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Abstract

This thesis presents the development of a drone capture platform using ROS2, enabling
a rotary-wing Unmanned Aerial Vehicle (UAV) to autonomously intercept and capture a
simulated fixed-wing target in flight. The work leverages the complementary strengths of
rotary-wing shuttle drones and fixed-wing target drones to achieve a cooperative capture
solution, o [ering a more e Lcieht alternative to deploying complex vehicles for specialized
applications.

The proposed system integrates precise motion planning, control strategies, and inter-
drone communication within dynamic environments. A Model Predictive Controller
was implemented to enable the shuttle drone to intercept and capture a moving target
while accounting for system constraints and the target’s trajectory. Built around the
PX4 ecosystem and the ROS2 framework, the solution includes the instrumentation of a
real-world shuttle drone for experimental validation. Extensive simulations in controlled
environments were conducted, followed by hardware trials in real-world scenarios.

The results demonstrate that the MPC performed well in intercepting simulated
moving targets as the MPC consistently approximated the target’s position within 50 cm
in the horizontal plane. To enhance performance, key improvements include enabling
simultaneous acceleration and yaw control for optimal capture maneuvers, upgrading
communication for larger-scale tests, and increasing target speed beyond 5 m/s to assess
performance under more demanding conditions. Integrating a real target drone and
grasping mechanism in field tests will further evaluate aerodynamic interactions and
capture reliability.

This thesis contributes to advancing autonomous drone capabilities, particularly
for cooperative UAV tasks such as aerial inspections, logistics, and search-and-rescue
operations. The platform’s robustness and adaptability lay a strong foundation for future
research and development in cooperative drone systems.

Keywords: UAVs, drones, planning, control, deploying, shuttle, rotary-wing, fixed-wing,
cooperative, PX4, ROS2,



Resumo

Esta dissertacdo apresenta o desenvolvimento de uma plataforma para captura de drones
utilizando ROS2, permitindo que um Veiculo Aéreo Nao Tripulado (VANT) de asas
rotativas intercepte e capture autonomamente um alvo simulado de asa fixa em voo. O
trabalho explora as vantagens complementares dos drones de transporte de asas rotativas e
dos drones-alvo de asa fixa para alcancar uma solugdo cooperativa de captura, oferecendo
uma alternativa mais eficiente ao uso de veiculos complexos para aplicacdes especializadas.

O sistema proposto integra planeamento de movimento preciso, estratégias de controlo
e comunicacao inter-drone em ambientes dindmicos. Foi implementado um controlador
MPC para permitir que o drone vaivém intercepte e capture um alvo em movimento,
considerando as restri¢des do sistema e a trajetéria do alvo. Construida sobre o ecossistema
PX4 e a framework ROS2, a solugéo inclui a instrumentacdo de um drone de vaivém
real para validacdo experimental. Foram realizadas extensas simulacdes em ambientes
controlados, seguidas de testes com hardware em cenarios reais.

Os resultados demonstram que o0 MPC teve um desempenho satisfatério na intercecdo
de alvos méveis simulados, conseguindo aproximar-se da posi¢do do alvo com uma
precisdo de 50 cm no plano horizontal. Para melhorar o desempenho, algumas otimizac@es
incluem permitir o controlo simultdneo da aceleracdo e do &ngulo de viragem para
manobras de captura mais eficientes, melhorar a comunicac¢do para testes em maior escala
e aumentar a velocidade do alvo para além de 5 m/s para avaliar o desempenho em
condi¢des mais exigentes. A integracdo de um drone-alvo real e de um mecanismo de
captura em testes de campo permitird avaliar melhor as intera¢des aerodinédmicas e a
fiabilidade da captura.

Esta dissertacdo contribui para o avango das capacidades autonomas de drones, especi-
almente para tarefas cooperativas de VANTSs, como inspecdes aéreas, logistica e operacdes
de busca e salvamento. A robustez e adaptabilidade da plataforma estabelecem uma base
solida para investigacé@o e desenvolvimento futuros em sistemas cooperativos de drones.

Palavras-chave: drones, drones-alvo, planeamento, controlo, cooperativa, PX4, ROS2, ins-
trumentacéo.
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Introduction

UAVs are becoming more popular for both military and civil applications due to their ability
to y autonomously, make decisions on their own, communicate important information
in real-time, remove people from dangerous work scenarios and carry di erent payloads.

1.1 Motivation

UAVs may be classi ed into three main types: xed-wing, rotary-wing and hybrid drones.
Fixed-wing UAVs have stationary wings and are well-suited for extended ights due
to their low energy consumption. They achieve higher speeds and altitudes e ciently,
primarily requiring energy for forward motion. Equipped with ailerons and rudders,
these aircraft can execute roll, pitch, and yaw movements. However, their inability to
hover limits their suitability for precision tasks and low-speed operations. Launching and
landing can pose challenges, requiring mechanisms like catapult launchers or runways,
depending on the UAVs size.

By contrast, rotary-wing UAVs take advantage of rotor con gurations to generate lift,
enabling them to hover in the air and perform vertical movements. This makes them
suitable for tasks such as photographing building facades, cleaning, painting, and precise
inspections. However, these UAVs often consume signi cant energy when hovering for
extended durations. To optimize UAVs capabilities for speci ¢ tasks, a hybrid approach
may be employed. For example, combining the endurance of xed-wing drones with
the vertical take-o and landing capabilities of rotary-wing drones allows for specialized
vehicles.

In practical applications, shuttle drones play a crucial role. In military operations,
where UAVs may face risks of being caught, lost, or damaged, shuttle drones can act as a
security measure. They can e ciently remove UAVs or objects from restricted areas, even
those actively avoiding capture. Additionally, in emergency situations, when a UAV needs
rapid deployment, the conditions may not be ideal for a conventional landing strip take-o .
In such cases, a rotary-wing drone becomes indispensable, capturing and launching a
xed-wing drone promptly, even in challenging environments like a boat in the ocean.

1



CHAPTER 1. INTRODUCTION

This thesis builds on previous and ongoing experimental work within the scope of
project CAPTURE to design a platform for simulation and experimental testing of aerial
robotics [1], which can be deployed in real-world scenarios and used with multiple vehicles
to achieve launch and capture maneuvers in cooperative and non-cooperative scenarios
like in Figure 1.1.

Figure 1.1: CAPTURE Project: Interaction between the rotary-wing shuttle drone and the
xed-wing target. Taken from [1].

1.2 Obijectives

The primary objective of this dissertation is to develop a robust and versatile Robot
Operating System (ROS) based infrastructure for simulation and experimental testing
with rotary-wing drones to achieve launch and capture maneuvers. This infrastructure
is intended to address the operational challenges commonly associated with eld trials
by introducing a testbed that is both highly e cient and easy to deploy. Its highly
customizable and user-friendly design makes it a practical and scalable solution for future
research and development in Unmanned Aerial Systems (UAS).

To achieve these goals, algorithms developed in previous research will be revisited
and re ned to enhance their computational e ciency and real-world performance during
ight. The re nement process will focus on achieving better precision, reliability, and
adaptability for a wide range of scenarios.

A core aim of this dissertation is to develop a customizable platform designed speci -
cally for rotary-wing drones. This platform will support seamless adaptation to diverse
drone con gurations and mission requirements, ensuring its applicability across di erent
use cases. Its modular architecture will allow users to implement and execute complex
capture maneuvers quickly and e ciently, requiring only minor adjustments for speci c
tasks. By prioritizing ease of customization and operational exibility, the platform aims
to serve as a valuable resource for advancing the state-of-the-art in autonomous drone
systems.



1.3. REPORT OUTLINE

1.3 Report Outline

The remainder of this report is organized as follows. Chapter 2 presents the state-of-the-
art, where relevant related work is reviewed. This chapter is followed by Chapter 3, a
theoretical background section, detailing the drone shuttle model and the MPC controller
employed. Subsequently, the utilized infrastructure and all its components are introduced
in Chapter 4. At the end of this chapter, simulation results for the capture maneuver
are also presented. Next, the instrumentation and con guration of the real drone, along
with initial tests and ights ensuring its proper functionality, are described in Chapter

5. Chapter 6 presents more complex tests, including the real-world test of the capture
maneuver. This chapter is followed by Chapter 7, where conclusions and future work are
presented.



2

Related Work

This chapter presents a literature review on the existing state-of-the-art contributions
relevant to the proposed problem. To begin the review, a study on the current state of the
art of arenas and outdoor testbeds will be presented. In the second section of this chapter,
an overview of current techniques and technologies used for planning and control of UAVs
will be made, followed by a review of ROS and ROS2 platforms for drone testing, in the
third section.

2.1 Arenas and Outdoor Testbeds

Arenas and drone testbeds are a key part of advancements in UAS and robotics. These
specialized environments serve as dynamic platforms where researchers, engineers, and
innovators converge to explore, experiment, and re ne the capabilities of drones and
autonomous vehicles. These arenas o er a safe and controlled environment for testing and
validating UAVs technologies. The goal is to assess drone performance, navigation, and
response in various circumstances, ultimately contributing to the development of robust
and adaptable autonomous systems. The next subsections will explore several low-cost
strategies for tracking drone positions inside arenas and also outdoors.

