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aquest viatge ha sigut en Patryk, el qual mereix sense cap dubte el títol de co-tutor honorífic
de la tesi. Junts ens hem complementat d’una forma inèdita per tal de fer realitat totes les
idees que hem tingut al llarg d’aquests anys. Més que un company, un amic, hem passat
moltes hores junts aprenent l’un de l’altre, on sempre hem fet broma que ha sigut el meu
"sparring" per adquirir un bon nivell d’anglès i que gràcies en part a mi, espero que acabi
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Abstract

Underwater robotics has undergone significant development in recent years. It has been
applied to a wide range of sectors, such as the mapping of areas of interest, the collection

of scientific data, or the Inspection Maintainance and Repair (IMR) tasks for the energy sector
(oil and gas, renewable energies, etc.). Nowadays, Remotely Operated Vehicles play a leading
role in these fields and are gradually being replaced by Autonomous Underwater Vehicles
(AUVs).

In the coming years, the market will need AUVs deployed for long term in strategic loca-
tions, such as o�shore wind farms. To achieve this goal, a key factor is the development of
Docking Station (DS) where robots can be stationed, charge their batteries, and have a stable
channel for fast communication. With this in mind, this thesis focuses on the development
of new technologies for the Long Term Deployment (LTD) of non-holonomic AUVs at sites of
interest.

The work began with a review of the state of the art. Next, a new metric for scoring
docking success was proposed and used for the comparison of di�erent strategies. Then, a
new docking algorithm that takes into account the ocean current was proposed, simulated,
and compared to methods in the literature; with promising results. At this point, a new
funnel-based DS, which can be self-aligned with the ocean current to simplify the docking
process, was designed and implemented. Finally, the proposed DS and docking algorithm
were validated at sea using Sparus II AUV equipped with an inverse Ultra-Short BaseLine
(USBL) system for the DS localization. The results demonstrate the validity of the proposal
and pave the way for applications requiring the LTD of AUVs.
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Resum

La robòtica submarina ha experimentat un desenvolupament notable al llarg dels últims
anys. Essent aplicada a una àmplia gamma de sectors com pot ser el mapeig de zones

d’interès, l’obtenció de dades per altres científics o el sector energètic; des del petroli fins a les
energies renovables. A dia d’avui els robots teleoperats (ROV) són protagonistes en aquests
camps i progressivament s’està evolucionant cap als robots autònoms (AUV). Aquests darrers,
estan començant a ser utilitzats per certes aplicacions i es preveu que en un futur podran
substituir en gran mesura els primers.

Per tal de poder consolidar la tecnologia dels AUVs, els robots no només han de ser
capaços de desenvolupar una aplicació concreta, sinó que també és imperatiu desenvolupar la
tecnologia relacionada a la seva logística. La nostra visió indica que en els propers anys, el
mercat necessitarà flotes permanent de robots autònoms situats en ubicacions estratègiques,
com podria ser una estació eòlica marina. Per tal d’aconseguir aquest fi, un factor clau és el
desenvolupament de plataformes logístiques (DS) on els robots puguin ser guardats, prote-
gits, carregats de bateria i disposin d’un canal estable de comunicació ràpida. Detectada tal
necessitat, aquesta tesi s’ha centrat en el desenvolupament d’una aplicació pràctica d’estació
subaquàtica per un dels robots del nostre centre: l’Sparus II.

El treball es va iniciar amb un estudi de l’estat de l’art. A continuació, es va proposar una
nova mètrica per puntuar l’èxit d’acoblament i es va utilitzar per comparar diferents estratègies
publicades a la literatura. Seguidament, es va proposar un nou algoritme d’acoblament que
considera les corrents marines, simulant-lo i comparant-lo amb les estratègies anteriorment
mencionades, obtinguen resultats prometedors. Arribats a aquest punt, es va dissenyar i
implementar un nova DS basada en la tipologia d’embut, que es pot autoalinear amb la
corrent marina per poder simplificar el procès d’acoblament. Finalment, la DS y l’algoritme
d’acoblament es van validar experimentalment en el mar, utilitzant el Sparus II AUV equipat
amb un sistema invers de USBL per a la localització de la DS. Els resultats demostren la
validesa de la proposta i aplanen el camí per a aplicacions que requereixin el desplegament a
llarg plaç de AUVs.
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Resumen

La robótica submarina ha experimentado un notable desarrollo en los últimos años. Se ha
aplicado a sectores muy diversos, como la cartografía de zonas de interés, la obtención

de datos para otros científicos o el sector energético; desde el petróleo hasta las energías
renovables. Hoy en día, los robots teleoperados (ROV) desempeñan un papel protagonista
en estos campos y están evolucionando progresivamente hacia los robots autónomos (AUV).
Estos últimos se están empezando a utilizar para determinadas aplicaciones y se prevé que en
el futuro puedan sustituir a los primeros en la mayoría de las aplicaciones.

