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Abstract

The integration of heterogeneous robotic systems is a constant topic today as a promising
strategy to overcome the inherent limitations of each system. With this in view, this study
explores the development of a precision landing system for Unmanned Aerial Vehicles
(UAVs), designed to land autonomously on static and moving targets. To achieve this,
a detailed analysis of aspects of the system is first carried out, such as the definition
of the fiducial marker, the control architecture, and the definition of gains, followed by
the development of the code, which includes the architecture and the interface with an
operator. After development, tests begin which are divided into two stages: the first
verifies the UAV’s ability to identify and follow moving targets, and the second consists
of precision landing experiments in different scenarios. The results of the investigation
indicate that the combination of a complete PID controller with Aruco markers is more
effective, which is why they were selected for the development of the system. Tracking
tests have proven the driver’s ability to guide the UAV to autonomously follow a UGV,
although it presents difficulties with high angular speeds. On the other hand, autonomous
landing tests showed high efficiency in constant speed scenarios but revealed some failures

in situations with sudden changes and requests to the rotation driver.

Keywords: Cooperative Robotics; Unmanned Aerial Vehicles; Unmanned Ground Vehi-

cles; Precision Landing

vi



Resumo

A integracao de sistemas robdticos heterogéneos é um topico constante atualmente como
uma estratégia promissora para ultrapassar as limitagoes inerentes a cada sistema indi-
vidualmente. Com isso, este estudo explora o desenvolvimento de um sistema de pouso
de precisao para Veiculos Aéreos Nao Tripulados (UAVs), destinado a aterragens em alvos
estaticos e em movimento autonomamente. Para isso, primeiro é feita uma analise de-
talhada de aspectos do sistema, como a definicaio do marcador fiducial, da arquitetura
de controle e definicao de ganhos, seguido do desenvolvimento do cddigo, que inclui a
arquitetura e a interface com o operador. Apds o desenvolvimento, inicia-se os testes
que se dividem em duas etapas: a primeira verifica a capacidade do UAV de identificar e
seguir alvos em movimento, e a segunda consiste em experimentos de pouso de precisao
em diversos cenarios. Os resultados da investigacao indicam que a combinac¢dao de um
controlador PID completo com marcadores Aruco é mais eficaz, razao pela qual foram
selecionados para o desenvolvimento do sistema. Os testes de rastreamento comprovaram
a habilidade do controlador em orientar o UAV para seguir autonomamente um UGV,
embora apresente dificuldades com velocidades angulares elevadas. Por outro lado, os
testes de pouso autonomo mostraram alta eficiéncia em cenarios de velocidade constante,
mas revelaram algumas falhas em situagoes com mudancas bruscas e desafiadoras para o

controlador de rotacao.

Palavras-chave: Robotica Cooperativa; Veiculos Aéreos Nao Tripulados; Veiculos Ter-

restres Nao Tripulados; Pouso De Precisao
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Chapter 1

Introduction

The intelligent production environment has been an emerging theme about the ascension
of the Industry 4.0 concept in multiple application domains, whether in the logistical, agri-
cultural, or industrial fields. The automation of tasks by mobile robots makes it possible
to minimize human intervention, optimize processes, and increase the productivity of the
sector. In this sense, the use of aerial robots and ground robots is constantly advancing
in a diversified range of applications. However, using a single type of mobile robot often
restricts the range of applications due to the limitations of each of the architectures [1].

The use of heterogeneous robotic systems emerges as a promising solution since this
strategy aims to exploit the specific advantages of each system while compensating for
their deficiencies. While an aerial robot can offer extensive reconnaissance and mobility
capabilities, a ground robot can perform tasks that require greater stability and physical
strength, such as transporting large amounts of weight. The key to the success of these
systems resides in effective integration and coordination, ensuring that the advantages of
each architecture complement the limitations of the others [2].

For cooperation between Unmanned Ground Vehicles and Unmanned Aerial Vehicles
to be efficient, several key steps need to be carried out with high reliability. Communica-
tion between UGVs and UAVs is essential to synchronize operations and exchange critical
information. And the control of movement and trajectory, including the ability to avoid

obstacles, ensuring safe and efficient navigation in different environments.
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Additionally, more specific steps depending on the application are also required, for
example, for precision agriculture, cooperation may be involved with the refueling of UAV
materials, in this context, it is crucial that the UAV can dock and land accurately on the
UGV, ensuring that refueling takes place smoothly. This integrated approach is not only
limited to precision agriculture, but also proves useful in many other applications, such

as inspections, or in the military.

Solutions revolving around mobile docking stations have been presented in the lit-
erature, allowing the aircraft to land safely, and charge or replace batteries or loads to
extend the system’s autonomy. Precision landing becomes even more challenging if the
UAV must track the moving ground target while simultaneously performing landing op-
erations, making it a major challenge to develop solutions for precision landing operations

on mobile docking stations [3].

The motivation for developing systems that allow UAVs to land autonomously on
moving UGVs is based on practical applications and potential benefits, opening up new
horizons in different sectors. From rescue and humanitarian operations, where speed and
efficiency are crucial to saving lives in disaster areas, to continuous surveillance missions
in military contexts. In logistics and delivery, the ability to land on moving vehicles can
mean optimizing routes and reducing waiting times, especially in dense urban environ-
ments or remote locations. These advances not only promise to increase the autonomy
and efficiency of operations involving UAVs and UGVs, but also provide the basis for
innovations in areas including environmental research, space exploration and much more,

representing a significant milestone in the progress of robotics and automation.

Especially as it is a recent field of research that has great potential for solving prob-
lems related to the autonomy and flight range of UAVs in different application domains,
research into the autonomous landing of multi-rotor UAVs has gained prominence, given
the complexity and importance of the safety of the aircraft and other parties during the

procedure.
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1.1 Objectives

The main focus of this project is developing an advanced precision landing methodology,
capable of acting on both static and moving targets and tracking moving targets. The aim
of using fiducial markers and PID controllers is to establish a robust and efficient system.
For the initial testing phase, a commercial UAV (Unmanned Aerial Vehicle) will be used
to ensure the safety and stability of the system. However, the long-term goal is to adapt
this control system for non-commercial drones operating with MAVROS (MAVLink to
ROS), which requires a code architecture prepared for this transition.

The specific objectives of the project are as described below:

1. Detailed definition of system aspects: fiducial marker and control architecture.
2. Development of a technique for tracking a moving target.
3. Development of a technique for precise landing on moving and static targets.

4. Construction of a control system using ROS, which is easily adaptable for use with

MAVROS.

5. Verification of the reliability of the landing and target tracking system.

1.2 Document Structure

This work has been divided into five chapters as follows:

Introduction: chapter 1 provides the basis for the research, highlighting the objectives
and the importance of the study in the context of autonomous robots and automated
guided vehicles. The structure of the document is presented, preparing the reader for the
technical and theoretical details that will follow.

State of the Art and Study of Tools: chapter 2 is a review of the literature and ex-

isting tools in the field of autonomous robotics used during development, this chapter
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addresses specific research areas, including unmanned aerial and ground vehicles, cooper-
ative robotics, the Robot Operating System and virtual environments such as the Gazebo
simulator. Technical aspects such as PID controllers, state machines, camera analysis,
and marker detection are also discussed.

Development: chapter 3 details the path taken to develop the control system, as well as
describes the complete control system. It shows how the comparative analysis of fiducial
markers and controllers was carried out and, finally, the final architecture of the code is
presented, including the control system, user interface, and definition of the controller
gains.

Results: chapter 4 is dedicated to the results obtained in the research. The focus is on
moving target tracking results, including targets in constant linear and angular motion,
and precision landing results on stationary targets and in different motions. Detailed
analysis of these results is crucial to understanding the effectiveness of the proposed
techniques and approaches.

Conclusion and Future Work: The final chapter, chapter 5 summarizes the main
conclusions of the research and discusses their implications. In addition, directions for
future work are suggested, indicating how the research can be expanded or improved.
This chapter is essential for understanding the contribution of the research to the field of

autonomous robotics and for guiding future investigations.



Chapter 2

State of art and Study of tools

2.1 Autonomous Mobile Robots and Automated Guided
Vehicles

As defined in [4], Autonomous Mobile Robots (AMRs) perceive their surroundings and
make intelligent decisions, contributing significantly to sectors like healthcare, industry,
and civil engineering. These robots have evolved over the past 30 years, leading to signifi-
cant advancements in locomotion, perception, localization, mapping, ego-motion tracking,

and dynamic navigation [4].

Autonomous Mobile Robots represent a significant advancement in robotic technology,
evolving from their predecessors, Automated Guided Vehicles (AGVs). While AGVs, as
described in [5], have been instrumental in logistics and manufacturing due to their ability
to follow predefined paths and require external guidance, AMRs mark a more advanced
stage in robotic autonomy. Equipped with sophisticated sensors and algorithms, AMRs
allow dynamic navigation and intelligent decision-making capabilities [5]. This shift marks
a significant development in how robotic systems are utilized across various industries,

ranging from civil engineering to high-risk work.

5
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2.1.1 Research Areas

AMRs consist of several integral components that enable them to perform complex tasks
autonomously. These components include advanced sensor arrays for environmental per-
ception, autonomous navigation capabilities, and sophisticated algorithms for decision-

making.

Perception

Perception in AMR involves interpreting and understanding the environment using var-
ious sensors. This process includes collecting and processing sensory data to identify
objects, obstacles, and relevant environmental features. According to [4], perception is a
fundamental aspect of AMRs, enabling safe and effective interaction in diverse settings.
As defined in [4], AMRs perceive their surroundings and make intelligent decisions,
contributing significantly to sectors like healthcare, industry, and civil engineering. These
robots have evolved over the past 30 years, leading to significant advancements in loco-

motion, perception, localization, mapping, ego-motion tracking, and dynamic navigation

[4].

Navigation

Navigating AMRs entails determining and following a path to a target location while
avoiding obstacles. This process combines sensory data with algorithms for real-time
decision-making. Navigation, including dynamic path planning and decision-making in
response to environmental changes, is a complex task highlighted in [4].

The challenge of path planning, especially in dynamic environments, is addressed
in recent research. For instance, a focus on multi-agent policy learning and improved
algorithms for efficient path planning is described in [6].

An example of advanced navigation is seen in the development of a mobile robot
equipped with gas sensors and a LIDAR device for scanning areas and detecting gas leaks

while navigating and avoiding obstacles [7]. Additionally, optimizing motion planning for
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speed and safety, particularly in semi-structured scenarios, is another research focus, as
detailed in [8].

Significant research in AMRs includes developing machine learning systems for ob-
stacle detection and avoidance. This area involves using artificial neural networks and
FPGA distributive processing algorithms to enhance prediction speed and accuracy, as
highlighted in [9]. The study [10] uses object detection to identify and classify objects as
discrepant from a location point of view, thus improving location accuracy in dynamic

environments.

Localization

Localization, the process by which an AMR determines its position within an environ-
ment, is crucial for accurate navigation and task execution. Authors in [4] emphasize the
importance of localization for the precision and reliability of AMRs.

Innovative approaches in localization in Industry 4.0 factories are being developed.
For instance, an indoor localization system based on the Extended Kalman Filter (EKF)
and ArUco markers is described in [11]. This method involved testing different innovation
methods for observations within the EKF and was validated using a real robot in a factory
mockup.

Additionally, a machine learning approach to the localization problem is proposed
in [12], where the relative pose of an onboard camera concerning fiducial markers is
estimated using algorithms such as the Random Forest Regressor. This method presents
high accuracy and does not require explicit knowledge of the exact positions of fiducial

markers, showcasing the potential of Al in enhancing traditional localization techniques.

Cognition

Cognition in AMRs refers to the ability to process information, make decisions, and learn
from experiences. This includes using advanced algorithms and artificial intelligence to

interpret data, predict outcomes, and adapt to new situations. Cognition allows AMRs
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to operate autonomously and make intelligent decisions based on their perception of the

environment, as suggested in [4].

In conclusion, the evolution of AMRs from AGVs represents a leap in robotic capa-
bilities, driven by advancements in sensor technology, autonomous navigation algorithms,
and machine learning. While challenges remain, particularly in dynamic path planning
and real-time responsiveness, the future of AMRs is promising, with expanding applica-
tions across numerous sectors. In this area, the solutions for these challenges are fostered
by robotics competitions worldwide, incentivizing researchers to develop technology to
address these problems in the industry and society. Some of these challenges can be seen

in [13]-[15]. They can also foster education, as seen in [16]-[19].