2.1.1 Lighthouse Positioning System

The testbed described in [2] is a low-cost multi-drone system that can provide local poses
with accuracy within the range of centimeters and a latency that is acceptable. The testbed
uses a exible and modular architecture based on ROS to evaluate control and planning
strategies for low-cost, low-size and low-weight Crazy ie systems [3]. The system, which
is part of the HTC VIVE virtual reality system [4], consists of trackers that employ infrared
receivers to monitor light pulse timings in order to estimate the horizontal and vertical
angles to the lighthouse decks, as well as lighthouse decks that generate synchronized
light sweeps.

In the testbed, the Crazy ie master branch rmware [5] is utilized with modi cations
to incorporate the lighthouse system for drone orientation in addition to the standard

4



2.1. ARENAS AND OUTDOOR TESTBEDS

Inertial Measure Unit (IMU) data. The master branch is enhanced with an optimization
algorithm based on Singular Value Decomposition (SVD), as outlined in [6], to improve
the accuracy of drone orientation estimation.

The multirotors employed in the experiment consist of various interconnected modules,
including the Crazy ie rmware, radio communication, sensors, motor drivers, and
optionally, a camera and video transmitter. The Crazy ie rmware serves as the central
component responsible for low-level control and communication with other electronic
components and sensors. The radio module facilitates the reception of internal parameters
and commands while transmitting the drone's state and sensor measurements. Motor
drivers play a crucial role in directly regulating the currents supplied to the motors. The
sensor and expansion module include an IMU and, for pose estimation, the lighthouse deck
is utilized. Additionally, a pressure sensor is incorporated into the setup. Using standard
ROS nodes, Crazyswarm [7] 0 ers ROS topics and services to share the instructions and
data with numerous multirotors. It also has con gurable user-de ned modules for sensing
and planning. These modules may be used to command the drones to carry out more
complicated tasks or follow a trajectory since they have access to the multirotor sensor
measurements and states.

The testbed can accommodate larger drones by only swapping out the motor drivers
and frames, no other modules need to be altered. As a result, the testbed may employ
larger multirotor frames with heavier payloads without requiring any rmware or software
modi cations. Without the need for a special area, the testbed can be deployed and
calibrated quickly and easily.

2.1.2 NOVA Drone Arena

The NOVA.DroneArena [8] is located at the NOVA School of Science and Technology and
consists of a low-cost arena with dimensions approximately of 2m O 3.5m O 3m (width
Olength O height) that provides the conditions to experiment with controllers already
designed in autopilot modules and custom controllers in trials of single or multiple UAVs.

The testbed was developed around the open-source PX4 Autopilot module [9]. This
autopilot software encompasses the aerial vehicle's onboard estimators, controllers, de-
coders, encoders and communications on a highly abstract and con gurable module. The
testbed has a motion capture system that tracks the vehicle's position and transmits it
to ground computers that, in this case, also receive onboard data provided by the au-
topilot and onboard computer. The ground computer is responsible for the navigation,
guidance, control algorithms, and outputs instructions to the PX4 through the MAVLink
communication protocol [10].

The Marvelmind MoCap system [11], which consists of a modem and ve ultrasonic
beacons, is used in NOVA.DroneArena's solution. Four xed beacons, each mounted on
a rotating support and roughly oriented toward the arena's center, are positioned in the
arena's four top corners. The position of the drone is precisely provided by these beacons.

5



CHAPTER 2. RELATED WORK

Hedgehogs, or moving beacons, are carried by the drone under test. The modem, which
is linked to the Linux-running computer via USB, is the communication hub for all ve
beacons.

This system follows the drone's path and records its location, which is then delivered
to a ROS topic and the PixHawk 4 Mini module. The quadrotor is able to establish its local
position and all of its states by utilizing an appropriate estimate technique that integrates
the data from the IMU sensors with the external position information from Marvelmind.

The "Dashboard" program from Marvelmind makes it easier to con gure these beacons.
The hedgehog's position is mapped when all the parameters are set up and the device is
operational. Subsequently, the rolling average process is evaluated and the Marvelmind
software’s built-in Itering mechanism is turned on. After comparing each of the nal
outputs, it is determined that utilizing 16+Hz (maximum update rate) and activating
Marvelmind's Iter produces the setup with the highest accuracy.

The Marvelmind's integration with the PX4 autopilot was made using a Wi-Fi module.
This way itis possible to enhance the update rate of the transmission of MAVLink messages.
The used and proposed Wi-Fi module is the ESP8266 which operates at 2.4GHz. This
module is physically connected to the PixHawk 4 Mini, an open-hardware platform for
the PX4 [12], and receives ROS-based position data coming from the ground computer.
This ROS-based position data originates in the Marvelmind system and is sent through
radio to a USB receiver that is connected to the ground computer. The interaction between
Marvelmind and the autopilot using this ESP8266 microchip can be seenin 2.1.

Figure 2.1: Interaction Scheme between Marvelmind and ESP2866. Taken from [8].

The PX4's Extended Kalman Filter (EKF) algorithm is also used to fuse the IMU data
with the MoCap's pose. The ground computer is running QGroundControl: a powerful
PX4 and MAVLink compatible user-friendly ight and ground control system [13]. It's
used at NOVA.DroneArena as a ground control station to visualize the PX4's autopilot
information in real time, for planning and ying missions by transmitting MAVLink
messages to the autopilot, and to con gure and calibrate the Marvelmind with the PX4.

6



2.1. ARENAS AND OUTDOOR TESTBEDS

NOVA Drone.Arena proved to be a successful low-cost testbed capable of performing
ights with good accuracy with only some small oscillations in X and Y axis (roughly
20cm) which are very solid results.

2.1.3 Testbeds for Outdoor Navigation

The creation and experimental validation of a workbench that can handle outdoor ights
using the reasonably priced commercial quadrotor Parrot AR is discussed in [14]. The
article delves into the development and experimental validation of a cost-e ective outdoor
ight-capable workbench utilizing a commercial quadrotor. The system, employing a
personal computer and the Parrot AR.Drone 2.0, aims to achieve real-time navigation
through a simpli ed dynamic model representing the quadrotor in ight. A sensor fusion
algorithm was implemented to compensate for delayed measurements in sensory data,
accompanied by a versatile non-linear controller suitable for various control applications.

The platform relies on two o -the-shelf hardware components. The rstis a laptop
serving as the ground control station, executing the code for the proposed workbench.
The second component is the Parrot AR.Drone 2.0 quadrotor, equipped with inertial
sensors, frontal and bottom cameras, and an onboard computer featuring a Cortex A8
1.00GHz processor with 1GB of RAM. The rmware of this vehicle handles essential
low-level operations, including processing raw sensory input and controlling the speeds
of its four motors. The onboard rmware also incorporates an autopilot that responds to
high-level commands transmitted over a Wi-Fi channel. These commands, encoded as
protocol messages, execute fundamental actions like takeo , landing, hovering, attitude
adjustment and motion control.

The corresponding source code for the workbench is available in [15]. The signi cance
of this article lies in its role as a foundational resource for accessing the technology
necessary to conduct high-quality outdoor navigation ights, leveraging a genuinely
a ordable platform.

One ofthe platforms developed forthe 2020 Mohamed Bin Zayed International Robotics
Competition (MBZIRC) is another signi cant case of study. Capturing a moving target
drone that's travelling at di erent speeds and trajectories is part of the di culty. Another
part of itis popping many balloons that have been arranged randomly over a certain region.
The research described in [16] presents a model of a capturing drone that was created
especially for this task and out tted with the instruments required to locate, follow, and
apprehend the target drone in the absence of human assistance.

Two distinct types of drones intended for separate purposes were developed in order
to nish the challenge. Since the fundamental design of these two drones is the same,
switching between them when necessary is easy. Furthermore, they were made with
modularity in mind, making it simple to customize them to meet the unique needs of
each assignment. While the methods for predicting the target posture and Guidance
Navigation and Control (GNC) were built in Matlab/Simulink, the detection algorithms
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were written in C++ and incorporated into ROS as nodes. To enable the integration of
Matlab/Simulink algorithms in drones with a DJI autopilot, an integration framework was
developed. In order to accomplish this, a PC that was linked to the DJI A3 autopilot was
added in order to monitor the drone's condition and provide control over it in di erent
ying modes.

