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Abstract v

MODELING AND CONTROL OF AERIAL VEHICLES USING TELEOPERATION WITH INPUT DELAY
Abstract

Unmanned Aerial Vehicles (UAVs) are receiving increasing interest from industry and
academia due to their wide application in search and rescue, infrastructure inspection,
surveillance, among others. This thesis focuses on research in the area of teleoperation
systems for quadrotor vehicles. Throughout this thesis, a teleoperation system for a
quadrotor vehicle was developed. In this system, the user interface is based on a virtual
telepresence approach. Control algorithms were developed and implemented within
the master and slave systems.

The first part of this thesis consists of developing mathematical models of the dynamics
of a quadrotor aircraft. Most works currently found in the literature for quadrotors
are based on classical approaches such as Euler angles. These representations can lead
to problems such as discontinuities, singularities, gimbal-locks, and highly non-linear
equations. An alternative to these classical representations are unit quaternions. These
have the advantages of the lack of singularities and gimbal lock effects.

The second part of this work was dedicated to the development of a quadrotor teleoper-
ation system. This system consists of a virtual user interface in a local environment and
a quadrotor in a remote environment. A User Datagram Protocol (UDP) communication
was used to communicate both environments. The user manipulates a virtual drone in
the local environment and a real drone follows the position and orientation references in
a remote environment. The user receives virtual feedback on the states of the real vehicle
in the virtual environment. Results of the implementation of the proposed teleoperation
system in real time are presented.

The last part of this thesis addresses the delay problem in the teleoperation system.
Delays due to system latency and the distance between environments were modeled as
a delayed control input. Then, a predictor-based controller was developed in order to
maintain the stability of a drone’s flight. This approach was applied to the classical Euler-
Lagrange model and to the quaternion-based model in order to analyze performance.
Simulations of both models with delayed inputs are presented.

Keywords: modeling, control, virtual telepresence, simulation, time delay systems,
input delay

Laboratoire Heudiasyc UMR CNRS/UTC 7253
Site de I'Innovation — CS 60319 - 57 avenue de Landshut — 60200 Compiegne
Cedex — France



vi Abstract

MODELING AND CONTROL OF AERIAL VEHICLES USING TELEOPERATION WITH INPUT DELAY
Résumé

UAVs suscite un intérét croissant de la part de I'industrie et des universités en raison de
leur large application dans la recherche et le sauvetage, I'inspection des infrastructures,
la surveillance, entre autres. Cette thése se concentre sur la recherche dans le domaine
des systemes de téléopération pour véhicules quadrirotor. Tout au long de cette these,
un systeme de téléopération pour un véhicule quadrirotor a été développé. Dans ce
systeme, l'interface utilisateur est basée sur une approche de téléprésence virtuelle. Des
algorithmes de controle ont été développés et mis en ceuvre dans les systémes maitre et
esclave.

La premiere partie de cette thése consiste a développer des modeles mathématiques
de la dynamique d’un avion quadrotor. La plupart des travaux actuellement trouvés
dans la littérature pour les quadrotors sont basés sur des approches classiques telles que
les angles d’Euler. Ces représentations peuvent conduire a des problemes tels que des
discontinuités, des singularités, des verrous a cardan et des équations hautement non
linéaires. Une alternative a ces représentations classiques sont les quaternions unitaires.
Ceux-ci présentent les avantages du manque de singularités et d’effets de verrouillage
de la nacelle.

La deuxieme partie de ce travail a été consacrée au développement d’un systeme de
téléopération a quatre rotors. Ce systeme se compose d"une interface utilisateur virtuelle
dans un environnement local et d’un quadrotor dans un environnement distant. Une
communication UDP a été utilisée pour communiquer les deux environnements. L'uti-
lisateur manipule un drone virtuel dans I’environnement local et un vrai drone suit
les références de position et d’orientation dans un environnement distant. L'utilisateur
regoit un retour virtuel sur les états du véhicule réel dans I’environnement virtuel. Les
résultats de la mise en ceuvre du systeme de téléopération proposé en temps réel sont
présentés.

La derniere partie de cette theése aborde le probleme des retards dans le systeme de
téléopération. Les retards dus a la latence du systeme et a la distance entre les envi-
ronnements ont été modélisés comme une entrée de commande retardée. Ensuite, un
controleur basé sur des prédicteurs a été développé afin de maintenir la stabilité du vol
d’un drone. Cette approche a été appliquée au modele classique d’Euler-Lagrange et au
modéle basé sur les quaternions afin d’analyser les performances. Des simulations des
deux modeles avec des entrées retardées sont présentées.

Mots clés : modélisation, controle, téléprésence virtuelle, simulation, systemes de tem-
porisation, entrée retarde
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Outline of the thesis

This thesis contains five chapters organized as follows.

Chapter 1 describes teleoperation systems in general and the main derived
problems. Also, the research problem is limited to the development of a remote
operation interface of a quadrotor and the time delay in the system. The state of
the art of these two problems related to UAVs is presented.

Chapter 2 introduces the classical models of quadrotors: Euler-Lagrange and
Newton-Euler where the rotational dynamics are modeled using the Euler angles.
A model based on unit quaternions is also described that eliminates the gimbal
lock problem. A status feedback controller for this model is developed.

Chapter 3 describes the development of a remote operating interface of a quadro-
tor based on a virtual environment. The virtual and real aerial vehicle controllers
are described. Also a mapping of coordinates of position and orientation of the
virtual environment is presented. Experimental results in real-time are shown.

Chapter 4 describes the challenges of systems with delay compared to systems
without delay. A controller based on the fundamental theorem of calculus is
developed. This controller is applied to the Euler-Lagrange model. It is then
applied to the quaternion-based model in order to observe its performance.
Simulations of these applications are shown.

Chapter 5 presents some conclusions derived from the development of this
thesis. Some problems that could be addressed in the future are also suggested.

XV
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Introduction

The topic of teleoperation on aerial vehicles has been important for many re-
searchers in the last years. Teleoperation systems consist of an air vehicle in
a remote environment, a human operator at a local site or workstation, and a
communication channel to transmit commands and signals. The idea is for the
air vehicle to follow the movements dictated by the human operator through a
master device.

Nowadays, it is relatively easy and cheap to acquire a quadrotor aircraft.
The versatility of these aircrafts has fueled the interest of researchers for the
development of novel teleoperation interfaces. The design of those interfaces
are dedicated to facilitating drone piloting in different applications: exploration
missions, Search and Rescue (SaR), handling of hazardous materials, etc., ensur-
ing the success of the task and without putting the human operator at risk. Also,
technological developments such as gestures tracking, haptic and virtual devices
have allowed an improvement of the teleoperation systems for aerial robots in
the sense of telepresence.

Unmanned Aerial Vehicle (UAV) teleoperation system has the main objec-
tive of reducing or eliminating the negative effects of dangerous environments,
keeping human life safe. It is also important to reduce the cognitive load of the
human pilot and ensure the success of the task. However, several questions arise
around a teleoperation system. First, the design of an operator interface that is
easy to use and intuitive. Second, ensure the stability of the air robot. Third, to
solve the problem of time delay inherent in the teleoperation system. Therefore,
a challenge of a teleoperation system is to design an easy-to-use interface for any

user and to maintain the stability of the robotic system against delays.



2 CHAPTER 1. Introduction

1.1 Problem statement

In some UAV applications, such as SAR or exploring missions in unknown
and dangerous environments where human lives depend on the success of the
mission, it is necessary to keep the human pilot in the control-loop [1-3]. For
this reason, the development of teleoperation systems for aerial vehicles is an
area of research in development. These systems have two main requirements
that guarantee a successful operation: stability and transparency [4-6]. The
stability of the system must be independent of human behavior and is linked to
the type of robot. Transparency is related to the design of the interface so that
the operator has the feeling of being in the remote environment. Therefore, the
teleoperation problem could be divided into three main axis.

The first axis concerns the development of the mathematical models that de-
scribe aerial vehicles dynamics. In previous years, multiple methodologies have
been proposed and studied by many researchers. These approaches combine
mechanical and physical theories such as Newton’s equations of motion and the
laws of energy conservation. These equations can use different mathematical de-
scriptions of rotations and translations sequences such as Euler angles, rotation
matrices, quaternions, among others.

Since the dynamics of aerial vehicles are generally unstable, complex, nonlin-
ear, and underactuated, the design of control and navigation algorithms becomes
difficult. Many works have proposed approaches that simply mathematical mod-
els to avoid the dynamic nature of the vehicle. However, this put limitations on
the real capacities of UAVs. Non-conventional approaches such as using quater-
nions to describe the vehicle dynamics can provide mathematical simplicity
without sacrificing accurateness and generality, this becomes meaningful in the
second part of the problem.

The second axis is to provide a teleoperation interface of a quadrotor vehicle
for an inexperienced user. This system must ensure the user’s task regardless
of the dynamics of the vehicle and the movements of the pilot. Also a level
of telepresence should be ensured without the user having the vehicle in their
Line-of-Sight (LoS). Different works have developed interfaces using on force
feedback, haptic, visual, among others, based on natural user interfaces to raise
the level of telepresence. However, few works study the latency of the system
due to the use of feedback devices.

The third axis refers to the delay due to the latency of the system. The
communication medium contributes to the complexity of the system due to its
dynamic nature that could distort, delay or lose samples of the signal exchanged
between the operator and the teleoperation system. It may quickly result in

significant damage or destruction of the UAV.



1.1. Problem statement 3

1.1.1 Objectives

This thesis is devoted to the development of a teleoperation system of aerial
vehicles, more specifically quadrotors, with the goal of helping users to control
a quadrotor. To achieve this goal and to the deal with the challenges involved,
three objectives are raised.

The first one is to develop control algorithms to ensure stability of the vehicle.
Maintaining the stability of the aircraft against the behaviors of an operator
without flight experience is an important characteristic when integrating the
vehicle into a teleoperation system.

The second objective is to propose a novel solution in the design of operator
interface. This must provide feedback to the pilot about the information of the
system states during the flight, to make decisions, or change the mission. An
important feature is that when the user is piloting the vehicle it is not in his LoS.

Finally, the third objective is to design a controller that mitigates the effects
of time delay. This ensures stability of drone flight irrespective of the delay in

data transmission.

1.1.2 Methodology

The vehicle’s stability is ensured using a quaternion-based approach. Unlike
conventional approaches, this describes vehicle rotation using unit quaternions;
that is, a single entity describes the vehicle’s attitude information. This approach
provides a simple calculation of the controller, but one of its most essential
features is avoiding discontinuities and gimbal lock problems. This controller
can help to give robustness to the drone flight.

The controller of the aerial robot has as references the position and orienta-
tion of the virtual vehicle. Considering that an inexperienced user will use this
interface, an interface is built by introducing a virtual telepresence approach.
The control input device used is a standard joystick. The virtual environment is
built with the remote environment’s measurements and characteristics. Visual
feedback from the remote vehicle is displayed in the virtual environment using
a virtual object.

The delay problem due to the system’s latency and the communication chan-
nel is modeled as a delayed control input where the delay is known. A predictor-
based approach is applied using states and past inputs. This approach is applied

to two models of a quadrotor for the analysis of its performance.



4 CHAPTER 1. Introduction

1.2 State of the art

In this subsection, the description of a teleoperation system will be introduced.
Two characteristics that will be studied in this subsection are the interface design
and the time delay. The background of these and some related works will be

presented.

1.2.1 Teleoperation

Teleoperation could be defined as a “remote operation” or manipulation of a
system in order to accomplish some task. “Remote” means that the controlled
system is separated from the operator by a distance [4, 5]. This implies that
there is no direct or visual contact from the operator with the controlled system.
Then, a teleoperated system is composed by two main components: a local site
(master/operator) and a remote site (slave) connected through a communication

channel, see Figure 1.1.

Communication
Human ’ Master channel Slave l Environment
operator ——{ TODbOt robot [——

Figure 1.1 — Teleoperation framework.

Teleoperation extends the human capability to manipulate objects remotely
by providing the operator with similar conditions as those at the remote location
[6]. One of the first remote control systems was developed by Nikolas Tesla
in 1898 in New York City, this system consisted of controlling a robotic boat
using radio waves [7]. However, the first master-slave telerobotic system was
developed by Ray Goertz in 1948 at the Argonne National Laboratory, where
the first nuclear reactor was developed [8]. The system designed by Goertz
consisted of an operator using mechanical pantographs at a local site and nuclear
radioactive material placed in a “hot cell” at a remote site. These sites were
separated by a protective window and/or mirrors so that the operator maintained
visual contact with the radioctive material, see Figure 1.2.

The mechanical manipulators were replaced by electromechanical servos
and in 1954 Goertz’s team developed the first electromechanical manipulator
with feedback servo control. After the decline of the nuclear industries, where
teleoperation was essential to manipulate radioactive materials [9, 10], the

advantages of teleoperation techniques began to extended to new areas.
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Figure 1.2 — Master-slave manipulator developed in 1948 by Ray Goertz.

The benefits of teleoperation were extended to deep-sea exploration in the
1960s because it represents a hostile environment for human operators. Then,
deep-sea operations began with teleoperated submarines, frequently equipped
with telemanipulators to perform underwater work tasks. These submarines are
commonly called Remote Operated Vehicles (ROV’s) although this expression
can also be used for ground or flying vehicles. The development and imple-
mentation of teleoperation systems to operate unmanned underwater vehicles
[11-16] at great distances in deep-sea led to the first teleoperation in outer-space.
Particularly, space explorations require many resources to physically transfer hu-
man operators, therefore teleoperating space robots [17-24] is the most efficient
solution. Teleoperation has also helped reduce medical invasions in surgeries,
commonly called telesurgery [25, 26].

Teleoperation has recently become important in the military and security
fields. Commonly tasks in these fields such as: recognition, information gather-
ing, land-mine detection, route clearing, etc., represent a high risk for human
operators. In order to avoid the loss of human lives teleoperated vehicles have
been developed. Many kinds of land and air vehicles have been built for differ-
ent types of environments. Military Unmmanned Ground Vehicles (UGV’s), as
SARGE model, are developed and equipped with vehicle localization (Global Po-
sitioning System (GPS), inertial navigation) and supervisory control to improve
the performance. Frequently these vehicles are equipped with last generation
teleoperation devices (such as stereo-vision or telepresence) to provide the best
response in fast and dangerous missions.

UAVs have also a wide application field in military operations for example
RQ1 predator in Figure 1.3, and X47B of US, Sharp Sword and Dark Sword of
China.
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Figure 1.3 — The RQ-1 Predator unmanned aircraft.

Figure 1.4 — RQ-1 Predator ground control station.

In most cases, the UAVs are remotely piloted by radio control or by satellite
links. However, one of the advantages of this kind of aircraft is its ability to fly
autonomously with the help of GPS and inertial navigation.

In general, the main objective of the application of teleoperated systems is to
help eliminate or reduce the negative effects in hazardous environments such as:
hostile environments, with adverse effects on human operators or inaccessible to
them.
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Despite the different telerobotics applications, the scientific community
is currently investigating how to design teleoperation systems to make the
execution of tasks more flexible and comfortable for the human operators with
the best cost-effective.

Some issues about the design of teleoperation systems [1, 27, 28] are related

to:

* Robot: a machine that receives the control signals using communication
hardware. This robot will be integrated with actuators and sensors, de-

pending on its applications and operating environments.