AMRs are a subcategory of Unmanned Ground Vehicles (UGVs). There is also another
category of autonomous vehicles which is Unmanned Aerial Vehicles (UAVs). Recent

research works are described below under these categories.

2.1.2 Unmanned aerial vehicle

Unmanned Aerial Vehicles (UAVs) serve as essential robotic platforms extensively em-
ployed in diverse research domains, meeting demands in areas such as agriculture [20],
infrastructure inspection and monitoring [21], goods delivery [22], cooperative robotics
(23], among others. The versatility of UAVs, particularly multi rotors, is attributed to
their ability to hover precisely, their exceptional maneuverability, and their reasonable

payload capacity for transportation purposes [24].

There are also studies designed to test alternative ways of maintaining the vehicle’s
stability in adverse situations. In [25], a Fast Control Allocation (FCA) is used on a

Tilt-Rotor quadrotor, in which the motor angles are variable, to improve wind safety.

In summary, UAVs play a vital role in various research fields due to their unique
capabilities. Nevertheless, the restricted flight duration of multirotor UAVs remains a

significant impediment to achieving prolonged and autonomous operations.
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2.1.3 Unmanned Ground Vehicle

Recent research in UGVs has made significant strides across various domains, from civil in-
frastructure and autonomous exploration to sensor technology, intelligent traffic systems,
and adaptive control strategies.

Ali et al. (2023), in "Enhanced Application of UGVs in Civil Infrastructure”, highlight
the increasing use of UGVs in civil infrastructure, emphasizing the need for comprehensive
reviews of applications and methodologies, including data sensing techniques and analytics
[26]. Concurrently, Zuo et al. (2023) in "Real-Time Action Planning for UGVs” address
the challenge of autonomous UGV exploration, introducing novel approaches for real-time
action planning in 3D spaces, significantly improving coverage efficiency and performance
27].

Lu et al. (2024), in ”Adaptive Control of UGVs”, propose an adaptive heading track-
ing control strategy for UGVs with variable wheelbases, focusing on optimizing driving
performance under different conditions and incorporating robust control methods for en-
hanced maneuverability and stability [28]. Lastly, Szpaczynska et al. (2024) in "Running
Gear Mobility in UGVs” present a method for assessing the mobility of light UGVs with
rubber-tracked running gears, providing insights into the design of more efficient running
gears for overcoming terrain obstacles [29].

Collectively, these studies underscore the rapid evolution of UGV technology, marked
by innovative approaches in computational methods, sensor technologies, and control
strategies. The integration of these advancements promises to expand the capabilities

and efficiency of UGVs, facilitating their broader adoption in diverse applications.

2.1.4 Cooperative robotics

Remote operations offer increased autonomy and decision-making capabilities, particu-
larly suited for tasks allowing the simultaneous operation of multiple robots over extended
periods. In this sense, there are several limitations to using only one robotic architecture,

which promotes the use of multiple architectures cooperating to resolve the same task.
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Consequently, the main advantage of cooperative heterogeneous systems, as in the
use of UAVs and UGVs, consists in combining the operational characteristics of each
architecture to maximize the resolution of tasks in different application domains, be it in
the field of precision agriculture [30], logistics inspections [31], industrial [32], search and
rescue [33] or military [34].

Multi-rotor UAVs have operational advantages around their ability to hover with pre-
cision and move with a high degree of maneuverability [35]. But a notable challenge for
this architecture is their limited flight time, which averages only 20 to 30 minutes [36],
making them unviable for operations of long duration and consequently long range [35].
In this sense, several works have been explored to prolong the flight time of multirotor
UAVs. For this, autonomous precision landing systems have been presented as one of the
main research topics related to recharging or replacing UAV batteries [37].

UGVs, in contrast, are capable of transporting a large amount of weight, have high
operating autonomy and can be used as mobile landing platforms [38]. This allows the
multi-rotor UAVs to land and take off safely on top of UGVs, thus allowing it to increase
the UAV’s operating endurance and minimize the need for human intervention [37].

An interesting review is presented by Ding et al. [39], which describes various applica-
tions involving cooperation between Unmanned Aerial Vehicles and Unmanned Ground
Vehicles. As part of the [39] research, the complexity of the precision landing procedure is
elucidated, which involves a preliminary step where the UAV must follow the UGV before
proceeding with the landing procedures. In another article [40], there is an overview of
robotic cooperation work applied to precision agriculture, including the use of various

robotic architectures, including cooperation between UAVs and UGVs.

2.2 Land approach techniques

The autonomous landing of multi-rotor UAVs on a moving target is a challenge within
the context of cooperative robotics. In this sense, the robustness of the UAV system is

characterized in the order of greatest importance, considering that the environment of
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cooperative operation between the UAV and the mobile platform can present different
types of disturbances related to its environment of employment, such as wind gusts, low
visibility or even the dynamics of movement of the landing platform (as in maritime
platforms) [3].

This operation involves different stages that are crucial to making a successful landing.
The first stage consists of the approach between the UAV and the mobile platform. At
this stage, GNSS systems are usually used to provide the UAV with global references
that indicate the location of the landing platform when operated outdoors. On the other
hand, when the cooperative operation is conducted indoors, and in this scenario there is
no GPS signal, the main strategies aim to adopt computer vision techniques for tracking
and locating static or mobile platforms, and may even make use of auxiliary sensors that
are less affected outdoors, such as Light Detection and Ranging (LiDAR), infrared (IR)
or even ultrasonic [41] [42].

This is followed by precision alignment of the aircraft with the mobile platform. This
phase requires precise estimation of the landing platform’s location, which is why UAVs
usually use computer vision for this, such as the use of fiducial markers [43], IR sensors
[44] or even thermal markers [45], but there are also techniques in the literature based on
estimating the location of mobile platforms using Ultra Wide Band (UWB) waves [46].

Then proceed with the effective precision landing, which involves the aircraft main-
taining alignment with the UGV while slowly decreasing its altitude. This phase requires
robust control over the positioning of the aircraft by the landing platform location system
in order to chase the landing platform while performing the simultaneous landing maneu-
ver [41]. Finally, the UAV executes the land command in which it descends vertically to
the ground and switches off the engines.

The paper [47] presents a comprehensive study on methods for identifying safe landing
zones for UAVs. It explores techniques for both indoor and outdoor environments, distin-
guishing between static and dynamic landing zones. The study includes camera-based and
LiDAR methods, as well as hybrid approaches. Challenges and future research directions

are also discussed, highlighting the importance of this field in autonomous aviation.
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Another work, [48], presents a strategy for a multi-rotor UAV to land vertically on
a maritime platform in a simulated environment. In this work, PID control techniques
were applied as well as the use of computer vision resources to detect fiducial markers
and control the aircraft’s altitude during the landing procedure on the constantly moving
platform.

A vast study involving topics related to movement control, target detection, and com-
munication between systems is presented and discussed in [49], where the use of a set
of fiducial markers of different sizes is exposed to improve the dynamic tracking process
between a UAV and a UGV. A PID control algorithm was designed which, in combina-
tion with the DJI M100 aircraft control system, demonstrated practical feasibility in UAV

tracking and landing operations over the UGV in an outdoor environment.

2.3 Robot Operating System

The Robot Operating System, or ROS, is a middleware with a set of libraries and tools
that simplify the process of creating and operating advanced robotic systems.

ROS is widely adopted in academic and industrial research and therefore has a large
collection of packages already tested for various applications. This allows developers to
create complex robotic systems by reusing existing components and integrating new ones
[50].

In addition to creating robotic systems, ROS includes tools for testing these systems,
including visualization and simulation. Such as Rviz, a powerful 3D visualization tool,
allows developers to see sensor data and the state of the robot in a virtual environment
[51]. Gazebo, on the other hand, offers an advanced robotics simulator, ideal for testing
algorithms, robot design, and simulating complex scenarios in a safe and controlled envi-
ronment [52]. Another essential tool is rosbag, which allows ROS messages to be recorded
and played back, making it easier to debug and test systems. These tools are fundamental
in the process of developing, testing, and implementing innovative and efficient robotic

solutions [53].
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ROS uses a system of specialized codes that exchange messages to execute a more

complex system. The main components are:

» Packages: This is an organizational unit that contains the elements needed to pro-
vide functionality to a robotic system, such as configurations, initializations, li-

braries, and nodes.

e Nodes: Nodes are individual processes that perform specific tasks in a robotic
system, for example, controlling actuators, reading sensors, processing data, and
managing the robotic system. Nodes communicate with each other via topics and

services.

o Topics: Topics are asynchronous communication channels that allow nodes to ex-
change messages. For example, a node that captures sensor data can publish this

data in a topic, and other nodes can subscribe to this topic to receive this data.

o Services: Services are used for synchronous communication between nodes. A node
can offer a service that provides a specific functionality and other nodes can request

that functionality via the service.

However, despite the popularity and extensive adoption of the Robot Operating Sys-
tem, it presents some challenges and limitations that are important to consider. One of
the biggest challenges of ROS is the absence of native support for real-time operations.
In many robotic applications, especially those that require fast and accurate responses,
such as industrial robotics or autonomous systems, the ability to operate in real-time is
crucial. ROS was also not originally designed with strong security measures, which can
make it vulnerable to cyber attacks or security breaches. Despite these challenges and
limitations, ROS remains an extremely valuable tool in robotics, and many of these prob-
lems are being actively addressed by the community, especially in the transition to ROS

2, which aims to address many of the real-time, security, and scalability issues [54] [55].
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2.4 Virtual environments

A virtual environment in robotics is a useful tool that offers a computerized simulation
for developing robot algorithms. These simulations make it possible to test algorithms,
behaviors, and navigation strategies in a safe and controlled manner, without the risk of
damaging real equipment. They are also an economical way of conducting experiments
since they reduce the costs associated with building and maintaining physical robots and

facilitate remote collaboration between teams from different locations.

In addition to testing algorithms, virtual environments are widely used to teach
robotics, as in [56], which provides a literature review of different robotic simulators with
a graphical interface. Development of algorithms in complex or dangerous environments
that would be difficult to replicate in the real world, such as the inspection of electrical
towers or oil extraction platforms. They are frequently used to train machine learning
and artificial intelligence algorithms, as they offer a consistent and repeatable platform

for evaluating performance in a variety of scenarios[57] [58].

A widely used robotic simulation tool for testing in virtual environments is Gazebo
Simulator [59]. It is a component of Gazebo, a collection of libraries designed to simplify
the development of robotic applications, with a special focus on mobile robotics, although

its versatility allows it to be used in many other applications.

This tool is commonly used to test and validate different models of robotic algorithms,
and robotic kinematics, as well as enable the development of virtual environments ded-
icated to different types of robotic operations, the intention of which is to evaluate and
analyze performance in simulation before its use in the real world. In addition, Gazebo
natively integrates with ROS, simplifying the simulation testing process, as well as en-
hancing different types of simulation implementation for later transfer to a real physical

system [60].

Several studies have been published in the literature based on the results obtained

using the Gazebo simulation software. In [61], the development of a trajectory planning
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model for multi-rotor UAVs is presented, taking into account an environment with ag-
gressive environmental adversity caused by wind gusts. The test scenario was developed
in the Gazebo virtual environment using the PX4-SITL and ROS interfaces. The per-
formance shown by the work in question demonstrated superiority in dealing with wind
disturbances and was highly suitable for deployment in real-world applications.

A quadcopter model, erle-copter, interfaced with Matlab and Simulink software is
presented in [62]. In this work, Gazebo was used to analyze the performance of the
kinematic model of a quadcopter multirotor UAV, to analyze the operational capacity
of the aircraft in simulation. In [63], the cooperative use of a multi-rotor UAV and an
Unmanned Ground Vehicle (UGV) in search and rescue operations was explored, using the
Gazebo simulator as a tool to validate the positioning, communication, and coordination

tasks between the multiple robotic platforms.

2.5 PID controller

In the realm of control theory, the Proportional-Integral-Derivative (PID) controller is a
testament to both time-tested reliability and widespread applicability. Despite the vast
and well-developed landscape of control theory, encompassing many control approaches
and sophisticated tuning methods, PID control remains a cornerstone in both industrial
and academic settings.

PID control, characterized by its simplicity and effectiveness, has established itself
as a fundamental tool in the control systems arsenal. The PID controller operates on a
straightforward principle: it calculates an error value as the difference between a desired
setpoint and a measured process variable. This error is then used to compute a corrective
action by applying proportional, integral, and derivative terms, which can be tuned to
optimize the system’s performance.