To locate the target, the drone utilizes a high-resolution camera and a depth sensor. To
address the limitations in the output data frequency (10 Hz) of the algorithms processing
images from detection cameras, a Kalman lter was incorporated into the system. This
addition aimed to estimate the location of the intruder drone at the desired controller
frequency (50 Hz). The Kalman lter plays a crucial role in improving the accuracy and
responsiveness of the control system, compensating for the lower frequency of input data.
Furthermore, the Kalman Iter proves bene cial during transient detection losses that are
not prolonged. In such cases, it prevents false positives from entering the control loop,
which could otherwise lead to abrupt responses from the aerial robot. By continuously
estimating the intruder drone's location, even during brief detection interruptions, the
Kalman Iter contributes to the system's stability and mitigates the potential for erratic
behavior. Due to the unpredictable movement of the ball hanging from the drone, it
becomes di cult to recognize a constant pattern. Therefore, it is necessary to track and
capture the target by chasing it. Using the DJI SDK interface [17], the drone can be
controlled in position, speed, and attitude. When moving towards a target, the camera
images are analyzed to obtain the distance and Line of Sight (LOS) vector. Based on this
data, the drone's commanded velocities are computed, considering the desired course
and climb angle. To ensure that the captor aerial robot stays pointed towards the target,
the yaw rate is computed using a Proportional Integral Derivative (PID) loop that controls
the yaw of the aerial robot.

2.2 Planning and Control for Single and Multiple Drones

When talking about UAVs, the synergy between planning and control is crucial, dictating
the success and e ciency of drone operations. Whether ensuring a singular UAV mission
or coordinating multiple drones in a swarm scenario, the strategies and techniques
employed in planning and control must ensure precision, adaptability, and the success of
the mission.

For single UAV missions, meticulous planning involves optimizing ight paths, setting
mission objectives, and navigating the drone through varied environments. The planning
phase consists of obstacle avoidance, resource management, and optimal e ciency. Once
the plan is set, control systems come into play, translating the strategy de ned into real-
time actions. This involves the implementation of advanced control algorithms, sensor
integration, and feedback mechanisms to guarantee stability and responsiveness during
ight.
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The complexity ampli es when coordinating multiple drones. E cient coordination
demands not only individual planning excellence but also a reliable communication
network. Swarming can be really challenging since each unit adapts its actions based on
the collective information of the group.

In this section of planning and control for single and multiple drones, it will be reviewed
some methodologies and techniques used to y UAVs with reliability and precision.

2.2.1 Single drones

Trajectory planning and control is a well-researched area with studies o ering solutions
for di erent robust and e cient systems to control multi-rotor and xed-wing UAVS.

In [18], aggressive maneuvers such as ying through gaps and perching on surfaces are
achievable by dividing the trajectories into di erent segments, each with its own controller
and goal related to the desired position, orientation, and velocity of the quadrotor. For
maneuvering through constrained spaces, it was proposed another algorithm to generate
smooth trajectories from waypoints by relying on the optimal solutions of minimizing the
integral of the square of the norm of the second derivative of acceleration [19]. Fixed-wing
UAV modeling and tracking are also available in [20], [21], and [22].

2.2.2 Swarming

Controlling quadrotor teams is another important topic to discuss and it is found in
[23] and [24]. With the generation of trajectories for teams of quadrotors of di erent
sizes and capabilities, having into account collision avoidance by using mixed-integer
quadratic programming, and controlling teams of grasping quadrotors with the task of
aerial manipulation of objects using linear least-square methods to estimate the system
parameters when a quadrotor transports a payload.

A simpler approach can be seen in [25], a "competitive game" between a quadcopter
and a ground vehicle was designed and implemented using a Nonlinear Model Predictive
Controller (NMPC). The goal in this paper is to make a UAV chase a ground vehicle by
trying to reduce its distance and orientation relative to it, while the ground vehicle tries
to escape and increase this distance. Although this is not exactly a cooperative approach,
it's interesting to understand the proposed real time NMPCs for each vehicle.

In multi UAV cooperative applications like swarm missions or having two UAVs
following a joint trajectory, it might be useful to control the vehicles as a formation
rather than controlling each vehicle independently. With this approach, having a UAV
hovering on top of another vehicle following a de ned trajectory with adaptability to
failures by de ning priorities to the shape and position of the formation is explained and
demonstrated in [26].
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2.3 ROS Platforms

ROS has emerged as a fundamental framework for robot testing, o ering unparalleled
capabilities for testing and developing various robot applications. ROS provides a exible
and modular framework that simpli es the complexities of drone software architecture,
making it a valuable tool in the UAV domain.

One of the key advantages of ROS in the context of drones lies in its ability to facilitate
integration with powerful simulation tools. While ROS does not include a built-in simula-
tion engine, it provides the necessary interfaces and infrastructure to seamlessly connect
with simulators such as Gazebo [27]. This allows developers to rigorously test algorithms,
navigation systems, and sensor integrations in realistic virtual environments before de-
ploying them on physical drones. Such an approach not only accelerates development but
also enhances safety by identifying and addressing potential issues in a controlled setting.

ROS also enables smooth integration of various sensors commonly used in drones,
including LIiDAR, GPS, and cameras. This interoperability allows for the creation of
comprehensive simulations that closely mirror real-world scenarios. Additionally, ROS
o ers powerful visualization tools, such as RViz, which help developers analyze and
interpret sensor data, fostering a deeper understanding of drone behavior and system
performance.

2.3.1 ROS1

When working with ROS, using the program Gazebo [27] is a very common practice to
simulate drone behaviours. In this section, two di erent platforms will be discussed, both
using ROS Gazebo platforms.

In [28], it is presented a solution for the strategic planning and control of a shuttle
drone within the context of a cooperative capture scenario. The formulated solution is
constructed within the framework of the PX4 ecosystem and relies on the ROS to establish
a state machine based controller for the shuttle drone as it shown in Figure 2.2. This
controller incorporates a Model Predictive Controller (MPC) mechanism to facilitate the
autonomous execution of the capture maneuver.

The state machine node has been instantiated as a ROS Python node, using the SMACH
library [29]. This node remains in constant communication with the shuttle's primary
controller through the ROS framework. Within this context, a ROS topic functions as a
continuous data stream, capable of encapsulating comprehensive information concerning
the drone's sensors. Simultaneously, it serves as a communication bridge for the dynamic
interactions between the state machine and the principal controller of the shuttle. The
shuttle's primary controller also engages with the MAVROS published topics, facilitating
the reception and transmission of information pertinent to both simulated vehicles and
their respective ight computers.

The shuttle's main controller is implemented as a ROS C++ node that interacts with the
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Figure 2.2: Architecture Used in [28].

state machine node, the CasADi's MPC-generated library, and the Drone Control module
for integration with the PX4 software.

The drone control module, comprising a set of ROS packages, introduces a layer of
abstraction to facilitate interaction with UAVs from PX4. This module establishes an
interface that provides developers with C++ instances for each UAV, encompassing all
required methods for potential interactions with the UAV objects. These interactions
encompass the retrieval of comprehensive drone system information, including sensor
readings and state estimations, as well as speci c commands pertinent to developers
crafting o board control applications. This design approach alleviates the necessity
for users to engage with the PX4 and MAVROS low-level messaging systems when
undertaking fundamental o board operations.

In the other hand, the work presented in [30] introduces also a ROS Gazebo simu-
lation framework for a quadrotor, but this time subsequently validated through a MAT-
LAB/Simulink model. The control strategy employed comprises a cascade controller,
encompassing an inner attitude loop and an outer position loop, to control the position of
the quadcopter. Notably, the study proposes a distinctive position controller grounded in
Fuzzy Padé approximation, o ering a novel perspective on control mechanisms, and its
stability is subjected to a comprehensive analysis.

The simulation platform discussed here is highly adaptable, accommodating the
integration of both simulated models and physical hardware. The controller, implemented
as a separate python le, demonstrates compatibility with both the simulated model and
the actual physical system. To ensure e cient execution, with the cumulative execution
time of all python-based controllers kept within the prescribed threshold of 10 milliseconds,
the operational frequency of the program is maintained at 100 Hz. This approach aligns
with the need for real-time responsiveness in the control system.

For the integration of a swarm of quadcopters into the Gazebo simulator, the Spawn-
Model service from gazebo_msgs services was employed. This service facilitated the
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creation of 3D models representing quadcopters at speci ¢ locations within the Gazebo
coordinate system. For obtaining the position and orientation data for each quadcopter,
the pose service was invoked. Additionally, the Wrench service was utilized to apply

forces and torques, enabling dynamic simulation of the quadcopter models.

For coordinated swarm operations, it is essential to control individual quadcopters in
a synchronized manner. This necessitates concurrent processing of nodes responsible for
each quadcopter's control. Achieving this synchronization is made possible through the
roslaunch service, allowing for the parallel execution of multiple nodes with time coordi-
nation. This ensures that the nodes controlling each quadcopter operate simultaneously,
enabling cohesive and synchronized swarm behavior within the Gazebo simulator.

2.3.2 ROS1 and ROS2 Hybrid Arquitecture

Especially when testing multiple UAVs in a collaboration scenario, faultless and solid
communication between them is very important. Although ROS1 has many advantages
as showed in the section above, in terms of communication has a lot of limitations. ROS1
system is centralized, if the rosmaster collapses, the system will fail. That's why two
hybrid platforms using both ROS1 and ROS2 will be presented next.

