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M.Sc. in Electronic Engineering

B.Sc in Electric Engineering

2019
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Resumen

Los veh́ıculos submarinos están prosperando en el desempeño de funciones cada vez
mas importantes para una serie de esfuerzos cient́ıficos y comerciales. Recientemente,
el enfoque de varias ĺıneas de investigación se ha dirigido al desarrollo de soluciones
para veh́ıculos submarinos, diseñados para operar en entornos complejos, como de-
bajo de placas de hielo, donde el acceso es prácticamente imposible por cualquier otro
medio. Las aplicaciones cient́ıficas en dichos entornos, tales como arqueoloǵıa maŕıtima,
búsqueda y rescate e inspección de buques, incluyen principalmente tareas de mapeo
e inspección.

Una aplicación de vanguardia para la robótica submarina es la exploración de mi-
nas subterráneas inundadas. En un esfuerzo por localizar un suministro sostenible
de materias primas en fuentes europeas, hay interés en determinar la viabilidad de
reabrir algunas de las casi 30,000 minas inactivas o abandonadas en toda Europa, que
pueden contener una cantidad considerable de reservas de materias primas consider-
adas cŕıticas. A tal efecto, esta tesis aporta soluciones innovadoras dentro del marco
proyecto UNEXMIN. Este proyecto tiene como objetivo desarrollar un novedoso sis-
tema submarino llamado UX-1, para explorar las minas abandonadas e inundadas, y
adquirir datos geocient́ıficos y topológicos. El desarrollo de UX-1 abrirá nuevos esce-
narios de exploración, de modo que las decisiones estratégicas sobre el desagüe y el
reinicio de la explotación de las minas abandonadas de Europa puedan ser respaldadas
por datos reales, que no se pueden recopilar de ninguna otra manera. Sin embargo,
este entorno de operación requiere el desarrollo de conceptos de diseño innovadores,
que crean nuevos desaf́ıos en el diseño de métodos de control.

Esta tesis tiene como objetivo el desarrollo, implementación y validación de sistemas
de control de movimiento de alto rendimiento para veh́ıculos robotizados submarinos,
aplicados particularmente a la novedosa plataforma de exploración de minas submari-
nas UX-1. En esta disertación se diseña y construye un original prototipo funcional
a escala del veh́ıculo submarino, que se utilizará como banco de pruebas y prueba de
concepto para el diseño y la validación de algoritmos de control, antes de la integración
y el despliegue en el UX-1. Además, el prototipo se utiliza para demostrar la viabili-
dad de los conceptos de diseño para los componentes de movimiento de la plataforma
submarina real.

Esta disertación presenta un análisis exhaustivo del novedoso modelo dinámico al-
tamente no lineal del sistema UX-1, incluida la identificación de los parámetros del
modelo mediante pruebas experimentales. Usando el modelo dinámico, este trabajo
doctoral propone varias soluciones para los sistemas de control de movimiento enfoca-
dos a un veh́ıculo submarino con diseño inédito, basados en la teoŕıa de control óptimo
cuadrático lineal y un enfoque de linealización de retroalimentación no lineal. Las
soluciones propuestas se verifican y validan experimentalmente en escenarios cada vez
más complejos, que van desde entornos de laboratorio a entornos operativos, y que
demuestran su exitoso rendimiento y funcionalidad.
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Esta tesis por compendio está compuesta por tres publicaciones de revistas cient́ıficas.
Dichas publicaciones contribuyen ı́ntegramente a satisfacer los objetivos de esta tesis
doctoral, siguiendo una unidad temática clara y progresiva. Mas aún, estas publica-
ciones se complementan entre si para ampliar el estado del arte en aplicaciones robóticas
subacuáticas. Por primera vez, se realizan misiones de exploración con veh́ıculos sub-
marinos en minas anegadas subterráneas reales, para validar la funcionalidad de las
soluciones propuestas. Las misiones se llevan a cabo en minas inundadas con condi-
ciones cada vez más desafiantes, estas incluyen: la mina de feldespato/cuarzo Kaa-
tiala (Finlandia), la mina de uranio Urgeiriça (Portugal) y la mina de mercurio Idrija
(Eslovenia).



Abstract

Underwater vehicles are flourishing, performing key roles in a number of scientific and
commercial endeavors. Recently, the focus of several research lines has been aimed at
developing solutions for advanced underwater vehicles, designed to operate in complex
environments, such as under ice shelves, where access is virtually impossible by any
other means. Most scientific applications in these challenging environments, such as
marine archaeology, search & rescue, and ocean mining exploration include mapping,
survey, and inspection tasks.

A unique cutting-edge application for underwater robotics is the exploration of flooded
underground mines. In an effort to locate a sustainable supply of raw materials from
European sources, interest has been directed towards determining the feasibility of re-
opening some of the nearly 30,000 inactive or abandoned mines across Europe, which
may contain a considerable amount of raw material reserves considered critical. To
this effect, the work presented in this thesis contributes innovative solutions inside
the framework of the UNEXMIN project. This project aims at developing a novel
underwater platform system named UX-1, to explore flooded abandoned mines for
acquiring geo-scientific and topological data. The development of UX-1 will open
new exploration scenarios so that strategic decisions on dewatering and re-starting
exploitation of Europe’s abandoned mines can be supported by real data, which cannot
be gathered in any other way. Nevertheless, this intended environment of operation
requires the development of innovative design concepts, which create new challenges in
control design.

This doctoral work has the objective of developing, implementing and validating high-
performance motion control systems for underwater robotic vehicles, applied partic-
ularly to the novel underwater mine explorer platform UX-1. In this thesis, a new
functional underwater vehicle scaled prototype is designed and built, to be used as
a test-bench for the initial verification and validation of control algorithms, prior to
integration and deployment on the UX-1. Additionally, the prototype is used as a
proof-of-concept, to demonstrate the feasibility of the design concepts for the motion
components of the UX-1.

This dissertation presents a thorough analysis of the unique nonlinear dynamic model of
the UX-1 system, including identification of the complex model parameters by means
of experimental testing. Using the dynamic model of the UX-1 underwater vehicle,
this work brings forward several innovative motion control system solutions based on
linear-quadratic optimal control theory and a nonlinear feedback linearization control
approach. The proposed solutions are experimentally verified and validated in increas-
ingly complex scenarios, ranging from laboratory to operational environments, which
demonstrate their successful performance and functionality.

This thesis by compendium is composed of three peer-reviewed scientific journal publi-
cations. Said publications equally contribute to satisfying the objectives of this doctoral
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thesis, following a clear and progressive thematic unity. Moreover, these publications
extend the state of the art in underwater robotic applications. For the first time, ex-
ploration missions are performed with underwater vehicles in real underground flooded
mines to validate the functionality of the proposed solutions. Dive missions are car-
ried out at flooded mines with progressively challenging conditions, these include the
Kaatiala feldspar/quartz mine (Finland), the Urgeiriça uranium mine (Portugal), and
the Idrija mercury mine (Slovenia).
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Jesús Pestana, Jose Luis Sanchez, and Andres Parra. Thank you for working alongside
me for all these years. Thanks for all the good times we have shared both inside and
outside the lab, and thank you for raising the level and quality of my research work
just by being as amazing researchers as you all are.

I want to thank the multi-disciplinary research teams that have cooperated in one way
or another in the technological development for the UNEXMIN project. In particular,
from Tampere University, Prof. Jussi Aaltonen, Jouko Laitinen, Jose Villa, Tuomas
Salomaa, and Olli Usenius, for their tireless effort and help for the entire duration of
the project. Additionally, from the INESC-TEC, I want to thank, Alfredo Martins,
Jose Almeida, Carlos Almeida, Davide Grande, and the rest of the Porto team, who
dedicated an amazing effort for integration and field testing of the underwater vehicle,
none of this work would have been possible without you.

Pursuing the master’s and doctoral degrees abroad was probably one of the toughest
decisions I have ever made. I want to thank my family for all of their support and
encouragement throughout my entire academic career. Mom and dad, thank you for
always being there for me, none of my accomplishments would ever have been possible
without your constant sacrifices and tolerance. Luismi and Judy, thanks for all the
fights and laughs we have shared, without a doubt the hardest part of living abroad
has been not seeing you. Thank you Tata, t́ıo Erwin, and abuelo Luis, for always being
present in my life, spoiling me at certain times and disciplining me at others. Martita,
my amazing wife, I would not be the person I am today without you. Thank you for
believing in me, even when I didn’t. Sorry for the late nights, long trips, and missed
moments. You inspire me to be the best version of myself, and anything I achieve is
much more meaningful because I can share it with you.

XIII





Contents

Resumen IX

Abstract XI

Preface XIII

List of Figures XVII

List of Tables XIX

Acronyms XXI

List of Publications XXIII

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Literature Review 11
2.1 Underwater Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Underwater Technology Projects . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Underwater Vehicle Control . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Underwater Mine Tunnel Exploration . . . . . . . . . . . . . . . . . . . 16

3 Methodology 19
3.1 Methodology Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Technology Readiness Levels . . . . . . . . . . . . . . . . . . . . . . . . 21

4 Results and Discussion 25
4.1 Overall Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.1.1 Vehicle Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.1.2 Equations of Motion . . . . . . . . . . . . . . . . . . . . . . . . 28
4.1.3 Motion Control . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.2 Laboratory Environment (Publication P.I) . . . . . . . . . . . . . . . . 31
4.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.2 Experimental Set-Up . . . . . . . . . . . . . . . . . . . . . . . . 32

XV



4.2.3 UX-1s V&V Experiments . . . . . . . . . . . . . . . . . . . . . 33
4.3 Relevant Environment (Publication P.II) . . . . . . . . . . . . . . . . . 36

4.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.3.2 Experimental Set-Up . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3.3 Model Parameter Identification . . . . . . . . . . . . . . . . . . 40
4.3.4 UX-1 V&V Experiments . . . . . . . . . . . . . . . . . . . . . . 42

4.4 Operational Environment (Publication P.III) . . . . . . . . . . . . . . 45
4.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4.2 Experimental Set-Up . . . . . . . . . . . . . . . . . . . . . . . . 46
4.4.3 UX-1 V&V Field Experiments . . . . . . . . . . . . . . . . . . . 49

5 Conclusions and Future Work 55

Publications 57
Publication I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Publication II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Publication III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

Appendices 123

A Submitted Results 125
A.1 VPS Modeling and Control . . . . . . . . . . . . . . . . . . . . . . . . . 125

A.1.1 VPS Model Integration . . . . . . . . . . . . . . . . . . . . . . . 125
A.1.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . 127

B Unpublished Results 131
B.1 Field Experiments at Ecton Mine, UK . . . . . . . . . . . . . . . . . . 131

B.1.1 Environment Description . . . . . . . . . . . . . . . . . . . . . . 131
B.1.2 Robot Deployment System . . . . . . . . . . . . . . . . . . . . . 132
B.1.3 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . 132
B.1.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

B.2 Field Experiments at Molnár János Cave, HU . . . . . . . . . . . . . . 135
B.2.1 Environment Description . . . . . . . . . . . . . . . . . . . . . . 135
B.2.2 Robot Deployment System . . . . . . . . . . . . . . . . . . . . . 136
B.2.3 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . 136
B.2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

C Scientific Dissemination 139
C.1 Journal Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
C.2 Conference Publications . . . . . . . . . . . . . . . . . . . . . . . . . . 140
C.3 Utility Patents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

References 150



List of Figures

Chapter 1 1

1.1 Common structure for the GNC system of underwater vehicles. . . . . . 6

1.2 UX-1 underwater vehicle performing an exploration mission. . . . . . . 9

Chapter 2 11

2.1 Branches of control strategies implemented on underwater vehicles. . . 15

Chapter 3 19

3.1 Methodology based on the systems engineering approach (SIMILAR). . 19

3.2 Technology Readiness Levels and progress during publications. . . . . . 21

Chapter 4 25

4.1 Flow chart of the publications used for this thesis by compendium. . . 25

4.2 Resultant thrust force directions by the manifold design of the PS. . . . 27

4.3 Schematic of the underwater vehicle with the reference frames. . . . . . 28

4.4 General control scheme implemented on the UX-1 underwater vehicle. . 30

4.5 Functional underwater vehicle prototype UX-1s during tank tests. . . . 32

4.6 Variable pitch system mechanical design for the UX-1s prototype. . . . 33

4.7 Experimental results obtained in underwater tests in P.I. . . . . . . . . 34

4.8 UX-1 underwater vehicle during pool tests. . . . . . . . . . . . . . . . . 38

4.9 External hull design for the UX-1 underwater vehicle. . . . . . . . . . . 39

4.10 Curve fitting used for estimation of thruster force coefficient. . . . . . . 40

4.11 Hydrodynamic damping identification results. . . . . . . . . . . . . . . 41

4.12 Results obtained in the path-following tests in P.II. . . . . . . . . . . . 43

4.13 VBS motion component of the UX-1 Robot. . . . . . . . . . . . . . . . 46

4.14 VPS motion component of the UX-1 Robot. . . . . . . . . . . . . . . . 47

4.15 Control software architecture developed for the UX-1 underwater vehicle. 47

4.16 Top view of the Kaatiala mine used for first field tests. . . . . . . . . . 48

4.17 Side view of the levels and sites at Idrija mine. . . . . . . . . . . . . . . 48

4.18 Vertical shaft and horizontal tunnels of the Urgeiriça mine. . . . . . . . 48

4.19 Results of the VBS validation tests performed in P.III. . . . . . . . . . 50

4.20 Pitch angle test results with the VPS. . . . . . . . . . . . . . . . . . . . 50

4.21 Exploration results of the Kaatiala and Idrija mine in P.III. . . . . . . 52

4.22 Exploration results of the Urgeiriça mine in P.III. . . . . . . . . . . . . 53

XVII



Appendix A 125
A.1 Diagram of the external forces and moments on VPS and UX-1 vehicle. 126
A.2 Experimental results nose down pitch motion control. . . . . . . . . . . 127
A.3 Experimental results nose up pitch motion control. . . . . . . . . . . . 128
A.4 Experimental test performed with pitch and heave coupled motions. . . 129

Appendix B 131
B.1 Side view of the levels and sites at Ecton copper mine. . . . . . . . . . 131
B.2 Launch and Recovery system at Ecton mine, UK. . . . . . . . . . . . . 132
B.3 UX-1 Depth motion control system response at Ecton mine. . . . . . . 133
B.4 UX-1 Trajectory during the exploration mission at the Pumping shaft. 133
B.5 UX-1b Depth motion control system response at Ecton mine. . . . . . . 134
B.6 UX-1b Trajectory during the exploration mission at the Winding shaft. 134
B.7 Diagram of the Molnár János cave system. . . . . . . . . . . . . . . . . 135
B.8 Launch and Recovery system at Molnár János cave. . . . . . . . . . . . 136
B.9 UX-1 trajectory during an exploration mission of the Molnár János cave. 136
B.10 3D path-following mission at the Molnár János cave. . . . . . . . . . . 137



List of Tables

Chapter 1 1
1.1 Summary of the design requirements and specifications for the UX-1. . 5

Chapter 3 19
3.1 Technology Readiness Level definitions and descriptions. . . . . . . . . 23

Chapter 4 25
4.1 SNAME(1950) notation used for marine craft. . . . . . . . . . . . . . . 28
4.2 Time response results for underwater experiments in P.I. . . . . . . . . 35
4.3 Results of the performance analysis for the path-following tests in P.II. 44
4.4 General assessment of the three field trials performed in P.III. . . . . . 49
4.5 Performance of the UX-1 motion control systems during trials in P.III. 51

XIX





Acronyms

AUV Autonomous Underwater Vehicle.

BMS Battery Management System.

CB Center of Buoyancy.

CG Center of Gravity.

COTS Commercial Off-The-Shelf.

CR Central Rod.

DOF Degree of Freedom.

DP Dynamic Positioning.

DVL Doppler Velocity Log.

EH External Hull.

ESC Electronic Speed Controllers.

GES Globally Exponentially Stable.

GNC Guidance, Navigation and Control.

GPS Global Positioning System.

IMU Inertial Measurement Unit.

LQR Linear Quadratic Regulator.

LS Least-Squares.

MBS MultiBeam SONAR.

NED North-East-Down.

NSFL Nonlinear State Feedback Linearization.

PF Path-Following.

XXI



PID Proportional-Integral-Derivative.

PS Propulsion System.

ROS Robot Operating System.

ROV Remotely Operated Vehicle.

sAUV semi-Autonomous Underwater Vehicle.

SLAM Simultaneous Localization and Mapping.

SLS Structure from Light System.

SNAME Society of Naval Architects and Marine Engineers.

TRL Technology Readiness Level.

UNEXMIN UNmanned EXplorer for flooded MINes.

URV Underwater Robotic Vehicle.

UUV Unmanned Underwater Vehicle.

V&V Verification and Validation.

VBS Variable Ballast System.

VPS Variable Pitch System.



List of Publications

This thesis by compendium is based on the work and results presented in the follow-
ing three journal publications, chosen amongst the scientific dissemination shown in
Appendix C, hereby referenced in the text as P.I – P.III:

P.I R. A. Suarez Fernandez, E. A. Parra R., Z. Milosevic, S. Dominguez, C. Rossi, “Nonlin-

ear Attitude Control of a Spherical Underwater Vehicle,” in Sensors (Basel). 2019;19(6):

1445. Published 2019 Mar 24. doi:10.3390/s19061445.

P.II R. A. Suarez Fernandez, D. Grande, A. Martins, L. Bascetta, S. Dominguez and C.

Rossi, “Modeling and Control of Underwater Mine Explorer Robot UX-1,” in IEEE

Access, vol. 7, pp. 39432-39447, 2019. doi:10.1109/ACCESS.2019.2907193.

P.III R. A. Suarez Fernandez, Z. Milosevic, S. Dominguez and C. Rossi, “Motion Control

of Underwater Mine Explorer Robot UX-1: Field Trials,” in IEEE Access, vol. 7, pp.

99782-99803, 2019. doi:10.1109/ACCESS.2019.2930544.

Publication P.I proposes an original state feedback linearization based motion control
system for a spherical underwater vehicle. In this work, a new scaled prototype was
developed and built to evaluate the feasibility of the motion component designs, pro-
posed for underwater explorer UX-1. The experiments performed validate the motion
control systems proposed, which are then used for the UX-1 vehicle in P.II – P.III.

Publication P.II proposes several control methods developed for the innovative under-
water vehicle designed for exploration of flooded mines. In this paper, the mechanical
design of the UX-1 vehicle is presented, along with the derivation of the unique dynamic
model of the system. Experimental tests in a controlled environment are performed to
identify the parameters of the dynamic model and to compare the original integration
of the linear and nonlinear control methods proposed (including the control law used
in P.I). The control method with the best overall performance will be later used for
the tests in P.III.

Publication P.III presents the field test experiments performed in three real flooded
mine environments across Europe. Here, several experimental tests are performed to
test and validate the innovative motion components of the UX-1 underwater vehicle,
i.e., the variable ballast system and variable pitch system. In 42 days, a total of 39 dives
where performed in unprecedented experimental environments to explore the Kaatiala
mine in Finland, the Idrija mine in Slovenia and the Urgeiriça mine in Portugal.

In all publications P.I – P.III, the author of this thesis was responsible for writing
the manuscripts, development of the modeling and control structures, integration of
the proposed solutions and hardware interfaces, as well as conducting experiments. In
P.I, the co-author E.A.P. contributed with the design of the scaled prototype, whilst
in P.II, the co-author D.G. contributed in the development of the Finite-Horizon lin-
ear quadratic motion control system, as well as the identification experiments shown.
Overall, the co-authors of the published works contributed in theory development sug-
gestions and manuscript editing or review.

XXIII





Chapter 1
Introduction

“AUVs are ideal for performing what we call the 3Ds – dull, dirty and

dangerous work that you would hesitate to hand over to a person.”

– Rick Gerbrecht, Thyssenkrupp

Advanced underwater robotics deals with the study, design, development, operation and
use of robots ; the applications of which are conceived to solve operation problems in
hostile environments, or to execute service missions in underwater environments with
marked characteristics of autonomy. An Underwater Vehicle, according to Encyclope-
dia Britannica is defined as: “A small vehicle that is capable of propelling itself beneath
the water surface as well as on the water’s surface. This includes Unmanned Under-
water Vehicle (UUV), Remotely Operated Vehicle (ROV), Autonomous Underwater
Vehicle (AUV) and Underwater Robotic Vehicle (URV).”

ROVs are unoccupied underwater robots that are physically connected via a tether to
ships or off-shore platforms. The tether connection can be used to receive power and/or
transmit commands and control signals between an operator and the ROV, allowing
remote navigation of the vehicle. While there are many uses for ROVs, some of the
most common applications include off-shore oil and gas installation servicing, object
identification (for submerged navigation hazards) and vessel hull inspections. Addi-
tionally, these vehicles are typically integrated with remotely-operated manipulators
which enable the system to perform complex tasks such as debris removal, cleaning us-
ing abrasive tools, and to operate a variety of non-destructive testing tools (Antonelli
et al., 2008).

Currently, most commercially available underwater vehicles are remotely-operated,
nevertheless, recent research efforts have been focused on developing solutions for ap-
plications in which full autonomy is necessary. AUVs are unmanned tether-less under-
water vehicles which carry their own power supplies and operate missions independent
of continuous human intervention. Moreover, when the desired missions are concluded,
some AUV systems are capable of returning to a pre-programmed location where the
data can be downloaded and post-processed1. These vehicles can be used for a vari-
ety of applications, such as underwater survey missions, underwater archeology and
under-ice survey. Additionally, AUVs are being deployed for mine search and disposal,
nuclear power plant inspection and inspection of underwater structures.

1https://oceanservice.noaa.gov/facts/auv-rov.html
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As could be expected, the application fields for ROVs and AUVs tend to overlap. Long-
endurance underwater vehicles such as ocean gliders are typically used for autonomous
missions, and many inspection vehicles are remotely-operated because an operator
is required to provide guidance and information for the inspection task (Lawrance
et al., 2016). Both of these characteristics (long-endurance and operator feedback)
can be desirable on a single underwater vehicle in certain situations. Therefore, semi-
Autonomous Underwater Vehicle (sAUV)s are developed which provide autonomous
capabilities to the robotic system, whilst an operator maintains the possibility to in-
tervene in inspection tasks during operation. These underwater vehicles have been
developed and used for applications such as underwater manipulation and sample ac-
quisition.

In this thesis by compendium, publications P.I through P.III aim at estab-
lishing the autonomous capabilities of a sAUV, designed for inspection and
exploration of underwater flooded mines, by developing and implementing
automatic motion control systems.

1.1 Motivation

Europe is coming under increased pressure due to its near-complete dependency on
the import of mineral raw materials. These raw materials form a strong industrial
base, producing a broad range of goods and applications used in everyday life and
modern technologies. According to the report presented by Members of the EU Ad-
Hoc Working Group on Raw Materials, 2014, the importance of raw materials arises
from the following applications:

• Link to industry – non-energy raw materials are linked to all industries across
all supply chain stages.

• Modern technology – technological progress and quality of life rely on access
to a growing number of raw materials. For example, a smartphone might contain
up to 50 different kinds of metals, all of which contribute to its small size, light
weight and functionality.

• Environment – raw materials are closely linked to clean technologies. They are
irreplaceable in solar panels, wind turbines and electric vehicles.2

To address this challenge, there has been growing interest in re-opening deep under-
ground mines which have been abandoned and could still contain mineral commodities
that are now considered “critical raw materials”, or likely to become critical in the
near future. The authors in Didier et al., 2008 estimate that there are approximately
30,000 abandoned and closed mine sites in Europe, many of which potentially contain
considerable amounts of valuable mineral raw materials, often minerals which were dis-
regarded during the operational life of the mine (such as fluorite in lead/zinc mines).

2https://ec.europa.eu/growth/sectors/raw-materials/specific-interest
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The closure of a mine implies that the dewatering systems used during mineral extrac-
tion stop, thus, inducing the flooding of abandoned mine workings and raising of the
water table level. For most of these mines, the last piece of information of their status
and layout can be decades or hundreds of years old. Detailed records for older mines
are often either lost or were never prepared. The complex underground mine layout
and the complex topology and geometry of these mines makes any kind of surveying
impossible using human divers, as the stability and accessibility of such mine openings
cannot be assessed (Lopes et al., 2017).

The UNmanned EXplorer for flooded MINes (UNEXMIN)3 project, financed by the
European Union’s Horizon 2020 Research and Innovation Programme, aims at employ-
ing several underwater vehicles, to form a multi-robot system for the exploration of
abandoned and flooded mine tunnel networks. Using scientific instrumentation specif-
ically designed for this multi-robot system, exploration missions will be performed to
acquire geo-scientific and topological data as to assess the feasibility and economic
viability of dewatering and reopening some of Europe’s abandoned mines.

The requirements for the underwater vehicle platforms to be used for the exploration
tasks intended in the UNEXMIN project, were dependent on the specifications disclosed
by the project partners providing the field test sites and potential end-users. That is,
all possible parties who have potential need for any kind of underwater surveying,
inspection, or exploration of underwater mine environments. These could range from
mine owners or mining companies, to technology developers or geological surveys.

Based on the feedback from end-users and project partners, the operational require-
ments for the underwater vehicles were divided into two categories: (a) Environmental
constraints, these parameters specify the possible challenges to be faced during opera-
tions in real mine environments; and (b) Robot requirements, these specifications stip-
ulate the expected characteristics of the underwater vehicles to be used for exploration.
Amongst the vast operational requirements specified, the following are considered the
most important for the scope of this thesis and are later summarized in Table 1.1.

Environmental Constraints and Considerations

E.1 Mine tunnels and other openings are narrow, which must be considered in the
maneuverability of the underwater vehicle, as well as in transportation of the
robot itself and support equipment inside the mine.

E.2 Water inside the mine is not always transparent and any contact with the under-
water walls result in increased turbidity of water due to silt.

E.3 Water temperature may present a variation from one site to another (4 – 40◦C).

E.4 The walls and cavities of mines can be unstable. Therefore, the underwater vehicle
operation must be contact-less and able to reverse out of dead ends.

E.5 Navigation in mine tunnels will predominantly take place in vertical shafts or
horizontal galleries, with the possibility of having slight inclination in some places.

3https://www.unexmin.eu/
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E.6 Horizontal galleries can vary in dimensions. For smaller galleries, found in older
mines, the height is usually larger than the width. Tunnels in general have height
and width not larger than 5m.

Robot Requirements

R.1 The underwater vehicles should have a solid shape (spherical or cylindrical) with-
out external protrusions, which would allow high maneuverability in tight spaces.

R.2 The underwater vehicles should be streamlined to reduce drag and eliminate any
possibility of entanglement.

R.3 The underwater vehicles must have an outer diameter of less than 650 mm to be
able to navigate through narrow channels.

R.4 The underwater vehicles must be capable of performing lateral and vertical mo-
tions for navigating inside tunnel networks.

R.5 The underwater vehicles must be capable of shifting the inclination angle as to
descend or ascend vertical shafts facing the direction of motion.

R.6 The underwater vehicles must have the capability of withstanding a maximum
operating depth rating of up to 500 m.

R.7 The underwater vehicles should have a power unit and Battery Management
System (BMS) capable of achieving up to 5 hours of operational time.

R.8 The underwater vehicles must present autonomous capabilities for navigating
without the need for human operator intervention.

R.9 The underwater vehicles should be equipped with certain scientific instrumenta-
tion in order to analyze the mine walls and water. These systems can include:

• multispectral unit for mineral and geochemistry mapping;

• water sampling unit;

• gamma ray unit for lithology mapping;

• stereo camera unit for range imaging;

• pressure, pH, EC and thermal sensors.

Taking into account that no commercially available underwater robotic system satis-
fied all the operational requirements, a new series of innovative underwater vehicle
platforms had to be designed and built to meet the aforementioned requirements. The
first underwater vehicle platform, designed and built for the UNEXMIN project, will
be hereafter denoted as the UX-1 underwater vehicle. The development of this novel
underwater vehicle and the technical challenges involved in the UNEXMIN project
provided the main motivation for this doctoral thesis, to develop solutions for the
motion control systems of the novel underwater robotic platform UX-1 and
improve the state of the art in real-world underwater robotic applications.
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Table 1.1: Summary of the design specifications and requirements specified by the project
partners and end-users.

Maneuverability

Able to maneuver in vertical shafts

Able to maneuver in horizontal tunnels

Able to maneuver in large diameter galleries

Able to maneuver in open pits

Able to change the pitch angle during operation

Able to modify the buoyancy of the vehicle

Maintainability

All systems must be field serviceable in

underground mine environments

Performance

Max Operating Depth 500 m

Max Operating Time 5 hr

Max Voltage Supply 24 V

Max Operating Velocity 2 km/h

Structural Design

Shape Spherical

Material Aluminum

Diameter < 65 cm

Total Dry Weight < 120 kg

Max Pressure 50 Bar

On-Board Sensors

MultiBeam SONAR

Structure from Light System

Doppler Velocity Log

Inertial Measurement Unit

RGB Camera

Scanning Sonar

Scientific Instrumentation

Multispectral Camera Unit

Pressure Sensor

Temperature Sensor

pH Sensor

UV Sensor

Water sampling unit

Gamma counter
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1.2 Problem Statement

The UX-1 underwater vehicle is intended to perform complex missions of exploration
and inspection tasks inside the extensive and confined spaces of flooded mines, where
unpredictable underwater environments and nonlinear dynamic behaviors make au-
tonomous operations a challenging task. Hence, the design and implementation of an
advanced Motion Control System is required, in order to provide a high-level of per-
formance, satisfy the requirement specifications for safe operation of the underwater
vehicle, and raise the autonomous capabilities of the system (R.8).

Guidance, Navigation and Control (GNC) is the branch of engineering which deals with
the design of systems to control the movement of a vehicle. It is usually constructed
as three independent subsystems (Fossen, 2011). These subsystems interact with each
other through data and signal transmission, as illustrated in Fig. 1.1. The blocks in
a GNC system (i.e., blocks 1 – 4 in Fig. 1.1) can be tightly coupled for achieving
high-performance. Nevertheless, from a software architecture design point of view,
loose coupling allows for a modular system where software editing and updates can be
performed on individual blocks.

Figure 1.1: Common structure for guidance, navigation and control of underwater vehi-
cles.

The GNC system blocks developed for applications in underwater robotics, represent
three interconnected subsystems that are in charge of determining the desired move-
ment of the underwater vehicle, and calculating the necessary inputs for the motion
actuation components.

Most real-world applications for underwater robotics contemplate environments which
are previously unknown and unstructured. These applications are even more burden-
some for autonomous behaviors because of the unavailability of a single external sensor
to provide the absolute vehicle position, e.g., Global Positioning System (GPS). Con-
sequently, a navigation subsystem (block 4 in Fig. 1.1) should be developed, which
makes use of proprioceptive and exteroceptive sensors installed on-board, to provide
information for the guidance and control subsystems. This includes, estimations on
the current state of the underwater vehicle, as well as spatial information regarding
the status of the surrounding environment.
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Multi-sensor systems are commonly combined using state estimation or sensor fusion
techniques to provide self-localization measurements. Moreover, Simultaneous Local-
ization and Mapping (SLAM) algorithms use sensor measurements to construct a map
of an unknown environment while simultaneously keeping track of the location within
it. Detailed information on the sensors integrated in the UX-1 underwater vehicle can
be found in Martins et al., 2018.

The guidance subsystem (block 1.1–1.3 in Fig. 1.1) is used to calculate the course,
attitude and speed to be followed by the vehicle, in order to accomplish a required
task or reach a desired position, usually without direct or continuous human control
(Fossen, 1994). The most common guidance methods are: Dynamic Positioning (DP),
where one or more setpoints are provided by an operator for station keeping or precise
navigation; and Path-Following (PF), where the underwater vehicle is required to follow
a pre-defined path regardless of time. Recent guidance algorithms make use of a wide
variety of inputs, e.g., mission information, real-time operator input, bathymetric maps
for topological information (Bennett and Leonard, 2000), and exteroceptive sensors for
obstacle avoidance (Antonelli et al., 2001).

A key component of the GNC process for underwater vehicles is the control subsystem
(block 2.1–2.2 in Fig. 1.1), or more specifically, the motion control system. The
development of control algorithms for underwater vehicles is a challenging task. Con-
sideration has to be taken with regards to the environmental conditions and actuator
configurations in which the vehicle has to operate. Developing the controller (block 2.1)
involves the design and integration of motion control systems to calculate the forces
and moments required for operating point control, tracking, and stabilization while
satisfying transient and steady-state requirements. The required forces and moments
provided by the controller are then used by the force allocation module (block 2.2) to
determine the appropriate low level commands to be applied to the motion components
and actuators of the underwater vehicle.

In view of the challenges encountered while developing autonomous capa-
bilities for underwater vehicles, the main focus of this thesis is directed
towards the design and testing of solutions for the motion control system
component of the GNC process, i.e., blocks 2.1 – 2.2 in Fig. 1.1. Addi-
tionally, attention will be aimed at integrating the hardware and software
interfaces for developing the guidance subsystem.

1.3 Objectives

The main objective of this thesis by compendium, addressed in the included publica-
tions (P.I – P.III), can be summarized in a single sentence: to develop, implement and
validate control algorithms for the motion control system of a novel underwater vehicle,
designed for exploration of flooded tunnel networks in abandoned mines. In order to
accomplish such a large scope objective and facilitate smooth content development,
this dissertation seeks to attain the following sub-objectives:
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O.1 Prototype Development Functional Prototypes integrate both the function
and appearance of an intended final design, though they may be designed using
different techniques, reduced capabilities, and at a different scale than the final
design. Thus, a prototype spherical underwater vehicle should be designed and
produced to serve as a testbed for laboratory evaluation and testing of the pro-
posed technologies, components, scientific theories, and general design concepts,
before implementing on the real UX-1 platform.

O.2 Model Development The formulation of an accurate mathematical model will
describe the behavior of a physical system in terms of dynamic variables, such as
the force/momentum components and time. In other words, the model should
be able to reconstruct the time responses of the real system. Therefore, a high-
fidelity nonlinear mathematical model of a spherical underwater vehicle must be
derived to be used for simulation and model-based control algorithm design.

O.2.1 Parameter Identification: Experiments should be performed to identify any
parameters from the derived mathematical model which cannot be numeri-
cally computed, e.g., motor coefficients.

O.3 Control Development Control algorithms must be developed and integrated
for the motion control systems of the UX-1 platform, along with force allocation
modules for actuator commands. These control strategies should ensure that
the commanded references are correctly tracked and transformed into actuator
commands. Furthermore, when designing motion control systems, the control
objective must be well defined in order to satisfy the requirement specifications.
The control objectives of the experimental tests performed were defined in the
following terms:

O.3.1 Setpoint Regulation: The guidance system is chosen as a constant input or
setpoint provided by a human operator. The corresponding controller will
then be a regulator.

O.3.2 Path-Following Control : This is to follow a predefined path independent of
time (no temporal constraints). Moreover, no restrictions are placed on the
temporal propagation along the path. This is typical for underwater vehicles
used for mapping applications.

O.4 System Validation Experimental evaluation of the motion control systems
must be performed to verify and validate the proposed solutions. The experi-
mental tests to be performed include the following:

O.4.1 Laboratory Tests : The developed controller(s) should be initially tested in
controlled laboratory environments using the prototype underwater vehicle,
to assess the feasibility of the control solutions. Afterwards, the proposed
solution can be integrated in the UX-1 platform where additional validation
tests must be performed in a more relevant environment.

O.4.2 Field Tests : Once the motion control systems are validated in laboratory
tests, the UX-1 vehicle must be validated in field experiments to assess
the performance of the motion control systems in a real-world operational
environment.
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1.4 Contributions

Figure 1.2: UX-1 underwater vehicle performing an exploration mission.

The main contributions of this thesis by compendium focus on designing, developing,
and testing the motion control systems for the UX-1 underwater vehicle. These are as
follows:

C.1 A functional scaled prototype of the UX-1 underwater vehicle, hereby named
UX-1s, is designed and fabricated to utilize as a proof-of-concept test-bench plat-
form in which to implement and test motion control systems before integrating
and deploying to the UX-1 underwater vehicle.

C.2 An experimentally validated Nonlinear State Feedback Linearization (NSFL)
motion control system is proposed and integrated for the UX-1s and its per-
formance is compared to a baseline Proportional-Integral-Derivative (PID) con-
troller.

C.3 A nonlinear 6 DOF vectorial dynamic model of the UX-1s and UX-1 underwater
vehicles is derived using Euler angle and quaternion attitude representation.

C.4 Identification of the system model parameters, derived in C.3, is performed.
The results were validated by experiments.

C.5 An experimentally validated force allocation module based on Lagrange mul-
tipliers is proposed for the UX-1 vehicle, which is in charge of interpreting the
force commands calculated by the controller and distributing to the actuators.

C.6 Based on the results achieved with the experimental validation of the proposed
NSFL controller on the UX-1s (in C.2), the control scheme is integrated in the
UX-1 vehicle and experimentally verified.
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C.7 An experimentally validated Finite-Horizon Linear Quadratic Regulator (LQR)
motion control system is proposed and integrated for the UX-1 vehicle and its
performance is compared to the proposed controller in C.6.

C.8 A real-time motion control system software architecture is proposed, that
promotes the efficient development and implementation of control algorithms.
This is achieved by designing a modular system to allow the creation of in-
dependent modules with specific functionalities to be developed and integrated
without problems of compatibility.

C.9 Demonstration of the motion control system functionalities is accomplished
in the operational environment workspace inside real underwater flooded
mines. Three mine sites across Europe, each with increasing difficulty, have
been explored with the UX-1 vehicle. These include, the Kaatiala mine, the
Idrija mine, and the Urgeiriça mine. The field exploration missions used non-
invasive surveying technologies and measurement methods to provide valuable
information on the current structural status of the mines.

C.10 The validation and demonstration of the functionalities of the UX-1 vehicle with
experimental field tests in operational environments, successfully raised the Tech-
nology Readiness Level (TRL) of the motion control subsystem to a TRL-7.

1.5 Outline

This thesis by compendium is composed of three publications P.I – P.III, which are
appended at the end. It is divided into five chapters, in the first chapter the mo-
tivation and problem statement were presented, as well as the thesis objectives and
contributions. The content of the remaining chapters is summarized below:

• Chapter 2 reviews the state of the art in the field of underwater vehicles with focus
on underwater platforms in general, ongoing and finished technology research
projects, underwater vehicle control and related works in underwater mine tunnel
exploration.