The literature is replete with various methodologies to tune these controllers, and
software tools like MATLAB have further streamlined this process, allowing for more

efficient and accurate tuning. The advancements in control strategies have led to more
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complex systems, such as Fractional-Order PID (FOPID) controllers and Nonlinear PID
(NPID) controllers. As discussed in various scientific papers, these advanced controllers

offer more flexibility and can be more effective in specific specialized applications.

2.5.1 Application cases

For instance, in the realm of electrical energy transmission, researchers have explored the
use of FOPID controllers to maintain system stability amidst low-frequency oscillations
(LFOs), a critical requirement for interconnected power systems. The increased number
of design parameters in FOPID controllers allows for finer control, albeit at the cost of
more complex tuning processes. This is highlighted in the work on adaptive power system
control methodologies, combining FOPID with fuzzy logic systems for dynamic tuning,
significantly improving control performance in multi-machine interconnected power sys-
tems [64]. Similarly, FOPID controllers have found applications in the medical field,
specifically in automatic blood pressure regulation. The optimization of FOPID param-
eters using genetic algorithms, as demonstrated in the management of blood pressure
for post-operative patients, showcases the controller’s effectiveness in critical healthcare
applications [65].

The development of NPID controllers for soft dielectric elastomer actuators in soft
robots is another example of the evolution of PID control. These controllers address the
nonlinear characteristics of such systems, fine-tuning their parameters through iterative
optimization algorithms and practical experiments [66].

Moreover, PID controllers have been successfully applied to optimize DC-DC buck
converters, with improvements like the Improved Sine Cosine Algorithm (ISCA) enhancing
their performance and robustness against disturbances and uncertainties [67].

Despite these advancements and the emergence of more complex control strategies,
PID controllers continue to be widely used in industry and academia. Their enduring
popularity stems from their simplicity, robustness, and proven track record in various

applications. While the field of control theory continues to evolve, introducing more
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sophisticated and specialized controllers, the PID controller remains a fundamental and
highly relevant tool in theoretical and practical applications. One example is displayed
in paper [68]. The authors described methods like the Internal Model Control (IMC)
and the second-order Bessel prototype employed to tune speed and position controllers.
These methodologies have been tested across PID controller architectures, including PID,

Cascade, and feedforward combinations, demonstrating their versatility and effectiveness.

2.5.2 Anti-windup

An anti-windup filter is an important feature in control systems that use Proportional-
Integral-Derivative controllers. The term windup refers to the problem that occurs when
the integrative part of the PID controller accumulates a huge error during periods when
the controller’s output is saturated.

Saturation of a controller occurs when the output of the controller exceeds the capacity
of the actuator, so the error of the integrative term increases indefinitely but the actuator
can not match it. For example, when controlling a motor, if the motor is already rotating
at its maximum speed, any additional command to increase the speed is useless but the
integrative term continues to increase.

The windup problem occurs when the system stops demanding a high performance.
The integrative term needs several iterations to eliminate the accumulated error, so the
controller continues to send high values although it no longer requires them. This can
cause oscillations and instability in the system.

To ensure the efficiency and stability of systems, an anti-windup filter is applied which
adjusts the integrative term of the controller to reduce the error accumulation when the
output is saturated. There are various techniques for implementing the anti-windup
filter, such as the integrator freeze, where the calculation of the integrative term is paused
during saturation, or the feedforward method. This helps to avoid excessive responses
and oscillations, contributing to smoother and more precise control.

In [69] an analysis is made, both analytical and experimental, of three different filtering
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methods, back-calculation, Incremental algorithm, and Error recalculation. Considering
the stability, integrating and unstable processes with dead time subjected to saturation

of the actuator.

2.6 State machine

A state machine is a conceptual model used in computer science and engineering to
describe a system that can be in one of several states and how the system transits between
them. Each state is a specific condition or situation of the system and the machine can
change from one state to another in response to some external impulses, for example, user
commands, sensor measurements, the passing of time, etc. These state transitions are

governed by predefined rules.

State machines are widely used in various areas, including software development for
user interfaces, games, industrial process control, and programming languages for text
analysis and pattern recognition. Their relevance and application continue to be very
pertinent today because they provide a clear and efficient way of managing complex

systems that have multiple operational states and interactions.

2.7 Camera analysis

The standard RGB pinhole cameras used today have image distortions that must be taken
into account when determining the relative position of the fiducial marker. To do this, it
is first necessary to measure the scale of the distortion of the camera that will be used in
the experiments [70].

Because of this, some works focus on defining methods for measuring and correcting
camera distortions, such as [71], which proposes a method for correcting images focusing

on radial and tangential distortions.
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2.7.1 Radial distortion

Radial distortion causes straight lines to have a slight curvature, as seen in Figure 2.1,
where the edges of the paper and the edges of the squares have a slight angle in relation
to the straight lines in red [72].

This type of distortion has to do with the increase in the apparent size of the objects
(Magnification) in relation to the optical center of the camera, so this distortion is more

evident in regions further away from the center of the camera.

Figure 2.1: Radial distortion example (OpenCV)

This type of distortion can be classified in three different ways (Figure 2.2): Barrel
distortion, in which the Magnification of the image decreases with distance from the
camera’s optical axis, Pincushion distortion, in which the Magnification of the image
increases with distance from the optical axis or Complex distortion, which is a mixture

of the other types [73].

2.7.2 Tangential distortion

Tangential distortion, on the other hand, occurs when the camera lens is not perfectly
aligned and parallel to the sensor plane, resulting in the lengthening or shortening of
straight lines that are near or tangent to the center of the image. This distortion can

make objects that are close to the center of the image appear to be closer or further away
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Figure 2.2: Classification of radial distortion. Barrel on the left, Pincushion in the center,
and Complex on the right

from the camera than they are, impacting the accuracy of the representation of reality in

the images captured [74].

2.7.3 Calibration

In this work, the camera was calibrated using the OpenCV tools [75], which use five
coefficients to parameterize the images. Three parameters are used, ki, ko and k3, shown
in the equations Equation 2.1 and Equation 2.2, where x and y are the coordinates of a
point in the undistorted image, X aqial distorted dNd Yradial distorted ar€¢ the coordinates of the
same point in the radially distorted image, and r is the radial distance of the point (z,y)

from the center of distortion.

For tangential distortion, two other parameters are used, p; and ps, shown in the
equations Equation 2.3 and Equation 2.4, where Tiangential distorted @1d Ytangential distorted 3I€
the coordinates of the point in the tangentially distorted image. These coefficients are

organized in a matrix shown in Equation 2.6.
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Tradial distorted = T(1 + k1r? 4 kor* + k3r®) (2.1)
Yradial distorted = Y(1 4 k17% + kar + k3r®) (2.2)
Ttangential distorted = & + (2D12Y + p2(r? + 22%)) (2.3)
Yrangential distorted = Y + (01(r% + 2y%) + 2pszy) (2.4)

In addition, the camera’s intrinsic parameters, focal length (fx,fy), and optical centers

(ex,cy), are measured and organized in a matrix shown in Equation 2.5.

fo 0 ¢
cameramatrix = | 0 f, ¢, (2.5)
0 0 1
distortioncoeffs = |k; ko p1 po ks (2.6)

2.8 Marker detection

Computer vision-based localization tasks enable vehicles to determine their positions with-
out relying on GNSS. This is particularly crucial for precision missions or operations in
GNSS-denied environments. Therefore, computer vision is an alternative sensing method
that aids robot localization. As stated in Coelho et al. [76], algorithms using computer
vision through a camera can detect artificial features, such as fiducial markers, extract
their characteristics, and estimate the position and relative orientation of the robot.
Fiducial markers are reference points easily distinguishable for object tracking, motion
capture, augmented reality, and visual localization [77]. A wide range of fiducial marker

packages is available, including open-source options. Some open-source packages are also
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available to the robotics community as ROS packages, such as ARTag, ArUco markers,
Artrack, etc. [50]. A good general overview of fiducial markers used for robot pose
estimation is provided by Kalaitzakis et al. [77].

Several studies have compared the detection of markers at different angles and dis-
tances. For instance, Jurado-Rodriguez et al. [78] developed a system to design, detect
and track personalized fiducial markers. The study compared the accuracy, response time,
and occlusions of six different types of markers, capturing photos of the markers at three
different distances using a camera with a resolution of 1280 x 720 pixels. Their exper-
iment concluded that the custom markers while experiencing a slight loss in accuracy
and detection speed compared to usual markers, were a valid option for commercial and
research applications.

Similarly, in [79], a UAV delivery system was developed using an optical flow module
for hover and cruise while using visual processing for target detection. This strengthens
the use case of fiducial markers in UAV applications where accurate and reliable target
detection is crucial.

In Kalaitzakis et al. [77], the authors presented a review and experimental compar-
ison of four types of fiducial markers (ARTag, AprilTag, ArUco, and STag) for their
localization performance in autonomous systems and robotics applications. The study
investigated location accuracy, robustness under varying lighting conditions and motion
blur, and computational performance. The experiments used different tag configurations
and employed the Logitech C270 Webcam and Raspberry Pi camera for data acquisition.
The fiducial markers were rotated during the experiment, and photographs were captured
at various distances. This approach enabled the evaluation of measurement errors and the
determination of detection rates for each type of fiducial marker. The results indicated
that AprilTag, ArUco, and STag demonstrated high detection rates, AprilTag had the
best orientation measures, and STag had the best position measures.

However, not all environments may be suitable for vision-based localization. As indi-
cated in [80], methods like the precise cable-guided landing of tethered drones can prove

helpful in degraded environments where GNSS and vision are not feasible. This draws
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attention to the need for alternative strategies in addition to the fiducial marker-based

approaches to achieve precision in landing.
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2.9 Tello UAV

Tello is a quadcopter developed in collaboration between Ryze Tech and DJI, Figure 2.3.
It stands out for its lightweight and compact dimensions, with only 87 grams and 98mm x
92.5mm x 41mm. Designed to be accessible and secure, it is an option for initial testing in
both indoor and outdoor applications in controlled conditions. To communicate with the
drone, a Wi-Fi network is used to send commands and read status, operating via UDP

(User Datagram Protocol) packets [81].

One of the important aspects of the model is the incorporation of a flight stabilization
system. This system ensures a stable and controlled flight operation, which is essential
when performing activities in confined spaces or taking images and videos. Additionally,
it comes equipped with advanced speed measurement and odometry capabilities, making

it possible to monitor its position and movement [82].

The UAV’s documentation specifies that it has an 1100 mAh battery, offering up to 13
minutes of flight time, and two varieties of 3044P propellers. The forward-facing camera
has a field of view of 82.6° and includes electronic image stabilization. It can capture
5-megapixel images and record 720p videos, providing satisfactory image quality for a
variety of applications. In terms of flight performance, it can reach speeds of up to 7.5 m/s
and is capable of flying at altitudes ranging from 30 cm to 30 meters, presenting improved
performance at altitudes of up to 6 meters. Moreover, the drone has a transmission range

of up to 100 meters, expanding its possibilities of use [83].

In addition to the forward-facing camera, the Tello is equipped with a downward-
facing visual positioning system composed of an additional camera and a 3D infrared
module. This system is used exclusively by the drone’s internal system for stability
control. However, the effectiveness of this visual positioning system can be limited in
extreme lighting conditions, as in excessively dark (less than 10 lux) or excessively bright
(more than 100,000 lux) environments, as well as on surfaces with repetitive patterns.

These conditions can affect Tello’s ability to maintain stability and precision in flight.
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Figure 2.3: Tello Ryze [84]

2.10 Magni UGV

The Magni Silver Robot Base mobile robot, Figure 2.4, developed by Ubiquity Robotics
[85], has a robust metal structure and the capacity to transport a payload of up to 100 kg.
In addition, the Magni robot has a modular hardware architecture, making it possible to
attach different types of sensors and actuators to its structure, enhancing its application

in different application domains.

The fact that it is completely modular makes it possible to adapt different types of
embedded systems to control it. Currently, this robot is equipped with a Raspberry Pi 4B
and operates with the Ubuntu operating system, as well as having Noetic ROS integrated

natively, making it ideal for optimizing and customizing the robot’s system at a low level.

Magni can reach an average speed of 1 m/s (or more by software update), making
it ideal for simulating and validating experiments conducted indoors. In addition, this

robot can establish communication via Wi-Fi through different access points.
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Figure 2.4: Magni Silver Robot Base [85]

2.11 Iris UAV

The Iris aircraft model provided in the Gazebo robotic simulation library is a multirotor
developed by 3D Robotics [86] and operating with the PX4 firmware [87]. The PX4
firmware is an open-source flight control software system and is prepared to run Software
in the Loop (STIL) simulations, making it ideal for preliminarily evaluating new hardware

and software implementations in simulation.