In [31], a hybrid platform has been developed to improve the communication archi-
tecture for Collaborative UAVs. Acknowledging the limitations of existing multi UAV
communication structures that heavily rely on central nodes and struggle to achieve a
fully distributed system, this paper introduces a UAV cluster simulation platform. The
platform embraces a hybrid architecture, combining elements of both ROS1 and ROS2, and
is built upon the pre-existing XTDrone simulation platform [32]. Through a comparative
experiment involving conventional ROS1 and the proposed hybrid architecture, the latter
showcases its capability to decentralize the UAV cluster system, leading to enhanced
communication performance. The analysis, based on end-to-end data statistics from both
architectures, reveals that the hybrid architecture supports real-time data transmission, im-
proves system reliability, e ectively handles lossy networks, and accommodates historical
data retention for subsequently added nodes.

An implementation of the Collaborative High-bandwidth Operations with Radio
Droppables (CHORD) multi-robot communication architecture is provided in [33]. It
is based on two well-known robotics middlewares, ROS1 and ROS2. As part of Team
CoSTAR's preparation for the DARPA Subterranean (SubT) Challenge, the suggested
system was developed. The urban circuit event served as a eld test and demonstration
for the technology. This study was one of the rst practical examples of a multi-robot
system based on ROS2 operating in such harsh, expansive conditions.

The paper introduces the design and initial outcomes of CHORD, a multi-robot com-
munication architecture. Establishing and maintaining high-bandwidth communications
with many robots is the main goal of CHORD in order to enable e ective controlling and
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data collection. The robots and base station are dynamically connected by a communica-
tion network that consists of both stationary and mobile wireless nodes. A combination
of ROS1 and ROS2 is created to improve the communication middleware by utilizing the
strong points of the current code base and the robust quality of service capabilities for
inter-robot interactions. In the DARPA Subterranean (SubT) Challenge [34], a robot team
is charged with quickly exploring and mapping complex subterranean settings, such as
mines, subway networks, and caverns. Notably, CHORD acted as the communication
system for Team CoSTAR in this challenge.

This work advocates for the broader adoption of ROS2 in eld robotics applications,
emphasizing its substantial enhancements in communication performance and seamless
transition from existing ROS1 systems.

2.3.3 ROS2 platforms

CrazyChoir, a modular python framework based on the ROS2, is given in [35]. This
framework provides a versatile toolbox with a wide range of features for simulating
and conducting experiments involving groups of cooperative Crazy ie hano-quadrotors.
Notably, CrazyChoir incorporates bindings for rmware control and planning capabilities,
allowing users to execute realistic simulations on robotic simulators such as Webots.
The toolbox includes libraries facilitating radio communication between ROS2 programs
and Crazy ie, enabling seamless integration. Speci cally designed for Crazy ie nano
quadrotors, this package allows users to create, execute, and assess the performance of
various control methods and planning procedures in a simulated environment.

The CrazyChoir architecture is structured around ve primary components: the control
layer, swarm planning layer, cooperative decision-making layer, radio communication
layer, and realistic simulation layer. In the control layer, classes are provided to implement
feedback control schemes that receive reference trajectories from the planning module. The
swarm planning layer is responsible for generating feasible trajectories for each quadrotor.
The cooperative decision-making layer facilitates collaborative task ful llment among
robots through message exchange with neighboring robots. The radio communication
layer either sends control inputs directly to the Crazy ie or transmits them via ROS2
topics to the simulators integrated into CrazyChoir. The realistic simulation layer o ers
exibility by supporting the use of Webots simulations or Rviz visualizations. Furthermore,
CrazyChoir can be interfaced with motion capture systems like Vicon. This modular design
allows users to seamlessly combine classes from di erent layers and easily expand the
package with new functionalities, enhancing its adaptability and versatility. Another
ROS2 platform is described in [36], a paper that introduces SMARTmMBOT, an open-source
mobile robot platform built on ROS2. The cheap cost, modular design, expandability,
and customization of the SMARTmMBOT make it an easily attainable and e cient robot
platform to enable wide robotics research and teaching including single- or multi robot
systems. The majority of the hardware components can be produced using a standard
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3D printer, and the overall cost per robot is quite inexpensive. Along with having a
wide variety of sensors, the SMARTmMBot can handle a variety of common task scenarios,
including obstacle avoidance and point-to-point navigation. Through a variety of robot
navigation studies and applications, including go-to-goal, pure-pursuit, line-following,
and swarming tasks, we veri ed the mobility and functionality of SMARTmMBOT.
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3

Theoretical Background

Before the con guration and the installation steps to set up the simulation environment, it

is important to present a simple mathematical model for the rotary-wing UAV simulation
that is going to serve as a base for the strategies developed. The model shown do not
accurately represent all the kinematics and dynamics of a UAV moving in the real world,
however, they serve as a basic model that represents the UAV displacement in a 3D space
that are accurate enough to be used to develop high-level path planning and control
strategies.

3.1 Shuttle Drone Modeling

A quadrotor is a four-motor aerial vehicle capable of achieving motion in six Degrees of
Freedom (DOF), including translational movements along the X, Y, and Z axes, as well
as rotational movements around the roll, pitch, and yaw axes. The quadrotor's dynamics
are governed by both translational and rotational motion equations, which enable precise
control of its trajectory and orientation. To model the translational motion of the quadrotor,
the equations of motion describe how the position and velocity evolve under the in uence
of gravity and thrust. The translational dynamics are expressed as:

1
Zg= Eg— Bp= z'Dc 6—

where ?s = »?c— 2 7% represents the position of the quadrotor in the inertial frame,
and Es = »2c-24-2 Y4 is the velocity in the same frame. The term < is the drone's mass,
Dc= »0-0-)Y4 represents the total thrust vector in the body frame, and 6 = »0-0— 6Yis
the gravitational acceleration vector. The rotation matrix ' transforms the thrust vector
from the body frame to the inertial frame, allowing the drone to move in the desired
direction.

Rotational motion governs how the orientation of the quadrotor changes over time.
The dynamics are described by

$’1= 11 $1 $1°—
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where $1 = »$ % +$ ¥ represents the angular velocity in the body frame,  the inertia
matrix of the quadrotor, and =»)—- - #Y4 is the vector of torques applied around the
roll, pitch, and yaw axes, respectively. Theterm $;  $; accounts for gyroscopic e ects
due to angular motion.

To relate the rotational dynamics to the drone's orientation in the inertial frame, the
angular velocity is mapped to the Euler angle rates »°-"+4,which represent changes in
roll, pitch, and yaw:

sin) tan cos) tan
Cos) sin) $1e
sin) ecos  co0s) *cos

To control the quadrotor e ectively, a nonlinear controller such as the one proposed by
Mellinger et al. is often used. This controller leverages the di erential atness property
of quadrotors, enabling the control of position and yaw while ensuring stability. The
control system consists of an outer loop and an inner loop. The outer loop computes the
desired thrust and angular rates based on position and velocity errors, while the inner loop
stabilizes the quadrotor by controlling the motor speeds to achieve the desired angular
rates. A hierarchical control architecture is employed to simplify the control process, the
outer loop handles high-level commands, such as desired position, velocity, and angular
rates, and computes the required thrust and torques using controllers like PID or MPC.
On the other hand, the inner loop translates these commands into motor thrusts, ensuring
precise attitude control and stabilization of the drone.

For the purposes of this work, a simpli ed model is used, focusing only on translational
motion and yaw control. The detailed dynamics of roll and pitch are neglected, treating
the thrust forces generated by the motors as a collective force acting uniformly on the
guadrotor. The simpli ed equations of motion are:

D=
= Es- BEg=6l ., —
where z = »0-0-1%, is the upward direction in the world frame, and Dt = »D-— Q-QW%
represents the thrust vector. Yaw motion is modeled as

= $s—

where #g is the yaw angle of the shuttle drone and $ g is the angular velocity around
the Z-axis. This simpli ed model captures the essential dynamics for position and yaw
control, enabling e ective simulation and implementation of di erent algorithms. In
addition to position and yaw control, low-level controllers were implemented for velocity
and acceleration control, ensuring precise maneuvering during capture operations. The
velocity and yaw controllers allowed for smooth trajectory tracking, while the acceleration
controller provided ner control over the drone's motion, improving responsiveness to
dynamic target movements.
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3.2 Model Predictive Controller

The shuttle drone is a sophisticated system with complex dynamics that require precise
control inputs to operate as intended. When tasked with intercepting another UAV
mid- ight, which follows an independent trajectory, controlling the shuttle becomes
signi cantly more challenging. In such a scenario, a simple controller, like a PID controller,
may be insu cient. To address this complexity, a MPC technique is employed in the
proposed strategy. This approach leverages known system factors, such as the current
velocity and position of the target UAV and the movement constraints of both drones, to
predict the optimal control inputs. These inputs are used to achieve a future contact point
along the target's path, enabling the capture maneuver to be executed successfully.

