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Resumen

En este trabajo de investigacion se proporcionan las bases para diserar, desarrollar e implementar
algoritmos robustos basados en la metodolog a anti-perturbaciones. Una de las principales con-
tribuciones de este trabajo es el diseno de un control de rechazo activo de perturbaciones mejorado
que integra en el ADRC clasico una funcion sobre la dinamica del error y un coe ciente de su-

ciencia de control, que ayuda a la convergencia del error de estimacion y su posible saturacion.
La nueva metodolog a estimula futuras interacciones y la fertilizacion cruzada de ideas entre con-
trol automatico y disciplinas de aprendizaje por refuerzo. Se realizan pruebas de seguimiento de
trayectorias, la aeronave se encuentra sujeta a multiples perturbaciones como efecto suelo, rafagas
de viento, fuerzas y pares generados por una carga suspendida acoplada al multirotor. Otra con-
tribucion signi cativa es el desarrollo de una arena de vuelo para sistemas heterogeneos enfocada al
estudio, desarrollo e implementacion de algoritmos de control, navegacion autonoma y aprendizaje
por refuerzo. Este manual sirve para prototipar algoritmos complejos en un enfoque de arquitec-
tura abierta. Finalmente, la metodolog a de control desarrollada se utilizara para crear un piloto
automatico robusto con capacidades de rechazo de activos perturbadores. Se aplicara a un futuro
proyecto de agricultura inteligente para rescatar el campo poblano. El proyecto se basa en la Agenda
para el Desarrollo Sostenible 2030 de la ONU, el Plan Nacional de Desarrollo 2019-2024, el Plan

Estatal de Desarrollo 2019-24 y la normativa vigente.



Abstract

This research provides the bases to design, develop and implement robust algorithms based on
the anti-perturbation methodology. One of the main contributions of this work is the design
of an improved active disturbance rejection control that integrates into the classic ADRC
a function on the dynamics of the error and a control adequacy coefficient, which helps
the convergence of the estimation error. And its possible saturation. The new methodology
stimulates future interactions and cross-fertilisation of ideas between the machine control and
reinforcement learning disciplines. Trajectory monitoring tests are carried out; the aircraft is
subject to multiple disturbances such as ground effect, gusts of wind, forces and torques gen-
erated by a suspended load attached to the multirotor. Another significant contribution is the
development of a flight arena for heterogeneous systems focused on the study, development
and implementation of control algorithms, autonomous navigation and reinforcement learn-
ing. This manual is for prototyping complex algorithms in an open architecture approach.
Finally, the developed control methodology will create a robust autopilot with disruptive as-
set rejection capabilities. It will be applied to a future intelligent agriculture project to rescue
the countryside of Puebla. The project is based on the UN 2030 Agenda for Sustainable De-
velopment, the 2019-2024 National Development Plan, the 2019-24 State Development Plan

and current regulations.
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Chapter 1

Introduction

Life is and will ever remain an equation incapable of solution, but it contains certain known factors.

{ Nikola Tesla

1.1 Motivation

Today, multirotor have established themselves in the unmanned aerial vehicle (UAV) eld. This
dominance in the military and civil areas has expanded rapidly and displaced conventional UAVS.
Their high manoeuvrability for navigating con ned spaces, hovering, the promotion of open source
autopilots, payload capacity, the participation of the academy and the continuous capital of research
have contributed to the research development of these types of aircraft, particularly multirotor
vehicles. Air pollution monitoring [1], aerial photography [2], package delivery services [3], precision
agriculture [4], and search and rescue operation [5]. Many of these applications require a navigation
system, a decision-making module, a robust trajectory control system, sensors, and additional
instrumentation. Currently, the trend in UAVs is towards aircraft with the ability to adapt to
dynamic environments, intelligent aircraft capable of making decisions in real-time, cooperative and
robust in the face of di erent disturbances. Since the multirotor experiences multiple aerodynamic
e ects, environmental disturbances, unmodeled dynamics, parametric uncertainties, noise, and even
actuator failures, it is essential to design robust control strategies to attenuate or eliminate these

unpredictable e ects. From a theoretical perspective, in this thesis research, the trajectory tracking
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problem subject to multiple aerodynamic e ects such as ground e ect, wind gusts, noise, failures in
the rotors and non-modelled dynamics is addressed through the design of new novel robust control
in position and attitude. From a practical perspective, a new laboratory-level architecture for
cooperative control of heterogeneous multi agent systems is proposed. The ying arena consists of
a motion capture system (optitrack), a ground station module with a local server, ROS middleware
for interfacing, a wireless UDP command interface via a single-chip computer, and robots capable

of Communication.

1.2 Justi cation

In this thesis research, a new extended state nonlinear observer (NESO) is designed for accurate
trajectory tracking and with an improvement in its physical implementation. A non-linear extended
state observer is designed in the three axes of the inertial frame, feeding back the attitude variables
and the calculated thrust. The observer performs on the linear velocity error dynamics, avoiding
the numerical calculation of the feedforward term vy and being able to estimate it together with
the global disturbance.

For altitude control, an improved ADRC design with the in-ground-e ect model is proposed. An
IGE model is used as a multiplicative factor in the control gain to compensate for the insu -
cient disturbance compensation ability of ADRC. Motivated by the aforementioned discussion, in
this research, a new extended state nonlinear observer (NESO) is designed for accurate trajectory
tracking and with an improvement in its physical implementation. A non-linear extended state
observer is designed in the three axes of the inertial frame, feeding back the attitude variables and
the calculated thrust. The observer performs on the linear velocity error dynamics, avoiding the
numerical calculation of the feedforward term vy and being able to estimate it together with the
global disturbance.

The contribution of this work focuses on the proposal of a position control robust to wind gusts,
ground e ects, parametric uncertainties and coupling e ects. A new extended-state nonlinear ob-
server under error dynamics and a disturbance error function is proposed. This function does not

allow the actuators to be saturated when the control action cannot reject the estimated disturbance.
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This e ect is widespread in the physical.

1. An unsimpli ed model is established in the presence of endogenous and exogenous distur-

bances.

2. A novel robust trajectory tracking control scheme is designed to stabilise the position of the

multirotor subject to parametric uncertainties, ground e ect and wind gusts.

3. A non-linear extended state observer is designed for the multirotor position, taking measure-

ments of the Euler angles (pitch and roll) and the altitude.

4. A nonlinear extended state observer (ESO) is designed on the vertical axis to estimate the

ground e ect at low altitudes.
5. The algorithm is physically implemented and is shown to be lightweight and e cient.
6. A formal closed-loop control-observer stability test is performed in the ISS sense.

7. An integral square error performance index compares the classic ADRC and the proposed

control.
8. Experimental tests on a physical UAV platform validate the proposal.

9. This paper's main contribution is adding a function on the dynamics of the error and the
coe cient of the su ciency of control, which help the convergence of the estimation error
and its possible saturation. This new methodology stimulates future interactions and cross-

fertilisation of ideas between the various disciplines of automatic control.

1. An unsimpli ed model is established in the presence of endogenous and exogenous distur-

bances.

2. A novel robust trajectory tracking control scheme is designed to stabilise the position of the
multirotor subject to noise, ground e ect, parametric uncertainties, coupling e ects and wind

gusts.

3. A non-linear extended state observer is designed for the multirotor position, taking measure-

ments of the Euler angles (pitch and roll) and the altitude.
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4. A nonlinear extended state observer (ESO) is designed on the vertical axis to estimate the

ground e ect at low altitudes in hovering ights.
5. The algorithm is physically implemented and is shown to be lightweight and e cient.
6. A formal closed-loop control-observer stability test is performed in the ISS sense.

7. An integral square error performance index compares the classic ADRC and the proposed

control.

8. Experimental tests on a physical UAV platform validate the proposal.

1.3 Objectives

1.3.1 General Objective

Develop a autopilot for the control and guidance of Drones with communication capabilities for the

implementation of Drone networks.

1.3.2 Specic Objectives
1. Propose an ecosystem for the development and life cycle stage of the autopilot system.
2. De ne and justify the system architecture and requirements.
3. De ne and justify the security levels that the system must contain.
4. Develop control and navigation algorithms for the multicopter indoors.
Modeling and control of unmanned aerial vehicles.
Navigation systems, sensors, vision and actuators.
Operating systems that can be used RTOS, NuttX and ROS.

High performance wireless communications for the implementation of Drone networks.

Approach to the development cycle from the implementation of algorithms in high-level

language, up to implementation in low-level language.
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Suppliers and supply chain for the development of the system.

Identi cation of interest groups: public or private sector (companies).

Control of attitude and posture using the control technique active disturbance rejection

control (ADRC).

Position control, where the position will be obtained using an Optitrack motion capture

system.

Develop and implement the communication system for data transmission to the land

base through point-to-point communications.

5. Develop control and navigation algorithms for an outdoor multicopter. Unlike the previous

objective, the position of the system must be obtained from a GPS system.

6. Development of comprehensive veri cation tests of the development cycle.



Chapter 2

State of the Art and Theoretical

Framework

The true sign of intelligence is not knowledge but imagination.

{ Albert Einstein

This chapter presents the state of the art of UAVS, their generalities, classication, operating
principles and mathematical model. It begins with a detailed and exhaustive study of state of the art,
focusing on the most outstanding research, the agship products that in uenced its development and
the most relevant facts. Next, UAVs are classi ed into four categories based on their aerodynamic
con guration; xed-wing aircraft, rotary-wing aircraft, apping-wing aircraft, and hybrid aircraft.
Focused on multirotor UAVs, its operating principle is described. For a better understanding, the
multirotor has been divided into three systems; propulsion and energy, the communication system
and the control and decision-making system. Finally, the dynamics of the multirotor are derived
with a detailed analysis of multiple disturbances, namely ground e ect, suspended load, and wind

gusts.

2.1 State of the Art

The development of multirotors has been divided into four stages, the beginning stage (1990-2002),

the growth stage (2003-2010), the consolidation stage (2011-2018) and the present (2019-2022).

6
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1. Beginning Stage (1990-2002): The rst reported multirotor helicopter was Gyroplane
No.1 in 1907 by brothers Louis and Jacques Beguet. The rst experiment in Douai, France,
was a hover ight with a pilot on board at the height of 1.5 meters [6]. Years later, in 1923,
Etienne Oemichen designed the Oemichen No. 2, an improved multirotor of his rst model,
with small vertically mounted rotors rotating in the opposite direction; it ew for fourteen
minutes hovering [7]. Around the same year, in 1921, the United States Army Air Service
hired George Bothezat to build a multirotor. Although the ight tests were surprising, they
did not meet expectations, with a payload of three people, one pilot, and a height of one
hundred meters [8]. These three aircraft were the founders of this period. However, many
problems were evident, including impractical designs, poor engine performance, high vibra-
tion, and a lack of accurate measurement systems. Due to the results obtained, the projects
cancelled by the US Army and the lack of large-scale development caused people to show
little interest and opt to develop conventional aircraft, which were superior in speed, payload
and time. Of ight. Years later, in the early 2000s, the development of microelectronics
and microelectromechanical systems (MEMS) made it possible to incorporate a variety of
computing and communications functions into small VTOL-UAVS; this opened the doors for
the development of mini multirotor aircraft [9]. In addition, the rst commercial mini mul-
tirotors designed for indoor use emerged. These contained a simple semi-automatic attitude
stabiliser and a vehicle autonomy of three to ve minutes and were piloted by radio control.
This rst generation includes the Keyence Gyrosaucer, the Roswell Flyer, the mesicopter, the
X4- yer, and the Silverlit X-UFO. In addition to the mentioned products, some multirotors
projects at the academy started, such as Mesicopter, HoverBot and the Starman [10]. Some
investigations of the most outstanding contributions of this period are P. Castillo's thesis at
University Compéegne [11], P.Pounds's thesis at Australian National University ANU [12] and

N. Guenard's thesis at CEA [13].

2. Developing Stage (2003-2010).  The development stage is where research by universities
is concentrated. Endless articles were published [14{19]. Regarding automatic control tech-
niques, di erent approaches were presented, for example, PID proportional-integral-derivative

in [20{22], linear feedback in [23, 24], proportional plus second-order di erentiator FD? in
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[25], nested saturation functions in [26, 27], among others. However, these early works are
characterised by making some assumptions to facilitate the control algorithms, for exam-
ple, small angles, absence of external disturbances, knowledge of the inertia/mass of the
system, and disregard for gyroscopic e ects or aerodynamic friction couples generated by
the aircraft and rotors. Despite proposing linear control algorithms invariant in LTI time,
they managed to stabilise these small aircraft. Most researchers used commercial multirotors
to test their control algorithms since electronic commerce needed more maturity. The rst
commercial multirotors focused on sports entertainment, such as aerial photography, were
commercialised at this stage. Microdrones GmbH was one of the rst companies to design
multirotors; it was founded in October 2005. The company sold thousands of drones, the
MD4-200 and MD4-1000 being the company's rst generation. Another big company was
Dragany, which launched the rst multi-rotor UAV with an integrated camera system in
2002. In 2004 Parrot, a french company dedicated to wireless products manufacturing and
signal processing for embedded systems initiated the AR. Drone project.

