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ABSTRACT

FUSED FILAMENT FABRICATION VIA MULTI QUADCOPTER
COLLABORATION

GHAZIANI, MATIN
Ph.D., Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Ulag Yaman

Co-Supervisor: Assoc. Prof. Dr. Ali Emre Turgut

July 2023, pages

This thesis explores the integration of multirotor unmanned aerial vehicles (UAVs)
with three Dimensional (3D) extruders to overcome the limitations of traditional 3D
printers regarding size and production volume. The motivation behind this research is
to enable the production of large and complex structures without the need for costly
expansions of fixed-size 3D printers. The limitations of existing 3D printers and
industrial robots in size and working area are discussed, highlighting the potential
of UAVs, particularly multirotor UAVs, in overcoming these limitations. Multirotor
UAVs equipped with 3D extrusion systems offer the advantage of producing or re-
pairing structures without being constrained by size or positional conditions, making
them especially useful in hazardous or inaccessible environments.

The thesis addresses various aspects related to 3D printing with multirotor UAVs.
It emphasizes the design considerations for lightweight manipulator systems, such
as gimbals that can be attached to UAVs to perform the 3D printing process. The
need for highly accurate flight controllers to compensate for unwanted movements of

the UAVs during printing operations is also highlighted. Furthermore, the concept



of swarm UAVs is explored, where multiple UAVs work together autonomously to
perform a specific task, offering advantages such as time savings, reduced labor, and
increased operational efficiency.

Based on the conclusions drawn from each chapter, it is evident that integrating mul-
tirotor UAVs with 3D extruders holds significant potential for expanding the capabil-
ities of 3D printing. The research findings demonstrate the feasibility and advantages
of using UAVs for 3D printing, including precise and autonomous operations. The
thesis contributes to the field of additive manufacturing by showcasing the potential
of multirotor UAVs in overcoming the limitations of traditional 3D printers.

Future research in this area could focus on further improving the accuracy and reli-
ability of the 3D printing process with UAVs. This could involve advancements in
lightweight manipulator designs, more robust flight control algorithms, and enhanced
navigation and obstacle detection systems. Additionally, exploring the scalability and
coordination of swarm UAVs for additive manufacturing could be an exciting avenue

for future investigation.

Keywords: Additive Manufacturing, Multirotor UAVs, Gimbal, Path Planning
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0z

COKLU DRON ISBIRLIGINDE ERGIYIK FILAMENT ILE IMALAT

GHAZIANI, MATIN
Doktora, Makina Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Ulag Yaman
Ortak Tez Yoneticisi: Dog. Dr. Ali Emre Turgut

Temmuz 2023 , [134]sayfa

Bu tez galismasi, ¢ok rotorlu insansiz hava araglariin (IHA’lar) 3B ekstriizyon sis-
temleriyle entegrasyonunu arastirarak geleneksel 3B yazicilarin boyut ve tiretim hac-
miyle ilgili kisitlamalarin1 agsmay1 amaglamaktadir. Bu aragtirmanin motivasyonu, sa-
bit boyutlu 3B yazicilarin maliyetli genislemelere ihtiyag duymadan biiyiik ve karma-
sik yapilarin tiretimini miimkiin kilmaktir. Mevcut 3B yazicilar ve endiistriyel robotla-
rinin boyut ve ¢alisma alani kisitlamalari tartisilarak, IHA larin, ozellikle cok rotorlu
[HA’larin, bu kisitlamalar1 asma potansiyeli vurgulanmaktadir. 3B ekstriizyon sistem-
leriyle donatilmis ¢ok rotorlu IHA 1ar, boyut veya konumsal kosullarla sinirlanmadan
yapi1 liretme veya tamir etme avantaji sunarak, 6zellikle tehlikeli veya erisilemez or-
tamlarda faydali olmaktadir.

Tez galismasi, ¢ok rotorlu IHA larla 3B baski ile ilgili gesitli yonleri ele almaktadur.
IHA’ya baglanabilen gimbal gibi hafif manipiilator sistemlerinin tasarim hususlarina
vurgulanmaktadir. Baski islemleri sirasinda IHA larin istenmeyen hareketlerini telafi
etmek ic¢in yliksek hassasiyetli ucus kontrol cihazlariin gerekliligi de vurgulanmis-

tir. Ayrica, bir gorevi gerceklestirmek icin birden fazla IHA nin otonom olarak birlikte
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calist1g1 siirii IHA’larinin kavrami da arastirilmis olup sundugu zaman tasarrufu, azal-
tilmis iggiicii ve artirilmis operasyonel verimlilik gibi avantajlar agciklanmugtir.
Gergeklestirilen ¢alismalarin sonuglari degerlendirildiginde ¢ok rotorlu IHA’larin 3B
ekstriizyon cihazlariyla entegrasyonunun 3B baski yeteneklerini genigletme konu-
sunda 6nemli bir potansiyele sahip oldugu aciktir. Arastirma bulgulari, [HA’larin has-
sas ve otonom iglemler de dahil olmak iizere 3B baski i¢in kullaniminin olas1 avan-
tajlarim1 gostermektedir. Tez, ¢ok rotorlu IHA’larm geleneksel 3B yazicilarmn kisitla-
malarin1 agma potansiyelini gostererek, kati tiretim alanina katkida bulunmaktadir.
Bu alanda gelecekteki arastirmalar, IHA’larla 3B baski siirecinin dogrulugunu ve
giivenilirligini daha da iyilestirmeye odaklanabilir. Ornegin, hafif manipiilator tasa-
rimlarinda, daha saglam ugus kontrol algoritmalar1 ve gelismis navigasyon ve engel
algilama sistemlerinde aragtirmalar gerceklestirilebilir. Ayrica, kat1 iiretim i¢in siirii
[HA’larin 6lgeklenebilirligi ve koordinasyonunu kesfetmek, gelecekteki arastirmalar

icin heyecan verici bir alan olabilir.

Anahtar Kelimeler: Eklemeli imalat , Cok Rotorlu [HA’lar, Gimbal, Yoriinge Plan-

lama
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Problem De nition

Nowadays, 3D printers have revolutionized production methods in various applica-
tions by enabling the quick and precise production of geometrically complex parts.
However, the size of the parts that can be produced is limited by the size of the 3D
printer itself. The printer must be expanded to manufacture larger parts, which incurs
additional costs [1]. Similarly, industrial robots, while facilitating the fabrication of
non-standard structures and saving time and costs, have limitations in their working
areas. The maximum workpiece size that a robot can handle is constrained by its
maximum working area [2]. To overcome these limitations, mobile robot arms have
been employed to expand production volumes [3]. However, a single mobile robot
arm may not be suf cient for large-scale objects or construction applications, neces-
sitating multiple mobile robot arms.

Recently, UAVs, also known as drones, have emerged as a solution to overcome limi-
tations in production volume. Multirotor UAVS, in particular, have gained popularity
and are being utilized in various applications such as remote sensing [4], aerial pho-
tography [5], infrastructure supervision, distribution, intelligent agriculture [6, 7, 8],
surveillance [9], and delivery [10]. One recent application involves using multirotor
UAVs equipped with 3D extrusion systems for additive manufacturing [11]. This type
of UAV allows for the production or repair of structures without being constrained by
size and positional conditions, making it especially useful in hazardous or inaccessi-
ble environments.

Different types of equipment can be employed to enable 3D printing with multiro-

tor UAVs. In the literature, special manipulators have been designed to hold the 3D
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printer extruders [12, 13, 14, 15]. Due to the payload limitations of multirotor UAVS,
the equipment designed for these UAVs must be lightweight. One common type of
manipulator used is a gripper, which is a simple form of the manipulator. However,
since these grippers are directly installed on the UAVS, they cannot compensate for
the unwanted movements of the UAV during operation.

To address this challenge, highly accurate ight controllers are required when using
grippers with UAVs. Achieving precise ight control is dif cult for UAVs due to the
aerodynamic conditions. Different types of manipulator systems have been proposed
to overcome this sensitivity problem, such as integrating the kinematic model of the
manipulator with the UAV [16, 17, 18, 19].

The application of UAVs is generally limited by payload capacity, ight time, and
the maximum distance from the ground control station. As a result, ights are of-
ten interrupted, requiring the UAV to return to the central ground station for battery
recharge or to add/remove payloads. In speci c tasks, the use of multiple UAVs be-
comes inevitable. In such cases, UAVs must be capable of autonomous ight, making
decisions using sensors, and communicating with each other. Swarm UAVs are a
group of UAVs that y autonomously or are controlled through a ground control sta-
tion simultaneously to perform a speci ¢ task. Communication and adherence to the
assigned ight paths are crucial to prevent collisions between UAVS.

Recently, there has been an emphasis on the applicability of UAVs in operations in-
volving lightweight structures, as evidenced by several studies. For example, at ETH
Zurich, a project utilized four UAVs to construct a 6-meter indoor tower made of foam
bricks [20]. Another project at ETH Zurich used UAVs to connect cable structures
[21]. Lindsey et al. utilized UAVs in a swarm con guration to connect small-scale
columns and beam structures using magnets [22]. A separate literature review related
to 3D production (additive manufacturing) using UAVs, production materials, navi-
gation, and applications of UAVs in swarm con gurations has been conducted and

presented below.

1. The construction industry has shown great interest in initially utilizing 3D print-
ers to produce components (e.g., joints, structural elements) and eventually
moving towards constructing entire buildings. However, the size limitations of

existing 3D printers have led to envision using UAVs capable of 3D production
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to construct future buildings. There are several studies in the literature on ad-
ditive manufacturing with UAVs [23, 24]. While using UAVs offers numerous
advantages in this context, some limitations need to be addressed, such as min-
imizing weight, improving positional accuracy, battery charging, and stopping

at central stations for loading production materials.

. One of the challenges in 3D production with UAVs is their low load capacity
[25], which makes it impossible to place 3D printers and materials onto the
UAVs directly. Therefore, appropriate designs need to be developed for UAVsS
to support 3D production [26]. In this study, a special extruder and auxiliary
equipment will be used. The equipment used for 3D production with UAVS in-
cludes various types of manipulators, such as simple graspers, high-degree-of-
freedom mechanisms, extruders, and electromechanical parts. Previous studies
in the literature have explored different gripper designs for UAVs. One common
approach is using single Degree of Freedom (DoF) graspers [12, 25, 27, 28], but
the position of the UAV limits these gripper systems. To achieve precise con-
trol and manipulation, lightweight and multi-degree-of-freedom mechanisms
are required. Keemink et al. elaborated on the mechanical design and model-
ing of a manipulator system for UAVs in their study [29]. Other studies have
focused on the modeling and control of miniature UAVs [30, 31], as well as the
use of manipulators with multiple degrees of freedom and vehicles with double-
arm systems [32, 33, 34, 35, 36, 37, 38, 39, 40]. Supervisory control has also
been employed in some research [41, 42], where a Cartesian-based impedance
controller was simulated for 2 DoF manipulators connected to a UAV. Addi-
tionally, researchers have explored controlling the balance of UAVs based on
variations in the center of mass and moment of inertia [16, 43, 44, 45]. Pre-
vious studies have utilized simple 2 DoF manipulators for 3D production with
UAVs [23, 26], but these mechanisms have not achieved precise 3D outputs.
To address this challenge, the delta mechanism has been tested [24], where 3D
production was achieved by integrating delta manipulators [46, 47] with UAVs

to perform high-precision tasks.