• Chapter 3 introduces the methodology used in the development of the thesis and
the evaluation of the results obtained.

• Chapter 4 presents the experimental results and discussion of this thesis. The
main results published in P.I – P.III are presented including the functional proto-
type development and testing; the experimental identification of the parameters
of the UX-1; the experimental pool tests and the results from the field tests
performed in three real mines across Europe.

• Chapter 5 presents the overall conclusions for this doctoral thesis and provides
an overview of future work.
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Chapter 2
Literature Review

In recent years, underwater vehicles have become an active area of robotics research due
to their potential applications in a several fields, such as maritime security (Zou et al.,
2013), marine archaeology (Tsiogkas et al., 2015, Allotta et al., 2016), and search &
rescue (Venkatesan, 2016). In this Chapter, a review of the literature is presented with
focus on underwater vehicle design, past and ongoing underwater robotics EU funded
projects, control strategies for underwater vehicles and related exploration applications
in complex environments.

2.1 Underwater Vehicles

Most of the applications for underwater robotics are intended for open water scenarios,
where the shapes and sizes of the vehicles are not restricted. Thus, the designs of
underwater robots found in the literature are primarily employing the classical torpedo-
shaped hull.

The authors in Ribas et al., 2012, present the Girona 500 AUV developed by the Under-
water Robotics Laboratory of the University of Girona, Spain. The overall dimensions
of the vehicle are 1 m in height, 1 m in width, and 1.5 m in length with a weight of
less than 200 kg. It is composed of three torpedo-shaped hulls of 0.3 m in diameter
and 1.5 m in length, held together by an aluminum frame. The vehicle is designed
for a maximum depth of 500 m and has the capacity to connect up to eight thrusters
and reconfigure the arrangement of the PS to allow motion in 6 DOF. The Girona 500
AUV is intended to be used as a research platform, where the applications range from
the classical sonar and video imaging surveys to challenging autonomous intervention
tasks (Youakim et al., 2018).

The REMUS 100 underwater vehicle is a commercial AUV manufactured by Hydroid
in Pocasset, Massachusettss. It has a torpedo-shaped hull with dimensions of 1.8 m in
length and a radius of 10 cm. The vehicle is light enough to be carried to remote sites
(45 kg) and has a depth rating of 100 m. A 1 kW-hr battery pack provides 8-10 hr of
operation, at the optimum speed of about 1.5 m/s. The attitude is controlled by yaw
and pitch fins in front of the propeller (Kukulya et al., 2010). Extensive operational
use of the REMUS 100 AUV has been reported (Gallimore et al., 2018), with over 500
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mission-hours across four vehicles operated by the Scripps Institution of Oceanography
(La Jolla, California). Notable expeditions include extensive archaeological surveys in
Hansa Bay, Papua New Guinea, and Kiska, Alaska.

In Carreras et al., 2018, a small torpedo-shaped underwater vehicle with 3 DOF motion
control is presented, named the SPARUS AUV. Its dimensions are 1.22 m in length by
0.23 m in diameter with an operating time of up to 5 hours. It is designed for long
autonomy in shallow waters achieving a maximum velocity in surge of 2 m/s with a
maximum operating depth of 200 m. The PS is equipped with three thrusters (two
horizontal and one vertical) that allow the control of the surge, heave, and yaw motions.
Additionally, two fins behind the horizontal thrusters are used for controlling the pitch
and depth.

It is worth noting that classical torpedo-shaped underwater vehicles typically are not
capable of performing pure lateral movements (sway motion), which in the case of
the UX-1 is a requirement. Similar to the UX-1 vehicle design, several works in the
literature have developed underwater vehicles that adopted a spherical shape in order
to reduce tail space and increase maneuverability. In Watanabe, 2006, the authors
present a tiny spherical underwater vehicle designed as a technological educational
tool. They present two designs with an EH of 17 and 43 cm diameters, respectively.
It is equipped with an 1 MHz ultrasound ranging system to detect obstacles with an
accuracy of 2 cm and the PS is composed of two external thrusters.

A widely used spherical underwater vehicle is the ODIN-III (Choi et al., 2003), devel-
oped by the University of Hawaii, USA. The vehicle has a hollow metal sphere EH of
0.63m in diameter and a PS that consists of 8 thrusters fixed outside of the EH, which
provide instantaneous, omni-directional (6 DOF) motion capability. The vehicle can
be controlled by either an on-board computer in the autonomous mode or by operator
command via tether. ODIN is equipped with navigation sensors, including 8 SONARs,
a pressure sensor, and an inertial measurement unit. This platform has been used
in the literature as a test-bed for different control algorithms and dynamics testing
(Zhang et al., 2017).

One key disadvantage of these designs is the presence of external PS, which could
become entangled with objects or debris. As mentioned in Section 4.1.1, the design
of the UX-1 integrates the propulsion elements into the spherical EH to avoid foreign
objects from damaging the propellers and eliminating the possibility of ensnarement.
Another design of a spherical underwater vehicle that integrates the PS inside the EH
is the SUR-III (Lin and Guo, 2012). This vehicle is equipped with a spherical EH of
40 cm in diameter with a weight in air of 6.5 kg and a maximum operational depth
of 8 m. All of the electronic components are stored inside a central waterproof box,
suspended from the top of the EH. The key feature of this design is the integration
of water-jet propellers for actuation of the PS. These vectored thrusters are mounted
to the lower part of the EH and are composed of one water-jet propeller and two
servomotors (Yang et al., 2017). This underwater vehicle has been used to design
and develop attitude stabilization methods as well as buoyancy control with a variable
ballast tank. Although the vectored water-jet thruster has advantages, such as low
noise, the propulsive thrust is limited by the space and structure.
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2.2 Underwater Technology Projects

Due to the vast array of applications available with the use of underwater vehicles, var-
ious EU funded research projects have addressed underwater technology and robotics
applications in recent years. Intervention applications are amongst the most popular
research lines. The DexROV project (Gancet et al., 2015), focused on advancing dex-
terous manipulation over long distances and semi-autonomous navigation capabilities
of underwater vehicles. The PANDORA project (Maurelli et al., 2016) made use of
the Girona 500 AUV, equipped with a 4 DOFs electrical manipulator, a stereo camera
and a specifically designed end-effector, to perform experiments in a fully autonomous
mode. A valve panel was installed to emulate those used in the offshore industry and
the AUV manipulated valves to several different configurations. Even though thrusters
were used to simulate water currents, these experiments were only performed in water
tank environments and not validated in a real-world scenario.

The TRIDENT project (Sanz et al., 2013) further advanced intervention tasks and
autonomy with underwater vehicles. A tethered Girona 500 AUV was used to au-
tonomously perform a survey and mosaic of an intervention area of 20 x 25 m, where
a target black-box was thought to be located. Once the target was detected, a grasp
command was given by a human operator for the AUV to perform and autonomous
grasping maneuver. In contrast to the previous intervention projects, the experimental
validation tests for the TRIDENT project were performed in real open-water scenarios
in Mallorca, Spain.

In addition to intervention, exploration and scientific applications are highly regarded
in EU h2020 funded research projects as well. The ROBUST project aims at develop-
ing an autonomous robotic system for scientific exploration of deep-sea mining sites.
The overall approach is to perform a bathymetric survey of the initial zone of interest,
afterwards the underwater vehicle selects an area where there are probabilities of con-
taining mineral deposits and performs an in-situ measurement of the nodule through
laser induced spectroscopy (Simetti et al., 2017). The ARROWS project developed the
AUV MARTA (MARine Tool for Archaeology). The MARTA prototype is a torpedo-
shaped modular AUV with a total length of 3.5 m and an external radius of 9 cm.
The vehicle can achieve motions in 5 DOFs by mens of 6 actuators: 2 rear propellers,
2 lateral thrusters and 2 vertical thrusters (Allotta et al., 2015). This underwater ve-
hicle is designed to provide underwater archaeologists with the technical tools needed
to reduce the operational costs of archaeological campaigns (i.e., underwater mapping,
diagnosis and cleaning tasks).

A major research line of robotics in general is the use of multi-robot systems for per-
forming tasks in different application areas. The CoCoRo project (Schmickl et al.,
2011), created the world’s largest swarm of AUVs. A total of 41 vehicles were de-
veloped to demonstrate how bio-inspired algorithms give the swarm a form of self
awareness to provide a much broader knowledge base. The swarm of AUVs are able to
interact with each other and can balance tasks such as ecological monitoring, searching,
maintaining, exploring and harvesting resources in underwater environments. Several
experiments were performed including autonomously collecting data from the under-
water ecosystem of an Austrian lake. The MORPH project proposed a novel concept

13



2.3. Underwater Vehicle Control

of an underwater robotic system, named the morph supra-vehicle (MSV), composed
of a number of spatially separated independent underwater vehicle modules, carrying
distinct and yet complementary resources. The general idea is to connect the underwa-
ter vehicles in the MSV via virtual links which can reconfigure and adapt in response
to the environment and application. The possible applications of the MSV cover a
wide range of scientific and commercial areas such as oil and gas pipeline inspection,
or environmental mapping. The MSV system was experimentally tested with several
vehicles in real environmental conditions (Kalwa et al., 2015).

With the current onset of concern over border securities, irregular migration control
and narcotics trafficking, certain ongoing EU funded projects are focused on employ-
ing underwater vehicles for maritime and border surveillance applications. Project
COMPASS20201 aims to develop a multi platform system of manned and unmanned
vehicles to achieve better quality of information and shorter response times in mar-
itime surveillance operations. The proposed solution will make use of multiple aerial
and underwater unmanned vehicles with improved capabilities, deployed from piloted
vehicles or from land, and will be supported by a central mission system that enables
the operation of these platforms. The ROBORDER project2 has the objective of de-
veloping a fully-functional autonomous border surveillance system capable of detecting
and recognizing illegal border activities. The ROBORDER system will incorporate un-
manned mobile robots including aerial, water surface, underwater and ground vehicles,
capable of functioning both as standalone and in swarms. The heterogeneous robot
system will incorporate multi-modal sensors as part of an inter-operable network for
early identification of criminal activities at border and coastal areas along with marine
pollution events.

2.3 Underwater Vehicle Control

In the European funded projects presented in Section 2.2, one common task is ad-
dressed in most applications of underwater robotics, the motion control system devel-
opment and integration. Many of the novel control ideas may not have been applicable
for underwater robotics, due to the limited computing resources and information flow
available on-board. Nevertheless, recent advances in computing capabilities and imple-
mentations have opened a wide array of control strategies to be proposed as solutions
to the control objectives. In this section, a study of the main control strategies found in
the literature will be presented. As can be seen in Fig. 2.1, the main control strategies
used for underwater robotics are divided into linear an nonlinear methods.

The most traditional linear control strategy is based on the PID control method. Sev-
eral works in the literature have successfully implemented and tested PID controllers
for use in underwater vehicles. In Yingying Han et al., 2010, the authors propose a
distributed motion control system based on the PID algorithm for the multi-thruster
underwater vehicle platform C-Ranger. The simulation experiments presented in their
work validate the proposed PID motion control system for the C-Ranger underwater

1https://cordis.europa.eu/project/rcn/222617/factsheet/en
2https://roborder.eu/
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Figure 2.1: Branches of control strategies implemented on underwater vehicles.

platform. In addition to the PID controller, the LQR control method is a widely used
linear control strategy for optimal control. The authors in Lakhwani and Adhyaru,
2013 performed a comparison of control methods based on PI, PD and LQR strategies.
From the simulation results presented, it can be seen that the performance of the PI
and PD controllers are inferior to that achieved by the LQR control method for track-
ing and formation control of an AUV. Wang et al., 2016 presents a control solution
to near surface navigation with an LQR controller based on genetic algorithms. In
this work, a dynamic resistance model of an AUV is derived to decrease the voltage
resistance caused by wave interference power and torque. The results show that the
proposed LQR control law is capable of decreasing the energy that drives the control
surfaces and the pitch angle of the underwater vehicle.

Another method based on optimal control is the Model Predictive Control (MPC).
Unlike LQR, MPC optimizes in a receding time horizon and calculates a new solution
often, whereas LQR uses the single (optimal) solution for the complete time horizon.
MPC has been increasingly implemented for robotic applications (Gomesl and Pereiral,
2018) due to its robust performance and the increased computational availability of on-
board computing systems. The authors in Shen et al., 2019 developed a multi-objective
MPC framework to solve the path-following control objective of and underwater vehicle.
To solve the MPC problem, two methods are proposed, i.e., weighted sum and lexi-
cographic ordering. Simulation studies on the Saab SeaEye Falcon AUV demonstrate
the effectiveness of the proposed multi-objective MPC method for the path-following
control objective.

Extensive research can be found in the literature related with nonlinear motion con-
trol system designs for underwater vehicles. In the intelligent control branch, several
methods have been tested and validated, such as Neural Network Control (Liu et al.,
2018, Wu et al., 2017), Reinforcement Learning Control (Cui et al., 2017, Carlucho
et al., 2018) and Fuzzy Logic Control (Aras et al., 2017, Yin et al., 2019). Since the
dynamics of underwater vehicles are highly nonlinear, the parameters of the system
must be theoretically calculated or experimentally identified. This is a time consuming
complicated task, therefore, adaptive methods for control have been developed and
integrated to overcome any inaccuracies in the parameter calculations. These include,
Model Reference Adaptive Control (MRAC) (Santhakumar and Kim, 2011, Makavita
et al., 2019) and Gain Scheduling (Silvestre et al., 2002, Silvestre and Pascoal, 2007).
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Lyapunov-based methods of control have been implemented for a variety of AUVs,
these include Sliding Mode control (Cristi et al., 1990, Rhif, 2011) and the Backstepping
control method. The concept of vectorial Backstepping was first introduced in Fossen
and Berge, 1997, where it showed simultaneous Globally Exponentially Stable (GES)
of the surge and sway position and the yaw angle, whilst incorporating the effects of
actuator dynamics. In Holden and Pettersen, 2007, a motion control system based on
vectorial Backstepping control is implemented for a 6 DOF AUV. The results of the
simulations performed with a dynamic model of the HUGIN 1000 AUV show robust
GES for the fully actuated AUV. The authors in Gharesi et al., 2017 also integrate the
Backstepping control method for a position-following control objective simulation test
of the depth of an underactuated AUV.

Feedback Linearization and Backstepping control are closely linked, but where Back-
stepping allows to be selective of which terms of the system to cancel out, Feedback
Linearization attempts to cancel out all the nonlinearities of the system by transform-
ing it to an equivalent linear system (Khalil, 2002). Nevertheless, this method works
best if all of the parameters of the vehicle can be accurately estimated. The NSFL
control method has been implemented and validated in a number works in the liter-
ature. In Chellabi and Nahon, 1993, the authors developed a NSFL motion control
system for an underwater vehicle using a linear PD compensator for stabilization. The
presented method is augmented with adaptive capabilities to avoid errors because of
parameter uncertainty. The simulation tests presented show how the proposed control
law is robust in the presence of parameter uncertainties and is successful in solving the
trajectory tracking control objective for the surge, sway, heave and roll motions.

The authors in Cheng et al., 2008 developed a NSFL motion control system for the
heading control of an AUV. To this effect, a nonlinear model of the horizontal plane
was derived which included parameter uncertainties, and a control law was designed
using a closed-loop gain shaping algorithm. Simulation tests were used to compare
the performance against a control method based on a linear model using Taylor lin-
earization technique. The results demonstrate a higher robustness and performance
by the NSFL control law. Fault-tolerance has also been demonstrated with the NSFL
motion control system. In Luo et al., 2010 a fault tolerant heading control system is
implemented using the method of input–output NSFL. The result of simulation tests
prove that the controller proposed can maintain the asymptotic stability of closed-loop
system, and have certain performance when a sensor breaks down during maneuvers.

2.4 Underwater Mine Tunnel Exploration

A great deal of research has been conducted on underwater vehicle systems that pursued
exploration, navigation, and 3D mapping of underwater environments (Anonsen et al.,
2017, Roman and Singh, 2007). Most of them addressed open water scenarios or
large vertical shafts, which posed virtually no limitation on the size of the underwater
vehicles. However, research projects have shown a growing interest in applications
focused in confined unknown spaces where AUVs have been developed to tackle this
problem.
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The authors in White et al., 2010 and Hiranandani et al., 2009 tested an underwater
ROV to map and explore the underground water cisterns at the islands of Malta and
Gozo. The underwater vehicle used was a VideoRay Pro III micro ROV, which had
a length of 0.305 m. This small size allowed navigation through the narrow water
cistern access points, commonly found in the aforementioned islands. The vehicle was
equipped with three thrusters, two forward and one vertical, which allowed movement
in 3 DOFs. A scanning sonar was used, but was limited to a range of 6 m and only 2D
maps were obtained. Despite these limitations, the authors successfully implemented
SLAM algorithms in real time. The SPARUS AUV was used in Mallios et al., 2016
to survey the underwater cave complex ”Coves de Cala Viuda,” in Spain, and provide
acoustic, optical, and inertial measurements for research in autonomous navigation.
However, the maximum depth is limited to 50 m which is not suitable for exploration
of deep underwater environments.

The DEep Phreatic THermal eXplorer (DEPTHX) project (Fairfield et al., 2007b, Gary
et al., 2008, Fairfield et al., 2007a) had the primary objective of using an autonomous
vehicle to explore and characterize the unique biology of the Sistema Zacatón cenotes.
Similar to the UX-1 underwater vehicle, it was designed with an ellipsoidal shape to
minimize the potential of it becoming snagged. Nevertheless, the operating environ-
ment consisted of wide shafts, between 50 m and 150 m in diameter, which allowed
the limitation-free design with no significant restrictions on the size of the underwa-
ter vehicle (which measured approximately 1.5 m in height and 1.9 m in length and
width). The cruising speed of the vehicle was 0.2 m/s and the operating time was
approximately 4 hours. Autonomous exploration and 3D mapping was demonstrated,
but was limited to vertical descent of large shafts.

NASA astrobiologists have developed Project SIMPLE (Sub-Ice Marine and PLanetary-
analog Ecosytems). It aimed to use the McMurdo Ice Shelf as a proxy for theoretical
ocean-like conditions under the ice of Europa, one of the moons of Jupiter where scien-
tists believe there may be the best chance of finding biological specimens (Schmidt and
et., 2015). To this effect, several underwater vehicles have been deployed and recovered
from ice boreholes for the navigation and exploration of ice-covered waters.

Based on the DEPTHX vehicle, the ENDURANCE (Environmentally Non-Disturbing
Under-ice Robotic ANtarctic Explorer) AUV (Richmond et al., 2009, Gulati et al.,
2010) was designed to operate in a unique and extreme environment, the frozen waters
of Lake Bonney in Taylor Valley. The ENDURANCE mission goals include traversing
a 1 km × 2 km lake, obtaining a full 3D synoptic chemical profile, and high-resolution
mapping. There are two significant changes from the DEPTHX configuration: the
removal of the variable buoyancy system, which required improving the depth control
of the vehicle using the vertical thrusters; and a different navigation strategy, where
instead of sonar-based SLAM, ENDURANCE uses DVL and Inertial dead-reckoning
augmented with an iUSBL whose transponder is hung underneath the melt hole.

The authors in Cazenave et al., 2011 developed SCINI (Submersible Capable of under
Ice Navigation and Imaging), a small torpedo shaped ROV with the length of 1.4 m
and diameter of 15 cm, designed to fit through a 20 cm hole in the ice. The vehicle was
able to survey in water depths of up to 300 m, with forward speeds of up to 7.5 km/h,
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whilst Deep SCINI (Burnett et al., 2015) was a 2000 m depth-qualified vehicle with
design elements taken from the original SCINI. Similarly, the ICEFIN (Spears et al.,
2016) was an under-ice ROV designed for deployment directly through ice which could
be tens to hundreds of meters thick.

From the results obtained with the ENDURANCE AUV, the ARTEMIS (Moore and
McKibbin, 2015, Kimball et al., 2018) was developed to provide high resolution sea
floor imagery. It reached a maximum speed of 9 km/h with an operating time of up
to 25 hours and a maximum depth rating of 5000 m. Moreover, the vehicle had a
modular payload designed to operate in various missions, such as seabed mapping,
oceanographic survey, search and rescue, oil and gas survey, and others. As is the case
with DEPTHX and ENDURANCE, the ARTEMIS was not suitable for exploration of
confined environments due to its torpedo shape with the length of 5 m.

The SUNFISH AUV (Richmond et al., 2018) was a 6 DOF vehicle capable of on-line
SLAM with obstacle avoidance and real-time path planning. It was built based on the
earlier work by Stone Aerospace with the DEPTHX, ENDURANCE and ARTEMIS.
It had the capability to integrate additional payloads for tasks such as water sampling
or biogeochemical profiling. Its dimensions were 1.61 x 0.47 x 0.2 m with an operating
time of 5 hours and a maximum depth rating of 200 m. The authors demonstrated
autonomous navigation and path planning capabilities at the Peacock Springs cave
system in Florida and mention survey of flooded mines as a potential application of
SUNFISH AUV.
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Chapter 3
Methodology

The research methodology employed in this thesis is in accordance with the systems
engineering approach. Moreover, said research is carried out on the basis of the systems
engineering process proposed by Bahill and Gissing, 1998, which can be divided into
seven general phases: State the problem, Investigate alternatives, Model the system,
Integrate solutions, Launch the system, Asses performance, and Re-evaluate. These
seven tasks are summarized with the acronym SIMILAR. Fig. 3.1 shows the system
cycle of the SIMILAR process.

State the
Problem

Investigate
Alternatives

Integrate
Solutions

Launch the
System

Assess
Performance

Model the
System

Results

Re-EvaluateRe-EvaluateRe-EvaluateRe-EvaluateRe-EvaluateRe-Evaluate

Figure 3.1: Methodology based on the systems engineering approach (SIMILAR).

3.1 Methodology Process

Rather than following a strict adherence to the suggested descriptions of the steps in
the SIMILAR process, the methodology followed in this thesis is based on the author’s
previous experience, acquired during the early stages of the doctoral research in de-
velopment and integration of motion control solutions for robotic systems, specifically
unmanned aerial vehicles.

In general, the design concepts for the motion components of the robotic platform
should be initially specified and developed based on the overall requirements; then,
theoretical models of the system should be derived and evaluated to gather knowledge
of the expected behaviors; next, scaled robotic prototypes should be developed and
tested to validate the design of the motion components and the control system solutions
proposed; finally, the development and integration of the real robotic platform should
be performed, along with the appropriate validation of the motion control systems in
controlled and real-world environments. These steps are explained in detail next.
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1. Problem Definition. The problem definition phase begins with a description of
the top-level functions that the system must perform. It includes system require-
ments stated in terms of what must be done, not how to do it, and any constraints
and considerations to be taken into account for the proposed solutions. The sys-
tem requirement specifications for the underwater vehicle developed and tested
in this thesis, are focused on the use of a robotic system for exploration of aban-
doned and flooded mines. These were presented in Section 1.1.

2. System Design Concepts. Studying and specifying key concepts in the design of
complex systems, helps in the selection and proposal of possible solutions and
reduces research tasks. In this phase, the overall design concepts for the system
are evaluated and chosen in order to meet the requirements specified by the
end-users and stake-holders in the problem definition. In this thesis, the design
concepts and implementation techniques pertinent to the motion control systems
of the UX-1 underwater vehicle are presented and detailed in Section 4.1.1.

3. System Model. The modeling phase is an important task in order to acquire an
accurate description of complex systems, prior to the integration and develop-
ment of solutions. These models are commonly derived from fundamental re-
lationships that rely on knowledge of the system to understand the behaviors
and reconstruct the responses of the real system. These usually take the form
of mathematical models, which could be used for computer simulations and/or
model-based control design. In P.I and P.II, the dynamic model for a spherical
underwater vehicle is derived, along with a thorough explanation of the system
parameters, their numerical computation and experimental identification.

4. Prototype Development and Integration. The prototype phase is a key step in
the development of any robotic system, allowing the developers to test how the
overall design concepts will eventually work. Most prototypes often bear little re-
semblance to the finished system and only integrate some functionalities. In P.I,
a functional scaled prototype (UX-1s) is designed and developed to implement
and test the feasibility of the proposed motion control systems before testing in
the real UX-1 underwater vehicle.

5. Real Robot Development and Integration. Using the results and lessons learned
from the tests performed with the scaled prototype, in this phase, the real robot
platform is assembled. Furthermore, at this stage all the proposed solutions to
satisfy the system requirements and solve the control objectives are developed
and integrated for the real robot. As can be seen in P.II and P.III, this includes:
assembly of the mechanical systems, motion control systems design, integration
of the hardware components and their interfaces, calibration of the sensor array,
and software architecture submodule development and testing.

6. Verification and Validation. The Verification and Validation (V&V) phase is used
to verify the correct operation of the robotic system with a series of independent
procedures aimed at validating that the desired system requirements and control
objectives are achieved, as well as to obtain different metrics of its performance.
In P.I, the V&V of the scaled prototype consists of several laboratory environ-
ment experiments performed to validate the motion component design concepts
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and the proposed motion control systems. Afterwards, in P.II, tests are carried
out in a relevant environment to experimentally identify the model parameters of
the system, and for V&V of the performance from two proposed motion control
systems with the real robot platform. Subsequently, in P.III, the experimentally
verified motion control system with the best performance (evaluated in P.II) is
deployed in experimental field V&V tests in an operational environment to assess
the performance of the system in real operating scenarios.

7. Performance Assessment. In this phase, a rigorous analysis of the results ob-
tained in the V&V tests has to be performed. The performance of the proposed
solutions must be objectively evaluated to determine the level of success in the
achievement of the objectives proposed. In publications P.I – P.III, the perfor-
mance assessment of the motion control systems is carried out with an analysis
of time-response metrics obtained from experimental data, as well as the effec-
tiveness of the system to achieve the desired objectives of the experiments.

8. Re-evaluate. This methodology process is regarded as iterative and distributed,
i.e., at any point of implementing a proposed solution, the performance of the sys-
tem may not yield the desired response. The most important phase, re-evaluation,
is used to modify the proposed solution, make adjustments, modifications or re-
pairs to the system to ensure optimal performance and meet the desired require-
ments. Re-evaluation is a continual step throughout the entire process.

3.2 Technology Readiness Levels

In addition to the aforementioned process, adopted for the development of the work
presented in the thesis, the Technology Readiness Level (TRL) measurement scale was
also used to evaluate the overall progress of the system and components. The TRL was
originated by NASA in the 1970’s (Sadin et al., 1989). It is a method used to describe
the maturity of new technologies under development, with a measurement scale of 1–
9. The European Commission advised EU-funded research and innovation projects to
adopt the scale in 2010 (Héder, 2017), which were consequently used in 2014 for the
EU Horizon 2020 program presented in Annex G of its 2014-15 Work Program1.

TRL 1 TRL 3

TRL 2 TRL 4Initial Research
Experimental proof

of concept

TRL 5 TRL 7

TRL 6 TRL 8

Small scale
prototype

development
(Lab Testing)

Technology
Concept

Formulated

Real scale
prototype

development

Real prototype
validation in

relevant
environment

Real prototype
validation in real

environment
(Field Testing)

First commercial
prototype
developed

TRL 9

Real commercial
application

P.I P.II P.III

Laboratory Environment Relevant Environment Operational Environment

Figure 3.2: Technology Readiness Levels and progress during publications.

1
https://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-trl_en.pdf
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TRLs help monitor and adapt the development progress for a large system integration,
which enables a better execution in terms of validity, reliability, project performance
and time management. Using this measurement scale, the development of a system or
subsystems can be tracked within a spectrum of an idea on paper and a usable product
in the industry. Accordingly, TRLs are increasingly utilized by engineers, scientists,
innovators, investors, and many international organizations. The distance between
TRL-1 and TRL-9 commonly amounts to years of paper studies, prototype modeling,
component building and testing, integration of tested components into other systems,
and more tests in the laboratory and the real-world.

Table 3.1 presents a summary2 of the definitions and descriptions of the TRLs 1–9,
which makes use of the following terminology for exit criteria and evaluation of TRLs:

Laboratory Environment is solely used for the purpose of demonstrating the un-
derlying principles of technical performance and does not address in any manner the
environment to be encountered during the intended operations.

Relevant environment simulates the technologically stressing aspects of the opera-
tional environment to demonstrate the functionality of several critical components of
the final system.

Operational environment is where the final system is intended to be operated and
addresses all the operational requirements and specifications expected from the final
system platform.

Fig. 3.2 shows the TRL scale with the level achieved by the testing and results in each
publication P.I – P.III. The TRL of the subsystems developed in this thesis start at a
level of proof-of-concept TRL-1, this means that the innovation level of the technology
is much higher. In publication P.I, a TRL-4 was achieved by developing a low fidelity
scaled prototype which is validated in a laboratory environment. A TRL-5 – TRL-6
was obtained in P.II by validating and demonstrating the basic functionalities of the
real UX-1 underwater vehicle in a relevant environment. Finally, in P.III, a TRL-7
was accomplished by testing the real system in operational environments, i.e., real
underground flooded mines.

2Adopted from: https://www.nasa.gov/pdf/458490main_TRL_Definitions.pdf
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Table 3.1: Technology Readiness Level definitions and descriptions.

TRL Definition Hardware Description Software Description Exit Criteria

1 Basic principles
observed and re-
ported.

Scientific knowledge generated un-
derpinning hardware technology con-
cepts/applications.

Scientific knowledge generated under-
pinning basic properties of software ar-
chitecture and mathematical formula-
tion.

Peer reviewed publi-
cation of research un-
derlying the proposed
concept/application.

2 Technology con-
cept and/or ap-
plication formu-
lated.

Invention begins, practical application
is identified but is speculative, no ex-
perimental proof or detailed analysis is
available to support the conjecture.

Basic properties of algorithms, repre-
sentations and concepts defined. Ba-
sic principles coded. Experiments per-
formed with synthetic data.

Documented descrip-
tion of the applica-
tion/concept that ad-
dresses feasibility and
benefit.

3 Analytical and
experimental
characteristic
proof of concept.

Analytical studies place the technol-
ogy in an appropriate context and lab-
oratory demonstrations, modeling and
simulation validate analytical predic-
tion.

Development of limited functionality
to validate critical properties and pre-
dictions using non-integrated software
components.

Documented analyti-
cal or experimental re-
sults validating pre-
dictions of key param-
eters.

4 Component
and/or bread-
board validation
in laboratory
environment.

A low fidelity system/component
breadboard is built and operated
to demonstrate basic functionality
and critical test environments, and
associated performance predictions are
defined relative to the final operating
environment.

Key, functionally critical, software
components are integrated, and func-
tionally validated, to establish interop-
erability and begin architecture devel-
opment. Relevant Environments de-
fined and performance in this environ-
ment predicted.

Documented test per-
formance demonstrat-
ing agreement with
analytical predictions
and definition of rele-
vant environment.

5 Component
and/or bread-
board validation
in a relevant
environment.

A medium fidelity system/component
brassboard is built and operated to
demonstrate overall performance in
a simulated operational environment
with realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions
are made for subsequent development
phases.

End-to-end software elements imple-
mented and interfaced with existing
systems/simulations conforming to tar-
get environment. End-to-end software
system, tested in relevant environment,
meeting predicted performance. Oper-
ational environment performance pre-
dicted. Prototype implementations de-
veloped.

Documented test per-
formance demonstrat-
ing agreement with
analytical predictions
and definition of scal-
ing requirements.

6 System/sub-
system model
or prototype
demonstration
in a relevant
environment.

A high fidelity system/component pro-
totype that adequately addresses all
critical scaling issues is built and op-
erated in a relevant environment to
demonstrate operations under critical
environmental conditions.

Prototype implementations of the soft-
ware demonstrated on full-scale re-
alistic problems. Partially integrate
with existing hardware/software sys-
tems. Limited documentation avail-
able. Engineering feasibility fully
demonstrated.

Documented test per-
formance demonstrat-
ing agreement with
analytical predictions.

7 System proto-
type demon-
stration in an
operational
environment.

A high fidelity engineering unit that
adequately addresses all critical scaling
issues is built and operated in a rele-
vant environment to demonstrate per-
formance in the actual operational en-
vironment and platform (ground, air-
borne, or space).

Prototype software exists having all key
functionality available for demonstra-
tion and test. Well integrated with
operational hardware/software systems
demonstrating operational feasibility.
Most software bugs removed. Limited
documentation available.

Documented test per-
formance demonstrat-
ing agreement with
analytical predictions.

8 Actual system
completed and
”flight qualified”
through test and
demonstration.

The final product in its final config-
uration is successfully demonstrated
through test and analysis for its in-
tended operational environment and
platform.

All software has been thoroughly de-
bugged and fully integrated with all
operational hardware and software sys-
tems. All user documentation, training
documentation, and maintenance doc-
umentation completed. All functional-
ity successfully demonstrated in simu-
lated operational scenarios. V&V com-
pleted.

Documented test per-
formance verifying an-
alytical predictions.

9 Actual system
”flight proven”
through suc-
cessful mission
operations.

The final product is successfully oper-
ated in an actual mission.

All software has been thoroughly de-
bugged and fully integrated with all op-
erational hardware/software systems.
All documentation has been completed.
Sustaining software engineering sup-
port is in place. System has been suc-
cessfully operated in the operational
environment.

Documented mission
operational results.
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Chapter 4
Results and Discussion

This chapter presents a description of the solutions proposed in publications P.I –
P.III towards achieving the research objectives of this doctoral thesis, presented in
Section 1.3. Furthermore, a general analysis and discussion of the results obtained in
the experimental tests performed is provided. The main contributions C.1–C.10 are
listed in Section 1.4. If any added information is required, the reader is encouraged to
consult the published works which are included as part of this thesis by compendium.
Fig. 4.1 presents a flow chart of the interconnection and dependency between the
publications, listed in chronological order from top to bottom.

Laboratory/Relevant
Environment Testing

Publication P.I
TRL 1-4

Publication P.II
TRL 5-6

Publication P.III
TRL 6-7

Operational
Environment Testing

Control Law: [PID, NSFL]
Motion Systems: [PS, VPS]

Platform: UX-1s

Control Law: [NSFL/LQR] 
Motion Systems: [PS]

Platform: UX-1

Control Law: NSFL
Motion Systems: [PS, VPS, VBS]

Platform: UX-1

Figure 4.1: Flow chart of the publications used for this thesis by compendium.

As can be seen, the work presented in P.I – P.III follows a sequential order. The
proposed solutions and results obtained in P.I, provided the base foundation for the
theory and essential concepts to be studied in P.II, which further validated the pro-
posed solutions and were subsequently employed in P.III.

The rest of this chapter is divided as follows. First, Section 4.1 introduces general
concepts which are part of the global solutions developed in P.I – P.III. Afterwards,
Sections 4.2 – 4.4 present the key concepts of the proposed solutions, as well as an anal-
ysis and discussion of the results obtained in the different experimental environments
of P.I – P.III.
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4.1 Overall Concepts

Underwater vehicles experience 6 Degree of Freedom (DOF) motions. According to
Fossen, 2011, these are defined as the set of independent displacements and rotations
that completely specify the displaced position and orientation of the vehicle. The mo-
tions performed in the horizontal plane are referred to as surge (longitudinal motion)
and sway (lateral motion), while the motion in the vertical plane is referred to as heave
(vertical motion). The remaining DOFs describe the rotational motion, these are roll
(rotation about the longitudinal axis), pitch (rotation about the transverse axis), and
yaw (rotation about the vertical axis).

4.1.1 Vehicle Design

The operational requirement specifications, as defined in Section 1.1, provided a start-
ing point for the design and development process of the UX-1 underwater vehicle.
Furthermore, given the unprecedented structural and mechanical design requirements
of the UX-1, the integration of innovative motion actuation components is required
in order to achieve the desired maneuverability inside the tunnel networks. In this
section, the main design characteristics of the motion components proposed for the
UX-1 underwater vehicle design will be presented. These include: the External Hull
(EH); the Propulsion System (PS); the Variable Pitch System (VPS); and the Variable
Ballast System (VBS).

External Hull Most underwater vehicle designs choose to adopt an elongated shape,
such as the MAYA AUV (Afzulpurkar et al., 2015), as research is predominantly fo-
cused on open water environments where the restrictions on shapes and sizes are not
necessarily strict. Nevertheless, to maintain compliance with the operational require-
ments R.1, R.2, and R.3, the design of the UX-1 underwater vehicle proposes a less
common spherical shaped aluminum EH of 0.62 m in diameter (Zavari et al., 2016).
By adopting a less common streamlined spherical design, attitude motions can be made
in-place, obtaining high stability and flexibility along with a zero degree turn radius
for high maneuverability and lower drag forces.

Propulsion System The PS is designed to be capable of actuating the underwater
vehicle with motion in 5 DOFs (i.e., surge, sway, heave, roll and yaw), satisfying R.4.
It is composed of conventional thrusters installed in a cross manifold configuration
integrated into the port and starboard lateral sides of the external hull, to avoid foreign
objects from damaging the propellers and effectively eliminating any possibility of
ensnarement. Given the implicit symmetry of the manifold design and the properties of
fluid dynamics, a translation in any direction is possible without changing the heading
of the vehicle. Fig. 4.2 shows the manifold design for the PS and the direction of the
thrust force to achieve each motion possible.

As can be seen in Fig. 4.2(a), surge (red) and heave (blue) motions are accomplished by
applying equal force to port and starboard thrusters, while yaw (red) and roll (blue)
motions (Fig. 4.2(b)) are obtained by differential control inputs. Finally, the sway
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(a) (b) (c)

Figure 4.2: Thrust force direction for vehicle motions. (a) Surge (red) and Heave (blue)
motions; (b) Yaw (red) and Roll (blue) motions (c) Sway motion (red) and flow force
direction (green).

motion, shown in Fig. 4.2(c), is performed by rotating the thrusters on each manifold
in the same direction (outward/inward), thus directing the flow of water through the
center orifice of the manifold.

Variable Pitch System It is worth noting that the manifold design does not allow
the pitch motion. According to R.5, the underwater vehicle must be capable of shifting
the inclination angle, in order to navigate facing the direction of movement in vertical or
slanted shafts. A novel VPS was designed to actively change the Center of Gravity (CG)
of the underwater vehicle by rotating a mass, suspended below the Center of Buoyancy
(CB), about the traverse axis of the vehicle, thus generating a torque and changing the
pitch angle. To achieve passive stability of the vehicle without any undesired pitch or
roll movements, the CG must be located lower than CB (Zavari et al., 2016). Based
on the literature review, it can be stated that this is the first time this design is used
for pitch control of a spherical underwater vehicle.