In 2006 several groups started using the optical motion-capture system, such as \Indoor multi-
vehicle ight test-bed for fault detection, isolation and recovery" at Massachusetts Institute
of Technology [28], \The Flying Machine Arena" at ETH Zurich [29], \the Grasp Multiple
micro-UAV test bed" at the University of Pennsylvania [30]. In 2008 the Dragan yer X6
six-rotor helicopter was recognised by the popular Science's \Best of What's New" Award
in the Aviation Space category. The AR. Drone was very successful in the toy market. It
had a 32-bit ARM processor, Linux-based operating system, front and back camera to mea-
sure optical ow and detection capabilities, and two ultrasonic range nders to measure the

altitude.

3. Consolidation Stage (2011-2018) At this stage, drones tend to be more autonomous,
cooperative, and human-friendly (interacting with people). According to the International
Organization for Standardization de nition, robot autonomy is the ability to perform intended
tasks based on the current state and sensing without human intervention. In [31] identify

three levels of increasing autonomy:
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(&) Sensory-motor autonomy . Translates high-level human commands such as reaching
an altitude, following GPS global positioning system coordinates, holding a position,

and trajectory tracking.

(b) Reactive autonomy . Avoid obstacles and maintain current position or trajectory in
external perturbations, such as wind or electro-mechanical failure. It can keep a safe or
prede ned distance from the ground, coordinate with moving objects, including other

drones, and take o and land automatically.

(c) Cognitive autonomy . Perform simultaneous localisation and mapping, decision-

making, integrating learning algorithms, and resolving con icting information.

Based on these levels of autonomy, the development of multirotors by companies were fo-
cused. One of the most in uential events in this stage was in 2012. Vijay Kumar presented
the conference entitled \Robots that y and cooperate”, where he demonstrated the poten-
tial applications of these aircraft, such as cargo transportation, assembly of structures and
construction of buildings. A year later, DJI released its DJI Phantom drone in 2013. The
Phantom ready-to- y drone system was one of the products that popularised these aircraft.
It already included an internal GPS and could hold its position, plus a high speci ¢ payload
capacity and ight modes to resist wind. Users could mount a GoPro or other lightweight
camera for aerial photography. In 2013 the PX4 team headed by Lorenz Meier at ETH
Zurich announced Pixhawk, an advanced open-hardware autopilot design for multicopters,
xed-wing aircraft, ground rovers, and amphibious vehicles. In 2013, Ra aello D' Andrea at
ETH Zurich made a speech at TED Global titled \Machine Athleticism". This presentation
shows the ability of machines to perform dynamic feats that fully exploit their physical ca-
pabilities. In 2014 Amazon released a video hoping to deliver small packages home in just
thirty minutes over \Prime Air", a future delivery system consisting of multirotors. Regard-

ing automatic control, di erent non-linear control strategies have been published. Mainly to
deal with noise in actuators, unmodeled dynamics, external disturbances, coupled systems
like suspended loads and robotic arms. Di erent robust control techniques were designed and

implemented. For example, the backstepping technique is robust to parametric uncertainties,



2.1. State of the Art 10

and does not need detailed model information. It is a recursive procedure that combines
the choice of a Lyapunov function with the design of feedback control. Some works devoted
to backstepping control can be found at [32]. In [33{35] a geometric control is proposed for
trajectory tracking on the in special Euclidean group SE(3). The sliding mode control (SMC)

technique is robust to certain external disturbances and unpredictable parameter variations
[32, 36, 37]. However, the chattering problem in SMC is one of the points to consider in real-
time applications due to imperfections in switching devices, the fatigue caused by switching
and delays. Another standard method to deal with parameter uncertainties and disturbances

is the adaptive control approach [38, 39].

4. Present (2019-2022).

Currently, the trend in UAVs is towards arcraft with greater autonomy capacity, capable f
making decisions, cooperative and adaptive to di erent situations, for example, robust con-
trol [40], aggressive manoeuvring [41], [42], aerobatic ips [43],[44] and aerial manipulation
[45],[46], [47]. Focusing on the central theme of this thesis, control, at this stage, dier-
ent robust riot methodologies have been proposed. Anti-disturbance control methodology or
observer-based control method has e ectively dealt with multiple disturbances. Generally,
this methodology relies on disturbance estimation to cancel the global disturbance's e ect
through feedback action [48]. It comprises two parts; an observer to estimate the disturbance
and a controller based on feedback [49, 50]. In the literature, a range of di erent observers can
be found that allow estimation of disturbances, sliding mode disturbance observer [51], dis-
turbance observer (DO) [52], extended state observer ESO and frequency-domain disturbance

observer [53].

2.1.1 Unmanned Aerial Vehicle (UAVs) and Classi cation

An unmanned aerial vehicle (UAV) is de ned as an unmanned aircraft that a pilot from a ground
station can operate or can y autonomously according to preprogrammed ight plans or more
complex dynamic automation systems [54].

The UAVs can be classi ed, taking into account di erent criteria. For example, in
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1. Fixed Wing. Its wings are xed to the fuselage of the aircraft. Its structure is simple and
can carry a heavier payload over a longer distance while consuming less energy. Its most
important applications are environmental monitoring, surveillance missions, crop spraying,
etc. The downside is that it cannot take o and land vertically, in addition to needing a

runway or launcher for takeo and landing, see Fig. 2.1(a).

2. Rotary Wing. This aircraft airlift is provided directly by rotors. A typical example is
the helicopters in their di erent con gurations. This aircraft can take o and land (VTOL)
vertically and does not need a runway or launcher. Some of its most important applications
are in the urban environment, aerial manipulation, aerial photography, 3d reconstruction,
search, surveillance, etc. One of the disadvantages is higher energy consumption, and high

maintenance costs, see Fig. 2.1(b).

3. Flapping Wing.  This type of aircraft attempts to reproduce the ying of insects or birds.
These systems have low power consumption and the capacity to land and take o vertically.
However, they have low resistance and minimum load capacity. Some of its most important
applications are to y indoors and in places where other autonomous aircraft cannot reach.

The technology is not yet too mature to exploit these micro aircraft, see Fig. 2.1(c).

4. Hybrid Aircratft. These aircraft combine the advantages of xed and rotary-wing aircraft.
These aircraft can both take o and land vertically in addition to ying at high speed. Its
carrying capacity is also increased. However, the design of these aircraft is complex, and their

ight dynamics control challenging tasks, see Fig. 2.1(d).

The multirotor is a vertical takeo and landing aircraft that uses multiple rotors to generate lift.
Multirotors have three or more symmetrically distributed rotors attached to the end of an arm;
typical con gurations are trirotor, quadrotor, hexarotor, and octorotor. The number of n rotors
and the angle' between two arms satisfy the following relation' =360 =n. The multirotor contains
several parts to function, and these components interact in complex ways. The good synchronisation
of these devices in uences the performance of the aircraft. To understand how this hardware relates
to each other, we have divided the multirotor into three systems; the propulsion and energy system,

the communication system, and the control and decision-making system, see Fig. 2.2.
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(a) Fixed wing UAV. (b) Rotary wing UAV.
SITARIA UAVOS-Company. TANAN AIRBUS-Company.
(c) Flapping wing UAV. (d) Hybrid UAV.

DelFly Nimble Delft University . HQ L3HARRIS-Company.

Fig. 2.1: Classi cation of Unmanned Aerial Vehicles (UAVS).

Fig. 2.2: Systems that make up a multirotor.

1. Propulsion and Energy System. The power system supplies power to the multirotor
to function correctly. Di erent voltage levels are managed. The propulsion system includes
motors, variable-speed drives and propellers. This system determines payload, ight speed,

and range.

Lipo Battery: is used to provide energy to the motors. The battery cells can be in
series, indicated by the letter s, parallel, indicated by the letter p or a combination of

both; the nominal voltage cell is (3.7-4.2)V. The capacity measure in milliAmpere-hour
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(mAh) indicates how much charge the battery has. The discharge rate helps to stay

within the maximum limit of the current demanded from the battery.

Brushless DC Motor: is used to create movement on the multirotor. The size of the
motor is represented by four digit number; it represents the diameter and height stator
measured in mm. Generally, the valor for engines is in VK, meaning the number of
RPM that the motor will revolve when 1V is applied. Other parameters to consider are

the maximum current that the motor can undertake and the e ciency.

Electronic Speed Controller: is used to control motor speed by PWM signal. Transform
the DC power into a three-phase Alternating Current power. An important parameter

is an ampere and voltage they can bear.

Propeller: is used to produce the lift and torque to control the multirotor. The most
critical parameters are the diameter, pitch and number of blades propeller. The pro-
peller is described by a four-digit, the rst two represent the diameter, and the last two

represent the pitch measure in inches.

2. Communication System. This system includes external communication devices with which
the aircraft can communicate depending on the degree of autonomy. As shown in Fig. 2.2,
the main components are: telemetry, GPS, Radio Control and the ground control station

(GCS). The APIs used to communicate with the aircraft are omitted but are implicit.

RC transmitter: The RC transmitter's function is transmitting the desired command
from the inertial frame to the multirotor, where the radio receiver RX must be con-
nected to autopilot. Most RC transmitters and receivers communicate by 2.4 GHz radio

frequency to avoid interfering with other pilots.

Ground Station: It is an application programming interface (API) which can be in-
stalled on a laptop, cell phone or tablet. The functions are the real-time monitoring of
ight status (Telemetry, GPS, heading, airspeed, ight mode), creation of autonomous
missions, streaming video, and con guring and tuning the UAVs. Some GCS software

is QGroundControl, MissionPlanner, Openpilot, Multiwii and Crazy ie.
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Radio Telemetry: Radio telemetry sends information on variables such as temperature,

voltage, heading, position, velocity and network management from the UAV to the GCS.

3. Control and Decision Making System This system contains two components: the auto-
matic pilot and the decision module. The autopilot controls the UAV's attitude, position and
trajectory; this depends on the level of autonomy required by the mission or programmed
task. This system contains two components: the automatic pilot and the decision module.
For most applications, the autopilot is su cient. However, applications that require analysis
of a large amount of information and onboard processing require an external module. This

module integrates functions such as perception, navigation and decision-making.