¢ Communication channel: a communication link is used to transmit sen-
sors and control signals. Many communication channels can be used in
teleoperation; some are wireless, radio waves, network lines, and the Inter-
net. These can be chosen according to the environment and the application.

However, the criteria to select them are bandwidth and latency.

* Operator interface: The human operator, at the local site, controls the
robot from a workstation. The interface is usually multi-modal, consist-
ing of at least a display visualizing (Graphical User Interface (GUI)) for
the video from the robot’s on-board camera(s) and other sensor or status
information. Depending on the level of telepresence, currently other de-
vices are helping the user to see or perceive information from the remote
environment, for example: haptic joysticks, cyber-gloves, head-mounted
displays, etc. Besides, the interface will require input devices to allow the
operator to enter commands (via keyboard), or execute manual control of
the robot (via joystick) These devices provide information from the remote

site and sensor to encode the human control actions.

* Time-delay problems: In any electromechanical system the time delay is
present. In most cases, it is imperceptible, but in others, it can make the
system unstable. When an electromechanical system is part of a teleop-
eration, the time-delay problem increases due to bandwidth and latency
by the communication channel or delays of the devices in the workstation.
Therefore, a problem in the design of a teleoperation system can be the

time-delay on the system.

From a control-theoretic point of view the main goal of teleoperation can be

presented in two aspects [4-6]:
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 Stability: maintain stability of the closed-loop system irrespectively of
the behavior of the human operator or the environmental perturbations.
Stability in teleoperation is not only related to the robot but also to the
inherent delays of the system due to the delay in data transmission and the

response of the human operator.

* Transparency: the human operator should feel as if she/he was present at
the remote site. This means that the dynamic of the master and slave are

canceled out or the equality of velocities and forces.

Satisfying these requirements, in a teleoperation system, extends human capa-
bilities (manipulating objects or performing delicate tasks) by projecting their
expertise to distant locations that are life-threatening.

Teleoperation is divided into two branches.

* Unilateral teleoperation. The human operator is independent of the
whole system, and the operator impedance can not affect the system perfor-
mance. This means that, the operator transmits the master motion and/or

force to the slave site without feedback information from slave to master.

* Bilateral teleoperation. Includes the motion and/or force information

transmissions from the slave site to the master site.

Unilateral teleoperation is easier and reliable to implement than the bilateral
one. The idea in unilateral teleoperation is to make the slave track the human
movements.

The main factors to consider in the design of a teleoperated system have
been previously presented. They depend on the environment and the type of
robot that will be used. One of the objectives of this research is the design of a
teleoperation system for a UAV. Therefore, work related to teleoperation systems
of drones and challenges are described below.

1.2.2 Teleoperation of unmanned aerial vehicles

The first developments of UAVs were for missions during the First World War.
These vehicles were mainly conducted in military projects aiming to perform
missions without risking human lives [2, 3]. The availability of fast, small
computers, light-weight constructions and materials in the past ten years has lead
to an enormous increase in the interest in developing UAVs for the commercial
market. Currently, they are used with a wide variety of applications: border
monitoring [29], plant assents inspection [30], forest fire monitoring [31], sensing
of agricultural products [32], and SaR [33-35].
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Drone teleoperation, commonly employed interfaces, can represent a non-
intuitive and sophisticated control device for beginner users.

Several solutions have been proposed to reduce de cognitive effort and high
concentration of the drone users [36]. Mainly teleoperation, based on haptic
joysticks, has been employed to increase operational performance. These haptic
devices are used to provide the human pilot with a sense of surrounding obstacles
to avoid them [37-44]. For example, in [41] an artificial force field is proposed
and evaluated. This field is configurable and assigns the constraints of the
environment to haptic repulsive forces thereby avoiding collisions. In [38] the
authors proposed a control strategy for changing the reference velocity on-line in
a neighborhood of obstacles in order to avoid them. In [39], a UAV teleoperation
scheme based on haptic feedback force was presented. This force-feedback gives
the user the sensation of touching a rigid surface as if it were positioned above
the reference position of the vehicle. In [37], a framework of haptic teleoperation
algorithms for aerial vehicles was proposed. This framework was based on
energy and concepts of network theory and port-Hamiltonian systems. Under
this scheme, the user was provided with a force-feedback that corresponds to the
speed of the aerial robot given by a local vision loop or a gust of wind. Haptic
interfaces are also used to help operators control swarms of quadrotors, in [43] a
method based on the notions of virtual structure and potential fields of multiple
layers was applied allowing to avoid collisions within the swarm and with fixed
obstacles, see Figure 1.5.

In most cases, the interfaces using a haptic joystick are also provided with
one or more displays showing the flight of the drone from a camera located in
the environment, or with images from the on-board camera. Thus, the user has

tactile and visual feedback.

Figure 1.5 — Haptic joystick used in the mini-UAV swarm.
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Recent technological advances have led to the development of interfaces
with a UCD applied to Natural User Interfaces (NUIs). Different works have
attempted to use innate human characteristics, such as voice, gestures, and
vision, to interact with robots, particularly with aerial robots [45]. Some of the
technologies that have allowed to leave the traditional devices (mouse, keyboard,
remote controllers) are the devices of gesture recognition, eye tracking [46], voice
recognition [47, 48], among others. Some devices used for the identification of
gestures are the Microsoft Kinect and the Leap Motion Sensor, when the gestures
are identified they are related to discrete control commands that are sent to the
drone to teleoperate it, see Figure 1.6. For speech recognition a microphone
is frequently used, in [45] an interface detects voice commands using Robot
Operating System (ROS) software with the Pocketsphinx library and maps them
to discrete control inputs, see Figure 1.7. Although these interfaces may be more
intuitive, in most cases, these types of controls require the aircraft to be in the
pilot’s LoS to recognize user gestures or for the user to observe the drone’s flight
to perform a task. A restriction of the interactions that map the inputs of the
control devices (such as gestures, voice, visual markers, etc.) to a set of control
inputs of a quadrotor aircraft (take-off, land, rotate, go right, etc.) could be the

lack of precise control of the tracking of its trajectory.

Parrot

FR.Drone

Leap Motion Sensor

Ground Station

Figure 1.6 — A user controls a drone using hand gestures which are identified by
a Leap Motion device [45].
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Figure 1.7 — A human operator gives voice commands which are recorded by a
microphone and mapped to control commands to a quadrotor [45].

Recent advances in the field of Virtual Reality (VR) have helped to generate
sophisticated telepresence systems to pilot drones. These interfaces use VR
devices to increase the transparency of the system. Generally, these systems
involve visual feedback of First Person View (FPV); this means that, the human
pilot observes the images of the on-board camera within its Field of View (FOV)
range. Then, the user can have the feeling of being inside the UAV. The devices
used are Head-Mounted Display (HMD) such as Oculus Rift and HTC Vive.
These interfaces are commonly based on the positions of the pilot (hands, body,
and head) [49-51], see Figure 1.8. A disadvantage of this kind of interface is
that they can degrade situational awareness of the environment for lack of a
third-person perspective. It means that the user could have difficulty to identify
obstacles and other objects around the limited FOV of the on-board camera.
Despite the possibility that the user can explore their environment to avoid
obstacles, depending on the way of interaction, this could affect the mission. In
long-term tasks, these position-based interfaces can cause operator fatigue from
the use of their body and loss of awareness of real-world [52-54].

In order to reduce the impact of FPV issues in a VR environment, some inter-
faces have used AR and Mixed Reality (MR). AR technology involves overlays
computer graphics onto real-world environments in real-time [53, 55, 56].

The three main characteristics of these interfaces are [57]:
1. In a combined scene, the user can see real and virtual objects.

2. The user can perceive how virtual objects are directly embedded in the

real-world.

3. The virtual objects can be interacted with it in real-time.
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Figure 1.8 — Body position based immersion interfaces using VR.

Due to these characteristics, interfaces based on AR have been considered in
various works for drone teleoperation [58-61]. For example, the authors in [53]
present three interface designs to remotely operate a quadrotor using AR. The
first design consists of increasing the real environment by displaying real-world
objects within the FOV of the vehicle’s camera, the second is to augment the
robot by adding a panel for live video transmission on the quadrotor, the third
design shows a fixed video streaming window to the user’s periphery. With the
AR, the user remains aware of the real world and can have added visual feedback
in real-time to successfully perform their task as camera transmission, battery
level, object recognition, etc., see Figure 1.9.

MR is the merging of real and virtual worlds to produce new environments
and visualizations, where physical and digital objects coexist and interact in
real time. MR can also be used for drone piloting, for example, in [62] the
authors presented an interface based in a mixed reality environment and natural
language to command a UAV, see Figure 1.10. One of the advantages of interfaces
based on AR and MR is that it allows us to implement NUIs such as gaze and
gestures, similar to our interaction with computers or touch screens. However,
the problem in both methodologies is that the vehicle must remain in the user’s
LoS.

Despite the recent scientific interest in developing teleoperation interfaces for
aerial robots using immersion devices, a study of the usability of these systems

in real-world cases is still lacking.
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(a) Pick-and-place steering (b} Gaze-to-see steering (c) Overview-and-detail

Figure 1.9 — Interaction techniques using an AR interface [58].
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Figure 1.10 — A user gives references to objects and positions using a push-to-talk
language in a MR environment [62].

Some alternatives to the issue of keeping the drone in the LoS of the human
pilot have been developed in virtual environments. Recent research considers
virtual interfaces with a third-person view for teleoperation of air vehicles. For
example, in [63] a ground control station for drone based in an immersive
virtual environment was developed, hence the user is informed of the position
and status of the VR, see Figure 1.11. This figure shows as a user uses a joystick

to pilot an aircraft with different views of this within a virtual environment.
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Figure 1.11 — Interface based on virtual environment [63].

Virtual environments are used in different applications to teleoperate cranes,
submarines or mobile vehicles, robotic arms, among others. For example, in [64]
the authors developed a system that integrates two frameworks: ROS software
to control a mobile robot and Unity 3D software to visualize and interact with a
virtual environment, which communicates using a yaml-based communication
protocol. The user drives the robot through a virtual reality-based teleoperation
interface on Unity 3D. In [65], a teleoperation architecture of a hydraulic crane
is presented, it is composed of two subsystems: a sensor-equipped crane in a
remote environment and a Crane VE software (virtual environment) developed
in C ++, using the OpeneScene-Graph library, which are connected through an
IP network, see Figure 1.12. In [66], a scheme of remote operation of a farm
vehicle was presented. This system operates as follows: in a remote site in
Japan a mobile vehicle is composed of actuators and sensors and in a local site
located in the United States a user drives the vehicle from a three-dimensional
stereoscopic reality system, both sites are communicated through the Internet
in real-time. Virtual environments are also used to mitigate the delay of some
systems depending on the precision of the virtual model of the robot. For
example, in [67], a dynamic and geometric model of the remote environment
was proposed in order to correct the errors between the geometric structure of a

virtual model of a robotic arm and a real one.
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Figure 1.12 — Interface based on virtual environment of a hydraulic crane [65].

The advantages of using virtual environments in some teleoperation systems
is evident when the work environment is known. That is, it is not necessary
to take video from the camera on board the robot to be able to teleoperate it.
This is accomplished by creating a virtual model of the work environment and
decreases the possible delay due to image processing when video is taken from
the remote environment. Also, the flexibility of virtual environments helps
synthesize information for the operator (in the form of views, charts, or other
virtual objects). Thus, the user can make decisions quickly.

Several complications arise when studying teleoperated systems since the
communication medium (wired or wireless) contributes substantially to the
complexity of the overall system and introduces distortion, delays, and losses
that impact stability and performance. These issues have motivated control-
theoretic research in teleoperation over the past decades [6].

Many works devoted to developing teleoperation systems do not include
strategies to mitigate the time delay. However, it is an essential issue in aerial
vehicles because it could affect the vehicle’s flight performance or, in the worst
case, fall or crash due to instability. It is needed to mention that aerial vehicles
have fast dynamics, unlike other robots, such as robotic arms or mobile robots.
This characteristic makes them highly sensitive to time delay. Accordingly, it
may be fundamental to address the time delay problem in these vehicles. Some
theoretical control strategies that have been studied to address the delay problem

will be briefly described below.
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1.2.3 Time delay systems

Time-delay systems are often described by Functional Differential Equations
(FDEs). These systems are also known as systems with aftereffects or dead-time,
hereditary systems, or equations with deviating argument, or systems with time
lag. In the 18th century, the first FDEs were studied by Bernoulli, Poisson,
Laplace, Lagrange, among others, to solve several geometric problems [68].

At the beginning of the 20th century, a large number of practical problems
were modeled by FDEs: viscoelasticity problem, predator-prey model in popula-
tion dynamics, mathematical biology problems, and ship stabilization problem.
Nowadays, it is known that the delay phenomenon is within the internal dynam-
ics of many processes. An example is the internal combustion engine problem.
The Mean Torque Production Model describes an internal combustion engine
and is used for designing of controllers. In this model, the crankshaft rotation

can be modeled from Newton’s second law as following [69-71],
Ti(t = hi) = Ty (£) = Troaa(t) = Te(t), (1.1)

where T; represents the indicated torque generated by the engine which is
delayed by h; seconds due to engine cycle delays such as fuel-air mixing, ignition
delay, cylinder pressure force propagation, etc., and then added to the friction
torque Ty and load torque Tj,44. The inertia matrix of crankshaft denoted by I
and w define the engine speed.

There exist different fields where the processes are modeled with delays such
as chemical, economic, biological, physical, physiological processes, as well as
in engineering sciences. Commonly sensors, actuators, and field networks that
are involved in feedback loops introduce also delays. For this reason, they are
strongly involved in challenging areas of information technologies and commu-
nication: high-speed communication networks [72-78], parallel computation
[79-82], stability of networked controlled systems [83-86], computing times in
robotics [87-89], teleoperated systems [90-96]. From the control point of view,
many control strategies have been applied to teleoperation systems to mitigate
the inherent time delay problem. Some control schemes will be described below,

including predictive approaches.
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The two-port network is a method that was discovered in the late 1980s. The
interest in this method is due to its ability to study a mechanical system from
the point of view of an electrical system where passivity results have already
been established. The importance of the passivity of a system is that it requires
minimal knowledge about human and environmental dynamics. The passivity
of these systems guarantees the passivity of the entire teleoperation system,
since one property is that the interconnection of passive systems is passive. For
example, consider the two-port network illustrated in Figure 1.13 where ¢; and
f; represents the efforts and flows which correspond to voltages and currents in

electric circuits or forces and velocities in mechanical systems, respectively.

f f2
’l Two-port >

network

€1 €

Figure 1.13 — Two-port scheme.

Depending on the signals available to the controller, different matrix repre-
sentations can describe the behavior of this network, for example, the impedance
matrix Z(s) or hybrid H(s). If the flows are considered to be the inputs on
both sides of the two-port network, then an impedance representation of the

master-slave system can be used to relate speeds to forces by

o ] (1.2)
where Z(s) is the impedance matrix

Z(s) :[ z11(s)  z12(s) ] (1.3)

231(s)  z22(s)
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However, if the force variable is available in the slave robot, then a hybrid

representation can be obtained by

Fm _ X
i, = P(s) E. (1.4)
where P(s) is the hybrid matrix
P(s) :[ p11(s) p12(s) ] (1.5)
p21(s) p2al(s)

The elements of this matrix can be interpreted as: p;;(s) = Z;;, p12(s) =Force
scaling, p,;(s) =Velocity scaling and p,,(s) = Z;,};. This representation as a hybrid
matrix is very useful when the time-delays are present in the communication
channel.