. The navigation system and supporting subsystems are crucial for enabling the

autonomous ight of UAVs. To ensure proper operation of the navigation sys-
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tem,

the positior(x; y; z) and orientationg ; ; ) of the UAV must be esti-

mated using information from various sensors. Additionally, other supporting

systems are required to detect and avoid obstacles (static or dynamic) and up-

date motion trajectories. The navigation systems typically consist of three main

subsystems:

(@

(b)

Location Estimation: Location estimation involves estimating the posi-
tion and direction of the UAV during movement. This process relies on
information from one or more sensors, such as Inertial Measurement Unit
(IMU), Global Positioning System (GPS), camera, laser, and ultrasonic
sensors. The position information can be obtained from each sensor in-
dividually or by combining data from different sensors. Location esti-
mation is considered a fundamental step in any navigation or mapping
process. GPS is a well-known method for location estimation. In some
systems, GPS and Inertial Navigation System (INS) are used together to
compensate for GPS errors or inaccessibility to satellites in bad weather
conditions. Various approaches have been employed to improve posi-
tion estimation, such as combining data from GPS and INS using a linear
Kalman lIter [48] or an Extended Kalman Filter (EKF) [49], a Kalman-
Complementary Iter [50], or GPS-combined SINS (Strapdown Inertial
Navigation System) [51, 52]. Other studies have focused on combining
GPS data with camera information and IMU data to improve position es-
timation using Unscented Kalman Filter (UKF) [53]. Some studies have
also incorporated altitude sensors to enhance the measurement accuracy
of GPS/INS [54, 55], although it has been noted that this approach may
not work well at low altitudes due to the ground effect on barometric sen-
sors [56].

Obstacle Detection and Avoidance: Obstacle detection and avoidance play
a critical role in the autonomy of any UAV system. These systems enable
the detection of obstacles and the planning of routes to avoid collisions.
Image processing-based navigation systems employ various strategies for
obstacle detection and avoidance. Techniques such as 3D modeling of

obstacles [57, 58, 59] and estimating obstacle distances [58, 59, 60] are
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commonly used in the literature.

(c) Object Tracking: Data captured from cameras are used as feedback for
the UAV's control unit. The control unit employs different algorithms to
maintain the UAV's balance. Common techniques include PID (Proportional-
Integral-Derivative) control [61, 62, 63], optimal control [64], sliding mode
control [65], fuzzy logic control [66], cascade control structure [67], and
waypoint range or path following [68, 69].

4. Swarm UAV technologies emerged in the early 1990s, primarily for military

applications [70]. Recently, Intel developed UAV swarms utilized in the 2018
Winter Olympics [27]. The literature contains various approaches to control,
route planning, and task allocation for swarm UAVs [71, 72, 73]. Swarm UAVS
offer advantages such as time savings, reduced working hours, reduced labor,
and lower operational costs. While typical remote piloting with a single UAV
would be inef cient for package delivery, swarm UAVs are more suitable. Au-
tonomy is a key aspect of swarm UAVs, and the algorithm responsible for
decision-making in place of human operators is critical. The autonomy level of
a UAV is de ned based on the number of missions it can perform without hu-
man intervention. Full autonomy refers to a UAV's capability to autonomously
complete a mission from takeoff to landing without human interference. Fully
autonomous UAVs require advanced algorithms to plan and optimize trajecto-
ries, collaborate with other UAVS, and make decisions based on environmental
conditions and mission objectives. Some studies have proposed algorithms that
use machine learning techniques for swarm UAV control. Other studies have
focused on optimizing ight routes for swarm UAVs to reduce mission comple-

tion time or energy consumption [74, 75].

. One key factor in the success of UAVs in 3D production is the ability to load
new production materials without having to return to the central station fre-
guently. One approach is establishing a ground station network where UAVs
can land, recharge batteries, and load new materials [23]. Alternatively, re-
searchers have proposed docking mechanisms for UAVs to exchange payloads.
These docking mechanisms can load new production materials or exchange

batteries. Swarms of UAVs can be employed, with some UAVs performing
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tasks while others return to the central station for recharging and reloading.
The transfer of materials between UAVs can be accomplished through various

mechanisms such as docking, grappling, or handover [76, 77, 78].

Based on the above literature review, the key challenges in the proposed system in-

clude the followings.

Designing lightweight and precise manipulator systems that can be mounted on

UAVs to enable 3D printing or additive manufacturing tasks.

Developing accurate and robust navigation systems to ensure precise position-

ing and orientation control of the UAVs during 3D printing operations.

Implementing obstacle detection and avoidance systems to prevent collisions

and ensure safe operation in complex environments.

Enabling autonomous ight and decision-making capabilities for swarm UAVs

to collaborate and coordinate tasks ef ciently.

By addressing these challenges, the proposed system aims to enable the use of multi-
rotor UAVs for large-scale 3D printing or additive manufacturing applications in var-
ious industries. In the proposed system within the scope of this study, the UAVs are
planned to return to the base station after completing their assigned tasks to recharge
the battery and receive new payloads, such as laments. At the same time, another

UAV continues with the assigned task, ensuring uninterrupted work ow.

1.2 Contributions and Novelties

Traditional 3D printers face limitations when printing on non- at or irregular sur-
faces, as they are typically designed to operate on xed platforms. Researchers
and innovators have recognized this constraint and explored alternative approaches
to overcome this challenge. In this thesis, it is proposed to integrate an extruder
mounted on a gimbal system coupled with a camera-based path-tracking technique
for 3D printing. This approach allows the printer to adapt to the surface geometry

and maintain precise control throughout printing.
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The printer can adjust its orientation dynamically by mounting the extruder on a gim-
bal system, which provides rotational freedom. This exibility enables the printer to
navigate complex surfaces, such as curved or uneven objects while maintaining accu-
rate deposition of the printing material. The camera-based path-following technique
further enhances the printer's capabilities by tracking and following a prede ned path,
ensuring precise alignment with the desired printing trajectory.

The main contributions of this thesis are twofold. A methodology for ef cient Cover-
age Path Planning (CPP) using UAVs is proposed. This approach optimizes the mis-
sion time for multi-UAV coverage tasks while utilizing the fewest possible UAVS. By
intelligently planning the coverage path, the thesis aims to minimize redundancy and
maximize ef ciency in completing the area coverage task. Additionally, the proposed
approach optimizes the sweep direction, reducing the number of rotations required
during the operation and improving overall performance.

Secondly, the thesis encompasses the design, construction, and application of a spe-
cialized test bench speci cally tailored to evaluate the performance of gimbals at-
tached to quadcopters. This dedicated test platform allows researchers and practition-
ers to assess and demonstrate the effectiveness of various ight algorithms in con-
junction with the gimbal's performance. A test bench is a valuable tool for re ning
and optimizing the overall system by thoroughly evaluating the gimbal's capabilities
under different ight conditions and scenarios.

Through these contributions, the thesis aims to push the boundaries of 3D printing
technology by addressing the limitations of traditional printers and paving the way
for enhanced capabilities in printing on non- at or irregular surfaces. By leverag-
ing the potential of gimbal-mounted extruders and UAVs for coverage path planning,
this research offers promising advancements in additive manufacturing, opening new

opportunities for fabricating complex objects with precision and ef ciency.

1.3 Proposed Methods and Models

This thesis aimed to simulate a system of swarm UAVs to be used in additive manufac-
turing in hard-to-reach places and desired dimensions and evaluate the performance

of a quadcopter installed with a gimbal and an extruder system. The swarm movement
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can complete the production process quickly and without interruption. The owchart
of the proposed system is shown in Figure 1.1.

Figure 1.1: Flowchart of the proposed system

Chapter 2 of this study delves into the mathematical model of the gimbal, which is
mounted on the quadcopter. The calculation assumes that the selected quadcopter
possesses a distincti¢e) shape model. Through this mathematical model, the study
aims to accurately represent and understand the dynamics and behavior of the gim-

bal system, contributing to the overall comprehension of its functionality and perfor-
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mance.
Moving on to Chapter 3, the focus shifts towards exploring and testing camera-based
image processing methods. Within this chapter, three different quadcopters are se-
lected as hypothetical models for the experiments. The objective is to evaluate the
effectiveness and reliability of various image processing techniques when applied to
these quadcopter models. The study aims to identify the most suitable image process-
ing methods to enhance quadcopter systems' overall performance and capabilities by
conducting extensive tests and analyses.

Chapter 4 is dedicated to calculating optimal paths for multi-UAV systems. The
methodology developed in this chapter assumes a scenario with three UAVs oper-
ated by a single operator. The study also considers the setup time required for each
UAV, which is assumed to be six minutes and the maximum ight time of ten minutes
per UAV. By utilizing sophisticated path planning algorithms and considering these
assumptions, the study aims to optimize the paths of multiple UAVs, enabling ef -
cient coordination and collaboration between them.

Finally, Chapter 5 sheds light on the test platform employed in the study. The se-
lected extruder dimension for the 3D printing process is set at one millimeter. This
chapter provides a detailed explanation of the test platform's con guration, design,
and components. It serves as a crucial foundation for conducting experiments and
gathering data to validate the effectiveness and performance of the gimbal system, as
well as other aspects related to multi-UAV coordination, image processing, and path
planning.

Collectively, these chapters contribute to the comprehensive understanding and eval-
uation of various aspects related to the gimbal system, image processing methods,
multi-UAV coordination, and the overall test platform. The study aims to provide
valuable insights into the gimbal system's performance, capabilities, and potential
applications and integration within the larger UAV ecosystem by combining theoret-

ical models, experimental results, and assumptions.



1.4 The Outline of the Thesis

This thesis comprises six chapters, each addressing key aspects of the research. Chap-
ter 1 serves as an introduction, focusing on the literature survey that underpins the
thesis and providing a detailed account of the motivations behind the research. In
Chapter 2, the design of the gimbal is presented, along with an explanation of the
mathematical model that governs its operation. By integrating the gimbal mechanism
into the quadcopter's design, precise control and manipulation of the end effector's
orientation are possible.

Chapter 3, titled "Camera-Based Multi Quadcopter Simulation,” delves into the sim-
ulation of a multi-UAV system for tracking a designated line under the UAVs. This
line, generated as a path for the quadcopters to perform 3D printing, is followed using
image processing techniques, ensuring the UAVs remain on the designated path.
Moving on to Chapter 4, "Path Planning for Area Coverage," the thesis explores the
control strategy for coordinating multiple quadcopters during area coverage opera-
tions. The proposed method is thoroughly discussed, showcasing the results through
simulations and real-world experiments.

Chapter 5 focuses on the test platform developed to assess the extruder's performance
on the gimbal under various conditions. The experimental results of the 3D printing
process are presented in detail in this chapter.

Finally, in Chapter 6, the thesis concludes by summarizing the essential ndings and
contributions of the research. The successful completion of this project holds great
potential for overcoming many of the limitations faced by current 3D printers. Pre-
cisely, it enables rapidly fabricating products with higher complexity and larger sizes,
particularly within hazardous or otherwise inaccessible environments. This break-
through promises signi cant advancements in additive manufacturing, paving the way

for transformative applications.
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CHAPTER 2

DYNAMIC MODEL OF THE SYSTEM

2.1 Introduction

UAV has made signi cant strides across many applications in recent years. Quad-
copters have become one of the most often used UAV platforms due to their versa-
tility, stability, and ease of maneuvering. Outstanding capabilities for aerial surveil-
lance, photography, mapping, and even delivery services are provided by quadcopters.
Quadcopters frequently come with extra payloads like cameras, sensors, or other gad-
gets to expand their capability and enable precise control during complicated oper-
ations. The gimbal system is an essential component that adds to the versatility of
guadcopters. A gimbal is a mechanical mechanism that stabilizes and controls the
orientation of the payload, ensuring that it stays level and steady independent of the
motion of the quadcopter or outside disturbances. A gimbal enables smooth and
high-quality image or data acquisition by dissociating the payload's motion from the
guadcopter's motion, which is crucial for applications requiring precise and stable
observations. It is essential to have a thorough grasp of the dynamic behavior of
guadcopters and their gimbal systems to create effective control algorithms and max-
imize the performance of these devices. This knowledge makes it possible to create
sophisticated control schemes that account for outside disturbances, reduce vibra-
tions, and enhance ight stability.

This chapter is dedicated to determining the system's parameters required for effec-
tively controlling the endpoint on the gimbal and aligning it with the inertial coordi-
nate system. The chapter is divided into three parts, each addressing a speci c aspect
of the system's modeling and parameter calculation.

The rst part focuses on the kinematic and dynamic models of the quadcopter. This
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involves formulating mathematical representations that describe the quadcopter's mo-
tion and behavior. The kinematic model encompasses the quadcopter's position, ve-
locity, and orientation, while the dynamic model considers the forces, torques, and
accelerations acting upon the quadcopter. By developing a comprehensive under-
standing of the quadcopter's kinematics and dynamics, it becomes possible to derive
the necessary parameters for adequate control.