Autopilot: It is a ight control system that calculates the rotors' angular speed to

achieve the desired attitude or position. It can be semi-automatic or fully automatic.

Decision Marking module: They are co-processors which help the autopilot to make
intelligent decisions during the ight, in addition to performing specialised tasks such
as mission planning, path following, obstacle avoidance, 3D reconstruction, SLAM and

deep learning.

2.1.2 Civil Applications

Currently, multirotors are used for military and civil applications. These small aircraft have partic-
ular characteristics, such as high manoeuvrability for navigating con ned spaces, hovering, open-
source autopilots, and payload capacity. Many applications use UAVs. We will focus on civil
applications that have had a great push in the last ten years. Air pollution monitoring [1], aerial
photography [2], package delivery services [3], precision agriculture [4], and search and rescue op-
eration [5]. Fig. 2.3 shows some applications that have had a more extraordinary boom in recent
times. Many of these applications require a navigation system, decision-making, precise trajectory

control, sensors and extra instrumentation.

1. Package Delivery Services. Aerial Manipulation is the load transport using dierent

mechanisms (delivery-retrieving, claws and robotics arms). Purchased goods, food, medicines,
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(a) Aerial Manipulation. (b) Precision agriculture.

(c) Pandemic relief (Covid-19) . (d) Weather prediction and energy.

Fig. 2.3: Applications of the Multirotors UAV.

vaccine and medical samples in disaster areas, into and out of remote or inaccessible regions
are some applications in this eld. In particular, a delivery system with VTOL-UAVs is
taking a big boost; it is expected that revolutionise how customers receive purchased goods.
Some advantages of using UAVs as a delivery system are the reduction of shipping costs, less
manual supervision and faster delivery times since they do not depend on roadwork or tra c

jams [55].

2. Precision Agriculture. Precision agriculture (PA) is a system that seeks to maximise long-
term production and e ciency while optimising resource use and sustainability [56]. As eld
size has grown and agricultural practices intensi ed, it has become increasingly challenging
to address this variability without increasing reliance on technology [57]. The multirotors can
assist farmers in various tasks such as irrigation, fertilisation, pesticide usage, weed manage-
ment, plant growth and disease monitoring. This can maximise productivity, quality, and

yield.

3. Pandemic Relief (Covid-19). UAVs are being used for endemic controls. These UAVs
integrate thermal cameras to detect the temperature of a particular group of people; detection
occurs in a matter of seconds and favours isolation in addition to adding other sensors to see

the individual's heart and respiratory rates. Disinfecting large areas is one of the tasks being
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carried out.

4. Air Pollution Monitoring. UAVs are increasingly used to assess, prevent and even combat
environmental disasters. The UAVs are used for pollution monitoring, detection, and reduc-
tion at altitudes above ground level in a speci c geographic region [58]. The environmental
drones produce Air Quality Health Index (AQHI) maps of covered areas for ecological data

monitoring, long-term analysis, nding the hazardous zone, and future predictions.

5. Search and Rescue Operation.  The search and rescue operations assist, detect, and rescue
people who have had accidents in hazardous environments such as mountains, lowlands, cities,
disaster scenarios and marine rescue. The multirotor used is to minimise the cost and time

spent.

2.2 Theoretical Framework

The principle of operation is described in this section. Mainly we focus on the description of the
guadrotor that is the aircraft under study in this thesis project. Next, we set the bases for modelling

the quadrotor, considering di erent aerodynamic e ects and external disturbances.

2.2.1 Operating Principle

The quadrotor is a subactuated system which can only control four inputs simultaneously. However,
it has six degrees of freedom. Thrust force, pitch, roll and yaw moments are the control input; these
four inputs can control the attitude and position of the quadrotor. There are two airframe con-
gurations, plus-con guration and cross-con guration; see Fig. 2.4. The rotors are symmetrically
distributed at the end of the four arms. The cross-con guration involves more rotors in the roll
and pitch movements, which generates greater maneuverability. Maneuverability is the ability to
change its own state, which is closely related to the maximum acceleration of a multirotor [59], the
cross-con guration cancelled because a faster response can be obtained.

The main commands of the multirotor are described below,

1. Thrust command. This command is accomplished by increasing all propellers by the same
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(a) Plus-Con guration. (b) Cross-con guration.

Fig. 2.4: Quadrotor Con gurations.

amount. As a result, the reactive moments will be cancelled, and the lift will be increased.
Once the weight is overcome, the quadrotor will y steadily. Otherwise, the quadrotor will

move down. The Fig. 2.5(a) shows the hover command.

2. Pitching command.  This command is accomplished by decreasing the propellers' angular
speed (1,3) and increasing the propellers' angular speed (2,4) by the same amount. This

command generates forward and backward motion, see Fig. 2.5(b).

3. Rolling command.  This command is accomplished by decreasing the propellers' angular
speed (1,4) and increasing the propellers' angular speed (2,3) by the same amount. This

command generates rightward and leftward motion. The Fig. 2.5(c) shows the rolling base.

4. Yawing command. This command is accomplished by decreasing the angular speed of
propellers (1,2) and increasing the angular momentum of propellers (3,4) by the same amount;

see Fig. 2.5(d).

2.2.2 Mathematical Modelling

This subsection establishes the mathematical model of the multirotor by analysing multiple aero-
dynamic e ects and external disturbances. The mathematical model of multirotor consists of four
blocks, the kinematic model, the dynamic model, the e ectiveness model and the propeller model.
The kinematics and dynamics follow from the assumption that the aircraft is a rigid body; In addi-
tion, the e ectiveness model di erentiates the multicopter from other aircraft, which calculates the

moments and forces from the angular speeds of the rotors. Finally, the propeller model includes a
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(a) Hover command. (b) Pitching command.

(c) Rolling command. (d) Yawing command.

Fig. 2.5: Commands Quadrotor.

brushless DC motor, ESC variable speed drives and propellers. In the kinematic analysis, we obtain
the positioning in the three-dimensional space and its orientation without considering the forces
or moments that produce it. The dynamic analysis explains the physical phenomena found in the
aircraft, such as the centripetal and Coriolis forces, the gravitational torque, gyroscopic e ects due
to the rotors, in general, all the details and moments that in uence the linear and angular velocity
of the aircraft. One of the characteristics of the multirotor is the thrust force is perpendicular to
the plane of the fuselage at all times. An accurate model of the system to be studied is the basis
for analysing and designing control algorithms that globally stabilise the robot asymptotically. In
addition, the in uences of multiple disturbances, such as the ground e ect, oscillation of a cou-
pled suspended load, and wind gusts, are analysed. The multirotor can be modelled as a rigid
body with six degrees of freedom sub-actuated with only four independent control inputs: three
moments in their respective axes and one thrust force perpendicular to the aircraft. For a deep
understanding of the path that the aircraft takes due to the forces and moments acting on it, it
is necessary to introduce two reference systems, the inertial framel g = €!;€);e; and the body
frame fBg= €P;e8;e§ is xed to the multirotor. The Fig. 2.6 shows the relationship between
the f1 g and f Bg, both obeying the right-hand law.

Below we describe the main blocks that represent the complete model of the multirotor; see Fig.

2.7.
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centring

Fig. 2.6: Relationship between thd | g and f Bg Coordinate Frames.

Fig. 2.7: Main blocks of the multirotors model mathematical.

1. Kinematic model.  There are many methods to represent the attitude; each attitude rep-
resentation has its advantages and disadvantages; the most used are Euler angles, rotation
matrix and quaternions. Based on Euler's theorem, the rotation of the multirotor can be
achieved by three elementary rotations about a xed point of the inertial frame. The rotation
of the coordinates of a point from body framefBg concerning inertial frame f1g is repre-
sented by the orthogonal rotation matrix R 2 SO(3) = fR 22 3: RTR = I3;det(R) = 19,
where |3 23 3 is the identity matrix. Euler angles (roll, pitch, yaw) are a representation of
attitude that can be obtained using the vector = T. The corresponding rotation

matrix is then given through the map R 3!  SO(3) by

2
COS COS CO0S sSin sin sin cosS cO0S sin cos +sin  sin
R = écos cosS sin sin sin +c0osS cos Ssin Ssin cos cos sin % (2.1)

sin sin cos COS CO0S
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The (C.1) rotation matrix converts most of the variables from the fBg to the f1 g coordinate

frame, variables such as force, magnetic force, position, speed and linear acceleration.

Remark 2.2.1 In this investigation, R; = R is the matrix that rotates the coordinates of a

point from fBgto flg.

-
The velocities! = | I, | measurement in the body coordinate framef B g, relative

X +y -z
to the inertial coordinate frame f1g. The attitude matrix (C.2) relationship the attitude rate
-and the angular velocity of the multirotor ! .

2 3

1 sin tan cos tan
W = go cos sin é (2.2)

0 sin = cosS C€OS = coS

The kinematics of multirotor expressed infl g is denoted by the following equation
= Ww! (2.3)

Secondly, the quaternions are not a ected by the gimbal lock phenomenon and further have
signi cant advantages like nonlinear large angle attitude manoeuvres and high computer

performance. Let the attitude quaternion by gg,

2 3
COS5
ag=8" 2§ (2.4)
vsini

where v 2 <2 is the vector part and represents the rotation axis and 2 < is the scalar

part and represents the amount of rotation around of axisv. The attitude quaternion qg =
T

@ G G ¢ Isused to rotate any vectorre 2 < 3 from fBg frame to the f| g frame by

the following operation

2 3
0 0
876 =qe ﬁb% (q9) * (2.5)
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The result of this rotation will be the new vector re 2 < 3 which belongs tof | g. To achieve this
rotation, the product of the unit attitude quaternion ¢ and its inverse; furthermore, because
the vector is unitary, its inverse is equivalent to its conjugate. The 2.5 uses quaternion
multiplication, which is previously de ned. According to (A.5) the 2.5 can be expressed as

follows: 2 3 2 3

0 0
86=(q® ! qf 9b§ (2.6)
ré r

The attitude quaternion can be used to construct a 3 3 rotation matrix to perform the

rotation in a single operation. The rotation matrix is de ned as

2
B+E B E 2n% ®®B)  2(hwG+ Gk)

bMW-EZ@m+%%) B E+r@ G 2 %m)é (2.7)
2l ) 2(pB+ oth) o ¢ B+ @

re= Ry (2.8)

Let p, in <3 a vector that represents the position of the multirotor from the origin to the

CoG of the multirotor. The following equation denotes the kinematics of this rigid body
Pe = Ve (2.9)

where v 2 <3 represent the linear velocity of the multirotor. The attitude representation

using quaternion is expressed as

£qe (2.10)

T
With 5= ¢ gf the equation (2.10) is rewritten as
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1
@ = EqI Iy
(2.11)

Qv = %(qols+[qv] )L

2. Dynamic model. There are di erent methods to model the physics of a system; Newton,
Hamilton and Euler-Lagrange are the most used methods. In this research work, Newton
is used because it facilitates the analysis and design of control algorithms. The following
assumptions are assumed to obtain the dynamic model of the multirotor.

The multirotor is a rigid body.
The structure is supposed to be symmetrical.
The CoG and the origin are assumed to coincide.

The procedure to obtain the dynamic model is described below; analysing the forces on the

multirotor in the inertial frame fl g, and deducing the following equation

f
Ve=ges —Rges (2.12)

where g2 <. represent the acceleration if gravity and f2 <. is the total thrust generated
by rotors. The (2.12) represent the position dynamic model expressed ifil g.