Passivity-based control is a common nonlinear control architecture in the
design of a teleoperation system. This has its origin in network theory and
refers to the exchange of energy between interconnected systems. A passive
system absorbs more energy than it produces. The passivity property followed
by the absolute stability condition will be presented as follow: suppose a one-
port network with input flow v(t) and output effort f(t), the total input to the
network can be written as f(t)v(t). Therefore, given zero energy storage at t =0,

a network is passive if and only if it satisfies the following inequality [4]:

J;Oof(s)v(s)ds > 0. (1.6)

In general, for the teleoperation system, the human operator and the environ-
ment are said to be passive, meaning that the maps from velocity to force satisfy

that there exist positive constants a,,, a; > 0 such that

—fp,{1<s)fh(s)ds+am >0, (1.7)
0

and

—J;tpsT(s)fe(s)ds+as >0, (1.8)

where p,, and p; denote the joint velocity of the master and slave robot, respec-
tively; and the force applied by human and environment are represented by f;,
and f,, respectively.
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Many control strategies have been presented based on the passivity concept.
For example, scattering theory [96, 97] is applied to pasify the system with con-
stant time delays. The scattering approach is considered a theoretical approach
to the delay problem. This consists of transforming a teleoperation problem into
a transmission line problem. Then, the transformation allows to obtain a feasible
solution to the delay problem.

The scattering approach the system can be seen as an n-port network with an
effort-flow pair on each port. The relationship between the forces and velocities
at all n ports can be represented by an impedance relationship in the frequency
domain as F(s) = Z(s)V (s), where Z(s) is an nxn impedance matrix and V/(s) is the
velocity vector. However, a disadvantage of this technique is that the impedance
relationship is not unique. Considering the case of a two-port network where

stress is force and flow is speed, the scattering operator can be defined as:

Definition 1
The scattering operator S is defined in terms of an incident wave O;(t) = f(t) +v(t)
and a reflected wave O,(t) = f(t)—v(t) as

O,(t) = S(O;(1)) (1.9)

For LTI systems, in a two-port network, the scattering matrix in the domain can
be represented in terms of the hybrid matrix as follows
P(s)=I)(P(s)+1)! 0
55y | PO=DPE) D) 1
0 —(P(s) =I)(P(s) + 1)
To guarantee passivity, the incident wave must have a lower energy content than
the scattered wave. Therefore, the following passivity result can be established

with respect to the scatter operator S.

Theorem 1
An n-port system is passive if and only if ||S||,, < 1, where ||S||., is the infinity

norm of the corresponding scattering matrix [96].

Applying this result, assuming incoming and outgoing delay times are equal
and constant, the transmission line model in the n-dimensional case that makes
the channel passive is given by

F.(t) = Zo(x,(t)—%s(t —h))+ Fs(t —h) (1.11)
Zy (Fpu(t —h) = Fy(t)) + %, (t = h) (1.12)

Xs

where h represents the time delay on the communication line and Z;, described

the impedance matrix.
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A variant of the scattering technique is the wave variables formulation [92,
97-99] also used to impose passivity on the delayed bilateral teleoperation
system.

The difference with the scattering method is that instead of transmitting the
power variables F and X,, as reference signals, the wave variables u; and u,, are

transmitted (see Figure 1.14), which can be expressed as

. \/(Fsu)—zzxs(t))z 113)
- \/(Pmu)—zzxm(tw (1.14)

where b represents the characteristic impedance of the transmission line.
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Figure 1.14 — Wave variables

If the channel is composed of constant time delays h, then the wave formula-
tion results with the same control law given for the scattering approach, and the

passivity analysis can be performed in time domain as

Bty fh CAUTURTHUTRD PR, 115

and therefore, the channel is passive.

Several control strategies in the wave domain have been possible thanks to
the intrinsic passivity of the wave formulation. Otherwise, in the domain of the
power variables, passivity would be lost.

Position drifting problem derived from the scattering method [100] can be
overcome using damping intervention method. For example, in [101, 102] a
large damping was injected into the master and slave systems in order to achieve
asymptotic stability, also the human operator and the environment were modeled

by a damping-like scheme plus a finite-energy perturbation.
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An approach widely applied to teleoperation systems is the sliding mode
control. Some advantages of this controller are its robustness against non-
linearities and parametric uncertainties. However, in the case of teleoperation
systems, it can help deal with the time delay. This scheme introduces a sliding
surface s(t) which is a function of the error between the positions and the

velocities of the master and the slave:

s=¢é+ Ae, (1.16)

where A >0, e = x; — kyx,,,, with x,,,, X, are the generalized position coordinates of
the robots, and k, denotes the position scaling factor. Then, a controller based
on the sliding mode scheme is designed to reach the desired sliding surface in
finite time.

Many studies have been reported in the sliding mode control [103-107].
For example, in [108], the sliding control theory was applied to the 1-degrees
of freedom (DoF) telemanipulation systems. These results were extended to
teleoperation with time-varying delays in [109-111].

Model Predictive Control (MPC) is another technique applied in teleoper-
ation systems. In general, the model of the plant is used to predict the future
evolution of the system. In this prediction architecture, prediction can com-
pensate for delays in communication channels. Forward and feedback channel
delays can also be canceled by generating predictions with a longer horizon.
For example, in [112] a pre-compensated slave robot is considered and an MPC
controller on the master robot provides references in order for the remote system
to track. However, the authors in [113] consider the case of the bilateral problem
where a force feedback is applied and the controllers in the slave and master
robots are designed as the solution to an optimization problem. In [114], the
dynamics of the environment is mapped and simulated at the master robot using

two-neural networks.
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Most of the methods for compensating delay assume a perfect knowledge
of the impedances of the master and slave robots, the environment and the
operator in order to compensate them. A solution to eliminate this hypothesis
is the adaptive controllers which mitigate the effects of the uncertainties of the
parameters in master-slave model and user-environment model or both. In [115],
an adaptive admittance control approach based on an intuitive relationship
between the force data and human velocity was proposed. In this case, the
damping parameter in the robot’s admittance controller is decreased or increased
during accelerating or decelerating motion of the operator. In [116], an internal
disturbance rejection controller was proposed to improve the robustness of robot
model uncertaines under the assumption of measurement of acceleration or
boundedness of the inverse of the estimated inertia. In [117-119], the passive-
based adaptive controllers are proposed for robustness to master and slave
model uncertainties and time delay. In [119, 120], virtual internal model-based
adaptive controllers are proposed for transparency and robustness to the delay.

The advancement of networks and technologies led to, in the mid-90’s, tele-
operation over the Internet. Network robot technology has provided different
remote services with applications in many areas: distance learning, telemedicine,
entertainment, services, security applications, among others. However, Internet-
based teleoperation brings different challenges. On the one hand, the bandwidth
of communication channels, the communicating information across a packet-
switched network results in random, time-varying delays. On the other hand,
due to the limitations of the communication capability, it also leads to the loss of
data packets from the slave to the master robot or vice-versa. Furthermore, the
need to deal with discrete-time stability arises. As a result the performance of
the teleoperation system deteriorates drastically and possibly becomes unstable.

In teleoperation over the Internet, the slave and master robots must transport
their information through the software layers to the physical layer in discrete
time. During the transport the data packets can suffer variable aleatory delays
in the incoming delay time h;,(t) and outgoing delay h,,;(t) which distort the
transmitted signals. Two types of communication that reside in the transport
layer in the ISO 7-layer reference model are Transmission Control Protocol
(TCP) and UDP. On one hand, TCP provides reliable two-way communication
and guarantees data delivery at the cost of retransmissions and long timeouts
that are detrimental in real-time applications such as teleoperation. On the
other hand, UDP does not require reception acknowledgments eliminating
unnecessary waiting time, which makes it appealing for real-time applications

such as teleoperation.
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The packet loss inherent in this type of teleoperation is solved by applying
reconstruction algorithms which address the problem from a passivity point of
view. This means that the lost samples are reconstructed preserving the passivity
of the system. Some policies used in packet loss are to use: packet replacement,
previous packets or passive interpolation.

A problem in the transport of information is the transformation of the signals
in continuous-time to the signals to discrete-time, as this could generate an excess
of energy in the interconnection of ports. Under suitable conditions between the
continuous and discrete-time ports, it is possible to obtain an equality of effort

in each time step as
e.(t)=eq(k), VtelkT,(k+1)T]. (1.17)

Then, it is possible to set the following result: If we define for the discrete

interconnection port of

_ x((k+1)T)~x(kT)
fatk) = ),

(1.18)

where x(-) represents the integral of the continuous flow, namely a position mea-
surement, we obtain an equivalence between the continuous time and discrete

time energy flow in the sense that each #;

nT
Eq(n) = %WQWT=L T (5).(s)ds = E.(nT) (1.19)

which guarantees lossless connection between the two systems independent of
the sampling period.

Other analysis strategies have been proposed for teleoperation such as: H,
design, shared compliant control, virtual internal model, among others. These
solutions to tackle the time-delay problem from the control engineering perspec-
tive. The application of these approaches depends on how the delay is modeled

and where it is located within the system.
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The delay can be present in a system in three ways: in the system’s states,
in the inputs of the system, or both. In particular, systems where the delay is
present on the inputs, can be considered challenging due to requiring infinite
feedback for long delays. Moreover, many systems can be subject to input
delays to represent actual physical transport delay in hydraulically actuated
systems, chemical process systems, slow biological response, or problems where
computational delay can be expressed as equivalent to input delay [121-134].
For example, communication latency in teleoperated robots can lead to poor
performance and potential instability. It is a barrier to achieve high fidelity of the
real robot movements [135]. The problems about performance and stability of
these systems have been addressed by applying predictors-based feedback such
as: Finite Spectrum Assignment (FSA) [128], the reduction approach [122], and
continuous pole placement [136]. One of the classic predictor structures is the
Smith predictor that originated the predictive control [137]. These techniques
require a plant model for output prediction and has been widely studied and
modified for control purposes [138-144].

Different works have addressed the problem of Linear Time-Invariant (LTI)
plants with various kinds of input delay. Recently, input delay has been mod-
eled by hyperbolic Partial Differential Equations (PDE), with this approach a
backstepping design procedure has been developed to provided a stability proof
based on Lyapunov-Krasovskii Functionals (LKFs) for predictor-based control of
LTI systems with constant delays [145]. These results were extended to the case
of LTI systems with unknown input delay [146]. Other recent predictor-based
structure consists in implemented a so-called truncated predictor feedback us-
ing a static finite-dimensional time-varying state feedback control law, for LTI
systems with known time-varying input delay [147].

A challenging opportunity to validate the performance of predictor-based
methods is to use them in UAV dynamics. These vehicles are appropriate to
validate because they require fast, accurate, and robust positioning performance.
For example, when an aerial vehicle flies indoors, it requires the states of position
and linear velocity, which are calculated using data from the sensors. These states
are often delayed due to data transmission. The time delay can be increased
when the vehicle is part of a teleoperation system due to the delay in the local
master system. One approach to mitigate the time delay problem is to develop
predictor-based controllers. Clearly, a predictor-based control should be robust
to UAV model parameter and implementable in a way that does not make the

teleoperation system more complex.
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Neverthless, only few works on predictor-based controllers have been applied
to UAVs. In [148], a discrete-time framework was adopted for LTI systems, the
proposed technique is robust for small bounded uncertainties in the system
parameters, delay, and sampling instants. Experimental results on a quadrotor
for yaw control are provided. The authors in [149] proposed a Taylor series-
based approach and experimental results on position control in a quadrotor
with delayed linear velocity and position measurements are provided. Recently,
a delayed attitude and height controller using prediction for simplified UAV
dynamics was developed locally without controlling the lateral position of the
vehicle [150]. A delayed force input to the outer-loop for a UAV visual servoing
problem was considered in [151]. However, the problem is simplified assuming
that the yaw angle is known for image coordinate reprojection. In [152], the
authors represent the set of time delay as a disturbance that satisfies a Lipschitz
condition. Inner-outer loop control mitigates the effect by bounded tracking
error. In [153], the robustness of a nested saturation control for quadrotors with
respect to small time delay was analyzed. These predictor-based schemes are
commonly applied to drone models based on Euler angles without exploring the

robustness that other models can give.
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Quadrotor modeling

The first step towards designing a control strategy that ensures the stability of a
quadrotor in the presence of delays is to establish a mathematical model of the
system. Unlike other robotic systems, quadrotors are challenging to control due
to their fast dynamics and nature underactuated (6 DoF with only 4 actuators),
consequently we will adopt a robust model of the system is related. In this
chapter, different modeling methodologies are analyzed.

This chapter is organized as follows: Section 2.1 introduces the elemental
forces that affect the flight of a quadrotor robot. In Section 2.2 the Euler-Lagrange
formalism is presented. An approach based on the Newton-Lagrange equations
is studied in Section 2.3. In Section 2.4 a quaternion-based approach is described.

Finally, some conclusions about the models are presented in Section 2.6.
2.1 Generalities

Throughout this thesis, the notation will be simplified whenever no confusion
can arise from the context. Vectors in R3 will be denoted with an arrow. Quater-
nions will be denoted by bold letters, except the generalized vector x. We will
denote by 7 and B the inertial and body frames, respectively.

Quadrotors consist of four coplanar motors that are subject to the main force
(thrust) and three moments (torques). These forces are provided by rotation of
the propellers. Consequently given a rotor i with angular velocity w;, the force
and moment on a propeller are yielded by

fi = CrpAr*w}, (2.1)
T, = CTipArza)iz, (2.2)
where f; denotes the total thrust generated by rotor i = 1,2, 3,4, 7; represents
the rotor torque, r describes the rotor radius, p symbolizes the air density and

A = 7tr? defines the front propeller disk area. Cr and C; are thrust and rotor

torque coefficients.

27
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Figure 2.1 — Propeller forces and torques acting on a quadrotor.

It is often assumed that the propeller is not subject to high pressures, the
area of the propeller is small and it does not have a high velocity. Therefore,
aerodynamic parameters in equations (2.1) and (2.2) are considered constants
fi= kg, w? and 7; kTia)i2 where ky, and k;, represent aerodynamics coefficients of
the propeller.

Given the symmetric configuration of the quadrotor the total torque on the

drone is computed as

Ty Z?:l TM;
T=| 19 |=| Wfi+fo—fs—fa) (2.3)
T I(fh-fatfs-fa)

and the thrust force is given by

0
Fy, = 0 (2.4)
;‘4:1 kT“’i2

where 7y, 7, and 7y, represent the total torque components on the body frame,

and ﬁth denotes the total thrust force in the vertical axis of the quadrotor.
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2.2 Euler-Lagrange model

A quadcopter is considered as a solid body evolving in three dimensions and
subject to a main force and three moments. Let us also consider a fixed coordinate
system at a point on the ground called 7 and a mobile reference system to
attached the vehicle B, where the center of mass and the origin of B coincide.

The generalized coordinates of an air vehicle can be written as

x=(&,MT (2.5)

where 5 =(x,v, z)T € R3 denotes the position of the center of mass of the vehicle
relative to the reference frame Z and i7 = (1,0, ¢)T € S® define the Euler’s angles
(yaw, pitch and roll, respectively) which represent the orientation of the vehicle.