Communication between the Gazebo simulator and the autopilot, i.e. the PX4 firmware,
is carried out using the MAVROS MAVLink protocols. The ROS and the Gazebo software
interact with the Iris autopilot, making it possible to receive data from the aircraft linked

to its sensory devices, such as the IMU, barometer, GPS, camera and others.

In this sense, different solutions can be explored in a virtual environment by the
Iris multirotor, for example, validating PID control models as well as modeling fault-
tolerant systems in the face of different engagement scenarios, mitigating potential failures
observed in simulation before implementation in an autopilot (especially in controllers of

the Pixhawk line) for experiments conducted in a real environment [88].
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Figure 2.5: Interconnection of the Gazebo, the PX4 firmware, and the ROS for develop-
ment with the simulated Iris UAV.







Chapter 3

Development

3.1 Comparative Analysis of Fiducial Markers

For the continuation of the work, it is first necessary to define the fiducial marker model
that will be used. In this study, three different models were analyzed: ARTag, ArUco, and
ArUco board, a collection of ArUco markers. While these markers share some common
characteristics, they rely on precise detection and interpretation packages. For the ARTag
markers, the Ar Track Alvar package is used, which is based on ALVAR, a set of SDKs
that offer a range of tools for developing augmented reality applications using marker-
based 2D imaging, multi-marker, or 3D point cloud-based tracking. As for the ArUco
markers, the ArUco library from OpenCV is used, which provides a set of functions for

marker detection, tracking, and pose estimation.

The fiducial markers type used in this experiment was selected because they are widely
referenced in the literature in several applications involving UAVs, are open source, and

are already integrated with the ROS platform.

This research adopts a comprehensive methodological approach to assess the perfor-
mance of various fiducial markers in precision landing operations of multirotor UAVs,

specifically in indoor environments. The core objective is to investigate the UAV Tello’s

29



30 CHAPTER 3. DEVELOPMENT

ability to accurately detect these markers, which are strategically positioned at predeter-
mined distances and angles. This study not only evaluates the accuracy of the information
provided by these fiducial markers to the UAV but also explores the potential limits of
their detectability. By doing so, it aims to enhance the UAV’s precision landing capabili-

ties, considering the practical applications and constraints faced during indoor operations.

3.1.1 Proposed approach

As the objective of this work is to evaluate the ability of the UAV Tello to detect the
different models of fiducial markers when applied to precision landing operations, and
considering that the UAV Tello has only one camera pointing forward, it was adapted
in the frontal region of the aircraft a 3 x 3 cm mirror positioned at 70° perpendicularly
to the Tello camera, whose main function is to reflect the image from the front camera
to the lower region of the UAV. With this, the objective was to extract results as close
as possible to the UAV Tello application scenario, i.e., when used in precision landing
operations. Figure 3.1 illustrates the mirror’s adaptation under the UAV Tello’s frontal

region.

Figure 3.1: Mirror’s adaptation under the UAV Tello’s.

The marker needs to be large enough to be detected on the flight ceiling, and also
small enough to prevent occlusion as the UAV approaches the landing. With this, it was
defined that the dimensions of the ARTag and ArUco are 8 x 8 cm, with a white margin
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of approximately 1 cm. In comparison, the ArUco marker measures 8 x 8 cm with an
internal space of approximately 9 mm. As the Tello camera has a field of view of 82.6°,

these markers will stop being detected at approximately 5 cm. These markers are shown

)

Figure 3.2: Fiducial Markers used (ARTag being arranged on the left, ArUco in the center,
and the ArUco board on the right)

in Figure 3.2.

To evaluate the detection accuracy of the markers in different situations several pho-
tographs were captured for each fiducial marker, acquiring images in predefined positions
and angles. From these images, it was possible to calculate the error associated with
each measurement obtained, thus allowing us to determine which fiducial marker has the
lowest mean error in all situations. To ensure precision in moving the markers, a robot
from Universal Robotics - UR3 was used. To acquire the images, a set of procedures was

performed, as shown in Figure 3.3.

e In a controlled environment, i.e., without interference from external factors, the
UAV Tello was positioned with the optical center of its camera pointed toward the
front of the UR3 robot. Under the end of the UR3 is positioned the fiducial marker

used during the experiments.

« A LASER gauge accurate to approximately 2 mm was used to guide the distance
between the Tello UAV camera and the fiducial markers. In addition, the LASER
meter was used to orient the fiducial markers to the center of the mirror, keeping

them centralized under the image captured by the UAV Tello.
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o A tripod was used to guide the UAV Tello in front of the UR3 robot.

» Four ranges of distances were determined to perform the acquisition of UAV Tello

images in relation to the fiducial markers. These bands comprise 75, 100, 125, and

150 ecm distances.

URS3 robotic arm

Fiducial marker

/ LASER distance meter

Image reflected by
the mirror

Tello UAV

=

=

Figure 3.3: Procedures adopted for data acquisition.

For image acquisition, a script was developed in which the Tello UAV captures a set

of 5 images at the moment each position of the UR3 robot is assumed. In total, nine

positions were programmed for the UR3, as shown in Figure 3.4. The actions adopted for

image acquisition are:

The Tello UAV remains centered 75 cm away from the fiducial marker.

o Initially, the UR3 robot goes to position one and remains with the fiducial marker

at point (0,0), that is, in the center of the Tello UAV camera.

« The UR3 goes to the fist position (P1).

o The fiducial marker is rotated to 30°, 20°, 10°, 0°, —20°, —30°, —10° in pitch and
yaw, and finally, at 0°, —15°, —30°, —45°, —60°, —75° in roll. As 0 in each of them

is the same angle, this gives a total of 18 angles in each position. As five photos



COMPARATIVE ANALYSIS OF FIDUCIAL MARKERS 33

were taken at each angle, in total, a set of 90 images were acquired by the UAV in

position one. One example of these images is in Figure 3.5.

Then, the UR3 goes to position two, and the procedures adopted in position one are
repeated until the nine pre-established positions are completed. Upon completing
the nine positions (see Table 3.1), the UAV Tello is moved to the following distance

on the z-axis, 1m away from the fiducial marker.

P9
A
Ps ! P5 P4
<---- «-----
A
P1 P2 P3|
----- > R e -

Figure 3.4: Positions assumed by the UR3 robot.

Table 3.1: Set of predetermined positions for UR3 robot.

P1 P2 P3 P4 P5 P6 P7 P8 P9
0.360 | 0.360 | 0.360 | 0.360 | 0.360 | 0.360 | 0.360 | 0.360 | 0.360
-0.150 | 0.070 | 0.290 | 0.290 | 0.070 | -0.150 | -0.150 | 0.070 | 0.290
0.080 | 0.080 | 0.080 | 0.080 | 0.080 | 0.080 | 0.080 | 0.080 | 0.080

| |
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Figure 3.5: ITmages example (ARTag being arranged on the left, ArUco in the center, and
the ArUco board on the right)

3.1.2 Results and Discussion

This section discusses the results obtained through the methodology adopted to classify
the measurement accuracy of the fiducial markers selected for this case study, identifying

their effectiveness for different distances and angles.

Performance towards position

To determine the accuracy of the positions obtained in detecting the fiducial markers, it is
necessary to establish the expected values for each position to calculate the measurement
errors.

The center point of the fiducial markers placed on the UR3 is assumed to be precisely
aligned with the camera, so at this point, is expected to get the values of (0,0) m for
the X and Y axes. Based on the defined values for the UR3 motion (see Table 3.1), the

expected positions for the other points can be determined, as shown in Table 3.2.

Table 3.2: Expected markers positions.

A B C D D) F G H I
-0.220 | -0.220 | -0.220 | 0.000 | 0.000 | 0.000 | 0.220 | 0.220 | 0.220
-0.160 | 0.000 | 0.160 | -0.160 | 0.000 | 0.160 | -0.160 | 0.000 | 0.160

X
Y

Figure 3.6 shows the values obtained by detecting the fiducial markers (blue dots) and
the expected position (i.e., red dots). It can be seen that the measurements follow an
error pattern. The measures have a downward and leftward shift in all positions, showing

an intrinsic error in the system.
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Position Measurement

Ar Track Alvar at 0.75m Aruco at 0.75m Aruco Board at 0.75m
,' : . measured - : . " . measured 10 : ':, ““ . measured
10 . expected 10 . expected - /. expected
E oo - JE o . . JE ooey “y
L o N PG - - . L ’: '.' &
710 > _10 >-10
. . . . . . -201 % % %
—20{ » . . —201 e . . rd rd -
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
x (cm) x (cm) x (cm)
Ar Track Alvar at 1m Aruco at 1m Aruco Board at 1m
* " . measured ‘ " . measured : [y : . measured
104 ® * 101 ® . 10 s
«  expected « expected - ® . expected
’g 0 . . . ’g of - . . ’g 01~ . . . .
;_10 ° . (Y ‘;_10 L4 4 . ;_10 P ". ‘.
. . . . . . -20 . ° .
=20 3 o LY —20 o o ° l: ". “.
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
x (cm) x (cm) x (cm)
Ar Track Alvar at 1.25m Aruco at 1.25m Aruco Board at 1.25m
: . measured : . measuredr . L. measured
104 = o 101 . 101 3
. expected . expected & & - expected
’g 0 . . . ’g 01 . . ’g 01~ . * “ . .
‘;_10 . . . ‘;_10 - e - ;_10 & l. &
. . . . . . _20 ° D .
- - ‘ .
20 . . . 20 o . L3 ‘i v v
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
x (cm) x (cm) x (cm)
Ar Track Alvar at 1.5m Aruco at 1.5m Aruco Board at 1.5m
10 ‘ s measured 10 : . measuredA .. .. . measuréd
hd M expected o ® .« expected H & ° expected
= . . . | = . . | =~ 0f ¢ . .
E ¢ g ° E | \ s
>-10{ ® . ~ | Z-10{° ° ° - - s &
0 . . . 20 —20{ . . .}
. ] . e ¢ e, ) L4 L )
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
x (cm) x (cm) x (cm)

Figure 3.6: Positions measured with the fiducial markers (ARTag being arranged on the
left, ArUco measurements in the center, and the ArUco board on the right) at different
distances (0.75, 1, 1.25, and 1.5 meters).

As mentioned, the mirror has an angle of 70° concerning the y-axis of the camera.
With this, the image suffers a distortion, causing an intrinsic error in the measurements
of this coordinate that grows along the distance between the marker and the camera, as

a consequence also of the decrease of accuracy in detecting the fiducial markers at long
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distances.

It is possible to see this error more clearly in Figure 3.7, Figure 3.8 and Figure 3.9,
which show that the error in the measurements at 0.75m is closer to zero than the of
1.5m. This error is less prominent on the X-axis, as the mirror angle on this axis is close

to 0°. This offset can be calculated based on these angles and must be considered during

the UAV precision landing.
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Figure 3.7: ARTag position measurement error per marker position (Table 3.2).
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Figure 3.9: ArUco board position measurement error per marker position (Table 3.2).

Note that the ArUco and the ARTag suffer little interferences in the X and Y axis
measurements about the position and angle of the marker. In contrast, with the ArUco
board, a significant variation in the error with the yaw rotations is presented.

On the z-axis, it is possible to verify sudden changes in the error in the position changes
in all graphs, showing a significant interference in the measurement of the three markers.
Besides, both the ArUco and the ArUco board suffer more interference from the angle of

the marker.

Performance towards orientation

In the case of orientation measurements, the expected values align with the predefined
ones for the UR3 rotation, Table 3.3. Subsequently, the error is calculated for each
measurement, presented in Figure 3.10, Figure 3.11, and Figure 3.12. Notably, the results
obtained from the three markers exhibit striking similarities, with most measurements
yielding errors between -10 and 10 degrees.

However, when considering yaw and pitch measurements taken from a distance of
1m, it becomes apparent markers exhibit errors surpassing 10 degrees on multiple occa-
sions. Hence, to determine more accurate outcomes, it is crucial to compare the standard

deviation and average error (Table 3.4, Table 3.5, and Table 3.6).
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Table 3.4: Std and mean error of the ARTag measurements.