The second part delves into the kinematic and dynamic model of the gimbal. Like
the quadcopter, the gimbal system's motion and behavior are represented through
mathematical models. The kinematic model describes the gimbal's position, orienta-
tion, and motion relative to the quadcopter, while the dynamic model considers the
forces, torques, and accelerations acting on the gimbal. By analyzing and modeling
the gimbal's kinematics and dynamics, crucial parameters can be determined to en-
sure accurate control of the gimbal system.

The nal part revolves around calculating the coordinates of the endpoint on the gim-
bal concerning the inertial coordinate system. This step involves transforming the
measured or estimated positions of the gimbal endpoint, which are typically relative
to the quadcopter or gimbal reference frame, into the absolute coordinates of the in-
ertial reference frame. By accurately determining the endpoint's coordinates in the
inertial coordinate system, precise control and alignment of the gimbal system can be
achieved.

By addressing these three key components—the quadcopter's kinematic and dynamic
model, the gimbal's kinematic and dynamic model, and the calculation of the end-
point's coordinates—, the chapter aims to provide a comprehensive understanding of
the system'’s parameters necessary for effective control and coordination between the
guadcopter and gimbal systems. Section 2.2 provides a detailed explanation of the
kinematic analysis of the quadcopter. This section delves into the intricate mechanics
and movements of the quadcopter. Moving on to Section 2.3, this portion of the the-
sis focuses on the gimbal's design and the mathematical model. Section 2.4 depicts
the mathematical simulation of the gimbal mounted on the quadcopter, providing an
in-depth understanding of how it operates and contributes to its overall stability and
functionality. Lastly, in Section 2.5, the chapter concludes with a comprehensive
discussion. It combines the essential ndings and insights presented throughout the

chapter, summarizing the main points and highlighting their signi cance.

12



2.2 Quadcopter Model

The rst part of this section focuses on the kinematic analysis of the quadcopter,
aiming to establish an understanding of the relationships between various parameters
involved in its motion. This analysis determines how the quadcopter moves and be-
haves in different scenarios.

The kinematic analysis examines the quadcopter's position, velocity, and orientation.
It investigates how these quantities change over time and how they relate to one an-
other. Critical parameters such as displacement, velocity vectors, and angular rates
can be derived by studying the quadcopter's kinematics. These parameters provide
valuable insights into the quadcopter's spatial movement, speed, and rotational char-
acteristics. Furthermore, the kinematic analysis explores the relationship between the
guadcopter's position, velocity, and orientation. By understanding how these parame-
ters interact, it becomes possible to determine the quadcopter's trajectory and predict
its future motion based on its current state. This analysis also assists in studying the
quadcopter's stability, maneuverability, and control.

Moving on to the next part, the dynamic model of the quadcopter is derived. The
dynamic model considers the forces, torques, and accelerations acting on the quad-
copter. It provides a mathematical representation of how these physical quantities
affect the quadcopter's motion.The derivation of the dynamic model involves analyz-
ing the forces and torques generated by the quadcopter's propellers and the forces
of gravity, air resistance, and other external factors. By considering these forces and
torques, the dynamic model captures the quadcopter's response to different inputs and
disturbances, enabling a deeper understanding of its behavior.

The dynamic model also facilitates the development of control strategies for the quad-
copter. By accurately modeling the quadcopter's dynamics, it becomes possible to
design control algorithms that can effectively stabilize and maneuver the quadcopter,
ensuring precise and reliable performance in various ight conditions.

This section comprehensively explains the quadcopter's motion and behavior by in-
corporating both the kinematic and dynamic analyses. It establishes the relationship
between different parameters and provides a solid foundation for further analysis and
control design, ultimately contributing to quadcopter systems' overall understanding

and advancement.
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2.2.1 Kinematic of a Quadcopter

The quadcopter's position is represented by the inertial coordinate system, which is
xed to the Earth, and the body coordinate system, which is mobile and can rotate.
Euler's Angles model two coordinate systems' rotation.

The ZY X rotation sequence can break down the body frame's rotation concerning
the inertial frame into three simple sequential rotations. The body rotates around
theZ axis (yaw angld€ )) and then about th¥ axis (pitch angl€ )) intheZY X
rotation sequence. Finally, it is rotated through a rolling afg)eabout the X-axis.

The quadcopter rotates from intermediate fran®l1 aroundZ; = Z;.

2 3
cos sin O
cl( )= gsin cos OZ (2.2)
0 0 1
The quadcopter rotates from intermediate freime 2 aroundY; = Y.
2cos 0 sin °
Ci( )=§ 0 1 0 Z; (2.2)

sin 0 cos

The quadcopter rotates from intermediate freéwe baroundX, = Xy,
2 3
0 0

1
CX )= go cos  sin 2; (2.3)
0 sin cos
Rotating a vector from the inertial frame to the body frame requires a transformation

matrix that multiplies the three transformations.

ct=Cy Cci ¢ (2.4)
cc cs 53
Cib=§ssc CsS sss +cc scC Z (2.5)
Cs +ss cCss sc cc

Rotate a vector in the body frame back to the inertial frame using the transformation

matrix C| equation. Therefore,

2 3
CcC SscC cCs Ccs +ss
Cg=§cs Sss +cC CSS sc (2.6)
S sc cc
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To establish the relationship between Euler angle changes and body frame angular
velocity components, a transformation is required to express the angular velocity as

components. This can be achieved using the following transformation:

2 32 32 3
0 .

p_, 1 sin —
I = gqégo cos  sin cos égé (2.7)
r 0

sin  cos cos _

In this equation! represents the angular velocity vector, dp¢lq;r) are the body

frame angular velocity components.

2.2.2 Dynamics Model of a Quadcopter

Quadcopters are highly maneuverable aerial vehicles capable of both rotation and
translation. Roll, pitch, and yaw can be precisely controlled in their motion, making
them fully actuated, while movements along they, and altitude axes are underac-
tuated, requiring careful consideration. This dynamics model is based on the work
in [76]. To accurately describe the quadcopter's motion, accounting for the external
forces and torques acting upon it and applying Newton's law of motion is necessary.
Incorporating the quadcopter's linear and rotational accelerations into the forces and
moments, the body forces and torques can be expressed as follows.

Rotational Equations of Motion:

The general equation governing the rotational motion of the quadcopter's body frame,

derived using the Newton-Euler method, is given by:
J+1  Jl + Mg+ Ma= Mg (2.8)

Here,J represents the inertia matrix of the quadcoptedenotes the angular body
rates,Mg corresponds to the gyroscopic moments generated by the rotor's inertia,
M, represents the aerodynamic moments acting on the quadcopter's body,sand
signi es the moment acting on the body frame of the quadcopter. The t&rnand

I J! account for the rate of change of angular momentum in the body frame. The

inertia matrix of the quadcopter is a diagonal matrix with zero off-diagonal elements,
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which are the products of inertia. It can be expressed as:

2 3
lix 00
J= § 0 |y OZ (2.9)
0 0 Iy

In this matrix, |, Iy, andl,, represent the area moments of inertia about the prin-
cipal axes in the body frame of the quadcopter.

By comprehensively considering these dynamics and utilizing the derived equations
of motion, valuable insights into the behavior and control of quadcopters can be
gained. Gyroscopic moments of motors link the spin axis with the inextatis

[77]. Formulating the gyroscopic moment yields:

2 3
0

Mg = T, E 0 é (2.10)
Jreor

Mg is the gyroscopic momend, is the motor moment, and, is the motor's total

rotational speed in rpm. Equation of is
=T T+ T, (2.11)

Moments Acting on the Quadrotor (Mg)

The moments exerted on the quadrotor play a crucial role in its dynamics and con-
trol. Understanding these moments is essential for accurate modeling and effective
maneuvering of the quadcopter.

Thrust of the Propeller: The propulsion force exerted by its propellers is the pri-
mary force responsible for generating lift in the quadcopter. As the propellers spin
through the air, they experience aerodynamic forces comprising lift and drag compo-
nents. The lift force acts perpendicular to the propellers' direction and contributes to
the quadcopter's upward motion. According to the ndings in [78, 79], the lift force

acting on the propellers can be expressed as:

1
Fn, = ECT A ra? (2.12)

In this equationC+ represents the thrust coef cient of the propellerdenotes the
air density,A; corresponds to the propeller's rotating ares the distance from the

center to the tip of the propeller, afigl denotes the angular velocity of th& motor
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in terms ofrpm (revolutions per minute). Combining all the constant parameters into
a single variable simpli es the equation. Assuming the air density remains constant,

the following equation is de ned:
Ki=Cr A r? (2.13)
Subsequently, the equation for the lift force can be expressed as:
Fn= K12 (2.14)

Torque of the Propeller: In addition to generating lift, the rotation of the propellers
also creates moments or torques that act on the quadcopter's body frame al@ng the
axis. As mentioned earlier, the aerodynamic forces resulting from the propeller rota-
tion consist of lift and drag components. While the lift force operates in the direction
perpendicular to the propellers, the drag force acts opposite to the propeller's motion.
The drag component of the aerodynamic force induces a torque on the quadcopter's
body. According to [78], the moment produced by the propellers due to drag force
can be expressed as:

M, = ( 1)”% AC prar? (2.15)

Here,M, represents the moment generated byrtfiemotor, is the air densityA
represents the frontal area of the propeller (obtained by multiplying the chord length
by the maximum thicknessy;p denotes the drag coef cient, is the distance from
the center to the tip of the propeller, afngl represents the angular velocity of thé
motor in rpm. Additionally, the equation includes a factor(ofl)", which accounts
for Newton's third law of motion. This component ensures that the propeller experi-
ences a clockwise moment when rotating in a clockwise direction and vice versa. For
instance, if motorl rotates counterclockwise, the body will experience a clockwise
moment if the air density remains constant. To simplify the equation, all the constant
parameters into a single variable can be combined:
1
Km = EAcDur2 (2.16)

Finally, the equation for the propeller moment due to drag force becomes:

Mp=( 1"Kn2 (2.17)

Total Moments in the x, y, and z Directions: Figure 2.1 visually represents the

moments and forces acting on the quadcopter. In the gure, each quadcopter rotor
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generates a thrust force, denotedFasand a moment, represented bly. These

forces and moments are exerted in the direction opposite to the rotor's rotation.

Figure 2.1: Quadcopter Forces and Moments

The total moments acting on the quadrotor can be expressedn yhandz direc-
tions. These moments are crucial for understanding the rotational dynamics of the
quadcopter.

My = Fod Fud= dK;T3  dK;132 (2.18)

Equation 2.18 represents the moment inxtrdirection, wheral is the distance from

the center of the hub to the motor.
My = Fid+ Fed= dK¢T5+ dK¢T3 (2.19)
Equation 2.19 represents the moment inytleBrection.

MZ = Ml + M2 M3 + M4
(2.20)
= Kpl 7T+ Kpls Kpt3+ Kpl
Equation 2.20 represents the moment in thdirection, which is the sum of the
moments produced by all four motors. Helk, represents the moment produced by
thei™™ motor.
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By combining equations (2.18), (2.19), and (2.20) in vector form, the total moments

acting on the quadcopter's body frame can be expressed as follows:
2 3
dK;1T3  dK12

Mg = g dK; T2+ dK; 13 Z (2.21)
Knt2+ Kpt3 Kpta+ Kpt2
In Equation (2.21)d represents the distance between the quadcopter's rotor and the
center of the quadrotoiK; andK, are the constants that govern the aerodynamic
force and moment, respectively, represents the angular velocity of rotoMoving
on to the translational equations of motion, they use Newton's second law to describe

the quadrotor's motion in the Earth's inertial frame. The equation is given by:

2 3
0

me = E 0 Z + C’Fg (2.22)
mg

In Equation (2.22); represents the distance of the quadcopter from the inertial frame.
The mass of the quadcopter is denotedrhyandg represents the acceleration due to
gravity (g = 9:81m/sY). The termFg represents the non-gravitational forces acting
on the quadrotor in the body frame, a@fidenotes the rotation matrix that transforms
forces from the body frame to the inertial frame.
Equation (2.22) encapsulates the quadcopter's translational motion, considering the
gravitational force and the non-gravitational forces acting on the quadrotor. By con-
sidering both the rotational and translational equations of motion, the dynamics of
the quadcopter in both its rotational and translational aspects can be analyzed. This
understanding is crucial for developing control strategies and optimizing the quad-

copter's ight performance.
Fe; = Fit Fo+ F3+ Fy
= K2+ KI5+ K5+ K12
0 3 (2.23)

- § : Z

Kf1._§+ Kf!_%+ Kf!_§+ Kfrézl

Aerodynamic Effects: The aerodynamic impacts on the quadrotor body were disre-

garded in the formulation of the prior dynamic. However, aerodynamic factors should
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be considered to create a precise and realistic model for simulation usage. Drag forces
and drag moments are the two main categories of aerodynamic effects.