Variable Ballast System In general, it is recommended for the design of underwater
vehicles to have positive buoyancy (i.e., when the buoyant forces are higher than the
weight of the vehicle), such that the vehicle surfaces automatically in case of power
failure or in an emergency situation. In this case, the buoyancy should only be slightly
larger than the weight. If the vehicle is designed such that the buoyancy is much
greater than the weight, too much control energy will be required to keep the vehicle
submerged. Hence, a trade-off between positive buoyancy and controllability must be
made.

The UX-1 is required to explore mines with maximum depths of up to 500 m (R.6). If
navigation and motion control were performed by relying solely on thruster actuation,
the power consumption would substantially decrease the desired operating time of
5 hours (R.7). Thus, a small sized VBS is designed to allow active modification of
the buoyancy of the underwater vehicle during long distance vertical motions (e.g., in
vertical shafts) compensating for buoyancy changes due to the pressure force on the
hull and achieving efficient heave motion along the shafts (Salomaa, 2017).
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4.1.2 Equations of Motion

This section briefly introduces the equations of motion for an underwater vehicle, stud-
ied and presented in P.I and P.II. The vehicle is modeled as a body moving freely in
space, namely characterized by 6 DOF, and derived according to the Society of Naval
Architects and Marine Engineers (SNAME) notation, shown in Table 4.1.

Table 4.1: SNAME(1950) notation used for marine craft.

DOF
Forces and Linear and Positions and

Moments Angular velocities Euler angles

1 Motions in the x direction (surge) X u x

2 Motions in the y direction (sway) Y v y

3 Motions in the z direction (heave) Z w z

4 Rotation about the x axis (roll) K p φ

5 Rotation about the y axis (pitch) M q θ

6 Rotation about the z axis (yaw) N r ψ

As can be seen in Fig. 4.3, a North-East-Down (NED) inertial reference frame {n} is
used, with orthonormal basis {xn, yn, zn} and origin on represented in world coordi-
nates. Additionally, a body-fixed reference frame {b} is used with orthonormal basis
{xb, yb, zb} and origin ob also in world coordinates.

Figure 4.3: Schematics of the underwater vehicle with the reference frames used in the
equations of motion. c© 2019 IEEE

Using an Euler angle attitude representation, the nonlinear equations of motion for an
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underwater vehicle, in {b}, can be expressed in vectorial form as:

η̇ = JΘ(η)ν (4.1)

Mν̇ + C(ν)ν + D(ν)ν + g(η) = τ (4.2)

with

M = MRB +MA (4.3)

C(ν) = CRB(ν) +CA(ν) (4.4)

D(ν) = D +Dn(ν) (4.5)

where η ∈ R
6 denotes the position and orientation vector in the NED coordinate

system, ν ∈ R
6 denotes the linear and angular velocity vectors in {b}, τ ∈ R

6 describes
the forces and moments acting on the vehicle in {b}, and JΘ ∈ R

6×6 is a Jacobian
matrix consisting of a rotation and transformation matrix.

Moreover, the system inertia matrix M is a positive semi-definite matrix composed
of the rigid-body inertia matrix MRB, and the hydrodynamic inertia matrix of added
mass terms MA. The Coriolis and Centripetal term matrix C(ν), consists of the
rigid-body CRB(ν), and hydrodynamic CA(ν) Coriolis and Centripetal matrices. The
total hydrodynamic damping matrix D(ν) is the sum of the linear term D, and the
nonlinear term Dn(ν). Lastly, g(η) is the vector of hydrostatic forces and moments
for the gravitational and buoyant forces acting on the vehicle (Fossen, 2011). In P.II,
the model matrices M , C(ν), D(ν) and g(η), and their properties, are derived and
throughly explained for the UX-1 underwater vehicle, along with the experimental
identification of the hydrodynamic damping matrix terms.

4.1.3 Motion Control

This section provides essential concepts used in P.II and P.III for the design and
implementation of the motion control systems. The overall motion control system
block diagram, proposed for the UX-1 underwater vehicle, is shown in Fig. 4.4. It
is approached as a modular system for flexibility in testing and development, where
individual modules can be easily replaced for validating different strategies. A force
allocation module is first designed, in charge of interpreting the force requirements
and distributing it to the actuators, followed by an outer control module in charge
of computing the reference force vector based on the control objective. The control
laws proposed in P.I – P.III will be summarized in Sections 4.2 – 4.4, whilst the force
allocation module will be explained next.
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Figure 4.4: General control scheme implemented on the UX-1 robot for field experiments
in underwater mines. c© 2019 IEEE

Force allocation Module. For the correct actuation of the UX-1 underwater vehicle,
it is necessary to distribute the force references computed by the control module (τ ∈
R

n) to the thrusters in the PS, in terms of control inputs (u ∈ R
r), as shown in Fig. 4.4.

The control force due to an individual thruster can be written as (assuming linearity)

FTi
= kmui (4.6)

where FTi
is the control force due to the i − th thruster, km is the thruster force

coefficient and ui is the control input, which depends on the actuator considered. In
the case of the UX-1, the control input for the VESC1 open source Electronic Speed
Controllers (ESC) used to control the speed of the thrusters, are the desired thruster
velocities in RPM. Thus, a simple quadratic model can be used to represent the control
input

FTi
= kmui = kmω

2
Ti

(4.7)

where ωTi
is the speed of the i− th thruster in RPM. This model neglects the dynamics

of the thrusters and considers them as being capable of providing the required force
instantaneously. The control forces and moments can be expressed in matrix form as

F T = Kmu (4.8)

where F T = [FT1 , . . . , FTr ]
� is a vector of the control forces and moments, u =

[u1, . . . , ur]
� is a vector of control inputs, and Km ∈ R

r×r is a diagonal thruster
force coefficient matrix given by Km = kmIr. According to Fossen, 2011, the actuator
forces and moments relate to the control forces and moments by

τ = TF T = TKmu (4.9)

where T ∈ R
n×r is the mapping matrix. For the UX-1 underwater vehicle equipped

with r = 8 actuators for operation in n = 6 DOFs, the mapping matrix describes
the geometry or locations of the actuators. The mapping matrix used for the thruster
configuration of the UX-1 underwater vehicle is explained in detail in publication P.II.
Computation of u from τ in (4.9) is a model-based optimization problem, the solution
to this problem is proposed in P.II and will be presented in Section 4.3.

1http://vedder.se/
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4.2 Laboratory Environment (Publication P.I)

In publication P.I, an initial evaluation of the PS and VPS motion components is
performed. For this purpose, a scaled functional prototype (UX-1s) is designed and
built according to the overall design concepts of the UX-1 underwater vehicle. The
development and experimental work performed in this publication, with the UX-1s,
aims to provide insight and clarity into the dynamics to be expected from the real
robot, and evaluate the feasibility of the motion component design concepts from a
controllability point of view. The work presented in P.I includes the development and
integration of the UX-1s robot (O.1), an initial derivation of the dynamic model of
a spherical underwater vehicle (O.2), and the validation, experimental testing, and
comparison, of two control algorithms (O.3, O.4.1) which would serve as the baseline
for the controllers to be used in P.II and P.III with the UX-1 platform.

4.2.1 Introduction

The dynamic model of underwater vehicles can be approximated as a basic nonlinear
mass–spring–damper system, which can be transformed into a linear system by using a
nonlinear mapping (Fossen, 2011). This is the overall concept with feedback lineariza-
tion, to transform the nonlinear dynamics of a system into an equivalent linear system,
to which traditional control methods can be applied. The NSFL strategy has been
proven to provide an efficient, robust and simple approach for controlling nonlinear
systems (Wang et al., 2015, Bian et al., 2010). Thus, a NSFL position and attitude
motion control scheme is proposed as a solution for the control tests performed in P.I.

Proposed Control Law. The control law proposed and tested in P.I is selected such
that the nonlinearities of the system dynamics in 4.2 can be effectively canceled out.
Assuming that η and ν are measurable, the control law is given by

τ = Mλb +C(ν)ν + D(ν)ν + g(η), (4.10)

λb = J−1
Θ (η)[λn − J̇Θ(η)ν] (4.11)

where λb is interpreted as the body-fixed commanded acceleration vector and λn as
the commanded acceleration in the NED frame. λn is chosen as a PD control law with
acceleration feedforward

λn = η̈d −Kd
˙̃η −Kpη̃ (4.12)

where ηd is the desired position and orientation vector in NED, η̃ = η − ηd is the
position and orientation tracking error and, Kp and Kd are positive definite diagonal
matrices of the controller gains. In fact, these gains can be selected such that the error
dynamics ¨̃η +Kd

˙̃η +Kpη̃ = 0 is GES.
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4.2.2 Experimental Set-Up

Functional prototypes are often necessary, not only for concept evaluation, but as a
tool to gather accurate feedback, work out design flaws, minimize errors, and bring
clarity to an otherwise theoretical idea. In many cases, development time is shortened
because once the prototype is introduced, you can immediately test issues and concerns
on a tangible, working product. Thus, a scaled functional prototype of the UX-1
underwater vehicle is developed to test the functions and feasibility of the proposed
motion components, as well as to implement and validate control algorithms before
integrating in the working prototype. The complete design and development of the
UX-1s functional prototype is described in Suarez Fernandez et al., 2018 and P.I.

Figure 4.5: Functional underwater vehicle prototype UX-1s during tank tests.

Because of the size and development limitations in the scaled prototype design, certain
motion component elements of the UX-1 robot are not integrated, such as the VBS.
The design of the UX-1s, shown in Fig. 4.5 during the experiments performed in a
2 m × 1 m × 1 m water tank, is focused on complying to the design specifications
of the PS and VPS elements to be integrated in the UX-1 robot. For efficiency in
design, development, and testing of the underwater vehicle functional prototype, low-
cost Commercial Off-The-Shelf (COTS) mechanical and electronic items are used, so
that any part damaged during testing can be easily replaced.

The EH of the prototype is developed using two acrylic hemispheres of 50 cm in diam-
eter, integrated with the thruster cross manifold PS. The central rod element, used to
fix the PS, is composed of a watertight container in which all electronic devices are in-
tegrated. The cross manifold component of the PS is assembled from 3D-printed ABS
and incorporated into each lateral hemisphere (port and starboard) of the streamlined
spherical shape of the hull, along with two counter rotating vertical and horizontal
motors.
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Fig. 4.6 presents the VPS design for the UX-1s. It consists of two fixed bases and an
electronics tray rigidly mounted to the watertight enclosure’s flange seal, and a mobile
base that is moved along the rotation axis by two DC motors and a rack-and-pinion
gear design. To move the CG below the CB, the heaviest components in the watertight
enclosure (i.e., two 3S LiPo batteries) are attached to the mobile base along with the
DC motors (0.098 kg each).

Figure 4.6: Variable pitch system mechanical design for the UX-1s prototype.

The hardware architecture design is shown in P.I. The whole underwater vehicle system
is powered by two 11.1 V 600 mAh nano-tech LiPo batteries with DC/DC converters
used to power the 5 V electronics. It is equipped with a Raspberry Pi 3 Quad Core
1.2 GHz Single-board computer running Ubuntu Linux 16.04 and the Robot Operating
System (ROS) middleware Kinetic Kame, where control algorithms are implemented
and executed. The on-board computer sends commands to the autopilot with a custom
firmware from the ArduSub Project for low-level control and sensor measurement feed-
back from the 3D accelerometer and Gyroscope. The VPS DC motors are controlled
by a 9 Amp Pololu high-power motor driver connected to the on-board computer. For
propulsion 8 Turnigy Aerodrive DST-700 Brushless motors are used and controlled by
individual ESC, connected to the autopilot output ports.

4.2.3 UX-1s V&V Experiments

The experimental tests performed with the UX-1s in P.I are designed to evaluate the
performance of the proposed NSFL motion control system in a setpoint regulation
control objective (O.3.1). Moreover, the results obtained with the proposed NSFL
motion control system are compared to the results achieved by a PID controller which
was previously developed, implemented, and tested in Suarez Fernandez et al., 2018.
This comparison of the performance of two setpoint regulation motion control systems
on the functional prototype, will later serve as an initial reference for choosing an ap-
propriate motion control scheme to develop, integrate, and test on the UX-1 underwater
vehicle in P.II.
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Before testing the closed-loop motion control systems, a manual open-loop test was
carried out to determine the performance of the different motions available. During
this test, the sway motion was observed to create a substantial turbulence due to the
confined space inside the water tank that was used for tests. Thus, the sway DOF was
not evaluated using the UX-1s robot. Furthermore, since the design of the underwater
vehicle inherently allowed the roll DOF to be structurally stable, no control input was
necessary to stabilize the roll of the vehicle during operation.
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Figure 4.7: Experimental results obtained in setpoint regulation underwater tests per-
formed in P.I. (a) motion in the x direction, (b) rotation in yaw (ψ), (c) motion in the z
direction, (d) rotation in pitch (θ).

The results of the experimental setpoint regulation tests performed in P.I with the UX-
1s are shown in Fig. 4.7. As can be seen, the motions tested were: surge (Fig. 4.7(a)),
yaw (Fig. 4.7(b)), heave (Fig. 4.7(c)), and pitch (Fig. 4.7(d))). During these tests, the
guidance system was chosen as a human operator providing setpoint references in all
DOFs. Given the limited dimensions of the testing environment, only small distances
could be traveled with the UX-1s.

Table 4.2 presents the results of the transient and steady-state time analysis evaluated
on the response of both the PID and the NSFL motion control systems for each motion
tested. The time response performance indicators were: overshoot percentage (OS%),
rise time (Tr), fall time (Tf ), settling time (Ts) and mean error in steady-state (eSS).
To evaluate the effectiveness of the NSFL controller developed in this work, the results
obtained with the PID controller will be interpreted as the baseline for the desired
controller responses. Thus, an effective control performance with the NSFL will present
lower errors in steady-state and faster transient times.
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Table 4.2: Time response results in underwater experiments with PID and NSFL motion
control systems in P.I.

PID NSFL

Metrics Surge (x) Pitch (θ) Yaw (ψ) Heave (z) Surge (x) Pitch (θ) Yaw (ψ) Heave (z) Units

OS% 13.16 1.28 4.24 2.96 11.98 8.03 1.07 5.92 [%]

Tr 6.83 7.05 1.11 2.74 3.77 5.11 2.61 2.27 [s]

Tf 3.17 8.59 1.34 1.70 2.18 4.25 4.05 2.52 [s]

Ts 24.94 16.34 7.83 17.80 7.02 9.18 6.99 7.93 [s]

eSS 0.0083 (m) 1.5312 (deg) 0.6522 (deg) 0.0063 (m) 0.0056 (m) 0.9347 (deg) 0.6179 (deg) 0.0020 (m) [-]

As can be seen in Fig. 4.7(a), the response of the NSFL controller for the surge motion
is evidently more stable than that of the PID controller, which presented clear signs
of overshoot for the step references commanded. Moreover, the response of the PID
motion control system for the yaw motion tests, seen in Fig. 4.7(b), also showed un-
desirable oscillatory behavior in steady-state with a constant frequency and amplitude
around the reference angle set at 130◦.

The heave motion response with the NSFL controller (Fig. 4.7(c)) showed similar be-
havior to the surge motion, which was to be expected since the design of the UX-1s is
approximately symmetric in all three planes and thus must have similar dynamics in
the translational motions. Nevertheless, the PID controller obtained a lower OS% for
the upward movement setpoint at t = 45 s and a faster Tf than the NSFL controller.

Fig. 4.7(d) presents the pitch motion test results. Both the PID and NSFL controllers
were able to effectively control the pitch angle in transient and steady-state. However,
the performance of the NSFL controller exceeded that of the PID with faster rise and
fall times of 5.11 s and 4.25 s, respectively, while obtaining a settling time 7.16 s faster
and an error in steady-state of 0.9347◦.

The results obtained in the experimental tests in P.I demonstrate that the proposed
motion control systems are able to stabilize and maintain the required setpoints. Nev-
ertheless, the NSFL motion control system was able to achieve an overall higher perfor-
mance when compared to the PID motion control system. The performance indicators
evaluated show the NSFL controller as being capable of achieving the setpoint regula-
tion control objective with less errors in steady-state and with higher transient times.
Therefore, after V&V of both motion control systems in the UX-1s, the NSFL con-
troller is chosen to be integrated in the UX-1 robot for further testing on the real robot
platform in P.II.

The UX-1s is mainly designed to be used as a test-bench platform for designing and
testing motion control systems, without the need to deploy the real scale underwater
vehicle. Nonetheless, it is also intended to validate the actual performance of the motion
component design concepts, i.e., validate that the cross manifold actuator placement
for the PS is actually capable of the intended motions, and that the VPS is capable of
achieving the rotation around the y axis. With the experiments performed in P.I, the
motion components are validated and assurances can be made that the motion control
system actuation components will be able to perform the desired motions on the actual
UX-1 robot used in P.II and P.III.
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4.3 Relevant Environment (Publication P.II)

Publication P.II presents the design and experimental assessment of the motion control
systems for the UX-1 underwater vehicle in a relevant environment. First, the main
elements of the mechanical and hardware design of the UX-1 are introduced. Then,
the 6 DOF dynamic model of the UX-1 vehicle is derived (O.2), along with a thorough
analysis of the dynamic model parameters and their properties. Based on the dynamic
model of the system and the results obtained in P.I with the UX-1s, two motion control
systems are proposed and integrated (O.3). Afterwards, a series of probationary tests
are carried out to identify the complex parameters of the dynamic model (O.2.1).
Finally, the two proposed motion control systems are tested in underwater experiments
(O.4.1), designed to simulate navigation in mine tunnel environments, in an effort to
determine the most suitable motion control system to deploy for the tests performed
in P.III.

4.3.1 Introduction

Based on the results obtained with the proposed motion control system in P.I, in
publication P.II, the NSFL control law (4.10) is developed and integrated for the UX-
1, to be validated on the real system. Additionally, a multivariable approach, based
on linear quadratic optimal control theory is proposed as a alternate method for the
motion control system. Optimal control theory focuses on the problem of deriving a
control law for a system, such that an optimality criterion is achieved. This is usually
a cost function that depends on the state and control variables. A fundamental design
problem is the regulator problem, where it is necessary to regulate the outputs of
a system to zero or a constant value, while ensuring that they satisfy time-response
specifications. Thus, a Finite-Horizon LQR motion control system is proposed in P.II,
as well as a solution for the force allocation module by finding an explicit solution to
the Least-Squares (LS) optimization problem.

Proposed Force Allocation Solution. The force allocation module is chosen as un-
constrained, i.e., there are no bounds on the vector elements and their time derivatives.
Due to the actuator placement and motion component design, the control forces are
all produced in fixed directions (see Fig. 4.2). Considering that the mapping matrix
(T ) for the UX-1 is non-square (i.e., there are more control inputs than controllable
DOFs), it is possible to find an optimal distribution of control forces (F T ) for each
DOF by solving the unconstrained LS optimization problem (Fossen, 1994):

J =min
FT

{F�
TWF T}

subject to: τ − TF T = 0
(4.13)

where W is a diagonal positive definite matrix weighting the control forces. Using
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Lagrange multipliers, the explicit solution to the LS optimization problem yields

F T = W−1T�(TW−1T�)−1τ , (4.14)

where the matrix

T †
w = W−1T�(TW−1T�)−1, (4.15)

is recognized as the general inverse. For the case where there are equally weighted
control forces (W = I), (4.15) is reduced to the right Moore-Penrose pseudo-inverse

T † = T�(T�T )−1. (4.16)

Since from (4.14) and (4.16) we get, F T = T †τ , the control input vector u for the
thruster actuators in UX-1 can be computed from (4.9) as:

u = K−1
m T †τ . (4.17)

Proposed Control Law. An LQR motion control system is generally designed by
considering the state-space model of the form:

ẋ = Ax + Bτ (4.18)

y = Cx (4.19)

where A is the state matrix, B is the input matrix, C is the output matrix, and x is
the state vector. The LQR control law proposed in P.II is selected as:

τ = −Kx (4.20)

K = R−1B�P (t) (4.21)

where P (t) is found by solving the Differential Riccati Equation,

P (t)A+A�P (t)− P (t)BR−1B�P (t) +Q = −Ṗ (t). (4.22)

The control law in (4.20) is chosen to minimize the value of the quadratic cost function
defined as:

J =
1

2

∫ ∞

0

((x− xR)
�Q(x− xR) + (τ − τR)

�R(τ − τR)) dt (4.23)

where xR is the vector of the state references, and τR is the vector of input references.
Additionally, Q = Q� ≥ 0, R = R� > 0 are the weighting matrices of the tracking
and input errors, respectively.
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The block diagram of the LQR motion control system, shown in P.II, consists of two
nested loops. The inner loop is in charge of the velocity control and the outer loop of
tracking the reference position. The control gains are obtained by solving two indepen-
dent LQ problems. For the velocity, a linearized version of the dynamic equations in
(4.2) has been used, whilst for the position a linearized kinematic model, derived from
(4.1) is adopted.

The state gain matrix Q is designed as a diagonal matrix where each term on the
main diagonal is normalized by dividing by the square of the maximum acceptable
error. The control weight R is a tuning parameter related to the energy consumption
of the control strategy, with higher gains meaning a faster system at the cost of an
higher energy requirement. R is tuned by dynamic simulations of the system, choosing
a trade-off between response time and required control forces, and afterwards tuned in
experimental tests.

4.3.2 Experimental Set-Up

To achieve the objectives proposed by the UNEXMIN project, a new underwater vehicle
had to be developed that met the desired specifications required for flooded mine
inspection. The UX-1 underwater vehicle, shown in Fig. 4.8, is designed and built
following the strict requirements in terms of size, weight, payload, and maneuverability,
shown in Table 1.1. The overall mechanical design and manufacturing of the UX-1
underwater vehicle is performed by researchers from the Department of Technology
and Mechanical Engineering of Tampere University (Finland). The design process is
presented in several works in the literature, such as Zavari et al., 2017 and Villa et al.,
2018.

Figure 4.8: UX-1 underwater vehicle during pool tests. c© 2019 IEEE
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The UX-1 underwater vehicle is designed with a closed-frame structure, in order to
maximize the available space inside the robot and simplify the dynamics. The EH,
seen in Fig. 4.9, is composed of three individual elements: a toroid shaped central
housing, and two aluminum side plates. The integration of all the required components
(e.g., scientific instrumentation, external sensors, etc.) in the mechanical design of the
UX-1, resulted in the final design not having a completely streamlined spherical shape.
Thus, a thorough structural analysis using Finite Element Method was performed in
Villa et al., 2018. This analysis validated the non-ideal shape of the UX-1 as capable of
withstanding the high pressure conditions during the foreseen field operations (R.6).

Figure 4.9: External hull design for the UX-1 underwater vehicle. c© 2019 IEEE

The central housing design of the UX-1 presented complex shapes and geometries which
could not be fabricated by using simple methods. Therefore, from the manufacturing
methods available, the aluminum pouring casting method (Alloy AS7G06) was chosen.
Nevertheless, the two aluminum side plates were manufactured by 5-axis machining
as a monobloc (Alloy AW 7021). In P.II, the development of the VPS and VBS
motion components were in progress, thus, only the PS motion component was tested.
The PS of the UX-1 is actuated by eight BlueRobotics2 T200 brushless electric motor
thrusters integrated in the cross manifold structure, explained in Section 4.1.1, and
rigidly attached to each side plate. The manifolds were integrated into syntactic foam
to achieve a lateral spherical shape and provide the additional buoyancy required.

The underwater experimental tests presented in P.II are performed in a 10 m × 6 m
× 5 m depth test tank located in the Robotics and Autonomous Systems Laboratory
at INESC TEC (Portugal). Using the measurements from the DVL and the IMU
sensors installed on-board, an EKF algorithm (developed by researchers at INESC
TEC) is used to estimate the UX-1 robot position and velocity feedback used for the
model parameter identification and the motion control system tests. In order to ensure
scalability and modularity between the software modules designed and integrated in
the UX-1, all hardware interfaces have been implemented in Python or C++ in Ubuntu
16.04, and data communications are handled using ROS standard messages.

2www.bluerobotics.com
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4.3.3 Model Parameter Identification

In model-based control strategies, an accurate model of the system is key for correct
design and performance. Several of the model parameters in (4.3) – (4.5) can be esti-
mated using hydrodynamic programs or can be calculated theoretically. Nevertheless,
parameters such as the hydrodynamic damping are sometimes impossible to accurately
obtain without experimental data. Often better results are obtained when uncertain
terms are chosen to be zero in the controller, as was the case with the NSFL in P.I.
In order to address this with the UX-1 platform, experimental identification tests are
conducted in P.II to identify and validate the thruster force coefficient and the hydro-
dynamic damping coefficients.

Thruster Force Coefficient

The first identification tests were performed to estimate the element km of the thruster
force coefficient matrix Km in (4.8). An experimental test was performed using one of
the T200 thrusters from the UX-1 and a 20 kg micro load cell to relate the thrust force
generated to a commanded RPM velocity. The complete procedure followed in the
force coefficient identification tests can be seen in P.II. Using the characteristic curve,
shown in Fig. 4.10, the thruster motor coefficient was estimated as km = 5.9× 10−8.
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Figure 4.10: Curve fitting used for estimation of thruster force coefficient. c© 2019 IEEE

As shown in Fig. 4.10, the data obtained from the identification tests are in good
accordance with the expected quadratic model in (4.7). Analyzing the experimental
data, it is possible to assume that the actuator model, including the velocity loop,
follows a first order system. Furthermore, noticing that the settling time was less than
100 ms, it is possible to estimate the time constant of the system to be less than 25 ms.
For these reasons, the dynamics of the actuators can be safely considered negligible
with respect to the dynamics of the vehicle, and the actuators can in fact be modeled
as an instantaneous source of thrust.
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Hydrodynamic Damping Coefficients

The next identification tests were performed to estimate the linear and quadratic damp-
ing coefficients of the hydrodynamic damping matrix D in (4.5). These terms can be
expressed with two formulations, one arising when the vehicle performs a motion along
an axis (axial drag), and another when the vehicle rotates around an axis (rolling drag).

Axial Drag The following two damping models are considered:

mu̇ = X|u|uu|u|+Xu̇u̇+X (4.24)

mu̇ = X|u|uu|u|+Xuu+Xu̇u̇+X (4.25)

where in (4.24) only the quadratic damping coefficientX|u|u is taken into account, whilst
in (4.25), both the linear Xu and quadratic X|u|u terms are considered. To identify the
damping coefficients of the axial drag, a test has been performed providing as input
to the system a known linear force using the PS, and measuring the resulting velocity
of the vehicle from the DVL. The results of these experiments, together with the two
identified models, are shown in Fig. 4.11(a).

Rolling Drag Again, two models of increasing complexity have been used:

Iyy q̇ = zgW sin(θ) +M|q|qq|q|+Mq̇ q̇ +M (4.26)

Iyy q̇ = zgW sin(θ) +Mqq +M|q|qq|q|+Mq̇ q̇ +M (4.27)

where in (4.26) only the quadratic damping term M|q|q is considered, whereas in (4.27)
the analysis is extended also to the linear term Mq. The rolling drag test is performed
by imposing an initial step, manually pitching the vehicle upwards, and then computing
the pitch angle geometrically from visual markers placed on the UX-1. In Fig. 4.11(b),
the fitting for both identified rolling drag models is presented.
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Figure 4.11: Hydrodynamic damping identification results (blue line represents exper-
imental data, red dashed line in (a) model (4.24) and in (b) model (4.27), black dashed
line in (a) model (4.25) and in (b) model (4.26). c© 2019 IEEE
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The complete procedure for the experimental identification of the hydrodynamic damp-
ing coefficients is explained in P.II. In order to compute the coefficients from the ex-
perimental data a grey box identification approach is chosen. For both formulations
(i.e., axial drag and rolling drag), a fitting percentage of the experimental data was
computed by means of the normalized root mean square error (NRMSE).

From the identification experiments performed for the axial drag linear and quadratic
damping terms, in Fig. 4.11(a), it is apparent that the model in (4.25) was able to
better replicate the vehicle dynamics both in transient and steady-state. The model
in (4.25) obtained a 69.17% fit, 8% higher than the simplified model in (4.24). Using
the experimental data, the quadratic drag term results in X|u|u = -73.51 ± 5.1 kg/m,
whereas the linear drag term is estimated as Xu = -65.5 ± 3.2 kg/s.

As can be seen in Fig. 4.11(b), both models (4.26) and (4.27) produce similar results to
the experimental data with a fit percentage of approximately 81.09%. In this particular
case, the addition of the linear term Mq does not provide any significant improvement,
thus the more complex model in (4.27) is redundant. The identified parameter for the
quadratic model results inM|q|q = - 2.76 ± 0.21 kg·m2. A table presenting the complete
dynamic model parameters of the UX-1 underwater vehicle is presented in P.II.

4.3.4 UX-1 V&V Experiments

The experimental tests performed with the UX-1 in P.II are designed to evaluate the
performance of the proposed force allocation module solution and the proposed Finite-
Horizon LQR control law, for solving the path-following control objective (O.3.2).
Furthermore, the NSFL motion control system which was validated on the UX-1s
functional prototype in P.I has been developed and integrated for validation on the
UX-1, and is also proposed as a solution to the path-following control objective. The
performance of both the Finite-Horizon LQR and NSFL motion control systems, during
the underwater control tests with the UX-1, are compared to determine which motion
control system will be used in the operational environment experimental tests to be
performed.

The proposed motion control systems are developed for controlling the 5 DOFs obtained
with the PS motion component of the UX-1, i.e., motions in surge, sway, heave, roll,
and yaw (see Table 4.1). The pitch motion was not considered in this work, thus, the
VPS motion component was used to fix the the pitch angle (θ) of the UX-1 to 0◦ during
the underwater tests. Additionally, the VBS used for buoyancy control and trimming
was not fully functional during these tests; therefore, the robot was trimmed with dead
weights on the inside to get as close to neutral as possible.

The path-following control tests evaluate the ability of the motion control system to
follow a predefined path, without restriction on the temporal propagation along the
path. The path references consist of way-points with the form [x, y, z, φ, ψ], where
x, y, z are in meters, and φ, ψ are in radians. These way-points are chosen to represent
a possible navigation scenario which could be encountered during exploration missions
in mine tunnel environments.

42



Chapter 4. Results and Discussion

The UX-1 is intended to operate narrow and complex environments, therefore, the
requirements of the control tuning were focused on achieving zero error in steady-state
with minimal overshoot; and no requirement on rise time or settling time since the
operational velocity is quite low. The controller tuning procedure is described in P.II.
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Figure 4.12: Results obtained in the path-following tests: (a) 3D Reference path and
tracking results with the Finite-Horizon LQR (1. Start Point, 2. End Point), (b) 3D
Reference path and tracking results with the NSFL (1. Start Point, 2. End Point). c©
2019 IEEE

Fig. 4.12 presents the overall results of the path-following underwater tests. In Fig. 4.12(a),
the complete 3D path navigated by the UX-1 robot with the Finite-Horizon LQR con-
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troller is shown; whilst the 3D path obtained with the NSFL motion control system
can be seen in Fig. 4.12(b). The reference paths commanded are composed of four
way-points alternating in North (x) and Depth (z), while maintaining the East (y) at
y = 0 m and the yaw (ψ) and roll (φ) fixed at 0◦. Similar to the performance analysis
presented for the experimental results obtained in P.I, table 4.3 presents the results for
the time response analysis of both the NSFL and the Finite-Horizon LQR motion con-
trol systems, as well as the mean force and the maximum measured velocities achieved
by the UX-1 during testing.

Table 4.3: Results of the performance analysis for the path-following tests in P.II.

LQR NSFL

Metrics North (x) Depth (z) North (x) Depth (z) Units

OS% 10.61 22.02 2.16 7.89 [%]
Tr 36.97 15.99 18.50 12.15 [s]
Tf 14.64 9.36 15.90 12.12 [s]
Ts 78.78 54.35 38.24 36.34 [s]
eSS 0.1045 0.0439 0.0733 0.0351 [m]
Mean Force 3.91 1.96 1.92 1.92 [N]
Max Velocity 0.15 0.145 0.24 0.10 [m/s]

A key factor in the design of the UX-1 was the operating velocity of the robot during
missions. This value was fixed at a maximum of 0.5 m/s, in accordance with the
requirements presented in Table 1.1. As can be seen, the NSFL controller achieves much
faster velocities in the surge motion, as opposed to faster velocities in heave motion
from the Finite-Horizon LQR controller. Another important factor in the analysis
of the motion control systems is the energy consumption. In order to achieve the
required 5 hours of endurance, low power consumption from the PS must be obtained.
During the path-following tests, the NSFL control inputs required a lower mean force
to complete the path references commanded, when compared to the Finite-Horizon
LQR controller.

From the results shown in Fig. 4.12, it is apparent that the overall response of the
NSFL motion control system was more effective in following the commanded reference
path. Furthermore, the performance of the Finite-Horizon LQR depth control was
oscillatory and showed a limit cycle around the target reference position. This is due
to the controller being linearized around an ideal neutral buoyancy condition (i.e.,
weight = buoyancy), which was not the case during the experimental tests.

In a comparison of the time response analysis for each motion control system, it is
evident that the performance NSFL controller exceeds that of the Finite-Horizon LQR
control in every metric except for fall time. As previously mentioned, the control
tuning was focused on obtaining zero error in steady-state with minimal overshoot. In
this sense, the NSFL controller achieved overshoot percentages which were 8.45% and
14.13% lower than the Finite-Horizon LQR in north and depth, respectively. Moreover,
the response of the NSFL motion control system achieved very desirable errors in
steady-state of 0.0733 m and 0.0351 m in north and depth, respectively. Therefore,
after V&V of both motion control systems on the UX-1, the NSFL controller once
again obtained the best performance and will thus be used for the field experimental
testing in P.III.
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4.4 Operational Environment (Publication P.III)

Publication P.III presents the operational environment experimental evaluation of the
motion control systems for the UX-1 underwater vehicle. First, the mechanical design
of the motion components are introduced, focusing on the previously untested systems
(i.e., VPS and VBS). Next, the 6 DOF dynamic model of the UX-1 vehicle is derived
(O.2), using quaternions to represent the attitude of the vehicle. Additionally, the
NSFL motion control system, validated in P.II, is derived with the quaternion attitude
representation form (O.3). Afterwards, the general architecture implemented for the
UX-1 platform is presented (i.e., system, hardware, and software architectures). Lastly,
a series of field trials are conducted with the UX-1 underwater vehicle in three flooded
mines across Europe: the Kaatiala mine in Finland, the Urgeiriça mine in Portugal,
and the Idrija mine in Slovenia. These experiments were used to validate the motion
control systems performance in real-world scenarios (O.4.2).

4.4.1 Introduction

The experimental tests performed in P.II were designed to validate the motion control
systems of the UX-1 vehicle in a relevant underwater environment, prior to real-world
experiments. From the results obtained it was concluded that, out of the two motion
control systems proposed, the NSFL control law achieved the best overall performance.
Therefore, in publication P.III, the NSFL controller was deployed as the main motion
control system for the UX-1 vehicle during field experiments, along with the force
allocation module solution using LS.

Moreover, for the tests in P.III, the VPS motion component of the UX-1 was fully
functional, which allowed the descent and/or ascent of vertical shafts to be performed
with the navigation sensors and scientific instrumentation facing towards the direc-
tion of movement (R.4). This implies that maintaining a pitch angle of θ ≈ ±π/2
would be a common operating state during missions. However, using the previous
approach based on Euler angle representation would present a singularity in a pitch
angle of θ = ±π/2. This results in obtaining an infinite number of solutions to the
Euler sequence. To avoid this singularity and allow for a complete range of motions,
the four-parameter method based on unit quaternions is used to represent the attitude
and for the derivation of the NSFL equations.

Proposed Control Law. The control law is selected according to the description of
the NSFL motion control system, presented in Section 4.2.1, i.e., (4.10), which has been
implemented and developed inP.I andP.II. The main difference when using quaternion
representation arises in the calculation of the body-fixed commanded acceleration in
(4.11), which takes the form

λb = J †
q(η)[λ

n − J̇ q(η)ν] (4.28)

where J †
q(η) is computed using the left Moore-Penrose pseudo-inverse of the non-

quadratic transformation matrix J q(η) ∈ R
7×6. Their definitions and derivations can

be found in P.II.
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4.4.2 Experimental Set-Up

The UX-1 underwater vehicle, presented in Section 4.3.2, is deployed with all the
intended motion component functionalities, in order to be used for the experimental
field tests in P.III. The design of the VPS and the VBS motion components for the
UX-1 vehicle depend on a single common element, hereby called the central rod. This
element, shown in Fig. 4.13(a), is designed to be used as the mounting point for the
side plates of the EH and the VPS, as well as for integrating the oil reservoir tank,
used by the VBS.

(a) (b)

Figure 4.13: VBS motion component of the UX-1 Robot. (a) 3D CAD design; (b) Real
integration in the UX-1 platform. c© 2019 IEEE

The UX-1 VBS motion component (Fig. 4.13(b)) is comprised of dual water inlet
cylinders that divide water from oil using aluminum pistons; and an oil reservoir tank
installed in the geometric center of the robot. In order to decrease the buoyancy for
descent maneuvers, oil is pumped from the cylinders to the oil reservoir tank, actuated
by a brushless electric motor, which shifts the position of the pistons. This creates
suction in the water inlet cylinders and are gradually filled with water, thus changing
the weight and volume of the vehicle. If the buoyancy is to be increased, the opposite
procedure is followed by pumping water out of the water inlet cylinders and filling
them with oil from the reservoir tank. The complete theory and development of the
VBS can be found in Salomaa, 2017.

The design of the VPS motion component is intended to maximize the operation time
during dives by using a low power consumption implementation. As can be seen in
Fig. 4.14(a) and Fig. 4.14(b), the VPS design consists of a stepper motor with a bevel
and worm gear set-up, which rotates the battery module (three eccentrically placed
6S 16000 mAh LiPo Batteries) around the oil reservoir tank using a planetary gear
fixed to the central rod. This shifting of a mass w.r.t the CG of the vehicle generates
a torque which in turn rotates the UX-1 Robot, passively stabilizing the system to a
desired pitch angle.
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(a) (b)

Figure 4.14: VPS motion component of the UX-1 Robot. (a) 3D CAD design; (b) Real
integration in the UX-1 platform. c© 2019 IEEE

In publication P.III, the general architecture integrated on the UX-1 underwater vehi-
cle is presented. This includes an overall description of the system architecture, where
a conceptual model of the set-up used during field experiments is shown. The hard-
ware architecture is also extensively detailed, along with a graphical representation of
all of the components comprising the hardware system, including their communication
protocols, and interactions between them. The control software architecture has been
organized into three separate layers: Motion, Localization and Driver Interface layers
(see Fig. 4.15). Each layer is composed of multiple intercommunicating nodes, in a
modular structure. In this software architecture, most key functionalities are avail-
able for demonstration, testing and deployment with integrated hardware interfaces to
demonstrate operational feasibility.