Para poder consolidar la tecnología robótica, los robots no sólo deben ser capaces de desar-
rollar una aplicación específica, sino que también es imprescindible desarrollar la tecnología
relacionada con su logística. Nuestra visión indica que, en los próximos años, el mercado
necesitará flotas permanentes de robots autónomos en lugares estratégicos, como un parque
eólico marino. Para lograr este objetivo, un factor clave es el desarrollo de plataformas logís-
ticas (DS) donde los robots puedan almacenarse, protegerse, cargar sus baterías y disponer
de un canal estable para una comunicación rápida. Detectada esta necesidad, esta tesis se ha
centrado en el desarrollo de una aplicación práctica de una estación submarina para uno de
los robots de nuestro centro de investigación: el Sparus II.

El trabajo comenzó con una revisión del estado del arte. A continuación, se propuso una
nueva métrica para puntuar el éxito del acoplamiento y se utilizó para comparar diferentes
estrategias. Posteriormente, se propuso un nuevo algoritmo de acoplamiento que tiene en
cuenta las corriente marinas, se simuló y se comparó con métodos de la literatura, con re-
sultados prometedores. En este punto, se diseñó e implementó una nueva DS basada en la
tipología de embudo, que puede autoalinearse con la corriente marina para simplificar el pro-
ceso de atraque. Finalmente, la DS y el algoritmo de acoplamiento fueron validados en el mar
utilizando el Sparus II AUV equipado con un sistema inverso de USBL para la localización
de la DS. Los resultados demuestran la validez de la propuesta y allanan el camino para
aplicaciones que requieran el despliegue a largo plazo de AUVs.
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1
Introduction

This chapter summarizes the motivation behind the development of this PhD thesis. First, Sec-
tion 1.1 presents a brief overview of the challenges and the need for autonomous docking systems.

Next, Section 1.2 states the objectives of the thesis and Section 1.3 describes the context in which this
work has been developed. Finally, Section 1.4 concludes with a summary of the organization of this
document.

7



8 Chapter 1. Introduction

1.1 Motivation

Underwater robotics is an interesting field and is developing rapidly for several reasons. First
of all, the ocean represents an important part of our planet; the number of resources and
opportunities has virtually no limits. Also, usually when humans use to automatize one
process used to be for its e�ciency. In an underwater context is not only that; but the
environment is unsafe or even impossible to operate with humans, so the use of a robot is
mandatory. Finally, during the last few years, o�shore infrastructures have grown significantly,
mostly due to the oil industry, and in the present and future probably due to wind farms.

All these arguments justify the strong development of underwater robotic technology dur-
ing the last thirty years, which started with Remotely Operated Vehicles (ROVs) applications
[4, 5] and are now passing the baton to autonomous robots.

Today, the Autonomous Underwater Vehicles (AUVs) are beginning to be capable of per-
forming an extensive number of tasks, which can be useful in a variety of scenarios. Examples
are underwater autonomous mapping (see Fig. 1.1a) [6] and autonomous manipulation (see
Fig. 1.1b), being able to perform tasks that are currently performed by divers or ROVs [7].
From the author’s point of view, it is clear that in the future the need of having permanent
autonomous robotic fleets in strategic locations will be imperative.

Long term deployment Parallel to the development of the robot application itself that
performs a specific task, the development of technologies related to robotic logistics is manda-
tory. From this need arises the Long Term Deployment (LTD) research line, which aims to
focus on the development of complementary technologies that allow a robot not only to de-
velop a specific task but also to be permanently deployed for a long period of time and to
perform tasks whenever required. This line of research intends to develop in the coming years
studies of materials, devices, infrastructures, and strategies with the aim of improving the
deployment time of vehicles. The ultimate goal is to achieve permanently deployed robotic
fleets.