Drag Forces: Drag forces act on the quadrotor body, opposing its motion due to
the friction between the moving body and the air. As the quadrotor's travel speed
increases, the drag forces also increase. These drag forces, denétgdcas be

roughly calculated using the equation:
Fa= Kir_ (2.24)

Here,K, represents the aerodynamic translation coef cient matrix, raisdthe time
derivative of the position vectar. This equation shows an additional force acting
on the quadrotor body. Therefore, Equation (2.22), which represents the translational

eqguation of motion, should be modi ed to:

2 3
0

mr=§ 0L+ O Fa (2.25)
mg
Drag Moments: There is a drag momeM , operating on the quadrotor body that is

equivalent to the drag force caused by air friction and can be approximated by,
Ma= K, _ (2.26)

Here, _represents the Euler rates, afdis a constant matrix known as the aerody-
namic rotation coef cient matrix. Consequently, Equation (2.8), which represents the

rotational equation of motion, can be rewritten as:
Ji+1 Jl+1 [0 0 J, ;J"=Mg M, (2.27)

This modi ed equation accounts for the drag moments caused by air friction, provid-
ing a more accurate representation of the quadrotor's rotational dynamics. Consider-
ing both the drag forces and drag moments, the aerodynamic effects are appropriately
integrated into the quadcopter's dynamic model, allowing for a more realistic simu-
lation and analysis.

Control Input U of the Quadcopter: The complete dynamic model of the quad-
copter can be described by four control inputs and 12 state vectors. The quadcopter

consists of four inputs as follows:
h [
U= U U, Us U, (228)
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whereU,, U,, U3 andU, are the desired altitude, roll angle, pitch angle, and heading.

They are de ned as,

2 3 2 3
Uy Ki(12+13+13+13)
U, _g Ki( 15+13)
Ud K(1Z 1)
L L A R (2.29)
Kt  Kg Kt Ky 12
B0 Ki 0 Kf4Ri3
8Ky 0 Ky 0 L§12
Km Km Km Km 12

The matrix in Equation 2.29 can be inverted to obtain the inverse relationship between
the control inputs and the rotor velocities required if the rotor velocities must be

derived from the control inputs.

2 3 2 L L L 32 3
2 1 1
e aK; 0 2K 2K m U,
| 2 1 1 1
T 24 _ R AK 2K ¢ 0 4K m U, (2 30)
| 2 1 0 1 1 U |
* 3 K5 2K K m 3
| 2 1 1 1
4 2K+ 2K+ 0 2K m Us

The rotors' velocities can be computed from the control inputs as follows by taking

the square root of that:

8 ¢
%l = LU +-LU+-1U
17 aK; 217 K BT Ak, VA
q
l,= 1y L1u LU
2 1 2 4
q 4K ¢ 2K ¢ 4K m (231)
% ! 3= 4é-f Ul Zé-f U3 + 4K1m U4
q
Tlam Uit gV g U

The mathematical model for the rotational equation of motion of the quadcopter can
be derived by substituting Equation (2.29) into Equation (2.21). This substitution
yields:

2 3
Uy

d
Mg = §du3§ (2.32)
Uy
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By further substituting Equation (2.32) into Equation (2.8), the rotational equation of
motion can be obtained as follows:

2 323 23 2 323 23 2 3 2 3
lix O O y — lx O O — — 0 du,
go lyy OZE.Z"'E-Z SO lyy Oég—é"'gé §OZ=§dU32
O 0 IZZ ¢ —_ 0 O |ZZ —_ —_ Jrl r U4

(2.33)
By solving Equation (2.33), the following equations can be obtained:
8
$0= 2y J— ity — 1)
E ‘= %(U3 -t ly— I —) (2.34)

é(dU4+ Ixx— Iyy—)

These equations describe the rotational dynamics of the quadcopter and are depen-
dent on the control input vectdd. The rotational subsystem is fully actuated and
exclusively depends on the rotational state variakket xg, which correspond to

. . +. = respectively. By controlling these rotational variables, the dynamics

of the quadcopter's rotation can be effectively managed.

The mathematical model of the translational equation of the quadcopter is derived
by substituting equation (2.29) into (2.23) to obtain the expression for the total body
forces acting on the quadcopter:

Fo=8 04 (2.35)
Uy

Using this expression, the translational equation of motion can be written as: Then,

23 2 3 2 32 3
X 0 cc CSS SS +CcCsSs 0
ngé:§02+§cs ccC +Sss Css cs ég OZ (2.36)
4 mg S CcCS cc U,

Simplifying further, the equations of motion can be expressed as follows:

8
§x= —i(sin sin +cos cos sin )
Ey: —Yi(cos sin sin  cos sin ) (2.37)

z=g (cos cos)
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These equations describe the acceleration of the quadcopter alongyil@dz axes

as functions of the control inpud;. The Euler angles, , , and the gravitational
constang.

State Space Model of the Quadcopter

To simplify the control problem, a state space model for the quadcopter can be for-

mulated. The state vectdt of the quadcopter is de ned as follows:
X =[X1 X2 X3 Xs Xs Xe X7 Xg Xg Xio Xi1 X12]T (2.38)

wherex; toxg correspondtg ;-; +; - andx;toXxi,correspondta;z;x;x;y;y
respectively. The state vector represents the quadcopter's position, angular, and linear
velocity. The state vector of the quadrotor represents its current state and consists of

the following variables:

X=[ = _ —z z x x vy VI (2.39)

Each state vector element corresponds to a speci ¢ parameter of the quadrotor's mo-
tion. The state vector includes the roll angland its derivative_, pitch angle and

its derivative_, yaw angle and its derivative_, as well as the vertical positianand

its derivativez, horizontal positiorx and its derivativex, and horizontal positioy

and its derivativey.

The state vector of the quadrotor provides a comprehensive representation of its kine-
matic and dynamic state. It encapsulates information about the quadrotor's orienta-
tion, angular velocities, and linear velocities in three-dimensional space.

The complete mathematical model of the quadrotor can be obtained by combining
the rotational and translational equations, resulting in the following set of differential
equations given in 2.40.

These equations describe the time derivatives of the state variables, xylepzre-

sents the derivative of thd" state variable. The right-hand side of each equation
involves various combinations of state variables, control inguis,, Uz, andU,),

the quadrotor's moments of inertiag, 1y, | ;;) and other parameters.

The complete mathematical model of the quadrotor's dynamics can be represented
using these equations, allowing for analysis, control design, and simulation of its

behavior. The model considers the complex interplay between the rotational and
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translational motions of the quadrotor, capturing its intricate dynamics compactly

and expressively.

8
X1 = == X2
— e _ | | J d
X2 = * = XaXe(F—2)  Xa (L) + (1)U
X3 = —= X4
e ° - lzz Ixx + ‘]_I’ + i
X4 XoXe( ) + X2 (55) + (7)) Us
X5 = —= X
— e _ | | d
Xe = ° = XoXa(Z ) +()Us (2.40)
X7= 2= Xg
Xs=€=0 2(COSX;COSX3)
X9 = X = X0
X10 = ® = —(sinX; SiNXs + COSX; SiNX3 COSXs)
X11 = Y = X12
X12 = & = L(sinX; COSX5  COSX1 SiNX3 SiNXs)

2.3 Design and Manufacturing of the Gimbal

Generally, gimbals predominantly come in two main designs: two-axis and three-
axis gimbals. The two-axis design stabilizes the pitch and roll axes, compensating
for angular movements and vibrations induced by the UAV's ight dynamics. The
three-axis design enables precise control and stabilization of the camera or payload,
regardless of the UAV's orientation and motion. This gimbal type stabilizes all three
axes: pitch, roll, and yaw. Figure 2.2 illustrates these two gimbals commonly used in
various applications. The rst type, depicted in Figure 2.2a, is speci cally designed
for multi-rotor UAVs. On the other hand, the second type, illustrated in Figure 2.2b,
is commonly utilized for xing cameras in xed-wing UAVS.

The proposed approach aims to incorporate the Fused Filament Fabrication (FFF)
method by positioning the extruder at the end of the gimbal system. By integrating
the extruder at the end of the gimbal system, the proposed approach offers the ad-

vantage of leveraging the existing stabilization capabilities of gimbals. This allows
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for enhanced control and compensation of the extruder's movements during the FFF

process, improving print quality and accuracy.

(a) Gimbals used in multi-rotor UAVs (b) Gimbals used in xed-wing UAVs

Figure 2.2: Different types of the gimbals

The proposed approach ensures compatibility and optimal performance by selecting
the appropriate gimbal type based on the speci ¢ application requirements, whether
it is for multi-rotor UAVs or xed-wing UAVs. The utilization of gimbals enables

ef cient and reliable FFF printing in aerial platforms, offering the potential for a wide
range of applications such as aerial prototyping, remote sensing, and rapid response
manufacturing.

2.3.1 System Design

The gimbal is designed using Computer-Aided Design (CAD) software, and a pre-
liminary design is illustrated in Figure 2.3. The 3-axis gimbals consist of four parts
connected by three rotating joints, each controlled by a dedicated motor. Once the de-
sign is nalized, the gimbal will be manufactured using 3D printers. The nal design
must satisfy the following requirements.

The total weight of the gimbal, including the control card, motors, camera,

and material extruder, must be less than 2 kg. This weight limitation is crucial
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because the payload can be carried with quadcopters.

The dimensions of the gimbal should be smaller than the landing gear of the
chosen UAV. This criterion ensures the gimbal does not collide with the ground

during take-off and landing. Figure 2.4 demonstrates the importance of adher-
ing to these size constraints.

The gimbal's coverage area on the yaw axis should §t#nh and a slip ring
will be employed to achieve this. Incorporating a slip ring makes it unnecessary

to rotate the UAV when performing 3D printing in different directions.

The gimbal should have a minimum coverage df5 in pitch. Since the ex-
truder's direction is downward, the maximum angle required for 3D printing
will be 30 . Software connected to the gimbal control card will enforce this

restriction.

The gimbal's movement range on the roll axis will be at lead6 . The at-
tached camera used for trajectory tracking must remain at relative to the gim-
bal.

Figure 2.3: CAD model of the gimbal

This constraint will also be enforced through software connected to the gimbal control

card. By ful lling these requirements, the designed gimbal system will provide the
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necessary stability, control, and exibility to perform FFF printing tasks accurately

and precisely on aerial platforms.

Figure 2.4: Dimension of the gimbal

2.3.2 Gimbal Model

The gimbal is a mechanical device that comprises interconnected links and revolute
joints. Its primary function is to support and stabilize an attached component, such
as a camera or laser, at the end effector. Gimbal is connected to the platform and
is equipped with a damping joint to mitigate or reduce the effects of various noise
sources, such as those from the UAV, wind, and gimbal motors. The end effector
of the gimbal contains the camera, and the extruder is positioned in the direction of
1. An IMU comprising gyroscopes and accelerometers is near the gimbal-camera-
extruder connection point. This IMU facilitates the measurement of altitude, roll
( 2), pitch ( 3), and yaw axis changes,( relative to the ground. Based on these
measurements, the camera and extruder are always oriented downward. The design
of the gimbal mechanism involves three essential components: kinematics, kinetics,
and control.
The kinematic model of the gimbal describes how it moves and how the joints and
links in uence its motion. It analyzes the relationships between the various compo-

nents, such as the angles and positions of the joints, to determine the overall motion
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of the gimbal system. This model allows for predicting and calculating the gimbal's
orientation and position based on the inputs received.