The Lagrangian equation £ is defined as
L(x,%) = Tyrans + Tror — U, (2.6)

- 1> —
where Ty, 4,5 = & describes the translational kinetic energy, T,,; = EQT JO

=&T
denotes the rotational kinetic energy, U = mgz describes its potential energy,
Q= (wy, a)y,a)z)T symbolizes the angular velocity, | defines the inertia matrix,
m represent its mass, g is the acceleration due to gravity and z is the altitude.
The angular velocity vector Q in the body frame B is related to the generalized
velocities 17 (in the region where the Euler angles are valid) by means of the

standard kinematic relationship

Q:W,Tﬁ), (2.7)
where
—sin @ 0 1
Wr=| cosOsing cos¢p 0 |, (2.8)

cosOcos¢p —singp 0

note that W,7 is invertible if 6 # @ where k € Z*.

Applying the transformation (2.7) on the rotational kinetic energy, we obtain

| XN
Trot = EWTJW (2.9)

with J = J(if) = W] W;; and Je 0 0
J=] 0 T, 0| (2.10)

0 0 Jz

where J;; denotes the moment of inertia with respect to the i = x, 9,z axes.
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Note that the matrix J(i) acts as the inertia matrix for the full rotational
kinetic energy of the vehicle expressed in terms of ij. Then the mathematical
equations that represent the dynamics of the aerial vehicle are obtained using

the following equation:

doL_oc [, (2.11)
dtox odx | 7 | ’

where lf?h denotes the translational external forces acting on the vehicle due to
the control inputs, and T represents the external torques. We ignore the small
body forces because they are generally of a much smaller magnitude that the
principal control.

Considering from Figure 2.2 that the thrust force acts only in the z-axis, it
can be written as If)th = it,u, where i, = (0,0,1)T represents the thrust directed
out of the top of the vehicle and u = ”ﬁth”- If this vector force is represented in
the inertial frame using a rotation matrix R derived from the Euler angles as
ﬁzth = Rﬁth, where

CyCo ~54Co Se
R= R(ll), 0, ¢) = SIPC(P + CIPSQS(I) C‘/’C(P — SIPSQS(P _CQS(P ’ (2.12)

where Sg and Cg stand for sin(B) and cos(B) with g € {, 0, ¢} respectively.

NN

=1

Figure 2.2 — Quadcopter scheme in an inertial frame.
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Since the Lagrangian equation (2.6) does not contain crossed terms of &and
ﬁ’is kinetic energy then the Euler-Lagrange equation (2.11) can be divided into

translation motion )
m(E-g) =F}, (2.13)

where g = (0,0,—¢)T denotes the acceleration vector due to gravity, and the
rotational motion L3
St ST\ 5 o
JU+J”_§8_17’(’7 J)q—r. (2.14)
Therefore, equations (2.13) and (2.14) can be rewriting as

m& = F%q—mgﬁ’z (2.15)
I = 7-CGT,iif (2.16)

where C(7], 17) =J- %%(1? J ) represent to the Coriolis term and contains the gy-
roscopic and centrifugal terms. Computing equations (2.15)-(2.16) is an arduous
task and, in several works, the full inertia matrix J is considered diagonal and
the Coriolis matrix is, in general, neglected.

The inertia and Coriolis matrix can be obtained from (2.11) for the 7 dynamic.

Therefore, the attitude dynamics yields

Then 8_0 = Wz and ﬁT]a—Q = (a,ay,a3)"T with
ox 1 ox
a1 = Tl $So— S+ 1, (6Co Sy Cy + WCZS2) + La($CIC2 ~BCy S AN8)
a; = ]yy(écé +1CSyCyp) —J2(1WC Sy Cyp — 955)), (2.19)
a3 = Jul$p—9Se), (2.20)

where Sg and Cg stand for sin(B) and cos(f) with g € {, 0, ¢} respectively.
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-

: o200 :
Differentiating QT]T with respect to time, we get
b’

1 = —JuulPSo+POCo — PS5 — 29059 Co) + I, (6Co Sy Cyy
—92395¢c¢—éécgsqﬁ+9¢CQC§)+¢C§S;—2¢OSQCQS;
+2HC;84Cp) +Jo=(PC5CH = 20059 Co Cl = 2phC5S4.Cy
~0CySyCyp +6259SsCy + OHCyCy),

dy = Jpy(6CH—209SyCy+CoSyCp—P0SpSsCh + hHCoCy
~$pCoS35) —J(PCoSpCy — 0S50S Cop — hPCo S

o
+hpCoC; - 0S5 —20$S54Cy),
az = ]xx((l)_lzbs@_lpec@)-

Analogously, we have

28 0 —1Cy 0
8_172 0 —II)SQS(P —95¢+¢C9C¢ » (221)

0 —1pSgCy —1PCySy—OCy

-

then ﬁﬁ% = (hy, hy, h3)T where
i

hy =0

hy = —Jex($PCo—1h>S9Co) =,y (¥0SeSyCy + >S9 CoS3)
~J=()*S9CoCl — 19059 Sy Cy),

hs = Jyy(=07S4Cy—h0CoSS +POCHCy + > C554Cy)
+)22(=?C3S Cy + POCyS g — POCHCE +6°54Cyp).

Notice that

T¢ dl — I’ll
T= To = d2 — h2 . (222)
T(p d3 - h3

Thus, grouping terms and using (2.15), it follows that

TexS6 +1yyCSg +J22C6C5  CoCpSgyy —Tzz) ~JaxSo
J(i) = CoCopSplyy —Jz2) JoyCo +1228§ 0 (2.23)
—JxxSeo 0 Jxx
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and
' €11 €12 €13
CUL, M =] ca1 ¢ ¢ | (2.24)
€31 C32 (33
where

it = Jx0S9Co +Jyy(-859CoSg + dC554Cy)
~J:2(050CoCf + $C354 Cyp),

12 = JuxhSeCo —Jyy(6S9SCo + dCoCl + 5954S5)
+122($CaSg — pCoCy —1hSeCoCl + 0SSy Cy),

Ci3 = _]xxéce"']yyzi[)cg‘S(PCd’_]sz’l}césecel
Cy1 = _]XXIPSQC@ +]yyl[}56C95(%) +]ZZI1[}SGC9C§)’
Cyy = —]yy(PS¢C¢ +]zz(ﬁs¢cq5'

€23 = ]&ﬂPCQ+]mﬂ—95¢c¢+*PC9Cé—4PC95£)
+]22(PCo Sy = PCyCl + 654, Cyp),

31 = —JyhCSpCop+ 1apC3S6Co

€32 = fhx¢ce+JWX95¢C¢+4PC95$-*PC9C$)
—]Zz<¢cgs;—¢cecj,+és¢c¢),

c3z3 = 0.

Note that equations (2.15) and (2.16) represent the mathematical model of
an aerial vehicle having four rotors. These equations are also valid for other
aerial configurations as long as the external forces and torques are rewritten.
Observe that in this approach no aerodynamic effects are taken into account. In

the following subsection these effects will be included.

2.3 Newton-Euler approach

The general mathematical model describing the dynamics of an UAV evolving
in a three-dimensional space is obtained by representing the aircraft as a solid
body, which is subject to non-conservative forces FreR3 expressed in a inertial
frame Z, and torques 7T € R? applied to its center of mass and specified with

respect to the body frame B, and by using the Newton-Euler approach

mé = Fy, (2.25)
R = RQ, (2.26)
O = —OxjQ+7 (2.27)

A —>
where () describes the anti-symmetric matrix of () and ] represents the constant

inertia matrix around the center of mass.
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In this approach, external perturbations (e.g. wind) and uncertainties in the
model (e.g. blade flapping) are considered. This model contains aerodynamic
effects and could be used for research purposes.

Consider the aerial vehicle in the presence of lateral wind. Then from Figure
2.2 it can be concluded that

Fr=RE,+% (2.28)

where §=(0,0,-¢g)T denotes the gravity acceleration vector. The main vector
force produced by the rotors is considered as ﬁth =(0,0,u)T.

Considering the total forces and torques from (2.3) and (2.4), and introducing
them into (2.25) and (2.27), it follows that the translational dynamics of the

aerial vehicle is represented by

mx = -usin@, (2.29)
my = ucosOsing, (2.30)
mZ = ucosOcos¢p—mg (2.31)

and its rotational dynamics is given by

¥ Ty |
6 |=1"| v |-C@m| e || (2.32)
¢ 2 ¢

where C(i], 17) is referred to as the Coriolis terms and contains the gyroscopic and

centrifugal terms associated with the 17 dependence of J.

2.4 Quaternion-based model

An existing model in the literature is based upon the use of the quaternion
representation to describe the attitude of the vehicle. In this subsection the
model will be developed. First, some operations and properties of the quaternion

space will be enunciated. Later, the model will be developed.
2.4.1 Quaternion algebra
Let H the quaternion space defined by
H={q=qo+q11+42] +43klq0,91,92,95 € R,1* = > = k* = ijk = -1} c C*. (2.33)

There are different ways of expressing the elements of space H. One of them is

differentiating the real part g, from the vector part §=(q1,42,93)" .
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Therefore, a quaternion can be written as

q= [‘73]. (2.34)
q
The addition and product operations are defined as follows.

Addition: Let q,r € H|, such that q = [QO] yr= [
g T

rﬂ] then the sum is defined

term-to-term

q+r= [qfr :0} (2.35)
g+7
Product: Let q,r € H, such that q = [qgl yr= rg] then product is
g r
qer= 9070 —fi : 4 (2.36)
roq+qor +qxr
Theorem 2 (Quaternion exponential)
The exponential of a quaternion q = qq + ¢ is given by
exp(q) = exp(qo) (cos(lcﬂ) + %sin(lcﬂ)) (2.37)
Theorem 3 (Quaternion logarithm)
The logarithm of a quaternion q = g + g is given by
In(q) =1In(|q|) + ﬁ arccos ( 90 ) (2.38)
Theorem 4 (Quaternion power)
Quaternion power can be defined as
q° = exp(In(q)®p) (2.39)
Note that if the exponent is a scalar value p, then the power is
q” = exp(pIn(q)) (2.40)

Some important properties are listed below.

* The inverse element of the product operation is called conjugate quaternion

and is defined as: given a quaternion q = g + 7 its conjugate quaternion is

qQ =q0-q.
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* The norm of a quaternion is defined as

||q||=x/q®q*=\/q§+qf+q§+q§~ (2.41)

* Every quaternion except the zero quaternion with real and vector part 0

has an inverse quaternion defined as

*

-1_ 9
q ——”q”2. (2.42)

* If g € H and ||q|| = 1 then q is called unit quaternion. Therefore, a unit
quaternion fulfills that q~! = q*. To model the attitude of the drone we will

use the unit quaternions.

Recall that the polar form of a unit complex number can be written as
exp(i@) = cos@ +ising (2.43)

where ¢ € [0,27) denote the angle. A quaternion has a similar representation,
consider the rotation of the vector ¥ = (y,, yy,yz)T and denote its magnitude
y =1|7]] in radians, the unit vector is @ = 7/y then its axis-angle representation

ca be expressed as
V=va, (2.44)

that means that any vector can be decomposed as the product between its norm
by its normalized representation. This property can be extended to quaternions

and is known as Euler-Rodrigues formula, its axis-angle representation is defined

q:exp(f):exp(y—&}):cos(z)+075in(z) (2.45)

as

2 2 2 2
Using the unit quaternion q = go + ¢, ||q]| = 1, we define an operator on vector
7eR?,
Le(v) = q®veq" (2.46)
(q0 =~ lall*)7"+ 2(7- 7)7 + 240(7 % V) (2.47)

0]. . . _) .
where v = | _| is a pure quaternion built from v by adding a zero real part.
v

Observations:

* The quaternion operator does not change the length of the vector 7,

ILg@)ll = lla®@veqil=lqlelvielq’l= . (2.48)



2.4. Quaternion-based model 37

* The direction of ¥, if along q, is left unchange by the operator Lq. To verify

this, we let ¥ = bs where b denote a constant, then
Lq(v)=q®v®q’ = bq. (2.49)

Essentially, any vector along q does not change under Lg.

Note that the operator Ly acts like a rotation about q, which can be established

in the next theorem.

Theorem 5

For any unit quaternion

q=90+q = cos%+c?sin%, (2.50)

and for any vector v € R? the action of the operator
Ly =qeveq’ (2.51)

on 7 is equivalent to a rotation of the vector through an angle y around & as the

axis of rotation.

Another interpretation of this theorem is that if ¥’is in a frame of reference /A
and the resultant vector v” = Lg(v) relative to another reference frame , then q
represents a rotation of F, relative to ;.

From the equation (2.45) we know that if q is a unit quaternion then q =
exp (g ), from here we see that given an axis-angle representation we can trans-
form it into a quaternion by applying the exponential function. Conversely, there
is a logarithm function that maps a quaternion to its axis-angle representation
through mapping

q— 7=2lngq, (2.52)

where the logarithm is defined as

-

”(zﬁarCCOS(CIo)y if 113ll=0
(0,0,0)7, if lgll=0
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An important equation known in the literature is the kinematic kinematic
equation of a rigid body. This relates the attitude and the angular velocity of the
vehicle by

1
q=7999, (2.54)

where Q = [ﬁ . From the kinematic equation it is possible to deduce a relation-

ship between the angular velocity of the vehicle and the axis-angle representation

of the vehicle as
7 =Q. (2.55)

2.4.2 Rigid body dynamic modeling

Recall the assumptions we have used to establish the models. Denote by Z the
inertial frame B the body frame attached to the vehicle. Let & e R3 be the drone
position in Z, & denotes its linear velocity, q = qo + (91,92,93)T defines a unit
quaternion representing the orientation of the vehicle in 7 and Q= (wy, wy, w,)T
describes the rotational speed in B on the center of mass of the drone.

Using the Newton-Lagrange equations, the dynamics of any rigid body using

unit quaternions to represent the rotational dynamics is given by

—

méE = (2.56)
1
16 = T-OxJ0. (2.58)

: L : 0 . :
where ] is the inertia matrix, Q = 3 denotes the pure quaternion representation

of rotational speed, T represents the total torque, both with respect to the body

frame, and F; defines the total force applied to the body in the inertial frame.
The quadrotor consists on four parallel rotors with blades. The direction of

the rotation of each blade is selected such that all torques on the rotor cancel out

in stationary flight.
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We can assume that some effects as blade flapping and the misalignment on
the motors axes could be considered small enough Thus we can consider the
total thrust force generated by the rotating blades Fu = (0,0, Z "1 )T, and the

total torque can be expressed by

fitfa—fa—f3)
T=| Ufi+fai-fs-fa) (2.59)

?:1(_1)i+1,[i

where | symbolize the distance of the mass center to the motor. We observe that
F,, and T act on B, then applying the operator Lg in (2.51), it is easy to change

their reference frame to Z. Thus, the dynamical model can be written as

me = Fl (2.60)
1

4 = 5090 (2.61)

16 = 7-0xJO (2.62)

where § = (0,0,-¢)7 is the gravity vector and I?tlh = Lq(l?th) + mg. We observe
the dynamics of the translational and rotational model are coupled, due to the
orientation of F){h depending on the vehicle’s attitude q. Nevertheless, using an
appropriate approach and some properties of unit quaternions, the quadrotor

can be easily stabilized despite its underactuated nature.

2.4.3 Decoupling the vehicle dynamics

Since the attitude sub-system of the quadrotor is completely actuated, we address
it in this subsection.