ARTag

0.75m 1m 1.25m 1.5m
std | mean | std | mean | std | mean | std | mean
X_ error 0.460 | 0.376 | 0.692 | 2.497 | 0.719 | 2.858 | 0.794 | 2.089
y_error 0.263 | 4.140 | 0.416 | 5.684 | 0.446 | 6.638 | 0.469 | 8.599
Z error 1.799 | 1.832 | 1.345 | -5.848 | 1.863 | 1.868 | 2.281 | 2.274
yaw__error | 1.506 | -4.852 | 3.158 | -1.207 | 5.269 | -4.857 | 8.797 | -5.704
pitch_error | 3.074 | -3.782 | 3.586 | -4.751 | 5.334 | -4.645 | 6.761 | -5.535
roll _error | 1.385 | 1.646 | 1.402 | 0.424 | 1.262 | 3.168 | 1.449 | 1.444

Table 3.5: Std and mean error of the ArUco measurements.

ArUco

0.75m 1m 1.25m 1.5m
std | mean | std | mean | std | mean | std | mean
X_ error 0.247 | 2.201 | 0.493 | 1.821 | 0.408 | 1.519 | 0.403 | 3.309
y_error 0.127 | 3.997 | 0.317 | 5.778 | 0.221 | 6.349 | 0.252 | 8.474
Z error 1.867 | 2.899 | 2.266 | -4.052 | 1.488 | 3.869 | 1.851 | 4.843
yaw_error | 1.798 | 5.360 | 7.720 | 1.825 | 4.567 | 4.858 | 6.401 | 4.506
pitch_error | 3.871 | -3.139 | 9.701 | -3.711 | 4.399 | -3.193 | 5.903 | -2.205
roll _error | 1.459 | 0.949 | 1.689 | 0.745 | 1.450 | 1.605 | 1.375 | 1.502

Table 3.6: Std and mean error of the ArUco board measurements.

ArUco board

0.75m 1m 1.25m 1.5m
std mean std mean std mean std mean
X _ error 0.687 | -2.091 | 0.755 | -3.101 | 0.713 | -2.845 | 0.715 | -1.056
y_error 2.020 | 6.964 | 2.037 | 8383 | 2.076 | 9.177 | 2.072 | 11.234
Z_error 2.239 | 2.874 | 2.459 | -3.553 | 1.892 | 4.353 | 2.234 | 5.647
yaw_error | 2.447 | 5.154 | 9.840 | 1.901 | 2.836 | 4.003 | 5.862 | 3.597
pitch_error | 25.102 | 3.235 | 23.782 | 3.849 | 25.055 | 3.322 | 25.375 | 5.594
roll error 1.683 | 0.546 | 1.58% | 1.988 | 1.228 | 2.005 | 1.280 | 1.181

41



42 CHAPTER 3. DEVELOPMENT

None of the markers showed a significantly high average error, with the largest recorded
error being 5.704 degrees. However, it is important to mention that the standard deviation
revealed some problematic values.

It can be seen that in the tilt measurements of the ArUco plate at the four distances,
the standard deviation is greater than 20 degrees, showing that the measurements were
very dispersed in relation to the average, highlighting a problem in the detection of the
marker. For ArUco and ARTag, a less dispersed pattern was observed, with a maximum

of 9.701 and 8.797, respectively.

Overall performance of the fiducial markers

Upon examining the error tables (Table 3.4, Table 3.5, Table 3.6), the best and worst
values for each marker type are indicated in green and red, respectively. Based on these
results, it can be concluded that the ArUco board marker consistently shows the weakest
results among the three markers. It also shows that the ArTag and ArUco markers have
similar results, as they both have many of the best values.

A closer look at the values reveals that the ArTag and ArUco markers have similar
standard deviation and mean error values. However, ArUco has a slightly lower mean error
than ArTag and also has a more consistent result by having lower standard deviations.

Comparing the ArUco board with the ArUco, where the detection method is the same,
shows that using more than one marker made the results worse, especially on rotation.
This worsening is associated with the size of the markers. In the ArUco board, the
internal markers are about 3.5 cm, half that used in the regular ArUco, which makes the
measurements much worse the further away the camera is from the marker. This fact is

also demonstrated in [77].

3.1.3 Final Considerations

Upon thorough analysis of the collected data, it has been observed that the ArUco board

marker exhibited comparatively weaker performance in both positional and rotational
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measurements. However, when comparing ArUco and ARtag markers, it was found that
both demonstrated similar levels of accuracy, with the ArUco marker showing marginally
better accuracy and consistency. Within the tested range of 0.75m to 1.5m, the markers
achieved, in the worst-case scenario, a positional accuracy of approximately 3cm on the
x-axis, bcm on the z-axis, and 8cm on the y-axis. It is noteworthy that these results could
be further enhanced by compensating for the errors associated with the system.

Given the constraints of dimensions and the indoor flight ceiling limitations, this study
demonstrated the feasibility and effectiveness of utilizing these techniques, highlighting
their potential to improve the landing process of these heterogeneous vehicles.

After evaluating the outcomes, it can be concluded that the Aruco system displayed a
marginally superior performance compared to the tested alternatives. This effectiveness
substantiates its selection for implementation in subsequent experiments. Moreover, it
was observed that the integration of a mirror in the measurement mechanism introduced
significant distortions, particularly on the y-axis. This discovery underscores the critical
need for implementing error correction to mitigate such inaccuracies.

Nevertheless, to circumvent the complexity introduced by the necessity for error cor-
rection, a significant alteration was made to the drone’s architecture: the removal of the
mirror followed by the rotation of the main camera. This modification, although consider-
able, is deemed beneficial as it not only simplifies the system but also enhances the code’s
compatibility with a diverse range of handmade drones, which typically feature cameras

oriented vertically toward the ground.
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3.2 Control architecture

After establishing the fiducial marker model, it is possible to proceed with developing
the UAV system. The next step is to define the control architecture. In this context,
the central focus of the present study is the implementation and comparative analysis
of different Proportional-Integral-Derivative control architectures on a multi-rotor UAV,
whose main objective is its application in the precise tracking of a moving object using
the tracking of an ArUco fiducial marker positioned on top of a UGV as localization
system. This research aims to identify the control architecture that best achieves the
final objectives, emphasizing the need for a reliable method to adjust the gain values of

these architectures, as this directly impacts the efficiency of the controllers.

To ensure an effective analysis, it was decided to conduct this analysis in a simulated
environment. This choice allows for a more precise evaluation, offering control over the
environment and accurate position and velocity data. In addition, it minimizes the risks
associated with real tests, a crucial aspect in the early stages of development, where con-
trollers may not yet be fully optimized, avoiding accidents and material losses. Simulation
provides a solid basis for UAV system development, ensuring that decisions on control

architecture are made with confidence, safety, and efficiency.

For this simulated environment, was utilized the Gazebo integrated with ROS (Robot
Operating System) to conduct the tests. Regarding the robotic architectures, was selected
the Iris UAV, known for its efficiency and versatility, and the Magni UGV by Ubiquity
Robots, noted for their robustness and reliability. This combination of simulation tools
and robotic platforms provides a detailed and realistic simulation. Figure 3.13 illustrates

this robotics units.

The intrinsic camera parameters defined in the iris model were used to detect and
measure the fiducial markers. A landing platform with an ArUco marker measuring 12x12
cm was modeled and added to the top of the Magni UGV, making it approximately 53
cm high. The fiducial marker aims to estimate the aircraft’s position and pitch relative

to the UGV. In this way, the aircraft has a visual reference to assist in pursuing the UGV
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along the routes proposed in this work.

Two routes were predefined to evaluate the control architectures used, where the UAV
must follow the UGV and stay at 2 meters in height. The first route executed by the
robotic platforms consists of a straight line of four meters with a constant speed, per-
forming forward and backward movements, while in the second route, the robotic plat-
forms cover a section whose shape is square of two meters side, Figure 3.14, adding more
complexity to the UAV movement during the tracking operation. The different control

architectures are applied and compared on each route defined by the experiments.

Figure 3.13: UAV Iris and UGV Magni are used in the Gazebo virtual environment.

Q0° 90°

4m
2m

. . .
. . .
. . .
. . .

90°

Figure 3.14: Predetermined routes are chosen to evaluate the different controllers.
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3.2.1 Proposed Controllers

The proposed control system regulates the UAV’s attitude (h), and inertial position,
ensuring stable and precise flight control during the process. The overall control structure

is presented in Figure 3.15.

[m] X-axis speed [m/s]
h d. [m] : Proposed Y-axis speed [m/s] - GaL:FbO
PJ.". [m] : Controller Z-axis speed [m/s] : Quadrotor
P; [rad] : Approach Rotation speed [rad/s] | Control
i g »  Board

Figure 3.15: Overall schematic of the proposed controllers approach.

The system is designed to align the drone with a fixed marker, using the UAV’s
relative position to the marker. To achieve this alignment, the reference inputs are fixed
at a height of 1.5 meters (z=1.5 m), without rotation (yaw=0 rad) and with coordinates
x=0 m and y=0 m. This setup is typical in control systems where the goal is to keep
the unmanned aerial vehicle (UAV) stabilized concerning a reference point, which is vital
for surveillance, mapping, and other applications that require a fixed position or precise
movement to a specific object or location.

As previously mentioned, it has been tested three different architectures, which are:
PD Controller (Figure 3.16), PD-PI Cascade Controller (Figure 3.17), and PD-PI Parallel
Controller (Figure 3.18), inspired from the research work presented in [68]. These figures
(3.16, 3.17, 3.18) show the diagram of the blocks tested in the specific placement shown

in Figure 3.15.

Position P
Reference

h A

plant

Measured
Position

Figure 3.16: Proportional and Derivative controller.
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From the Figure 3.16, it is possible to see that a position variable is a setpoint for the

PD controller, where the respective velocity is the output driven to the Gazebo environ-

ment.
Position iR " %
Reference plant » 1
S
Measured » Kg > S Measured Ki > ;—

Position Velocity

Figure 3.17: Proportional and Derivative - Proportional Integral cascade controller

Figure 3.17 illustrates a PD-PI cascade controller where the outer loop receives a
position the outer loop receives a position variable and drives a velocity variable as a
setpoint for the inner one. The output of the whole control structure is also a velocity

variable. The last proposed control approach is a PD-PI parallel structure, as seen in

Figure 3.18.
Position Measured
Reference ¢ < Position
- Kp
Ky > S
Y
- J 1 |
C+>—> plant " <
rF 3
h J Velocity KP
f(x) Reference
K; > 1_ —
Measured 1 S
Velocity

Figure 3.18: Proportional and Derivative - Proportional Integral parallel controller

Then, the position and speed must be entered as set points, one for the PD and one
for the PI controller. Finally, the respective velocities are added and directed towards the

Gazebo environment. For a speed reference, the represented by f(x) in Figure 3.18 was
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used, based on the distance between the UAV and the UGV acquired with the fiducial

marker measurement, thus establishing a relationship between the speed and position

reference. The curve used for the four axes is in Figure 3.19, only for the yaw command,

the speed axis is in radians per second.
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Figure 3.19: PD-PI parallel controller speed reference.

Finally, all three PID architectures employed for drone control utilized the conditional

integration anti-windup approach. This method effectively manages integral wind-up

during boundary constraints.

3.2.2 Definition of controller’s gains

To optimize the performance of UAV controllers it is essential a precise calibration of their

gains. This calibration was conducted separately for each UAV motion axis: x, y, z, and

yaw, following the same criteria. The first step in this process involved approximating

the UAV’s transfer function for each axis. This was achieved by recording the UAV’s step

response, where a constant velocity was applied to each axis until a stationary state was

observed.
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Figure 3.20: Step Response of the UAV System

The step responses, illustrated in Figure 3.20, were crucial to understanding the dy-
namics of the Iris UAV. These responses were analyzed using Matlab’s system identifi-
cation tool. For each axis (X, Y, Z, and R rotation), a model consisting of two poles
and a zero was used to approximate the transfer function, indicated in the equations

Equation 3.1, Equation 3.2, Equation 3.3, Equation 3.4.

This modeling method was selected because of its accuracy in representing system
dynamics. System identification is a powerful technique for modeling dynamic systems
based on input and output data. In this case, the step responses provided data that,

when analyzed, allowed the creation of mathematical models representing the dynamic

behavior of the Iris UAV.