Figure 4.15: Control software architecture developed for the UX-1 underwater vehicle.
c© 2019 IEEE
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The key layers developed for the work presented in this thesis are the Motion and Driver
Interface Layers. The Motion layer contains all the nodes related to the movement of
the UX-1 Robot, whilst the driver interface layer handles the communications between
the control software nodes and the hardware components.

The underwater experimental tests presented in P.III are performed in three aban-
doned and flooded mines, with gradual increase in the harshness of the conditions (i.e.,
accessibility, extent of tunnel network system, potential for robot recovery in the case
of malfunction, etc.). These mines are (ordered chronologically):

Figure 4.16: Kaatiala mine view.

The Kaatiala mine is a flooded open pit mine
with maximum depth of approximately 40 m.
There are three tunnel entrances varying in size
(see Fig. 4.16). This mine is selected for the first
field tests of the UX-1 Robot due to its easy ac-
cessibility, clear waters and large tunnel networks
without debris. Additionally, the maximum op-
erating depth during tests allowed for the robot
to be recovered safely by a scuba-diver in the case
of malfunction.

Figure 4.17: Idrija mine view.

The Idrija mine test dives are carried out in
the main Borba shaft, seen in Fig. 4.17, which
is currently used by the mine for pumping and
regulating the water table. This mine is selected
as the second trial site due to its more challeng-
ing environment when compared to the previous
test site in the Kaatiala mine; its murky water
and confined spaces, provided an ideal place to
test the functionality of the UX-1 Robot in very
realistic and harsh mine conditions.

Figure 4.18: Urgeiriça mine view.

The Urgeiriça mine experimental dives are
performed in the Santa Bárbara shaft, seen in
Fig. 4.18, which is over 400 m deep with only the
first 20 m of the shaft secured with concrete. This
mine is selected as the third field test site, because
it presented similar underwater mine conditions
as those found at the Idrija mine, such as murky
waters, confined spaces and obstacles. Moreover,
the structures of the vertical shafts allowed test-
ing and validation of the UX-1 at bigger depths.

Each mine site is different from the other in terms of accessibility and operational space
available. At each mine site, an operator mission workstation had to be set-up with
communications to the shaft where the UX-1 was to be deployed. Additionally, Launch
and Recovery Systems are installed to deploy and recover the robot in between dives.
The process for each mine site is explained in detail in P.III.
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4.4.3 UX-1 V&V Field Experiments

The goal of the field experiments with the UX-1 underwater vehicle, presented in P.III,
is to demonstrate the performance of the full system in the actual operational environ-
ment intended for the UX-1 underwater vehicle as part of the UNEXMIN project. As
such, these tests are performed to acquire data on the mineralogical composition, as
well as to gather mapping data to build 3D models of the mines, of whom no structural
information was available.

Table 4.4: General assessment of the three field trials performed in P.III.

Kaatiala Mine Idrija Mine Urgeiriça Mine

Trial Period 11 Days 12 Days 19 Days

Dives Performed 10 11 18

Mean Duration 0.95 hr 1.10 hr 2.5 hr

Max Duration 1.69 hr 2.15 hr 3.9 hr

Table 4.4 shows the overall details of the experimental dives performed at each mine
site. During the field trials, a total of 39 dives were performed within a span of 42 days.
The inaugural trials were carried out at the Kaatiala mine in Finland, where during 11
days of field testing, a total of 10 dives were performed. The second field trials were
held at the Idrija mercury mine in Slovenia. Here, 11 dives were completed with an
average dive time of 1.10 hr. With the experience and results obtained at the Kaatiala
and Idrija mines, the third field trials were performed at the Urgeiriça uranium mine
in Portugal, accomplishing a total of 18 dives over a span of 19 days.

In this section, the main results of the experiments shown in P.III will be presented.
This includes the results of the experiments performed on the untested motion com-
ponents (i.e., VBS and VPS), as well as the results of the main exploration missions
performed at each one of the mine sites. The complete set of results from each field
site can be seen in the included publication P.III.

Variable Ballast System

The primary objective of the VBS is to achieve a vertical motion of the vehicle without
the need for sustained actuation from the PS. The UX-1 VBS tests, shown in Fig. 4.19,
consist on validating that the VBS achieves an actual change in the buoyancy of the
underwater vehicle, as well as demonstrating a decrease in power consumption. The
initial open-loop purge test of the VBS can be seen in Fig. 4.19(a). The results demon-
strate that the design of the VBS accomplishes the required change in weight and
volume needed to trim the buoyancy of the UX-1 as a positively or negatively buoy-
ant system. In this test, water is initially pumped into the water inlet cylinders until
neutral buoyancy is observed. Afterwards, the vehicle is submerged using the NSFL
controller to a depth setpoint of 15 m, where the VBS is purged before disengaging
the depth control. Due to the change in buoyancy, the UX-1 is able to surface with
a vertical velocity of 0.375 m/s, solely by using the added buoyancy provided by the
VBS.

49



4.4. Operational Environment (Publication P.III)

0 50 100 150 200 250 300

-5

0

5

10

15

20

25

30

35

-10

0

10

20

30

40

50

60

(a)

0 200 400 600 800 1000 1200
-2

0

2

4

6

8

10

12

14

16

18

-60

-40

-20

0

20

40

60

80

100

120

(b)

Figure 4.19: Results of the VBS validation tests performed in P.III. c© 2019 IEEE

Additionally, a second test is performed to analyze the effect of the VBS on the output
force commanded by the NSFL depth motion control. For this test, water is initially
pumped into the VBS until negative buoyancy was observed, and then gradually sub-
merged to a depth setpoint of 17 m using the NSFL motion control system. As can
be seen in Fig. 4.19(b), maintaining a depth of 17 m with a negatively buoyant system
required a mean force of 4.11 N from the PS. After purging the VBS until neutral buoy-
ancy was acquired, the total force required for maintaining the same depth lowered to
a mean value of 0.20 N, around 4.86% of the initial force. These results show that
the addition of the VBS to the UX-1 enhances the overall performance of the NSFL
motion control system by requiring less constant power consumption from the PS, thus
extending the overall operational time. Additionally, these tests further validate the
robustness of the NSFL motion control system as capable of stabilizing the system to
a desired setpoint, even with variations in buoyancy and model parameters.

Variable Pitch System

The VPS motion component is designed to allow navigation inside the mine tunnels
with the front of the UX-1 facing towards the desired direction of movement. Thus,
a major achievement is accomplished by validating the VPS inside a real mine shaft,
satisfying R.5. The results of the initial VPS test can be seen in Fig. 4.20.
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Figure 4.20: Pitch angle test results with the VPS. c© 2019 IEEE
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The design of the VPS allows for a pitch rotation within the range of θ = [−π/2, π/2].
However, among these values, three pitch configurations were considered to be critical:
the Nose Down (ND) configuration (θ ≈ −π/2), used to descend through vertical mine
shafts; the Nose Front (NF) configuration (θ = 0), used to explore side galleries; and
the Nose Up (NU) configuration (θ ≈ π/2), applied to ascend vertical shafts.

In the test shown in Fig. 4.20, all three configurations are tested in open-loop control.
The VPS responded to the set points commanded with a Tr of 5.23 s, a Tf of 2.05 s, and
a Ts of 4.52 s. Nevertheless, in this initial test, the VPS did not achieve the expected
ND and NU configurations. This is due to improper weight balancing in the forward
axis of the UX-1 underwater vehicle, which has to be adjusted in order to obtain the
full range of motion required.

Exploration tests

With the validation of the VBS and VPS, all motion components of the UX-1 under-
water vehicle are integrated and fully functional. Subsequently, exploration missions of
the Kaatiala, Idrija, and Urgeiriça shafts and tunnels are performed to gather scientific
instrumentation measurements (i.e., Multispectral Camera Unit, Pressure Sensor, pH
Sensor, etc.), along with acquisition of 3D point cloud data of the mines (R.9).

For these initial exploration missions, the UX-1 is connected to control rooms set-up
at each mine site via a tether connection, for real-time monitoring and visualization.
The tests are semi-autonomous, where an operator on the mission workstation (see
P.III) teleoperates the UX-1 vehicle in the surge and sway motions, and occasionally
the heading; whilst the depth of the robot is fully controlled with the NSFL motion
control system to solve the setpoint regulation control objective (O.3.1) and the roll
is fixed at φ = 0 rad. This decision is made in order to allow local geologists and
mine personnel to guide the exploration tasks and acquire as much mineralogical and
structural data as possible from the scientific instrumentation. Table 4.5 shows the
overall results obtained during the exploration missions in P.III.

Table 4.5: Evaluation of the performance of the UX-1 during the three field trials.

Kaatiala Mine Idrija Mine Urgeiriça Mine

Mean Depth 19.67 m 8.53 m 63.69 m
Max Depth 31.73 m 25.81 m 106.54 m
Mean Force 1.25 N 0.21 N 3.73 N
Max Force 119.82 N 43.83 N 24.91 N
Depth RMSE 0.9094 m 0.2703 m 0.6982 m

The first exploration mission is performed at the Kaatiala open pit mine. The vehicle is
submerged to a maximum depth of 31.73 m using the NSFL depth motion control. The
VBS is activated during the dive to maintain neutral buoyancy, and the VPS is kept
at a NF configuration. The response of the depth control is presented in Fig. 4.21(a).
Throughout the dive, a mean force of 1.25 N in Z was necessary to stabilize the system
to the desired references, and achieving a Root-Mean-Square-Error (RMSE) of 0.9094
m.
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The generated 3D point cloud of the external wall of the mine, where the two main
tunnel entrances are clearly visible, is presented in Fig. 4.21(b). Furthermore, in P.III,
the Octomap representation of the explored section of the mine tunnel, as well as the
3D trajectory during the guided exploration mission are shown.
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Figure 4.21: (a) Depth position and (b) Point cloud of exploration mission at Kaatiala
mine; (c) Depth position and (c) Octomap of exploration mission at Idrija mine. c© 2019
IEEE

The next exploration mission is performed to explore the deepest section of the Borba
shaft at the Idrija mercury mine. Similar to the Kaatiala mine exploration, the VBS
is used to compensate for buoyancy changes while diving and the VPS is fixed in a
NF configuration. As can be seen in Fig. 4.21(c), the UX-1 reaches the deepest part
of the mine shaft at 25.81 m with exceptional accuracy using the NSFL depth motion
control. In this mission, the RMSE achieved is 0.2703 m, with a mean force required to
stabilize the system of 0.21 N, both substantially lower than in the previous exploration
mission at Kaatiala. This difference can be explained by a more accurate tunning of
the buoyancy with the VBS throughout the dive.

This exploration mission successfully acquired valuable data about the shape of the
shaft, which includes locating an access to a drainage gallery connected to the shaft,
that was presumed to be blocked. The mapping data demonstrates that this is not
the case, and the side tunnel is open, which is then mapped 7 m into the side gallery
(see P.III). Using the pointcloud data from the MultiBeam and Scanning SONARs,
an Octomap representation of the Borba shaft is obtained, see Fig. 4.21(d). Moreover,
the generated Octomaps of the drainage gallery explored with the UX-1 Robot can be
seen in P.III.
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The Urgeiriça uranium mine is a deep underground mine with accessible entrances
to numerous mine levels, which presents the opportunity to test more advanced ma-
neuvering capabilities. Once the open issues encountered during the previous field
experiments are solved, such as debugging the software, verifying the hardware com-
ponents, and balancing the internal weight of the UX-1 to improve the range of the
VPS, an exploration mission of the Santa Bárbara shaft is carried out.
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Figure 4.22: (a) Depth, (b) Pitch, and (c) Heading responses of the UX-1 robot during
the exploration mission in P.III; (d)-(e) Octomaps of the shaft and side gallery 3. c©
2019 IEEE

In this dive, a depth of 106.54 m is reached, making this the deepest exploration mission
performed amongst the three sites. Moreover, this dive represents a key milestone in
the validation of the UX-1 platform concept for the UNEXMIN project where, for the
first time, all of the motion components are controlled simultaneously.
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Figs. 4.22(a)–(c) present the response of the NSFL motion control systems during the
exploration mission. The shadowed sections represent the intervals where all motion
control systems are active at the same time. During the dive, the VBS is activated to
regulate the buoyancy of the system to aid in ascending, descending and maintaining
neutral buoyancy. The results of the VPS, shown in Fig. 4.22(b), demonstrate that the
UX-1 is able to perform the pitching maneuver with the necessary accuracy to navigate
facing the desired direction of movement through vertical shafts and side galleries in
ND, NF and NU configurations. Additionally, the heading motion control, presented in
Fig. 4.22(c), is able to stabilize the yaw of the UX-1 Robot in any VPS configuration.

Fig. 4.22(a) shows the depth control response obtained in the exploration mission. As
can be seen, the NSFL motion control system is able regulate the commanded depth
reference setpoints for the entire duration of the dive, achieving a RMSE of 0.6982 m
and an average required force of 3.73 N. Compared to the exploration dives performed
at previous mine sites, the higher accumulated error and average force required can be
attributed to a greater depth traveled and the weight of the tether cable connected to
the UX-1 vehicle.

The structural data of the mine is recorded throughout the exploration dive. In
Fig. 4.22(d), the Octomap of the Santa Bárbara shaft (generated with the 3D point
cloud data) can be seen, along with the Side Galleries 1, 2, and 3, found during the
exploration missions. Additionally, the Side Gallery 3 is explored up to 9 m from the
main shaft, whose Octomap and the trajectory traveled is shown in Fig. 4.22(e), whilst
the recorded Octomap of the Side Gallery 1 and the 3D navigation trajectory are shown
in P.III.

In addition to the exploration mission shown in Fig. 4.22, several dives are carried out
to explore the shafts and tunnels of the Urgeiriça mine at different depths, with an
average duration of 2.5 hr. Moreover, in order to test the endurance of the system,
a 3.9 hr deep dive is performed. At the end of the dive, there was enough power left
in the system to estimate a maximum operational time close to 5.0 hr, which is in
accordance with R.7 from the requirement specifications.

Despite the major advances in the development of the UX-1 Robot motion control
systems during the 39 dives performed, as with any field experiments, several issues
were encountered while testing in remote locations. Among these problems, high CPU
loads and temperatures were observed, which caused occasional reboots of the on-board
main PC. This meant that these parameters had to be constantly monitored during
the dives and extra heat dissipation plates installed.

Overall, the main objectives of the V&V exploration missions performed at all three
mine sites were fulfilled. Mineralogical data was gathered from the scientific instru-
mentation, such as multispectral images and UV fluorescence lights of the rock wall
when it was exposed. Point cloud scans of the mine shafts were acquired and Octomaps
were generated of the tunnels explored with the UX-1 Robot. Extensive video footage
was recorded. And last but not least, the motion control system was validated in an
operational environment with a successful performance.
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Chapter 5
Conclusions and Future Work

This thesis by compendium proposed high-performance motion control systems for
the novel underwater mine explorer platform UX-1. This included methods based on
linear quadratic optimal control theory and a nonlinear feedback linearization approach.
The proposed solutions have been experimentally verified and validated in increasingly
complex environments, which demonstrated their successful performance and function-
ality. Moreover, this doctoral work presented applications that go beyond the state
of the art, by performing exploration missions with the UX-1 underwater vehicle in
real underground flooded mines.

In Chapter 1, the main motivation for this thesis was presented, to develop solutions
for the motion control systems of the novel underwater robotic platform UX-1 and
improve the state of the art in real-world underwater robotic applications. Publications
P.I – P.III shared this thematic unity and presented a clear methodical progression
of the proposed solutions and results to achieve the overall goal of the thesis. In
publication P.I, a test-bench underwater vehicle was developed and manufactured to
evaluate the proposed motion control solutions on a scaled prototype, before integrating
on the real system. Publication P.II presented the results of the model parameter
identification and experimental validation of the proposed motion control systems in
a relevant environment, whilst in publication P.III, the previously validated motion
control system solution was verified with experimental field tests performed in the
expected operational environments, i.e., three abandoned and flooded mines across
Europe: the Kaatiala mine, the Idrija mine, and the Urgeiriça mine.

As shown in Sections 4.2 – 4.4, all of the proposed objectives O.1 – O.4 (outlined in
Section 1.3) were addressed in publications P.I – P.III. The main contributions C.1
- C.10 are given in Section 1.4 and can be found in the appended publications as
follows: Contributions C.1 – C.3 are established in publication P.I, whilst contribu-
tions C.4 – C.7 are presented in publication P.II, and contributions C.8 and C.9 are
demonstrated in publication P.III. Contributions C.6, C.8 and C.9 are emphasized
as the main contributions of this dissertation, in which the motion control systems
are developed and integrated in a custom software architecture, and are validated in
real-world scenarios to solve the main problem stated in this thesis, the development
and testing of high-performance solutions for the motion control subsystem component
of the GNC process.
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The proposed motion control system approaches (in publications P.I – P.III) have
been rigorously verified and validated in experimental real-world scenarios. The re-
sults obtained, shown in Chapter 4, demonstrate that the continuous assessment and
evaluation of the performance of underwater robotic systems in operational environ-
ments should be considered a necessity to develop state of the art applications that will
eventually benefit industry.

According to the TRL definitions, presented in Table 3.1, a TRL-7 in hardware is
achieved by demonstrating the performance of a system in the actual operational envi-
ronment and platform; and in software, it is achieved by demonstrating the operational
feasibility of the software architecture with all key functionalities available. With the
demonstrations performed in the operational environments in P.III, it can be stated
that a TRL-7 was achieved by the motion control subsystem of the UX-1 underwater
vehicle (C.10). Nevertheless, a common practice is to report a single TRL for the
outcome of an entire project, rather than separate TRLs for each subsystem, since
they are not aimed to function discretely. When there are many individual subsystems
involved in a project, the project TRL is the lowest of all. Because of the early stages
of validation from other critical subsystems, the whole UNEXMIN project has been
scaled at a TRL-6.

At this stage, not all modules required for full autonomous behavior are ready to be
validated in operational environments. Based on the experiences and lessons learned
from the results achieved in this doctoral thesis, the future work will predominantly
focus on several research lines aimed at extending the current autonomous capabilities
of the UX-1 Robot platform. The first research line will involve the implementation,
testing and validation of SLAM algorithms for the navigation subsystem component.
Moreover, as mentioned in Section 1.1, the UNEXMIN project aims at developing a
multi-robot system for deployment in underwater mines. Therefore, a key research
line will be focused on the development of cooperative exploration techniques with two
or more underwater vehicles. The motion control systems research line will be continued
by developing and integrating more advanced model-based control algorithms, e.g.,
Sliding Mode Control, Model Predictive Control and Adaptive Control. Additionally,
the VBS will be enhanced in order to be used as an independent actuation component
for the heave motion of the UX-1 vehicle, thus lowering the overall power consumption
and increasing endurance. Finally, research and development efforts will be directed
towards raising the maturity scale of the overall system to a TRL-7.5 or TRL-8.5 in
the near future.

Consequently, the results obtained in this thesis and the ongoing development efforts,
represent a significant step toward the ultimate goal of designing a fully autonomous
underwater robotic system, to explore abandoned underground mines and to collect
geo-scientific and structural data, which will help geologists to better identify future
drilling targets.
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Abstract: In this work, we present the design, implementation, and testing of an attitude control
system based on State Feedback Linearization (FL) of a prototype spherical underwater vehicle.
The vehicle is characterized by a manifold design thruster configuration for both locomotion and
maneuvering, as well as on a novel pendulum-based passive pitch control mechanism. First, the
mechanical design and onboard electronics set up of the spherically shaped hull are introduced.
Afterward, a high-fidelity dynamic model of the system is derived for a 6 degree-of-freedom (DOF)
underwater vehicle, followed by several experiments that have been performed in a controlled
environment to compare the performance of the proposed control method to that of a baseline
Proportional-Integral-Derivative (PID) controller. Experimental results demonstrate that while both
controllers were able to perform the specified maneuvers, the FL controller outperforms the PID in
terms of precision and time response.

Keywords: underwater robots; AUV; spherical robots; feedback linearization; mine exploration

1. Introduction

Europe is coming under increased pressure due to its near-complete dependency on the import
of mineral raw materials. At the same time, there are an estimated 30,000 inactive mining sites, a
considerable number of which still contain raw materials, currently in critical demand [1]. Among
these sought-after raw materials there are metallic and industrial minerals, construction materials, and
base metals, such as cobalt, gallium, indium, and a range of rare earths necessary for IT appliances [2].
Therefore, there is increased interest for re-opening some of these abandoned mine sites.

Under normal operation conditions, surface and groundwaters filter into the mined tunnels and
must be constantly removed to maintain a safe working environment. Once a mine is permanently
closed, the dewatering systems cease to operate, and without the existence of any drainage, the
tunnels become permanently submerged. Most of these mine sites, presently submerged, are more
than a century old, and the information available regarding the structural layout of the tunnels is
limited and imprecise, if not totally lacking. The network of tunnels inside a mine can be extremely
complicated, so surveying and prospecting by conventional methods such as human divers, can result
dangerous or even lethal in unknown deep mine conditions [1]. Therefore, the use of robotic platforms
such as underwater vehicles to explore these sites and gather valuable geological and mineralogical
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information, can help reducing risks for humans and provide important information for determining
whether re-opening a mine is plausible and economically feasible.

Underwater vehicles are an active area of research due to their potential applications in a variety
of fields, such as maritime security, marine archaeology, search, and rescue. The most common
applications of underwater robotics include ocean mining exploration [3], autonomous sea floor
mapping [4,5], and data gathering [6–8]. It is worth noting that most of the research on underwater
robots addresses open water environments, where the restrictions on shapes and sizes of the UVs are
not strict. Therefore, most UVs adopt an elongated shape to minimize drag in surge (forward motion)
which is the dominant motion in open water.

Nevertheless, for autonomous exploration and 3D mine mapping of flooded mines, these
elongated shapes are not efficient. The underwater robot will have to navigate within complex
structures of mine tunnels and galleries with dimensions in the range of 1.5 m × 3 m, with the oldest
mines tunnel sections as small as 1.5 m × 1 m. As such, the robot must be sufficiently small and agile
to navigate the mine corridors and tight turns of the mine system. Furthermore, mine tunnels may
contain objects or debris left after closure, which could obstruct paths or become entangled in the
AUVs propellers and permanently disable the robot which implies certain design requirements aimed
at limiting protruding elements to avoid becoming snared. By adopting a less common streamlined
spherical shape design, attitude motions can be made in-place, minimizing the number of moving
parts and protruding elements while obtaining high stability and flexibility along with a zero degree
turn radius for high maneuverability and lower drag forces.

Although spherical hull designs for underwater vehicles are not commonly found in recent
literature, because of the preferred bullet-shape hull, such as the MAYA AUV [9], developed by the
National Institute of Oceanography in India, several works can be found which took advantage of
this particular shape. The UV design patented by the authors in [10] is one of the first spherical
underwater robots where the spherical shape of the prototype is used to obtain lower drag forces
during operation. It is composed of four small engines that help stabilize and maneuver the vehicle,
and a single engine that is in the center of the sphere for propulsion of the UV. The University of Hawaii
developed ODIN-III [11], a prototype robot with a hollow metal sphere housing of 0.315 m in radius
and a propulsion system that consisted of 8 screw propellers fixed outside the hull. This platform
has been used to test adaptive control methods together with disturbance observers [12]. A micro
AUV of 0.075 m in radius and 6 propellers around the hull was developed by the authors of [13,14] for
monitoring sub-surface cluttered environments as in nuclear storage ponds.

Screw propeller thrusters have been generally used for propulsion of underwater vehicles,
nevertheless, other types of propulsion methods such as water-jet thrusters have been designed
and tested for spherical UV. The robot developed in [15] is a prototype that has a spherical hull with
a diameter of 0.40 m and uses 4 vector water-jets as propulsion to maneuver, which is based on the
design patented in [16]. Although this UV has 4 vector water-jet inside, it is only capable of performing
motions in 3 DOF [17–19]. The authors in [20] make use of the spherical UV SUR-II, which is equipped
with water-jet thrusters as propulsion, to design and develop attitude stabilization methods as well as
buoyancy control with a variable ballast tank. Whereas, spherical AUVs with reaction wheel internal
actuators have been designed and developed in [21,22]. One key disadvantage of these UV designs is
the presence of external propulsion systems which could become entangled with objects encountered
during operation. Taking into account the benefits and drawbacks of these systems, the UV design in
this work shown in Figure 1, has a manifold thruster configuration where the propulsion elements are
embedded into the spherical hull to avoid foreign objects from damaging the propellers and effectively
eliminating the possibility of ensnarement.

The work presented in this paper describes a scaled prototype UV, realized to study, develop, and
compare control strategies, to be later deployed, with suitable adaptations, in the actual robotic explorer
for the UNEXMIN project, hereby named UX-1. Here, we focus on three aspects: the mechanical and
electrical design of the spherical UV prototype, the derivation of the equations of motion that describe
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the dynamics of the system and the implementation of control methods for performance analysis in
real underwater experiments. The rest of this paper is organized as follows: Section 2 introduces the
mechanical and electronic design of the UV, while in Section 3 the 6 DOF equations of motion for an
UV are derived. Section 4 explains the control system implemented on the UV, while the underwater
experimental tests and discussions are reported in Section 5. Finally, conclusions and future works are
presented in Section 6.

2. Underwater Vehicle Design

The mechanical design of the scaled UV prototype (Figure 1) is focused on complying to the
expected requirements of the real UNEXMIN UX-1 robot being developed and deployed in real
mine scenarios for the task of flooded tunnel navigation. For efficiency in design, development,
and testing of the UV prototype, low-cost COTS mechanical and electronic components were used,
when available, so that any component damaged during testing could be easily replaced. The final
prototype’s mechanical and electronic design has been thoroughly explained in [23] and can be divided
into three main components, which are: external hull, manifold system for propulsion and a pendulum
mechanism for pitch movement.

Figure 1. Spherical underwater vehicle prototype during pool tests.

2.1. External Hull

The design requirements for the external hull are based on the smallest area where the robot will
have to navigate. In most flooded mine tunnels this area will be found in the staircases interconnecting
tunnels and galleries. The size restriction was fixed at a maximum diameter of 60 cm. Thus, the external
hull of the UV prototype was chosen as two acrylic hemispheres of 50 cm in diameter integrated with
the manifold system and rigidly attached to a watertight enclosure for electronics shown in Figure 2.

Figure 2. Watertight Enclosure used for electronic devices in the prototype UV.
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2.2. Manifold Propulsion System

In the scaled UV prototype, the manifold component, shown in Figure 3, is assembled from
3D-printed ABS and incorporated into each lateral hemisphere (port and starboard) of the streamlined
spherical shape of the hull, along with two counter rotating vertical and horizontal motors.

Figure 3. Final placement of the manifolds in a hemisphere of the prototype UV.

Given the implicit symmetry of the manifold design and the properties of fluid dynamics, a
translation in any direction is possible without changing the heading of the UV [24], nevertheless,
pitch rotational motion is not possible. Figure 4 shows the id of each actuator and the direction of the
thrust for each motion possible which are outlined in Table 1.

(a) (b) (c)

Figure 4. Thruster direction for UV movement. (a) Surge (red) and Heave (blue) motions; (b) Yaw (red)
and Roll (blue) motions (c) Sway motion (red) and flow force direction (green).

As can be seen in Figure 4a, Surge (red) and Heave (blue) motions are accomplished by applying
equal force to port and starboard thrusters, while Yaw (red) and Roll (blue) motions (Figure 4b) are
obtained by differential control inputs. Finally, Sway motion, shown in Figure 4c, is performed by
rotating the thrusters on each manifold in the same direction (outward/inward), thus directing the
flow of water through the center orifice of the manifold.

Table 1. Actuator Configuration for Spherical UV.

Motion Thruster Configuration

Surge {T1, T5,−T3,−T7}
Yaw {T3, T5,−T1,−T7}

Heave {T4, T8,−T2,−T6}
Roll {T4, T6,−T2,−T8}

Sway {T1, T2, T3, T4,−T5,−T6,−T7,−T8}
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2.3. Pendulum Mechanism

In the foreseen exploration missions, navigation will be mainly performed with the front of the
robot facing the direction of movement, since most of the sensors for 3D mapping and localization
on the UX-1 are in the front of the robot. Thus, if it is expected that vertical or steep tunnels are to be
explored, and a given pitch angle must be maintained for relatively long periods of time, the sustained
use of propellers would consume significant battery power. Hence, passive pitch stabilization is
achieved with the use of an internal pendulum mechanism that rotates a mass suspended below the
CB around the yb axis of the vehicle.

To the best of our knowledge, this is the first time this design is used for pitch control of a spherical
underwater vehicle. As seen in Figure 5 the design consists of two fixed bases and an electronics tray
rigidly mounted to the watertight enclosure’s flange seal (Figure 2), and a mobile base that is moved
along the rotation axis by two DC motors and a rack-and-pinion gear design.

Figure 5. (a) Pendulum mechanism assembled in flange of watertight container (b) front view and
(c) side view of pitch motion acquired by pendulum shift.

3. Equations of Motion

The 6 DOF equations of motion for an UV are derived according to the SNAME nomenclature [25].
Given that for the experiments performed in this work the UV is not meant to be actuated in all degrees
of freedom, reduced order models are presented for longitudinal motion (Section 3.2.1) and lateral
motion (Section 3.2.2), such as in [23]. As can be seen in Figure 6, we make use of an inertial frame
in NED configuration {n}, with orthonormal basis {xn, yn, zn} and origin on represented in world
coordinates, as well as the body-fixed reference frame {b} with orthonormal basis {xb, yb, zb} and
origin ob also in world coordinates.

Ob

yb

xb

zb

v (sway)
q (pitch)

p (roll)

w (heave)

xnOn

zn

yn

u (surge)

r (yaw)

 (

Figure 6. Schematics of the developed underwater vehicle with the frames of reference used in the
equations of motion.
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3.1. Nonlinear 6 DOF Model

Since the equations of motion of an UV moving at high speeds are highly nonlinear and coupled,
in this work the vehicle is restricted to perform low speed maneuvers in translation motions, namely,
the speed of the robot will be limited to a maximum of 0.25 m/s. Furthermore, this value has been
chosen as the maximum normal operating speed for the UX-1 robot during future exploration missions.
We consider the nonlinear equations of motion developed in [23,26] for an UV:

η̇ = JΘ(η)ν (1)

Mν̇ + C(ν)ν + D(ν)ν + g(η) = τ (2)

with:

η =

[
Pn

b/n
Θnb

]
= [x, y, z, φ, θ, ψ]� (3)

JΘ(η) =

[
Rn

b (Θnb) 03×3

03×3 TΘ(Θnb)

]
(4)

ν =

[
vb

b/n
ωb

b/n

]
= [u, v, w, p, q, r]� (5)

τ =

[
f b

b
mb

b

]
= [X, Y, Z, K, M, N]�. (6)

3.1.1. Nomenclature

The dynamic equations in (2) are composed of the system inertia matrix M, the Coriolis and
Centripetal term matrix C(ν), the hydrodynamic damping matrix D(ν), and the vector of hydrostatic
forces and moments g(η). In (3), we denote the position (Pn

b/n) and orientation (Θnb) vector in the
NED coordinate system as η ∈ R

3 × S3, where Pn
b/n ∈ R

3 is defined as the distance of the point ob
with respect to {n} expressed in {n} and Θnb ∈ S3 is a vector of Euler angles between {n} and {b}.
The linear (vb

b/n) and angular (ωb
b/n) velocity vectors in the body-fixed reference frame are denoted

as ν ∈ R
6 in (5). JΘ(η) is a 6 × 6 transformation matrix formed by a rotation matrix Rn

b (Θnb), for
transforming vb

b/n in {b} to {n}, and a transformation matrix TΘ(Θnb) to relate ωb
b/n in {b} to the

Euler rate vector Θ̇nb. Lastly, τ ∈ R
6 is used to describe the forces ( f b

b) and moments (mb
b) acting on

the vehicle in the body-fixed reference frame.

3.1.2. System Inertia Matrix

The system inertia matrix is a positive semi-definite matrix composed of the rigid-body inertia
matrix MRB and the added mass inertia matrix MA, composed as follows:

M = MRB + MA, M = M� > 0 (7)

with,
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MRB =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

m 0 0 0 mzg −myg

0 m 0 −mzg 0 mxg

0 0 m myg −mxg 0

0 −mzg myg Ixx −Ixy −Ixz

mzg 0 −mxg −Iyx Iyy −Iyz

−myg mxg 0 −Izx −Izy Izz

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(8)

which satisfies, MRB = M�
RB > 0 and ṀRB = 06×6. In (8), m is the mass of the vehicle, {Ixx, Iyy, Izz}

are the moments of inertia about {b} axes, {Ixy = Iyx, Ixz = Izx, Iyz = Izy} are the products of inertia,
and {xg, yg, zg} are the distances from the geometrical center of the vehicle to the CG. In the case of a
spherical UV with symmetry in the xz, yz and xy planes (xg = yg = zg ≈ 0), the rigid-body matrix can
be approximated by:

MRB = M�
RB ≈ diag{m, m, m, Ixx, Iyy, Izz}. (9)

The 6 × 6 inertia matrix of added mass terms MA describes the mass that the UV must displace
while moving, and the inertia due to the displaced mass while rotating [27]. Given that the UV is
restricted to low speed maneuvers and the fact that the vehicle design in this work has three planes of
symmetry, the contribution of the off-diagonal elements in MA can be neglected. Hence,

MA = M�
A ≈ −diag{Xu̇, Yv̇, Zẇ, Kṗ, Mq̇, Nṙ}. (10)

The added mass matrix elements Xu̇, Yv̇, Zẇ, Kṗ, Mq̇ and Nṙ are the hydrodynamic derivatives of
added mass forces as explained in [27]. These forces can be described by an axial component (Xu̇, Yv̇,
Zẇ) and a rolling component (Kṗ, Mq̇, Nṙ). Assuming that the shape of the UV can be approximated
by an ellipsoid, the axial component of the hydrodynamic added mass force X along the x axis due to
an acceleration u̇ in the x direction is computed as:

Xu̇ =
4 β ρ π

3

(
d
2

)3
(11)

where ρ is the water density, d is the diameter of the vehicle, and β is a coefficient based on the ratio
between the vehicle length and diameter. Similar considerations hold for the axial components of
the hydrodynamic added mass force, Y and Z. Furthermore, the mass displaced while rotating the
spherical UV is negligible, consequently the last three elements of (10) can be approximated to zero.

3.1.3. Coriolis-Centripetal Matrix

The Coriolis and Centripetal term matrix (12) is caused by the rotation of the body with respect to
the inertial reference frame.

C(ν) = CRB(ν) + CA(ν) (12)

CRB(ν) and CA(ν) are the rigid-body and hydrodynamic Coriolis and Centripetal matrices, respectively.
The theory and proofs of these matrices can be found thoroughly explained in literature [26]. It is
generally good practice to design the system with the CG located lower than the CB to stabilize
the system. For the spherical UV if the CG and the CB are located vertically on the z axis, that is,
xb = xg ≈ 0 and yb = yg ≈ 0 and Ixy, Ixz, Iyz ≈ 0, the rigid-body Coriolis and Centripetal matrix is
defined as:
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CRB(ν) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 mzgr mw −mv

0 0 0 −mw mzgr mu

0 0 0 −mα1 −mα2 0

−mzgr mw mα1 0 Izzr −Iyyq

−mw −mzgr mα2 −Izzr 0 Ixx p

mv −mu 0 Iyyq −Ixx p 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(13)

with
α1 = (zg p − v), α2 = (zgq + u). (14)

The nonlinear hydrodynamic Coriolis and Centripetal matrix CA(ν) due to a rotation of the body
reference frame about the inertial frame can be derived using an energy formulation based on the
added mass matrix MA [27].

CA(ν) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 −Zẇw Yv̇v

0 0 0 Zẇw 0 −Xu̇u

0 0 0 −Yv̇v Xu̇u 0

0 −Zẇw Yv̇v 0 −Nṙr Mq̇q

Zẇw 0 −Xu̇u Nṙr 0 −Kṗ p

−Yv̇v Xu̇u 0 −Mq̇q Kṗ p 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(15)

3.1.4. Damping Matrix

The total hydrodynamic damping matrix D(ν) is the sum of the linear term D and the nonlinear
term Dn(ν) such that

D(ν) = D + Dn(ν) (16)

If the UV is maneuvering at low speeds, the motions can be considered uncoupled, thus D(ν)

could be assumed mathematically as [26]:

D(ν) = −diag{Xu, Yv, Zw, Kp, Mq, Nr}
− diag{X|u|u|u|, Y|v|v|v|, Z|w|w|w|, K|p|p|p|, M|q|q|q|, N|r|r|r|} (17)

where {Xu, Yv, Zw, Kp, Mq, Nr} are the linear damping coefficients of D and
{X|u|u, Y|v|v, Z|w|w, K|p|p, M|q|q, N|r|r} are the axial and rolling drag parameters of Dn(ν). Definitions
and theory can be found in [28].

3.1.5. Vector of Gravitational Forces and Moments

Conforming to the SNAME nomenclature, the weight and buoyancy of a submerged vehicle is
given by

W = mg, B = ρg∇ (18)

where g is the acceleration of gravity in NED, ∇ is the volume of fluid displaced by the vehicle and ρ is
the density of water. As in Section 3.1.3, if xb = xg ≈ 0 and yb = yg ≈ 0, the Euler angle representation
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of hydrostatic forces and moments for the gravitational and buoyant forces acting on the vehicle is
given by [27]:

g(ν) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

(W − B) sin θ

−(W − B) cos θ sin φ

−(W − B) cos θ cos φ

(zgW − zbB) cos θ sin φ

(zgW − zbB) sin θ

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

. (19)

As can be seen in (19) if the UV is close to neutrally buoyant (W = B), the gravitational forces
only affect the rotations in the x and y axes.

3.2. Reduced Order Models

In certain cases, the nonlinear equations of motion presented in Section 3.1 can be divided into two
slightly interacting subsystems. In the longitudinal subsystem the states are chosen to be {u, w, q, θ}
while the remaining states (e.g., {v, p, r, φ, ψ}) are those of the lateral subsystem. From the diagonal
structure of (7)–(10), it can be observed in (20) that the two subsystems are clearly decoupled.