3.2.1 MPC Background

MPC is an advanced control technique widely employed across various industries, includ-
ing automotive, aerospace, and mechatronics, to model the behavior of complex dynamic
systems. It is particularly e ective for systems with multiple input and output variables,
which may exhibit interactions and nonlinearities. This approach utilizes the system's dy-
namic model, whether linear or nonlinear, to predict future behavior based on the current
state G . The MPC determines the optimal control sequence * . = fD —D 1—e+*—-Dy 19
and the corresponding state sequence- . = fG—G 1—<++*—G: g, where # represents the
prediction horizon, that minimize the optimization problem given by

)r(njg 1X.-U.%= subjectto: 641X.-U.°=0- &X.-U.°© O0-

where 1- .—*.%represents the objective function, while 64 and 6gcorrespond to a set of
equality and inequality constraints, respectively. This process operates by optimizing over
a nite moving time horizon at each sampling interval, taking into account the system's
current state, its model, and its constraints. Only the rst optimized control action from
the horizon is applied, and the procedure is repeated for subsequent sampling intervals.

A key advantage of this method is its ability to incorporate system constraints into the
MPC problem, allowing the computations and control actions to re ect those constraints.
These can be applied to the system's inputs or outputs, e ectively representing physical
limitations, such as the maximum achievable velocity and acceleration of the drone, the
motor's force limits, or safety constraints.

Although MPC may face challenges in robotic applications that demand rapid re-
sponses due to the computational load required at each sampling interval, advances
in technology and the increasing availability of powerful hardware make it feasible to
implement these controllers in real-time robotics.
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3.2.2 MPC Problem Formulation

The proposed scenario suggests that the target drone is engaged in an autonomous ight,
adhering to a predetermined trajectory managed by a path-following controller, while the
shuttle drone is aware of the target's location. The shuttle drone will maintain a strategic
hovering position, designated as ?,4it, Which is contingent upon the established ight
path to facilitate the capture maneuver. When the target drone arrives at a designated
point along its trajectory, referred to as ?insorm , the shuttle drone will activate its MPC. This
controller will compute the necessary response to navigate the shuttle to a position directly
above the target, enabling the capture. During the activation of the MPC controller, it is
assumed that the target drone maintains a straight-line trajectory at a constant velocity.

Upon successful capture, the shuttle drone will automatically go to a safer location and
then land. This scenario is visually represented in Figure 3.1, facilitating a comprehensive
understanding of the system's dynamics, which can be expressed as

Figure 3.1: Representation of the Capture Maneuver

Py = Ei— (3.1a)
Bz = Os— (3.1b)
Fo= e (3.1¢)
2c= Ec- (3.2a)
Bc= 0— (3.2b)
#Fe= 0- (3.2¢)
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where ?; = ¢ 2— 7% represents the position of the target drone in the inertial frame,
and E = »2c-2+7 Y is the velocity of the target in the same frame. It is important to
emphasize that the derivative of the target's velocity is zero since the target maintains
a constant velocity. Similarly, the yaw variation is also zero, as the target is assumed to
follow a straight-line trajectory.

Before formulating the control objectives and the cost function, it is crucial to establish
the system's state vector, which encompasses all dynamic variables relevant to the control
of the shuttle drone. From Equations (3.1) and (3.2), we can de ne the state vector Gas

?s

Es

_ S
G= > (3.3)

E

t

and the control action vector Das noH
p= & . (3.4)

$s

The MPC will utilize currentmeasurements regarding the state of the target drone for its
computations but will only generate control action variables responsible for commanding
the shuttle drone's three-dimensional acceleration and angular velocity around the | -axis.

With these de nitions in place, the dynamics of both vehicles can be succinctly ex-
pressed as@C = 5'GC-DBC°-which will be discretized over a horizon of # samples
through a robust numerical integration method and included in the optimization problem
as an equality constraint of the form

G1= 3G (3.5)

forall 82 f:—eee—; # 1g.

Utilizing MPC enables the incorporation of a set of constraints designed to represent
the physical limitations of the system, as well as the desired safety and behavioral measures.
In addition to including the system dynamics from Equation (3.5) as a constraint, the
following constraints are imposed:

Emax Es Emax and ' Omax 0Os  Omax® (3.6)

Given the objective of enabling the shuttle drone to approach the target drone from
above for the capture maneuver, an additional constraint is introduced on the vertical
component of the shuttle drone's position:

?SZ 5 ?tz (3 - 7)
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where ?;; indicates the respective drone's position along the | g (downward) axis within
the inertial reference frame g= f G - lgg.

Finally, an additional constraint is established to promote forward motion of the drone
by restricting the orientation of the velocity vectors of both drones so they cannot oppose
each other. In scenarios where the shuttle drone approaches the target with opposing
velocities, the likelihood of collision increases due to their respective momentum and
approach directions, potentially destabilizing one of the drones and causing it to descend
uncontrollably. This constraint can be articulated as:

E) E (3.8)

where E, E denotes the dot product of the normalized velocity vectors of both shuttle and
target drones,and 2 R.

With respect to the objective function for the MPC problem, it can now be formulated
to be minimized over the prediction horizon, thus providing optimal control inputs subject
to the constraints and system states.

During the active MPC of the shuttle drone and while the target drone is ying in
a straight line, the primary objective is for the shuttle drone to continuously approach
the target's position from above and position itself appropriately to execute the capture
maneuver safely. For the capture maneuver to succeed, the yaw angles of both drones
must also be aligned to ensure the capture mechanism is oriented correctly for a secure
grasp of the target drone.

Let# denote the prediction horizon discretized by each time sample ) g, and : represent
the current time sample. The objective function 1- .—*.%is de ned as follows:

D1
. —*.0= 7., R:O)&?l?: . %O, E)_&EE: s #) &u# ., D?lD: (3.9
:=0
where
7. =75 74 (3.10)
and
0
=00 (3.11)
I

represent the positional error between shuttle and target drones, incorporating a dynamic
distance variable 3/ 2 R along the : g(downward) axis. Additionally,

E=Es E. (3.12)
captures the velocity error, while
#: = #:_S #_t (3.13)
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represents the yaw orientation error. The remaining variables in Equation (3.9) are
weighting coe cients assigned to the error penalties, with &, and &g being positive
semi-de nite matrices, & as a non-negative scalar, and' as a positive semi-de nite
matrix for the control action penalty. The inclusion of the distance variable 3/ in the
positional error penalty enables the MPC to dynamically select the height reference for
the shuttle during ight. Consequently, the MPC may commence its execution witha 3/
value exceeding zero to enforce a safety distance between the drones. When the target
approaches directly beneath the shuttle, as indicated by the positional di erences on the
& (north) and % (east) axes tending toward zero, the safety distance is adjusted to zero,
allowing the shuttle's reference to align with the target's true position, prompting the
shuttle to descend for the capture.

De ne
L oo B ey 1320720 Suosenes @14
' :Bo if 312, s~ 24°5 Sgioseness
as a function to compute the 3/ value from Equation (3.11), where
q
2= 240= Pos P, 1P Pn® (3.15)

denotes the distance between the shuttle drone and target drone on the & (north) and
(east) axes at each time sample . The variables safety and 3gioseness2 R are two arbitrary
distance values relevant to the height safety constraint. Thus, the optimal control problem
for de ning the MPC for this scenario is expressed as:

min -, —* °— (3.16)
subject to:
G1= 3G P- (3.17)
3/: = 1. :0_ (3.18)
Equation (3.6)— (3.19)
Equation (3.7)— (3.20)
Equation (3.8)¢ (3.21)

To e ciently implement the MPC optimization problem and achieve fast results
suitable for deployment on a real drone, the CasADi framework was utilized. CasADi is
an open-source tool designed for nonlinear optimization and algorithmic di erentiation.
It enables users to formulate complex optimization problems symbolically, o ering both
ease of use and e cient performance, making it well-suited for real-time applications. All
the MPC related code was developed in MATLAB. Once the problem is de ned, it must be
integrated into the C++ code for use in simulations. To achieve this, CasADi is employed to
generate the necessary C++ code. From this generated code, a shared library was created,
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which contains a function that receives the state vector including the positions, velocities,
and yaw of both the shuttle and the target, and returns the corresponding accelerations
and yaw.