The position dynamic model expressed irf Bg is described by the following equation

Ve = Rbvy
Ve= RpVp+ REVy (2.13)

f
Vb= gRBes ['p] Vp €3

the equation (A.12) was used to derive the (2.13) equation.
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Analysing the moments on the multirotor in f B g, obtain the attitude dynamic equation as

J lp= 1y (J !b)+ Ga+ (2.14)

whereJ 2 <2 32 s the multirotor inertia matrix constant and symmetric. G, 2 <3 represents
the gyroscopic torques caused by the rotation of the propellers and 2 <3 represent the
moments generated by the rotors,therefore its the control inputs. Using the above equations,
we obtain the mathematical model of the multirotor combining both reference frames, the

flgand fBg. The multirotor rigid model is expressed as

Pe = Ve
f e
Ve = Q€3 ERbes
1
®= 54 lo (2.15)

Q= 2(@ls+[ad ) 1o

Jlp= 1ty (I !'p+Ga+

The linear kinematics and dynamics are described in thé | g variables, such as the position and
the velocity of the multirotor measured with GPS. While the angular kinematics and dynamics
are described in thefl g, variables such as attitude and angular velocity are measured with

gyros, accelerometers and magnetometers.

3. E ectiveness Model

The relationship between the rotor angular speeds ; and the total thrust f and moments
is deduced. In particular, the X con guration of the quadrotor structure will be used. A
rotor generates a lift force that points horizontally to the plane, in addition to developing a
reactive torque in the opposite direction to the speed direction of the rotor. When the rotor
is energised with a PWM signal, its speed will start to increase; this, in turn, will generate a

thrust force proportional to the square of the speed. The thrust force is expressed as,

fi=cr 2 (2.16)
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where ¢t is a constant that depends on air density, the diameter of the propellers, and

propeller speed, among other parameters. The reaction torque is expressed as

Mi=cu 2 (2.17)

where ¢y is a constant which depends on air density, the diameter of the propellers, and

propeller speed, among other parameters.

The total thrust is expressed as

X 4 2 2 2 2
f= _fi=calCi+ 2+ 3+ %) (2.18)

the moments produced by the rotors are

©
NI
N

_ 2
doe( 1+ 5+ 5 2)

<
|
Srei

doer( 3+ 32 2+ 2 (2.19)

z:CM(i %+

wWN
BN
~

where d is the distance between the quadrotor centre and the motor shaft. In a matrix form

rewrite the (2.19) as

2 3 2 32 3
f cr cr cr 2
[ [ [
X7 2dC‘r TZdCT 7dCT 7dCT %
- P i P (2.20)
y 2dC'r TZdCT 2dC'r 2dC'r %
2 Cwm Cm CM ;
whereM cg 2 <4 4 represents the control e ectiveness matrix.
4. Propulsor Model. This block consists of modelling the propulsion system. The system

includes a brushless DC motor, ESC and propellers. First, given a constant voltage by the
LIPO battery, the ESC generate an average voltage signal which is a function of the throttle

command or a pulse width modulation PWM signal, which will make the motor achieve steady
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state speed. The above can be modeled as

ss=Cr + (2.22)

where Cg is a constant that depends on the battery voltage and the ESC, is the throttle
command which has a value between 0 and 1 or can be parameterised by a PWM signal with
a value between 1000 and 2000 indicate the duty cycles andy is the angular speed which
the motor reaches once the engine initialises. Because the motor needs some time to achieve
the steady state speed g5, a second equation is generated to model the dynamic response.

Generally, the dynamics of a brushless DC motor can be simpli ed as a rst-order equation.

1
= T sts (2.22)
m

Combining the equations (2.22) and (2.21) get the complete propulsor model

1
TmsS+ S

(CrR + 1) (2.23)

2.3 Active Disturbance Rejection Control (ADRC)

In this section, the control by active disturbance rejection is described. A study of the most recent
publications of this methodology is carried out, focusing on three disturbances: ground e ect,
wind gusts and suspended load. Since the multirotor experiences multiple aerodynamic e ects,
environmental disturbances, unmodeled dynamics, parametric uncertainties, noise, and failures in
the rotors (loss of e ciency, wear, bias, friction or deformation of the propeller) [60]. These faults
primarily a ect the propulsion system, degrade the tracking performance and thus deteriorate the
multirotor's stability [61{63]. Therefore it is essential to design robust control strategies to attenuate

or eliminate these unpredictable e ects.
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2.3.1 Generalities of ADRC

Active Disturbance Rejection Control (ADRC) has become a central element in the design of riot
control algorithms. Based on the so-called [64] invariance principle, the main objective of the ADRC
is to simplify the system under study by estimating all endogenous and exogenous disturbances by
an extended state observer (ESO) and the respective cancellation of the disturbance via a feedback
control action [49]. The methodology has been successfully applied in the automatic control of
UAV-multirotors recently [65{67].

Nevertheless, few contributions and practical implementations have existed in academia and indus-
try. Some ADRC-based work has been done on multirotor attitude control, showing the ability
to cancel disturbances [68{71]. Some of the essential works reported in the scienti c literature fo-
cused on studying the ground e ect, disturbances due to wind gusts and the impact generated by

a suspended load coupled to the multirotor are described below.

2.3.2 Ground E ect Disturbance

In most applications, quadrotors interact with hard surfaces, obstacles, their environment, and other
robots. In this interaction, an aerodynamic e ect called ground e ect is produced. The ground e ect
reduces the aerodynamic drag generated by an aircraft's wings or propellers when it is close to a xed
surface. This e ect results from air ow distortion under such covers attributable to the proximity of
the ground or hard surfaces [72]. Mathematical models have been proposed describing the ground
e ect in hover and forward ight. These models are essential when developing robust controls for
applications such as landing, hover, ground altitude ight, and motion planners for energy-saving
and energy-e cient applications. The ground e ect has been studied in helicopters for years. A
practical method describing the helicopter ground e ect was proposed in [73]. This model represents
the ground thrust e ect (IGE) and o -ground e ect (OGE) as a function of rotor radius, vertical
distance, and forward speed. Similarly, the work in [74] obtains a ground e ect model for a single
rotor in hover by experimentation. Unfortunately, it has been shown that these models do not
accurately describe the multirotor ground e ect [75{77]. In [78], the authors use visual feedback to

model the ground e ect forces experienced by a multirotor. The work on [77] proposes a ground
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Table 2.1: IGE Ground E ect Models.

Autors Model Multirotor | Forward F.
Cheeseman [73], qee = 1, No Yes
OGE I st i
1+( jV=vij) ~
Hayden [74] 1o = 019926 + 507 No No
H Toutput - 1
Danjun [75] T (L) Yes No
3r
Kan [76] Tee = 1 77 Yes Yes
Th l+% A
Vh
2
Kan [76] Tee- = (01104 00952 - 0171 Yes Yes

e ect model using the Dragan yer X8, powered by eight propellers arranged in four coaxial pairs
in a quadrotor con guration; in this analysis, the ground e ect is shown to be more substantial
than that predicted in [73]. In [75], a ground e ect compensator with a correction coe cient is
proposed based on the Cheeseman model [73] with a correction coe cient. More recently, in [79],
the in uence of the ground e ect on the lateral movement of the multirotor is analysed. The force
generated by the ground e ect, modelled as a spring, is integrated into the rotors' thrust. In [76],
the authors present two e ective data-driven models describing ground e ect in hover and forward
ight. Extensive tests under di erent conditions validate their proposed models. Most ground e ect
models depend on the propeller's radius and the altitude z, measured to the ground in the hover
condition. In forwarding ight conditions, a dependency on the multirotor's longitudinal speed

is added. Table 2.1 summarises the properties of the literature's most widely used ground e ect
models. Despite the signi cant development of IGE ground e ect models, there was little progress
in designing rotors' thrust that uses these models as part of the control law [80].

Low-altitude ights with multirotor vehicles are a challenge from an automatic control perspective.
The ground e ect, forces, and moments due to the crosswind generated by the at surfaces cause
degradation in the position and attitude control systems. Consequently, they are prone to fatal
accidents. Recently, various control strategies have been proposed to deal explicitly with di erent
aerodynamic e ects and external disturbances [81{83]. In [84] safety control is proposed based on
proportional-derivative (PD) to stabilise the position and control in sliding modes (SMC) to stabilise

the attitude; a disturbance observer is integrated to deal with ground e ect and blade damage. The
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control law can follow a circular path close to a surface, simultaneously experiencing ground e ect
and blade damage. In [85], a non-linear disturbance control and observer is designed to compensate
for the impact of the ground e ect. Adaptive control based on ground-e ect models is designed to
operate at low altitudes where the ground e ect is high and is addressed in [80]. Tests show that

the algorithm can tune the ground e ect at a low altitude and in the autonomous landing task.

2.3.3 Disturbance Due to Gusts of Wind

The wind is one of the most in uential meteorological parameters to consider in designing robust
control algorithms. A variation in direction or intensity can cause loss of lift, deviation from the
programmed route and loss of stability. Gusts of wind also a ect takeo and landing manoeuvres,
causing abrupt changes in their speed and direction. Some mathematical models describe approx-
imately the e ect of the wind. For example, the crosswind, which is perpendicular to the inertial
frame and a ects the direction of the wind. Constant currents are characterised by keeping their di-
rection stable and non-periodic. Turbulence, characterised by a variation in wind speed, has a short
duration and rapidly decreases rate. Recently, some works using anti-disturbance methodology have
been done to attenuate the wind's e ect on the multirotors. For example, in [51], a sliding mode
control-based is designed for altitude and attitude in a low-altitude ight regimen, compensating for
wind disturbance with a maximum speed of 3.3 m/s. Automatic take-o and landing manoeuvres
are carried out practically. In [70], an ADRC control is performed to stabilise the attitude subject

to wind gusts; a linear extended state observer LESO is developed. An advantage of using a LESO
is its straightforward structure with reduced parameters to be tuned and little plant knowledge.
However, the total capacity of the observer is not exploited, and the observer's estimation accuracy
primarily determines the closed-loop system's performance [86]. An improved ADRC for attitude
control is proposed in [66]. This attitude control adds a Iter using the fal (t) function to the ESO
extended state observer to attenuate noise. The controller is analysed through numerical simula-
tions under two scenarios, constant gusts and loss of an actuator at 25 % of its total thrust, both
in hover ight. In [86] an ADRC for trajectory tracking control is proposed to deal with wind gusts
and ground e ects. The controller combines the technique of backstepping and generalised extended

state observer (GESO) for attitude and position control. Experimental results exhibit a high degree
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of accuracy in following a circular path. In [53], a nonlinear frequency-based perturbation observer
(NDOB) is proposed to estimate wind gusts. This observer considers a limited frequency range of

0:005 0:1389Hz to isolate other disturbances and focuses on evaluating wind gusts.

2.3.4 Disturbance Due to Suspended Load

Recently UAVs have been used to transport cargo through some delivery and retrieval mechanism.
These applications require reducing load swings as they can be fragile, vulnerable, or dangerous. For
example, purchased goods, food, medicines, medical samples, vaccines, pesticides, and fertilisers.
In particular, a delivery system with UAVs is taking a big boost; it is expected that revolutionise
how customers receive purchased goods. Some advantages of using UAVs as a delivery system are
reduced shipping costs, less manual supervision and faster delivery times since they do not de-
pend on the roadwork. Aerial manipulation is a complicated task and a challenge in the design

of the control algorithm. A quadrotor with cable-suspended load is a multi-input, multiple-output
(MIMO) nonlinear system, underacted with eight degrees of freedom and four control inputs. Thus

it is necessary to design robust control algorithms capable of adapting to changes in the system's
dynamics and minimising the e ects caused by them. Recently, the problem of stabilising or min-
imising the suspended load oscillation by trajectory generation has been addressed in [87, 88]. In
[89], the dynamics of the suspended load are modelled. For the design of the control algorithm, the
suspended load is taken as an external disturbance that is compensated with a nonlinear control
based on the combination of back-stepping and sliding mode with an iterative learning algorithm.