M long =

⎡
⎢⎣M11 0 0

0 M33 0
0 0 M55

⎤
⎥⎦ M lat =

⎡
⎢⎣M22 0 0

0 M44 0
0 0 M66

⎤
⎥⎦ (20)

3.2.1. Longitudinal Model

In the longitudinal model, the states of the lateral subsystem are assumed to be small (v = p =

r = φ = ψ ≈ 0). Therefore, the longitudinal kinematics for u, w and θ are [27],

⎡
⎢⎣ẋ

ż
θ̇

⎤
⎥⎦ =

⎡
⎢⎣sin θ 0

cos θ 0
0 1

⎤
⎥⎦
[

w
q

]
+

⎡
⎢⎣ cos θ

− sin θ

0

⎤
⎥⎦ u. (21)

To reduce the complexity of the system, the higher order damping terms Dn(ν) in (16) are
neglected. Nevertheless, the Coriolis-Centripetal matrix (12) is modelled assuming that v, w, p, q and r
are small and u >> 0. Thus, using (13)–(15),

CRB(ν)ν ≈

⎡
⎢⎣0 0 0

0 0 −mu
0 0 0

⎤
⎥⎦
⎡
⎢⎣u

w
q

⎤
⎥⎦ (22)

CA(ν)ν ≈

⎡
⎢⎣0 0 0

0 0 Xu̇u
0 (Zẇ − Xu̇)u 0

⎤
⎥⎦
⎡
⎢⎣u

w
q

⎤
⎥⎦ . (23)

Therefore, according to (2), (7), (17), (19), the dynamics become

⎡
⎢⎣m − Xu̇ 0 0

0 m − Zẇ 0
0 0 Iy − Mq̇

⎤
⎥⎦
⎡
⎢⎣ u̇

ẇ
q̇

⎤
⎥⎦+

⎡
⎢⎣−Xu 0 0

0 −Zw 0
0 0 −Mq

⎤
⎥⎦
⎡
⎢⎣u

w
q

⎤
⎥⎦

+

⎡
⎢⎣0 0 0

0 0 γ1u
0 (Zẇ − Xu̇)u 0

⎤
⎥⎦
⎡
⎢⎣u

w
q

⎤
⎥⎦+

⎡
⎢⎣ (W − B) sin θ

−(W − B) cos θ cos φ

(zgW − zbB) sin θ

⎤
⎥⎦ =

⎡
⎢⎣τ1

τ3

τ5

⎤
⎥⎦ (24)
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for γ1 = (Xu̇ − m). As mentioned before, the longitudinal motions for Surge (u) and Heave (w) are
controlled using the thruster configuration with the manifolds while the pitch (φ) motion is controlled
using the internal pendulum mechanism (Section 2.3).

3.2.2. Lateral Model

For the lateral model, the longitudinal subsystem states {u, w, q and θ} and the roll angle (φ) are
assumed to be small. The lateral kinematics result in⎡

⎢⎣ ẏ
φ̇

ψ̇

⎤
⎥⎦ =

⎡
⎢⎣cos ψ 0 0

0 1 0
0 0 1

⎤
⎥⎦
⎡
⎢⎣v

p
r

⎤
⎥⎦ . (25)

As in the previous Section 3.2.1, the higher order terms in (16) are neglected and the Coriolis
terms in (12) are modelled assuming that v, w, p, q, and r are negligible. Hence from (13)–(15),

CRB(ν)ν ≈

⎡
⎢⎣0 0 mu

0 0 −mzgu
0 0 0

⎤
⎥⎦
⎡
⎢⎣v

p
r

⎤
⎥⎦ (26)

CA(ν)ν ≈

⎡
⎢⎣ 0 0 −Xu̇u

0 0 0
(Xu̇ − Yv̇)u 0 0

⎤
⎥⎦
⎡
⎢⎣v

p
r

⎤
⎥⎦ (27)

Therefore, the dynamics of the lateral subsystem become

⎡
⎢⎣m − Yv̇ 0 0

0 Ix − Kṗ 0
0 0 Iz − Nṙ

⎤
⎥⎦
⎡
⎢⎣v̇

ṗ
ṙ

⎤
⎥⎦+

⎡
⎢⎣−Yv 0 0

0 −Kp 0
0 0 −Nr

⎤
⎥⎦
⎡
⎢⎣v

p
r

⎤
⎥⎦

+

⎡
⎢⎣ 0 0 γ2u

0 0 −mzgu
γ4u 0 0

⎤
⎥⎦
⎡
⎢⎣v

p
r

⎤
⎥⎦+

⎡
⎢⎣−(W − B) cos θ sin φ

γ3 cos θ sin φ

0

⎤
⎥⎦ =

⎡
⎢⎣τ2

τ4

τ6

⎤
⎥⎦ (28)

where, γ2 = (m − Xu̇); γ3 = (zgW − zgB); γ4 = (Xu̇ − Yv̇).

4. Control System Design

The spherical UV prototype was developed to test advanced control algorithms before
implementing them in the UX-1 system during future mine site tests. In this work a State Feedback
Linearization (FL) control algorithm is implemented and compared to a baseline controller developed
and tested previously in [23].

4.1. State Feedback Linearization Controller

The State FL control method, shown in Figure 7, has been implemented and validated in a
number works in the literature. In [29], the authors developed a FL controller for an UV with a linear
Proportional-Derivative compensator for stabilization. The authors in [30,31] implemented heading
controllers using a closed-loop gain shaping algorithm and a fault tolerant heading control system
using the method of input-output FL, respectively. The main principle with FL is the transformation of
the nonlinear dynamics of the system into a linear system:

η̈ = an (29)
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ν̇ = ab (30)

to which traditional control methods (e.g., Linear Quadratic Regulator, pole-placement) can be
applied [27]. In (29), an is interpreted as the commanded acceleration in the NED frame and in (30), ab

is interpreted as the body-fixed commanded acceleration vector. We consider the nonlinear kinematic
and kinetic equations from Section 3.1 in the form

η̇ = JΘ(η)ν (31)

Mν̇ + n(ν, η) = τ (32)

where η and ν assumed to be measurable and n is the nonlinear vector of model parameters such that

n(ν, η) = C(ν)ν + D(ν)ν + g(η) (33)

The FL algorithm considers a complete knowledge of the nonlinear vector of model parameters
in (33). As seen in Section 3, these parameters are generally hard to estimate and often inaccurate.
This is a critical step since parametric inaccuracy can destabilize a feedback control system. Often better
results are obtained when uncertain terms are chosen to be zero in the controller [27]. Nevertheless,
by understanding the physical properties of the model (e.g., geometry, symmetry), it is possible to
know which terms in the model can be omitted when deriving a model-based nonlinear controller.
The control law is selected such that the nonlinearities of the system dynamics can be canceled out

τ = Mab + n(ν, η) (34)

Differentiating (31) with respect to time and applying the control law (34) to the UV dynamics
in (32) yields

M(ν̇ − ab) = M J−1
Θ (η)[η̈− J̇Θ(η)ν − JΘ(η)ab] = 0 (35)

From (35) it can be seen that by choosing

an = J̇Θ(η)ν + JΘ(η)ab (36)

results in the linear decoupled system M∗ (η̈− an) = 0 where M∗ = J−Θ(η)M J−1
Θ (η) > 0. From (36)

it can be concluded that the commanded acceleration in the body-fixed frame ab can be calculated by

ab = J−1
Θ (η)[an − J̇Θ(η)ν] (37)

an = η̈d − Kd ˙̃η− Kpη̃− Ki

∫ t

0
η̃(τ)dτ (38)

where ηd is the desired position and orientation vector in NED, η̃ = η− ηd the position and orientation
tracking error and Kp, Ki and Kd are positive definite matrices of the controller gains which can be
chosen such that the error dynamics

η̈d + Kd ˙̃η+ Kpη̃+ Ki

∫ t

0
η̃(τ)dτ = 0 (39)

is globally exponentially stable.
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Figure 7. Feedback Linearization control block diagram with nonlinear decoupling in NED frame and
transformation to the Body frame.

4.2. Pole-Placement

Let Λ > 0 be defined as a diagonal design matrix

Λ = diag{λ1, λ2, . . . , λn} (40)

used to specify the control bandwidth, ηd the desired position and orientation vector in NED, and
η̃ = η− ηd the position and orientation tracking error. Then the commanded acceleration in the NED
frame can be chosen as a PID control law with acceleration feedforward,

an = η̈d − Kd ˙̃η− Kpη̃− Ki

∫ t

0
η̃(τ)dτ (41)

where Kp, Ki and Kd are positive definite matrices of the controller gains which can be chosen such
that the error dynamics

η̈d + Kd ˙̃η+ Kpη̃+ Ki

∫ t

0
η̃(τ)dτ = 0 (42)

is globally exponentially stable. A simple pole-placement algorithm for PID control can be chosen as:

(s + λi)
3
∫ t

0
η̃(τ)dτ = 0 (i = 1, 2, . . . , n) (43)

where the poles for each DOF are in s = −λi (i = 1, 2, . . . , n), which yields

Kp = 3Λ2 = diag{3λ2
1, 3λ2

2, . . . , 3λ2
n}

Ki = Λ3 = diag{λ3
1, λ3

2, . . . , λ3
n}

Kp = 3Λ = diag{3λ1, 3λ2, . . . , 3λn}.

(44)

5. Experiments and Discussion

The experimental tests were designed to compare the performance of the FL controller, presented
in Section 4.1, with the PID controller previously implemented and tested in [23] for a regulation
problem scenario [32]. Thus, by comparing the ability of the UV to reach and maintain a desired
position for longitudinal motions and heading control, an appropriate controller can be chosen
for implementation in the real UX-1 robot. This type of maneuver is key for the overall purpose
of the UNEXMIN project, which involves data gathering from sensitive scientific instruments
(e.g., multi-spectral cameras) and a 3D mapping of the environment at specific locations inside the
flooded mine tunnels which must not be corrupted by unstable control.
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5.1. Experimental Setup

A 2 m × 1 m × 1 m water tank was used as the controlled environment to evaluate the position
hold performance of the UV in several underwater tests. The feedback for the control algorithms was
obtained using various methods. Surge (x) positions and Yaw (ψ) angles were acquired based on the
works presented by [33,34], where the fiducial marker ArUco [35] was placed on the UV to estimate the
attitude of the vehicle regarding a submersible camera installed inside the tank, as shown in Figure 8;
Heave (z) depth measurements were read from the onboard pressure sensor and the Pitch (θ) feedback
was obtained from the onboard gyroscope measurements in the Pixhawk Autopilot.

Figure 8. Underwater tests experimental setup. A submergible camera was installed inside the tank to
estimate the position of the UV.

All hardware interfaces have been implemented in Python or c++ in Ubuntu 16.04 and data
communications are handled using the ROS (https://www.ros.org/) middleware standard messages.
Given the lack of available small low frequency wireless communication modules, a tether cable was
used for real time data visualization, acquisition, and tuning. As can be seen in (18) the buoyancy of
the vehicle depends on the volume of fluid displaced by the body. In the case of the UV in this work,
the buoyancy is much larger than the weight of the vehicle and thus dead weights must be added in
order to obtain approximate neutral buoyancy; however, in practice, it is a common practice to trim
the weight of the robot as to have slightly positive buoyancy so that the UV in case of failure does not
sink to the bottom. Lead weights were added in the flanges inside the watertight enclosure in addition
to a sand bag weight around the watertight container for a total of 6kg in dead weight.

5.2. Underwater Experiments

In this work, the longitudinal motions (Surge (x), Heave (z) and Pitch (θ)) as well as the Yaw (ψ)
of the UV were tested in underwater experiments of position hold performance with the FL controller.
Given that the Roll (φ) movement will not be used in data collection during the missions and the Sway
(y) motion could cause turbulence because of the flow through the manifold, these motions are not
taken into account in these experiments. For the experiments performed, the pole-placement algorithm
in Section 4.2 was used to calculate the initial values for the FL controller gains which were finely
tuned in situ once the robot was in the water. The theoretical values for the model parameters have
been calculated using CAD software and the equations for hydrodynamic derivatives of the added
mass force in (11), while omitting the linear and quadratic damping terms in (17).

Tables 2–5 show the results of the transient state and steady-state time analysis evaluated on the
response of both the PID and the FL control systems for each motion tested. The time response metrics
chosen for the comparison of the performance were: overshoot percentage (OS%), rise time (Tr), fall
time (Tf ), settling time (Ts) and mean error in steady state (eSS). To evaluate the effectiveness of the FL
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controller developed in this work, the results obtained with the PID controller will be interpreted as
the baseline for the desired controller responses. Thus, an effective control of the spherical UV with
the FL controller will present lower errors in steady-state and faster transient times.

5.2.1. Surge Motion

The experiments for the movement in surge were designed to validate the response of the UV to
reference commands in the vehicles forward and backward directions of motion (x axis). Due to the
limited FOV of the camera used to calculate the position feedback, the reference commands sent to
the robot were constrained to a reduced range, thus, small steps were commanded. Figure 9 shows
the position displacement in the x axis of the vehicle for the surge motion test. The UV was given an
initial reference of 0.5m which is movement in the forward direction towards the frame of the camera.
Afterwards, multiple references are sent to verify the dynamics in each direction of movement.

0 20 40 60 80 100 120
0.3

0.4

0.5

0.6

0.7

0.8

0.9

Figure 9. Experimental results obtained in underwater tests in Surge.

As can be seen in Figure 9, the response of the FL controller is evidently more stable than that
of the PID controller with clear overshoot by the PID controller for the set-points commanded at
approximately t = 5 s and t = 85 s. Table 2 shows the comparison of the results obtained. During these
tests, the FL controller was able to achieve less OS% while significantly reducing the Tr from 6.83 s
for the PID to 3.77 s and the Ts from 24.94 s to 7.02 s. The PID controller averaged an eSS of 0.0083 m
which is notable and sufficient for navigation purposes, while the FL controller obtained a lower eSS
value of 0.0056 m. Nevertheless, during the FL controller tests, large fluctuations in the signal were
detected from t = 40 s to t = 78 s which were a result of detection errors from the fiducial marker
localization measurements due to turbidity in the experimental tank.

Table 2. Surge Time Response Results in Underwater Experiments for PID and FL Controllers.

Metrics PID FL Units

OS% 13.16 11.98 [%]

Tr 6.83 3.77 [s]

Tf 3.17 2.18 [s]

Ts 24.94 7.02 [s]

eSS 0.0083 0.0056 [m]
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5.2.2. Heave Motion

The depth hold performance is especially significant due to the working environment the UV
will have. Therefore, high precision is needed to validate a controller as suitable to be tested in the
real UNEXMIN mine tunnel exploring robot. The depth references sent to the UV were 10 cm steps to
analyze the performance of the vehicle in maintaining precise depth positions.

The dynamics of the heave tests, seen in Figure 10, showed very similar behaviors to the surge
tests mentioned previously for both the PID and FL controllers. This was to be expected since the
UV is symmetric in all three planes and thus must have similar dynamics in the linear motions. Both
the PID controller and the FL controller achieved a similar Tr, while the FL controller once again
outperformed the PID controller in terms of Ts with values of 7.9 s and 17.8 s, respectively, and a
considerable decrease in the eSS from 0.0063 m to 0.0020 m. Nevertheless, the PID controller obtained
a lower OS% for the upward movement set-point at t = 45 s and a faster Tf than the developed FL
controller. This change in OS% could be due to differences in trimming the robot to be as neutrally
buoyant as possible, thus changing the buoyant force and the behavior when surfacing.

0 10 20 30 40 50 60 70 80
-0.06
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0.06
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0.12

Figure 10. Experimental results obtained in underwater tests in Heave.

Table 3. Heave Time Response Results in Underwater Experiments for PID and FL Controllers.

Metrics PID FL Units

OS% 2.96 5.92 [%]

Tr 2.74 2.27 [s]

Tf 1.70 2.52 [s]

Ts 17.80 7.93 [s]

eSS 0.0063 0.0020 [m]

5.2.3. Yaw Motion

Figure 11 presents the results for the yaw (ψ) underwater experimental tests. During this test, the
depth was kept at a static set-point to examine the rotational dynamics individually. Even though
the UV was equipped with an onboard autopilot which measures heading angles with an embedded
magnetometer, the measurements obtained in initial testing were not useful and presented significant
noise. Therefore, the visual marker pose estimation was used for yaw measurements as well. With the
reduced size of the test tank (Figure 8), the FOV of the camera used for the fiducial marker localization
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allowed an interval of approximately [105o, 140o] for command references in yaw to validate the PID
and FL controllers.

0 10 20 30 40 50 60 70
105

110

115

120

125

130

135

140

Figure 11. Experimental results obtained in underwater tests in Yaw.

As can be seen in Table 4, the FL yaw controller provided an OS% of 1.07%, lower than the 4.24%
achieved by the PID controller, as well as lower Ts and eSS. The PID yaw controller, on the other
hand, had a much faster Tr and Tf . Nevertheless, as can be seen in Figure 11, the response for the PID
controller showed undesirable oscillatory behavior in steady-state (SS) with a constant frequency and
amplitude around the reference angle set at 130o. The response of the yaw controller should produce
symmetric responses for both directions; however, the addition of the tether cable for data acquisition
produced undesired drag in lateral direction which caused different control responses. Nonetheless,
the controller compensated for these external disturbances and reached the reference angles.

Table 4. Yaw Time Response Results in Underwater Experiments for PID and FL Controllers.

Metrics PID FL Units

OS% 4.24 1.07 [%]

Tr 1.11 2.61 [s]

Tf 1.34 4.05 [s]

Ts 7.83 6.99 [s]

eSS 0.6522 0.6179 [deg]

5.2.4. Pitch Motion

As explained in Section 2 the pitch (θ) motion of the UV is achieved by the movement of an
internal pendulum device which shifts the center of gravity. This movement in pitch allows the UV to
navigate nose down (negative angles) or nose up (positive angles). The tests for the pitch motion had a
duration of approximately 188 s. During this time, the UV was given steps in forward angle references
of −30o (nose down) and backward references of +45o (nose up). The angle output of the UV to the
reference step commands is shown in Figure 12.
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Figure 12. Experimental results obtained in underwater tests in Pitch.

The pitch angle of the UV is expected to be changed during normal operation in exploration tasks.
One scenario is navigating nose down (θ = 90o) in a vertical shaft and afterwards shifting the pitch
to enter a horizontal tunnel. Therefore, fast transient response in pitch control is desired as well as
a low error in steady state. As can be seen in Figure 12, both the PID and FL controllers were able
to effectively control the pitch angle in transient and steady state. However, the performance of the
FL controller exceeded that of the PID with faster rise and fall times of 5.11 s and 4.25 s, respectively,
while obtaining a settling time 7.16 s faster and an error in steady-state of 0.9347o. Nonetheless, the
PID controller achieved a substantially lower OS% of 1.28% compared to the 8.03% achieved by the FL
controller. This difference could be due to the slower and less aggressive tuning of the PID controller
where higher values tended to oscillate and become unstable.

Table 5. Pitch Time Response Results in Underwater Experiments for PID and FL Controllers.

Metrics PID FL Units

OS% 1.28 8.03 [%]

Tr 7.05 5.11 [s]

Tf 8.59 4.25 [s]

Ts 16.34 9.18 [s]

eSS 1.531 (deg) 0.9347 (deg) [-]

6. Conclusions

In this paper, the design and control of a scaled prototype spherical underwater vehicle for flooded
mine tunnel exploration was presented. The mechanical and electrical designs have been validated, as
well as a novel pendulum mechanism for passive pitch control and a manifold thruster configuration
for propulsion. The 6 DOF equations of motion of the underwater vehicle have been derived and
simplified to reduced ordered models of longitudinal and lateral states. Surge, heave, pitch and yaw
motions were tested in real underwater position hold experiments to evaluate the performance of the
State FL controller and compare these to a baseline PID controller.

Results demonstrate that the spherical underwater vehicle was able to achieve all the required
motions and that the State FL control method outperformed the classical control scheme in terms
of lower overall errors and faster transient responses. Thus, The FL control algorithm tested
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experimentally in this work will be extended and implemented on the UX-1 robot for field testing in
real underwater mine scenarios.

One of the unique features expected of this UV is the ability to stabilize in a completely nose-down
(−90o) or nose-up (+90o) orientation which increases maneuverability and aids navigation tasks.
Pitching the vehicle while navigating in the forward or backward direction, offers the possibility of
adjusting to any slope found without the need for extra actuation of the UV heave motion. Due to
the limitations of the scaled prototype used, in this work the 90 degrees pitch movement was not
tested. Improvements will be made to achieve this range of pitch motion in future tests. Nevertheless,
the pitch control results validate the pendulum mechanism design implemented in this work as an
appropriate solution for the pitch stabilization and control of a spherical UV.

Future work on the development of this prototype can be divided in three areas: parameter
identification, software, and hardware. To evaluate the effects of uncertainties in the model parameter
calculations, used for these initial tests, experimental identification tests will be performed to obtain
accurate model parameters to improve the controllers’ overall performance and explore parameter
uncertainty adaptation limits with the current control method. The work to be performed on improving
the hardware includes testing low frequency communication modules for wireless operation, testing
the lateral system dynamics generated by the manifold system configuration, and obtaining the full
expected motion of the pitch using the pendulum mechanism. The software to be implemented for
future works includes the implementation and validation of additional advanced control techniques
such as sliding mode control and L1 Adaptive Control and sensor fusion algorithms to enhance the
localization of the UV in underwater tests. Additionally, the redundancy in the use of 8 motors for
propulsion will be tested by simulating motor failures during operation and evaluating the reliability
of the design.
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The following abbreviations are used in this manuscript:

AUVs Autonomous Underwater Vehicles
UV Underwater Vehicle
COTS Commercial off-the-shelf
CG Center of Gravity
CB Center of Buoyancy
DOF Degrees of Freedom
ROS Robot Operating System
SNAME Society of Naval Architects and Marine Engineers
GPIO General-Purpose Input/Output
ESC Electronic Speed Controllers
NED North-East-Down
FL Feedback Linearization
PID Proportional-Integral-Derivative
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ABSTRACT This paper presents the design and experimental assessment of the control system for the

UX-1 robot, a novel spherical underwater vehicle for flooded mine tunnel exploration. Propulsion and

maneuvering are based on an innovative manifold system. First, the overall design concepts of the robot are

presented. Then, a theoretical 6 degree-of-freedom (DOF) dynamic model of the system is derived. Based

on the dynamic model, two control systems have been developed and tested, one based on the principle of

Nonlinear State Feedback Linearization, and another based on finite horizon Linear Quadratic Regulator

(LQR). A series of experimental tests have been carried out in a controlled environment to experimentally

identify the complex parameters of the dynamic model. Furthermore, the two proposed controllers have been

tested in underwater path tracking experiments designed to simulate navigation in mine tunnel environments.

Experimental results demonstrated the effectiveness of both the proposed controllers and showed that the

State Feedback Linearization controller outperforms the finite horizon LQR controller in terms of robustness

and response time, while the LQR appears to be superior in terms of fall time.

INDEX TERMS AUV, Mine Exploration, Robot Control, Spherical Robot, UNEXMIN

I. INTRODUCTION

EUROPE has almost complete dependency on the import

of mineral raw materials. Some of these minerals, which

were disregarded during the operational life of mine sites

(such as germanium in some lead/zinc mines), are now

considered "critical minerals" and are in high demand [1].

Paradoxically, an estimated 30,000 mining sites still contain

raw materials, such as metallic and industrial minerals, con-

struction materials, or base metals. Nevertheless, such mining

sites are currently closed and/or abandoned, many of them

more than one century ago.

The closure of these mines was commonly related to

economic, environmental, and technological challenges more

than the actual presence of mineral resources. However,

new mining technologies, as well as an increased economic

pressure, have raised the interest for re-opening some of

these abandoned mine sites. Most of these old mine sites are

nowadays flooded, and the information available regarding

the structural layout of the tunnels is limited or imprecise.

In order to take re-opening into consideration, surveying and

prospecting the mine tunnels network should be conducted.

Exploration by human divers, however, is ruled out due to

the risks involved, and de-watering without a priori knowl-

edge of the mineralogical composition is impossible because

of its high costs. Therefore, the use of robotic systems,

predominantly Unmanned Underwater Vehicles (UUVs), ap-

pears to be the main choice for current research endeavours.

The UNEXMIN project [2], proposes the design and use

of an innovative non-invasive fully autonomous underwater

robot, hereby named UX-1, for the exploration and mapping

of flooded mines.

Due to the particular environmental constraints (tunnel

cross-sections are in the range of 1.5m x 2m to 3m x 3m)

and the possible presence of objects and debris from infras-

tructures left after closure, a spherical shape is adopted with

an embedded thruster configuration ("manifolds", see Fig. 2),
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that minimizes the number of moving parts and protruding

elements, whilst allowing high stability and maneuverability.

Another important issue that has to be solved is the design

of the navigation system. In fact, the control of such vehicles

is a rather complex and challenging task. For this reason

this paper proposes two control solutions that have been

developed in the framework of the UNEXMIN project, and

are thus specific for the considered underwater vehicle and

for the requirements of the flooded mine navigation task. In

particular, considering that UX-1 is characterized by a highly

nonlinear motion model whose coefficients, especially the

ones related to the hydrodynamic effects, are difficult to iden-

tify and affected by uncertainty, two different control strate-

gies have been developed. The first one, based on a linear ap-

proximation of the motion model, exploits Linear Quadratic

control theory to derive a position/velocity controller in a

cascaded-control architecture. Though the navigation inside a

flooded mine is characterized by low velocities, and the linear

approximation seems to be acceptable, experimental results

have revealed the limitations of this approach.

For this reason, a second control strategy has been devel-

oped, introducing an exact linearization of the motion model

based on a feedback linearization controller. In this way

the outer loop can be still designed using linear control

theory, but avoiding the introduction of any approximation.

Furthermore, despite the aforementioned model uncertainties

that can represent a critical issue in the case of a feedback

linearizing law, experimental results clearly demonstrate the

effectiveness of this approach. It must be also noticed that

the solution here presented opens the way to further develop-

ments, as the outer loop can be designed using different and

more complex/powerful control strategies, like for example

Model Predictive Control (MPC).

A. RELATED WORK
In recent years, robotics researchers have shown a growing

interest in underwater vehicles, though, most of the commer-

cially sold UUVs in the market are only available as remotely

operated. This limits the possible applications, because of

high operational costs and safety regulations [3]. Hence,

there have been increased efforts to design and develop self-

contained, small-sized, and intelligent Autonomous Under-

water Vehicles (AUVs).

There are countless possible applications for AUVs. En-

vironmental applications include data gathering [4] [5] and

autonomous sea floor mapping [6] [7]. Military applications,

such as mine countermeasures, make use of intervention

AUVs that have the capability of searching, locating, and

manipulating underwater objects of interest [8] [9]; whilst

Ocean Mining applications make use of AUVs, such as

HUGIN, to map deepwater oil and gas fields [10]. Nev-

ertheless, most of the development in underwater robotics

for these type of applications is intended for open water

scenarios, where the restrictions on shapes and sizes of the

vehicle are not rigorous, unlike the underwater mine tunnel

environments contemplated in the UNEXMIN project.

FIGURE 1. Proposed spherical underwater vehicle prototype during pool
tests.

Consequently, a spherical design where high stability and

flexibility can be obtained along with a zero degree turn

radius for high maneuverability is proposed for the UX-1

robot. To the best of our knowledge, only few works can

be found in the literature focusing on spherical UUVs. A

μAUV of 0.075m radius and 6 propellers around the hull

was developed by the authors of [11] and [12] for monitoring

nuclear storage ponds. The authors in [13], [14], and [15]

make use of the spherical UUV SUR-II, which is equipped

with water-jet thrusters as propulsion, to design and develop

attitude stabilization methods as well as buoyancy control

with a variable ballast tank. In [16], the underwater robot

ODIN-III is presented. It has a hollow metal sphere housing

of 0.63m in diameter and a propulsion system that consisted

of 8 thrusters fixed outside the hull.

One key disadvantage of these UUV designs is the pres-

ence of external propulsion systems, which could become

entangled with objects such as ropes or cables encountered

during operation. Taking into account the benefits and draw-

backs of these systems, the design proposed in this work (Fig.

1), integrates the propulsion elements into the spherical hull

to avoid foreign objects from damaging the propellers and

effectively eliminating the possibility of ensnarement. Works

related to the control of UX-1 includes [17] in which a scaled

prototype is developed as a testing and validating platform

for control systems in shallow water tanks.

B. OUTLINE OF THE PAPER
This work is organized as follows: Section II introduces the

general design aspects of the robot, while in Section III

the 6 degree-of-freedom (DOF) equations of motion for an

UUV are derived. Section IV introduces the proposed control

system, whilst underwater experimental tests are reported in

Section V. Finally, results and discussions are carried out in

Section VI with conclusions and future works presented in

Section VII.
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FIGURE 2. Final 3D model of robot mechanical design (a) Left view (manifold system for propulsion and scientific imaging equipment), (b) Front view (M3 Sonar
and structured light systems), (c) Right view (manifold system and camera).

II. ROBOT DESIGN
The robot was designed to be a mine exploring spherical

underwater vehicle; thus, given the challenging environments

in which the will have to operate, strict design restrictions and

requirements have had to be observed. The final robot design,

presented in Fig. 2, has been recently presented in several

works, such as [18] and [19]; however, for the readers’

understanding, the following sections briefly introduce the

main elements of the robot.

A. MECHANICAL DESIGN
1) External Hull & Manifolds
The external pressure hull, shown in Fig. 3, has a diameter of

approximately 0.65m and is assembled by three components:

a toroid shaped central housing machined from aluminum,

and two aluminum side plates. To avoid entanglement with

any object found inside the mine tunnels, two manifold

systems, fixed to the side plates, have been designed for

thruster mounting and propulsion.

FIGURE 3. Exploded view of robot aluminum external hull and side plates for
sealing the watertight hull and fixing manifolds.

2) Pendulum and Variable Ballast Systems
The robot is expected to have an operating time of more than

3 hours for mine surveying missions on a single charge of

the batteries. This requires the mechanical design to limit the

power consumption of the propulsion system as much as pos-

sible. Therefore, as can be seen in Fig. 4, a Pendulum System

(PS), for passive pitch stabilization, and a Variable Ballast

System (VBS), for buoyancy control, have been integrated

inside the watertight hull [19].

(a) (b) (c)

FIGURE 4. (a) Pendulum, (b) Variable Ballast Systems, and (c) installation of
systems in the hull.

B. HARDWARE & SENSORS
1) On-board Computing
The robot has a distributed computer system for on-board

data processing, sensor interfaces and actuator control [20].

Given the size restrictions inside the hull, a Com Express

Type 6 (i7-8850H processor at 2.6/4.3GHz with QM370

chipset) PC was chosen as the main computer in charge of

mission control. This computer hosts the Guidance, Naviga-

tion and Control (GNC) algorithms, as well as data fusion

algorithms and hardware drivers and interfaces.

2) Sensor Communications
Sensors in the robot communicate to the main computer

through Ethernet, RS485/422 or CAN Bus interfaces [20].

Low bandwidth components, such as the energy manage-

ment system and actuator controls (thrusters, PS and VBS)

use either serial or CAN interfaces. The thruster speed and

VBS components are controlled by VESC (http://vedder.se/)

Electronic Speed Controllers and communicate using CAN

Bus.
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3) Perception Subsystem
The perception subsystem of the includes a Konsberg M3

Multibeam Sonar (www.km.kongsberg.com), five digital

cameras and rotating laser line projectors for structured

light systems. These perception components are exploited

to gather 3D map data during dive missions for use in

navigation and post-processing tasks.

4) Localization Subsystem
The UX-1 is equipped with a KVH 1750 (www.kvh.com)

fiber optic Inertial Measurement Unit (IMU) for feedback

of linear accelerations and angular velocities, as well as

a Doppler Velocity Logger (DVL) for feedback of linear

velocities and distance to bottom measurements. These mea-

surements are used by an Extended Kalman Filter (EKF) to

estimate the pose of the robot during missions.

III. DYNAMIC MODEL
The equations of motion for underwater vehicles have been

extensively studied and presented in previous works, such

as [21]. The vehicle is modeled as a body moving freely in

space, namely characterized by 6 DOF, and derived accord-

ing to the Society of Naval Architects and Marine Engineers

(SNAME) notation [22].

A. NOMENCLATURE
Given that the purpose of the robot is to conduct autonomous

underwater navigation, without the need for human interven-

tion, two reference frames are adopted.

FIGURE 5. Schematics of the developed underwater vehicle with the
reference frames used in the equations of motion.

As can be seen in Fig. 5, a North-East-Down (NED)

reference frame {n} is used, with orthonormal basis {xn, yn,

zn} and origin on represented in world coordinates, where,

for vehicles operating in a local area with approximately

constant latitude and longitude, the NED reference frame

can be considered inertial [21]. Additionally, a body-fixed

reference frame {b} is used with orthonormal basis {xb, yb,

zb} and origin ob also in world coordinates. The equations of

motion presented in this work make use of the representation

presented in [21], i.e.:

η =

[
P n
b/n

Θnb

]
= [x, y, z, φ, θ, ψ]� (1)

JΘ(η) =

[
Rn
b (Θnb) 03×3

03×3 TΘ(Θnb)

]
(2)

ν =

[
vbb/n
ωbb/n

]
= [u, v, w, p, q, r]� (3)

τ =

[
f bb
mb
b

]
= [X,Y, Z,K,M,N ]� (4)

where η ∈ R
3 × S3 denotes the position and orientation

vector in the NED coordinate system. In (1), the position

vector P n
b/n ∈ R

3 is defined as the distance of point ob
with respect to {n} expressed in {n} and Θnb ∈ S3 is

a vector of Euler angles, i.e., roll, pitch and yaw angles,

denoted with φ, θ and ψ between {n} and {b}. JΘ(η)
is a 6 × 6 Jacobian matrix consisting of a rotation matrix

Rn
b (Θnb), for transforming linear velocities in {b} to {n},

and a transformation matrix TΘ(Θnb) to relate the angular

velocities ωbb/n in {b} to the Euler rate vector Θ̇nb. In (3),

ν ∈ R
6 denotes the linear vbb/n and angular ωbb/n velocity

vectors in the body-fixed reference frame, and in (4), τ ∈ R
6

is used to describe the forces f bb and moments mb
b acting on

the vehicle in the body-fixed reference frame.

B. NONLINEAR 6 DOF MODEL
The nonlinear equations of motion for an UUV, as developed

in [23], are:

η̇ = JΘ(η)ν (5)

Mν̇ + C(ν)ν + D(ν)ν + g(η) = Bτ (6)

with:

M = MRB +MA, M = M� > 0 (7)

C(ν) = CRB(ν) +CA(ν) (8)

D(ν) = D +Dn(ν) (9)

where B is used as a mapping matrix for thruster config-

uration, and g(η) is the vector of hydrostatic forces and

moments for the gravitational and buoyant forces acting

on the vehicle. The system inertia matrix M is a positive

semi-definite matrix composed of the rigid-body inertia ma-

trix MRB , and the hydrodynamic inertia matrix of added

mass terms MA. The Coriolis and Centripetal term matrix

C(ν), consists of the rigid-body CRB(ν), and hydrody-

namic CA(ν) Coriolis and Centripetal matrices. Lastly, the
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total hydrodynamic damping matrix D(ν) is the sum of the

linear term D, and the nonlinear term Dn(ν).

C. RIGID-BODY FORCES
The rigid-body equations of motion are based on the rigid-

body inertia matrix MRB and the rigid-body Coriolis and

Centripetal matrix CRB(ν).

1) Rigid-Body Inertia Matrix
The representation of the rigid-body system inertia matrix in

(7) is defined by:

MRB =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

m 0 0 0 mzg −myg
0 m 0 −mzg 0 mxg

0 0 m myg −mxg 0

0 −mzg myg Ix −Ixy −Ixz
mzg 0 −mxg −Iyx Iy −Iyz
−myg mxg 0 −Izx −Izy Iz

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(10)

which satisfies, MRB = M�
RB > 0 and ṀRB = 06×6.

In (10), m is the mass of the vehicle, {Ix, Iy, Iz} are the

moments of inertia about {b} axes, {Ixy = Iyx, Ixz =
Izx, Iyz = Izy} are the products of inertia as defined in [21],

and {xg, yg, zg} are the distances from the geometrical center

of the vehicle to the center of gravity (CG). For the case of a

spherical UUV with symmetry in the xz, yz and xy planes,

the rigid-body inertia matrix can be approximated by:

MRB ≈ diag{m,m,m, Ix, Iy, Iz}. (11)

2) Rigid-Body Coriolis and Centripetal matrix
The rigid-body Coriolis and Centripetal matrix CRB(ν)
terms are due to a rotation of the body-fixed reference frame

{b} about the inertial frame {n}. According to [23], CRB(ν)
can always be represented such that it is skew-symmetric

(i.e., CRB(ν) = -C�
RB(ν)) and defined as:

CRB(ν) =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 mzgr mw −mv
0 0 0 −mw mzgr mu

0 0 0 −mα1 −mα2 0

−mzgr mw mα1 0 Izr −Iyq
−mw −mzgr mα2 −Izr 0 Ixp

mv −mu 0 Iyq −Ixp 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(12)

with

α1 = (zgp− v), α2 = (zgq + u). (13)

D. HYDRODYNAMIC FORCES
In this section the hydrodynamic forces acting on the UUV

are presented. These are: the added mass forces, the hy-

drodynamic inertia matrix of added mass terms MA, the

hydrodynamic Coriolis and Centripetal matrix CA(ν), and

the hydrodynamic damping matrix D(ν).

1) Hydrodynamic Added Mass Forces
Added mass forces arise due to the exchange of inertia among

a moving object and its surrounding fluid. This force can be

described by an axial component and a rolling component.

Assuming that the shape of the UUV can be approximated by

an ellipsoid, the axial component of the hydrodynamic added

mass force X along the x axis due to an acceleration u̇ in the

x direction is computed as [24]:

Xu̇ =
4 β ρ π

3

(
d

2

)3

(14)

where Xu̇ is known as a hydrodynamic derivative according

to the SNAME notation, ρ is the water density, d is the

diameter of the vehicle, and β is a coefficient based on

the ratio between the vehicle length and diameter. Similar

considerations hold for the axial components of the hydro-

dynamic added mass force, Y and Z.

The authors in [25] provide the following expression to

compute the rolling component of the hydrodynamic added

mass force for a prolate spheroid:

Kṗ =
4

15
π ρ a b2 (a2 + b2) (15)

where a and b represent the two semi-axis of the spheroid.