Currently, LTD is becoming an interesting research topic, supported by several research
projects such as ATLANTIS [8], OPTHIROV [9], and PLOME [10] which are currently being
developed by the Universitat de Girona (UdG) team, in collaboration with several partners.
In addition, major research institutions have made advances in the LTD, such as the [11], and
the [12].

(a) Underwater map reconstruction after an au-
tonomous mission of mapping. (b) Autonomous underwater manipulation.

Figure 1.1: AUV application examples developed by the Universitat de Girona (UdG) team.
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Docking Station The first key development needed for the LTD is the Docking Station
(DS) system, see Fig. 1.2. At present, the AUV usually operates with a support vessel. It
is usually deployed from the ship, followed by the ship during the mission, and recovered by
the ship’s crew; being able to develop missions of only one day (or less) duration. There are
several reasons why the ship is needed right now to support the AUVs in the sea:

1. Protection: The first reason is to protect the AUV from the uncertainties that can
happen during a mission, allowing the technical crew to react if something unexpected
happens.

2. Batteries: The second reason is the limitation of the batteries, which allows the AUV
to operate for a certain amount of time.

3. Comunication: The third reason is the limited communication bandwidth, which does
not allow the AUV to transmit the obtained data to the onshore center.

4. Navigation: Also in some cases, the ship is used to enhance the navigation of the AUV
(combining Global Positioning System (GPS) with Ultra-Short BaseLine (USBL)).

The DS system pretends to solve these problems. Being able to be deployed in a certain
place for a large period of time: right now the objective is set to one week, but in the future,
it will be enhanced. First, preparing an infrastructure where the AUV can protect itself
if the environment is not friendly. Second, providing a place where the AUV can recharge
its batteries. Third, o�ering a high bandwidth communication between the AUV and the
DS. And fourth, o�ering a constant marker that can update the position of the AUV if it is
navigating close to the DS. Depending on the application, the DS can have its own batteries
or can be connected directly to a shore-based facility for power and data transmission. Other
systems, such as floating buoys with a satellite connection, can also be used to transmit data
from the AUV to a shore-based facility.

(a) Sparus II conceptual Docking Station. (b) Girona 1000 conceptual Docking Station.

Figure 1.2: Conceptual Docking Stations for the UdG’s AUVs.
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Figure 1.3: Photography of the Sparus II AUV from the top.

With this technology, a new framework of opportunities appears. From having a per-
manent fleet of AUV operating in a closed environment such as a wind farm. Passing to a
system of DS located on a route of interest that allows the AUV to traverse it (for example
for patrolling). Or having a system that can be deployed in a region of interest, exploring
it for a period of a few weeks, and be recovered after reaching objectives. Or even having a
maintenance system that can be deployed in a given area, develop the required tasks, and be
recovered to be deployed again in another location.

Non-holonomic vehicle This thesis focuses in a particular case of DS, the ones designed
for non-holonomic AUV. By definition, a non-holonomic vehicle has a constraint on the mo-
tion, not being able to reach a position in the space if a certain trajecotry is not followed. A
clear example of that is the Sparus II AUV (see Fig. 1.3) which has three propellers, requiring
control of the vehicle’s heading to control its position. The docking maneuver that has to
be designed is more challenging in this type of vehicle, compared to the standard holonomic
ones, and becomes more interesting if we consider the ocean currents e�ect.

At the time this thesis was initiated, the UdG team had already developed one proposal
of DS system for the Sparus II AUV [13]. But it presented three major problems:

1. Mechanics: The design and manufacturing process of the DS was not appropriate for
real sea scenarios. It was the first conceptual prototype.

2. Localization: The final localization of the DS with respect to the AUV was based on
a camera system. This proved to be insu�ciently robust in some scenarios.

3. Ocean currents: The controller developed to perform the docking maneuver was not
able to cope with ocean currents. Causing system failure if the scenario was not ideal.

1.2 Objectives

With the motivations of this thesis described, we can now state that the main goal is:

To develop a robust docking station system for a non-holonomic AUV,
establishing the bases for the Long Term Deployment (LTD) research
line.

This general aim can be divided into the following objectives:
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1. Docking station solution: Designing and developing a DS solution tailored to the
requirements of the ATLANTIS research project [14].

1.1. State of the art: Reviewing the existing literature on experimental DS systems
already developed.

1.2. Detecting the needs: Studying the ATLANTIS research project demands, and
evaluating the requirements that the DS system has to fulfill.