3.3 Local Coordinates Conversion to Global Coordinates

For both drones to operate within the same coordinate reference frame, it is necessary to
convert their local positions into a common global frame as shown in Figure 3.2. In this
case, assuming that both the local and global frames follow the North-East-Down (NED)
convention simpli es the calculations, as no rotational transformations are required. Both
in simulation and in the real drone used, each drone's local coordinate axes are initialized
at the location where it is powered on or spawned, this position varies from test to test.
Therefore, when the drone is powered on, its initial position must be recorded in geodetic
coordinates to enable conversion into a global frame relative to a chosen reference point.
The rst step in this process is to convert the geodetic coordinates latitude, longitude,

Figure 3.2: Global and Local Frame lllustration. Adapted from [9].

and altitude into Earth-Centered, Earth-Fixed (ECEF) coordinates. This conversion is
performed using the following equations:

- =1 ©°cod) °cost °- (3.22)
=1 °cod) %sint °- (3.23)
/| = 11 44 sinl) - (3.24)

where ) isthe latitude, isthe longitude, isthe altitude, # = pl4zo=_2) is the prime
sin“t) ©
vertical radius, 0 is the semi-major axis of the Earth and 4 is the rst eccentricity of the

Earth. The second step is to transform the ECEF coordinates into the NED frame using
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the reference point's geodetic coordinates ) re— % The transformation is described by:

Sint) re°COSt (f® Sint) ef°sint f°  COSY) ef® - ref
Slnl refo COSl refo O - ref ° (325)
COS') 1ef®COS' ref® COS') ref®sSint yef® Sin?) yef® [ ret

Now that the drone's local frame position has been converted to the NED frame with the
chosen reference point as the origin, the next step is to incorporate the drone's local o sets.
This is achieved using the following equation:

PNED, nal = PNED ., Plocal— (3.26)

where pnep is the NED position obtained from the ECEF-to-NED conversion and pigcal iS
the local position o set from the drone's sensors. Finally, if the global reference point is
o set, the global translation vector tgonha is applied:

Pglobal = PNED, nal , tglobal® (3.27)

These steps ensure accurate conversion of the drone's position into the global NED
frame without requiring any rotation adjustments.
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System Architecture and Simulations

This section provides an in-depth explanation of the architecture environment employed
to develop and test the algorithms used to control the shuttle drone. It also addresses
the integration of all system components, ensuring their functionality in both simulated
environments and real-world drone applications.

4.1 System Architecture

To process data from the drone's components and implement the algorithms developed
in this research, the NVIDIA Jetson Orin Nano onboard computer was installed. This
computer provides the computational power that o ers real-time processing for the control
algorithms. It is directly connected to the PX4 autopilot via a Universal Asynchronous
Receiver/Transmitter (UART) interface and linked to a Wi-Fi module for communication
with the ground station computer, allowing for the monitoring and deployment of o board
algorithms. This setup is illustrated in Figure 4.1. A fully operational ight also requires
several complementary modules: the telemetry radio module, which provides connectivity
to the ground control station and allows for updates to the drone's active missions; the
airspeed sensor, used to monitor airspeed and angle of attack; and the GPS module,
responsible for tracking the drones' position during ight operations.

The system architecture is designed for the ROS2 Humble framework, which operates
on the Ubuntu 22.04 operating system. The following discussion will detail the integral
components of this system, highlighting their roles and interactions within the overall
architecture presented in Figure 4.2. At the heart of the system is the Pegasus Autopilot,
which acts as the central module responsible for controlling the overall behavior of the
UAV. The autopilot continuously processes vehicle state and sensor data to determine the
current status and ensure e ective operation. It interacts with several critical subsystems,
including the controller, operation modes, geofencing, and the trajectory manager.

The trajectory manager handles the planning and management of the drone's path,
providing trajectory-related information to the Pegasus Autopilot. Geofencing is another
essential subsystem, ensuring that the UAV operates within prede ned spatial boundaries
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Figure 4.1: Setup for Real World Tests. Adapted from [37]

and supplying the autopilot with inputs to avoid boundary violations especially in indoor
environments. Operation modes de ne the drone's operational states, such as Arm, Land,
or waypoint navigation, and are con gured based on commands received from the Pegasus
console or a speci ¢ mode. The controller is responsible for low-level operations, such as
maintaining the drone's position, velocity, acceleration or attitude. It sends control inputs
to the MAVSDK interface [38] and receives state and sensor data for real-time adjustments.
The Pegasus Console provides a user interface for interacting with the system, allowing
users to issue commands and monitor the UAV's performance. Commands from the
console are routed to components like the trajectory manager and operation modes to
in uence the UAVs functionality. The MAVSDK interface serves as middleware, bridging
the gap between the high-level Pegasus Autopilot and the low-level PX4 Autopilot rmware
that translates high-level commands into actuator inputs. The MAVSDK ensures state and
sensordata ow smoothly between the layers. The PX4 Autopilot directly interacts with the
drone's actuators and sensors, providing precise control over the UAV's physical operations.
It also communicates with the Gazebo simulation environment, which emulates sensor
data and actuator responses for virtual testing and development.

The system integrates Gazebo for simulation, enabling the UAV to operate in a virtual
environment. This setup is critical for testing and re ning the system without the need
for physical deployment. Additionally, QGroundControl acts as the ground control
station, o ering a graphical interface for real-time monitoring, telemetry display, and UAV
management during ight.
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Figure 4.2: System Architecture.

In this architecture, control inputs ow from the Pegasus Autopilot through the
MAVSDK interface to the PX4 Autopilot and ultimately to the UAV's actuators. Simul-
taneously, sensor data travels back through the same layers to inform the autopilot's
decision-making. The inclusion of simulation and visualization tools like Gazebo and
QGroundControl ensures the system can be thoroughly tested and e ectively managed in
both virtual and real-world scenarios. This modular design promotes exibility, scalability,
and e cient UAV operations.

4.2 PX4 Autopilot

The PX4 Autopilot [9] is an open-source rmware and ecosystem designed for controlling
and developing various types of UAVs. Widely adopted in commercial systems, PX4 is
known for its reliability, and its open-source nature allows developers to modify and
customize system components to meet speci ¢ use cases, making it an ideal tool for this
application.
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PX4 functions as an interface between system's low-level components and the high-
level commands generated by the developed algorithms. The PX4 rmware provides
access to all data from the UAVs onboard sensors, such as the IMU, and o ers state
estimates through integrated EKF algorithms. These estimates, which include position,
velocity, and orientation, are used by algorithms to manage UAV operations.

The Flight Stack component is a suite of GNC algorithms that enable autonomous UAVY
ights. The controller modules use setpoints speci ed by the pilot or o board algorithms,
along with state estimates from estimator modules, to calculate control action variables for
the UAV's actuators. This functionality allows for the development of high-level algorithms
where, for example, the user only needs to de ne position setpoints. The Flight Stack
controller then calculates the low-level commands required for the UAV's actuators to
adjust body attitude and motor thrust, ensuring the vehicle reaches the desired position.

In addition to enabling autonomous ight, PX4 incorporates multiple safety and
failsafe mechanisms, as well as communication protocols to interact with external devices.
One key application of these features is communication with a ground control station,
which receives information about the UAVs ights and can issue online commands. A
ground control station serves as an interface between the operator and the UAV, o ering
pre- ight planning capabilities, in- ight monitoring through real-time telemetry data, and
post- ight analysis via data logging from the UAVs integrated sensors and components.

In the architecture developed, the ground control station used is QGroundControl, a
Graphical User Interface (GUI) application that provides full ight control and mission
planning for PX4-integrated vehicles. It communicates with the PX4 ight computer using
the MAVLink protocol. PX4 can be integrated into both real hardware systems, as is the
case with the shuttle drone using the Holybro Pixhawk 6C ight computer, and simulated
environments running in System in the Loop (SITL) mode. SITL allows for safe testing of
algorithms prior to their implementation on physical hardware. Any algorithm developed
in this dissertation with PX4 capabilities can be integrated into any UAV with the same
airframe con guration running the PX4 rmware.

4.3 Pegasus

Pegasus [39] is a quasi open-source software platform designed to manage the GNC of
autonomous drones. Built on the ROS2 framework, it provides a exible solution that,
while optimized for the PX4 ight stack, can integrate alternative ight stacks. Written
primarily in C++ and Python, Pegasus o ers both high performance and adaptability for
various drone applications.

A key component of Pegasus is its Autopilot implemented in C++, which acts as the
central system responsible for managing the vehicle's operational modes. It continuously
tracks and updates the drone's state, such as position, velocity, and attitude, while exposing
a range of modular Application Programming Interfaces (APIs) tailored to di erent modes
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of operation. These APIs include control, geofencing and trajectory management and are
implemented as ROS2 plugins.

The modularity of Pegasus shown in Figure 4.3 is one of its de ning characteristics.
This plugin-based architecture enables developers to extend and customize the system
without altering the base Autopilot packages. At runtime, the Autopilot dynamically
loads these plugins and coordinates their interactions, ensuring a cohesive operation.

Pegasus also establishes its own communication topics and operational modes, which
enhances its integration and functionality within the ROS2 ecosystem. The PX4-Autopilot
is used for lower-level tasks, such as motor control and sensor integration, ensuring smooth
hardware-software coordination.

With its modular design and compatibility with various ight stacks, Pegasus is a
powerful tool for advancing the autonomy and versatility of drone systems.

Figure 4.3: Pegasus Infrastructure.

4.3.1 Provided State Machine Modes

An operation mode represents a distinct state in which the autopilot can function, with
the autopilot being able to operate in only one mode at a time.

Depending on the speci ¢ application, an autopilot mode can be used to de ne a new
behavior for the vehicle or serve as a platform for prototyping a controller. If the goal is to
develop a controller solely for following a speci c trajectory, it may be more appropriate
to implement it as a mode, rather than as a controller used across all available modes.

