the error between the state and
the desired state, such that e; = 1 — x14. The derivative with respect to time is given by:

€1 = Ty — T1g = Tz — Tad (3.0)
And a second variable of the Backstepping, denoted as z; = xo — x5, where 23 is a virtual control
law that will be determined later. To find this control law, we construct a partial quadratic Lyapunov
function:
L,
Vi(e) = 56 (3.7)

Its derivative with respect to time:

Vl(e) = €11 = el(xz - Sifld) (3.8)

x% is chosen such that V(e; ); is negative definite:

SL’; = jfld — /{516 (39)
Where k1 > 0 is a positive control constant. Noting that 23 has been chosen such that Vl(el) < 0.

Substituting x3 into V;(e;), we find:

Vi(@l) = 61(—k161 + Zl) - —]{?16% + €121 (310)

21 = T2 — jfld + k161 (311)
For global stability, the last term e;z; will be eliminated in the next step.

» Second step:

We now need to define a new system based on this new state. It is typically referred to as the
“augmented system”. We also note that in the second design step, the state z; will no longer
appear explicitly. It is implicitly taken into account through the error state. The augmented system
can be written as follows:

&1 = —kier + 2 3.12)
21 = A1T4T¢ + CLQJT% + azrywo + b1U¢ — ii'ld + kll )
Let the candidate Lyapunov functionV (ey, z1) of the augmented system be given by:
L,
‘/2(61, 2’1) = %(61) + 521 (313)

The derivative with respect to time is:
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%(61, Zl) = 61é1+2121 = el(—klel+zl)+21(a1x4x6—|—a2x§—I—a3954w+b1U¢—:i1d~l—k1é1) (314)

By choosing the following controller for roll:

Us = -~ (_a1m4x6 — a9y — 3Ty + F1q — k1€ — k221) (3.15)

b

We obtain:

VQ(e, 21) = —kie* — ky2} (3.16)

With: kq, ko are positive tuning gains. This ensures that the system is globally asymptotically stable
(GAS). Therefore, our control objective is achieved.

Following exactly the same steps for the roll controller, the control input Uy responsible for generating
the pitch rotation and U, responsible for generating the yaw rotation are given by

p
1 ..
U(z) = b—(—a1x4x6 — CLQIE% — A3, + T1d — kl(—klel + Zl) — ]{3221)
1
1 , )
Ug = b—(—a4:c2:c6 — 5Ty — QX2 W + Tad — kg(—k3€2 + 22) — k422) (317)
2
1 .
Uw = b—(—a7$2x4 — agly + Ted — ]{55(—]{,’563 + 23) — ]{3623)
\ 3

The altitude control U, longitudinal control U,, and lateral control U, are obtained using the same ap-
proach described previously, yielding:

( Um = %(—agl’g + i‘d + k7(—]€767 + 68) + ]{?868 —+ 67)
m .
Uy, = U(_aloxlo + §a + ko(—kgeg + €10) + kioe10 + €9) (3.18)
m .
U. = (—an@12 + g+ Za + ki (—kiienn + er2) + kisers + e11)
cos(z) cos(xs)

\
The z; represents the tracking errors for the state variables, and the different k; are tuning gains for each
degree of freedom.

the following is the simulation result for the two seniors hovering and trajectory tracking using backstep-
ping control
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Figure 3.12: backstepping position hovering
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Figure 3.13: backstepping thrust and moments hovering.
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Figure 3.14: trajectory tracking using backstepping
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Figure 3.16: backstepping position trajectory
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Figure 3.17: backstepping thrust and moments hovering.
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3.8 Synthesis of Sliding Mode Control Laws

In control systems, Sliding Mode Control (SMC) is a nonlinear control method that modifies the dynam-
ics of a nonlinear system by applying a discontinuous control signal (or, more rigorously, a fixed-value
control signal) that forces the system to “’slide” along a cross-section of the normal behavior of the sys-
tem. The feedback control law is not a continuous-time function. Instead, it can transition from one
continuous structure to another depending on the current position in the state space. Therefore, Sliding
Mode Control is a variable-structure control method. Multiple control structures are designed such that
trajectories always move towards an adjacent region with a different control structure, and thus the final
trajectory does not exist entirely within one control structure. Instead, it slides along the boundaries of
the control structures. The motion of the system, when it slides along these boundaries, is referred to as
sliding mode, and the geometric locus formed by the boundaries is called the sliding (hyper)surface. In
the context of modern control theory, any variable-structure system, such as a system under SMC, can be
considered as a special case of a hybrid dynamical system since the system moves both in a continuous
state space and transitions between different discrete control modes.