Using the transfer function modeled for each axis, it was possible to understand how
the UAV responds to different control commands. For example, the Irisp F), transfer func-
tion, referred to in the equation Equation 3.1, describes how the UAV responds to changes
along the X axis. This analysis is key to developing more efficient control algorithms and

improving the UAV’s stability and maneuverability in different flight conditions.
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The Figure 3.21 compares the measured step response with the transfer function de-

rived on each axis. It is worth noting that the functions obtained closely reflect the UAV’s

responses, assuming that abrupt variations are excluded. These abrupt variations, usually

due to external disturbances or sensor noise, are not considered in this analysis to focus

on the inherent dynamic behavior of the UAV.
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Figure 3.21: transfer functions of the iris UAV system
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To determine the controller gains, Matlab’s Autotuning system was utilized. This
system calculates gain values based on specified transient behavior and response time. In
our approach, the closed loops for the speed PI controller and the position PD controller
were configured separately.

Both controllers were based on the transfer functions identified previously. However,
the PD controller required the integration of its respective transfer function to generate
a position response. For each function, was meticulously adjusted parameters related
to transient behavior and response time, aiming to maintain system stability. These
adjustments were crucial for minimizing overshoot and settling time in the step response,
key factors in ensuring precise control.

As a result of this process, the optimal gains for each controller architecture were

determined. These gains, which are integral to the controllers’ effective operation, are

detailed in Table Table 3.7.

PD PI
RT TB KP KD RT TB KP KI
2909 0495 093 0.11 | 1.348 0550 1.28 2.78

P4

248 0586 097 0.15 2.58 09 074 0.74

Z 1.819 0.667 1.02 0.087 | 0.9507 0.9 0.906 1.67
YAW | 1.759 0.6 1.40 0.014 | 0.832 0.9 1.017 2.651

Table 3.7: PD and PI Controller Gains

3.2.3 Results and Discussion

As mentioned, two trajectories were analyzed, one straight and one square. Figure 3.22
shows the path the two robotic platforms take in these two trajectories for each control
architecture.

Regarding the position of the Z axis, the Iris UAV must maintain a height of 1.5
meters above the top of the Magni. Since the UGV measures approximately 53 c¢m, the
UAV must hover approximately 2 meters above the ground. Figure 3.22 shows that the
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cascade controller and the parallel controller have a low variance, while the PD controller

has a high variance. This observation is further confirmed by the error analysis presented

in Table 3.8, which shows that the standard deviation of the PD controller is higher than

that of the others. Comparing the average error of the parallel controller and the cascade

controller, the cascade controller has a lower error on both trajectories, concluding that

the cascade PD-PI controller performed better on this axis.

Table 3.8: Standard Deviation and Mean error of the Z-axis position in each control

architecture.
Y/ X Y
mean std | mean std | mean std
line pd 0.1 0.11 | 0.39 0.38| 0.02 0.01
trajectory | cascade | 0.03 0.03 | 0.38 0.38 | 0.02 0.02
parallel | 0.14 0.03 | 0.29 0.28 | 0.02 0.01
square pd 0.05 006 023 032 023 0.32
trajectory | cascade | 0.05 0.05| 0.25 0.34 | 0.25 0.3
parallel | 0.13 0.02| 0.2 027 0.2 0.27
PD Controller PD-PI Cascade Controller PD-PI Parallel Controller
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Figure 3.22: UGV and UAV trajectories. The PD controller is shown on the left,
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In figure Figure 3.22, the trajectory of the UGV is represented in red, while

the

the
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trajectory of the UAV is represented in blue. Focusing on the X and Y axes, that the
UAV was able to follow the entire trajectory of the UGV with only a slight deviation
while the Magni made a rotation, which is expected because the IRIS camera is on at
the front of the UAV, not at the center. This effect is also seen in the Figure 3.23, which
shows that the iris can correctly imitate the rotations made by the Magni, but during

this movement, the X and Y axes are affected.

In terms of the average error in the linear trajectory, see Table 3.8. As the UGV’s
movement is only in the direction of the X axis, alignment in Y becomes easier, meaning
that the average error in the Y axis is lower. In contrast, the error is much higher for
the X-axis, so it can be concluded that the UAV could not stay aligned with the UGV
while it was moving in this direction, always staying slightly behind the Magni. In this
case, the parallel controller seems to have performed better, with an error close to 30
centimeters, and the other controllers had an error of 40 centimeters. In addition, looking
at the standard deviation, it appears that the pattern repeats itself, with a good value on

the Y axis, but a worse value on the X axis.
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Figure 3.23: Comparison of UAV and UGV position with the three controllers, PD, PD-
PI Cascade, and PD-PI Parallel, on the quadrangle trajectory.
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In the square trajectory, the two axes, X and Y, have a high average error and a
high standard deviation because the UGV moves on both axes in this trajectory. This is
confirmed by the observation of Figure 3.23 in which the position of Iris is always behind
the position of Magni during the movements. It is also clear that this delay is slightly
shorter in the case of the parallel PD-PI controller.

3.2.4 Final Considerations

The SITL tests performed on the Gazebo software, implemented using ROS, showed that
the proposed approach is a suitable solution, presenting effectiveness and robustness. It
also shows that PID control architectures based on fiducial marker detection success-
fully performed the tracking task, keeping the UAV coordinated with the ground robot’s

movement in a simulated environment.

The results showed that all the architectures tested performed satisfactorily, allowing
them to move synchronously and that the parallel PD-PI performed slightly better than

the other two among the three architectures investigated.

Based on the comparative analysis of the three controllers, PD , PD-PI cascade, and
PD-PI parallel, and the observation of their similar performance outcomes, it has been
concluded that utilizing a complete PID controller on the marker position is preferable.
This conclusion is primarily driven by the simplicity and straightforward implementation
that a full PID controller offers. Despite the nuanced differences and specific advantages
that the PD, PD-PI cascade and PD-PI parallel controllers may present, the overarching
effectiveness of a complete PID controller in managing the UAV’s positional control makes
it a more practical and efficient choice. This approach not only streamlines the control
architecture but also potentially reduces the complexity involved in the system’s tuning
and maintenance, thereby enhancing the overall robustness and reliability of the UAV

control system in various operational scenarios.

In addition to the simplicity, the choice of a full PID controller was also based on its
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characteristic of being a third-order system. This particularity is important to guaran-
tee good performance in ramp response, a particularly important aspect when tracking a
moving object, and it is a technically suitable alternative to meet the system’s require-

ments.

3.3 Real experiments

To perform the experiments in the real world, after defining the marker and controller,
it is necessary to complete the software architecture and develop an effective approach
methodology. In the practical tests, two types of robots were used: the Tello, for aerial
operations, and the Magni, for ground operations. The Tello is controlled using the
tello_driver package, which is based on DJI's SDK 2.0. This package allows code to be
run on a computer, which then sends commands and receives status information from
the robot via Wi-Fi. For Magni, the official ROS package provided by Ubiquity Robotics
was used. This integrated approach aims to ensure efficient and precise communication

between the robots and the control system.

To make the experiments practicable, two essential modifications were carried out on
the robots. The first one was the addition of a landing platform, shown in Figure 3.24,
measuring 34.6 cm by 53.8 cm, on top of the UGV. This platform serves as a landing
point for the aerial robot. On top of this base, an ArUco-type fiducial marker measuring

12x12 centimeters was installed, which enables the aerial robot to be guided and land.

The second modification, as described in Section section 3.1, was the change to the
frontal camera of the Tello, which was rotated 90°, Figure 3.25, to capture images of
the underside of the Unmanned Aerial Vehicle. This adjustment is crucial to enable the
detection of the fiducial marker positioned on the UGV’s landing pad. These modifications
are essential to ensure precision and safety during the landing and take-off operations of

the aerial robot on the ground robot.
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Figure 3.24: Unmanned ground vehicle.

Figure 3.25: Unmanned aerial vehicle.

3.3.1 System’s architecture

The system’s architecture, as illustrated in the Figure 3.26, is modeled on the Robot
Operating System (ROS) framework and comprises a modularized nodes network that
interacts by using defined topics to exchange data efficiently. There are two main nodes:

/tello_driver which acts as a communication bridge between the Tello and the ROS,
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allowing operational control of the drone, including take-off or landing commands and
speed manipulation; and /uav_manager which is responsible for high-level management
and autonomous control logic, providing management of the aerial robot, as well as the

controllers of follow up and precision landing.

The remaining nodes are responsible for more specialized actions. The node /aruco_node
is responsible for detecting ArUco markers and estimating the location of the UAV, which
is used for navigation and for localization in space. The user interface is provided by
two nodes: /joy_ node, which interprets signals from a joystick and transmits control
commands through the /joy control topic, and /controller gui, which enables some

important system settings and facilitates data acquisition.

This infrastructure constitutes a robust platform for research and innovation in aerial
robotics. It is also designed for flexibility and can be easily adapted to integrate with
Mavros, a widely recognized ROS package for communicating with a variety of robotic

controllers.

/tello/Image_raw
/raw

/tello/Image_
compressed

/tello/Image_raw
/h264

2
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Figure 3.26: ROS nodes and topics.
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User interface

To improve the experience of the operator and the efficiency of managing the UAV’s con-
trol system, a graphical interface was developed using the Tkinter library in Python. This
interface allows to define parameters of the UAV manager, as illustrated in Figure 3.27.

During the development process, four different controllers were implemented, as men-
tioned in section 3.2. The graphical interface provides a selection option between them,
allowing the user to independently determine and adjust the gains for each one. The final
architecture used only the PID controller, whose gains were defined as documented in
subsection 3.3.2, but all four controllers are usable.

In addition to the controllers’ selection, the interface incorporated functionality for
setting the default altitude that the UAV Tello model should maintain during follow-up
operations, as well as for setting the linear and angular velocities during manual control.
To optimize data collection, an automated system for recording the relevant parameters
was also implemented, which organizes the data collected from each experiment in ways

that simplify subsequent processing.

Configuracdo de Controladores - O &
= PD % PID
X y z yaw X y z yaw
P |1.675 1.3497 |2.610¢ | 1.7407 P [1.991 |1.034 |1.626 |1.605 linear_wel

D |1.355 1.375z |0.420¢ 0.087C

0.282 |0.116¢ |0.42BZ |0.455¢ 1.0

D (1.567 |0.332 |0.801: |0.439¢ angular_vel

1.0
" Cascade X v z yaw  Parallel X Y z yaw
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Figure 3.27: Uav control system graphic user interface. in yellow: controller settings, in
green: speed settings, in purple: follow-up altitude settings, in orange: data saving
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State machine

The efficient operation of an Unmanned Aerial Vehicle (UAV) depends on a sophisticated
operating system capable of responding dynamically to a variety of commands and situa-
tions. The state machine is a critical component of this system, offering a structure that
allows the UAV operator to switch between different operating modes in a predetermined
and intuitive way. In addition, the state machine facilitates the inclusion of essential
safety mechanisms, such as the UAV’s immediate landing capability, which are key to
minimizing risks during aerial operations. The states of the utilized state machine and
the transitions between them are shown in Figure 3.28.

The UAV’s state machine is structured in six states:

1. STOPPED: This is the UAV’s resting state, where all systems are deactivated. The
UAV is on the ground, not performing flight operations. This state ensures a safe

point for initiating and terminating operations.

2. TAKE OFF: Activated by a take-off command. The engines will be started and
the UAV will ascend to a predefined altitude.

3. LAND: State destined for the UAV’s landing.

4. JOY__CONTROL: Allows manual control. The operator uses a joystick to control
the movement and adjust the altitude of the UAV. This status is essential if direct

human intervention is required.

5. LAND CONTROL: This is the autonomous landing execution state, where the

UAV uses a fiducial marker to identify the exact landing point.

6. FOLLOW__CONTROL: Autonomously follows a fiducial marker, ideal for monitor-

ing or surveillance tasks.

Transitions between states triggered by joystick commands:
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1. A: Initiates operations, triggering a take-off command if the uav is stationary, and

activates manual control.

2. B: Terminates operations, immediately inducing the transition to "LAND” from any

state, acting as a safety mechanism.

3. X: Activates follow-up mode, assuming that take-off has already taken place.

4. Y: Activates precision landing mode, assuming that take-off has already taken place.

STOPPED €

FOLLOW_
CONTROL

> LAND

Figure 3.28: State machine

The implementation of this state machine exemplifies the practical application of au-
tomation principles in improving the functionality and safety of advanced autonomous
systems. With this implementation, operators can perform a variety of complex tasks

while maintaining consistent control over the system at any moment.
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3.3.2 Definition of controller’s gains

As discussed in section 3.2, it is crucial to set the controller parameters precisely to
guarantee optimum performance. For this purpose, the approach used in simulations will
also be applied in a real-world environment. The calibration for each axis of movement
of the Unmanned Aerial Vehicle will be conducted independently. The data collected can
be found at Figure 3.29.
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Figure 3.29: Step Response of the Tello UAV System

Based on the step response, an approximation of the transfer functions for each axis of
the UAV was defined. Using Matlab’s system identification tool again, the UAV’s dynamic
characteristics were modeled. In the real environment, it was decided to characterize the
system using only one pole, without the inclusion of zeros. This process resulted in
the transfer functions named Tello TF _x for the X axis, Tello_TF_y for the Y axis,
Tello TF z for the Z axis, and Tello TF r for the rotation, respectively represented
in the equations: Equation 3.5, Equation 3.6, Equation 3.7, Equation 3.8.