The dynamic model of the gimbal explains how forces and torques acting on the
system affect its movement. It considers factors such as the weight of the attached
component, external forces, and the inertial properties of the gimbal itself. By un-
derstanding the system's dynamic behavior, engineers can optimize its design for
stability and responsiveness.

To effectively control the gimbal and stabilize the end effector, the desired motion of
the gimbal must be translated into the appropriate torque applied to its motors. This
requires a control algorithm that considers both the gimbal and the target's current
and desired positions and orientations. By calculating the necessary torque inputs to
the motors, the control algorithm ensures that the gimbal accurately tracks the target
and maintains stability throughout the motion.

The gimbal system can achieve smooth and accurate end effector motion by consid-
ering and integrating these three components: kinematics, kinetics, and control. This
enables precise positioning and stabilization of the attached component, resulting in

high-quality output and improved performance in 3D printing.

(a) Gimbal front side (b) Gimbal right side

Figure 2.5: Coordinate system of the gimbal
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2.3.2.1 Kinematics of the Gimbal Mechanism

The gimbal system has four links and three joints that enable its movement (Figure
2.5). Link (0) is attached to the quadcopter's body frame through the gimbal hole
and as the base. Joirt)(connects to link @ and rotates around the quadcopter's
z-axis. Joint R) is connected to linkX) and revolves around theaxis. Finally, joint

(3) is connected to linkd) and rotates around theaxis. The camera and 3D printer
extruder are attached to the lirk) @nd xed to the joint B).

Representing the transformations in the gimbal system involves accounting for the
movement of the body frame relative to the inertial xed frame. Since the body
frame can experience various movements, it is essential to consider these changes
and their impact on its relationship with the inertial frame. To accurately represent

these movements, three types of transformations are typically used:

1. Rotation Transformations: When the body frame rotates around an axis rela-
tive to the inertial frame, a pure rotation occurs. There are three types of pure
rotations: rotations about the body fram&'sy, andz axes. These rotations
can be described using rotation matrices or Euler angles.

2 3
1 O 0

Re( 2)= R3( 2) = §O cos,  sin zé; (2.41)
0O sin, coSs»
2 3
coss O sin 3
Ry(3)=R3¥3=9 0 1 0&; (2.42)

sin 3 0 cos g

2
CoS ; sin ; O

R,(1)=R} 1)=8sin,; cos; O (2.43)
0 0 1

2. Translation Transformations: Pure translation involves the movement of the
body frame in the direction of the axes of the inertial frame. This type of trans-

formation describes the displacement of the body frame without any rotation.
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It can be represented using translational vectors.

of =

d

2

3

|, cos 1

I
OO

|1Sin 1

2b, cos 22

(2.44)

3

(2.45)

%bz sin 2

2

3

h3 sin 3

2 —

3k

(2.46)

h; cos 3

3. Rotation and Translation Combinations: In some cases, the movement of

the body frame can be a combination of rotations and translations. A sequence

of rotation matrices is multiplied to represent such complex movements to pro-

duce the overall transformation matrix. This matrix combines the rotational and

translational components, creating a homogeneous transformation matrix.
2

2 3
Rt dig _
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N

2 3

Re dig _
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> 0 1
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2 3
RE B _

T2:4 =
0 1
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0
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0
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sin ,

cos
0

sin 3

0

3
sin{ 0O l;cos
cos 0 Iysin
! S (2.47)
0 1 hy
0 0 1
3
0 [
sin ,  ibycos
(2.48)
oS 5 by sin
0 1
3
0 sin 3 hzsin 3
t 0 b (2.49)
0 coss hscos 3
0 0 1

By utilizing these representation techniques, the gimbal system can accurately de-

scribe and track the movements of the body frame relative to the inertial frame. This

allows for precise control and coordination of the gimbal's motion, ensuring effective

stabilization and positioning of the attached camera and 3D printer extruder.

30



Forward Kinematics of the Gimbal Mechanism: The gimbal mechanism'’s for-

ward kinematics involves determining the end-effector's position and orientation,
such as a camera or a 3D printer extruder, based on the joint angles and the trans-
formation matrix between the inertial coordinate system and the quadcopter body
frame. In this context, a known transformation matrix exists between the inertial

coordinate system and the quadcopter body frame. The equation can represent this

transformation:
2 3
RY d?
T9=TT372=472 %5 (2.50)
0 1

Here, T2 denotes the transformation matrix from the quadcopter body frane (

the inertial reference framé), It can be obtained by multiplying the transforma-
tion matricesT?, T4, andT2 corresponding to the individual segments of the gimbal
mechanism.

The rotational matriXRS within the transformation matrix represents the rotation of
the quadcopter body frame relative to the inertial reference frame. It de nes the ori-

entation of the quadcopter and can be expressed as:

CiC3 S1S2S3 €251 C1S3tC3S,5
RI=9css1+C1S2S3 CoC1 S3S1 CaCiSo (2.51)

C2S 3 S C3C2

In this matrix,c represents theosine of the angle ands represents thsine of

the angle . The elements of the matriR$ describe the relationships between the
different coordinate axes of the quadcopter body frame and the inertial frame.
Furthermoreg represents the position of the quadcopter relative to the inertial frame.
It is a vector that de nes the translation of the quadcopter's origin concerning the

inertial coordinate system. The vector can be expressed as:

2 3
l,¢ 1 11€ 1+ h3C 1S 3+ h3S 1S 2C 3

dg =2lbs1 13s 1+ h3sS3 hsciS.C3 (2.52)

hy + h3C 2C 3
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Rotating between the body fram® @nd the ground framej involves a transforma-
tion represented by the rotation matR¥. The matrix is given by:

2 3
Ci1C 3 S 1S 2S 3 C251 C 1S 3+C3S 2SS

Rg= C3S 1+C 1S 2S3 C€C27 S35 417 C3C 1S > (253)

C 2S 3 S 2 C 3C 2

In this matrix, ; represents the yaw angle; represents the roll angle, and repre-

sents the pitch angle. These angles are derived using information from the IMU. The
rotation matrixR3 describes the transformation between the body and ground frames,
allowing for the quadcopter's orientation relative to the ground.

To quantify the error in the desired orientation, a new rotation meeiis introduced.

This matrix is de ned as:

2
Ci1C3 S 1S2S3 CoS1 C31S3+C3525,

RI=8§c3s1+C1S253 CoC1 S3aS1 C3CiSo2 (2.54)

CoS 3 So C3C2

Here, represents the error in the orientation, calculated as the difference between
the desired orientation (esre ) and the actual orientation J. The matrixR? charac-
terizes the rotation necessary to align the desired orientation with the current orien-
tation. Finally, the total rotation matrix between the error frageafd the gimbal

base frame can be obtained by combining the rotation matrices:

2 3
M ri2 i3

RI ;)=R3) RI()= grzl M2 rzsé (2.55)

31 32 Ia33

new = arctan2( rio;ryy)

2new = a@rcsin(rsz) (2.56)

MWW AW 0

gnew = arctan2( rsi;ras)

The resulting matriR? represents the transformation between the error frame and the
gimbal base frame, enabling the adjustment of the gimbal mechanism to compensate
for the orientation error.

The input for the gimbal mechanism can be a set of desired angular velocités
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the camera in its coordinate frame. The vector represents these angular velocities:

2 3 2 3
X roll
g: g yZ = g pitché (2-57)
z yaw

The relation between the angular velocities in the camera's coordinate frame and the

local angular velocities in the gimbal joints can be expressed as:
3= (2.58)

Here, represents the local angular velocities in the gimbal joints Jaisdthe Jaco-

bian matrix. The local angular velocitiesare de ned as:
=( Papty! 3)T =( 4 = %)T (2.59)

where 4, », and s are the time derivatives of the joint angles.

The Jacobian matrid is given by:
h i

J= " "8 (2.60)

Here,'\f, “g, and’\g represent the angular velocity directions of the joints in the cam-
era's coordinate frame.

The Jacobian matri can also be expressed as:
h [

J= R RYY %3 (2.61)

whereR$ andR3 are the rotational matrices from joifitto joint 3 and from joint2
to joint 3, respectively.The angular velocity directions of the joints in the camera's

coordinate frame are given by:
2 3 2 3 2 3

0 1 0
"= 8o = §ol 5= §af (2.62)
1 0 0

Combining these expressions, the Jacobian matbecomes:
h i
I= RIRY™T RYTS 3 (2.63)

Furthermore, the desired angular velocitiesan be obtained as:
2 3 2 32 3

roll Co2S 3

cz 0 I
gpitchézg s, 0 125!22 (2.64)
3

yaw CoC 3 530 !
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This equation relates the desired roll, pitch, and yaw angular velocities to the joint

angular velocities. After simpli cation, the following result is obtained:

2 3 2 32 3
yaw co,c3 s3 0 1y
) § roll Z = g C2S3 C3 OZE! 22 (2.65)
pitch S 2 0 1 !3

These equations provide the relationship between the desired camera angular veloci-
ties and the joint angular velocities. To determine the desired joint velocitidse

Jacobian matrid can be inverted.

2
:J1§

This equation calculates the joint velocities required to achieve the desired camera

3

o 256)

pitch

angular velocities. Finally, the current translational veloedtyof the end-effector

can be determined using the Jacobian malgpix
h i

X=hp= 8 &% &% & (2.67)

In this equation; 3, "3, and”$ represent the directions of the end-effector's translation
relative to the gimbal joints, andf, d3, andd? are the distances from the joints to the
end-effector. By multiplying the Jacobian matdy with the joint velocities , the

current translational velocit{- can be determined.

2.3.2.2 Dynamic Model of the Gimbal Mechanism

In the dynamics of a gimbal mechanism, the focus is on establishing the relationship
between the motion of the gimbal mechanism'’s links and joints and the forces that
cause this motion. For analysis, the gimbal is assumed to be a rigid body. When
deriving the dynamic model of a rigid body, either Lagrangian equations or Newton's
equations can be employed. However, when dealing with complex systems, Newton's
eguations of motion can become quite challenging due to the consideration of con-
straint forces and the geometric nature of the system. Consequently, the Lagrangian
approach offers a more straightforward way to derive the equations of motion by con-

sidering the system'’s total kinetic and potential energies. Hence, the dynamics of the
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gimbal mechanism are described using the Lagrangian equation. The gimbal mecha-
nism can be regarded as a robot witfoints. To describe such a robot, the following

Lagrange equation is utilized:

da, @ :
i= —(—) — I=1;2;:5n 2.68
In this equationQ; represents the generalized force acting on the jointhe La-
grange equation relates this force to the time derivative of the partial derivative of the
LagrangiarL concerning the joint velocity;, and the partial derivative af concern-
ing the joint angle ;. It should be noted that this equation applies to each joint of the

gimbal mechanism. The Lagrangians de ned as:
L=K V (2.69)

Here,V represents the potential energy of the system. In contasgpresents its

kinetic energy. The Lagrangian captures the difference between these two energy
components. Using the Lagrange and Lagrangian equations, the dynamic model of
the gimbal mechanism can be established, allowing for the analysis of its motion and

the forces involved.

2.3.2.3 Kinetic Energy of the Gimbal Mechanism

To determine the kinetic energy of the gimbal mechanism, it is necessary to calculate
the velocity of each link relative to the base frame. Initially, the center of gravity's
position is determined to nd each link's velocity. The position of a pdtnon link i

can be transformed into the base frame using the transformation RiBt&s follows:
Orp =0T 'rp (2.70)

Next, the velocity of poinP relative to the base frame is calculated as:

Xi T _
Orp = % +'rp (2.71)
j=t =
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The square of the velocity in matrix form can be expressed as:

0,2

e = °re e = tr (°re °rg) |
. X @Ti ir x @T ir T
= ——+ Ip + Ip
o @ - @ | (2.72)
. oo
oy Xi Xi @.i iy @T;

Since kinetic energy is proportional to velocity and mass, the kinetic energy of a point

P with a small massim can be given as:
|

1 X X T . T T
C”(p = —tr E?—ll P ! ; g?_l -+ dm
2 aa @ @«
;(i x_i oo (2.73)
= %tr @—T('rp dmir} @ + &
j=1 k=1 j @«

For linki, the kinetic energy is obtained by integrating over the vol@nas follows:

|
Z Y :
1. XX @1, @n'
K, = dKp = Ztr IF 2.74
5 P 2 - i @PJ @Pk + & ( )

j=1 k=1

Here,'l; represents the inertia matrix for linkand is de ned as:
Z
"= 'rp 'ry dm (2.75)

Bi
Finally, the kinetic energy of the gimbal, which consistsdinks, can be expressed
o X X XX v
| |
K=" K=t I ' T 4 %
2 . @@] @Dk

i=1 i=1 j=1 k=1

In this equation, the trace functidn( ) calculates the sum of the diagonal elements

(2.76)

of a matrix, and4 represents the angular velocity of joint The kinetic energy is
obtained by summing the contributions from each link, considering their respective
inertia matrices and the angular velocities.