3.8.1 Control objective

In the context of trajectory tracking, the control objective is a pursuit problem, meaning we want the state
z;(t) to follow a time-varying reference x,(t) as ¢ approaches ¢;.

3.8.2 Description of the design steps
We consider the sliding surface:

So =€+ e (3.19)

Considering the dynamics of the sliding surface, we can deduce the equivalent control U,,, knowing that
U = Uy + U, where U, is the discontinuous control.

So=E+ e =iy —d1g+ A = f(X) + g(X)U — i1+ Né (3.20)

So=0= Upy = ——(—f*(X) + &14 — Aé) 3.21)

1
9(X)
We propose the Lyapunov function V. in such a way that

Vo(So) = %sg (3.22)

calculation of its temporal derivative gives:

Ve = 5050 = So (f(X) + g(X)U — #1a+ Aé) (3.23)

Hence, we can obtain a discontinuous control of the form:

u, = —yg(X)sign(So) (3.24)

With v being a positive tuning gain.
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U=U.+U,

1
U=——(—f"(X)+ &1d — \é — ~ysign(S 3.26
S0y (1 () i = Xe — ysign (o) (3:26)
Following exactly the same steps for the roll controller, the control input Uy responsible for generating
the pitch rotation and U, responsible for generating the yaw rotation are given by:

( -1 .. . . . ‘ '
Up = Iy (]—(Q@D(Iyy — L) — Kpau®® — Jywr @) + ¢g — Npy — 7¢s1gn(50¢))

U9 - ]yy <I_(¢¢(Izz - Iccm) - Kfay‘92 + err¢) + ‘gd - Aeee—vgsign(309)> (327)
9y

U¢v = [zz <[_(¢9(Ixaz - [yy) - Kfazr2) + wd - )\dJezp - ’Yw51gn(50w))

\

The altitude control U, longitudinal control U,, and lateral control U, are obtained using the same ap-
proach described previously, yielding:

( K .
Uz - E < It T+ jd - )\zex - waSlgn(SO:))

T m
m (K . ) :
U, = T (%y + Ja — Ay€y — 7y51gn(50y)) (3.28)
m Kftz . .. . .

the following is the simulation result for the two seniors hovering and trajectory tracking using sliding
mode control
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Figure 3.19: sliding mode position hovering
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Figure 3.20: backstepping thrust and moments hovering.
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Figure 3.21: trajectory tracking using sliding mode
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Figure 3.22: sliding mode attitude trajectory

Figure 3.23: sliding mode position trajectory
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Figure 3.24: sliding mode thrust and moments trajectory.
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3.9 conclusion

Comparing PID, backstepping, and sliding mode control for a hexacopter, the following conclusions can
be drawn:

PID control is a widely used control technique due to its simplicity and effectiveness. It provides good
stability and steady-state performance for hexacopter control. However, PID control may struggle with
handling nonlinearities and disturbances, which can limit its performance in complex flight scenarios.
Backstepping control is a nonlinear control approach that can handle system uncertainties and nonlin-
earities effectively. It provides better tracking performance and disturbance rejection compared to PID
control. Backstepping control requires a good understanding of the system dynamics and can be more
complex to design and implement.