For the special case of a spherical UUV, the three rolling

components of the hydrodynamic added mass force are all

equal, i.e. Kṗ = Mq̇ = Nṙ. Furthermore, the non-idealities,

namely the external sensors and actuators, can be accounted

for using the expression provided in [26], under the assump-

tion of considering them as fins:

Kṗf = −
nfins∑
i=1

∫ xendi

xiniti

2

π
ρ r4i dx (16)

where ri is the i-th fin height above the vehicle centerline,

xiniti is the starting point of the i-th fin, xendi is the ending

point of the i-th fin, and nfins is the number of fins.

2) Hydrodynamic System Inertia Matrix
The system inertia matrix of added mass terms MA de-

scribes the mass that the UUV has to displace while moving,

and the inertia due to the displaced mass while rotating.

Since the equations of motion of an UUV moving at high

speeds are highly nonlinear and coupled, in this work the

vehicle is restricted to perform low speed maneuvers only.

Therefore, for the case of a spherical UUV with three planes

of symmetry, the contribution of the off-diagonal elements in

the added mass inertia matrix can be neglected. Hence,
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MA = M�
A = −diag{Xu̇, Yv̇, Zẇ,Kṗ,Mq̇, Nṙ} (17)

The added mass matrix elementsXu̇, Yv̇ , Zẇ, Kṗ, Mq̇ and

Nṙ are the hydrodynamic added mass forces as explained in

Section III-D1.

3) Hydrodynamic Coriolis and Centripetal Matrix
The nonlinear hydrodynamic Coriolis and Centripetal matrix

CA(ν) can be derived using an energy formulation based on

the added mass matrix (17) [27], as follows:

CA(ν) =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 −Zẇw Yv̇v

0 0 0 Zẇw 0 −Xu̇u

0 0 0 −Yv̇v Xu̇u 0

0 −Zẇw Yv̇v 0 −Nṙr Mq̇q

Zẇw 0 −Xu̇u Nṙr 0 −Kṗp

−Yv̇v Xu̇u 0 −Mq̇q Kṗp 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(18)

4) Hydrodynamic Damping Matrix
The hydrodynamic damping of an underwater vehicle can be

modeled as the sum of two concentrated forces, lift and drag.

The lift force arises from the difference of pressure generated

by fluid flowing over the upper and lower parts of the hull,

further depending on the angle of attack and on the speed of

the vehicle. For a spherical UUV, the pressure difference is

assumed null and the lift force is neglected.

The drag force of an underwater vehicle operating in

a closed space mainly depends on linear-skin friction and

cavitation. For a low-speed moving vehicle, the drag can

be considered decoupled among the DOF. This force can

be expressed with two formulations, one arising when the

vehicle performs a motion along an axis, named axial and

cross flow drag, and another when the vehicle rotates around

an axis, referred to as rolling drag. The axial drag term is the

drag force directed towards the x axis of the UUV and it is

often expressed as a quadratic function of speed, using the

following formulation:

X|u|u =
1

2
ρ Cd(Re) A (19)

where A is the vehicle cross sectional area and Cd(Re) is

the drag coefficient which depends on the Reynolds number

(Re). The crossflow drag terms affect the vehicle when mov-

ing perpendicular to it’s x axis, i.e. heave and sway motions.

For a spherical UUV, the crossflow drag can be calculated

using:

Y|v|v = Z|w|w = −1

2
ρCdA−

nfin∑
i=1

(
1

2
ρSfin,iCdfin,i

) (20)

where Sfini
is the surface of the i-th fin, Cdfin,i

is the drag

coefficient of the i-th fin, and nfin denotes the number of

fins. Assuming that the external sensors can be considered

as fins, the drag coefficient of each sensor can be computed

using the fin taper ratio approximation ti:

Cdfini
= 0.1 + 0.7ti (21)

where

ti =
width on topi

width on bottomi
. (22)

A perfect rolling sphere produces an extremely low drag

[26]. The main component of the rolling drag is thus gener-

ated by fins, and the following approximated expression can

be used:

K|p|p = Y|v|v r3mean (23)

where rmean is the mean fin (or external sensor) height

above the vehicle axis centerline. Similar formulations can

be used to calculate M|q|q and N|r|r Thus, the hydrodynamic

damping matrix D(ν) can be expressed as [23]:

D(ν) = −diag{Xu, Yv, Zw,Kp,Mq, Nr}
− diag{X|u|u|u|, Y|v|v|v|, Z|w|w|w|,

K|p|p|p|,M|q|q|q|, N|r|r|r|} (24)

where {Xu, Yv, Zw,Kp,Mq, Nr} are the linear damping

term D coefficients using the SNAME notation. Definitions

and theory can be found in [28].

E. HYDROSTATIC FORCES
Conforming to the SNAME nomenclature, the weightW and

buoyancy B of a submerged vehicle are given by,

W = mg, B = ρg∇ (25)

where g is the Earth’s gravitational constant in NED and ∇
is the volume of the displaced water mass, i.e., volume of the

vehicle. Since these forces only affect the vertical plane of

{n}, they can be expressed as [29]:

fng =
[
0 0 W

]ᵀ
fnb =

[
0 0 −B]ᵀ

(26)

These forces are expressed in the inertial frame {n}, thus,

they can be moved to the body-fixed frame {b} by applying

the coordinate transformation matrix Rn
b (Θnb). Once rotated

to {b}, (26) can be rewritten as:

g(η) = −
[

f bg + f bb

rbg × f bg + rbb × f bb

]
(27)

where rbg and rbb are the vectors collecting the distances

from the body-fixed frame to the the centers of application

of the forces, i.e., they represent the distances from the
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geometrical center of the sphere to the CG and the Center

of Buoyancy (CB), respectively. Hence, expanding (27), the

vector collecting the effect of the hydrostatic forces and

moments, namely g(η), is as follows:

g(η) =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(W −B)sθ

−(W −B)cθsφ

−(W −B)cθcφ

−(ygW − ybB)cθcφ+ (zgW − zbB)cθsφ

(xgW − xbB)cθcφ+ (zgW − zbB)sθ

(xgW − xbB)cθsφ− (ygW − ybB)sθ

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(28)

where s(·) = sin(·) and c(·) = cos(·). As can be seen in

(28), if the UUV is close to neutrally buoyant (W = B), the

gravitational forces only affect the rotations in the x and y
axes.

F. QUATERNION REPRESENTATION
In the previous sections, any rotation from the inertial frame

{n} to the body-fixed frame {b} or viceversa is performed

by means of the transformation matrix JΘ(η) in (2), that

includes the following matrices:

Rn
b (Θnb) =⎡

⎣cψcθ −sψcφ+ cψsθsφ sψsφ+ cψcφsθ
sψcθ cψcφ+ sψsθsφ −cψsφ+ sψcφsθ
−sθ cθsφ cθcφ

⎤
⎦ , (29)

TΘ(Θnb) =

⎡
⎣1 0 −sθ
0 cφ cθsφ
0 −sφ cθcφ

⎤
⎦ . (30)

This transformation is achieved by means of three sequen-

tial rotations around three axes. If the rotations are performed

starting from one axis of the inertial frame, Euler angles can

be used to express the attitude of the body-fixed frame. This

approach is commonly used in robotic applications since the

kinematic parameters preserve the physical meaning of the

attitude of the vehicle and the approach can be applied for

any attitude, except for the singularity in a pitch angle θ of

±90°.

Nevertheless, in the case of UX-1, the configuration with

the critical pitch angle ±90° is a standard working condition,

corresponding to the maneuver of ascending or descending

in a mine shaft. In order to allow for a complete range of

motions, the following quaternion parametrization is used as

well:

Jq(η) =

[
Rn
b (q) 03×3

04×3 T q(q)

]
(31)

with

Rn
b (q) =⎡
⎢⎣
1− 2(q22 + q23) 2(q1q2 − q3q0) 2(q1q3 − q2q0)

2(q1q2 + q3q0) 1− 2(q21 + q23) 2(q2q3 − q1q0)

2(q1q3 − q2q0) 2(q2q3 + q1q0) 1− 2(q21 + q22)

⎤
⎥⎦
(32)

T q(q) =
1

2

⎡
⎢⎢⎣
−q1 −q2 −q3
q0 −q3 q2
q3 q0 −q1
−q2 q1 q0

⎤
⎥⎥⎦ (33)

The notation used for the quaternions is the following,[
q0 q1 q2 q3

]
, where q0 denotes the scalar component of

the unit quaternion. Additionally, the quaternion parametriza-

tion can be used to represent the vector of hydrostatic forces

and moments in (28) as:

g(η) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

2qc(W −B)

−2qd(W −B)

qb(W −B)

−qb(ygW − ybB)− 2qd(zgW − zbB)

−qb(xgW − xbB)− 2qc(zgW − zbB)

−2qd(xgW − xbB)− 2qc(ygW − ybB)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(34)

where qb = −q20 + q21 + q22 − q23 , qc = q0q2 − q1q3 and

qd = q0q1 + q2q3.

IV. UX-1 CONTROL SYSTEM
As it can be seen in Fig. 6, a modular control system, where

control modules can be easily replaced for testing different

control strategies, has been adopted for UX-1 robot.

FIGURE 6. General position control scheme implemented on UX-1.

A force allocation module is first designed, in charge of

interpreting the force requirements and distributing it to the

actuators, followed by an outer position control module in

charge of computing the reference force vector based on

the desired position reference and the actual robot position.

To design the position control module, different strategies

are considered, starting from a multivariable linear optimal

approach and then exploiting a nonlinear approach.

A. FORCE ALLOCATION MODULE
The UX-1 is an over-actuated system, where the number

of actuators used to perform a control action is redundant,

either to improve system performance, reliability or robust-

ness [30]. The force allocation control approach is based on
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the mapping matrix, which gathers how the forces of the

actuators generate effects on the control force vector of the

system. The idea of this approach is that, given a reference

force vector and inverting the mapping matrix, it is possible

to compute the force required by each actuator.

FIGURE 7. Components of force allocation module for UX-1

1) Mapping Matrix
The mapping matrix B, shown in (6), is used to define how

the thruster configuration will act on the dynamics of the

UUV. UX-1 is actuated by means of eight thrusters, hereby

denoted {Ti}, allocated symmetrically on each side of the

vehicle. Therefore, B will be a 6 × 8 matrix with the rows

corresponding to the DOF, i.e. {X,Y, Z,K,M,N}, and the

columns corresponding to each thruster, i.e. {T1, . . . , T8};

where element i,j expresses how the i − th DOF is affected

by the j − th thruster. For any given motion, several combi-

nations of thrusters can be chosen using the thruster notation

shown in Fig. 2.

TABLE 1. Mapping Matrix Actuator Configuration for UX-1

Motion Positive Movement Negative Movement

Surge {T1, T5} {T3, T7}
Sway {T1, T2, T3, T4} {T5, T6, T7, T8}
Heave {T2, T6} {T4, T8}
Roll {T4, T6} {T2, T8}
Yaw {T1, T7} {T3, T5}

The configuration of actuators chosen for the different

motions is shown in Table 1. Using this configuration, the

mapping matrix B of the effect of the thrusters on the

dynamics of the system is defined as:

B =

⎡
⎢⎢⎢⎢⎢⎣

1 0 −1 0 1 0 −1 0
1 1 1 1 −1 −1 −1 −1
0 1 0 −1 0 1 0 −1
0 −l 0 l 0 l 0 −l
0 0 0 0 0 0 0 0
l 0 −l 0 −l 0 l 0

⎤
⎥⎥⎥⎥⎥⎦

(35)

with

l = sin(δ)
√
σ12 + σ22 (36)

where σ1 is the distance from the axis of the thrusters to the

geometrical center of the UUV, σ2 is the distance from each

thruster to the middle lateral point and δ = arctan(σ2

σ1
) is the

rotation angle of the moments generated on the UUV.

2) Mapping Matrix Pseudoinverse
Since the mapping matrix B in (35) is not a square matrix,

the pseudoinverse of B, denoted with B†, can be used to

solve the problem. The pseudoinverse matrix is calculated

using the Moore-Penroose inverse as:

B† = (B�B)−1B�. (37)

3) Thruster Coefficient
As can be seen in Fig. 7, the output of the mapping matrix

pseudoinverse evaluated in the previous section is repre-

sented by the desired forces from each of the eight thrusters,

i.e. [FT1
, FT2

, . . . , FT8
]. However, the input for the VESC

Electronic Speed Controllers, used to control the speed of

the thrusters, are the desired thruster velocities in RPM. To

translate the desired force of each thruster FTi
to a desired

velocity, a simple relation is derived as:

FTi = kmω
2
Ti

(38)

where km is the thruster coefficient and ω2
Ti

is the speed of

the i− th thruster in RPM. This model neglects the dynamics

of the thrusters and considers them as being capable of pro-

viding the required force instantaneously. This is a reasonable

assumption, given that the maximum operating speed of the

UX-1 robot during missions is around 0.5 m/s with minimum

changes in attitude. Experimental tests that were performed

to identify the characteristic curve of the thrusters will be

shown in Section V-B1.

B. POSITION CONTROL MODULE
For the position control module, two methods are presented

in this work. First, a Finite Horizon Linear Quadratic Regula-

tor (LQR) which is based on two loops for speed and position

control. Afterwards, a State Feedback Linearization control

which is based on a single loop with position and velocity

feedback.

1) Finite Horizon LQR
This method is based on a multivariable approach, chosen as

the Linear Quadratic control (LQ). The LQ regulator solves

the control problem by minimizing the performance index:

J =
1

2

∫ ∞

0

((x−xR)
�Q(x−xR)+(u−uR)

�R(u−uR)) dt

(39)

where x is the vector of the states, xR is the vector of the state

references, u is the vector of the inputs, uR is the vector of

input references and, Q, R are the matrices of state and input

weights, respectively.

As shown in Fig. 8, the control is constituted by two nested

loops, an inner one in charge of the velocity control and an

outer targeting the position. The two control gains K0 and

K1 are tuned solving two independent LQ problems. For the

speed a linearized version of the dynamic equations in (6)

has been used, whilst for the position a linearized kinematic

model, derived from (5) is adopted.
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FIGURE 8. Linear quadratic regulator control architecture.

The state gain matrix Q of the LQ controller are chosen

according to [31], in which the state gain is designed as a

diagonal matrix where each term on the main diagonal is nor-

malized dividing by the square of the maximum acceptable

error as follows,

qi =

(
1

max errori

)2

. (40)

The control weight R is a tuning parameter related to

the energy consumption of the control strategy, with higher

gains meaning a faster system at the cost of an higher

energy requirement. R is tuned by dynamic simulations of

the system, choosing a trade-off between response time and

required control forces, and afterwards tuned in experimental

tests.

2) Nonlinear State Feedback Linearization

FIGURE 9. State Feedback Linearization controller architecture.

The State Feedback Linearization (FL) control method has

been implemented and validated in a number works in the

literature. The main principle with feedback linearization is

the transformation of the nonlinear dynamics of the UUV into

a set of independent chain of integrators, as follows:

η̈ = λn (41)

ν̇ = λb (42)

to which traditional control methods for linear dynamical

systems (e.g. Linear Quadratic Regulator, pole-placement)

can be applied [21]. In (41), λn is interpreted as the com-

manded acceleration in the NED frame, and in (42) λb as the

body-fixed commanded acceleration vector.

We consider the nonlinear kinematic and dynamic equa-

tions from Section III-B in the form

η̇ = JΘ(η)ν (43)

Mν̇ + n(ν, η) = τ (44)

where η and ν are assumed to be measurable and n is defined

as follows,

n(ν, η) = C(ν)ν + D(ν)ν + g(η). (45)

The control law is selected such that the nonlinearities of

the system dynamics can be canceled out

τ = Mλb + n(ν, η). (46)

Differentiating (43) with respect to time and applying the

control law (46) to the UUV dynamics in (44) yields

M(ν̇ − λb) = MJ−1
Θ (η)[η̈ − J̇Θ(η)ν − JΘ(η)λb] = 0. (47)

Selecting

λn = J̇Θ(η)ν + JΘ(η)λb (48)

results in the linear decoupled system M∗ (η̈− λn) = 0
where M∗ = J−ᵀ

Θ (η)MJ−1
Θ (η) > 0 (note that JΘ(η) is a

square matrix and it is always invertible). From (48) it can be

concluded that the commanded acceleration in the body-fixed

frame λb can be calculated by

λb = J−1
Θ (η)[λ

n − J̇Θ(η)ν] (49)

and the commanded acceleration in the NED frame can be

chosen as a PD control law with acceleration feedforward

λn = η̈d −Kd
˙̃η −Kpη̃ (50)

where ηd is the desired position and orientation vector in

NED, η̃ = η − ηd is the position and orientation tracking

error and, Kp and Kd are positive definite diagonal matrices

of the controller gains. These gains can be selected in order

to set the desired error dynamics. In fact, introducing (50) in

(41) we obtain the error dynamics ¨̃η +Kd
˙̃η +Kpη̃ = 0.

V. EXPERIMENTS
Experimental tests were carried out to evaluate and compare

the performance of the position control systems (Section IV).

Furthermore, identification tests were performed in order to

validate the theoretical hydrodynamic damping parameters

for surge and pitch obtained from the derivation of the system

model, and to calculate the thruster coefficient. The analysis

of these experiments will be discussed in Section VI.

A. EXPERIMENTAL SETUP
To test the UX-1 robot in a underwater environment, a 10m

× 6m × 5m depth test tank located in the Robotics and

Autonomous Systems Laboratory at INESC TEC was used

(Fig. 10). Using the measurements from the DVL and the

IMU sensors installed on-board, an EKF algorithm developed

by researchers at INESC TEC was used to estimate the UX-1

robot position and velocity feedback.
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FIGURE 10. UX-1 robot entering water tank used for experimental tests.

All hardware interfaces have been implemented in Python

or C++ in Ubuntu 16.04, and data communications are

handled using the ROS (https://www.ros.org/) middleware

standard messages. The UX-1 robot was designed and in-

tended for fully autonomous navigation of flooded mines;

however, during this phase of preliminary tests, the UX-

1 robot was equipped with a neutrally buoyant tether for

real-time controller tuning and manual control in case of

controller failure.

The PS control has not been considered in this work; thus,

the passive pitch stabilization was used to fix the pitch of

the UX-1 to 0° during the underwater tests. Additionally,

the VBS used for buoyancy control and trimming was not

fully functional during these tests; therefore, the robot was

trimmed with dead weights on the inside to get as close to

neutral as possible.

B. MODEL PARAMETER IDENTIFICATION
1) Thruster Coefficient Identification
To identify the thruster coefficient km in (38), an experi-

mental test was performed using one of the UX-1 thrusters,

a model T200 from BlueRobotics (www.bluerobotics.com).

The motor was fixed to a metal rod connected to a load cell

and secured to the test tank support bridge, as shown in Fig.

11.

FIGURE 11. Motor parameter identification test setup.

First, the load cell was calibrated by incrementally adding

known weights to the metal rod and measuring the corre-

spondent output voltage. From the datasheet of the load cell,

the relation from voltage to the corresponding force can be

approximated with a linear curve as in Fig. 12.
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0.8
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FIGURE 12. Load cell characteristic curve.

Once the characteristic coefficient of the load cell was

computed, the force generated by the motor can be measured.

The identification procedure was as follows:

• the motor is actuated within a known range of RPM

values by means of the open-source BLDC Tool;
• for each RPM input a transient time is needed for the

motor to reach the steady-state and for the test bench to

exhaust any physical vibration;

• each RPM command is provided 20 times and their

corresponding voltage measurements are averaged;

• the characteristic curve of the thruster is identified fitting

the data to a quadratic model.

As expected from (38) and shown in Fig. 13, the data

obtained from the identification tests are in good accordance

with the expected quadratic model.

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

FIGURE 13. UX-1 thruster characteristic curve.
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2) Damping Parameter Identification
Once the thruster coefficient was identified, the experimental

identification test of the surge linear and quadratic damping

terms, represented by X|u|u and Xu in (24), was performed.

Two models have been considered for the surge motion,

assumed to be decoupled from the other dynamics:

mu̇ = X|u|uu|u|+Xu̇u̇+Xc (51)

mu̇ = X|u|uu|u|+Xuu+Xu̇u̇+Xc (52)

where in (51) only the quadratic term of the drag X|u|u
is accounted for, whereas in (52), both the linear Xu and

quadratic X|u|u terms are considered. To identify the drag

coefficients a test has been performed providing as input to

the system a known linear force by means of the available

thrusters, and measuring the resulting velocity of the vehicle

from the DVL. The results of these experiments, together

with the two identified models, are shown in Fig. 14.

0 5 10 15 20 25 30 35 40
-0.05

0

0.05

0.1

0.15

0.2

FIGURE 14. Linear drag identification results (blue line represents
experimental data, red dashed line model (51), black dashed line model (52)).

3) Rolling Drag Identification
Lastly, the rolling drag coefficient for pitch, as described

by M|q|q and Mq in (24), was experimentally identified. In

order to measure the pitch angle, an underwater camera has

been used. Two circular markers were positioned on one

of the manifolds of the vehicle, as shown in Fig. 15, and

an image processing algorithm based on Hough transform

segmentation was developed to compute the pitch angle θ,

using the following relation:

θ = arctan
yc − ym
xc − xm

(53)

where {xm, ym} are the coordinates of the center of the

marker, and {xc, yc} are the coordinates of the center of the

vehicle.

Again, two models of increasing complexity have been

used,

FIGURE 15. UX-1 during parameter identification experiments.

Iyy θ̈ = zgW sin(θ) +M|q|q θ̇|θ̇|+Mq̇ θ̈ (54)

Iyy θ̈ = zgW sin(θ) +Mq θ̇ +M|q|q θ̇|θ̇|+Mq̇ θ̈. (55)

in (54) only the quadratic drag term M|q|q is considered,

whereas in (55) the analysis is extended also to the linear

term Mq . The rolling drag test is performed by imposing an

initial step, manually pitching the vehicle upwards, and then

computing in each frame the pitch angle geometrically from

the markers. In Fig. 16, the fitting for both identified rolling

drag models is presented.

0 5 10 15 20 25
-1.5
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-0.5

0

0.5

1
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FIGURE 16. Rolling drag identification results (blue line represents
experimental data, black dashed line model (54), red dashed line model (55)).

C. UNDERWATER CONTROL TESTS
The underwater path tracking experiments were designed to

simulate the UX-1 robot navigating inside an underwater

mine tunnel environment. Position reference commands were

sent in North (surge) and Depth (heave), while maintaining

the East (sway) at y = 0m and the Heading (yaw) and roll

fixed at 0°. As mentioned before, the PS for pitch control

was fixed as to navigate in a nose forward configuration (φ =
0°).
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FIGURE 17. Experimental results obtained in underwater tests with the Feedback Linearization controller: (a) 3D Reference path and tracking results (1. Start
Point, 2. End Point), (b) North (surge) reference position, (c) Depth (heave) references and measurements, (d) Heading (yaw) measurements, (e) Pitch (θ) and Roll
(ψ) measurements and (f) Commanded forces in X and Z.

1) Path Tracking Feedback Linearization Control

The state feedback linearization control algorithm, developed

in Section IV-B2, was implemented and tested in a path

tracking scenario. For these tests, the controller gains were

obtained by using a pole-placement algorithm similar to [21]

and initially tuned in a simulation environment on the theo-

retical dynamic model of the system derived in Section III.

Afterwards, the control gains were re-tuned in situ once the

robot was in the water. Given the close quarter navigation the

UX-1 will have to perform, the requirements of the control

tuning was focused on achieving zero error in steady-state

with minimal overshoot, with no requirement on rise time or

settling time since the operational velocity is quite low.

Fig. 17 shows the overall results of the path tracking

underwater test with the feedback linearization control algo-

rithm. As can be seen, the experiment lasted approximately

170s during which the controller was sent a reference path

composed of 4 waypoints (x and y in meters, ψ in degrees):

[x, z, ψ] = [(5,−0.2, 0), (5, 2, 0), (2, 2, 0), (2, 0, 0)].

The recorded experimental measurements from the local-

ization module are shown for North (Fig. 17(b)), Depth (Fig.

17(c)), Heading (Fig. 17(d)), Roll and Pitch (Fig. 17(e)) and

the force commands generated by the control algorithm (Fig.

17(f)). Furthermore, the complete 3D path navigated by the

UX-1 robot is shown in Fig. 17(a).
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FIGURE 18. Results obtained with the LQR controller: (a) 3D Reference path and tracking results (1. Start Point, 2. End Point), (b) North (surge) reference position,
(c) Depth (heave) measurements, (d) Heading (yaw) measurements, (e) Pitch (θ) and Roll (ψ) measurements and (f) Commanded forces in X and Z.

2) Path Tracking Finite Horizon LQR Control
The Finite Horizon LQR control system is based on the

dynamic model in (5) and (6). Given that the pitch angle in

these initial tests was to be fixed at 0°, no singularities would

be encountered, therefore the system was parametrized with

Euler angles as in (29) and (30). Furthermore, the vehicle was

considered with a fixed mass and with a fixed position of the

center of mass in the standard configuration.
As in the previous section, the controller was initially

tuned in a simulation environment with the theoretical and

identified model parameters. Using (40), the maximum ac-

ceptable steady-state error for each state is used as the

requirement for the state gains; whilst the control weight

requirements are constrained to lower control forces. Finally,

the robot was manually tuned for the best response once in

the test tank.

In order to compare the performance of both control al-

gorithms developed in this work, the path reference com-

manded to the LQR controller is similar to the one used

for the aforementioned feedback linearization controller.

The experiment lasted approximately 220s during which

the controller was sent a reference path composed of 4

waypoints (x and y in meters, ψ in degrees): [x, z, ψ] =
[(4.5, 0.2, 0), (4.5, 2, 0), (2, 2, 0), (2, 0, 0)]. In Fig. 18 the re-

sults of the underwater control tests are presented for North

(Fig. 18(b)), Depth (Fig. 18(c)), Heading (Fig. 18(d)), Roll

and Pitch (Fig. 18(e)), Force (Fig. 18(f)), and the 3D path

navigated in Fig. 18(a).
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VI. RESULTS AND DISCUSSION
In this section, all the experimental results including the

identification and control tests, presented in Section V, are

analyzed. The first experimental tests were conducted to

identify and validate the dynamic model parameters of the

UX-1 robot. The thruster coefficient km, from (38), was esti-

mated using a load cell to relate the thrust force generated to

a commanded RPM velocity. Using the characteristic curve

(see Fig. 13), the thruster motor coefficient was estimated as

km = 5.9× 10−8.

Analyzing the experimental data from the BLDC tool,
it is possible to assume that the actuator model, including

the velocity loop, follows a first order system. In addition,

noticing that the settling time was less than 100ms, it is

possible to estimate the time constant of the system to be less

than 25ms. For these reasons, the dynamics of the actuators

can be safely considered negligible with respect to the ones

of the vehicle, and the actuators can be modelled as an

instantaneous source of thrust.

As surge will be the predominant motion of the robot dur-

ing missions, it was important to accurately replicate it within

the model. From the identification experiments performed for

the surge linear and quadratic damping terms, in Fig. 14, it is

apparent that the model in (52) (where both the linear and

quadratic terms are present) was able to better replicate the

vehicle dynamics either in transient and at steady-state.

The fitting percentage of the experimental data to both

models was computed by means of the normalized root mean

square error (NMRSE). The surge model in (52) obtained

a 69.17% fit, 8% higher than the simplified surge model in

(51). Using the experimental data, the quadratic drag term

results in X|u|u = -73.51 ± 5.1 kg/m, whereas the linear drag

term is estimated as Xu = -65.5 ± 3.2 kg/m. Furthermore,

the theoretical value of the quadratic drag term, calculated

using (19), results in X|u|u = -71.13 kg/m showing that the

quadratic drag coefficient identified with these experiments

is consistent with the theoretical value.

Similarly, the rolling drag parameters were also identified

with experimental data. As can be seen in Fig. 16, both mod-

els (54) and (55) produce similar results to the experimental

data with a fit percentage of approximately 81.09%. In this

particular case, the addition of the linear term Mq does not

provide any significant improvement, thus the more complex

model in (55) is redundant. The identified parameter for the

quadratic model has the following value: M|q|q = - 2.76 ±
0.21 kg·m2. Table 2 shows the final parameters of the system

with both theoretical and identified values.

Following the identification experiments, the controllers

developed for the UX-1 robot were tested in real underwater

path tracking tests. The path references consisted in several

waypoints which simulated a possible mine tunnel navigation

scenario. Although the waypoints commanded were not the

same, a fair comparison can still be made. As mentioned

in previous sections, only the preeminent motions of the

UX-1 robot were tested, namely surge, heave and yaw; thus

maintaining the pitch, roll and sway constant.

TABLE 2. Dynamic Model Parameters for the UX-1 Robot used for control
design and simulation.

Parameter Value Units

m 112 [kg]

W 1098,72 [N]

B 1176,0 [N]

Ixx 4.03 [kg· m2]

Iyy 4.03 [kg· m2]

Izz 4.03 [kg· m2]

Xu -65.5 [kg/m]

Yv -65.5 [kg/m]

Zw -65.5 [kg/m]

X|u|u -73.51 [kg/m]

Y|v|v -73.51 [kg/m]

Z|w|w -73.51 [kg/m]

K|p|p -2.76 [kg· m2]

M|q|q -2.76 [kg· m2]

N|r|r -2.76 [kg· m2]

Xu̇ -56.5 [kg]

Yv̇ -56.5 [kg]

Zẇ -56.5 [kg]

Kṗ -4.52 [kg· m]

Mq̇ -4.66 [kg· m]

Nṙ -4.42 [kg· m]

From the plots shown in Fig. 17 and Fig. 18, it can be

seen that the overall response of the feedback linearization

controller was more effective in tracking the commanded

reference path with less deviations. A key factor in the design

of the UX-1 was the operating speed of the robot during

missions. Even though open-loop maximum speeds have

been measured up to 1.0 m/s, for safety, this value was fixed

at a maximum of 0.5 m/s, around which the control systems

have been developed. Shown in Table 3 are the maximum

measured velocities achieved by the UX-1 during testing.

TABLE 3. Velocity Results in Path Tracking Experiments with LQR and FL
Controllers.

Max Velocity LQR FL Units

Forward 0.15 0.24 [m/s]

Backward -0.17 -0.26 [m/s]

Downward 0.145 0.10 [m/s]

Upward -0.15 -0.09 [m/s]

Since the UX-1 is not a perfect sphere, the performance

of the control systems will vary depending on the direction

of motion (forward, backward, upward, downward), thus,

the velocity in every direction is reviewed. As can be seen,

the feedback linearization controller achieves much faster

velocities in forward/backward motions as opposed to faster

velocities in upward/downward motions from the LQR con-

troller.

14 VOLUME 4, 2016



Suarez Fernandez et al.: Modelling and Control of Underwater Mine Explorer Robot UX-1

During the testing of the LQR controller, it was noticed

that the performance of the Depth control was oscillatory

and showed a limit cycle around the target reference heave

position. The reason behind the oscillations was identified as

generated by the low robustness of the control. In details, this

test is performed in condition of non perfect neutral bouyancy

of the vehicle, in turn keeping the UUV positively buoyant

as a safety measure. On the contrary, the heave control is

linearized around a condition of perfectly buoyancy, meaning

that the model used is not the one representing the system in

this specific test scenario and proving that the change on this

model parameter is not counteracted by the control system.

Comparing the yaw response from both controllers (Fig.

17(d) and Fig. 18(d)), the faster velocity in the backward

motion from the feedback linearization causes an error in

the yaw angle which is not seen in the response of the LQR

controller, nevertheless, the yaw angle with the feedback

linearization control is able to stabilize to the commanded

angle of 0° within a reasonable time.

TABLE 4. Force reference commands obtained by the LQR and FL
Controllers.

LQR FL

Force North (x) Depth (z) North (x) Depth (z) Units

Mean 3.91 1.96 1.92 1.92 [N]

Max 4.0 4.0 33.93 10.68 [N]

Another important factor in the foreseen missions is low-

ering as much as possible the power consumption from the

batteries in order to achieve longer exploring tasks. Table 4

shows the mean and maximum force commands generated

by both controllers during the experiments. The feedback

linearization controller managed the lowest mean force value

in X and Z, while the LQR controller generated much lower

maximum force commands, up to 4N. Nevertheless, in Fig.

17(f) it can be seen that the maximum value for the force

commands with the feedback linearization controller is due

to peaks in the signal when references are changed, during

the rest of the experiment the force values are smooth and

within reasonable bounds.

TABLE 5. Time Response Results in Path Tracking Experiments with LQR
and FL Controllers.

LQR FL

Metrics North (x) Depth (z) North (x) Depth (z) Units

OS% 10.61 22.02 2.16 7.89 [%]

Tr 36.97 15.99 18.50 12.15 [s]

Tf 14.64 9.36 15.90 12.12 [s]

Ts 78.78 54.35 38.24 36.34 [s]

eSS 0.1045 0.0439 0.0733 0.0351 [m]

Table 5 presents the results for the transient and steady-

state time response analysis of both the feedback lineariza-

tion and the Finite Horizon LQR controllers. The chosen time

response metrics were: Overshoot percentage (OS%), Rise

time (Tr), Fall time (Tf ), Settling time (Ts) and mean error

in Steady-State (eSS).

In a comparison of the time response analysis in Table 5,

it is evident that the LQR controller, despite having achieved

a fall time of 9.36s in Depth (2.76s faster than the FL con-

troller), is outperformed in every metric analyzed. The feed-

back linearization controller managed overshoot percentages

of 2.16% in North and 7.89% in Depth, respectively, 8.45%

and 14.13% lower than the LQR controller. Additionally, the

rise time obtained by the feedback linearization controller

is close to twice as fast in North whilst maintaining a sig-

nificantly lower settling time. Nevertheless, both controllers

accomplished very desirable errors in steady-state with a

minimum error of 0.0351m in depth for the feedback lin-

earization controller. These errors are acceptable within the

bounds of navigating inside the mine tunnel environments,

thus, both controllers are suitable for field testing

VII. CONCLUSION
In this paper the design and realization of the attitude control

system for the UX-1 robot, a novel spherical underwater ve-

hicle for flooded mine tunnel exploration characterized by an

innovative manifold system for propulsion and maneuvering,

has been presented. This process includes the design of the

vehicle, the selection of sensors and actuators, the derivation

and experimental validation of a 6 DOF dynamic model,

and the development and testing of two control solutions for

the navigation of the robot. In particular, a linear trajectory

tracking controller based on feedback linearization, and a

finite horizon LQR based on a linear approximation of the

motion equations have been presented and compared.

Underwater tests in a controlled water tank environment

have been carried out to experimentally identify model pa-

rameters and to validate the proposed controllers in path

tracking tests. Experimental results show the effectiveness

of both control solutions, emphasizing that the feedback

linearization approach outperforms the finite horizon LQR in

almost all the considered performance index.

Future work includes the implementation of more ad-

vanced control systems, e.g. model predictive control (MPC)

or controllers robust to parameter uncertainties, such as L1

Adaptive Control. Additionally, the controllers proposed in

this work will be validated in real mine environments during

field tests at the Kaatiala mine in Finland and the Idrija

Mercury mine in Slovenia.
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ABSTRACT In this work, we present the results of a series of field trials conducted with an underwater

vehicle in the increasingly complex underwater environments of the Kaatiala mine in Finland, the Idrija

mine in Slovenia, and the Urgeiriça mine in Portugal. These field experiments have been performed to test

and validate the motion control systems of the underwater explorer robot (UX-1), which are: a variable

ballast system for buoyancy control, a variable pitch system for pitch control, and a propulsion system for

depth and heading stabilization. The control method implemented is based on a state Feedback Linearization

algorithm, previously tested and validated in a controlled water tank environment. Several experiments are

shown which demonstrate the successful operation of the motion control systems in individual performance

tests. Afterwards, a full exploration and geo-scientific data collection mission is presented, where all of

the motion control systems are active simultaneously during a deep dive to more than 100 m. The results

obtained in the field tests demonstrate the effectiveness of the motion control systems and validate the UX-

1 Robot platform as capable of performing the complex task of navigation and control in flooded mine

environments.

INDEX TERMS Mine Exploration, Motion Control, Spherical Robot, UNEXMIN

I. INTRODUCTION

IN past years, the decrease in mining activities due to low

metal prices or negative environmental impact has led

to an estimated 30,000 inactive or abandoned mines across

European countries [1]. Several of these mines were poly-

metallic ore deposits, where valuable metals often occurred

together in different combinations, and most still contain a

considerable amount of mineral reserves. Determining the

viability of re-opening these abandoned mines represents a

significant interest, due to the fact that Europe has near-

complete dependency on the import of mineral raw materials

considered critical minerals, or likely to become critical in

the near future. With mine closures, the dewatering systems

designed for mineral extraction usually stop. This induces

the flooding of abandoned mine workings and raising of the

water table level. Some of these mines have been closed

hundreds of years ago, which produce hazardous conditions

and harsh environments for surveying and prospecting by

means of human divers.

The UNEXMIN (UNderwater EXplorer for flooded

MINes) project aims at developing a series of underwater

autonomous robots that will form a multi-robot system de-

signed to explore underground flooded mines for acquiring

geo-scientific and topological data. The scientific data col-

lected will be used by geologists, in order to assess the

status of the mine sites and provide key information regarding

feasibility and economic viability of re-opening.

The UX-1 Robot, seen in Fig. 1, is the first generation of

underwater explorer robots for the UNEXMIN project. The

robot has a spherical shape, with a diameter of only 620mm,

and a robust aluminum cast hull allowing for a maximum

working depth of 500 m. Such features have been chosen to

meet the constraints of the targeted mines (old abandoned

and flooded European mines). As the main objective of UX-

1 Robot is to explore underground mines and to collect

geo-scientific and topological data, an array of scientific

instruments is installed in the robot. The UX-1 Robot has

the capability of measuring the water’s temperature, pressure,
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pH and electrical conductivity, magnetic fields and gamma

radiation levels. By using multispectral and UV fluorescence

imaging units it is also capable of identifying various miner-

als located on the mine’s walls.