The only energy source considered for the gimbal's potential energy is gravity. The
potential energy of each linkcan be calculated using the below equation.

Vi= m %% %= m°" °T 'r; (2.77)

Here,’g = [g« g, o, O] represents the gravitational acceleration, typically in

the direction of z, and’r; represents the coordinates of the center of mass of each
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link expressed in the base frame. The potential energy of the entire gimbal is obtained

by summing the potential energies of all the links:

X X .
V = V, = m; OgT oTi 'ri (278)
i=1 i=1
By substituting equations (2.76) and (2.78) into equation (2.69), the Lagrangian of

the gimbal can be expressed as:

L=K V |
_ }trw X X @ N @1’ . X oGt 0T iy, (2.79)
2 @ @ -+ % i 9 i b
i=1  j=1 k=1 =) k j=1

To solve the Lagrange equation, it is necessary to con@%eand% and substitute

them into equation (2.68). The expressions for thesle derivatives are as follows:

d@._>¢I Xi tr @9T||I @pTiT. .
dt@_i_ i=r j=1 @j ! @, :
|
X XX T,
. 0 O, % G (2.80)
i=r j=1 k=1 1=k ' |
XXX @°T; @T,"
+ tr [ + %
i=r j=1 k=1 @ @« @
and |
a_ X XX @°T , @1’
— = tr ' -
@ o inem @@ @ T
B (2.81)
X @', .
+ m: T r |r.
_ ig @
Therefore, the Lagrange equation takes the form:
|
XX
Qi = tr @7, I, @)Tj K
i=i k=1 @k @' |
X X oT. | T
+ tr @, ;i @T, —+ -m (2.82)
=i ket mer @k@nm @,
@7,
m; T_Jlr
i9 @

To simplify this equation, the matricds; ( ), Hixm , and vectorG; are de ned as

follows:
xn xXnoxn

Q= Di ()% + Hikm «-m + Gi (2.83)
i-1 =1 k=1
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X @Tr r @Tr T

Dij = tr |r (284)
r=max (i; ) @i @;
X 0
Hijk — tr @ TI’ rlr @Tr T (285)
. @; @« @i
= (i5k )
X
G = mrgT% r, (2.86)
|

where'l, is the inertia matrix of body expressed in frame. It takes the following

form: 2 3
Doty ez |2yy tlz | Xy I XZ MXcm
| lyy +1
| . XYY zz | 2 mycm
= ’ 2 o : (2.87)
I ZX | zy = éy & MZem
MX ¢m MYem MZem m

wherel ;i are the elements of the mass moment of inéyt@ bodyr, and(X¢m; Yem; Zem)
are the coordinates of the body's center of mass.

In summary, the Lagrange equation for the gimbal system is given by:

X X o
Q= Di()T + 1=1"  Him+«-m=*G (2.88)
j=1 k=1

whereQ; represents the generalized forcBs, represents the inertia matrikijm
represents the Coriolis and centrifugal terms, @ndepresents the gravity term. This

eguation governs the dynamics of the gimbal system.

2.4 Controlling of the Gimbal

In this section, MATLAB/SIMULINK is employed as a simulation tool to control a
gimbal mounted on a quadcopter. The initial Simulink le provided in [80] serves as
the foundation upon which additional functionalities, such as the gimbal mechanism
and target observer, are incorporated into the system (Figure 2.6). The primary objec-
tive is to develop a system enabling the quadcopter to constantly track and follow a
target object. To achieve this, a quadcopter path command is designed to align its tra-
jectory with the target objects andy directions. The output of the Target Observer
block, which captures the target object's position, serves as the input for the posi-

tion controller block. This, in turn, calculates the attitude commands, subsequently
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utilized as the input for the attitude controller, thereby directing the quadcopter to
pursue the target object autonomously.

Additionally, the state of the target object and the quadcopter are fed into the gim-
bal mechanism block, which calculates the appropriate gimbal angles to ensure that
the gimbal mechanism's end effector remains constantly directed towards the target
object. The target state block simulates the target object's changing position in the
X, Y, andz coordinates over time. The Target Observer block, which simulates the
measurement system, introduces some measurement errors due to noise. These noise
effects are mitigated using a Kalman lIter, enabling the estimation of the target ob-
ject's states. To evaluate the algorithm's performance, experiments involve making
the quadcopter follow a target object moving along an arbitrary path. The system's
effectiveness is assessed by examining how accurately the quadcopter tracks the tar-
get path and how precisely the gimbal mechanism's end effector maintains alignment

with the target object's position.

Figure 2.6: Simulink of the control system

Control techniques are employed to align the gimbal mechanism'’s joints to the de-
sired angles using inverse kinematic equations. PID controllers are utilized for this
purpose. The PID controller generates a control signal proportional to the error, the
summation of the error, and the rate of change of the error. 4gtlenote the desired

angle obtained from the inverse kinematic equations, amdpresent the current an-
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gle of the gimbal mechanism'’s joimt. The control signal for the-th motor torque,
denoted as,, is given by the following equation:
Z,

d( ¢
n = Kpn(an  n)* Kin (an n)dt+ Kd;n%
0

Here,K,n, Kin, andKg, represent the proportional, integral, and derivative con-

(2.89)

stants, respectively. These constants are determined through a manual tuning pro-
cess, where their values are adjusted to achieve the desired control performance for
the gimbal mechanism.

The PID controller utilizes feedback from the error between the desired and current
angles to generate the control signal. The proportional term, proportional to the er-
ror, contributes to the control signal in a manner that is proportional to the deviation
from the desired angle. The integral term considers the accumulated error over time,
allowing the controller to address steady-state errors. Lastly, the derivative term cap-
tures the rate of change of the error, enabling the controller to respond effectively to
sudden changes in the angle. By ne-tuning the PID controller constants, the gim-
bal mechanism can accurately and dynamically adjust the joint angles, aligning them
with the desired positions dictated by the inverse kinematic equations. This control
approach enables precise and responsive tracking of the target object, enhancing the

gimbal mechanism'’s ability to maintain its orientation and direction.

2.4.1 Tracking a Target Object

Integrating a gimbal mechanism into the quadcopter's design enables precise control
and manipulation of the end-effector's orientation. The end-effector, which carries
the extruder, can be maneuvered by the gimbal mechanism to continuously point to-
wards the target object, regardless of its movements or changes in position.

This part utilizes the gimbal mechanism and an end-effector with an extruder to en-
sure it consistently aligns with the target object. To achieve this, an algorithm that can
receive either the location of the tracked object or the desired path that the quadcopter
is developed. An algorithm that takes in either the target object's location or the pre-
determined path is designed to facilitate the tracking and following process. If the
location is available, the algorithm generates commands for the quadcopter to move

along that path, ensuring that the end effector remains pointed at the target through-
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out the ight. By harnessing the capabilities of the gimbal mechanism, a system can

enable precise and ef cient tracking and following of target objects.

2.4.2 Object State Estimation by Using The Kalman Filter

In an ideal scenario, the UAV relies on sensor data to determine the target object's po-
sition, enabling the determination of its current state. Unfortunately, the measurement
method employed introduces considerable noise due to environmental disturbances.
Consequently, the UAV must rely on more than raw measurement data to ensure ef-
fective tracking of the target object. Thus, it becomes necessary to process the data
obtained from the measuring instrument and eliminate the noise generated during the
measurement process.

The Kalman lter, known for providing precise estimates of target object states, is ap-
plied in this phase to carry out the state estimation procedure to achieve accurate state
estimation. Let's delve into the explanation of this procedure. The position of the
target object in the, y, andz directions is represented by the following discretized

linear dynamic equation:
x(k +1) = Ax(k) + Bu(k) + w(k) (2.90)

Here,x(k + 1) denotes the new state of the target object, x{k] represents its old
state. A is the state transition matri8 is the input matrix,u(k) denotes the input

to the system, andi(k) accounts for disturbances in the system. The assumption is
that any disturbance in the system follows white noise characteristics, having a mean
value of0 and a covarianc&,,, represented by am n matrix.

The measurement equation of the system can be described as follows:
y(k +1) = Cx(k)+ Du(k) + v(k) (2.91)

In this equationy(k + 1) denotes the output of the measurement deués the

matrix used to derive the measured stétas the matrix demonstrating the in uence

of the input on the measurement output, a(kl) represents the measurement noise
introduced by the instruments used to measure the state. Similar to the disturbance,
it is assumed that any measurement noise follows white noise characteristics with a

mean value 00 and a covariance matrir, .
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However, the precise dynamic equation for a moving object is typically unknown.
Hence, modeling techniques based on physics principles are employed to derive this
equation. Consequently, the following notation is used to express the estimated dis-

cretized linear dynamic model for the target object:
R(k +1jk) = A%(k) + Bu(k) (2.92)

Here, A represents the estimated state transition matrix, which may differ from the
target object's actual state transition matfx Similarly, B is the estimated input
matrix, which may differ from the actu@. *(k + 1jk) denotes the estimated new
state of the target object given the estimated previous %t&de Consequently, there

exists a discrepancy between the estimated state and the actual state of the target

object, with an associated covariance mafidetermined as follows:
P(k +1jk) = AP (kjk)AT + Ry, (2.93)

Here, R,, represents the covariance matrix of the disturbance, Rfkd+ 1jk) is

the estimated system covariance matrix derived using the previous system covariance
matrix P (kjk).

Once the new state of the target object has been estimated, the measurement device

produces the following results:
ek +1) = CR(k +1jk) + Du(k) (2.94)

The expected value denoted &k + 1) is obtained from the measurement device in
this equation. As the state is estimated, the difference between the actual output of the
measurement system and its estimated output can be computed using the following
formula:

z=y(k+1) ek+1) (2.95)

Here,z represents the error between the real syéke+ 1) and the estimated state

e(k + 1). The covariance of this error can be calculated as:
Z=R,+ CP(k+1jk)CT (2.96)

In this equationZ denotes the covariance of the error between the real\gtatel)
and the estimated stagék + 1), while R, represents the covariance of the measure-
ment noise. Next, the Kalman gain is computed using the following equation:

PCT

— T 1_
K=PCZz = R, + CP(k + 1jk)CT (2.97)

42



The Kalman gain allows for the update and correction of the estimated state, utilizing

the following equation:

Rk+1jk+1)="%(k+1jk)+ K(y(k+1) Cr(k+1jk)) (2.98)

Here,®(k + 1jk + 1) represents the target object's new updated and corrected state.

Additionally, the newly updated system covariance matrix is computed as:

P(k+1jk+1)= P(k+1jk)+ KCP (k + 1jk) (2.99)

Figure 2.7 and Figure 2.8 serve as informative visual aids, presenting the outputs of
both the target state measuring device and the Kalman lIter. Speci cally, Figure 2.7
demonstrates the production Xt in conjunction with the output of the Kalman

lter, enabling a direct comparison between the two. Similarly, in Figure 2.8, the
production ofYyq is juxtaposed against the output of the Kalman lter, allowing for

a comprehensive assessment of their relative performance.