The autopilot provides the following operating modes:

1. Arm - The vehicle is armed and ready to take o .
2. Disarm - The vehicle is on the ground and disarmed.
3. Takeo - The vehicle takes of to a prede ned altitude above the current position.

4. Land - The vehicle lands at the current position.
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5. Hold -The vehicle holds its current position.

6. Follow Trajectory - The vehicle follows the trajectory loaded in the trajectory manager.

7. Waypoint - The vehicle goes to a waypoint.

Since the autopilot modes are implemented as plugins, they are dynamically loaded
at runtime by the autopilot. The autopilot utilizes the pluginlib package to load these
plugins, enabling the implementation of modes in separate packages.

4.3.2 Controllers

A controller calculates the control inputs required for the vehicle to follow a speci ed
trajectory based on its estimated state. The controllers can be utilised across all autopilot
modes to determine the appropriate control inputs for the vehicle's operation. The Pegasus
autopilot includes three distinct controllers that provide varying levels of control capabil-
ities. The rstis a PID controller, which generates attitude and total thrust commands for
the vehicle's inner loops to track. The second is the Mellinger controller, which outputs
angular rates and total thrust commands, also targeting the vehicle's inner loops. Lastly,
there is the onboard controller, which was the only controller utilized in this work. The
onboard controller is versatile, o ering multiple control modes, as illustrated in Table 4.1.
However, in this study, only the position, velocity, and acceleration control modes were

employed.
Table 4.1: Onboard Control Modes and Their Characteristics
Mode Input Variables Reference Primary Use
Frame Case
Position Control G- H-yaw Global Waypoint
navigation, hover
Body Velocity Smooth trajectory
Control Ec- - E-yaw_rate Body racking
[ i Path alignment,
Inertial Velocity Eo Er Eyaw Global ong-disiance
Control _
ight
Inertial Acceleration Advanced
Control O 0 Global trajectory
planning
Attitude Control Roll, pitch, yaw, thrust | Body Stabilization,
manual control
Attitude Rate Angular rates (?— @) A Dynamic
Body maneuvers,
Control thrust '
aerobatics
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4.3.3 Terminal Console

The drone console in Figure 4.4 is an interface designed to monitor and control drone
operations. The left panel focuses on real-time drone status monitoring and low-level
control through the PX4 autopilot system. It displays detailed information such as battery
status, including remaining percentage, voltage, and consumption metrics. Additionally,
it shows the drone's current operational state and Radio Controller (RC) status. The
autopilot status is also visible, indicating the current operational mode. Health diagnostics
are summarized to ensure system readiness, including checks on arming capability,
home position validity, local position tracking, and calibration states for sensors like
the accelerometer and magnetometer. Dynamic information about the drone is also
presented, including its local position, orientation, inertial velocity, and angular velocity.
The low-level control section allows operators to execute essential commands such as ARM,
DISARM, LAND, HOLD, and KILL, and switch between di erent autopilot modes. The
right panel is dedicated to advanced trajectory control and waypoint planning, o ering
features integrated in Pegasus and additional custom functionalities. It enables waypoint
management, allowing the operator to set speci ¢ coordinates and command the drone
to navigate to them. For trajectory design, its also possible to create linear paths with
multiple waypoints and circular paths. Its intuitive interface is suitable for real-time
experimental ight testing and research.

Figure 4.4: Pegasus Terminal console.

4.4 Customized Control Modes

The custom control modes were developed using the Pegasus platform as a foundation.
However, additional modes are required in this case, which constitute the main contribu-
tion of this thesis. These modes can be found in the Capture repository [40], a branch of
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the original Pegasus repository.

The rst custom control mode created was the WaypointModeAcaowith the purpose
to enable the execution of waypoint sequences, but unlike the existing waypoint mode,
it utilizes acceleration commands instead of position commands. The primary objective
of this mode is to allow for the testing of acceleration command inputs to the drone
before implementing the MPC controller, which ideally also operates using acceleration
commands. This approach enables a safer testing environment by using lower gains,
reducing the risk associated with more aggressive control strategies. The new mode
leverages the same ROS2 service as the existing waypoint mode to receive waypoint
coordinates. Additionally, it continuously uses the drone's current position and velocity
to calculate and update acceleration commands at the desired frequency:

0s = 5 175 R 3 B3 B (4.2)

with Os being the output acceleration (control input to the drone's thrust system), - the
Proportional gain (controls response to position error), 3 the Derivative gain (controls
response to velocity error), % the desired position, ?gthe current position, Ethe desired
velocity and Egthe current velocity. This ensures precise real-time control adjustments
during ight. This mode serves as a crucial intermediary step for validating acceleration-
based control strategies before advancing to more complex MPC algorithms.

The second mode developed is the primary objective of this thesis, the CaptureTar-
getMode a new operational mode speci cally designed for capturing other drones. This
mode introduces a signi cant advancement in the eld of UAV operations, as the drone
will be operating in a outdoor environment where its main mission is to chase and capture
a moving target, simulating a real-world application of mobile target interception. To
implement this new mode, a MPC was selected, which had been developed in a previous
thesis [28] and tested with integration into ROS1. In this work, the additional challenge
involved adapting the MPC to function in a ROS2 environment. The MPC is particularly
well-suited to this type of operation, as it can predict the system's future behavior based on
a dynamic model and optimize the shuttle drone's trajectory, taking into account physical
and operational constraints. This makes it an ideal solution for e ciently and accurately
pursuing a moving target.

The transition of the MPC controller from ROS1 to ROS2 was a critical step, as ROS2
o0 ers improved robustness for distributed systems, lower communication latency, and
greater exibility for developing new modules. This integration was successfully com-
pleted, ensuring that the new operational mode works e ective with the MPC, enabling
the pursuing drone to execute this complex maneuver of capturing the target drone.

The CaptureTargetModés a complex process that requires the precise de nition of
several parameters to ensure proper execution. In this scenario, the shuttle drone, respon-
sible for capturing the target, must be positioned to hover at a strategic point, waiting
for the ideal moment to begin the pursuit and capture maneuver, as illustrated in 4.5.
This hover point is critical, as it provides the shuttle drone with the best opportunity to
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intercept the target drone, taking into account the target's movement dynamics and the
system'’s operational capabilities. In addition to determining the hover point, it is equally

Figure 4.5: lllustration of the Capture Scenario with the Locations of Interest Identi ed.
Adapted from [28].

important to specify at which point of the target drone's trajectory the MPC on the shuttle
drone should be activated. The MPC plays a crucial role by calculating the optimized
trajectory that enables the shuttle drone to pursue and capture the target with precision.
The activation of the MPC must occur at the optimal moment, when the target drone
reaches a prede ned point in its path, ensuring the shuttle drone has enough information
to adjust its movements in real time.

These points were previously calculated using the geographic coordinates of the
locations, which were then converted to coordinates based on the global reference frame
used by both drones. The points are strategically selected to ensure that the maneuver is
executed over the air eld and that there is always a clear line of sight to the drone.

Once these two points, the shuttle drone's hover point and the activation point for
the MPC are set, the capture mode is ready to be executed. At that point, the shuttle
drone, initially receiving commands to remain stationary, will switch to velocity or
acceleration commands, generated by the MPC controller. This controller, integrated
into the system, processes information about the target drone's position and velocity,
continuously adjusting the shuttle drone's trajectory in response to changes in the target's
behavior.

The MPC was designed to operate at 5 Hz, so the control commands must be sent at this
same rate to ensure accurate and reliable results. Any deviation from this frequency could
disrupt the expected behavior, leading to inconsistencies in the system's performance.
Initially, the approach was to reduce the frequency of the update function to 5 Hz. However,
it quickly became apparent that this was not feasible, as it disrupted the entire system's
operation. The update function runs at 50 Hz, necessitating the implementation of a delay
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mechanism to call the MPC only once every 10 iterations of the update function. Although

the vehicle's state is continuously updated at 50 Hz, the MPC output is computed only

once every 10 iterations. This ensures that the MPC operates e ectively at its intended
frequency of 5 Hz, preserving its expected behaviour. Although a MPC was integrated

into the system, no new controller was developed. Instead, the MPC was incorporated
into the new CaptureTargetModeperational mode to simplify implementation.

45 Gazebo

Gazebo [27] is a highly realistic robotics simulator that integrates with ROS, o ering a
3D rendering engine, an accurate physics engine, and a comprehensive set of sensors
and vehicle models. Widely utilized in the robotics eld, Gazebo enables developers to
simulate and test robot behaviors, including the functionality of sensors and actuators,
while providing realistic data on the performance of robotic systems.

In this context, Gazebo simulates each vehicle along with its critical sensors and
actuators, incorporating realistic physics and precise kinematic dynamics to model vehicle
movements and interactions accurately. It communicates with PX4 and other ROS-based
nodes via the MAVROS node, allowing these systems to receive simulated sensor data
and transmit motor and actuator commands.