In [90], a robust altitude controller based on one-step-ahead predictive is proposed. Simulations are
carried out against low-frequency disturbances and payload variations. However, no physical tests
are performed to check the controller's robustness. Further to our work on [91], an DO and ESO
scheme is proposed to reject cable-suspended payload oscillating disturbance and wind disturbance
respectively. Experimental results show that both observers complement each other to estimate and

mitigate both disturbances.



Chapter 3

Attitude Control

Our rst endeavours are purely instinctive prompting of an imagination vivid and undisciplined. As

we grow older reason asserts itself and we become more and more systematic and designing. But
those early impulses, though not immediately productive, are of the greatest moment and may shape
our very destinies.

{ Nikola Tesla

In this section, we provide the basis to address the problem of attitude tracking control in VTOL-
UAV under the ADRC approach. The objective is to design a robust control capable of following
a trajectory, typically generated by a position controller, also called outer-loop, which considers
external disturbances and unmodeled dynamics. In addition, an angular rate control algorithm for
aerobatic ight is designed to test the ADRC control approach under aggressive manoeuvres such
as somersaults, full inversion, rolling and turning. The control algorithms are implemented in an
embedded system under the Hardware in the loop approach.

The proposed control scheme contains the following contributions:
1. Robust control to uncertainty, unknown and nonlinear dynamics.
2. Robust control to the aerodynamic e ect: vortex ring state, noise, sensor biases and blade

apping.

30
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3. Actuator limitations are ensured by a saturation function.
4. The control algorithm is compatible with embedded systems with low computing power.

The objective of the control law is to design a controller capable of following a varying trajectory in
time qq(t) while ensuring that the global disturbance (t) is limited to a small region of attraction.

Mathematically, the above can be expressed as,
qt) ! qg;! () !g(t);k (k! " according t!1 (3.1)

The purpose of the proposed attitude controller is to stabilizeq(t) 2 S®and! (t) 2 R® at the desired
referenceqq(t) 2 S3, ! 4(t) 2 RS respectively, while the global disturbance ,(t) 2 R® approaches

zero or a very small" value. (t) is a global disturbance; it will be de ned later.

3.1 Attitude Modeling with External Disturbance

In this section, a more in-depth analysis is carried out on the non-linear dynamics of the aircraft,
taking into account endogenous (dependent on state variables) and exogenous disturbances (envi-

ronment dependent).

(3.2)
SJL= QI+ Ga+ Rfegy+ ((t)
The inertial matrix J is square and not symmetrical. The vectorR Feszy is the e ect produced by
the VTOL-UAV centre of mass, and the origin Og is not coinciding. So the thrust vector f creates
a torque because it is not applied precisely at the aircraft's centre of mass., (t) is a time-dependent
disturbance, possibly due to noise, sensor bias, aerodynamic e ects, wind, friction and uncertainty
dynamics. The vector G, = [G1; Ga; G3]" 2 R? represents the gyroscopic torques caused by the
rotation of the propellers, which is given by
X4

Ga=  J( ewm( (3.3)
i=1
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where J; denotes the moment of inertia of the rotor. For the purposes outlined in this section, it is
convenient to deduce the dynamics of the error. De ning the angular velocity errorasl ¢ = ! !¢,
where! . = RT(ge)! 4 is the commanded angular velocity obtained from the outer loop.

Obtaining the derivative with respect to time of ! ¢,

le=! RT@!'el'a R'(de)ld (3.4)
Substituting (3.4) in (3.2), the system error dynamics are given by

8
Eg.e: 5(0e) e

Re -
3
“He= [(et!s) P(let!)+ I el'c IJRT(Ge)ld Ga+ Rfesp+ ((t)+
(3.5)
Attitude control will be designed for the use of commercial autopilots. Since they use Euler angles
to represent their attitude, it is necessary to have a mechanism that allows them to transform into

guaternions Let us consider the attitude and angular error variables as
(3.6)

where ¢=[ ¢ ¢ c"2R%andare! .=[!¢; ! !2]" 2 R® the desired attitude and angular
velocity varying in time, obtained from the outer loop.

Let us propose the following desired angular velocity,
=W 1 4 1( d) (3.7)

where 1 is a positive constant. The proposed angular velocity! 4 can be seen as a virtual control,
which achieves that the system reaches the desired reference signalt) in a smooth and fast way.

To demonstrate the above, consider the following candidate function of Lyapunov,

V= eT e (3.8)
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The derivative of the Lyapunov function is given by

v= 1 w! 4 (3.9)

L < ;I; 1 e (310)

Then, the following equation describes the error's dynamics, which will be used in the control

algorithm.

(et ta) Pletta W ela+W 1ogr 3.11)

“
b
|

8
%—e =Wl
% =+ W el e W ' Ga+Rfegp+ ((t)+

3.2 ADRC Controller for Attitude Tracking

E cient attitude control is crucial to maintaining a desired orientation for the VTOL-UAV to
achieve the desired position despite external disturbances and unmodeled dynamics. The proposed
control scheme is based on the ADRC methodology. As mentioned, an ESO is designed to estimate
endogenous and exogenous shocks online and subsequently cancel the term through feedback action.
The control law considers the physical constraints of the VANT-UAV and the rotors. The control law

is limited using a saturation function, avoiding damage to the rotors when they become saturated
and maximising its e ectiveness; in other words, the control action is bounded in the range 2

[ 5]

To address the ADRC control design, consider the error dynamics given by (3.11). Let's dene a

global disturbance that encompasses endogenous and exogenous disturbances as

(D= [Ce+'a PNletla W [olg+rW tog+

= W 1] e W 1o [((t)+Rfes



3.2. ADRC Controller for Attitude Tracking 34

The term ((t) will be estimated through ESO; then the following assumptions will be made,

The total disturbance estimation, angular velocity estimation and its time derivative will be

denoted by "(t), Mg(t) and ('4(t) respectively;

The perturbation function (') is a uniformly absolutely bounded disturbance,i.e., sup k ( )k =

k OOki Ko

Pq(t) is uniformly absolutely bounded rst-order time derivative, Rq4(t), i.e., sup, kMg(t)k

Ko,sup kRg(t)k  Kiq ;

3.2.1 State Observer Extended Design for Attitude

Consider the attitude error system of the quadrotor equation (3.11), then de ne the following state
variables ¥, 'y (t) and ’%(t), as the estimated angular velocity, estimated disturbance and the time
derivative of the estimated disturbance respectively. Then we propose the following extended state

observer of the ESO to estimate the global disturbance.

8
Ere=J 1+ O+ 2(le M)
Eg,oe.E ’Lr: T+ hi(le MNe) (3.12)
T=lo(le Me)

wherel;, I;1 and l,g 2 R+ The terms I, |;1 and |;o are selected to be a Hurwitz polynomial of

the third order,

lr2 = 1 (po+2&! no);
Iy = L 2po&! no+ 12 ;
Ir(): J-g I%Opo l

with pg, & and ! ,o are positive values, is a very small value for the fast convergence of ESO

estimated variables.

3.2.2 Robust Attitude Tracking Controller Design

In this subsection, a robust attitude-tracking controller is designed based on the ADRC. From the

previous analysis, the proposed desired angular velocity 4 in the equation (3.21), can be seen as a
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Fig. 3.1: Robust Attitude Controller quadrotor.

virtual control which achieves that the system reaches the desired reference signal t() is a smooth
and fast way. The proposed control scheme is made up of three elements. An attitude path tracking
controller, an extended state observer that estimates global disturbance, and a term calculates the

desired angular velocity and acceleration see Fig. 3.1.

De nition 3.2.1  Given a positive constant a, continuous, nondecreasing function 5(s) : R! R
is de ned by 8
2 CH jsi a
a(s) = | (313)
a sign(s); jsj>a

Assuming a su ciently long time, the ESO estimates the term (t), then the following control law

is designed by feeding-back the estimated dynamics,

Proposition 3.2.2  Consider the error dynamics described by(3.11) with the following bounded

control input vector  such that

i= wm, Jla+ "+ m( et ge) (3.14)

with i 2 f 1;2;3g and where \,, and y,, are saturation functions such thatKg < M2 Mj1
and My; 3 i. Then the inputs (3.14) stabilize robustly (2.14) to the origin of the error space

(L 0T 0")T, with a domain of attraction equalto S* R3n( 10" 0")T.

Nevertheless, the control algorithm proposed above requires the numerical calculation of the deriva-

tive of _q and ! 4, which is a costly operation in processor time, subject to inaccuracy and noise.
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Fig. 3.2: Control Algorithm Optimized Scheme for the Attitude of Quadrotor.

To solve this problem, we propose the following high-gain observer ESO.

8
2x1=x2+ 3( g X1)
ESOuqg . S (3.15)
“x2= 2( 4 Xi)
Where x; = 4 and X = _4 are the attitude desired, and the derivative of the attitude desired

estimated respectively. When using the dynamics of the error, it is no longer necessary to feedback
the term feedforward J! 4 since the ESO estimates it, see Fig. 3.2.

Then the proposed control algorithm is as follows,

= mp o+ M [et del) (3.16)

like the previous one, it robustly stabilizes the origin of the error space 3.2.2.

3.2.3 Simulations

The results obtained from the simulation of the proposed algorithm are presented. The table 3.1
shows the values used in the simulation. The simulations were carried out under a parametric
uncertainty of 35 per cent of the aircraft's parameters: mass and inertia. The global disturbance

r (1) has been modelled as a uniformly bounded function varying in time,

(t) =1:5cos5@sin 5t sin 0:2t (3.17)
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The function ((t) can represent noise, unmodeled dynamics, and the moment generated by the

suspended load. The Fig. 3.3 shows the evolution of the modeled disturbance.

Table 3.1: Physical parameters of the quadrotor.

Parameters Description Units
g Gravity 9.81m=¢
m Mass 1.033kg
Jix Inertia in the x axis | 0.00653kg m?
Jyy Inertia in the y axis | 0.00653kg m?
J,, Inertia in the z axis | 0.00978kg m?

Fig. 3.3: Evolution of the external disturbance , (t) and its estimates” (t).

The value of the integral squared error ISE(t) is used to demonstrate numerically the degree of
estimation of the disturbance added to the mathematical model. A value close to zero indicates
rapid convergence and accuracy in the estimate. The ISE is de ned by the sum of the errors to
consider, Z.h i

ISE@= (y() MHEN*HYO) YN d (3.18)
As can be seen in Fig. 3.4 the value of the integral square error ISE(t) of the total disturbance
estimate (3.18) indicates a constant value very close to zero, which indicates a rapid estimate of the
global disturbance ’\y and redundant estimate angular velocity 1.
A parameterised path is proposed using desired reference points. Fig. 3.5 shows the desired way
parameterised by the reference points measured in meters; the time is implicit in each reference

point. The position control algorithm is neglected and taking it up again in the next chapter.
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Fig. 3.4: Evolution of ESO via integral square error ISE.

Fig. 3.5: The desired trajectory of the quadrotor, parameterised by waypoints.

We compare the proposed control with a saturated derivative proportional control. This comparison
allows us to evaluate ESO's performance and e ectiveness when incorporated into feedback. The
Fig. 3.6 shows the evolution of the attitude in both controllers. Control A is the proposed control,
and control B is the standard PD control. As shown in Fig. 3.6 and Fig. 3.9 the evolution of the
angle in the proposed control is smooth and without so much oscillation. The proposed algorithm
observes an attenuation of approximately 0.2rad.