Figure 2.7: The output of th¥ .,q with the output of Kalman lIter
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Figure 2.8: The output of th¥;,,q with the output of Kalman Iter

The gures presented above serve a critical purpose by providing a concrete and vi-
sual depiction of the Kalman lter's effectiveness and accomplishments in precisely
estimating and tracking the state of the target object. A direct visual comparison be-
tween the measurements acquired from the state measuring device and the outputs
generated by the Kalman Iter makes it considerably easier to successfully evalu-
ate the lter's capability to counteract the impact of noise and environmental distur-
bances. This visual representation offers invaluable insights into the performance and
robustness of the Kalman lter, further underscoring its signi cance as a dependable
and trustworthy tool for state estimation and tracking in UAV applications.

By examining the gures, observers can directly witness the lter's ability to reduce
tracking errors over time. Despite initially encountering signi cant deviations be-
tween the measured and estimated states, the Kalman lIter consistently demonstrates
its aptitude for minimizing these errors and aligning the estimated state with the actual
state of the target object. This dynamic tracking performance showcases the lter's
capacity to adapt and respond to changing conditions, resulting in a more accurate
representation of the target object's state.

Furthermore, the gures effectively showcase the lter's ability to mitigate the ad-

verse effects of noise and disturbances. Any discrepancies or deviations caused by
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environmental factors become apparent by overlaying the measured and estimated
states. Observers can observe how the Kalman Iter effectively lIters out noise and
ensures that the estimated state closely aligns with the actual state of the target object.
The insights gained from these gures emphasize the Kalman lter's crucial role in
enabling precise state estimation and tracking in UAV applications. Its ability to han-
dle noise and disturbances and its consistent reduction of tracking errors solidi es its
position as a reliable and indispensable tool for ensuring accurate and reliable track-
ing of target objects. The gures offer a tangible representation of the Kalman lter's

ef cacy, giving researchers, engineers, and operators con dence in its performance

and encouraging widespread adoption in UAV systems.

2.4.3 Target Object Tracking Algorithm

Figure 2.9 and 2.10 provide an insightful analysis of the quadcopter's performance,
accurately tracking the target object along ¥eandY. These graphs comprehen-

sively evaluate the quadcopter's ability to track a target object above it effectively and
give valuable insights into its tracking capabilities and performance in maintaining

precision during the tracking process.

Figure 2.9: The performance of the quadcopter in tracking the targétdimection
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Figure 2.10: The performance of the quadcopter in tracking the tardetinection

The graphs show that the quadcopter initially experiences a signi cant tracking error,
resulting in a noticeable deviation between the desired target and the quadcopter's
actual position. This initial error can be attributed to various factors such as system
dynamics, external disturbances, or measurement inaccuracies.

It is noteworthy that achieving precise tracking in UAV systems, particularly for a
guadcopter, presents inherent challenges due to system dynamics, aerodynamic ef-
fects, and environmental disturbances. Therefore, the level of performance exhibited
by the quadcopter in these graphs can be deemed highly commendable. The quad-
copter's ability to consistently improve its tracking accuracy re ects the effectiveness
of its control system. It highlights the successful integration of the state estimation
algorithm, such as the Kalman lter, into the tracking process.

While the quadcopter actively tracks the target object, the gimbal mechanism's end-
effector must continuously align with the target. This alignment ensures that the
extruder attached to the gimbal mechanism accurately captures the target object's
position and remains focused on it throughout. The performance of the gimbal mech-
anism in precisely tracking the target object can be observed in Figure 2.11 and Figure
2.12.
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Figure 2.11: The performance of the gimbal in tracking the targit olirection

Figure 2.12: The performance of the gimbal in tracking the targ¥t direction

Figure 2.11 visually represents the gimbal mechanism'’s tracking performance in the
X direction. The graph exhibits the close correlation between the gimbal's output and

the target object's position, showcasing the mechanism's ability to adjust and main-
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tain alignment as the target moves. The consistent alignment depicted in the graph
demonstrates the gimbal mechanism's pro ciency in accurately tracking the target
object's movement along th¢ direction.

Similarly, Figure 2.12 showcases the gimbal mechanism'’s tracking capability ¥h the
direction. The graph reveals the smooth and precise adjustments made by the gimbal
mechanism to align itself with the target object's movement. The proximity between
the gimbal's output and the target's position on the graph re ects the mechanism's
effectiveness in accurately tracking the target object's motion irYtidkrection.

These gures visually represent the gimbal mechanism's performance and its crucial
role in maintaining consistent alignment with the target object. By effectively track-
ing the target object's movement, the gimbal mechanism ensures that the camera and
extruder mounted on it remain focused on the target, enabling accurate and reliable
visual tracking.

Furthermore, additional insights into the angle commands given to the gimbal mech-
anism and its angle-tracking performance can be derived from Figure 2.13, 2.14 and
2.15. These gures offer valuable information regarding the angle command pro-
vided to the gimbal mechanism. These graphs showcase the command's variations
and how the machine responds to these commands, accurately adjusting the end-
effector's orientation. This capability enables the gimbal mechanism to adapt to the
target object's position continuously changes and maintain optimal alignment. The
close correspondence between the gimbal's angle output and the target's angular po-
sition on the graph highlights the mechanism's accuracy in tracking the target object's
angular movements.

These graphs con rm the gimbal mechanism's exceptional tracking performance in
position and angle domains. Despite any errors or disturbances experienced by the
guadcopter during the tracking process, the gimbal mechanism consistently and reli-
ably tracks the target object's positions and orientations. This level of performance
ensures that the camera and extruder attached to the gimbal's end-effector remain fo-
cused on the target object, undeterred by the quadcopter's movements and vibrations.
In conclusion, Figure 2.11, 2.12, 2.13, 2.14 and 2.15 collectively showcase the gimbal
mechanism's exceptional tracking capabilities. The graphs provide tangible evidence
of the mechanism's ability to align accurately with the target object's position and

maintain a consistent viewing angle. This reliable and stable tracking ensures that the
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target object remains focused, enabling the system to deliver dependable and precise

visual tracking capabilities for various applications.

Figure 2.13: ; of the gimbal mechanism

Figure 2.14: , of the gimbal mechanism
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Figure 2.15: 3 of the gimbal mechanism

2.5 Conclusion

In conclusion, the presented results in Figures 2.9, 2.10, 2.11, 2.12, 2.13, 2.14 and
2.15 demonstrate the impressive tracking capabilities of both the quadcopter and the
gimbal mechanism.

Analyzing the quadcopter's performance tracking the target object along taed

Y directions reveals an initial tracking error. Despite the challenges posed by sys-
tem dynamics, external disturbances, and measurement inaccuracies, the quadcopter
showcases adaptability and re nement in its tracking mechanism. This progressive
reduction in tracking error highlights the effectiveness of the quadcopter's control
algorithms, and feedback control mechanisms, making it suitable for various applica-
tions that require reliable and accurate tracking capabilities.

Furthermore, the results of the gimbal mechanism demonstrate its crucial role in
maintaining consistent alignment with the target object. The mechanism exhibits
precise adjustments and accurately tracks the target object's movements in both the
position and angular domains. This ensures that the extruder and camera mounted on

the gimbal mechanism remain focused on the target object, unaffected by the quad-
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copter's motions and vibrations.

These results af rm the quadcopter's capability to track and follow a target object,
reinforcing its viability and suitability for applications that demand reliable and ac-
curate tracking capabilities. The exceptional performance of the gimbal mechanism
further enhances the system's tracking capabilities, ensuring reliable and stable track-
ing of the target object's position and orientation.

In summary, the presented gures provide tangible evidence of the quadcopter's abil-
ity to minimize tracking errors and the gimbal mechanism's pro ciency in maintain-
ing accurate alignment. This combination of capabilities enables the system to deliver
dependable and precise visual tracking, making it valuable for various real-world ap-

plications.
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CHAPTER 3

CAMERA BASED MULTI QUADCOPTER SIMULATION

3.1 Introduction

The emergence of UAVs has opened new possibilities for 3D printing in unconven-
tional environments and at larger scales. The mobility and versatility of UAVs as
printing platforms create opportunities in various elds, including construction, dis-
aster relief, infrastructure repair, and aerial art installations. Being able to fabricate
objects in challenging or inaccessible environments holds signi cant potential in re-
mote areas, regions affected by natural disasters, and even extraterrestrial missions.
Innovative approaches to explore this challenge is integrating an extruder mounted on
a gimbal system that utilizes a camera to track and follow a prede ned path for 3D
printing. By mounting the extruder on a gimbal system, which provides rotational
freedom, and employing a camera-based path-following technique, the printer can
adapt to the surface geometry and maintain precise control over the printing process.
Real-time visual feedback captured by the camera enables the system to adjust the
gimbal's orientation accurately, ensuring that the desired path is faithfully followed.
Path-following algorithms are crucial in enabling autonomous ight and navigation
for quadcopters. These algorithms leverage the visual feedback from a camera mounted
on the quadcopter's gimbal to detect and track lines or paths with exceptional preci-
sion. Integrating a gimbal system enhances stability by compensating for the quad-
copter's motion, vibrations, and external disturbances, ensuring the camera maintains
a consistent view of the line throughout the ight. The precise control provided by the
gimbal allows the quadcopter to closely follow the desired path and achieve accurate
line deposition during 3D printing operations.

Simulating a quadcopter equipped with a gimbal and camera-based path-following
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involves replicating the intricate interactions among the UAV, gimbal, camera, and
environment. Realistic simulations can be achieved by accurately modeling the quad-
copter's dynamics, the gimbal's control mechanisms, and the algorithms that pro-
cess the camera's visual feedback and enable path-following. By leveraging simula-
tions, potential issues and optimizations can be identi ed early on, saving time and
resources in the development process.

This chapter delves into the intricacies and implications of simulating a quadcopter
with a camera mounted on a gimbal to test line-following algorithms, and the simula-
tion of the multi-UAV for tracking the line under the UAV is done. This line is gener-
ated as a path that UAV will be doing 3D printing on. In Section 3.2, the methodology
of the line-following is explained. Several image processing methods are used in the
simulation presented in Section 3.3. These methods are tested in the simulation part
described in theSsection 3.4. In this section, the environment of the simulation part
is explained. In Section 3.5, the result of the simulation of the line tracking with de-
scribed image processing methods is discussed. And nally, the conclusions of this

chapter are presented in Section 3.6.

3.2 Controlling of the Gimbal Using Camera

One of the main functions in this thesis is camera-based gimbal control. Using data
and computer vision techniques, precise control and stabilization of the gimbal are
provided, resulting in smooth and precise camera motions throughout quadcopter
ight. Visual servoing is one technique for gimbal control using camera input. A
closed-loop control method called visual servoing uses the camera’s visual data to
change the gimbal's orientation instantly. The system can determine the necessary
corrections to maintain a speci ed camera attitude by evaluating the images and
extracting pertinent characteristics or markers. The gimbal can now continuously
track and stabilize the camera thanks to these modi cations, which are converted into
commands that turn on its motors. Furthermore, the control system can incorporate
sophisticated computer vision algorithms like object tracking or motion estimation.
These algorithms allow the gimbal to track objects independently or keep a constant

reference point, even in chaotic situations. For instance, the gimbal can be set up to
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follow a moving target or concentrate on a speci ¢ object in the camera’s eld of view.

Figure 3.1: The ow diagram for the algorithm

Incorporating camera-based control techniques into the test platform ensures accurate

and responsive gimbal control, resulting in smooth and stabilized camera footage.

55



With these capabilities, the gimbal's performance in precisely tracking objects, pre-
serving desirable camera angles, and correcting outside disturbances like quadcopter
motion or wind gusts can be assessed and demonstrated. The ow diagram for the
core algorithm is shown in Figure 3.1.

First, the camera is con gured, and a connection with the drone is established. After-
ward, the drone's default coordinates are set.

This coordinate system uses cameras and image libraries to represent pixel coordi-
nates in digital images. Its origin is in the top left corner of the picture. Meanwhile,
the drone is controlled using the NED (North, East, Down) coordinate system. It is
simple to convert between Cartesian and NED coordinate systems. Therefore, after
receiving the camera image coordinates of the target object, these coordinates are
converted to Cartesian coordinates. Pixel units are used for the camera image and
Cartesian coordinates. The target point's location is relative to a "central rectangle”
region created around the image frame's center and must be established after it is
obtained in Cartesian coordinates. The target must be followed (that is, it must be re-
centered in the image frame). If it is beyond the center rectangle, a new set of NED
coordinates from the current Cartesian coordinates is calculated. The target is already
centered if it is within the center rectangle, and the previously calculated NED coor-
dinates will stay current. The image's origin is is in the top left corner of the image
(3.2). Meanwhile, the drone is controlled using coordinates in the NED (North, East,

Down) coordinate system.