From (2.60)-(2.62), the rotational dynamics can be expressed as

1
q = 5980 (2.63)
G = 7-GxJ0. (2.64)

Applying the logarithmic mapping (2.53) to the attitude, the rotational model in
(2.63)-(2.64) of the aerial vehicle could be expressed as

Di'Yi.
noo
'Iﬂ QL
el
X
~
ol
IS
(@) (@)
IR

where 7 =2Ingq.
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The objective is to force the system to have a linear behavior, thus the terms
7' and Q xJQ can be compensated using an appropriate T = J T, + Q xJQ with
T, as the new control input. Then, (2.65)-(2.66) yields

7y =Q 2.67)
Q =7, (2.68)
or in matrix form,
% Oss I 7 0 .
7;/) _| Ysxa I3x3 7_’) 4| Y33 zZ, (2.69)
Q 0353 033 || Q I343

where 03,3 and I3,3 denotes the zero and identity matrices.

If (2.67)-(2.68) is stabilized using any appropriate controller 7,, then the
axis-angle orientation 7 and its angular velocity Q will converge to zero, which
means the quaternion attitude will converge to q; = 1+ (0,0,0)".

Given a desired attitude trajectory defined by a quaternion q, and its angular
velocity ﬁd, then (2.63)-(2.64) can be defined in terms of the error quaternion
q. := q; ®q and its angular velocity ﬁe as

1 -
qe = qu®Qe (2-70)
16, = 7-0,xJ0,. (2.71)

if Tis correctly designed in terms of the attitude error. Then, q, — q; implying

q—9q4-
From (2.60)-(2.62), the translational dynamics are given by

mE=F -g (2.72)

From (2.72), a desired force F;Ih can easily be designed such that x,,; and X,
converge to zero. If a position error is defined as E’e =&- (S_;, where 5_; symbolize
a desired position for the quadrotor, then the translational error dynamics can
be written as

=g —)I -

mé, =F, —¢. (2.73)

Consequently, if an adequate controller is designed for F)tlh the position error
will converge to zero, meaning the quadrotor can be stabilized in any desired

position.
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Analyzing (2.73), it yields that the translational model can be seen as a fully
actuated system, in which F)tlh can be designed to point at any direction. But
considering the complete model of the quadrotor, the force that the propellers
really exert depends on the attitude subsystem as seen in (2.60)-(2.62).

Define a desired force thh € R® with respect to Z which stabilizes system
(2.73) at the desired position, given the direction and magnitude of such force,
the attitude can be controlled using 7 such that the quadrotor thrust vector Fyis
aligned with IEZI, thus orientating the quadrotor thrust in the direction required
to control the translational dynamics.

This quaternion is derived from the shortest rotation between both vectors,

and represented by q;.
Recalling the Euler-Rodrigues formula, q; is defined as
1
qt:exp(zyd&)d):cos%jt&)dsin%, (2.74)

where @; and y; denote respectively the axis and the angle of the shortest
rotation between I?th and I?‘tzh Defining i, and #,, as the normalized vectors of the
F)th and fﬁl respectively (note that 7, = (0,0,1)7 is constant), the cross product

between these vectors is defined as
i, X i, = &ysinyy, (2.75)

where @, is a unit vector perpendicular to the plane containing #, and i,, while

the scalar product is given by
i, - 11, = Cos Yy, (2.76)

From the definition of the quaternion product, and treating 7, and i, as quater-
nions with zero-value scalar parts, then applying the quaternion product (2.36)

we obtain
S S S

1, @n*, = —if, - n*, + i1, X n*,. (2.77)
By the anti-commutative property of the cross product we known that

-

i, X nt, = —(n*, x i1, (2.78)

S
and since i, have zero-value scalar part then n; = —i,. Therefore we can rewrite

(2.77) as

% > >

1, ®N*, = iy - i, + 1. (2.79)

N:i
X
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Replacing the cross (2.75) and inner (2.76) product definitions into (2.79) we

conclude that

i, ® n*, = cos Yy + iy sinyy. (2.80)

Note that (2.80) represents twice the desired rotation needed in (2.74). In order
to express (2.80) as a quaternion we applying logarithmic function in (2.74) get

the axis-angle representation
vy =2lInq, (2.81)

Using the exponetial function in (2.81) and the equation (2.80) we have

—

exp(2Inq;) = exp(ya@y) = cosyy + & siny,y = i, @ n*, (2.82)

Finally, solving the equation (2.82) for q; we obtain the expression
(2.83)

Note since i, only acts in the vertical axis of the quadrotor, then q; will only
compute rotations around the xy-plane of the inertial frame. Considering q,
as a desired rotation around the z-axis of the vehicle’s body frame, the desired

quaternion can be enhanced as

9/ =9:9q; (2.84)

Introducing (2.84) into the rotational error dynamic model from (2.70), and if
T is designed such that q — q 4, then it implies that FtIh — fu such that system
(2.73) can be stabilized if F, is correctly designed.

2.5 Quaternion state feedback controller

In this section, a quaternion-based feedback controller is designed as an example
using Lyapunov theory based on the proposed model from Section 3.2.1. This

controller, consist on a force in R3 defined as

= -

Fu =Ipp— m§, (285)
where Fop = =Kpi(& = Erep) = Kar(E = &), (2.86)

Ky, Kyt € R¥3 denote positive control gains, and E_;ef symbolizes the desired
position for the quadrotor.
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Then, the force computed by (2.85) is used to determine the attitude control
action by introducing
Z,=Top+QxJ0, (2.87)

where
?PD = _2Kpa1n(q®q:ef)_Kda(Q_Qref) (2.88)

and q,, is given by (2.84), and the control gains are denoted by positive matrices

Kpa,

explained in the following subsections.

K, € R¥3, The development and stability proof of this algorithm will be

2.5.1 Translational controller

First, from (2.73), the linear translational subsystem can be written as

é.'e O3><3 I3><3] 03><3
5—2 03><3 03x3 I3><3

where 03,3 and I3,3 denotes the zero and identity matrices.

(Fu+mg), (2.89)

Propose the following positive definite function and its derivative as

1 - > ge
v, = E[ g & [ ; ] (2.90)
- N 03x3 I3x3 g 1| 033 |/2 R
Vi [ Ee e ]|:|: Osxs O3 ”: g ]+ m[ Lis +mg)] (2.91)

Proposing

where K, Ky; € R contain control gains and are defined as

kyx 00 kpe O 0
Kpt = 0 kpty 0 ) Kdt = 0 kdty 0 ” (293)
0 0 Ky 0 0 k.

then (2.92) can be rewritten as

Vt:[ g é—»e ]H 03x3 I3x3 ]Jr%[ 0353

—

Se
5 . 2.94
]

e

K, Kyt
03x3 0343 I343 [ P ]
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In order to asymptotically stabilize the subsystem, K,; and K;; must be

chosen such that the real parts of

: ([ 03x3 I3x3 } 1 [ 0343
eig +—

(2.95)
03x3 0343 m I

| Koo Kar |

are negative definite.
If the condition satisfied, then asymptotic stability is ensured for system
(2.89) since

-

V,>0, V;<0, forall &, &, 0. (2.96)

2.5.2 Rotational controller

Considering q, := qj,; ®q and 7, = 2In(qc), 7, = O - 2% In(qyef), the same
methodology from Section 2.5.1 is now applied to the rotational error model in

its axis-angle representation by introducing

;;e Ox I>< _; 0>< > S >
H e N

03x3 O3x3 || 7%

Proposing a positive-definite function with its derivative as

1 — = 776
v, = =[ % 7 5 (2.98)
=5l ] 7]
- RN 03x3 I3x3 ” Ve ] 1 [ 03x3 } R
V. = Ve Ve R e e T=Y X])/ . (299)
’ [ ]H O3x3 Osxz || Ve | ™| Isxs ( ‘ e)
The controller can be defined as
- _ 77; = =
?=-| Kpu K || % ]wexm (2.100)
Ve
with control gains given by
kpax 0 0 kix O 0
Kpa=| 0 kyoy O |, Kga=| 0 kyyy O | (2.101)

0 0 ks 0 0 kiu
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Therefore, asymptotic stability for the rotational subsystem is ensured as

long the real parts of

. 03x3 I3x3 1| O3x3
eig +— 7
03><3 O3><3 m ]

are negative such that

| Koo Kua ]) (2.102)

V,>0, V,<0, forall ,,7, 0. (2.103)

Introducing (2.92) into (2.83), a desired attitude is defined to compute q, and 7,
such that the final controller expression yields (2.85) and (2.87).

2.6 Vehicle modeling conclusions

In this chapter the mathematical modeling of a quadrotor aircraft has been
developed considering three different approaches: the Euler-Lagrange formalism,
the Newton-Lagrange equations and the quaternion-based method (variant of
the Newton-Lagrange equations). In the first two approaches the attitude of the
quadcopter is described through Euler’s angles while in the third method it is
represented as a unit quaternion. The main advantage of this representation is
to avoid the singularities inherent in the matrix of direct cosines obtained from
Euler rotations.

Even though UAVs are inherently underactuated, the quaternion-based ap-
proach was introduced such that its dynamic equation can be analyzed and
treated as a fully actuated system. Although its representation can appear to be
less intuitive and difficult to conceptualize, the application of quaternions can

really simplify dynamic models, and help in the design of better controllers.



46

CHAPTER 2. Quadrotor modeling




Teleoperation system of a quadrotor

The numerous applications of UAVs and their wide use in the market have led
the scientific community to investigate new ways to keep the human operator
in the control loop. One solution is the use of drone teleoperation systems.
However, these systems imply several challenges in terms of graphical user
interaction, control, time delay, system ergonomics, mental overload, among
others.

In this Chapter, a new teleoperation scheme for a drone is proposed. In
this system, the master robot is a virtual drone on a local computer that is
controlled through a joystick, the slave robot is a quadrotor vehicle in a remote
environment, both environments are linked using UDP communication channel.
The information about the states of the virtual drone are sent to the real drone
to imitate the movements in the remote environment. The states of the real
quadrotor are sent to the local environment where they are represented by a
virtual object.

The proposed graphical user interface is based on a virtual telepresence
approach. That is, the remote environment is virtually recreated in order for
the user to feel immersed in the remote environment. This approach allows
reducing computational resources since it is not necessary to take images from
the drone camera or other devices.

The outline of this Chapter is the following: in Section 3.1 the main problems
in common piloting of a drone are described. In Section 3.2 the teleoperation
system modules are presented. In Subsection 3.2.1 the dynamics of the drone is
introduced. The virtual and real vehicle controls are presented in subsections
3.2.2 and 3.2.3 respectively. In Section 3.3 the validation of the teleoperation
scheme is introduced. In Section 3.4 the results of the implementation of the
scheme in real time are described. Finally, in Section 3.5 presents some conclu-

sions of the chapter.
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3.1 Problem statement

Piloting a drone in direct view is a difficult task because it has six DoF, unlike a
car that moves in a plane, UAVs move in a 3-dimensional space. Also, controlling
a drone is not an intuitive task when the user loses the spatial orientation. For
example, when the drone is directed towards the pilot as the command is in the
opposite direction, see Figure 3.1. Maneuvering a drone is a highly complex task
as can be seen in drones racing competitions. Then, performing a task with a
drone for a beginner pilot can generate a high mental overload. To address this
problem, some authors have implemented ways of piloting based on markers,

gesture recognition and voice, among others.

Input ‘
4 Forward \ Drone response
$ Back relative to the

/ pilot location.
€

€V @ a(Com

@
@
Figure 3.1 — A pilot with a fixed position loses the spatial orientation respect to
the drone response.
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In this work, an easy-to-use and intuitive teleoperation scheme is proposed,
see Figure 3.2. In this scheme the master system is a virtual environment where
a virtual drone is commanded manually via joystick. Two elements of this inter-
face can help reduce the user’s mental overload. First, this interface consists of
different virtual views of the remote environment, in particular a first-person
view close to the drone that can help the pilot not lose the orientation of the ve-
hicle. Second, the information on the real states of the drone is concentrated and
displayed to the user in the virtual environment. Then, the virtual environment
interface is developed with different views of the virtual vehicle and is updated
with the position and orientation coordinates of the real drone. The challenges
in this teleoperation system are the design of a user-friendly graphical interface

and to create a virtual and real space mapping to implement the controllers.

Local site Remote site

Command
N :
~ signals

Sensor
information

Barrier

Figure 3.2 — Teleoperation system: a user pilots remotely a real drone from a
virtual environment.

3.2 Teleoperation architecture

Our teleoperation system has a modular structure where the local environment
simulation and the real drone are independent. This means, the user can teleop-
erate a drone in real time through low-level actions, or use only the simulation
to generate some trajectories (high-level) that can then be sent to the real drone

to execute it. In the following each module of the system will be described.
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3.2.1 Quadrotor dynamic model

Different mathematical models about the dynamics of a quadrotor were de-
scribed in Chapter 2. In this subsection, a brief summary of the Section 2.4
about of the quaternion-based model is presented in order to apply it to the
development of the teleoperation system.

Under the hypotheses stated in the Section 2.4 we know that using the
formalism of the Newton-Euler the dynamics of the UAV can be described by
the equations (2.60)-(2.62).

3.2.2 Virtual representation

In this subsection, we replicate the dynamics of a real drone to simulate a virtual
quadrotor. The objective is to generate realistic movements in the virtual drone
to provide transparency in the system.

The variables that we will use to describe the dynamics of the virtual vehicle
will be indicated with the subscript v. The virtual environment is developed in
Unity 3D software. A rigid body similar to a quadrotor with the dynamics of the
model (2.60)-(2.62) represents the virtual drone, see Figure 3.3. In the object,
four motors are represented and the vehicle is controlled as described below.

{efex, efez, e%ey} and a body frame

In this environment, the inertial frame Z,, =
of the vehicle B,, = {efex, efez, efey} is given by default (using left hand) as seen in
the Figure 3.3.

To simulate the dynamics of the virtual quadrotor we consider that given a
rotation in terms of the Euler angles (¢, 0,¢ € SO(3)), it can be expressed as a

quaternion using the following transformations

Q, = cos(1/2) + sin(p/2)j (3.1)
Q, = cos(¢/2)+sin(¢p/2)i (3.2)
qu, = co0s(6/2)+sin(6/2)k. (3.3)

Then, to move in the virtual horizontal plane, the orientations 6 and ¢ are

controlled, which can be expressed as a combined quaternion Quyo = v, ® Qg S

R
+S"<7)5 ((Pz) +C°S(¢zv)5 (7)“- (3.4
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Figure 3.3 — System of coordinates in the inertial and body frames in Unity 3D.

A Proportional Integral Derivative (PID) controller for the pitch and roll angles
will be used on the virtual model. The control diagram for the displacement is
shown in Figure 3.4. In the scheme, we consider that a user gives orientation
quser and angular speed w, ., references to move the virtual vehicle, a PID
control is used to reach the setpoints and generate the movement of the vehicle,
finally the virtual environment will provide the orientation q, and position 5_;
of the quadrotor in the virtual world.

The orientation error in pitch and roll is defined as

a5, (1) = Q57 () @Gy, (1) (3.5)

where q, ¢e(t) is the measure of the pitch and roll angles given by a virtual
gyroscope in Unity 3D and qv; ,(t) is the desired orientation given manually

using a joystick device. The signal 7,4 that will be applied to the virtual vehicle.
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Unity 3D environment

ﬁ
User quser TU Vlrtual Vlrtual q'l/
input o Controller F=— yotors [®] quadrotor 5
user Fv év
Virtual
gyroscope

Figure 3.4 — Control scheme of the virtual drone.