1.061

TelloiTFx(s) = m

(3.5)
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Tello TF,(s) =
Tello TF,(s) =

Tello TFya(s) =
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1.119

s+ 1.089 (3.6)
2.603
s+ 2.509 (3.7)
6.028
_— 3.8
s+ 5.732 (3.8)

A comparison of these transfer functions with the real movement is shown in Fig-

ure 3.30. This comparison shows that the transfer functions are accurate approximations

of the values obtained experimentally, confirming the suitability of the single-pole model

to represent the UAV’s dynamics.

Following the methodology described in section 3.2, the Matlab Autotuning system

was used to determine the control gains. These gains are detailed in Table 3.9. Through

Autotuning, it was possible to automatically calibrate the control parameters, optimizing

the UAV’s response to commands.

With the adjusted gains, the UAV is expected to operate with greater stability and

precision, improving the flight experience and allowing for more precise and controlled

maneuvers.
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RT TB | KP KI KD

X 1.174 0.828 | 1.991 0.282  1.567
2.1564 0432 ] 1.034 0.1169 0.332
1.177 09 | 1.626 0.4285 0.8012
YAW | 1.18 0.855 | 1.605 0.4559 0.4399

N

Table 3.9: PID Controller Gains

3.4 Land Approach

The methodology implemented for landing the Unmanned Aerial Vehicle was developed
with a focus on precision and safety. This part of the flight is particularly challenging,
requiring strict control and a well-defined strategy. As described in the chapter 2 section,
the landing process is made up of several critical stages, each playing a vital role in

ensuring a successful landing operation.

1. Approach between the UAV and the mobile platform: in this phase, the UAV nav-

igates toward the ground robot, starting the landing process.

2. Precision alignment: at this stage, the aim is to align the UAV as precisely as

possible with the mobile platform, ensuring optimal positioning for landing.

3. Effective precision landing: the UAV begins its controlled descent, maintaining the

alignment established in the previous stage, ensuring a precise landing.

4. Landing command: at this final point, the UAV performs a vertical descent, re-
gardless of the previous alignment, and deactivates the engines when it touches the
ground. Ideally, this phase is carried out with the drone already in contact with the

ground to maximize landing accuracy, although this is not always possible.

This work considers that the first stage has already been completed and therefore

begins with aligning the aircraft with the mobile base. To perform this alignment, the
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Proportional-Integral-Derivative (PID) controller is used, which has been defined in detail
in the previous sections of the document.

The UAV reads the position of the fiducial marker placed on the mobile base and
adjusts its position to align itself above it. Initially, the alignment is done at a distance
of one meter from the marker and, during the landing, this altitude is decreased by one
centimeter as soon as the alignment is done correctly.

When the UAV reaches 20 centimeters from the mobile base, the landing command
is activated. The UAV descends vertically and deactivates its engines after reaching the
landing base. This is the critical moment when the effectiveness of the landing strategy
is tested, and the precision of the PID control is essential to ensure that the UAV lands
exactly where it is supposed to.

At this last stage, the landing process should ideally be carried out with the drone
already on top of the landing pad, but in commercial drones it is common for there to
be a minimum flight altitude, as is the case with the Tello where the minimum operating
altitude is 30 cm. This minimum altitude limit presents an additional challenge in the
landing process. Executing the landing command at an altitude of 20 cm requires even

more precision from the PID controller to ensure a successful landing.
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Figure 3.31: Trajectory graph of follow-up mission with linear velocity



Chapter 4

Results

This chapter presents the results of the tests carried out to evaluate the performance of the
control system developed. Two types of tests were conducted: Follow-up and Precision
Landing. These tests are crucial to ensuring the reliability and effectiveness of drones
in critical operations. They make it possible to identify and solve problems in flight
control and navigation, ensuring that the drone can operate safely and efficiently in real

environments.

4.1 Follow-up Results

The follow-up tests aimed to verify the drone’s ability to follow a ground robot at dif-
ferent trajectories and speeds. These tests assess the drone’s ability to maintain precise
alignment with a moving target on the ground, which is crucial for applications such as

security monitoring and tracking moving targets.

4.1.1 Target at constant linear velocity

In the initial testing phase, the Unmanned Ground Vehicle moved forward on a straight
trajectory of five meters, before returning to the starting point, maintaining a constant

linear velocity in both directions. The focus was on the Unmanned Aerial Vehicle’s ability

65
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to maintain a constant distance from the UGV. Four different speeds were used to evaluate
the UAV’s response. The trajectories executed are shown in Figure 4.1.

It was observed that the UAV followed the UGV effectively at all four speeds tested.
Interestingly, in the highest speed test, the UGV made a turn, introducing an angu-

lar component to the movement. Despite this, the UAV proved capable of successfully

replicating the UGV’s curvilinear trajectory.
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Figure 4.1: Trajectory graph of follow-up mission with linear velocity
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For a detailed examination, the graphs representing each axis as a function of time
were analyzed, as illustrated in Figure 4.2, which shows the UAV’s position at the third
speed tested. In the X and Z axes, the UAV showed good alignment with the predicted
trajectory, indicating effective longitudinal and vertical tracking. However, on the Y axis,
a maximum deviation of around 20 centimeters was recorded, a contrast with the results
obtained in simulations, where the misalignment was more noticeable in the direction of
movement. Concerning rotation, the UAV remained consistently within an acceptable

error of 4+ 0.1 radians, denoting stable orientation control.
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Figure 4.2: Position graph over time in follow-up mission at linear speed

The tests demonstrated the UAV’s proficiency in accurately tracking a UGV at con-
stant linear displacement, even with the introduction of smaller angular movements and

at varying speeds. The UAV showed a remarkable ability to maintain alignment in the
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longitudinal and vertical directions. The need to improve lateral control to minimize the
error observed in the Y axis is clear. Maintaining consistent angular orientation with

minimal error also underscores the efficiency of the UAV’s yaw control system.

Figure 4.3: Real images of the linear trajectory.

4.1.2 Target at constant angular velocity

The test procedures were expanded beyond linear tracking to assess the UAV’s competence
in following a UGV performing rotational movements at a constant angular velocity. This
phase of testing is essential to determine the UAV’s ability to maintain vigilance and
relative positioning in the face of changes in a target’s orientation, a common challenge
in dynamic environments.

To complement the tracking tests at linear speeds, the UAV’s ability to track a UGV
performing constant rotational movements was also tested. This part of the test is crucial
to understanding the effectiveness of the UAV’s flight system when faced with changes in
target orientation, a common situation in dynamic operational environments. In this sce-
nario, the UGV performed a rotation around its axis at a constant angular velocity. The
evaluation focused on the UAV’s ability to compensate for changes in the UGV’s orienta-
tion and maintain stable tracking, despite the absence of significant linear displacement.

The UGV performed two complete rotations on its axis during the tests at three
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different angular velocities. The UAV’s task was to remain aligned with the UGV during

these rotations. The captured trajectories are illustrated in Figure 4.4.
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Figure 4.4: Trajectory graph of follow-up mission with angular velocity

The graphical representations in Figure 4.4 show that although the Tello UAV man-
aged to maintain proximity to the Magni during rotations, its effectiveness was compro-
mised as the angular velocity increased. At higher angular velocities, the UAV struggled
to maintain perfect alignment with the UGV. However, these graphs are not sufficient
to discern whether the UAV maintained the same orientation as the UGV over time; for
this, it is necessary to refer to the temporal graphs, presented in Figure 4.5, Figure 4.6
and Figure 4.7.

At the first two speed settings (Figure 4.5 and Figure 4.6), the UAV maintained
satisfactory alignment with the UGV, despite a slight delay in response. However, at the
highest speed (Figure 4.7), the UAV was unable to synchronize its movements with those
of the UGV, resulting in misalignments that impacted the accuracy of the other axes as
well.

It is concluded that the Tello UAV is capable of following the Magni UGV at low to
moderate angular velocities, but not at high speeds. This limit in the UAV’s performance
suggests the need for optimizations in the control system, especially to deal with tracking

challenges involving high angular velocities.
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Position Over Time With First Angular Velocit
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Figure 4.5: Position graph over time in follow-up mission at first angular speed
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Position Over Time With Third Angular Velocit
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Figure 4.7: Position graph over time in follow-up mission at third angular speed

4.2 Precision landing results

This section evaluates the UAV’s ability to perform precise landings in different conditions:
with the landing pad stationary, in constant linear movement, with interrupted movement,

and with combined linear and angular movements.

The objectives of these tests are: first, to measure landing accuracy, determined by
the proximity of the UAV’s landing point to the center of the fiducial marker; second, to
evaluate the repeatability and reliability of the drone’s control system in meeting various
landing challenges; and third, to analyze the path taken by the UAV during the landing
procedure.

To ensure a comprehensive evaluation, the landing procedure was repeated ten times
in each scenario. These tests are vital to understanding the effectiveness of the UAV’s
control and navigation algorithms. In addition, they are key to identifying areas that
need future improvement, with a view to applications in real, dynamic environments

where landing accuracy and reliability are essential.
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4.2.1 Stationary target

In this test, the focus is on assessing the UAV’s ability to make an accurate landing on
the stationary landing pad. To begin the test, the UAV was positioned at a height of
one meter directly over the magni, already aligned with the marker. From this initial
position, the landing procedure began. The aim was for the UAV to land exactly on the
marker, minimizing deviation from the marker’s center.

This test configuration was chosen to simulate a controlled landing scenario, where
the UAV has a direct descent path without the need for additional alignment maneuvers.
This scenario represents the most basic case of precise landing, serving as a baseline for

evaluating the UAV’s performance in more complex conditions.

Repeatability and precision

In this initial test, all ten landings were successful, with the UAV landing correctly on
the ground robot. The positions of the Tello’s camera after landing, to the center of the

marker, are detailed in Table 4.1.

0 UAV landing positions relative to fiducial marker in stationary test
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Figure 4.8: UAV Landing Positions Relative to Fiducial Marker in Stationary Target Test

In Figure 4.8, the graphical analysis reveals that most of the final positions are within

the red circle, which has a radius of 6 centimeters, while two are located within the
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blue circle, with a radius of 3 centimeters. This pattern suggests that the UAV showed

good landing accuracy, always landing very close to the marker, which is considered a

satisfactory result.

P1 | P2 | P3 P4 |P5 | P6|P7 | P8|P9|P10

X (cm) | 04 [-03|-05|27|-1.1]32|-63[6.7 |14 |-15
Y (cm) [ -21] 08 | 51 [19(43 |15]-32[29 42|28

Table 4.1: UAV landing position with stationary landing base

UAYV path

The trajectory covered during the P6 landing is illustrated in Figure 4.9. This figure shows
that the UAV followed a consistent and almost linear route, with a slight disturbance at

the beginning, attributed to the initial alignment. On the other hand, Figure 4.9 shows

the UAV’s position as a function of time. Here, there is a slight deviation in Tello’s
rotation, although the other axes behave adequately. It is also worth noting that the

total landing time was approximately 6 seconds, which is efficient.
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Figure 4.9: Visualization of UAV’s Flight Path in 3D During Precision Landing on the

stationary test
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Position Over Time With Stationary Target
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Figure 4.10: Visualization of UAV’s Position Over Time During Precision Landing on the
stationary test

4.2.2 Target at constant linear velocity

In the second test, the aim was to test Tello’s ability to land accurately on a landing
base that moves linearly at a constant speed of 0.2 m/s, without making any rotational
movements. The procedure began with aligning the Tello with the fiducial marker. Once
this alignment was achieved, the Magni moved linearly and then the Tello initiated the
landing procedure. Throughout the landing operation, the Magni maintained its constant
speed.

This test put a significant demand on the UAV’s control system. To ensure a successful
landing, it is crucial that the UAV not only aligns itself with the fiducial marker, but also
synchronizes its movement with that of the moving landing pad, implying a complex

coordination between the two architectures.
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Figure 4.11: UAV Landing Perform in Linear Motion

Repeatability and precision

Again, in this test, the UAV landed correctly on the ground robot in all ten experiments.