The following steps are done to change the coordinate system and image processing
steps:

# Step 1. Storing RGB pixel values in a multidimensional array

image_array = capture_image()

# Step 2: Conversion from the camera image to Cartesian coordinate system and
Conversion from Cartesian to NED coordinate system

X_center_position = (height=2) 1

ycenter_position = (width=2) 1

X_cartesian = target_width y_center_position

y_cartesian = x_center_position target_height

East = x_cartesian coordinate_system conversion factor
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North = y cartesian coordinate system conversion factor

Down = hovering_altitude

# Step 3: Applying Gaussian Blurring to reduce noise

blurred_image = gaussian blur(image _array)

# Step 4: Converting image from RGB to HSV color space

hsv_image = convert to_hsv(blurred_image)

# Step 5: Thresholding to create a binary image

binary_image = threshold(hsv_image)

# Step 6: Applying morphological operations for noise reduction
processedimage = morphological operations(binary_image)

# Step 7: Finding contour with the largest area and calculating enclosing circle radius
largest_contour = find _largest_contour(processedimage)

radius = calculate_enclosing circle_radius(largest_contour)

# Step 8: Applying Low-Pass Moving Average lter to centroid coordinates

filtered _centroid = apply_low_pass filter (centroid_coordinates)

Figure 3.2: Coordinate system of the camera image, Cartesian and NED
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3.3 Image Processing

All line-following algorithms aim to accurately identify and determine the center
of the lane and subsequently guide the vehicle in that direction [81]. Typically, a
two-step process is employed to achieve this goal. In the rst step, the widely used
OpenCYV library calculates the center point of the largest contour detected in the cap-
tured image. OpenCV provides a robust set of image processing and computer vision
algorithms that enable precise contour detection and analysis. By identifying the cen-
ter point of the largest contour, the algorithm obtains a crucial reference point for
guiding the vehicle along the desired path.

These calculations consider the distance between the center point and the vehicle's
current position, the desired heading angle, and the control system dynamics. By con-
verting the position information into rotation rates, the algorithm enables the quad-

copter to adjust its steering and maintain alignment with the center of the lane.

3.3.1 Moment method

The Image Moment is a powerful mathematical concept used in image processing
and analysis. It represents a precisely weighted average of pixel intensities within
an image, enabling the extraction of valuable information about speci ¢ properties
and characteristics of the image. By leveraging the Image Moment, various attributes
such as the image's radius, area, centroid, and similar features can be determined.

It is common practice to convert the image into a binary format to utilize the Image
Moment for centroid calculation. This conversion simpli es the analysis by repre-
senting the image as a collection of binary values (typidafigr the background and

1 for the foreground). Once the image is in binary format, the centroid can be de-
termined by locating its center. The centroid of an image can be computed using the

following equation:
Mo

Cy= 3.1

Moo (3.1)
Ilel

cy= 2 3.2

Y I\/IOO ( )

Cx andC, represent the centroidisandy coordinates, respectiveli 10, M1, and

Mo are the speci c moments of the image obtained through calculations involving
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the image's pixel intensities and their respective positions.

By applying this equation, the centroid of an image can be accurately determined, rep-
resenting the geometric center or average position of the image's foreground pixels.
This information can be utilized for various purposes in image processing applica-

tions, such as object tracking, image alignment, or feature extraction. The Image
Moment and centroid calculation play a vital role in quantitative image analysis and

provide valuable insights into the spatial distribution and characteristics of objects

within an image.

3.3.2 Contour Line Detection

The identi cation and localization of contours within imagery pose signi cant chal-
lenges for computer vision systems, as contours serve as crucial descriptors of objects.
Accurate contour detection is essential for various functional tasks, including object
recognition and scene comprehension. Recognizing the importance of this problem,
numerous researchers and academics have dedicated extensive time and effort to in-
vestigate and advance contour detection techniques, leading to substantial progress
in the eld [82]. Contour detection is fundamental in computer vision, enabling sys-
tems to extract meaningful information from visual data. Detecting contours involves
identifying the boundaries or edges that outline distinct objects or regions within an
image. These contours represent characteristics that encode the objects' basic shape
and structural details.

In conclusion, the challenges associated with contour detection have attracted signif-
icant attention from the research community, leading to notable progress in the eld.
Ongoing efforts in this area continue to enhance the capabilities of computer vision
systems, enabling them to achieve more sophisticated and reliable object recognition

and scene comprehension tasks.

3.3.3 Hough Detection

Detecting lines within an image of contours entails identifying alignments of points

that form linear structures. Among various methods available, the Hough transform
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[83] stands out as the most commonly employed technique for line detection. The
Hough transform utilizes a mathematical approach to analyze the image by trans-
forming it from one spatial domain to another, often referred to as the Hough domain
or parameter space.

The transformation from the spatial domain to the Hough domain is typically accom-
plished through a technique like the Fourier transform. This transformation allows the
representation of the image information differently, highlighting the desired features
for line detection. In the Hough domain, lines within the original image are converted
into distinct points, creating a representation that simpli es line detection.

In summary, the Hough transform is a powerful technique for line detection in im-
ages of contours. By transforming the image from the spatial domain to the Hough
domain, lines are represented as points, enabling the identi cation of line parame-
ters. The Hough transform's versatility and robustness make it a popular choice in
many domains, facilitating accurate line detection and enhancing the capabilities of

computer vision systems.

3.4 Simulation Environment

The rapid development of software and applications for UAVs and the increasing
number of UAV productions led to increased demand for simulation. Simulators for

ying drones are widely available (Table 3.1).

Table 3.1: Open-Source Simulator

Platform Implementation Language Supported Operation Sygtem
AirSim C++ Windows,Linux
Gazebo C++ Linux,MacOS
Morse Python Linux
JIMAVSIm Java Windows,Linux,MacOS
New Paparazzi Simulator C Linux,MacOS
Hack ightSim C++ Windows,Linux
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These frameworks offer a basis in physics, and sensor simulation makes it possible to
further the development of robotic systems. In this study, Gazebo simulator with the
Robot Operating System (ROS) are chosen to serve as the model for the algorithms
and advancements. Because this simulator is able to simulate multi-UAV quadrotors
using the MAVLink on ROS (MAVROS) communication protocol. MAVROS is the
communication protocol that Pixhawk employs. Pixhawk is chosen to function as an
autopilot within this system. The software and rmware supported by the Pixhawk
hardware are PX4 and Ardupilot, respectively. The Gazebo simulator, ROS, and the
Software-in-the-Loop (SITL) requirements can be met based on PX4.

Figure 3.3 visually represents the heading of the quadcopter and its position relative
to the road in the Gazebo simulator.

Figure 3.3: Heading of the quadcopter

To facilitate the simulation of line tracking, the employed approach revolves around

an algorithm labeled as Algorithm 1. This algorithm systematically coordinates op-
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erations that propel the line-tracking procedure forward. By strictly adhering to the

tenets of this algorithmic framework, the seamless execution of the line-tracking sim-

ulation within the Gazebo simulator is realized.

Algorithm 1 Line Tracking Simulation

1: Initialize PID controller parameters

2: Initialize quadcopter's velocity and angular velocity

3: Divide captured image into three distinct parts{See Figure 3.4}

4: for each region of interesto

5:

Calculate center point of the road within the region

6: Calculateangle using:
angle = arctan %
7. if angle < Othen
8: angle= (90 + angle)
9. else
10: angle=90 angle
11:  endif
12:  Calculate linear displacement using:
linear displacement = Xyt Xcenter of image
13: end for
14: Move quadcopter with constant velocity inx-direction
15: for each time stego
16:  Obtain error signals from previous step
17:  Calculate desireg-direction speed and yaw angular velocity using PID con-
troller
18:  Set quadcopter's velocity ip-direction and angular velocity in-direction
19: end for

Throughout the simulation, the quadcopter's position and heading undergo continu-

ous updates derived from a combination of factors, including the analysis of captured

images, the computation of error values, and the dynamic adjustments of a PID con-

troller. This cohesive interplay guarantees the quadcopter's steadfast alignment with

the road, resulting in precision and ef ciency in its line-tracking capabilities. This
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algorithm-driven methodology thus enables the quadcopter to navigate its course with

exceptional accuracy and adeptness.

Figure 3.4: Road position in the image of gazebo

To test the algorithm, simulation involving three quadcopters is utilized. Figure 3.5
illustrates the ROS node's architecture ow chart. Each quadcopter is equipped with
two cameras, serving different purposes. One camera is mounted in front of the quad-
copter, while the other is positioned underneath. In the context of testing the line
tracking methods detailed in Section 3.3, the camera situated under the quadcopter is
employed."To comprehensively assess the algorithm's effectiveness, a comprehensive
testing process involves the integration of three distinct quadcopters into the simula-
tion framework. The architectural ow of the ROS nodes responsible for orchestrating
this simulation is shown in Figure 3.5, offering a visual representation of the inter-
connected components.

Each quadcopter within the simulation is out tted with a dual-camera con guration,
each camera serving distinct functions to enhance the depth and breadth of data cap-
ture. One of the cameras is positioned meticulously positioned at the front of the

guadcopter, while the second nds its location underneath the vehicle. In assessing

63



the viability of the line tracking methodologies elaborated upon in Section 3.3, the

camera beneath the quadcopter is harnessed for data acquisition.

This simulation thus provides a comprehensive and controlled environment to rig-

orously evaluate the algorithm's performance, leveraging multiple quadcopters and
strategically positioned cameras to yield a holistic assessment of its capabilities and
adaptability in diverse scenarios.

Figure 3.5: ROS Graph for multi-drone simulation

A circular road is generated within the Gazebo simulator to evaluate the line-tracking
algorithms. Figure 3.6 visually encapsulates the landscape of this Gazebo world,

showcasing the intricate details of the circular road and its surrounding elements.
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(a) Gazebo world of the simulation environment

(b) Position of the drones in the simulation

Figure 3.6: Gazebo world for testing the multi-drone simulation
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This circular road is depicted in Figure 3.6a. It provides a controlled and well-de ned
track for the quadcopters to navigate and perform line-tracking experiments. Figure
3.6b presents the quadcopters' positions within the Gazebo simulator, visually repre-
senting their spatial arrangement during the simulation tests. This enables observation
and analysis of the quadcopters’ movements and their interaction with the circular
road.

Using this setup, the simulation tests can be conducted effectively, leveraging the ROS
framework, the speci ed camera con gurations, and the carefully designed Gazebo
environment. These components collectively contribute to the successful evaluation
of the line tracking methods and enable the assessment of the quadcopters' perfor-

mance in accurately following the circular road.

3.5 Results of the Simulation

This section presents a comprehensive analysis of the outcomes obtained by imple-
menting several line-tracking methods, precisely the contour, Hough, and moment
techniques. The results obtained from applying these techniques are visualized and
presented in Figure 3.7a, 3.8a, and 3.9a, offering a detailed assessment of their per-
formance.

The gures showcase the imagery captured by each quadcopter's front and below
cameras. These gures are organized in a top-row/bottom-row format, where the top
row displays the front cameras of all quadcopters, while the bottom row presents the
cameras mounted on the gimbal beneath the quadcopters. Each gure clearly illus-
trates the speci c line-tracking method employed for analysis.

To comprehensively evaluate the performance of the implemented line-tracking meth-
ods, for contour method, the gures presented in Figure 3.7b, 3.7c, and 3.7d; for
hough method, the gures presented in Figure 3.8b, 3.8c, and 3.8d; and for moment
method, the gures presented in Figure 3.9b, 3.9c, and 3.9d; showcase the results of
the error analysis in translational and rotational movements for all three quadcopters.
These gures provide a detailed overview of the error patterns and uctuations ob-
served throughout the simulation, offering valuable insights into the accuracy and

stability of each line-tracking technique.
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