The PID controller for the attitude (roll, pitch) is given by

d t
d t
o) gt 15t o 01 (57)

where k;,, kjq,kj; with j € {6, ¢} are negative constants. The yaw angle will be
controlled by

t

) = kgl () K |t (00 (3.5)

d

where wiy = Wy, — Wy, where w¢

%
y
angular velocity respectively, and k,, k,,; are negative constants.

and w,, symbolize the desired and actual

In the virtual environment the quadrotor will be controlled by the operator
via joystick, by defining a desired pitch and roll angles, a yaw angular rate, and
a total thrust. For safety and to avoid gimbal lock problems, the desired Euler
angles are bounded at 0 < 6,, ¢, < 1t/3 radians.
The virtual environment can be adapted to fit any space, this means that,
it can be inside a complex structure such as a building or simple as a cube or
even a sphere. In addition, it is possible that the virtual drone could be bounded
inside a simulated cubic scene using the following equations
x1 (1) < xp(F) < x(2)
v1(t) S 3u(t) < 9o(1) (3.9)
z1(t) < 2, (t) < 25(t)

where x;,v;,z; with i = 1,2 can be functions of time or constants measured in

meters.
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In Figure 3.5, the graphical user interface is illustrated. It is composed by (A)
a frontal view where it is possible to visualize the vehicle moving in a virtual
environment, (B) a top view that could help beginner pilots, (C) a fixed top
view on the virtual environment to observe the location of the virtual quadrotor.

Finally, (D) displays the position errors between the virtual and real drone.

B

Figure 3.5 — Graphical interface of the virtual environment. (A) Virtual drone,
(B) top view on the vehicle, (C) top view on the workspace, (D) position errors.

The outputs in the simulation environment are the vehicle position &, in the
virtual space and its attitude quaternion q, that will be sent to the real drone as
references.

From Figure 3.6 observe that the virtual workspace is fed back with informa-
tion coming from the real drone. An additional virtual object will be introduced
(called phantom drone), which represents the real states of the real drone.

The virtual and real environments use different coordinate systems, this
means that the x,7y, and z axes point respectively towards south, up, and east
directions in the virtual scenario, while in real-world coordinates follow the east,
north, down convention.

To match the information of both environments a mapping is defined as

1

1, 1, 1
Qrev = E + El+ E] + Ek (310)
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W Real environment eI

o Phantom dzone Qv

e

Figure 3.6 — Visual feedback information of the real drone under the transforma-
tions q;,_,.

Remember that a vector can be directly treated as a quaternion with zero
scalar part, and viceversa, then, the position of the virtual drone represented in

the real environment is given by

ér = qr<—v®€v®q:<_v (311)

and the attitude is transformed as

qr = qr<—v®qv®q:<—v' (3-12)

Following quaternion operations, the inverse transformation returns the
remote site information, see Figure 3.2, to the virtual environment to feedback
simple virtual avatar for the user.

The advantages of displaying an avatar instead of a video from the real drone
camera is that it requires less communication resources, and the mental overload
imposed on the operator is lighter compared to a full animated rendering of the

real drone.

3.2.3 Real quadrotor control algorithm

Analogously to model (2.60)-(2.62) the real quadrotor dynamic equations are
described by using the suffix r. A quaternion-based controlled was adopted
from [154], to give robustness to the real-world vehicle, this algorithm is given
by firstly defining a desired force F, € R3 to track the position signals from the

virtual environment.

s

—

Kot(& ~ ey ®E, 8},
-9

_Kdt( r rev ® gv ® q:<—v )r

R
=
Il

(3.13)
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where K,; = diag([k,sx > 0,kpty > 0,kp;; > 0]) and Ky = diag([kgsx > 0,kgry >

0,k4;, > 0]) represent the proportional and derivative control gains respectively.
Then, a desired quaternion rotation is computed to align the real vehicle’s vertical
L
F

thrust vector F;; with the desired control force, this rotation is computed by

introducing dot and cross products into the Euler-Rodrigues equations as

o o
o|-E,+IIE,II|+|o|xE,
_1_ _1_

9t = 7,7 — , (3.14)
0 0
o|-E,+IIE,I|+|o|xE,
-1_ -1_

The desired quaternion rotation is then tracked by a control torque 7, € R3 given

by

# =J(=2Kp,In(q,, ® q:zp ®q,,®q;®Qq;)
_Kda(Qr))"'QrX]rQr: (315)

where q,;, denotes the virtual vehicle’s yaw orientation, expressed as a quater-
nion, J, defines the inertia matrix, K,, = diag{[kpsx > 0,kp4y > 0,kp,, > 0]} and
Ky, = diag{[kgax > 0, kday > 0,kgq, > 0]}

The vehicle total thrust is driven by the absolute value of the control force,

following

—

Fyy,, =

r

0

0 | (3.16)
IE,

Remark from Figure 3.7 that the input of this controller is the position 6_; and

orientation of the virtual drone g, that generate the output signals given by the

torque 7, and the thrust force l?thr to follow the actions of the virtual drone, a

motion capture system measures the position of the vehicle and the IMU gives

the orientation that will feedback the virtual environment.
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Figure 3.7 — Control scheme of the real drone.

3.3 Numerical results

The control algorithms and the teleoperation scheme were first tested using
the simulation in Unity 3D and an emulator of a real drone included in the
Framework Libre Air (FL-AIR) environment.

The virtual environment was designed using Unity 3D version 5.6.4 on a
PC running Windows 10 operating system. The Unity 3D system is compatible
with most current virtual reality and augmented reality devices. A scene was
developed on this framework, including a simulated master drone.

The quadrotor vehicle (slave system) was coded using the FL-AIR framework,
developed at the Heudiasyc laboratory, which includes libraries to program
controllers and commands real drones from a ground station running on Linux
OS (Ubuntu 18.04). FL-AIR includes an emulator of a real drone [155], which is
compatible with the software that will be uploaded to the real drones.

UDP communication was used to link the computer where the virtual drone
was coded with the slave UAV. Figure 3.8 illustrates both virtual environments,
on the left side, the master system is shown and on the right side the slave
system.

The information of the real drone feeds back the master system and is illus-
trated as a phantom drone.

In Figure 3.9, the position performance in R? of real quadrotor is shown.
Observe that the user performs some aggressive movements and the emulated
drone can follow them. The controller ensures that the real drone follows
a trajectory and avoids possible aggressive movement when trying to reach
it. Remark in Figure 3.10 that the slave drone accurately tracks the attitude
trajectory of the virtual drone.

The position error given by the performance of both drones is displayed to

the user in the graphical interface, this signal is presented in Figure 3.11.
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Figure 3.8 — Validation of the system using the FL-AIR simulator and the virtual
environment.

The practical goal of this work is to implement the proposed scheme in a
real drone which follows the dynamic of a virtual vehicle. Control algorithms
and teleoperation communication were validated with simulations. Then, these
scheme were migrated to a real configuration, which is described in the following

section.
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05 _(xra Yr, ZT)

0 "'(wvayvyzv)

Figure 3.9 — Quadcopter performance in the virtual (x,,v,,z,) and the real
(x,, V-, 2;) SCenarios.
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0.986 |
S 0.984
0.982 |
0.98!

Figure 3.10 — Orientation components g, of the slave drone and its trajectory.
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Figure 3.11 — Position errors computed using states from the virtual and real
drone (emulated from FL-AIR).
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3.4 Experimental results

The real time validation of our teleoperation system is performed in an indoor
flight arena. This area is equipped with an Optitrack motion capture system
that provides accurate information about the real position of the drone. An
AR.Drone Parrot 2.0 quadrotor was used, whose factory firmware was erased
and reprogrammed with our framework FL-AIR, the attitude information was
measured with an Inertial Measurement Unit (IMU). The same UDP commu-
nication protocol was used, from the emulated tests only switching the virtual
slave and real drone’s Internet Protocol (IP) addresses. In the following, the task
performed by a user to analyze the performance of the teleoperation system is
detailed.

3.4.1 Real-time application

To verify the robustness of the teleoperation system, we consider the following
scenario: a beginner pilot must perform the monitoring of a zone following a
square trajectory in the virtual scenario. A physical barrier is imposed to prevent
accidents with the real drone such that the pilot must operate only with the
information feedbacked to the virtual environment, see Figure 3.12.

The translational performance between the real and virtual drones is illus-
trated in Figure 3.13. Notice here that the user does not perfectly perform the
flight task but the proposed scheme allows the real drone to successfully perform
the mission, the upper view of this mission is shown in Figure 3.14.

The proposed scheme involves a quaternion rotation for the quadrotor thrust
vector to move the real vehicle, the computed attitude trajectory, and its accurate
tracking is illustrated in Figure 3.15.

This test can be seen in the following video link: https://youtu.be/DgHF7M_zcTY
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Figure 3.12 — On the left side a user pilots the virtual drone through a joystick.
On the right side, a real drone imitates the behavior of the virtual vehicle.
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_(xra Yr, zr)
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Figure 3.13 — 3D-position performance trajectory given by the user and imitated
by the real drone.

Figure 3.14 — x-y behavior of the experimental test.
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Time [s] Time [s]

Figure 3.15 — Attitude performance of the real drone vs desired values from the
virtual drone.
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3.5 Conclusion

In this chapter, a new teleoperation system based on a virtual telepresence ap-
proach was presented. This system is composed of an interface that makes the
task of piloting a drone simple and intuitive. This means that, the interface
allows the user to be more focused on performing the task than on understand-
ing the dynamics of the drone. The control schemes implemented allow the
real drone to follow the movements of the virtual vehicle even when the pilot
performs aggressive maneuvers. As well, the visual information of an avatar and
the control based on quaternions generates a low computational cost. Our teleop-
eration scheme can be extended to an immersion system by using virtual reality
glasses. This is due to the compatibility of the virtual environment application

in unity 3D with the majority of virtual reality devices.



System with input delay

Time-delay often appears in many control systems, either in the state, the con-
trol input, or the measurements. There can be transport, communication, or
measurements delays. Control systems often operate in the presence of delays,
primarily due to the time it takes to acquire the information needed for desicion-
making, to create control decisions, and to execute these decisions. Actuators,
sensors, and field networks that are involved in feedback loops usually introduce
delays. Delays are strongly involved in challenging areas of communication and
information technologies deteriorating the performance of systems. Therefore,
it is important to study techniques to mitigate the time delay.

This chapter is divided as follows: Section 4.1 introduces the main problems
that make the study of delayed systems challenging. Section 4.2 presents one of
the first approaches for solving systems with input delay: the Smith predictor,
which introduced the concept of predictive technique. Section 4.3 proposes a
predictor-based controller on the Fundamental Theorem of Calculus (FTC). In
Sections 4.4 and 4.5 the predictor-based controller proposed is applied in the
classical Fuler-Lagrange model and the quaternions-based model, respectively,
showing its trajectory tracking performance in simulations. Finally, Section 4.6

presents some conclusions of the chapter.

4.1 Features of TDSs

Time-Delay Systems (TDSs) are also called systems with aftereffect or dead-time
hereditary systems, differential-difference equations or equations with deviating
argument. They belong to the class of FDEs which are infinite-dimensional,
as opposed to Ordinary Differential Equations (ODEs). This feature can be

observed with the following example.
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4.1.1 TDSs are infinite-dimensional

Consider the linear equation
x(t) = x(¢t). (4.1)

It is well known that x(t) = e’ is a solution and that all solutions are of the form
x(t) = Ce' where C is an arbitrary constant. We can assume that C € C and then
the formula obtained covers all the complex solutions of the equation. This idea
is transformed into a general method to obtain solutions of linear equations with

constant coefficients: propose solutions of the form
x(t) = e/\t, (42)

and the values A that cancel out the characteristic polynomial associated are com-
puted. Then, replacing (4.2) into (4.1) we have Ax(t) = x(t) and the characteristic
polynomial of (4.1) is P(1) = A —1, with A =1 as the only root.

However, the situation is difficult when introducing a delay in equation (4.1).

Consider the system with delay
x(t) = x(t —h), (4.3)
where h is the instant of delay time. Indeed, replacing (4.2) into (4.3) gives
Ax(t) = e Mx(t), (4.4)

then A must be a solution of the characteristic equation P(\) =0, where P is not

a polynomial but a transcendent function
PA)=A—e M (4.5)

Since A = 0 is not a root, the change of variable

can be applied in the equation (4.5) and gives
ze M7 =1, (4.7)

Note that the function f(z) = ze™/? has an essential singularity at z = 0 and it
does not vanish in C\{0}. Hence, from Great Picard Theorem it follows that

f71(1) has infinite elements, this means that, the solutions of the characteristic
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equation form the set
A | keN, |A]— oo} (4.8)

Therefore, the differential equation (4.3) has complex infinite solutions [156].
With this example, one of the main features of studying TDSs has been observed.

The formulation of the initial value problem and the definition of a solution
in a delayed system are different concepts from those we known in ODEs as we

will see below.

4.1.2 Initial value problem

It is well known that a particular solution of a delay-free system, x = F(t,x), is
defined by its initial conditions, which include an initial instant #; and an initial
state xy € R". This is not case when dealing with a solution for a time-delay
system. Here the knowledge of ¢;, and x is not sufficient even to define the value
of the time derivative of x(t) at the initial time instant t;. To define a solution
of a system with delay, one needs to select an initial time instant ¢, > 0 and an
initial function ¢ : [-h,0] — R". The initial value problem is formulated as
follows. Given an initial time instant f; > 0 and an initial function ¢, find a

solution of the system that satisfies the condition
x(tg+s)=q@(s), se[-h,0]. (4.9)
The initial function ¢ belongs to a certain functional space [157].
4.1.3 Solution concept
Consider the simple delay equation:
x(t)=—-x(t—h), x(t)eR, h>0, t>0. (4.10)

In order to define its solution for t € [0, h], we have to define the right-hand side

x(t —h) for t € [0, k], which results in the initial value function
x(s)=q@(s), se[-h,0], (4.11)

instead of initial value x(0) for ODEs with h = 0. In order to find a solution to
this problem, we shall use the step method initiated by Bellman [158]. First, we
find a solution on t € [0, k] by solving

te[0,h], x(t)=-@(t—h), x(0)=¢(0). (4.12)
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Then we continue this procedure for t € [h, 2h], t € [2h, 3], .... For the constant
@ = @( the step method gives polynomial in t solution. Figure 4.1 shows the
solutions for h = 1 and for the initial functions ¢ =1 and ¢ = 0.5¢. In this
figure we can see that several solutions that achieve the same value x(¢*) at some

instants t~.

Figure 4.1 — Solutions with h =1 and ¢ =1 (plain blue) or ¢ = 0.5¢ (dotted red).

This is different from ODEs, i.e. from x(¢) = —x(t), where through each x(t*)

only one solutions passes. Therefore, in TDSs, a proper state is a function
xi:[-h, 0] —R:  x4(s)=x(t+s), se[-h0], (4.13)

corresponding to the past time-interval [t —h,¢] [158].

These concepts and properties give an idea of the complexity of studying
systems with delay. After understanding these concepts, I began the study of the
Smith predictor, which is one of the most used approaches in TDSs.

4.2 Smith predictor

The Smith Predictor [137] is one of the broadest strategies for controlling linear
systems with delays. The idea of this technique is to use a prediction of the state
or output from the system model to compensate the delay.