Navigation in these enclosed and confined spaces is a

rather complex and challenging task, which requires precise

and robust motion control in all controllable degrees of

freedom (DOF). Additionally, minimizing the vehicle energy

usage during dives is essential in order to achieve the required

dives times of up to 5 hours. The motion control systems

designed for the UX-1 Robot are comprised of: a Propulsion

System (PS), composed of eight thrusters in a cross manifold

configuration that give the robot 5 DOF motion capabilities

and a cruising speed of up to 0.5 m/s; a variable pitch system,

used to control the pitch of the robot by shifting the center

of gravity as to maintain the front of the robot towards the

direction of movement; and a variable ballast system, used

to compensate the change in buoyancy at different depths

and aid in long vertical descents requiring virtually no power

consumption.

Since the very early conception of the UNEXMIN project,

it was decided that the UX-1 Robot prototypes would be

validated in real life conditions (Technology Readiness Level

(TRL) of 6-7). To this effect, several flooded mines have been

selected across Europe, with gradual increase in harshness

of the conditions for field testing, with the general objective

of acquiring mineralogical data, as well as generating a 3D

model database of the explored mines.

A. SUMMARY OF THE TRIALS
Given the scale of the UNEXMIN project, a multidisciplinary

technical team was assembled from different research insti-

tutions in Europe. Among these, the Mechatronics Researh

Group from Tampere University, in charge of the mechan-

ical fabrication; the Centre for Robotics and Autonomous

Systems from INESC-TEC, in charge of the perception and

electronics integration; and the Center for Automation and

Robotics from the Universidad Politécnica de Madrid, in

charge of the guidance, navigation and control systems.

The first trials were carried out in June 2018 at the aban-

doned pegmatite mine Kaatiala, in Finland. This is a flooded

open pit mine with a maximum depth of approximately 40

m, that continues into a number of underground drives. This

open pit mine was selected as a first test site due to its easy

accessibility, large tunnels without debris, non-complicated

tunnel network and clear waters. Its depth allowed for easy

recovery of the robot by a scuba-diver rescue team in case

of malfunction. These initial trials focused on evaluating the

performance of the basic motion control systems, e.g. the

variable ballast system and the depth control, along with

testing and calibrating scientific instrumentation.

The second field trials with the UX-1 Robot were done

in September 2018, in a closed and partially flooded his-

torical underground mercury mine at Idrija, Slovenia. This

mine is listed as part of the UNESCO World Heritage site,

which imposes additional constraints to the missions, since

FIGURE 1. UX-1 robot during field tests in Kaatiala mine, Finland.

no-contact and no-damaging conditions are enforced. The

Idrija mine is an underground mine with limited visibility

and narrow passages. The enclosed environment presented

an ideal scenario to validate the variable pitch system and

heading control in murky waters and cluttered environments,

in addition to the previously tested motion control systems.

Moreover, the mine site provided important insight into the

challenge of transporting and deploying the robot system in

a genuine mine.

The third field trials were performed in March 2019 at

the old uranium mine of Urgeiriça in Portugal. This mine

presented similar underwater mine conditions as those found

at the Idrija Mercury mine, such as murky waters, confined

spaces and obstacles, without the complicated logistics of

robot deployment. At this mine, the mission objectives were

to test UX-1 Robot in a deep underground mine with acces-

sible entrances to numerous mine levels. The structure of the

mine provided the opportunity to test the performance with

all the motion control systems activated simultaneously.

B. RELATED WORK
A great deal of research has been conducted on underwater

vehicle systems that pursued exploration, navigation, and 3D

mapping of underwater environments [2] [3]. Most of them

addressed open water scenarios or large vertical shafts, which

posed virtually no limitation on the size of the underwater

vehicles. However, research projects have shown a growing

interest in applications focused in confined unknown spaces

where AUVs have been developed to tackle this problem.

The authors in [4] and [5] tested an underwater Remotely

Operated Vehicle (ROV) to map and explore the underground

water cisterns at the islands of Malta and Gozo. The un-

derwater vehicle used was a VideoRay Pro III micro ROV,

which had a length of 0.305 m. This small size allowed

navigation through the narrow water cistern access points,

commonly found in the aforementioned islands. The vehicle

was equipped with three thrusters, two forward and one

vertical, which allowed movement in 3 DOF. A scanning
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sonar was used, but was limited to a range of 6 m and

only 2D maps were obtained. Despite these limitations, the

authors successfully implemented Simultaneous Localization

and Mapping (SLAM) algorithms in real time.

The SPARUS AUV [6] was a small, torpedo shaped un-

derwater vehicle with 3 DOF motion control. Its dimensions

were 1.22 m in length by 0.23 m in diameter with an oper-

ating time of up to 5 hours. The SPARUS AUV was used in

[7] to survey the underwater cave complex "Coves de Cala

Viuda," in Spain, and provide acoustic, optical, and inertial

measurements for research in autonomous navigation. How-

ever, the maximum depth was limited to 50 m which is not

suitable for exploration of deep underwater environments.

The DEPTHX (DEep Phreatic THermal eXplorer) project

[8] [9] [10] had the primary objective of using an autonomous

vehicle to explore and characterize the unique biology of the

Sistema Zacatón cenotes. Similar to the UX-1 Robot, it was

designed with an ellipsoidal shape to minimize the potential

of it becoming snagged. Nevertheless, the operating environ-

ment consisted of wide shafts, between 50 m and 150 m in

diameter, which allowed the limitation-free design with no

significant restrictions on the size of the underwater vehicle

(which measured approximately 1.5 m in height and 1.9 m

in length and width). The cruising speed of the vehicle was

0.2 m/s and the operating time was approximately 4 hours.

Autonomous exploration and 3D mapping was demonstrated,

but was limited to vertical descent of large shafts.

NASA astrobiologists have developed Project SIMPLE

(Sub-Ice Marine and PLanetary-analog Ecosytems). It aimed

to use the McMurdo Ice Shelf as a proxy for theoretical

ocean-like conditions under the ice of Europa, one of the

moons of Jupiter where scientists believe there may be the

best chance of finding biological specimens [11]. To this

effect, several underwater vehicles have been deployed and

recovered from ice boreholes for the navigation and explo-

ration of ice-covered waters.

Based on the DEPTHX vehicle, the ENDURANCE (En-

vironmentally Non-Disturbing Under-ice Robotic ANtarctic

Explorer) AUV [12] [13] was designed to operate in a unique

and extreme environment, the frozen waters of Lake Bonney

in Taylor Valley. The ENDURANCE mission goals included

traversing a 1 km × 2 km lake, obtaining a full 3D synoptic

chemical profile, and high-resolution mapping. There were

two significant changes from the DEPTHX configuration:

the removal of the variable buoyancy system, which required

improving the depth control of the vehicle using the vertical

thrusters; and a different navigation strategy, where instead of

sonar-based SLAM, ENDURANCE uses DVL/Inertial dead-

reckoning augmented with an iUSBL whose transponder was

hung underneath the melt hole.

The authors in [14] developed SCINI (Submersible Capa-

ble of under Ice Navigation and Imaging), a small torpedo

shaped ROV with a length of 1.4 m and diameter of 15 cm,

designed to fit through a 20 cm hole in the ice. The vehicle

was able to survey in water depths of up to 300 m, with

forward speeds of up to 7.5 km/h, whilst Deep SCINI [15]

was a 2000 m depth-qualified vehicle with design elements

taken from the original SCINI. Similarly, the ICEFIN [16]

was an under-ice ROV designed for deployment directly

through ice which could be tens to hundreds of meters thick.

From the results obtained with the ENDURANCE AUV,

the ARTEMIS [17] [18] was developed to provide high

resolution sea floor imagery. It reached a maximum speed

of 9 km/h with an operating time of up to 25 hours and a

maximum depth rating of 5000 m. Moreover, the vehicle had

a modular payload designed to operate in various missions,

such as seabed mapping, oceanographic survey, search and

rescue, oil and gas survey, and others. As was the case

with DEPTHX and ENDURANCE, the ARTEMIS was not

suitable for exploration of confined environments due to its

torpedo shape with the length of 5 m.

The SUNFISH AUV [19] was a 6 DOF vehicle capable

of on-line SLAM with obstacle avoidance and real-time

path planning. It was built based on the earlier work by

Stone Aerospace with the DEPTHX, ENDURANCE and

ARTEMIS. It had the capability to integrate additional pay-

loads for tasks such as water sampling or biogeochemical

profiling. Its dimensions were 1.61 × 0.47 × 0.2 m with

an operating time of 5 hours and a maximum depth rating

of 200 m. The authors demonstrated autonomous navigation

and path planning capabilities at the Peacock Springs cave

system in Florida and mention survey of flooded mines as a

potential application of SUNFISH AUV.

Several works can be found in the literature related to

the UNEXMIN project [20] and the evolution of the UX-

1 Robot. In [21], the authors presented the initial design

of the mechanical subsystems and their functions, which

were redesigned and upgraded using the structural strength

analysis results in [22]. The design of the overall system was

presented in [23], along with some preliminary simulation

results. Once the fabrication UX-1 Robot platform had been

concluded, several experimental underwater tests were per-

formed in a water tank environment to compare the perfor-

mance of linear and non-linear controllers on the UX-1 Robot

motion systems [24]. Based on the results from the control

systems, this work presents the field experiments performed

with the UX-1 Robot in three flooded mines across Europe.

These experiments include the test and validation of the

different motion systems developed, several of which were

not previously experimentally tested on the UX-1 Robot.

C. OUTLINE OF THE PAPER
The work presented is organized as follows: in Section II,

the main components of the UX-1 Robot design will be pre-

sented, focusing on the previously untested motion control

systems. In Section III, the equations of motion of the UX-

1 Robot and control method used during the field trials is

explained. Section IV details the architecture of the robotic

underwater explorer, whilst field tests are reported in Section

V. Finally, results and discussions are carried out in Section

VI with conclusions and future works presented in Section

VII.
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II. UX-1 ROBOT PLATFORM: DESIGN
The UX-1 Robot design, shown in Fig. 1, was developed

according to strict restrictions in terms of size, weight, pay-

load, and maneuverability, for the purpose of flooded mine

exploration. The complete mechanical design process of the

UX-1 Robot has been presented in several works, such as

[21] and [22]. In this section, the mechanical designs of the

motion control systems are presented and can be seen in Fig.

6.

A. EXTERNAL HULL AND MANIFOLDS
The closed-frame design of the external hull for the UX-1

Robot (Fig. 2) was comprised of three individual compo-

nents: a toroid shaped central housing, and two aluminum

side plates. Since the final design did not have a completely

spherical shape, due to the external instrumentation, a thor-

ough structural analysis using Finite Element Method was

performed. These tests validated the non-ideal shape of the

UX-1 Robot as capable of withstanding the high pressure

conditions during the foreseen field operations [22].

FIGURE 2. Exploded view of robot aluminum external hull and side plates for
sealing the watertight hull and fixing manifolds.

Among the available methods for manufacturing the cen-

tral housing, the aluminum pouring casting method (Alloy

AS7G06) was chosen, due to the complexity of the design;

whereas, the side plates were manufactured by 5-axis ma-

chining as a monobloc (Alloy AW 7021). The PS for motion

control of the UX-1 Robot was comprised of four thrusters in

a cross manifold structure, rigidly attached to each side plate.

The manifolds were integrated into syntactic foam to achieve

a lateral spherical shape and provide any additional buoyancy

required.

B. CENTRAL ROD
The central rod structure was a major component in the

overall mechanical design of the hull. This element, shown in

Fig. 3, was designed to be used as the mounting point for the

side plates, as well as a common component for the variable

ballast system and the variable pitch system.

This solution optimized the available space inside the UX-

1 by integrating the oil reservoir tank, used by the variable

FIGURE 3. Side plates mounted on the central rod element of the UX-1.

ballast system, in the geometric center of the robot, and

served as a mounting point for the variable pitch system.

C. VARIABLE PITCH SYSTEM
The mechanical design integrated the majority of the per-

ception sensors, used for mapping and localization, pointing

towards the front of the robot; thus, most of the navigation

was expected to be done with the front of the UX-1 Robot

facing towards the desired direction of movement. Since the

general structure of the flooded mine environments intended

to be explored mostly comprised of vertical shafts and/or

horizontal tunnels, a motion control system for varying the

pitch angle (along the horizontal axis y) was required.

FIGURE 4. Variable pitch system installed around the central rod.

To maximize the operation time during dives, a low power

consumption design had to be implemented. As can be seen

in Fig. 4 and Fig. 6(b), the Variable Pitch System (VPS) de-

sign consisted of a stepper motor with a bevel and worm gear

setup, which rotates the battery module (three eccentrically

placed 6S 16000 mAh LiPo Batteries) around the central rod

oil reservoir tank using a planetary gear fixed to the central

rod. This shifting of a mass w.r.t the center of gravity of the

vehicle generated a torque and in turn rotated the UX-1 Robot

to a desired pitch angle, passively stabilizing the system.
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D. VARIABLE BALLAST SYSTEM
The UX-1 was designed to explore mines with maximum

depths of up to 500 m. If navigation and motion control were

performed by relying solely on thruster actuation, the power

consumption would have substantially decreased the operat-

ing time. The Variable Ballast System (VBS) was designed

to adjust the buoyancy of the system during long distance

vertical motions (e.g. in vertical shafts) compensating for

buoyancy changes due to the pressure force on the hull [25].

FIGURE 5. Water cylinders and oil reservoir tank of the variable ballast
system.

The VBS motion control (Fig. 5 and Fig. 6(a)) was com-

prised of dual water inlet cylinders with aluminum pistons

to divide water from oil, and an oil reservoir tank. When

the UX-1 was at surface, the cylinders were filled with

oil (with a density similar to water) and the oil reservoir

tank was empty. In this state, the UX-1 had the maximum

positive buoyancy available. When the VBS was initiated for

descent, oil was pumped from the cylinders to the central oil

tank, actuated by a brushless electric motor with a reduction

gear which moved the pistons. This created suction in the

water inlet cylinders and were gradually filled with water,

thus changing the weight of the vehicle and submerged by

decreased buoyancy.

(a) (b)

FIGURE 6. Real motion systems integrated into UX-1 robot. (a) variable
ballast system; (b) variable pitch system.

III. UX-1 ROBOT PLATFORM: MODEL AND CONTROL
The 6 DOF nonlinear dynamic model of the UX-1 Robot

has been thoroughly explained in previous works, such as

[21] and [24]. In these works, the theoretical expressions

for calculating the parameters of the forces acting upon the

vehicle (e.g. Rigid-Body forces, Hydrodynamic forces, and

Hydrostatic forces) are derived and explained in detail, along

with their experimental identification. This work broadens

the previously used dynamic model by deriving the 6 DOF

equations of motion using unit quaternions to represent the

attitude of the vehicle.

A. EQUATIONS OF MOTION
The two reference frames adopted, {n} and {b}, which can

be seen in Fig. 7 are represented in world coordinates. Where

{n} denotes an inertial North-East-Down (NED) coordinate

system with orthonormal basis {xn, yn, zn} and origin on;

and {b} denotes a body-fixed reference frame with orthonor-

mal basis {xb, yb, zb} and origin ob.

FIGURE 7. Schematics of the developed underwater vehicle with the
reference frames used in the equations of motion.

Using a quaternion attitude representation, the nonlinear

equations of motion for an underwater vehicle, in {b}, can be

expressed as:

η̇ = J†
q(η)ν (1)

Mν̇ + C(ν)ν + D(ν)ν + g(η) = τ (2)

with

M = MRB +MA (3)

C(ν) = CRB(ν) +CA(ν) (4)

D(ν) = D +Dn(ν) (5)

where η ∈ R
7 denotes the position and orientation vector

in the NED coordinate system, ν ∈ R
6 denotes the linear

and angular velocity vectors in {b}, and τ ∈ R
6 describes
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FIGURE 8. General pose control scheme implemented on UX-1 robot for field experiments in underwater mines.

the forces and moments acting on the vehicle in {b}. More-

over, J†
q(η) is the left Moore-Penrose pseudo-inverse of the

non-quadratic transformation matrix Jq(η) ∈ R
7×6. M ,

C(ν) and D(ν) denote the system inertia matrix, Coriolis-

Centripetal term matrix and hydrodynamic damping matrix,

respectively, whilst g(η) is the vector of gravitational and

buoyant forces [28]. The model matrices M , C(ν), D(ν)
and g(η), and their properties, have been previously defined

for the UX-1 Robot in [24].

B. POSITION CONTROL
The overall position control system of the UX-1 Robot is

shown in Fig. 8. It has been approached as a modular system

for flexibility in testing and development. A force alloca-

tion module was used, in charge of interpreting the force

requirements and distributing it to the actuators, followed by

an outer position control module in charge of computing the

reference force vector.

The force allocation approach was presented and devel-

oped in [24]. It was based on the mapping matrix, which

gathers how the forces of the actuators generate effects on

the control force vector of the system, by finding the explicit

solution to the unconstrained Least-Squares optimization

problem using Lagrange Multipliers. As can be seen in Fig.

8, the idea of this approach was that, given a reference force

vector and the inverse of the mapping matrix (MMP), the

velocity required by each thruster could be computed after

multiplying by the thruster coefficient (TC).

In [24], several control methods were implemented and

tested for the UX-1 Robot in a controlled tank environment.

The control tests performed for a path tracking scenario

showed that for the UX-1 Robot, the Nonlinear State Feed-

back Linearization (FL) controller yielded better position

control performance when compared to the traditional Finite

Horizon Linear Quadratic Regulator (LQR) control method.

Thus, the State FL controller was chosen as the position

control module to be used during the field testing exper-

iments presented in this work. The basic principle of the

FL control method is the transformation of the nonlinear

dynamics of an underwater vehicle into a set of independent

chain of integrators. We consider the nonlinear kinematic and

dynamic equations of an underwater vehicle in the quaternion

representation form

η̇ = Jq(η)ν (6)

Mν̇ + n(ν, η) = τ (7)

where η and ν are assumed to be measurable and n is defined

as follows,

n(ν, η) = C(ν)ν + D(ν)ν + g(η). (8)

The control law is selected such that the nonlinearities of

the system dynamics can be canceled out

τ = Mλb + n(ν, η). (9)

Differentiating (6) with respect to time and applying the

control law (9) to the equations of motion in (7) yields

M(ν̇ − λb) = MJ†
q(η)[η̈ − J̇q(η)ν − Jq(η)λ

b] = 0. (10)

Choosing

λn = J̇q(η)ν + Jq(η)λ
b (11)

results in the linear decoupled system M∗ (η̈− λn) = 0,

where M∗ = J†
q(η)

�MJ†
q(η) > 0. From (11) it can be

concluded that the commanded acceleration in the body-fixed

frame λb can be calculated by

λb = J†
q(η)[λ

n − J̇q(η)ν] (12)

and the commanded acceleration in the NED frame can be

chosen as a PD control law with acceleration feedforward

λn = η̈d −Kd
˙̃η −Kpη̃ (13)

where ηd is the desired position and orientation vector in

NED, η̃ = η − ηd is the position and orientation tracking

error and, Kp and Kd are positive definite diagonal matrices

of the controller gains. These gains can be selected in order

to set the desired error dynamics. In fact, with (13) the error

dynamics ¨̃η +Kd
˙̃η +Kpη̃ = 0 are obtained.
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IV. UX-1 ROBOT PLATFORM: ARCHITECTURE
In this section, the general architecture description of the

robotic exploration system will be presented. The archi-

tecture is decomposed into three elements: 1. the system

architecture will present an overall conceptual model of

the set-up used during field testing, which includes user

interfaces, communication protocols, and post-processing; 2.

the hardware architecture will provide a representation of

the electromechanical components integrated into the UX-

1 Robot, such as sensors, scientific instrumentation, and

motion control systems; and 3. the software architecture

will focus on the high-level structure of the localization,

navigation and control software components developed for

the UX-1.

FIGURE 9. Field test system architecture conceptual model.

A. SYSTEM ARCHITECTURE
The system architecture will vary depending on the environ-

ment conditions in the mine sites and the desired level of

autonomy [23]. Nevertheless, an overall conceptual model of

the system architecture, used during field testing, can be seen

in Fig. 9. In general, the system architecture consisted of the

UX-1 Robot, communication links, operator mission work-

station, data management systems and the post-processing

infrastructure.

In order to perform a full validation of the different sub-

systems in unknown environments and reduce the risks of

damage due to system failure, during these initial field trials,

a direct communication link from the UX-1 Robot to the

control room was available. The communication link had to

be installed on-site for each mine site visited. It consisted of

setting up a Gigabit fiber optic communication link between

the launch site at water level (i.e. where the UX-1 would be

deployed), a tether installed in the UX-1 made up of military

grade fiber optic cable, and the control room, in some cases

more than 200 m away.

In addition to the communication links, the operator mis-

sion workstation was set-up in the control room at each

location. The operator mission workstation was comprised

of all the support subsystems used during test dives. These

included, a Human-Machine-Interface (HMI) station with

peripherals used for teleoperation, in case of guided explo-

ration or any malfunction; a system monitoring station where

different parameters of the UX-1 Robot could be supervised

at all times, e.g., running processes, power consumption

and depth; a 3D mapping and sensor visualization station

where end-users, such as local geologists, mine personnel,

and stakeholders could guide and examine in real time the

mine structure and mineralization; and a local data storage

system for processing the acquired data between dives.

Multiple dives were performed at each mine site, which

generated considerable amounts of data recorded after each

trial (> 1 Tb). Since this information was intended for post-

processing, to create high-fidelity 3D models and a database

of mineralogical information from each mine site, all the data

gathered during field tests was uploaded to an external central

server.

B. HARDWARE ARCHITECTURE
In this section, the hardware architecture of the UX-1 will

be presented, i.e., all components comprising the hardware

system, their communication protocols, and interactions be-

tween them. The description of this architecture was es-

sential, since it provided important information for system

integration and software development. The hardware compo-

nents, shown in Fig. 10, have been divided according to the

tasks for which the were intended.

FIGURE 10. UX-1 robot hardware architecture components and
communication protocols.

1) Perception
The perception components (Fig. 11(b)) were those used for

measuring the attributes of the environment and extracting

3D information. The UX-1 Robot was equipped with the

Tritech Micron Scanning Sonar (www.tritech.co.uk), an ex-

tremely compact 360° sonar scanner with a 75 m maximum

range and RS485/232 communication protocols. Addition-

ally, a Konsberg M3 Multibeam Sonar (www.km.kongsberg.

com), which generates both imaging and bathymetric data,

was available for long distance precision mapping of up to

500 m range.
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(a) (b) (c)

(d) (e)

FIGURE 11. Final 3D model of robot mechanical design (a) Left view (manifold system for propulsion and MSU), (b) Front view (scanning sonar, multibeam Sonar
and SLS), (c) Right view (manifold system and camera), (d) Top view (camera and water sampling unit), (e) Bottom view (DVL, SMP, camera and PH sensors).

A structure from light system (SLS) was used to calculate

the depth and surface point cloud information of the mine

walls. This consisted of using five digital cameras with 110°

lens opening, each recording at 9 fps, with 2054x1544 image

resolution, to calculate the deformation when light from a

projected laser line struck surfaces [23].

Four light and laser projectors were used to illuminate

with visible light, UV light and project a 1.0 W laser line.

Synchronization with LED visible light, lasers and other

triggers were handled by the master sync control component.

2) Localization

The localization elements were used to estimate the position

and orientation of the UX-1 Robot in the NED frame of refer-

ence for navigation and path following. For this task, the UX-

1 Robot was equipped with a KVH 1750 (www.kvh.com)

fiber optic Inertial Measurement Unit (IMU), with an RS-

422 communication protocol, for feedback of linear acceler-

ations and angular velocities installed inside the watertight

hull, as well as an RDI Teledyne Workhorse Navigator 600

(http://www.teledynemarine.com) Doppler Velocity Logger

(DVL), with Ethernet communication interface, for feedback

of pressure, linear velocities and distance to bottom measure-

ments (Fig. 11(e)).

3) Motion
The motion systems on the UX-1 Robot used CAN Bus com-

munications and include the PS, VPS, and the VBS. Where

the latter two have been previously introduced in Section II.

The PS is responsible for the translation in the x, y, z axis

and rotation in heading and roll. It is actuated by means of

eight BlueRobotics T200 brushless electric motor thrusters

(www.bluerobotics.com) divided equally on each manifold

attached to the side plates (Fig. 11(a) and 11(c)). The PS

thrusters and VBS pump motor velocities were controlled by

VESC (http://vedder.se/) Electronic Speed Controllers.

4) Scientific
The scientific instrumentation components integrated into

the UX-1 Robot have been designed and fabricated specifi-

cally for this platform [20]. These include: a multi-spectral

imaging unit (MSU) for mineralogical characterization; a

water sampling unit; a Gamma Ray (GR) sensor for detecting

radioactive minerals; a PH sensor and a sub-bottom profiler

(SBP).

5) Communication
The communication link to the main PC was done using

a fiber optic tether cable. This tether was connected to a

fiber optic transceiver / media converter which converted
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data signal between 10/100/1000Base-T and 1000Base-LX

Gigabit Ethernet. Additionally, the on-board pc was equipped

with a wireless module to allow communication with the

robot without the need of a physical connection.

6) Computing
The UX-1 Robot has a distributed computer system for on-

board processing, interfaces and motion control. A Com

Express Type 6 PC (i7-8850H processor at 2.6/4.3GHz with

QM370 chipset) was installed as the on-board main CPU.

This computer hosts the Guidance, Navigation and Control

(GNC) algorithms, as well as data fusion algorithms and

hardware drivers and interfaces.

Com Express Type 10 Dedicated CPUs (Intel Atom x7-

E3950 quad core processor with 1.6GHz core frequency)

were used in intensive specific sensor processing tasks. For

instance, one sonar processing CPU, that was responsible

for raw Multibeam sonar data pre-processing, provided a

filtered output 3D point cloud that was integrated in the main

computer [23]. Additionally, two more dedicated CPUs were

used to extract 3D point cloud information from the SLS.

7) Power
As mentioned in Section II-C, the battery module consisted

three 6S 16000 mAh LiPo Batteries. The battery manage-

ment system (BMS) was used to consistently monitor battery

module parameters, such as charge, temperature, and current

consumption, as well as, managing the distribution of power

during the battery charging process.

C. SOFTWARE ARCHITECTURE
The control software architecture has been organized into

three separate layers (see Fig. 12). Each layer was composed

of multiple intercommunicating nodes, in a modular struc-

ture, that could be replaced, edited, and tested with minimal

effect on other modules. This allowed for greater flexibility

and eventual scalability.

The open source Robotic Operating System (ROS Kinetic

distribution) middleware framework was used to handle in-

tercommunication between processes. All nodes have been

implemented in Python or C++ in the Com Express Type 6

main PC running the GNU/Linux operating system Ubuntu

16.04 LTS (Xenial).

The motion layer contained all the nodes related to the

movement of the UX-1 Robot. This layer was composed

of: the HMI subsystem, for interfacing any commands sent

by the human operator, e.g., take over manual control or

command a specific waypoint; the GNC subsystem, in charge

of deciding the overall movement strategy, computing trajec-

tories in the form of waypoints and transforming these into

force commands by the control strategy presented in Section

III-B; the manager node, which received commands from the

control nodes and distributed them depending on the mode of

operation (i.e. teleoperated, autonomous, partial control); and

the thruster allocation node, which implemented the force

allocation module.

FIGURE 12. Control software architecture developed for the UX-1 robot field
trials.

In the localization layer, developed by researchers at

INESC-TEC (https://www.inesctec.pt), the 3D mapping node

integrated the point cloud information obtained by the Tritech

Scanning Sonar, the M3 Multibeam Sonar and the SLS. Ad-

ditionally, the sensor fusion node implemented an Adaptive

Extended Kalman Filter, to estimate the position, velocity

and attitude of the UX-1 Robot by using data provided by

DVL, IMU and pressure sensor [23]. The localization node

will integrate a SLAM algorithm which receives the pose

information of the sensor fusion and the mapping data from

the 3D mapping and provides a corrected 3D map and global

localization estimates. This SLAM implementation is still to

be developed and field tested.

Lastly, the driver interface layer handled the communi-

cations between the software nodes and the hardware com-

ponents. For the control software, two main interfaces were

used. The VESC driver was used to send RPM commands

the electronic speed controllers used for thruster actuators

control (see IV-B3); and the CAN Communication driver

translated standard ROS messages into CAN Bus socketcan

messages to control the VPS, VBS and receive information

from the BMS.

V. UX-1 ROBOT PLATFORM: FIELD EXPERIMENTS
The field experiments with the UX-1 Robot were performed

in order to acquire data on the mineralogical composition of

the mines, as well as to gather mapping data to build 3D

models of the mines, of whom no structural information was

available. Nevertheless, the operation and performance of the

individual motion systems developed for the UX-1 Robot,

were tested and validated in increasingly complex real-life

environments.

Three flooded mines have been explored across Europe,

with gradual increase in the harshness of the conditions

(i.e. accessibility, extent of tunnel network system, potential

for robot recovery in the case of malfunction, etc.). The

first trial was carried out in the pegmatite mine Kaatiala, in

Finland. The second test has been conducted in the historical

Idrija mercury mine, in Slovenia. Lastly, the third trial was

performed in the old uranium mine of Urgeiriça, in Portugal.
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As previously mentioned, the robot was connected to the

control room via a tether connection for real-time monitor-

ing and visualization. These initial field tests were semi-

autonomous, where an operator on the mission workstation

teleoperated the UX-1 Robot in the horizontal axes {x, y}
and occasionally the heading, while the depth of the robot

was fully controlled with reference setpoints and the roll was

fixed at φ = 0 rad. This decision was made in order to allow

local geologists and mine personnel to guide the exploration

and acquire as much mineralogical and structural data as

possible from the scientific instrumentation.

During the field experiments, a considerable number of

dives were performed to test different system functions. This

section will outline the main experiments performed on the

new motion systems, at each mine site. The systems tested in-

clude the VBS, VPS and Heading control. The depth control

was field validated as well, based on the previous knowledge

acquired during the controlled environment testing in [24].

A. KAATIALA MINE, FINLAND
1) Environment Description

The Kaatiala mine is located in the Vassa province of western

Finland. The exploitation of minerals, mainly quartz, started

in the 19th century. Due to the needs of the steel-making in-

dustry during the Second World War, quarrying of pegmatite

begun in 1942, followed soon afterwards by production of

feldspar for the domestic ceramics industry. In 1968 mineral

extraction from the mine became unprofitable and mining

operations were ceased causing the mine to become flooded.

FIGURE 13. Top view of the Kaatiala Mine tunnel system used for the first
field tests.

Kaatiala is a flooded open pit mine with maximum depth

of approximately 40 m. The mine site is currently used as

a tourist attraction for recreational scuba divers. There are

three tunnel entrances varying in size and equipped with

guide ropes and a diving bell (see Fig. 13). This mine was

selected for the first field tests of the UX-1 Robot due to

its easy accessibility, clear waters and large tunnel networks

without debris. Additionally, the maximum operating depth

during tests allowed for the robot to be recovered safely by a

scuba-diver in the case of malfunction.

2) Robot Deployment System
The Launch and Recovery System (LRS) installed at the Kaa-

tiala mine site, shown in Fig. 14, was made up of a foldable

engine crane with an electric motor hoist. The crane was

rigidly attached to the side wall of the quarry and supported

up to 300 kg of weight for lowering and raising the robot in

between dives.

FIGURE 14. UX-1 robot being lowered from the launch and recovery platform
installed in the Kaatiala mine site.

Once the robot was in the water, the hoist was manually

released by a support team from a motor powered inflatable

raft in the mine pit. During the tests, as a safety measure, two

safety divers were in the water with the robot in communica-

tion with the operator mission workstation (Fig. 15).

FIGURE 15. UX-1 robot in the water with two safety divers during initial tests.

3) Experiments
The Kaatiala mine was the initial field test site for the UX-

1 Robot, this meant that all subsystem functionalities had to

be tested before and during the dives. The major components

included: the robot battery pack and BMS; filling the oil tank

reservoir for the VBS; internal sensor communication; tether

cable communication with operator mission workstation;

navigation sensor calibration (INS and DVL); and scientific

instrumentation calibration and setup (PH, SBP, MSU).
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For the Kaatiala Mine dive tests, the VPS component of the

motion system was not fully functional. Therefore, the pitch

angle throughout all the dives was maintained at θ = 0 rad,

which corresponds to a nose front configuration. Regardless,

several tests were performed to validate the depth controller

performance and the VBS.

• Variable Ballast System
The VBS was intended for decreasing the energy consump-

tion during vertical motions, by varying the buoyancy. The

initial test with the VBS, shown in Fig. 16, consisted on

validating the actual change in the buoyancy of the robot.

0 50 100 150 200 250 300

-5

0

5

10

15

20

25

30

35

-10

0

10

20

30

40

50

60

FIGURE 16. Variable ballast system initial buoyancy test results.

Since the UX-1 Robot had positive buoyancy by design,

water was initially pumped into the cylinders until neutral

buoyancy was observed. The robot was then submerged,

using the depth controller, until a depth of 15 m was

reached. At the 15 m setpoint, the water ballast was

purged with the depth controller still engaged, eventually,

the depth controller was disengaged and the robot (now

positively buoyant) reached the surface without requiring

thrust force.

• Depth Control & Variable Ballast System
A similar experiment was performed in order to compare

the effects of the VBS on the commanded force, generated

by the depth controller, while maintaining the UX-1 Robot

at a certain depth with negative and neutral buoyancy.
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FIGURE 17. Results of the depth control and VBS force consumption test.

The results for this test are shown in Fig. 17. First, with

the robot at the surface, water was pumped into the VBS

until negative buoyancy was observed (UX-1 Robot began

to sink). Afterwards, the depth controller was activated and

the depth setpoint reference was gradually increased up to

17 m, where it was successfully controlled at this depth

with a force close to 5 N. Once the depth was stabilized, the

VBS was purged until neutral buoyancy was achieved, thus

decreasing the control force required to maintain the same

depth to approximately 0 N, before finally commanding to

resurface.

• Exploration
Following the validation of all the available motion sys-

tems, an exploration mission of the mine was performed

to gather scientific instrumentation measurements from the

MSU and the PH sensor, along with 3D point cloud data.

For these tests, the VBS was used to trim the buoyancy of

the robot during the dive and maintain it as close to neu-

trally buoyant as possible. In Fig. 18, the UX-1 Robot and

a safety diver can be seen during an exploration mission

inside a tunnel of the mine.

FIGURE 18. UX-1 robot and safety diver inside mine tunnels during
exploration tests.

The UX-1 Robot was submerged by commanding refer-

ence setpoints to the FL depth controller, which was active

during the entire dive. For the guided exploration, the

operator on the surface had control of all other DOF using

the HMI peripherals. As can be seen in Fig. 19(f), a max

depth of 31 m was achieved, coinciding with the location

of the entrance to the mine tunnel; whilst the complete

3D trajectory of the UX-1 Robot during the exploration

mission can be seen in Fig. 19(e).

The 3D point clouds of the external wall of the mine, ac-

quired during the dives, are presented in Fig. 19(a) and Fig.

19(b). As can be seen, the two main tunnel entrances are

clearly visible from the point cloud data. Furthermore, Fig.

19(c) and Fig. 19(d) show the Octomap [30] representation

of the explored section of the mine tunnel with the UX-

1 Robot trajectory during the guided exploration mission

experiment.
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FIGURE 19. (a) Front and (b) side views of the 3D pointclouds acquired of the two entrances to the mine tunnels. (c) Side view of the Octomap generated of the
tunnel entrance. (d) View of the path of the robot inside the tunnel. (e) Trajectory, (f) Depth and (g) Vertical velocity of the UX-1 robot during the exploration mission.
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B. IDRIJA MINE, SLOVENIA
1) Environment Description
The Idrija mine is located approximately 60 km west of the

capital city of Ljubljana. Mercury deposits in Idrija were

first discovered in the late 15th century. Shortly after, the

first mining operations began, which continued production

for the next 500 years. The mine produced approximately

12.7 Mt of cinnabar ore and 145,000 t of mercury in its

500-year mine life. It is estimated that 13% of total historic

worldwide production of mercury came from Idrija. The

mine was finally closed in 1995 for commercial, geological,

and ecological reasons; nevertheless, some of its shafts and

facilities have remained open for tourists.

FIGURE 20. Side view of the levels and sites at the Borba shaft used for the
second field tests.

During its production phase, approximately 700 km of

tunnels were excavated and the total depth of the mine

reached 420 m. The test dives were carried out in the main

Borba shaft, seen in Fig. 20, which is currently used by

the mine for pumping and regulating the water table. The

Idrija mercury mine was selected as the second trial site due

to its more challenging environment when compared to the

previous test site in Kaatiala; its murky water and confined

spaces, provided a perfect place to test the functionality of

the UX-1 Robot in very realistic and harsh mine conditions.

2) Robot Deployment System
The Borba shaft was set up with four work sites, two work-

stations and two LRS platforms at different levels of the mine

(see Fig. 20). The operator mission workstation (site 1) was

set up on the surface level, 336 m Above Sea Level (ASL).

A field workstation (site 2) was set up on Level III (214 m

ASL), which was accessed from the surface via an elevator,

shown in Fig. 21.

FIGURE 21. UX-1 robot at site 2 in Level III of the Borba shaft.

The initial part of the LRS consisted of a set of winches

to lower the UX-1 Robot approximately 28 m from Level

III to Level IV (site 3). On Level IV (187 m ASL), a

wooden platform was installed for quick repairs or battery

replacement. Afterwards, the UX-1 Robot was switched to a

different winch for lowering to the launch platform at Level

VI (site 4).

FIGURE 22. Deploying the UX-1 robot for a test dive in Idrija mercury mine.

The LRS platform at Level VI (143 m ASL), shown in

Fig. 22, was approximately 20 cm above the water level. Due

to the restricted air flow, only four people were allowed to

work on this platform at the same time. In order to enable

communication during launch and recovery, all levels of the

shaft were equipped with audio and visual communication

with Power-Over-Ethernet (POE) equipment.
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3) Experiments
The Idrija mine field experiment objectives, similar to the

Kaatiala mine, were to gather mineralogical and structural

data from the abandoned mine. Additionally, the performance

of the UX-1 Robot was to be assessed in a more challenging

environment. To this effect, further testing and validation was

performed on the motion system components of the UX-1

Robot, specifically the heading control and the VPS.

• Variable Pitch System
The VPS was designed to passively stabilize the pitch

angle of the UX-1 Robot by rotating the battery module

around the central rod using a planetary gear and a stepper

motor (see Section II). This rotation was required in order

to navigate with the perception sensors, located in the

front of the UX-1 Robot, facing towards the direction of

movement at all times.
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FIGURE 23. Pitch angle results from the tests performed to validate the VPS.