Tello’s camera positions after landing are detailed in Table 4.2.

P1| P2 | P3| P4|P5 P6 P77 | P8 | P9 |P10
X (cm) | 1.9 | -3 -3 163(-3 |53 84 |11 |-0.1]-0.1
Y (cm) [ 04 |-25]-28 12|01 [-08|-1.5|-22|-55]|-4.3

Table 4.2: UAV landing position with linear motion landing base

Figure 4.12 shows that most of the lands were inside the red circle and three were inside
the blue one. Again, this suggests that the UAV demonstrated good landing accuracy.
However, unlike the first test, this time most of the landings were made at the bottom of
the marker, which can be explained by the problem mentioned earlier that, because it is
a limited aerial robot, it is necessary to start the landing 20 centimeters from the marker,
so if the UAV is aligned with the ground robot, after landing it will be a few centimeters
behind.



76 CHAPTER 4. RESULTS

10 cl)JAV landing positions relative to fiducial marker in linear moving test
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Figure 4.12: UAV Landing Positions Relative to Fiducial Marker in Linear Motion Target
Test

UAYV path

The trajectory of the P5 landing is illustrated in Figure 4.13. Again, the UAV followed a
route consistent with the movements of the UGV, clearly showing the decrease in altitude
during the movement of the landing base. In Figure 4.14 there is a slight deviation in the Y
axis, which was also observed in the follow-up tests. The landing time was approximately
9 seconds, as expected, slightly longer than the static test, and the ground robot covered

more than 1.5 meters during the procedure.

Looking at all the landing attempts in this experiment, it was observed that the Magni
moved between 120 ¢m and 250 c¢m, with this maximum occurring in experiments with
some disturbance in the Tello’s camera image. Considering this, it is concluded that the

control system is adequately capable of landing in this scenario.
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Figure 4.13: Visualization of UAV’s Flight Path in 3D During Precision Landing on the

linear moving test
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4.2.3 Target with abruptly stopped

This phase of the tests was designed to assess how the UAV (Tello) reacts to sudden
changes in the target’s movement. This scenario simulates real situations in which the
target may stop unexpectedly, requiring the UAV to quickly adapt to complete the landing
successfully. First, the Tello is aligned with the fiducial marker. Next, the Magni starts
moving forward at a constant speed of 0.2 meters per second. During this movement,
the Tello begins its precision landing procedure. In this test, there is a variation: after
covering a distance of 120 centimeters, the Magni abruptly stops its movement.

This specific distance of 120 centimeters was selected based on the observations of the
second experiment. In this experiment, it was noted that at this distance, the UAV had
already reduced its altitude to the point where it was almost reaching the landing base.
Therefore, the Magni’s sudden stop at this point is crucial to test Tello’s ability to adapt
quickly to unexpected changes, while maintaining landing accuracy despite the target’s

unpredictable behavior.

Repeatability and precision

As Table 4.3 shows, this test had some failures on landing, three out of ten attempts
failed. This shows that the system has certain limitations in adapting to abrupt changes
in movement. These errors are attributed to the fact that the UAV loses sight of the
marker due to the UGV stopping abruptly while the Tello is close to the marker. At the
moment of stopping, Tello suffers an overshoot due to the PID controller and maintains
movement, so as it is close to the marker, it loses its position reference and is unable to

complete the landing correctly.

P1 | P2 P3| P4 P5 | P6 | P7|P8 | P9 | P10
X (cm) | -2.5 | fail | 7.3 | -1.3 | -2.3 | fail | fail | -1.2 | -2.1 | 4.3
Y (cm) | 0 |fail [-0.5| 0.6 |-1.9 | fail | fail | -1.6 | -3.7 | -1.6

Table 4.3: UAV Landing Position with Abruptly Stopped Landing Base
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In Figure 4.15, there are several landing points (P1, P4, P5 and P8) inside or very
close to the blue circle, suggesting that these landings were very successful. Other points
(P9 and P10) are located outside the blue circle, but inside the red circle, indicating less
precision, but still within an acceptable zone. There is one point (P3) that is noticeably
further away from the others, suggesting a landing attempt with greater deviation.

In this experiment, the successful landings did not show the same pattern as in the pre-
vious test because at the time of the land command, the UGV was not moving, indicating

that the justification given was correct.

UVA landing positions relative to fiducial marker in abrupt stop test
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Figure 4.15: UAV Landing Positions Relative to Fiducial Marker in Abruptly Stopped
Target Test

UAYV path

The trajectory of the P5 landing is illustrated in the Figure 4.16, it can be seen that during
the constant movement, the UAV follows the UGV correctly, however, at the moment of
stopping, there is a significant oscillation, although it managed to resume the landing.
The Figure 4.17 shows some interesting points, firstly, concerning the X axis, it shows
disturbances in the UAV’s section. It is also noticeable that the Tello’s altitude decreases

during the movement until, at the moment of stopping, it increases slightly until it aligns
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and decreases again. The landing time was approximately 18 seconds, much longer than
the static test.

The results of this test reveal the importance of a robust navigation and control system
for UAVs, capable of dealing with dynamic changes in the environment. Improving the
UAV’s ability to respond quickly to unforeseen changes in the target’s movement can
significantly increase reliability and safety in real operations. In addition, it shows the
importance of including an error-checking system, which signals when an error occurs in

the landing and treats this error to try to resume the landing.

Trajectory With Abruptly Stopped Target
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Figure 4.16: Visualization of UAV’s Flight Path in 3D During Precision Landing on the
Abruptly Stopped test
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Position Over Time With Abruptly Stopped
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Figure 4.17: Visualization of UAV’s Position Over Time During Precision Landing on the
Abruptly Stopped test

4.2.4 Target with linear and angular movement

The objective of these experiments was to evaluate the UAV’s ability to perform an
accurate landing on a target that not only moves linearly but also incorporates angular
movement. This test aims to stress the UAV’s control system, challenging it to compensate

for angular variations in addition to the linear position.

The test began with the UGV (Magni) moving linearly at a constant speed of 0.2
meters per second. After traveling 80 centimeters, the UGV inserts an angular movement
at a speed of 0.1 radians per second until it completes a quarter circle and then stops.
During this time, the UAV (Tello) was tasked with making the landing, which required
the controller to make corrections not only to the position but also to the orientation in

response to the UGV’s angular movement.
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Figure 4.18: UAV Landing Perform in Angular Motion

Repeatability and precision

The complexity of the test, which combined linear and angular movement of the target,
resulted in a higher error rate, where 4 out of 10 landings resulted in failures, Table 4.4. A
crucial observation was that the failed landings were associated with the UAV’s previously

mentioned minimum flight altitude limitation. In these attempts, the UAV started the
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landing procedure, but the UGV left its position below Tello before the landing could be

completed, causing a misalignment between the UAV and the target.

P1 | P2| P3 | P4 |P5 | P6|P7|P8 | P9 P10
X (cm) | 16.0 | fail | -15.9 | 3.5 | fail | fail | 5.3 | 5.0 | fail | 14.0
Y (cm) | 1.5 | fail | 4.0 | 6.4 | fail | fail | 2.4 | 11.0 | fail | -1.5

Table 4.4: UAV landing position with angular moving landing base

In 4.19 it shows that most of the landings were outside the red circle, reinforcing that
this test did not have a good result in terms of either repeatability or accuracy. Most
of the landings were made in the direct upper part of the landing base, which can be

explained by Tello’s inability to update its position at the end of the process.
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Figure 4.19: UAV Landing Positions Relative to Fiducial Marker in angular moving target
test

UAYV path

The P8 landing, Figure 4.13, shows a route consistent with the UGV’s movements and
shows the decrease in altitude during the circular movement and landing at the moment

when the ground robot has stopped. The graphs to time, Figure 4.14, show that the UAV
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was able to mimic the movements of the UGV very well, with only a small deviation on

the Y axis.
In this experiment, the UAV took approximately 20 seconds to land and was only able

to complete the procedure once the movements had been completed.

Trajectory With Angular Velocity
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Figure 4.20: Visualization of UAV’s Flight Path in 3D During Precision Landing on the

angular moving test
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Position Over Time With Angular Velocity
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Chapter 5

Conclusion and Future Work

This dissertation addressed the development of a precision landing methodology for un-
manned aerial vehicles (UAVs), focusing on static and moving targets, using PID con-
trollers and fiducial markers. This methodology involved defining the most suitable fidu-
cial marker for the application, the best performance control architecture, and a technique
for defining the controllers’ gains. In addition, the development of a control system ap-

plicable to different UAVs can be expanded for different activities.

Different configurations of controllers and markers were analyzed and it was concluded
that the use of a complete PID together with Aruco markers would have better perfor-
mance. Then the testing stage began, in which the efficiency of the controller in making
the aerial robot autonomously follow the UGV was verified. In this respect, it was con-
cluded that the UAV was able to keep in line with the UGV with good precision at

contained speeds, while the rotation control performed worse.

This was followed by landing tests in some different scenarios, which showed good
performance in landings with smooth, steady movements, but revealed the importance of
a navigation and control system with better capabilities for dealing with dynamic changes
in the environment. The limitations of commercial drones were also clear: they are good
for initial tests, but they create barriers to development and reduce the efficiency of

completing important tasks during cooperation.

87
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5.1 Future works

For future work, tests using customizable aircraft are of the essence, allowing the control
system to perform better due to different configurations and the insertion of different
sensors. In addition, tests in outdoor environments are important due to their wide
applicability, requiring the integration of solutions for different variables such as lighting
and wind.

In the context of the system’s application, it is important to integrate the developed
controller into different mission planning modules, including navigation, path planning,
obstacle detection, coordination between multiple robots of different architectures, and
so on. In addition, it focuses on the ground robot, and the development of equipment to

enable autonomous recharging of aerial robots.

5.2 Articles

During the research period for the development of the system discussed in this dissertation,
the diffusion of information was an objective, resulting in the publication of many papers
at conferences. These articles not only reinforce the relevance of the work carried out but
also contribute to the scientific community.

Among these publications, two papers are directly related to this dissertation:

o Luciano Bonzatto junior, Guido Szekir Berger, et al. ”A comparison of PID con-
troller architectures applied in autonomous UAV follow up of UGV”. Paper presented
in Sixth Iberian Robotics Conference ROBOT 2023, Coimbra, 2023.

o Luciano Bonzatto junior, Guido Szekir Berger, et al. ”A Comparison of Fiducial
Markers Pose Estimation for UAVs Indoor Precision Landing”. Paper presented in
International Conference on Optimization, Learning Algorithms and Applications

(OL2A), Acores, 2023.

In addition, two articles focused on the application of UAVs in precision agriculture,

an emerging field of great practical relevance.
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o Guido Szekir Berger; Luciano Bonzatto junior; Milena F. Pinto; Alexandre de
Oliveira Junior; Joao Mendes; Ana Pereira; Yago M. R. da Silva; Anténio Valente;
José Lima. "UAV-Assisted Navigation for Insect Traps in Olive Groves”. Paper
presented in Sixth Iberian Robotics Conference ROBOT 2023, Coimbra, 2023.

o Guido Szekir Berger; Joao Mendes; Chellal, Arezki Abderrahim; Luciano Bonzatto
junior; Yago M. R. da Silva; Zorawski, Matheus; Ana Pereira; et al. "A YOLO-
based insect detection: Potential use of small multirotor Unmanned Aerial Vehicles
(UAVs) monitoring”. Paper presented in International Conference on Optimization,

Learning Algorithms and Applications (OL2A), Acores, 2023.

And, two articles were dedicated to the construction and planning of ground robots,

both presented at the CLAWAR 2023 conference:

o Braun, Joao. "Energy Efficiency Analysis of Differential and Omnidirectional Robotic
Platforms: A Comparative Study”. Paper presented in CLAWAR 2023 - 26th issue
of the International Conference Series on Climbing and Walking Robots and the
Support Technologies for Mobile Machines., 2023

e Braun, Joao. "Design and Development of an Omnidirectional Mecanum Platform
for the Robot AtFactory 4.0 Competition”. Paper presented in CLAWAR 2023 - 26th
issue of the International Conference Series on Climbing and Walking Robots and

the Support Technologies for Mobile Machines., 2023.

In conclusion, the articles published during this research period not only reflect the
depth and breadth of the work carried out but also establish a course for future research

and practical applications in the areas of mobile robotics.
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