In the same way, Fig. 3.7 and 3.8 show the 4 and 4 in both controllers. The proposed control
shows a better response; it can also reject unmodeled dynamics, noise and external disturbances.
The Figs. 3.9,3.10, and 3.11 show the evolution of the angular velocity in both controllers. An

. . d . . .
attenuation of approximately 1 % is observed in the proposed algorithm.
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Fig. 3.6: Evolution of the orientation of the UAV parameterised in Euler angles, 4(t) .

Fig. 3.7: Evolution of the orientation of the UAV parameterized in Euler angles,q(t) .

Fig. 3.8: Evolution of the orientation of the UAV parameterized in Euler angles, q4(t) .
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Fig. 3.9: Evolution of the angular velocity of the UAV ,! ((t) .

Fig. 3.10: Evolution of the angular velocity of the UAV ,! 5(t) .

Fig. 3.11: Evolution of the angular velocity of the UAV ,! 3(t).
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3.3 Attitude Control for Aggressive Maneuvers

This section features angular velocity control robust to unmodeled dynamics and external dis-
turbances with the ability to follow aggressive references to generate aerobatic ight. Aggressive
manoeuvres include cartwheels, full inversions, rolls, and loops. In particular, the generation of N
ight over the pitch angle is formulated. In this (aerobatic) ight mode, the angular rotation rate

around the axes is controlled instead of the attitude. The algorithm is implemented in an embed-
ded system under the SITL software simulation approach. The structure of the proposed control
algorithm is divided into four blocks, Attitude Model Kinematic, ESO, Attitude ADRC Controller

and Control Allocator, as shown in Fig. 3.12.

Fig. 3.12: Robust Angular Velocity Controller.

The desired angular velocity! 4(t) is provided by an RC transmitter, then the desired quaternion
0q(t) is obtained using the kinematic equation (2.11), concurrently an Extended State Observer ESO
estimate the angular acceleration! 4(t) and angular velocity omegay(t). The gy(t), Rq(t) and Ng(t)
variables are used to calculate the control torques 4(t) by an internal control block that stabilises
the orientation trajectory tracking; in this block, the ADRC is used in conjunction with bounded
quaternion-based feedback. Finally, an allocator controller calculates the speeds of the rotorsy(t)

to generate the desired control torques 4(t).

For aggressive manoeuvres, the approach to small angles is not justi able; on the contrary, there is a
need for sudden changes in orientation, velocity and angular acceleration. Therefore, it is necessary
to calculate and consider the feed-forward terms on the desired acceleration in the law control.

Since the desired angular velocity! 4(t) commanded by the RC transmitter may not be smooth, we



3.3. Attitude Control for Aggressive Maneuvers 42

use an extended state observer to estimaté 4(t) and the angular acceleration! 4(t).
Consider the following ESO observer:

Pa=Pg+ 1('a Ma)
ESO := (3.19)

d= o(la "a)

where o=!2and ;=2!,, also and!, are the damping ratio and the natural frequency

respectively.

The attitude ADRC controller is structured by three blocks, the error quaternion, the bounded

attitude control and the disturbance observer. To calculate the angular velocities of the rotors
i 2 11;2;3;4g, the inverse matrix (3.20) is used. However, the following normalised matrix is

proposed, which has advantages in calculating pulse width modulation signals from rotors.

0 1 0 10 1
2 1 1 1 1 f g=ke
2 1 1 1 1 =ke L
2 = X (3.20)
Z 1 1 1 1 «=kr L
2 1 1 1 1 «=Km

The ke ;kym and L are set unknown; the control law will compensate them.

3.3.1 Trajectory Generation and Control of Multiple-Flips

In this subsection, we design a module for the trajectory generation of aggressive manoeuvres.
In particular, we address the problem of multiple ips around an axis of the VTOL-UAV. The
issue of generating consecutive turns on an axis of the VANT-UAV is broken down as a di erent
generation of trajectory and robust trajectory tracking controller. The trajectory requires rapid
angular velocity stabilisation that evolves dramatically with acceleration and deceleration in a short
time. The robustness of the proposed ADRC is demonstrated by faithfully ensuring the following of
the desired reference against external disturbances and unpredictable dynamics during high-speed
manoeuvring. Both the trajectory generation module and the proposed controller are programmed
into the Pixhak autopilot. Therefore, all processing is carried out on board using the IMU inertial

measurement system built into the Pixhawk. This avoids the need to use motion capture systems
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like Optitrack or Vicon and the high instrumentation that entails.

Fig. 3.13: Desired trajectory to generate multiple spins 4(t).

The Pixhawk mini contains an MPU9250 ( 3-Axis gyroscope and the 3-Axis accelerometer); the
angular rate sensor can supply an angular velocity of up to: 35ad=sec We have proposed a
bounded angular momentum! 2« 70 per cent of the capacity of the IMU sensor. The proposed
method generates a margin of control for possible parametric uncertainties, sensor noise and external
disturbance. As shown in Fig. 3.13, the trajectory is divided into ve states: elevation, increase,
top, decrease and hover. We use the increment-type throttle to control the total thrust. The stick

is set at 90 per cent in the elevation state and 60 per cent in the other manoeuvres.

1. Elevation state. = The quadrotor accelerate up to gain enough height with respect to the

inertial frame to avoid hitting the ground while performing the entire maneuver.

2. Increase state. The quadrotor increases its angular velocity linearly until it reaches! max

in T, seconds.
3. Stop state: The angular velocity is set at zero.

4. Decrease state. The quadrotor begins to fall with an angular velocity ! nax, it decrease

linearly until it becomes zero in T4 seconds.

5. Hover state. The quadrotor remains static with an angular velocity equal to zero.
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The desired angular velocity ! 4(t) that makes the drone rotate on the axis and is de ned by the

following equation:

8
0 To t<T:
% tma (t To) T, t<T,

Pa(t) = 1 e T, t<Tj (3.21)
% e (t T+ lmax T3 t<Tg
"0 Ty, t<Ts

where Ti=T; 1 T.
The variable ; represents the area limited by the graph of the! 4(t), is represented by the de nite
integral (3.22).
Z
i = lgi(t) dt (3.22)
Ti+1

The sum of the total area of the desired angular velocity denotes the amount of rotation accumulated

in the maneuver. Mathematically the above can be written as

=2 (3.23)

Setting a priori n;! nax; 1, 5 using the equations (3.21) (3.22), (3.23), and > = 4 solve for
To; T3 and T4. Consequently the maneuver is completely de ned.

Considering the case of a double ip, the following parameters are obtained:! nax = 26rad=seg
To =0, Ty =0:5, T, = 0:7,T3 = 0:0983T4 = 1:183, Ts = 1:6.Considering the case of a double
ip, the following parameters are obtained: ! nax = 26rad=se¢ To =0, T1 = 0:5, T, = 0:7,T3 =

0:09837T4 =1:183,T5 = 1:6.
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Fig. 3.14: Attitude a conversion is made to Euler's angles for a straightforward interpretation.

Fig. 3.15: Angular velocity evolution.

Fig. 3.16: Altitude position evolution.
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Fig. 3.17: Linear velocity in the z-axis.

The Figs. 3.14, 3.15, 3.16 and 3.17 show the evolution of the UAV states attitude, angular velocity,
altitude and linear velocity respectively. The control algorithm follows the reference despite external
disturbances and uncertain parameters. There is no oscillation and the response is smooth and
bounded. A video of the operation of the orientation control implemented in the Pixhawk autopilot

is shown in, https://www.youtube.com/watch?v=95VFD91TFrw .



Chapter 4

Robust Position Tracking with

Suspended Load

It is not knowledge, but the act of learning, not possession but the act of getting there, which grants
the greatest enjoyment.

{ Carl Friedrich Gauss

This section addresses the problem of controlling the transport of a load from one point to an-
other via cable through a quadrotor, eliminating the oscillation generated by the suspended load.
Robust non-linear control is featured, which asymptotically stabilises the desired quadrotor posi-
tion while simultaneously limiting load swing and aligning it to the vertical position of the inertial
reference frame. The proposed control scheme considers the dynamics generated by the suspended
load to generate the control law. Unlike the approaches used in the scienti c literature, no feedback

is heeded on the dynamics of the suspended load; an extended state observer estimates these dy-
namics. The simulation results show that the proposed control can be helpful for the safe transport

of the payload.

a7
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4.1 Introduction

Recently UAVs have been used to transport cargo through some delivery and retrieval mechanism.
These applications require reducing load swings as they can be fragile, vulnerable, or dangerous.
Aerial manipulation is a complicated task and a challenge in the design of the control algorithm.
The controller can be divided into two categories: the rst focuses on eliminating load swing, and
the second is the generation of trajectories considering the system's dynamics. We focus on the
rst category, a robust control capable of stabilising the position of the load and, at the same time
minimising its oscillation.

The main points of our contribution are:

1. Robust control stabilises the UAV position while simultaneously limiting load swing and

aligning it to the vertical position of the inertial reference frame.

2. The controller proposed guarantees asymptotical convergence of the error variables in the

presence of uncertainties.
3. The control design takes into account the dynamics of the suspended load.
4. The system's dynamics are not linearised around its equilibrium point.
5. You don't need to give feedback on the dynamics of the suspended load attached to the UAV.
6. An ESO is added to the position control.

7. The control algorithm takes into account the limits of thrust, angle and maximum torque

allowed by the UAV using saturation functions.

8. The algorithm is relatively easy to implement in an embedded system.

4.2 ADRC Controller for a Quadrotor with Cable-Suspended

Load.

This section, we describe the e ect a suspended load has on the quadrotor. For their analysis, we

consider only the planar dynamics shown in Fig. 4.1, and the remaining dynamics are stabilised
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separately. The author believes that a complete model does not add a contribution. Next, propose
a control algorithm to minimise the e ect of the suspended load. Let us consider two orthogonal
coordinate frames; the inertial frame E' = [O;i; k] where vectors i and k point north and up,
respectively. The body frameEP = [O; x; z] is attached to the UAV's centre of mass. The angle

is the rotation of the inertial angle to the body frame. An additional frame is entered, denoted as
load frame E' = [O; x,; z]; it is rotated concerning the body frame by an angle . L represents the
cable of length connectingM to the suspend load. The UAV is actuated by two motors generating

forcesf12 R andf,2 R whereR =fR Og.

Fig. 4.1: Two-dimensional model of a UAV transporting a suspended load.

The system inputs areu; = f1+ fo, and up = (f1  f2)b, where b is the distance between the
motors and the centre of the UAV. The work inspires the modeling of the helicopter system with

the suspended load carried out in [92, 93].

(M + m)y=uicos mL(cos *2+sin +) (M + m)g

SR AR 00

Q (M + m)x=ugsin  mL(sin 2 cos *) (4.1)
J* = V1)
L ° mL? = mLsin z+ mLcos x mgLsin

(4.2)
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The objective of the control law is to design a controller capable of following a varying trajectory in
time pq(t) while ensuring that the global disturbance (t) is limited to a small region of attraction.

Mathematically, the above can be expressed as,
p(t) ! pg;(t) ! wvg(t);k ((t)k! ";according t!1l (4.3)

The purpose of the proposed position controller is to stabilizep(t) 2 R and v(t) 2 R? at the desired
referencepy(t) 2 S3, v4(t) 2 R® respectively, while the global disturbance ((t) 2 R® approaches
zero or a very small” value. (t) is a global disturbance, it will be de ned later. This work aims to
stabilise the quadrotor's desired position by minimising the suspended load's oscillation; that is, the
part of the load is stabilised to the vertical axis of the inertial frame while the quadrotor moves to
the desired position. In previous works cited, the di erent sensors allowed to estimate the position
and speed of the suspended load; in this work, an extended state observer assesses the dynamics of
the suspended load.
(5.19).

q(t)! qgq; a(t)! Ok (t)k! ";according t!1l : (4.4)

T
whereq= z x 2 R3, " is a number approximately equal to zero.