Gazebo o ers a variety of pre-con gured UAV models with PX4 ecosystem integration,
ranging from planes to submarines. For the simulations conducted in this dissertation,
a model of the 3DR Iris Quadrotor where the motor constants have been modi ed was
selected for both the shuttle drone and the target, Figure 4.6, due to its physical close
resemblance to the real-world UAV considered in this study.

Figure 4.6: Gazebo Simulator.
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4.6 Simulation Test Using the MPC Controller

To simulate the capture maneuver, two quadrotor drones were used, each controlled by
di erentmodes. The target drone operates in a mode that follows a sequence of prede ned
waypoints at a constant velocity of 5 meters per second. In this scenario, the target moves
to an initial point and subsequently follows a straight-line trajectory, where it will be
intercepted by the shuttle drone. Since the shuttle drone cannot be controlled in both
acceleration and yaw simultaneously, the straight-line trajectory of the target is aligned
with the yaw direction of the shuttle drone at the start of the simulation. This alignment
ensures that the acceleration outputs computed by the MPC can be e ectively utilized.

The shuttle drone is controlled by the Capture Mode. Initially, it remains stationary
at a prede ned point, waiting for the target to pass through a strategic location, at which
point the MPC is activated to execute the capture maneuver.

The parameters used for the tests presented are the following:

" Parameters related to both UAVs' initial conditions:
Ps = m— p¢= m-— vg= m/s — vi= m/s —

+target = DM/S —

where pshutle @Nd Vshute represent the shuttle drone's initial position and velocity,

respectively. Similarly, ptarget and Viarget represent the target drone's initial position

and velocity, respectively, and +rget is the target drone's instructed cruise speed
throughout the mission.

" Parameters related to the capture scenario:
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4.6. SIMULATION TEST USING THE MPC CONTROLLER

where Enax is the shuttle’s velocity limit,  satety and 3cjosenessare the height constraint
safety parameters, # is the time horizon, and the remaining Q-», Qg, &%, and R
coe cients are the controller's tuning values.

(a) X-axis Position of Both Drones. (b) Y-axis Position of Both Drones.

(c) Z-axis Position of Both Drones. (d) MPC Computation Time.

Figure 4.7: Position of the Target and Shuttle drones along the X, Y, and Z Axes, along
with the MPC Computation Time.

As observed in Figure 4.7c, representing the position along the Z-axis, the drone's
behavior clearly resembles a capture maneuver. Therefore, it is crucial to assess whether
this behavior was satisfactory in terms of distances. Along the Z-axis, the minimum value
corresponds to a vertical distance di erence of 0.6805 meters. In the horizontal plane,
the di erence is 0.5247 meters, with the majority of this discrepancy occurring along the
X-axis. At that instant, the di erence along the Y-axis is only 0.1513 meters.

The average computation time of the MPC controller running on the shuttle drone is
23.8 milliseconds.
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(a) Acceleration Input in X-axis (b) Acceleration Input in Y-axis

(c) Acceleration Input in Z-axis

Figure 4.8: Acceleration Inputs Along the X, Y, and Z Axes.
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Instrumentation and Validation

This chapter outlines the hardware components selected for integration into the real drone
and details the instrumentation process involved. Additionally, it presents the results of
the initial eld tests conducted to verify the shuttle drone's performance and evaluate its
capability to meet the necessary conditions to do more complex missions.

5.1 Hardware Assembly

UAVs can be adapted for a wide range of applications, with their selection depending
heavily on the intended purpose. While all drones require essential components such as
motors, batteries, and communication systems, additional tools need to be integrated to
enhance their sensing and interaction capabilities.

As part of the CAPTURE project, the selection of suitable UAVs and components for
testing control strategies had already been researched and de ned prior to this work. The
chosen drone was selected based on speci ¢ requirements for the task of a shuttle drone
capturing a target drone. Key considerations included reliable communication between
the drone and the ground infrastructure and a shuttle drone equipped with sensors and
onboard computing for optimization. All the components of the shuttle drone are listed
bellow and the connections between the main components are illustrated in Figure 5.1.

~ 1-Tattu 12Ah 6S 15C LiPo battery.

2 - Pixhawk telemetry radio module.

3- Holybro Pixhawk 6C autopilot.

" 4 - NVIDIA Jetson Orin Nano board.

5 - FrSky X8R Remote Control RC radio receiver module.
" 6 -Pixhawk GPS module.

" T-Motor M690B frame with 4 motors and ESCs.
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Power distribution board and a DC-DC converter to power onboard the computer.

~ WiFi module.

Figure 5.1: Connections Between the Main Components

The mapping of the RC remote controller to the ight mode selection is essential
to ensure that, during autonomous O board tests using custom algorithms, the pilot
can quickly regain control of the drone in the event of any malfunction. To perform all
required maneuvers, the drone must be connected to both the RC and the ground station
computer. Therefore, testing these communication links before takeo is crucial to ensure
reliable operation. The RC radio module facilitates communication between the drone's
controllers and the RC. The RC, shown in Figure 5.2a, operates using the con guration
outlined in Figure 5.2b.

Regarding the previously used drone setup, a modi cation was made. The telemetry
antenna modules were replaced, increasing their power from 100mw to 500mW. This
change introduced unforeseen issues. The power supply for this module was provided
through the autopilot rather than directly from the battery. While no problems were
detected at 100mW, the increased power, ve times greater, triggered a "Avionics Power
Low" error in QGroundControl presented in Figure 5.3. This power increase caused a
signi cant voltage drop in the autopilot module.

As aresult, a modi cation to the power supply was required. A new power cable was
fabricated with a branch that allows parallel powering of both the telemetry modules and
the autopilot. This adjustment resolved the issue, and the warning disappeared. In Figure

38



5.1. HARDWARE ASSEMBLY

(a) RC Transmitter. Adapted From [41] (b) RC Con guration

Figure 5.2: lllustration of the Remote Controller and its Channels Con guration.

Figure 5.3: Avionics Power Low Error in QGroundControl

5.4 are presented two simple schematics regarding the old circuit and the new one that
solved the voltage drop.

(a) Old Circuit (b) New Circuit

Figure 5.4: Comparison between the old and new circuits.
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After assembling all the components of the drone and implementing the modi cation
to power the telemetry antenna modules, the drone reaches its nal con guration. The
nal step is to attach the four propellers, resulting in the appearance shown in Figure 5.5b.

(a) Drone Components Assembled (b) Fully Operational Shuttle Drone

Figure 5.5: Comparison of the Assembled Drone Components and the Fully Operational
Shuttle Drone.

5.2 Shuttle Drone's Con guration and Calibration

The QGroundControl [13] software provides a user-friendly interface that facilitates the
execution of all the necessary steps to enable the drone to y, once all components are
properly connected and operational. Speci cally, it allows for the calibration of internal
sensors and the con guration of the RC and Flight Controller (FC) systems. In the context
of this thesis, it was utilized for the initial setup and calibration of the drone, as well as for
assigning speci ¢ parameters to enable O board arming. The software was extensively
used during both simulation and experimental phases to verify the correct toggling of
ight modes and potential errors.

The parameters of the PX4 related to MAVLink communication changed in the
QGroundControl are shown in Table 5.1.
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Table 5.1: Mavlink Parameters for Real Flight

Name Value | Default Description
MAV_1 CONFIG 102 0 Serial Con guration for MAVLink
MAV_1 FLOW_CTRL 0 2 Enable serial ow control
MAV_1 MODE 11 2 MAVLink Mode
MAV_1 RADIO_CTL 0 1 Enable software throttling of MAVLink
MAV_1 RATE 92160 0 Maximum MAVLink sending rate
MAV_2 CONFIG 102 0 Serial Con guration for MAVLink

After setting up the essential system parameters, it's crucial to ensure that the drone
is properly con gured and calibrated. QGroundControl [13] provides a user-friendly
interface to guide users through the necessary calibration steps, as illustrated in Figure
5.6. These steps prepare the drone to accurately interpret sensor data, respond to control
inputs, and handle emergency scenarios.

~

Airframe and actuator setup: This ensures the PX4 controller can recognize the
vehicle's geometry, including the number of motors and their speci c response.

Sensor orientation and compass calibration: This enables the PX4 controller to
estimate the vehicle's orientation by using data from the magnetometers during
a series of actions. The calibration process for other sensors follows a similar
procedure.

Gyroscope calibration
Accelerometer calibration.

Radio setup and ight mode con gurations: This step maps and calibrates the
inputs from the remote controller to the PX4 system and de nes the switches to send
commands to the vehicle for di erent ight modes, including Arming, Kill Switch,
Manual, Mission, and O board.

Battery parameter setup.

Failsafe con gurations: These settings instruct the autopilot on how to behave in
emergencies, such as loss of RC communication or low battery levels.

5.3 Initial Tests

The initial real ight tests were carried out in a simple and gradual manner. Functionality
was tested incrementally, ensuring that everything was proceeding as expected. This
gradual approach made it easier to identify potential errors and reduced the associated
risks. Moreover, all elements tested during these eld trials had previously been validated
through simulation. Prior to the rst real test, a manual ight was conducted to allow the
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