Linear systems, or systems that can be linearized, with delay can be modeled
as:

* Input delay
Suposse that the delay h is known, then the system can be expressed by
x(t) = Ax(t)+ Bu(t—h) (4.14)
v(t) = Cx(t) (4.15)

* Output delay
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Suposse that the delay & is known, then the system can be expressed by
x(t) = Ax(t)+ Bu(t) (4.16)
y(t) = Cx(t-h) (4.17)

where A e R™" BeR™! CeR" hLeZt.

The transfer function for both cases is

Gy(s) = % = G,(s)e”", (4.18)
where
G,(s)=C(sI-A)"!B. (4.19)

The representation in block diagram is presented in Figure 4.2.

Gyls)
T T T T TS omoo oo |
|
ues) | (5 B
—1 ¥ o ] o
|

Figure 4.2 — The output is given by y(s) = yp(s)e‘hs where y, is the output of the
process.

If the process output y,(s) was known and it will feed-back the process,
then we could design the controller without delay. But we do not know y,(s) as

illustrate in Figure 4.3.

r(s) u(s)

Figure 4.3 — The output y, of the process is unknown and K(s) is a controller.

Then, to solve this problem Smith proposed that given a known model of the
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process
G(s)e ™. (4.20)

it is possible to obtain the values y,(¢) by means of a prediction 9,(¢). For this,
we must first know the process model without delay G(s).
After applying the control action we would obtain the prediction of the
output without delay
9,(5) = G(s)u(s) (4.21)

This output prediction would be obtained & instants of time (because the output

of the real process is delayed) with respect to the output of the real process, see

Figure 4.4.

Figure 4.4 — Diagram of the Smith solution.

To obtain a feedback system, we will compare the controlled variable y(t)
with the delayed prediction h instants of time 9,(t — h), see Figure 4.5. The
perturbations or differences between the model and the real process will feed
the control system as a corrective factor on the differences in the prediction.

Consider the following example to illustrate these ideas.

4.2.1 Academic example

Let us suppose a stable process given by

5.66_93'95

Grl9) = T 2571

(4.22)
Also suppose that the model is a perfect model of the system, this means that,

G(s)e™™ = G, (s)e .
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Disturbance
d(t)
Controller Real process
r(s) y(s)
@ P K@) G ()M
Delay-free Delay
model . model .
}V(t) yp(t_'h)
—  G(s) ehs
Figure 4.5 — Smith predictor scheme.
Applying a PI controller
1

where k, = 0.0501 and T; = 47.3 seconds, we obtain the response depicted in

Figure 4.6. We observe that this controller is able to compensate the delay in the

system.
12 T T T T T T
1 ; P - - - -
/
/
0.8r1 / T
/
- I -
0.6 /
/
04r / _
/
/
021 / T
/
O II 1 1 1 1 1
0 100 200 300 400 500 600
Time [s]

Figure 4.6 — Response of the PI controller (dotted red line).
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Figure 4.7 shows the response when applying the Smith predictor to the
system compared to PI controller. It is clear that the Smith predictor has a better

performance with respect to this controller.

12 I T T T T T

0.8r1 / T

04 ! 1

N I S S S

0 100 200 300 400 500 600
Time [s]

Figure 4.7 — PI controller response (dotted red line) and Smith predictor response
(blue line).

It has been observed that some assumptions of the Smith predictor are that
the time delay is known and that the system model is known and identical to the
real one. The ideas of the Smith predictor design can be extended to problems
that can be modeled as a cascade of systems. This gives rise to other types of

predictors as will be seen in Section 4.3.

4.3 Predictor-based control

Many predictor-based techniques have been developed. However, they com-
monly have the disadvantage that the algorithms developed are complex and
their implementation is difficult. In this section, a predictor-like technique is
presented. This approach allows controlling a delay-free system with a regular
controller neglecting the delay. The main result is the following and later results

of its computational implementation will be introduced.
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Lemmal

Consider the delayed chain of integrators

X1 = X (4.24)
X, = X3 (4.25)

= (4.26)
X,m1 = X, (4.27)
%, = u(t-h) (4.28)

where u(t — h) is the control input delayed by h units of time. The controller
u(t) = KT Zyret) (4.29)

stabilize the system (4.24)-(4.28). Here K is a vector gain stabilizing the delay-
free system and xp,e( ) is the predicted state defined as

Bpre(t) = "%t = h) + (u(t)) (4.30)
where 2 o
1 h 2 (n—lz)!
hn—
0 h (n=2)!
Malr o (4.31)
00 0 h
00 0 1
and

It hjttlh thhl n)dt,dt,_;---dty
L hL o ( Ddt, dt, o---dt
p(u(t)) = : (4.32)

jt hft“h u(ty)dt,dt,
(tl)dtl

This result is based in the FTC. This result was applied in the following cases.
First, it was applied to a simple case, a system given by a double integrator
described in Subsection 4.3.1. It was then implemented in the longitudinal
dynamics of a quadrotor presented in Subsection 4.4.1. Finally, in Subsection
4.4.2 the results of applying the predictor to the system with delayed altitude

are shown.
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4.3.1 Double integrator with input delay

Consider a second-order system with input delay u

X(t) = u(t—h) 4.33)
y(t) = x(t), 4.34)
and the initial conditions
x(0) = 0, 4.35)
u(t) = 0, te[-h0], h>0 (4.36)

where /i is a constant delay.
Rewriting x1(f) = x(¢) and x,(t) = %(¢), we obtain the following system of
first-order cascade equations

Xi(t) = xo(t) (4.37)
Xo(t) = u(t—nh), (4.38)
or in matrix form
X(t) = AX(t)+ Bu(t-h), (4.39)
where
mo:[“m],A:[01],B:[ol (4.40)
Xz(t) 0 0 1
We assume the output as
v(y=[ 1 0 |x(). (4.41)

States can be predicted as described below. First, to reconstruct the state x the

FTC is applied to %, on [t —h, t] giving

Jt Xo(s)ds = x,(t) — x,(t — h) (4.42)
t—h

or
t

X2, pre(t) = Xo(t —h) + L_h Xp(s)ds. (4.43)

Substituting (4.38) into (4.43) yields

t
X2 pre(t) = x2(t —h) + J . u(s)ds. (4.44)
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Rewriting in terms of x, it can be concluded that
t
Xpre(t) :x(t—h)+j u(s)ds. (4.45)
t—h
Second, similarly to x,, the FTC is applied to x; on [t —h, t] obtaining
t
X1,pre(t) = x1(t —h) + f hxl(s)ds. (4.46)
t_

Notice that the equation (4.46) is equivalent to

t
xl,pre(t) = Xl(t - I’l) + J\_h[xl(t - ]’l) + X (S) - xl(t - I’l)]dS (447)

X1 (t — ]’l) + J;ih xl (t — h)dS + J;ih[xl (S) — xl(t — I’l)]dS (448)

Xy (t =)+ hy (t—h) + Jt [%,(s) — %, (£ — h)]ds. (4.49)
t—h

Integrating into the equation (4.49) can be expressed by

21(s) =%, (t—h) = f:hxlmdz - thu(l)dl (4.50)

Therefore, substituting (4.50) into (4.49) concludes that
t S
xl,pre(t):xl(t—h)+hx1(t—h)+J J- u(l)dlds. (4.51)
t—h Jt-h

4.3.2 Two integrator: simulations results

We assume a constant reference xy,.¢(tf) =1, VYt >0 and the sampling time
T, = 0.01. From (4.29) the controller becomes

u(t) = _kp(xl,pre(t) - xl,ref(t)) - kdx2,pre(t)f (4.52)

where k, = 0.209 and k; = 0.975 was applied in (4.37)-(4.38) with h = 0. The
results are shown in Figure 4.8.

To analyze the performance of the predictor-based controller, a delay of
h = 1.5 seconds is introduced into the system (4.37)-(4.38). System responses
without delay, with delay and with delay compensation are shown in Figure 4.9
and 4.10.

Having analyzed the good performance of the controller for a simple system
such as the double integrator the next step was to analyze its performance in a

classic model of a quadrotor.
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]
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08t
T t
ol Lref (t) | ol (t)
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02t
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Figure 4.8 — States reponses without delay, & = 0 seconds.
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:~ ---------- i (t - h)
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Figure 4.9 — State x;(t) with constant reference xlref(t) =1, delayed measure
x1(t —h) with delay h = 1.5 seconds and the estimated state x| ,,(f).

0.15 | :
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Figure 4.10 — State x, that represent velocity, h = 1.5 seconds.
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4.4 FEuler-Lagrange model with input delays

4.4.1 Longitudinal dynamic with input delay

It is well known that the longitudinal dynamics of a quadrotor can be expressed
by

=
=

—
=

Il

—gtan(6(t)) (4.53)
O(t) = up(t). (4.54)

A controller based on nested saturations is proposed in [159],

ug(t) := —0p, (6 + 09, (&1 + 00, (11 + 09, (1)) (4.55)
where
& = 0+0 (4.56)
m = 29+9‘+§ (4.57)
P = 6+30+2 % (4.58)
g &

in order to stabilize the quadrotor vehicle at hover without delay in the control
input. However, this control law can be also used to stabilize the quadrotor even
in presence of delay [160].

Then, introducing a delay 4 = 0.35 seconds in the control input (4.55) and
applying the result of Lemma 1 we get the responses shown in Figures 4.11-
4.14. Here, we observe that the states of the system with delay (green line)
have an oscillatory behavior. After applying the predictor (red line) such a
behavior decreases considerably, having a behavior similar to the responses of
the delay-free system (blue line). Predictor performance is best seen in Figures
4.12-4.14.

Analogously, the predictor was also applied to quadrotor model with altitude

delay as described in Section 4.4.2.
4.4.2 Quadrotor model with delayed altitude control

The following control algorithm was proposed in [159] to control the trusth of a

quadrotor
1

cos(01(t)) cos(¢p1 (1))

u(t) := (ry(t) + mg) (4.59)

where
ri(t) = _kpz(zl(t)_Z;ef(t))_deZZ(t) (4.60)

and k, , k;, are positive constants.
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1 ! ! ! ! ! ! ! !
0 10 20 30 40 50 60 70 80 90

Time [s]

Figure 4.11 — State x with steped reference and delay /& = 0.35 seconds.
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Figure 4.12 — Linear velocity x performance, h = 0.35 seconds.

The delayed thrust control is defined by adding a virtual delay /; in altitude

control (4.60) then
1

cos(6;(t)) cos(¢1 (1))

u(t—hy) = (r(t—hy)+mg) (4.61)

where
Rt =h)i=—ky (21 (t=h) =2 (= b)) kg 2ot =) (4.62)
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This delayed input is applied to the drone model in order to recover the state

states can be estimated as

(t)

and z,

(t)

the z;
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with the predictor. Using Lemma 1
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Let us assume the initial conditions x;(0) = 0, y1(0) = 0, z1(0) = 13 and the

=97

values are given in the Table 4.1. The other states are controlled with the
algorithms in the equations (4.63)-(4.65).

constant stepped reference z;ef(t) and x;ef(t) (t) = 0. The parameters

Parameter Value
m 1
g 9.8
ky, 2.6
kq, 3
kp¢ 0.1
kd¢ 0.8
Ml, Nl 22
M2, N2 11
M3, N 5.5
My, Ny 2.7

Table 4.1 — Parameters of quadrotor simulation

up(t) =~k (01() =1 (1)~ kg, a(t) (4.63)
ug(t) = —opm, (02(t) +onr, (E1(t) + op, (M1 () + oum, (P1(2)))  (4.64)
up(t) = —on, (P2(t) +on,(Ea(t) + on, (12(F) + on, (p2(1))))) (4.65)
where
E1(1) = 61(t)+6(1) (4.66)
mit) = 20,(1)+ 0(r) - ngu) (4.67)
or(t) = (1) +30, (1) - 3’2‘” - xlg(” (4.68)
E(1) = Pi(1)+Palt) (4.69)
() = 20(0) + () + 220 (4.70)
oa(t) = () + 3y (1) + 22 911 (4.71)

4 4

and M;, N; with i = 1,2, 3,4 are the bounds of the saturation functions and kp¢'

kg

2

are positive constants.
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In Figures 4.15 and 4.16 we observe the behavior of the states when the delay
hy = 0.4 seconds is applied. Here, the response of the delayed system (green
line) has an oscillatory behavior in the first instants while the response applying
the predictor (red line) compensates the delay by eliminating oscillations and

generating a behavior resembling to the response delay-free system (blue line).

0 : \ \ \
0 10 20 30 40 50 60 70 80
Time [s]

Figure 4.15 — Altitude response with delay h; = 0.4 seconds.
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Figure 4.16 — Linear velocity around of the z-axis, delay /; = 0.4 seconds.
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4.4.3 Tracking trajectory with input delays

In this subsection, we will apply a virtual delay h; in the translational dynamics
and h, in the rotational dynamics on the Euler-Lagrange model described in
Section 2.2. Then, we will apply the proposed approach to reconstruct the states
of the system.

Using the control laws (4.59), (4.63), (4.64) and (4.65), that stabilize the
quadrotor in hover without the presence of delay, we can define the delayed

control laws as

u(t,hy, hy) = u(z(t —hy),2(t = hy),0(t = hy), p(t — hy)) (4.72)
(b, h) = ug (Pt = ho), Pt = ho), rep(t = ho), ref(t=h2))  (4.73)
ug(t,hy, hy) = ug(6(t—hy),0(t = hy),x(t —hy),%(t —hy)) (4.74)
ug(t,hy,hy) = ug(@(t—hy), Gt —ha),p(t —hy),p(t = hy)). (4.75)

Developing the approach described in Section 4.3, we can retrieve the states

of the system under the delays in the control inputs applying the following

expreSSionSxpre(t) = x(t—hy)+hyE(t—hy f f Opre(Ddlds  (476)
Eorelt) = x<t—h1)—g£hlepre( s)ds (4.77)
Oprelt) = O(t—hy)+ hy0(t —Ty) + Lhzﬁhz Ddlds (4.78)
Opre(t) = O(t—hy)+ Lhzue(s) (4.79)
Yprelt) = Wt —hy)+Iyg(t—hy j f domeldlds  (4.80)
prelt) = ?(f—h1)+g£h1¢pre(8)ds (4.81)

) t s
brlt) = le=h)ehad-m) [ [ ugbanss (@2

. t

Gorelt) = lt—y)+ f yle)ds (4.83)
Zpre(t) = z(t—hy)+h2(t—h +—j J‘ Ndlds (4.84)
Zpre(t) = z(t—hy )+%J:h r1(s)ds (4.85)

) t S
Yprelt) = ¢(t—h2)+h2¢(t—h2)+£ h J;h uy(l)dlds (4.86)

t
l[’pre(t) = ¢(t_h2)+J;_h ulp(s)ds- (4.87)
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Next we will give an example of the implementation of the equations described

above.

Numerical example: square path tracking

The following example was developed in Simulink with a sampling time of
T, = 0.001 and considering the Euler-Lagrange model (2.15)-(2.16). First, we will
apply the control laws (4.59), (4.63), (4.64) and (4.65) for the delay-free system
where the constants are the same as in the Table 4.1 and the reference position is
given by

t,0,11)7, ift<10,

(

(10,t—10,11)T, if10<t<20
éref: (4.88)
(

(

30-1,10,11)T, if20<t<30
0,40—t,11)T, if t> 30,

and the attitude reference is ¥,.f = 6,.f = ¢,.r = 0. Second, to apply the virtual
delays to the control inputs, we will use the control laws defined in (4.72)-(4.75).
Finally, we implement the equations (4.76)-(4.87) in order to recover the states
of the system in presence of delay h; = h, = 0.35 seconds.