The control algorithm for the UAV position has been divided into the control for the vertical

dynamics and the control for the horizontal dynamics.

4.2.1 Altitude Control for Quadrotor with Cable-Suspended Load

Consider the vertical dynamics of the UAV, then dening () = mL cos *2+sin « (M +
m)g as a disturbance with uniformly absolutely bounded rst (t) and second *®,(t) derivatives.

Therefore can be overwritten as,
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Fig. 4.2: Scheme of the proposed control algorithm.

21 =12 (4.5)

1
Z>= —(ugcos + L(t
%) m( 1 z(1)
where m is de ned as the sum of both massesz; and z, are the vertical position and velocity
respectively. The following observer is proposed to estimate ,(t), where I, 11 y lp 2 R, the

parameters are chosen such that the polynomial is Hurwitz.

ESO, ' 29 = —(ulcos +23)+ l1(z1 21) (4.6)

8
% =22+ 12(zn 2)
2

=lo(zs 21)

The proposed controller generates a smooth response to the UAV's bounded permitted maximum

angle max -
Theorem 4.2.1 Consider the vertical dynamics described by (4.1) with the following control input:

mf sat(z1;22) 23
= sat X 4.7
ui cos max (4.7)

Therefore (4.10) stabilizes asymptotically to the desired positiorx(t) = Xq;x(t) =0 and k x(t)k ".
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4.2.2 Horizontal Control for Quadrotor with Cable-Suspended Load

The control algorithm for the horizontal UAV position is addressed. Considering the horizontal
dynamics of the UAV and de ning x(t) = mL sin <2 cos < as a disturbance with uniformly

absolutely bounded rst (t) and second®«(t) derivatives,

o (4.8)

xo= T (uisin + (1)

where x; and X, are the horizontal position and velocity respectively. The following observer is

proposed to estimate (t),

R = *(U1003 +X3)+ Ix1 (X1 R1) (4.9)

8
%2-1= X2+ Ix2 (X1 R1)
ESOy - %

" Xx3= Ixo(X1  R1)
wherelx.2, Ix.1 Y Ix.0 2 R+, the parameters are chosen such that the polynomial is Hurwitz.
Theorem 4.2.2 Consider the horizontal dynamics with the following control input:

. mf X1, X R
(t) = sat arcsin sat tl 2) 3. o (4.10)

Therefore (4.10) stabilizes asymptotically to the desired positiox(t) = Xq; x(t) =0 andk x(t)k ".

4.3 Simulation results

This section presents the results obtained in the simulation. Two scenarios have been established;
the rst scenario is the ability to stabilise the robot to the desired position (Xq; zg) while limiting
the oscillation of the load ( (t); ). It is compared with the results obtained in [92, 94]. In the
second scenario, the UVA tries compensating the load to the vertical axis, while the UAV hovers,

conditions away from the equilibrium position are proposed for the cargo. Results are compared
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using the extended state observer and without the extended state observer. The physical parameters

Table 4.1: Parameters

Symbol Description Value | Units
M Quadrotor mass 2 Kg
m Load mass 0.5 Kg
I Cable length 0.1 m
J Moment of inertia of the Quadrotor | 0.0043| kg m?
g Gravity 9.81 | m=¢

used for the simulation are found in Table 4.1.

Fig. 4.3: Closed-loop behaviour of the UAV with cable-suspended load horizontal dynamics

Z(t).

Fig. 4.4: Closed-loop behaviour of the UAV with cable-suspended load horizontal dynamics

X(t).

The rst scenario is the regulation of the desired position. The Figs. 4.3, 4.4 shows the evolution

of the position of the quadrotor. The control is capable of stabilising the aircraft. The Figs.
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Fig. 4.5: Closed-loop behaviour of the UAV with cable-suspended load horizontal dynamics

o(t):

Fig. 4.6: Closed-loop behaviour of the UAV with cable-suspended load horizontal dynamics

L(t):

4.5 and 4.6 show the evolution attitude and angle of the load; the proposed control is robust to
disturbance and dynamics not modelled. It presents a smooth response without over-elongation
with a favourable settling time and has no error in steady-state. The desired position has been set
to (Xgq;Zq) = (5 m; 10m).

The second scenario compares the control without the extended state observer. Figs 4.7 and 4.8,
show the evolution of the position of the quadrotor. The Figs. 4.9 and 4.10 show the evolution of
the state variables; the proposed robust control reduces the oscillation of the dynamics of the cable
load, simultaneously stabilise the UAV to the desired position (hover) with conditions far from the
equilibrium point for the suspended load. Compared to non-observer control that fails to stabilise
the load to equilibrium.

Comparing the results obtained with other works, the proposed control algorithm does not require

knowledge of the dynamics of the load coupled to the UAV. Comparing the results obtained in [92],
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Fig. 4.7: Closed-loop behaviour of the UAV with cable-suspended load horizontal dynamics

z(t).

Fig. 4.8: Closed-loop behaviour of the UAV with cable-suspended load horizontal dynamics

X(t).

Fig. 4.9: Closed-loop behaviour of the UAV with cable-suspended load horizontal dynamics

o(t):

for the rst scenario, we observe that the knowledge of the dynamics of the load coupled to the
UAV is avoided; it also shows a smooth response and simultaneously achieves the stabilisation of the

oscillation of the load and the position of the aircraft. A video of the operation of the orientation
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Fig. 4.10: Closed-loop behaviour of the UAV with cable-suspended load horizontal dynamics

L(1):

control implemented in the Pixhawk autopilot is shown in, https://www.youtube.com/watch?v=

EmOCTXBudrl

4.4 Conclusions

The proposed control algorithm shows the stabilization of the UAV to the desired position while
simultaneously aligning the position of the load to the balance point (vertical axis). This new
control approach does not need extra sensors to estimate the position and speed of the suspended
load. The simulations show a smooth response without over-elongation, with a favourable settling
time. There is no error in steady-state, and it is robust to disturbances and dynamics not modelled.
The proposed approach is compared with di erent control laws proposed in the literature showing

better stability without the need to feedback the dynamics of the suspended load.



Chapter 5

Robust Trajectory Tracking

ADRC-Based Control approach

I do not think there is any thrill that can go through the human heart like that felt by the inventor
as he sees some creation of the brain unfolding to success... such emotions make a man forget food,
sleep, friends, love, everything.

{ Nikola Tesla

5.1 Introduction

This chapter addresses the problem of proposing a novel robust nonlinear position trajectory track-
ing control for an unmanned aerial vehicle (UAV) with vertical takeo and landing (VTOL) capabil-
ities under multiple time-varying perturbations. The trajectory tracking position control algorithm

is decoupled into two systems: altitude (z) and horizontal position (x-y). For altitude control, a
robust control fusing the principles of active disturbance rejection control (ADRC) with the ground

e ect (IGE) model is designed. A non-linear extended state observer is created on the vertical

axis, taking attitude and altitude measurements. Then, the forces generated by low-altitude ight,

57
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ground e ect, and other external disturbances are estimated and used (as a feedback term) with a
nonlinear control law (feedback term) to reject them. Tests are performed under di erent manoeu-
vres that depend on the proximity of the ground, such as takeo, landing, inspection, and hover.
An improved control scheme based on the Active Disturbance Rejection Control (ADRC) strategy
is proposed regarding the horizontal dynamics. Multiple disturbances are considered parametric
uncertainties, ground e ects and crosswinds. A nonlinear extended-state observer (ESO) estimates
aerodynamic e ects by taking into account external, time-varying, state-dependent perturbations,
and bandwidth is assured based primarily on initial disturbances. Endless experimental tests are
performed in real-time. Di erent trajectories are made by comparing the proposed control with the
traditional ADRC methodology. The main contribution of this investigation is adding a function
on the dynamics of the error and the coe cient of the su ciency of control, which help the conver-
gence of the estimation error and its possible saturation. This new methodology stimulates future

interactions and cross-fertilisation of ideas between the various disciplines of automatic control.

1. An unsimpli ed model is established in the presence of endogenous and exogenous distur-

bances.

2. A novel robust altitude control scheme is designed to stabilise the altitude of the multirotor

subject to unmodeled dynamics, external disturbances and ground e ect.

3. A nonlinear extended state observer (ESO) is designed on the vertical axis to estimate the

ground e ect at low altitudes in hovering ights.

4. A novel robust trajectory tracking control scheme is designed to stabilise the position of the

multirotor subject to parametric uncertainties, ground e ect and wind gusts.

5. A non-linear extended state observer is designed for the multirotor position, taking measure-

ments of the Euler angles (pitch and roll) and the altitude.
6. The algorithm is physically implemented and is shown to be lightweight and e cient.
7. A formal closed-loop control-observer stability test is performed in the ISS sense.

8. An integral square error performance index compares the classic ADRC and the proposed

control.
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9. Experimental tests on a physical UAV platform validate the proposal.

5.2 Robust Altitude Trajectory Tracking Control

This section describes the structure and design of the proposed control algorithm for the multirotor.
Most of the time, the controller is based on a cascade structure; the outer loop controller ( dynamics
of position) and the inner loop controller (attitude dynamic). The outer loop control calculates the
desired angles 4(t) and the desired thrust f 4(t) according to the desired trajectory position pq(t)
of the UAV. The inner loop control computes the desired moments 4(t) according to the desired
angles 4. Furthermore, the outer controller can be broken into two subsystems: altitude and
horizontal position control.

The main objective of the present work is to design a precise altitude robust control for a multirotor
subject to external disturbances, ground e ect dynamics, and parametric uncertainties. The purpose
of the altitude controller is to stabilize the aircraft to the desired reference positionzg, su ciently
near to the ground or rigid surfaces, with the desired velocityv,4(t) = 0. Mathematically we can

express the above according to:
zZ(t) ! pg(t); v2 ! wvy(t)=0; ast!l (5.1

Assumption 5.2.1  The disturbance function ; is uniformly absolutely bounded, i.e.k (t)k;

5.2.1 ADRC-bhased Altitude Controller

The present investigation aims to combine the ideology of ADRC design with the in-ground-e ect
model. For that, a nonlinear extended state observer is designed on the vertical axis by taking mea-
surements of the Euler angles (pitch and roll) and the altitude. Then, the forces generated by the
ight at low altitudes, the ground e ect, and other external disturbances are estimated simultane-
ously experiencing ground e ect and blade damage the IGE model is used as a multiplicative factor
in the control gain to compensate for the insu cient disturbance compensation ability of ADRC.

Even so, it is di cult for the above mentioned techniques to be robust enough to eliminate multiple
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endogenous and exogenous disturbances simply by feedback control. An extended-state nonlinear
observer (ESO) is designed on the vertical axis by taking measurements of the Euler angles, the de-
signed thrust, and the nonlinear dynamics of the multirotor to estimate endogenous and exogenous
disturbances such as ground e ects. Let us de ne the following variable, (; )= <~ which

is assumed to be known. Then, the dynamics along the-axis given by (C.8) can be re written as

follows

8
2 Z=Vz

2= (5.2)
' (5 )T+ ()

Vz

In order to estimate the endogenous and exogenous disturbances lumped in the term, we introduce

the following extended state observer (ESO):

8
%zzf\\/z+|2(z ?)

ESO:EQZZ( )T+ S+ 1i(z 2 (5.3)
" %=lo(z 2

wherelq; |, and I3 are the observer's gains which are chosen such that the characteristic polynomial

21 n

of the observer's error dynamics matches those of the desired polynomialy( ) = ( 2+ +

'2)( + ™). Then, one has

I = Tpo+2 1 n);
200! n+ 12
lo = 5 '2po ;

with 2 + suciently smalland ! ,; ;po2 +.