By design, the VPS allowed a pitching motion within the

range of θ = [−π/2, π/2]. However, among these values,

three pitch configurations were considered to be essential

during normal operations: the Nose Down (ND) configu-

ration (θ ≈ −π/2), used to descend through vertical mine

shafts; the Nose Front (NF) configuration (θ = 0), used

to explore side galleries encountered in the shafts; and the

Nose Up (NU) configuration (θ ≈ π/2), applied when

an ascent maneuver is performed inside vertical shafts.

Fig. 23 shows the results for the VPS stabilization test.

All three configurations were tested with the UX-1 Robot

at the surface. As can be seen, starting from a negative

pitch angle, the VPS was able to complete the setpoints

commanded: θ =[0, −π/2, π/2, 0, −π/2, 0] at t =[5,

17, 27, 37, 63, 98], respectively, with pitch angle feedback

from the localization system.

• Depth & Heading Coupled Control
The heading control was a crucial component of the motion

system. The ability to maintain a constant heading, while

navigating through vertical shafts, is an expected explo-

ration maneuver to be performed by the UX-1 Robot in the

future. Therefore, the heading control response was tested

coupled with the depth controller in a controlled descent

and ascent experiment inside the Borba shaft.
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FIGURE 24. (a) Depth of the UX-1 robot during the coupled control test. (b)
Heading control response during the control test with external disturbance.

For this test, the UX-1 Robot was gradually submerged to

a depth of 7.5 m and resurfaced. As can be seen in Fig.

24(a), the depth controller responded as expected, accom-

plishing all commanded setpoints. The heading controller

was activated at the surface, along with the depth con-

trol. It remained active throughout the entire dive, where

several setpoint references in heading were sent to test

the response of the system, see Fig. 24(b). Additionally,

to test the robustness of the control method, an external

disturbance (using the joystick interface) was applied to

the heading at t = 76 s.

• Exploration
A second controlled dive was performed to explore the

deepest section of the Borba shaft and map a drainage

gallery, presumably located 30 m bellow water level, at the

end of the shaft. During the dive, the VBS was used to

maintain neutral buoyancy, the VPS was kept at a NF con-

figuration, and an operator at site 1 guided the exploration.

Fig. 25(e) shows the 3D trajectory of the UX-1 Robot all

through the dive, as can be seen, the drainage gallery was

found at 25 m which was the maximum depth reached (see

Fig. 25(f)). Using the pointcloud data from the multibeam

and scanning sonars, an Octomap representation of the

Borba shaft was obtained. In Fig. 25(a) and Fig. 25(b), the

Borba shaft structure and geometry can be seen. Moreover,

Fig. 25(c) and Fig. 25(d) show the generated Octomaps of

the drainage gallery explored with the UX-1 Robot.
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FIGURE 25. (a-b) Views of the Octomap representation of the Borba shaft. (c) Top and (d) Side view of the drainage gallery of the main shaft explored at the Idrija
Mercury mine. (e) Trajectory, (f) Depth and (g) Vertical velocity of the UX-1 Robot during the exploration mission.
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C. URGEIRIÇA MINE, PORTUGAL
1) Environment Description
The Urgeiriça Mine, located in the Viseu district of central

Portugal, was considered one of the most important mineral

deposits in Europe, mainly due to the exploitation of its

strategic commodities. Mining operations began in 1913,

focusing at first on the production of Radium. During and

after the Second world war, the focus was shifted to the

extraction of Uranium. In 1971 the conventional cut-and-fill

underground mining technique was replaced by the in-situ

leaching method before finally ceasing mining operations in

1991.

FIGURE 26. Schematic of the vertical shafts and horizontal tunnels of the
Urgeiriça mine, site of the third field trials.

In 1967, the mine reached the maximum depth of approx-

imately 500 m below ground level, comprised of 6 vertical

shafts and 19 different depth levels, stretching nearly 1 km

in length (see Fig. 26). The Santa Bárbara shaft, were the

test dives were performed was 400 m deep with only the

first 20 m of the shaft secured with concrete. The Urgeiriça

Uranium mine was selected as the third field test site, because

it presented similar underwater mine conditions as those

found at the Idrija Mercury mine, such as murky waters,

confined spaces and obstacles. Moreover, the structures of

the vertical shafts allowed testing and validation of the UX-1

Robot systems at bigger depths.

2) Robot Deployment System

The access from the LRS to the water level was much simpler

than that at the Idrija Mercury mine. As presented in Fig.

27, the UX-1 Robot was lowered by the LRS into the Santa

Bárbara shaft through a 2 m × 2 m opening above the shaft

using a 300 kg winch. For safety, the entrance to the shaft

was secured with gates and emergency ropes.

FIGURE 27. UX-1 robot being lowered by winch into the Santa Bárbara shaft.

A launch platform was installed 20 cm above the water

level and 8 to 10 m below the surface. The launch platform

was accessed by a ladder located on each sidewall of the

shaft. Once the UX-1 Robot was prepared for a dive, the LRS

was manually released from the launch platform, shown in

Fig. 28.

FIGURE 28. UX-1 robot in the water while deploying for a test dive at the third
field test.

The operator mission workstation was arranged in a stor-

age room/warehouse building only 20 m away from the Santa

Bárbara shaft access. Additionally, a field workshop was

also available for maintenance work on the UX-1 Robot in

between dives.
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3) Experiments

The objectives for the field experiments at the Urgeiriça

Uranium mine were to further test the UX-1 Robot operation

in a deep underground mine with accessible entrances to

numerous mine levels. The accessibility of the vertical shafts

and horizontal tunnels presented the opportunity to test more

advanced maneuvering capabilities. As in the previous mine

locations, focus was also placed on gathering mineralogical

and structural data from the mine. Since the mine was a

Uranium deposit, the scientific instrument for detecting ra-

dioactive minerals (i.e. GR) was also tested.

Considering that the main components of the motion sys-

tem were validated in the previous field experiments, and

only initial debugging and tunning had to be performed at the

site, the tests performed were mostly focused on exploration

dives.

• Exploration
An exploration mission of the Santa Bárbara shaft was

carried out to test the performance of the UX-1 Robot with

all the motion systems running simultaneously. During the

dive, the VBS was used to maintain the neutral buoyancy

of the system; the VPS was used to navigate facing the

desired direction of movement; the Heading control was

used during the descent and ascent to maintain a constant

heading; and the depth controller was used to regulate

the commanded depth reference setpoints for the entire

duration of the dive.

Fig. 29 presents the response of the motion systems during

the exploration mission. The shadowed sections represent

stages during the exploration dive that all motion systems

were active at the same time. As can be seen in Fig. 29(a), a

maximum depth of 106.5 m was reached with the FL depth

controller, making this the deepest exploration mission

performed.

The descent began with the VPS in a NF configuration and

the heading teleoperated from surface, shown in Fig. 29(b)

and Fig. 29(c), respectively. With this configuration a depth

of approximately 30 m was reached (to eliminate air bub-

bles in cameras). Thereupon, the VPS configuration was

changed to ND and the heading controller was activated,

where the controlled submersion continued for another 45

m. Once at 75 m, the VPS was set to a NF configuration

and the heading teleoperated in order to explore the Side

gallery 3 (see Fig. 30(c)).

After the exploration of the side gallery had been per-

formed, the heading controller was started and the VPS

was once again set to a ND configuration. This state was

maintained until a depth of 106.5 m was reached by the

UX-1 Robot. Eventually, the pitch configuration was set to

NF with the heading control off, before finally beginning

the ascent with a NU configuration for the VPS and the

heading control activated. Finally, when the location for

the Side gallery 3 was reached, the VPS was set to a NF

configuration with heading control teleoperated and kept

this way while resurfacing.
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FIGURE 29. (a) Depth, (b) Pitch angle, and (c) Heading angle responses of
the UX-1 robot during the exploration mission at the Urgeiriça mine. The
shadowed sections show when all motion systems were active together.

Fig. 30(e) shows the 3D navigation data of the UX-1 Robot

during the exploration mission. As can be seen, the side

gallery 3 was explored up to 9m from the main shaft. The

Octomap of the shaft and side galleries was done by using

the pointcloud data from the M3 and Tritech sonars. In Fig.

30(a) and Fig. 30(b), the full view of the Santa Bárbara

shaft can be seen along with the side galleries 1, 2, and 3,

found during the exploration missions. The side gallery 1

can be seen in Fig. 30(c), whilst the navigation trajectory

and the Octomap of side gallery 3 are shown in Fig. 30(d).
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FIGURE 30. (a)Full and (b)Side views of the Octomap representation of the Santa Bárbara shaft. (c) Side gallery 1 and (d) Side gallery 3 of the main shaft explored
at the Urgeiriça Uranium mine. (e) Trajectory, (f) Roll angle and (g) Vertical velocity of the UX-1 robot during the exploration mission.
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VI. RESULTS AND DISCUSSION
In this section, the results from the field experiments are

presented and discussed. Table 1 shows a general assessment

of the tests performed at each mine site, presenting the overall

field experiment details along with a performance analysis of

the exploration dives completed.

The inaugural field trials were performed at the Kaatiala

mine in Finland. During 11 days of field testing, a total of 10

dives were performed. The initial tests were shallow dives,

of up to 15 m depth, in order to test if the communica-

tions, scientific instrumentation, external hull watertightness,

sensor calibration, and motion systems, were behaving as

anticipated. Among these initial tests, the open-loop VBS

motion control component of the UX-1 Robot was tested and

validated. The primary objective of the VBS was to achieve a

vertical motion of the vehicle without the need for sustained

power consumption from the PS. The results of the initial

purge test, shown in Fig. 16, demonstrate that the design of

the VBS accomplishes the required change in weight needed

to control the buoyancy of the UX-1 Robot as a positively

or negatively buoyant system. In this test, the UX-1 Robot

was surfaced solely by using the added buoyancy provided

by purging the VBS with a vertical velocity of 0.375 m/s.

With the VBS design validated as a viable solution for

buoyancy control of the UX-1 Robot, a second test was

performed to analyze the effect of the VBS on the output

force commanded by the FL depth controller to maintain

the UX-1 Robot at a required depth. As can be seen in Fig.

17, maintaining a depth of 17 m with a negatively buoyant

system required a mean force of 4.11 N from the PS, close to

350 W. After purging the VBS until neutral buoyancy was

acquired, the total force commanded by the FL controller

for maintaining the same depth lowered to a mean value of

0.20 N, around 4.86% of the initial force. These results show

that the addition of the VBS to the UX-1 Robot enhances

the overall performance of the motion system by requiring

less constant power consumption from the PS, thus extending

the overall operational time. Additionally, these tests further

validate the FL controller robustness as capable of stabilizing

the system to a desired setpoint, even with variations in

buoyancy and model parameters.

The final test performed at the Kaatiala mine was an

exploration mission, where the results can be seen in Fig 19.

The UX-1 Robot was submerged to a max depth of 31.73 m

using the PS with the FL depth controller, and the VBS was

activated to maintain neutral buoyancy. The response of the

FL depth control system is presented Fig. 19(f). Throughout

the dive, a mean force of 1.25 N was necessary to stabilize

the system to a desired depth with a Root-Mean-Square-Error

(RMSE) of 0.9094; whilst a max force of 119.82 N was

recorded for a reference command with 15 m difference.

The main objectives of the exploration mission were ful-

filled. Mineralogical data was gathered from the scientific

instrumentation, point cloud scans of the mine wall were ac-

quired and Octomaps were generated of the tunnel explored

with the UX-1 Robot (see Fig. 19(a) - 19(d)).

TABLE 1. General evaluation of the performance of the system during the
three field trials performed.

Kaa. Mine Idr. Mine Urg. Mine

O
ve

ra
ll

Trial Period 11 Days 12 Days 19 Days

Dives Performed 10 11 18

Mean Duration 0.95 hr 1.10 hr 2.5 hr

Max Duration 1.69 hr 2.15 hr 3.9 hr

E
xp

lo
ra

tio
n

Mean Depth 19.67 m 8.53 m 63.69 m

Max Depth 31.73 m 25.81 m 106.54 m

Mean Force 1.25 N 0.21 N 3.73 N

Max Force 119.82 N 43.83 N 24.91 N

Depth RMSE 0.9094 m 0.2703 m 0.6982 m

With the experience and results obtained at the Kaatiala

mine, the second field trials were held at the Idrija Mercury

mine in Slovenia. Here, 11 dives were accomplished with an

average duration of 1.10 hr to test the main components of

the UX-1 Robot that were not validated at the Kaatiala mine,

such as the heading control and VPS, as well as performing

a complete dive to map the structure of the shaft. In Table

2, the transient and steady-state time response analysis of the

tests performed with the heading control and the VPS are pre-

sented. The chosen time response metrics were: Overshoot

percentage (OS%), Rise time (Tr), Fall time (Tf ), Settling

time (Ts) and mean error in Steady-State (meSS).

TABLE 2. Time response results of the motion control tests performed at the
Idrija Mine.

Motion System

Metrics VPS Control Heading Control Units

OS% 6.79 1.78 [%]

Tr 5.23 4.60 [s]

Tf 2.05 4.96 [s]

Ts 4.52 6.58 [s]

meSS 0.126 0.081 [rad]

A major achievement in the development of the UX-1

Robot was accomplished by testing the VPS inside a real

mine shaft. This motion control component was designed to

adjust the pitch angle by shifting a mass around the horizontal

axis of the vehicle; thus allowing navigation with the front

of the UX-1 Robot always pointing towards the desired

direction of movement. For the test shown in Fig. 23, the

VPS responded to the set points commanded with a Tr of

5.23 s, a Tf of 2.05 s, and a Ts of 4.52 s. These values are

considered acceptable for the performance of the VPS, since

slow motions are preferred in the confined environments of

operation. Nonetheless, for this initial test, the response of the

VPS did not reach the expected ND and NU configurations.

This was due to improper weight balancing inside the UX-

1 Robot which had to be adjusted in order to obtain the full

range of motion required in the following field trials.
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To accomplish the autonomous navigation expected in the

foreseen exploration missions in constrained and unstruc-

tured environments, the motion system will require accurate

and robust heading control of the UX-1 Robot. As can be seen

in Fig. 24, the FL heading controller was successful in main-

taining the reference angle setpoints while coupled with the

depth controller. During the heading and depth coupled con-

trol test, the heading controller produced an OS% of 1.78%

and a meSS of 0.081 rad which are considered desirable

responses for the motion control system. Furthermore, the

robustness of the heading controller was tested by applying

an external disturbance (see Fig. 24(b)) to the heading of

the UX-1 Robot. It can be seen that the controller is able to

compensate for this disturbance and stabilize the system with

low force and within a reasonable amount of time, i.e., 10 s

to compensate for a 1 rad disturbance in heading.

In the exploration dive performed at the Idrija Mercury

mine, shown in Fig. 25(e), the UX-1 Robot reached the

deepest part of the mine shaft at 25.81 m with exceptional

accuracy using the FL depth controller (Fig. 25(f)). For this

test, the RMSE obtained was 0.2703 m with a mean force

required to stabilize the system of 0.21 N, both substantially

lower than in the previous exploration mission at Kaatiala.

This difference can be explained by a more accurate tunning

of the buoyancy of the UX-1 Robot with the VBS throughout

the dive. The duration of the dive was approximately two

hours, 1.5 hr for the descent to the bottom of the mine and

0.5 hr for the return to the surface. During the dive, valuable

information was collected about the shape of the shaft (Fig.

25(a) and Fig. 25(b)). This included locating an access to a

drainage gallery connected to the shaft, that was presumed to

be blocked. The mapping data showed that this was not the

case, and the side tunnel is open, which was then mapped 7

m into the side gallery (Fig. 25(c) and Fig. 25(d)).

The final field trials were performed at the Urgeiriça

uranium mine in Portugal. In total, 18 dives were made

over a span of 19 days. The initial dives were used for

solving the open issues encountered during the previous field

experiments, such as debugging the software, verifying the

hardware components, and balancing the internal weight of

the UX-1 Robot to improve the range of the VPS. Several

exploration dives were carried out to explore the shafts and

tunnels of the mine at different depths, with an average

duration of 2.5 hr. Moreover, in order to test the endurance

of the system, a 3.9 hr deep dive was performed. At the end

of the dive, there was enough power left in the system to

estimate a maximum operational time of 5.0 hr, which is in

accordance with the requirements of the UX-1 Robot [20].

In section V-C3, the deepest exploration mission per-

formed during the field trials can be seen. In this dive, a depth

of 106.54 m was reached using the FL depth controller (see

Fig. 29(a)) with a RMSE of 0.6982 m and an average required

force of 3.73 N. Compared to the exploration dives performed

at previous mine sites, the higher accumulated error and force

required can be attributed to a greater depth traveled and the

weight of the tether cable connected to the robot.

However, this deep dive represented a key milestone in

the progress of the motion systems developed for the UX-

1 Robot. In the course of the previous field trials, the

motion system components had been tested and validated

individually, whereas in this exploration mission, for the

first time, all the motion systems components were used

simultaneously. This achievement raises the readiness level

of the UX-1 Robot system towards the goal of achieving fully

autonomous exploration missions of flooded mines.

The response of the motion systems for the deep dive

can be seen in Fig. 29. The results shown demonstrate that

the VPS, shown in Fig. 29(b), was able to perform the

pitching maneuverer with the necessary accuracy to navigate

through vertical shafts and side galleries in ND, NF or NU

configurations; and that the heading control, presented in Fig.

29(c), is able to stabilize the rotation of the UX-1 Robot in

any VPS configuration. In this exploration dive, the main

shaft and side galleries were explored and mapped (Fig. 30(a)

- 30(d)), as well as acquiring video footage, multi-spectral

images and UV fluorescence lights of the rock wall, when it

was exposed.

Despite the major advances in the development of the

UX-1 Robot motion systems in the 39 dives performed, as

with any field experiments, several issues were encountered

while testing in remote locations. Among these problems,

high CPU loads and temperatures were observed, which

caused occasional reboots of the on-board main PC. This

meant that these parameters had to be constantly monitored

during the dives and extra heat dissipation plates installed.

The UX-1 Robot was designed and intended to operate as

a completely autonomous system. However, not all modules

needed for autonomous behavior are ready to be validated

in field experiments, e.g. SLAM, which will be the focus of

future implementation, testing and validation.

VII. CONCLUSION
The main objective of UX-1 Robot platform is to explore

underground mines and to collect geo-scientific and struc-

tural data, which will help geologists to better identify future

drilling targets. In this work, the UX-1 Robot motion systems

have demonstrated successful operation during the field trial

exploration missions, performed in the challenging environ-

ments of three abandoned and flooded mines across Europe,

Kaatiala, Idrija, and Urgeiriça. To the best of our knowledge,

these are the first reported field experiments performed in real

underground flooded mines.

The mechanical designs of the motion systems integrated

into the UX-1 Robot platform, i.e., propulsion system, vari-

able ballast system, and variable pitch system have been

presented. Additionally, the system, hardware, and software

architectures are explained along with the control method

used during dive tests. Moreover, individual field tests have

been performed to validate the performance of the motion

systems components.

Using the variable pitch system, the ability of the UX-

1 Robot to navigate in orientations not usually used for
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underwater robotics, such as nose down and nose up configu-

rations has been demonstrated. The variable ballast system

successfully compensated the buoyancy fluctuation caused

by the change in pressure at different depths; whilst the

state Feedback Linearization control method, tested in water

tanks in previous works, was able to control the depth and

heading of the UX-1 Robot during dives of more than 100

m depth. Furthermore, it has been demonstrated that all of

the motion systems are capable of working simultaneously

during an exploration mission of the Santa Bárbara shaft

at the Urgeiriça mine. All subsystems where tested in real

environment, for which we can state that a TRL of 5 has

been successfully reached. The whole system has also been

tested (TRL 6) with success, although more extensive tests

are needed to claim full success at this level.

Based on the results and lessons learned from the field

experiments presented in this work, the future work for the

UX-1 Robot platform focus on increasing the autonomy

level. This involves testing the use of solely the variable bal-

last system for depth control, the integration and validation

of SLAM algorithms and the development of cooperative

exploration techniques. A fourth field trial is planned at the

historical copper mine Ecton in the UK. The objective of the

final trial is to conduct a detailed survey of the entire Ecton

mine using two robots, that are going to be exploring the mine

simultaneously.

Extensive interest from the scientific community and

media coverage were present during the field trials with

more than 30 appearances in Slovenian media includ-

ing TV Slovenia 1, and appearances in Portuguese me-

dia such as national television stations SIC and RTP.

Additionally, a Euronews story about UNEXMIN aired

on Euronews science and technology program Futuris in

12 different languages. The English version of the pro-

gram is available at: http://www.euronews.com/2018/07/02/

how-a-robot-in-deep-water-can-bring-enlightenment.
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A.1 VPS Modeling and Control

In this work, the 6 DOF equations of motion of the UX-1 underwater vehicle, derived
and presented in P.II, are extended by integrating the reaction forces and torques
generated by the VPS motion component into the equations of motion of the system.
The performance of the VPS is subsequently demonstrated in real underwater exper-
imental tests. Unlike the experimental tests performed in P.III, where the the VPS
is controlled in open-loop, this publication proposes a feedback motion control system
for the VPS based on a proportional control law.

A.1.1 VPS Model Integration

The dynamic model of the UX-1 underwater vehicle can be obtained by extending
the 6 DOF nonlinear equations of motion presented in (4.1) and (4.2). Nevertheless,
in order to consider the full dynamic behavior of the UX-1 platform, the forces and
torques generated by the VPS must be incorporated into the equations of motion.
Consequently, the overall system will be considered as two independent bodies: the
EH and the internal VPS.

The VPS is modeled as a pendulum system rigidly attached to the external hull of the
underwater vehicle by a planar hinge, which constrains the movement of the pendulum
to 1 DOF (the rotation around the hinge). This results in an overall system with 7
DOF. All of the forces acting on the vehicle described so far (i.e., g(η) and τ ), with
the addition of the weight force of the hull, have been applied to the geometrical center
of the vehicle; whereas, the gravity force of the VPS is applied to its center of mass.
Moreover, the hinge is considered an ideal rigid joint where no losses due to friction
take place.
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(a) (b)

Figure A.1: Diagram of the external forces and moments on: (a) the VPS; and (b) the
UX-1.

The forces and torques are derived by analyzing the forces acting upon the VPS as a
stand alone body. Based on the free-body diagram shown in Fig. A.1(a), the vertical
and horizontal components of the pendulum mass center are z + L cos(γ) and x +
L sin(γ), respectively. Newton’s second law gives

mp
d2

dt2
(x+ L sin(γ)) = RX (A.1)

mp
d2

dt2
(z + L cos(γ)) = RZ +mpg. (A.2)

where RX and RZ are the horizontal and vertical components of the reaction forces at
the pivot point (P ). Evaluating the derivatives in (A.1) and (A.2), results in:

mpu̇+mpγ̈L cos(γ)−mpγ̇
2L sin(γ) = RX (A.3)

mpẇ −mpγ̈L sin(γ)−mpγ̇
2L cos(γ)−mpg = RZ . (A.4)

Similarly, the expression for the moment about the pendulum pivot point is given by:

CM = mpγ̈L
2 +mpu̇L cos(γ) +mpgL sin(γ) (A.5)

where the mass of the pendulum is denoted by mp, which considers only the weight of
the three eccentrically placed batteries lumped into the center of mass of the pendulum.
g is the force from gravity. The length of the pendulum arm is denoted by L, and the
pendulum angle γ is represented as positive counterclockwise around the transverse axis
of the UX-1 vehicle, namely yb. Since the VPS is constrained to a planar movement
around the transverse axis of the vehicle, and the roll is inherently stable by design, the
pendulum reaction forces and moments will only affect the longitudinal dynamics of
the underwater vehicle. Furthermore, they will be assumed as external forces (τext) to
be added to the previously computed 6 DOF equations of motion forces and moments
vector τ , which result in:

τext = [−RX , 0,−RZ , 0,−CM , 0]
�. (A.6)

The expanded 7 DOF model of the underwater vehicle is defined by combining the
pendulum reaction equations in (A.3), (A.4), and (A.5), with the equations of motion
of the underwater vehicle in (4.1) and (4.2).
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A.1.2 Results and Discussion

In this section, the experimental results will be presented and analyzed. The verifi-
cation and validation of the VPS motion component for pitch control was carried out
with several experimental tests, during the field trials performed at the Ecton copper
mine in the United Kingdom (see Appendix B.1).

Experimental Set-up

For these tests, the control input for the VPS motion component was chosen as in-
cremental changes in pendulum angle (Δγ), for which a proportional control law was
designed and integrated in the motion control system software architecture (see Section
4.4.2), running at 20 Hz. The results obtained with this control law will be used as a
baseline for future implementations of more advanced control algorithms for the VPS.

Pitch Motion Tests

Experimental tests were carried out to evaluate the response of the VPS motion com-
ponent for a pitch angle setpoint regulation task. Three pitch configurations were
considered crucial for navigation in mine tunnels, i.e., nose-front (θ ≈ 0 rad), nose-up
(θ ≈ π

2
rad), and nose-down (θ ≈ −π

2
rad).

As it can be seen in Fig. A.2, starting from a nose-front pitch angle setpoint of
θ = 0.175 rad, a series of negative pitch angle reference commands were sent, which
relate to a nose-down motion of the UX-1 underwater vehicle, until a pitch angle of
approximately θ = −1.132 rad was reached. At this pitch angle, the underwater vehicle
was kept nearly parallel to the shaft of the tunnel, before returning the reference to a
nose-front configuration at a pitch angle of θ = 0.175 rad.
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Figure A.2: Experimental tests performed with the VPS to control the pitch angle of
the UX-1 vehicle (Nose down).

Once the nose-down pitch motion of the underwater vehicle was tested, the nose-up
(counterclockwise rotation) configuration test was performed. The response of the VPS
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Figure A.3: Experimental tests performed with the VPS to control the pitch angle of
the UX-1 vehicle (Nose up).

for this test is presented in Fig. A.3. Similar to the previous test, step reference pitch
angles were applied until an angle of θ = 1.50 rad was obtained, maintaining this
nose-up for a span of 150 s. Afterwards, the configuration was changed directly from
nose-up to nose-front in order to test the response of the VPS for a larger step reference
command.

The implemented proportional control law achieved a RMSE of 0.092 rad and 0.109 rad
for the nose-down and nose-up motions, respectively. It was noticed that at the critical
pitch reference angles for complete nose-up or nose-down configurations, the response
of the system became unstable and oscillating, which can be appreciated by the control
input plots in Fig. A.2 and Fig. A.3. This behavior was caused by an unbalanced weight
distribution in the underwater platform due to the loss of a component placed on the
UX-1 for buoyancy compensation.

Coupled Motion Tests

For this test, the pitch and heave motion controllers were active simultaneously through-
out the dive. Fig. A.4 shows the results of the exploration mission with insets of the
pitch configuration at different stages of the dive, as well as the force output from the
depth controller and the control input for the VPS from the proportional controller
implemented. The UX-1 platform was submerged to 60 m using the depth controller.
During the descent (see Fig. A.4(a)), the pitch angle was set to θ = −1.5 rad to
navigate nose-down along the shaft from t ≈ 250 s to t ≈ 2000 s, shown in Fig. A.4(c).

Once the desired depth was reached, the pitch angle was set to a nose-front configura-
tion and the exploration of a side gallery was accomplished with an operator guiding
the mission. After the exploration maneuvers were performed, the pitch reference was
set to θ = 1.5 rad at t ≈ 4000 s, to ascend the shaft in a nose-up configuration (see
Fig. A.4(d)). However, while resurfacing, the response of the depth control began to
exhibit oscillatory behavior (see Fig. A.4(b)), as did the pitch measurements. Thus,
as a safety measure, the VPS was set once again to a nose-front until the end of the
dive.
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Figure A.4: Experimental test performed with coupled motions. The dashed lines rep-
resent the instants where a configuration change was commanded for the pitch angle.
(a)–(b) Response of the depth motion control system of the UX-1 vehicle during experi-
ment. (c)–(d) Response of the pitch angle using the VPS during the coupled experiment.

The complete exploration mission had a duration of 1.77 hr. For the descent of the
shaft, the depth control system achieved a RMSE of 0.2273 m, while the pitch controller
a RMSE of 0.0872 rad. Similarly for the resurfacing of the UX-1, the depth controller
achieved a RMSE of 0.4756 m and the pitch control a RMSE of 0.0932 rad. These
results are in accordance with the results obtained in the tests performed considering
only the pitch motions. Furthermore, the error accumulated by the depth controller
while resurfacing was much higher than the descent, this can be explained by the
unstable behavior observed in the depth control with a nose-up configuration. The
results obtained with the coupled motion tests demonstrate that the proposed control
law is functional and sets the baseline for future implementations of advanced motion
control algorithms.
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Following the field trials presented in P.III, performed at the Kaatiala, Idrija and
Urgeiriça mines, two more sites were used to further test and validate the performance
of the UX-1 platform. The Ecton copper mine in the UK was selected as the fourth
site, because it presented a far more challenging environment with a complex series of
interconnected shafts and tunnels, as well as a much greater depth level. Additionally,
the Molnár János cave system in Hungary was explored in order to test the underwater
vehicles in a less structured environment.

The field tests at these two sites presented an opportunity to validate the recently
finished development of the second generation of the UX-1 platform, hereby named
UX-1b. The motion components of this second underwater vehicle are exactly the
same as the UX-1. Nevertheless, the UX-1b is equipped with additional scientific
instrumentation for data gathering during dives.

B.1 Field Experiments at Ecton Mine, UK

B.1.1 Environment Description

Figure B.1: Ecton mine view.

The Ecton copper mine is situated between
Warslow and Wetton in the Staffordshire Moor-
lands in the western part of the Peak District in
the central England. It is located approximately
50 km southwest of the city of Manchester. This
historical mine has been mined from over 3500
years ago, when near surface mining was used
for extracting the ore. Later in the 18 th century
it was one of the main producers of copper and
was at that time the deepest mine in Britain. It
ceased operation in 1891 and it is estimated that
a total of approximately 100,000 tonnes of mainly
copper ore was extracted from the mine.
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B.1. Field Experiments at Ecton Mine, UK

The tests were carried out at the Pumping shaft, the main Pipeworking, and at the
Winding shaft. Fig. B.1 presents the plan of the accessible workings at Ecton Mine.
The Pipeworking is about 60m from the two shafts and all are on the same level.

B.1.2 Robot Deployment System

Launch facilities were set up at each of the locations (Pipe, Pumping shaft and Winding
shaft) for vehicle deployment. The launch platform at the Pumping shaft can be seen in
Fig. B.2(a). The Launch and Recovery system(LRS) consisted of a manual hoist pulley
system which was installed for lowering the vehicles to the water (see Fig. B.2(b)).

(a) (b)

Figure B.2: Launch and Recovery system at Ecton mine, (a) Launch site at the Pumping
shaft; (b) UX-1 vehicle being manually lowered with before dive.

A workstation inside the mine was made available for the setup of computers, control
and rest facilities adjacent to the two shafts. The operator mission workstation was
located in the Ecton Mine Study Centre on surface and fiber-optic and telephone com-
munications with the underground working platform were established. Additionally, a
field workshop was prepared in a container at the surface of the mine for maintenance
and storage of the robots and equipment.

B.1.3 Experimental Results

UX-1 Guided Exploration Mission

The UX-1 vehicle was used to perform an exploration mission of the Pumping shaft.
The dive had a duration of 2.86 hr and a maximum depth of 91 m was achieved. During
the guided exploration of the shaft, the UNEXMIN geologists were able to visually
confirm the presence of some mineralization (presumably malachite) at approximately
52 m depth. Additionally, a full 3D mapping of the shaft was performed. This feature
was especially interesting for the mine personnel, since no structural information of the
shaft geometry and interconnections was ever documented.
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Figure B.3: Depth motion control system response during exploration mission at the
Pumping shaft with the UX-1 platform.

Fig. B.3 presents the response of the depth motion control system for the exploration
mission at the Ecton mine Pumping shaft. Throughout this dive, the depth controller
achieved a RMSE of 0.323 m, which coincides with the errors obtained during missions
at the previous mine sites. During the descent, a lateral tunnel was encountered at
a depth of 80m, shown in Fig. B.4. The UX-1 vehicle was used to explore this side
gallery from t = 4274 s to t = 6294 s and discovered a previously unknown connection
from the Pumping shaft to the Winding shaft. Once the visual confirmation of this
connection was obtained, the UX-1 returned to the Winding shaft and continued the
descent to 91 m, before finally resurfacing.
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Figure B.4: Trajectory covered by the UX-1 vehicle during the exploration mission at
the Pumping shaft.

UX-1b Guided Exploration Mission

In order to validate the functionality, and demonstrate the performance of the second
generation underwater vehicle platform, the UX-1b was used to perform a 2.54 hr long
exploration mission of the Winding shaft at Ecton mine. During this dive, the UX-1b
was submerged to a maximum depth of 125 m which was the greatest overall depth
achieved by the underwater vehicle platforms during the UNEXMIN field trials.
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Figure B.5: Depth motion control system response during exploration mission at the
Winding shaft with the UX-1b platform.

Since the software architecture developed for the UX-1 system (shown in P.III) was
designed to be scalable and modular, the software deployment from the UX-1 to the
UX-1b was seamless. The motion control systems were integrated with the same param-
eter values and control gains as those used for the UX-1 vehicle. The depth controller
response for this dive is presented in Fig. B.5, achieving a RMSE of 0.521 m during the
complete dive. This response was obtained without a comprehensive re-tuning of the
gains for the motion control system in an effort to prove the robustness of the control
system.
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Figure B.6: Trajectory covered by the UX-1b vehicle during the exploration mission at
the Winding shaft.

As can be seen in Fig. B.6, the UX-1b was progressively submerged through the shaft.
During the descent two main intersections were encountered and the UX-1b navigated
around the area where a connection to the Pumping shaft was discovered by the UX-1
on the exploration dive. One of the key features of the UX-1b is the integration of
a novel water sampling unit. While resurfacing, the operation of the water sampler
was tested and 16 water samples were automatically collected in individual containers.
These samples will be analyzed by a laboratory in order to learn more about the water
chemistry of the flooded shaft.
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B.1.4 Conclusions

With its complex mine layout and greater depths, the Ecton copper mine presented
the opportunity to demonstrate how the underwater vehicle technology can be applied
even in the most difficult work environments. The field testing at Ecton mine lasted
for 21 days, where a total of 10 dives were conducted. The three available shafts of
the mine were explored using both underwater vehicle platforms. For the first time,
the functionality of the second generation underwater vehicle platform UX-1b was
demonstrated in a real operational environment exploration missions, during which
large quantities of scientific instrumentation data was collected including the newly
developed water sampling unit.

B.2 Field Experiments at Molnár János Cave, HU

B.2.1 Environment Description

The Molnár János cave system is located in the center of the city of Budapest, in Hun-
gary. The underground caves at Budapest were only discovered and understood during
the late 19th century. For millions of years, the water and its geothermal activities
have carved myriad passages, creating a huge underground water cave system. The
first underwater explorations started in 1950’s. During the 70’s and 80’s, the divers of
the FTSK Delfin dive club successfully explored and charted more than 400 meters of
the cave system.

Figure B.7: Diagram of the Molnár János cave system. (1) Site entrance, (2) operator
mission workstation, (3) personnel entrance tunnel, (4) surface workstation and charging
area, (5) launch and release platform.

Fig. B.7 shows a top view of a section of the cave system at Molnár János. In 2002 a
new passage was found, 86 m long, 15 m high and 27 m wide. The cave system stretches
out to more than 6 km, but there are still plenty to discover in the depth. The deepest
sections reach 100 m, while the total length of explored sections is currently 5.5 km.
The cave mouth is located just 200 m from Danube river (Suranyi et al., 2010).
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B.2.2 Robot Deployment System

Figure B.8: Launch and Recovery
system at Molnár János cave.

The vehicles were transported into the mine
workstation from location (3), shown in Fig. B.7,
using electric wheel barrels. From location (4),
where the charging station for the robotic vehi-
cle was arranged, the vehicle was carried by hand
down 13 steps to the launch platform before each
dive. The facilities for vehicle deployment were
set up at location (5). The LRS consisted of
a manual pulley system which was installed for
lowering the vehicles to the water (see Fig. B.8)
which could be managed by a single member of
the team.

The operator mission workstation was set-up at location (2) on surface and fiber-optic
and wireless communications with the underground working platform were established
for real-time control and feedback from on-board sensors and instrumentation.

B.2.3 Experimental Results

UX-1 Guided Exploration Mission

As in the field tests performed at the Ecton mine site, the experimental dives at the
Molnár János cave system mainly consisted of guided exploration missions with the
underwater vehicle platforms. Fig. B.9 presents the position of the UX-1 during one
of the experimental tests performed. This mission consisted in gradually submerging
the vehicle to a depth of 15 m using the depth motion control system, and perform-
ing multiple loop closures in the north and east positions. Furthermore, the results
from these tests have been used to validate new implementations of the localization
algorithms for the UX-1 platforms developed by researchers at INESC-TEC.

20

1020
20

015

15

10
-105

10

0
-20-5

5

0

Figure B.9: Trajectory covered by the UX-1 vehicle during the exploration mission at
the Molnár János cave.
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UX-1b Full Autonomy Mission

With the results obtained from the newly developed localization algorithm, the UX-1b
underwater platform was used to evaluate the response of the NSFL motion control
system in a fully autonomous 3D path-following experimental test inside the Molnár
János cave. The results of this path-following test can be seen in Fig. B.10. The
path consisted of a set of waypoints covering a squared zone, starting from the surface.
The guidance system node of the software architecture, presented in P.III, was used to
evaluate the distance from the current position of the underwater vehicle to the current
reference waypoint and determine when to send the next reference waypoint. This was
based on a distance threshold and timeout parameters. During this path-following
control objective experiment, the NSFL motion control system achieved an RMSE of
0.3390 m in North (x), 0.6647 m in East (y), and 0.1948 m in Depth (z).
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Figure B.10: Trajectory covered by the UX-1b vehicle during the 3D path-following
control objective mission at the Molnár János cave.

B.2.4 Conclusions

The Molnár János cave was chosen as the fifth test site due to the unstructured envi-
ronment found in the underwater cave system and the accessibility of the site. The field
testing lasted for 12 days, where more than 15 dives were conducted. The performance
of both underwater vehicles was evaluated in an unstructured operational environment
with newly presented difficulties, such as guidelines in the vehicle workspace and much
hotter water temperatures (close to 24◦C). During these field tests, the full autonomous
motion control system was tested for the first time in a field trials. The RMSEs achieved
during the fully autonomous mission demonstrate the functionality and performance
of the NSFL motion control system.
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