Figure 4.17 shows the oscillatory behavior in the 3D-position when the system
has a delays in the control inputs (green line). Also, we can see the performance
of the predicted states (red line) which is similar to the behavior of the delay-free
system (blue line). Figure 4.18 shows each of the components of the position.
Oscillatory behavior can be clearly seen in the linear and angular velocity states
shown in the Figures 4.19 and 4.21 respectively. The response in attitude can be
seen in Figure 4.20 where the orientation in the 6 and ¢ angles are destabilized

in the system with delay and are recovered by the predictor.
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—

Tref, Yref, Zref)
Tdelays Ydelay zdelay)

_(xfreea Yfrees Zfree)
(mprm Ypre, Zpre)

T
6

e

Figure 4.17 — 3D-position response of the Euler-Lagrange model with delayed
inputs. Trajectory tracking (ref); position evolution with nested saturation
controllers in absence of the delay (free); with nested saturation controllers in
the presence of the delay (delay); with predictor-based controller in the presence
of the delay h = 0.35 seconds (pre).

Figure 4.18 — States position of the Euler-Lagrange model with delayed inputs
h = 0.35 seconds.
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Figure 4.19 - Linear velocity response along the x, y and z axis, delay h = 0.35
seconds.
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Figure 4.20 — Attitude response in yaw (1), roll (6) and pitch (¢), delay h = 0.35
seconds.
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Figure 4.21 — Angular speed, delay h = 0.35 seconds.

4.5 Quaternion-based model with input delays

In this section, we apply our approach to recover the states of the modeled
system with quaternions in the presence of input delay. First, in Subsection
4.5.1 we consider the model with delayed translational dynamics. Second, in
Subsection 4.5.2 we consider rotational dynamics with delayed input. Finally,
in Subsection 4.5.3, we consider trajectory tracking with delays in force control

inputs and torques in trajectory tracking.

4.5.1 Quadrotor translational model with input delay

In this subsection, we introduce the quaternion-based model with the control
force delayed. First, we consider a classical controller that uses linear feedback
for this problem in the delay-free case. Second, we present our predictor-based
controller approach in order to stabilize the states. For this, we consider the
system (2.60)-(2.62) with attitude control given by (2.87) and using the control
force law (2.85) we can define the input delay h; as

Fy(t=hy):=Fpp(t-h)-mg, (4.89)
where

N

Fop(t—hy) = —Kyp(E(t = Ty) = Erep(t = 1) = Kgg(Et = hy) = Epep (= 1), (4.90)
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The references of position and linear velocity are given by (S_;ef(t) =(0.1,0.5,1)T

and E—;ef(t) =(0,0,0)T. We analyze the system with input delay in the transla-
tional model using a sampling time T; = 0.001, it is destabilized after a delay of
hy = 0.5 seconds. However, applying the predictor-based control described in

the Subsection 4.3 we can retrieve the states as

- - > 1 t s -
E,() = a<t—h1>+h15<t—h1>+—f f Eop(dlds  (4.91)
m Ji—n, Jt-n
1 .

N

. t
rlt) = Emh)e L [ Footeyas (4.92)

In Figure 4.22, we can see in blue line the position responses of the system
(2.60)-(2.62) without input delay using the force and torque controllers in (2.85)
and (2.87), respectively. Also, we can see in green line the position responses
in presence of delay h; = 0.5 seconds only in the force control input defined in
(4.89) and how the oscillations increase in the x and y states. In red line, we can
observe the performance of the predictor in the position given by (4.91) and its
tendency to delay-free state.

Similarly, in Figure 4.23 we can observe the behavior in the linear velocity.
The attitude and angular velocity states we can see in the Figures 4.24 and 4.25,

respectively.

4.5.2 Attitude dynamics with delayed control input

We consider the system (2.63)-(2.64) with the control input delayed h, seconds

f(t) = Q@) (4.93)
JO() = Tt-hy)-Q(t) xJO(), (4.94)

where 7(t) = 2Inq(t) and the attitude control delayed is defined as
Tt —hy) 1= —2K, In(q(t — o) 8}, (£~ 12)) = Kga( Ot = 1) = Qyep (= b)) (4.95)

where T € R3 represents the torques caused by the combined action of the
quadrotor’s motors, and K,, = diag([k,ax > 0,kpsy > 0,kp,; > 0]), and Ky, =
diag([kjax > 0,kgqy > 0,kg,, > 0]) denote the proportional and derivative control

gains respectively.
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Figure 4.22 — Position state with input delay h = 0.5 seconds. The subindex free
denote the response of the system without delay, pre indicates the response of
the system with delay and applying the predictor, and delay the state of the
system with delay.
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Figure 4.23 — Linear velocity state with input delay / = 0.5 seconds.
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Figure 4.25 — Angular velocity state with input delay & = 0.5 seconds.

We apply the FTC to Q in the interval [t—hy,t],

or

J

Q(t) = ﬁ(t—h2)+j

t .
AN

—

-

Q(s)ds = Q(t) - Q(t - hy),

_h2

t
Q(s)ds,

t—h,

(4.96)

(4.97)
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replacing ﬁ(s) = 7(s) we can to predict the angular velocity as

—

t
Qpye(t) = Q(t —hy) + J T(s)ds.

t—h,
Analogously, we apply the FTC to 7 in [t — hy, ],

f F(s)ds = ()~ (¢~ hy),
t—h,

or

Equivalently,

t . . .
Fet) = Fle=ho)+ | 7le= o)+ 716) = e )lds

(4.98)

(4.99)

(4.100)

(4.101)

t . t . .
= =i+ [ Fle-mopdse [ (- H-m)lds (4102

. t
- 7<t—h2>+h27<t—hz>+j

Substituting 7(t) = Q(t),

[7(s) = 7(t = hy)

1ds. (4.103)

t
Porel) =7<t—h2>+hzﬁ<t—hz>+f (G (s) = Bt — ho)lds (4.104)
t—h,

Using the FTC in the integrand of the equation (4.104)

O(s)= Ot - hy) = Lh O()dl = L_h 2(1)dl

Therefore, we can recover the axis-angle representation as

Fordt) = 7t o)+ oty [ ., moaras
and the attitude state predicted can be computed by

ol _e[lnq(t—h2)+h72 (t=ho)+ [, [ dlds]
pre\t) =

(4.105)

(4.106)

(4.107)
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Example: Rotational dynamic with attitude control delayed

Consider the system

4 = sa(hea() (4.108)
1O = Tt—hy)— (1) xJO(1) (4.109)
where
12 0 0
J=| 0 9 0| kg-m% (4.110)
0 0 9

S+(-3,-%,3)T and Q3(0) = (0,0,0)T. The desired
attitude will be given by q,.¢(t) = 0.9795 + (0.05791,0.1691,0.0933)7 that in
Euler angles is equivalent to (gbref,Qref,(j)ref)T =(10,20,5)T. The input delayed
is defined by the equation in (4.89) with initial conditions q(t —s) = 1+ (0,0,0)”
and ﬁ(t —s) =(0,0,0) with s € [0, h;], gain constants k,q = kpsy = k

The initial conditions are q(0) =

paz = 1 and

Kdax = kday = Kdaz = 2.

In Figure 4.26, we observe the attitude response components q = go+(41,42,93)" -
The subscript ref denotes the components of the attitude reference (yellow line),
free represent the response of the free-delay system using a PD controller (blue
line), delay denotes the response of the system (4.108)-(4.109) with input de-
layed defined by the equation (4.95) with h, = 0.5 seconds (green line), pre refers
to the predicted response obtained from the equation (4.107) (red line). We can
observe that the response of the system with delay (green line) has an oscillatory
behavior in the vector part between 2 and 10 seconds. However, applying the
proposed predictor it is possible to recover the state (red line). In order to geo-
metrically understand the performance of the predictor, Figure 4.27 shows the
attitude expressed by Euler’s angles.

Similarly, Figure 4.28 shows the components of angular velocity Q= (wy, Wy, Wy).
We can see how using the predictor (red line) in the equation (4.98) eliminates

the oscillatory effect generated by the delay (green line).



92 CHAPTER 4. System with input delay
1
09 ]
S S
© 08 qo,ref 1o Qiref
Fg M ==q0,free Fg . ={1,free
E ortff: 18
2 ] aamss Qo.delay L /o q1,delay
<C o6f = *qopre <8 = *Qlpre
05 %
0 10 15 20 0 10 15 20
Time |[s] Time [s]
‘ 05 ‘
] 04r g3ref
& qQ2,ref & 1 —_—
T - 1o 0.3,! g3, free
Fg free | F;ij [ S B g3,delay
h=Tincl IR / q2.delay = 02f- - g
= - 1= | Sre
< 2pre <4 01 |
oH
0 10 15 20 0 10 15 20
Time [s] Time |[s]

Figure 4.26 — Attitude quaternion response of the quaternion-based model with
attitude control delayed. Attitude tracking (ref); orientation evolution with PD
controller in absence of the delay (free); with PD controller in the presence of
the delay (delay); with predictor-based controller in the presence of the delay

h, = 0.5 seconds (pre).
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Figure 4.28 — Angular velocity components, delay h, = 0.5 seconds.

4.5.3 Tracking trajectory

In this subsection, we apply the predictor on the (2.60)-(2.62) model where

0.177 0 0
J=| 0 0177 0 kg -m?. (4.111)
0 0 0.354

with delayed inputs defined as (4.89) and (4.95). A delay in the dynamics of
hy = h, = 0.35 seconds will be applied during the tracking of the trajectory given
by (4.88) and the yaw reference ¢,y = 0. With initial conditions q(f —s;) =
1+(0,0,0)T and g(t—sl) = g(t—sl) = ﬁ(t—sz) =(0,0,0)T with s; € [0,/;] and
s, €[0,h,] and gain constants

1 00 2 00
Ky=101 0] Kig=|0 2 0], (4.112)
001 001
50 0 0 | (10 0 0
Ky,=| 0 50 0 |, Kge=| 0 10 0 [. (4.113)
0 0 50| | 0 0 10
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In Figure 4.29 we can see the effect of the delay in green line. These effects are
more pronounced in quaternion-based model than in the Euler-Lagrange model
in Figure 4.17. Despite of oscillatory behavior, the predictor (red line) recovers
the states of the delay-free system. We can observe each component of position
in Figure 4.30. The performance of the predictor can also be seen in the linear
velocity in Figure 4.31. Responses in attitude can be seen in Figure 4.32. The

angular speed is shown in Figure 4.35.

z[m]

(-r're_ﬁ Yrefs Zref)
(mdelayv Ydelay Zdelay)
- (‘Z‘free; Yfrees Zfree)
mman (:L‘p'rcv ypTC7 zp‘rc) P

100 T o
8 - < 10

= P 8

6 ™~ —— 6

y[m] - . o

Figure 4.29 — 3D-position response of the quaternion-based model with delayed
inputs. Trajectory tracking (ref); position evolution with PD controllers in
absence of the delay (free); with PD controllers in the presence of the delay
(delay); with predictor-based controller in the presence of the delay h = 0.35
seconds (pre).
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’ Time [s]
Figure 4.30 — States position of the quaternion-based model with delayed inputs
h =0.35 seconds.
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4.6 Conclusion

On one hand, the analysis of the basic concepts of delay systems allowed us to
understand the challenges of TDSs. The main concepts are the definition of
the state through a function instead of a vector and the representation of the
characteristic equation as a transcendent function implies infinite dimensional
solutions. On the other hand, the research about the Smith predictor provided
an idea about the predictor-based approaches, applying the Smith predictor to
a delayed system a better response performance was observed (see Figure 4.7).
Finally, the study of the works presented in [160] and [149] provided us with
a methodology to predict the states of a quadrotor with input delays using the
FTC. This approach allowed us to perform simulations in Simulink where we
validated the performance of the predictor. An advantage of this method is its

feasibility to apply in a real drone.
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Conclusions and future work

UAVs have been in constant development since the First World War due to the
benefits of their physical characteristics such as agility, autonomy, and size in
different applications. Much research has been done about these vehicles in fields
such as guidance, navigation, control, among others. The use of drones in search
and rescue in natural disasters has been spreading since they can be operated
remotely without endangering the human operator in dangerous environments.
Even though drones are remotely operated vehicles, a drone teleoperation system
could further extend their capabilities. Therefore, it is crucial and challenging
to develop new drone teleoperation systems using emerging technologies.

In this thesis, a practical teleoperation system of a quadrotor has been de-
veloped. On the one hand, a virtual drone simulation commanded through a
standard joystick was established in the local site as the master system. A local
controller was implemented in the virtual quadrotor to conduct its flight by
a pilot. This user interface was designed in Unity 3D; first and third-person
views were inserted into the environment. These views help the user not to
lose awareness of the environment when the vehicle rotates. Besides, this local
system can be used as a training simulator since its operation does not depend
on the real quadrotor.

On the other hand, in the remote system, a real quadrotor in a structured
environment was equipped with another local controller to perform flight tasks.
The controller was designed with a quaternion-based approach which gives
flight robustness. A UDP communication links the quadrotor aircraft to the
virtual interface. The virtual vehicle’s position and orientation states are sent
and followed as references by the quadrotor in the real environment. The states
of the real vehicle are returned to the virtual environment. They are shown
to the user as a virtual ellipsoid. This return of information from the drone’s
real states, as a virtual object, does not generate high bandwidth consumption

compared to the visual feedback from the camera on board the drone.

101
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Derived from different tests with our system, when the local interface is
far from the real quadrotor a delay problem was observed. This problem was
addressed within the framework of predictive type controllers. A controller
based on the Fundamental Theorem of Calculus was designed. These types of
controllers depends on the system model. Two models were studied: the Euler
Lagrange model and a model based on quaternions. Numerical simulations
were developed with both models. The simulations showed a good performance
recovering the states of the system for a certain delay time. However, given the
nature of the models used, a better performance was observed in the quaternion-

based model.

5.1 Future work

During the development of this thesis, several points that can be improved have
been detected, hence future work are numerous.

First of all, this work was mainly focused on developing a quadrotor tele-
operation system for inexperienced users using a common joystick. However
there are more sophisticated devices that provide tactile feedback such as haptic
joysticks, bracelets or gloves that can be integrated into the virtual system to
provide greater transparency.

Another important point regarding the teleoperation system is the improve-
ment of the dynamics of the virtual vehicle by designing virtual sensors such as
engines, propellers, and the physical structure. The ROS system could be used
for this purpose.

In this work, the remote environment was assumed to be known, therefore
the information from the drone camera was not taken into account. However,
for unknown remote environments it might be possible to take information
from the drone’s camera and using image processing techniques to recreate the
environment, or to install LIDAR devices on-board the vehicle.

In terms of theoretical control, an improvement to this system could be the
design of a controller that regulates the states of the virtual and real vehicle
in order to reduce errors and become a bilateral system. Implementation of a
trajectory predictive technique such as model predictive control could help to
determine the feasibility of trajectories.

In this project, the delay time was assumed to be constant. However, this
assumption could be removed by modeling the delay as a bounded continuous
variant time function, which is more realistic and challenging. In this sense,
another line of research is the study of the estimation of the system delay when

it is variable.
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The controller proposed in this work could be improved by analytically
determining the critical values that the system can support using the LMI method
to determine the limits of the model parameters.

Experiments with the predictor-based controller will be tested in the future.
Integration of the proposed predictor-based controller for delay compensation

within the teleoperation system also remains future work.
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