Sliding mode control is a robust control technique that can handle uncertainties and disturbances by
driving the system state onto a predefined sliding surface. It offers excellent robustness and disturbance
rejection capabilities, making it suitable for challenging flight conditions. However, sliding mode control
can introduce high-frequency control inputs, leading to increased wear and tear on the actuators. In
conclusion, the choice of control strategy for a hexacopter depends on the specific requirements and
flight conditions. PID control is simple and effective for basic stabilization tasks. Backstepping control is
suitable for handling nonlinearities and uncertainties, providing improved tracking performance. Sliding
mode control offers robustness and disturbance rejection capabilities at the cost of potentially higher
actuator wear. The selection should be based on the specific control objectives, system dynamics, and the
trade-offs between simplicity, performance, and robustness.
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conclusion

Hexacopter drones have advantages over more commonly used quadrotors in terms of the stability they
can provide during flight, which is crucial for missions such as surveillance and aerial photography. They
are also more tolerant to motor failures that may occur at any moment during the flight. However, con-
trolling this type of multirotor poses a challenge in terms of command allocation, which is performed
using an approximately calculated matrix.

The complete model simulation of the hexacopter, under realistic assumptions, involved the utilization of
three distinct control techniques: linear controllers specifically linear PID control, nonlinear controllers
Backstepping control, and sliding mode control. These three categories represent different approaches to
controlling the hexacopter system.

During the simulation, all three control methods exhibited their ability to effectively guide and govern
the hexacopter system toward the desired objectives. This was achieved through the careful selection of
appropriate gains for each control technique. Despite the system’s inherent complexity and pronounced
nonlinearity, as well as the challenge posed by the inaccurate allocation matrix, the control methods
showcased their proficiency in maintaining control over the hexacopter.

The linear PID control approach relied on proportional, integral, and derivative components to regulate
the system’s altitude. This classical yet effective method allowed for swift error correction and the main-
tenance of a stable altitude.

On the other hand, the Backstepping control technique, which falls under the category of nonlinear con-
trol, employed a cascading approach to achieve precise altitude control. By accounting for the intricate
interactions between various degrees of freedom within the hexacopter system, Backstepping control
demonstrated enhanced performance and accuracy.

Additionally, the sliding mode control technique was also utilized. Sliding mode control leverages dis-
continuous control actions and seeks to keep the system’s state trajectory within a designated sliding
surface. This approach can handle uncertainties and disturbances, making it suitable for controlling the
hexacopter system under challenging conditions.

In conclusion, all three control techniques—Ilinear PID control, Backstepping control, and sliding mode
control—proved their effectiveness in steering the hexacopter system towards desired objectives. The
comparison of these techniques, however, necessitates the optimal selection of tuning gains for each con-
troller. This ensures a fair and meaningful evaluation, leading to the attainment of optimal performance
for the hexacopter system.
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Abstract

arabtex utf8

This thesis focuses on achieving effective control of a hexacopter drone, highlighting its advantages over
other multicopters, including stable hovering and fault tolerance for successful and safe mission ac-
complishment. The initial phase involves modeling the drone under specific assumptions, followed by
synthesizing three distinct control laws for the development of controllers. The study then proceeds to
simulate the drone’s control using three different techniques: PID, Backstepping, and sliding mode. A
comprehensive comparison of these control techniques is conducted, providing valuable insights into
their performance and applicability. The findings contribute to advancing the understanding and imple-
mentation of efficient control strategies for hexacopter drones.

Keywords : control, hexarotor, modeling, simulation, PID, backstepping, sliding mode
Résumé

Ce mémoire se concentre sur la réalisation d’un contrdle efficace d’un drone hexarotor. Ce type de drone
présente plusieurs avantages par rapport aux autres multicopteres, tels que la stabilité en vol stationnaire et
la tolérance aux défaillances, ce qui lui permet d’accomplir ses missions avec succes et en toute sécurité.
La premiere étape du travail consiste a modéliser le drone en fonction d’un ensemble d’hypotheses, puis
a synthétiser trois lois de contrdle différentes pour la conception des controleurs. L’étude se poursuit
ensuite par une simulation du contrle du drone en utilisant trois techniques différentes : PID, Back-
stepping et le mode glissant. Une comparaison approfondie de ces techniques de contrdle est réalisée,
fournissant des informations précieuses sur leurs performances et leur applicabilité. Les résultats con-
tribuent a faire progresser la compréhension et la mise en ceuvre de stratégies de contrdle efficaces pour
les drones hexarotor.

Mots clés : commande, hexarotor, modélisation, simulation, PID, backstepping, mode glissant.
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