Proposition 5.2.2  The estimation error e= z 2 satis es the following perturbed linear di eren-
tial equation

e® + e+ lie+ lpe= (1) (5.4)

if the observer's gains are chosen as previously mentioned, the trajectories of the estimation error
globally converge toward a small as desired sphere of radiusentered at the origin of the estimation

error phase spacef e;e;eg where they remain ultimately bounded.
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Fig. 5.1: The block diagram of the Altitude ADRC controller.
The proof follows the one presented in [49, 95].

Remark 5.2.3 Note that the observer(5.3) could estimate the term of gravityg together with the

perturbation , using only one lumped perturbation term”;.

De nition 5.1 Given a positive constantM , a continuous and non-decreasing function ; : R'!

R is de ned as:

D =sif jsj<M ;
M (5.5)
(2) v =M sign(s) ;
Now, we are ready to announce the control law.
Proposition 5.2.4  Consider (5.2) with the following bounded control input
Tabrc = YooY T+ wmp(ave+ m(Bovr + awd(z za) (5.6)

where ym, and y, are saturation functions such thatM, > 2M1, a;;az 2+ are tuning parameters.
", is the estimation of the unknown disturbance ,. Then, the trajectories of the system converge
toward a small sphere centered at the origin of the phase spate; v,g where they remain ultimately

bounded.

The closed-loop system becomes:

2=V,
- (5.7)

N
Vo= mu(@vz+ wmy(@vz+ aax(z  zg)+ () ;2
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Let us de ne the following linear transformation
71 = aax(z  zg)+ axvz; Z2= apvz; with; agjap 2+
then, the close-loop system (5.7) becomes

Z1= a2y A my(z2+ wm.(z1)+ a2~
(5.8)

= a1 my(z2t+ m ()t a1~

with == (1) . In order to analyse the closed-loop stability, we begin by considering the
evolution of the state z,. Consider the Lyapunov function V, = %z% The derivative of V, is given
by

o= azy my(z2+ wm,(z1)+ a1z2™ (5.9)

Assuming that jzpj > 2M, it follows that jzo + u,(z1)j > M 1+ ", with " su ciently small. Then,
z2+ wm,(z1) has the same sign thanz,. From Proposition 5.2.2, ~remains bounded with bounded
denoted d, then

Vo a1jza) m,(Ma+ ")+ a1jzjd (5.10)

assuming thatd < min(M»; (M 1+ ")), one can assure the decrease &b, i.e., \, < 0. Consequently,
Z; enters o, = fzy :jz) 2Mig in nite time t; and remains in it thereafter. Therefore, (5.8)
becomes

2= a my(z)+ a”
(5.11)

= ai(z2+ wm(z1)+ a1~

now consider the evolution ofz;. For that, let V; = %zf be a Lyapunov function. The derivative of
V1 is given hy

Vg = azy m,(z1) + axz1”
(5.12)

a2jz1j (M1) + azjzajd
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Fig. 5.2: Block Diagram of the Robust Altitude Controllers.

assuming thatd <M 1, then \4 < 0. Consequently,z, enters 1 = fz; :jzij M1gin nite time t»

and remains in it thereafter. Consequently, (5.8) becomes

Z;= azit+ apy”
(5.13)
= a1z azzt a;”

Note that (5.13) represent a stable perturbed linear system. Then, the trajectories of the system
converge toward a small sphere of radius centered at the origin of the phase spacéz;; z,g and,

due to the linear transformation, of the phase spacd z; v,g where they remain ultimately bounded.

5.2.2 ADRC-IGE-based Altitude Controller

The proposed ADRC control algorithm does not consider the ground e ect; however, if a known
ground e ect model is established, it can be used to generate a compensator for the already estab-

lished ADRC control.

T= ~Y::z) %+ wavz+ w,(av:+ ajan(z  zg) (5.14)

where T ; ;z ) = % is an altitude-dependent trust coe cient generated mainly by the
1 r

4zyp

ground e ect and the lateral movement of the aircraft. Fig (5.2) shows the block diagram of the
proposed control strategy. This diagram shows the interaction between the extended state observer

ESO, the bounded control and the ground e ect compensator.
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Fig. 5.3: The block diagram of the Altitude in-ground e ect IGE controller.

5.2.3 Simulations

In this section, we will perform numerical simulations considering the ground e ect, forces induced
by wind gusts, and uncertainties. The ESO has some advantages over other observers, high con-
vergence and a wide frequency band to estimate di erent types of disturbances. Two scenarios are
addressed, rejection of external disturbances such as the force exerted by constant gusts of wind
in hovering ights and low-altitude ights. The proposed control algorithms, namely, ADCR and
IGE-ADRC, will be analyzed and compared with a conventional PD controller and a PD controller
using IGE. The conventional proportional-derivative control de ned by (5.15), and the controller

based on an IGEC ground e ect compensator is de ned by (5.16).

Too = - ,1)<a2vz+ az 7)) (5.15)
1 (r=4z,)?
Tice = ) (agvz + ai(z  zq)) (5.16)

The IGEC controller can keep the aircraft at low altitudes by mitigating ground e ects. However,
it cannot deal with external additive disturbances. The block diagram of the altitude proportional-
derivative and ground-e ect controller is depicted in Fig. 5.3.

The physical parameters used in the simulation correspond to the Mambo multirotor designed by
the French company Parrot and whose values are depicted in Table 5.1.

In this rst scenario, we focus on estimating and rejecting the force induced by wind gusts in hovering
ight and the ground e ect disturbance. A ground e ect model [75] is added to the dynamic model
of the multirotor with a coe cient = 3:4 experimentally determined. The frequency range of the

wind gusts is approximately 0.005-0.14 Hz according to [53],[96]. In this scenario, the disturbance
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Table 5.1: Physical parameters of the mambo multicopter.

Parameter Description Units

m Mass 0.63%g
I Distance 0.185m
r Propeller radius 0.04m

v Flight speed 30km=h

generated by the wind gusts only a ects the z-axis in the time range of 10 to 40 seconds, and is

described by the (5.17).

T() = Asin2f ut (5.17)

where A = 0:4 and f\, = 0:1 Hz, which is inside the frequency range of the wind.a;;a, 2 + are
tuning parameters whose used values ara; = 3 and a, = 5. In order to compare the proposed
control scheme, the squared integral of the error ISE has been introduced, which is calculated using
the following

Zy

ISE(t)=  €dt (5.18)
0

Fig. 5.4: Fist scenario: Altitude response.
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Fig. 5.5: Fist scenario: error response.

Fig. 5.6: Fist scenario: Integral square error response.

As analyzed in Figs. 5.4, 5.5 and 5.6 the proportional-derivative control stabilises the system at the
desired referencezy = 0:3. However, duringt < 2 second the PD controller cannot attenuate the
ground e ect causing oscillation which could cause instability. It was also susceptible to external
disturbances such as moderate wind gusts, as seen in the time (515) seconds. The IGE controller
is capable of ultimately attenuating and eliminating ground e ects. However, it is not robust against
additive disturbances such as wind gusts added to the system. It is worth mentioning that using the
compensator in the control algorithm is very simple; however, obtaining the coe cient through
experimentation can be tedious. In turn, the ADRC control shows good behavior since one assumes

not knowing the ground e ect's forces when the UAV is close to a surface. Furthermore, it has a
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smooth, fast, and error-free response in a steady state. Additive disturbances such as gusts of wind
are wholly attenuated. However, the ground e ect is not entirely attenuated, mainly because the
ground e ect can be seen as a multiplicative disturbance. The proposed ADRC-IGE-based altitude
control tries to improve the previous control schemes. This control algorithm compensates for the
ground e ect and eliminates gusts of wind, obtaining a fast, smooth, and error-free response in
a steady state. Unlike the conventional ADRC that saturates due to the disturbance generated
by ground e ect in some maneuvers, takeo, and landing, the IGEC-ADRC can eliminate these

disturbances.

Fig. 5.7: Second scenario: Altitude response.

Fig. 5.8: Second scenario: error response.
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Fig. 5.9: Second scenario: Integral square error response.

In a second scenario, the ground e ect at low altitudes is addressed. Since the multirotor is more
susceptible to ground e ects in maneuvers, such as automatic takeo and landing, the behavior
of the control algorithms is analyzed. Since ground e ect can be signi cant up to 6r above the
ground, we have considered four di erent altitudes (Q6; 0:4;0:2; 0) m. In this second scenario, the
PD control cannot attenuate the ground e ect in the takeo and landing maneuvers, as shown in
Fig. 5.7. The multirotor cannot land due to the extra thrust generated by the ground e ect. The
IGE control behaves better at low-altitude ights, as shown in Figs. 5.7, 5.8 and 5.9. The ground
e ect is completely attenuated, and the multirotor can accurately land. The only problem lies in
external disturbances a ecting this control's performance. The ADRC control and the IGE-ADRC
have similar behavior; both allow estimating and eliminating additive disturbances. However, the
conventional ADRC is a ected by the ground e ect in the landing and takeo maneuvers. This

e ect is because the ESO tries to compensate for these multiplicative disturbances; however, as
there is no knowledge of this model, the estimate of the ESO grows until it saturates the actuators.
For this reason, it is necessary to integrate the ground e ect compensator to solve the problem. In
addition, this ground e ect model can be added to the ESO dynamics to obtain a more accurate

response.
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Fig. 5.10: General diagram of the experimental platform.

5.2.4 Experimental Results

The experimental results were generated through a test bench using a camera-based motion capture
system, a communication network for transmitting information through ROS, and various special-
ized software. The unmanned aerial vehicle used in conjunction with the test bench is the Parrot
Mambo. The choice of the vehicle focuses on its small dimensions and its performance for handling
indoors. Table 5.1 shows some of the characteristics of the Mambo system. In conjunction with the
cameras, the facility allows ights to be carried out in a safe and controlled environment.

The OptiTrack system is used for its accuracy at the millimeter level to estimate any rigid body
with six degrees of freedom. Data transmission through a local network is used. The multirotor's
estimation of position, linear velocity, and attitude (quaternion) is sent to a ground station via
the VRPN ROS network. The processing of the positions, the Euler angles, and the velocities
estimation are carried out using MATLAB/Simulink with a sample rate of 100 Hz. The control
algorithm is evaluated at this ground station and then sent to a single-board computer, Raspberry
Pi, via ROS. Finally, the Raspberry Pi sends the control data to the drone using the same ROS
network and UDP packets. Fig. C.11 shows the general diagram of the experimental platform.

A test has been carried out to validate the control algorithm, divided into three regions: takeo,
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Fig. 5.11: Ground e ect and wind-like disturbance in ight at low altitudes.
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low-altitude ights, and landing. Since the ground e ect is more signi cant in maneuvers such as
takeo and landing, both schemes were addressed in conjunction with low-altitude ights. In this
test region, an external disturbance has been added with a fan at low speed. The takeo maneuver
is performed in O to 40 seconds at a maximum of 1.4 m. Sequentially, it passes to the region of
low-altitude ights where through reference points, where there is a low impact of the ground e ect

in 1.2 m during the time of 40 to 100 seconds. A medium impact of ground e ect in 0.5 m during
the time from 100 to 200 seconds and a high ground e ect impact for 200 to 300 seconds, nally the
landing maneuver is performed for 300 to 320 seconds. The performance of the proposed control

scheme has been compared with the PD, IGE, and ADCR-based controllers.

Fig. 5.12: Experimental results: Altitude response.

Fig. 5.13: Experimental results: error response.
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