1.3. Model: Developing a Computer-Aided Design (CAD) model that can be tested
and validated in simulation (using Stonefish [15]) that fulfills the demands of the
project.

1.4. Prototype: Building the DS to test the new proposal in real scenarios. Studying
and applying the best materials to obtain the desired results at an acceptable price.
Understanding and applying the most suitable manufacturing process available
with the suppliers. Also, designing and building the electrical system to optimize
battery consumption.

2. Non-holonomic docking maneuvers: Developing and applying the best maneuver
in order to dock with a non-holonomic vehicle in presence of ocean currents.

2.1. State of the art: Reviewing the existing literature on docking maneuvers for
non-holonomic robots in a funnel-shaped DS.

2.2. Modeling: Developing a new strategy for maneuvering the AUV, optimized for
the Sparus II AUV, with a novel controller. Demonstrate its exponential stability
from a mathematical point of view as well as in simulation.

2.3. Experimenting: Applying the proposed controller to real experiments.

3. AUV/DS relative localization system: Studying and developing a system to local-
ize the DS relative to the AUV.

3.1. Studing the market: Selecting and acquiring an acoustic system for localization
that fits the application requirements.

3.2. Studing the device: Developing a study of the selected device, to assess its
suitability for the system and to obtain a model of it.

3.3. Integrating the device: Integrating the relative localization system to the al-
ready existing AUV navigation architecture.

4. Testing the final system: Test the complete solution integrated with the docking
maneuver.

1.3 Context

The work presented in this thesis has been developed at Centre d’Investigació en Robòtica
Submarina (CIRS), which is part of the Institut de Recerca en Visió per Computador i
Robòtica (ViCOROB) institute of the UdG. Formed in 1992, this research group has be-
come a leading team in the underwater robotics and computer vision community. One of
the key elements that have allowed ViCOROB to have such a performance is the in-house
availability of extraordinary infrastructure. On the one hand, there are two AUVs available
as research platforms: the Sparus II [16] and the Girona 500 (and the new Girona 1000) [17]
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(a) Sparus II in open sea. (b) Girona 500 in the water tank at CIRS.

Figure 1.4: AUVs developed by ViCOROB.

(a) CIRS water tank. (b) Sextant boat carrying the Girona 1000 AUV.

Figure 1.5: Infrastructure for experiments.

(see Fig. 1.4). Sparus II can e�ciently cover long distances, which makes it ideal for missions
such as photogrammetric sea-bottom surveying (recall Fig. 1.1a), whereas Girona 500 can
carry a heavier payload, so it is typically used for manipulation tasks (recall Fig. 1.1b). On
the other hand, the laboratory counts with a freshwater tank of dimensions 16m ◊ 8m ◊ 5m
(length ◊ width ◊ depth) and a crane-equipped boat named Sextant at Sant Feliu de Guíxols
harbor (see Fig. 1.5).

The already developed AUVs along with the infrastructure allows for a relatively easy ex-
perimental data collection. Also, it is important to remark on the contact network built in the
last years, which made it possible to contact with the di�erent institutions that collaborated
with the research projects.

In the context of this thesis, the AUV employed was Sparus II. The first tests were devel-
oped on the CIRS water tank, afterward, the test was done in Sant Feliu de Guíxols harbor
(using Sextant as a support vessel), and finally in Viana do Castelo harbor.

This thesis was mostly financed by the doctoral grant of the UdG IFUdG2020. The
experiments, equipment, and infrastructure resources used in this thesis have been mainly
funded by Project ATLANTIS (ref. H2020-ICT-2019-2-871571), funded by the European
Commission.
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1.4 Document structure

This document is structured into the following chapters:

• Chapter 2: In this chapter, the work Docking of Non-Holonomic AUVs in Presence
of Ocean Currents: A Comparative Survey is presented. First, a general introduction
to the context and the challenges of the DS systems is made. Then, a state of the art
of experimental docking station systems that are already in the literature is presented.
Continuing, with the presentation of a novel frame to compare and evaluate docking
methods. Finalizing with the summary, testing, and comparison of the strategies to
dock with a non-holonomic vehicle to a funnel-shaped DS.

• Chapter 3: In this chapter, the author presents the work Managed Surge Controller:
A Docking Algorithm for a Non-Holonomic AUV (Sparus II) in the Presence of Ocean
Currents for a Funnel-Shaped Docking Station. After reaching, in the previous chapter,
the conclusion that the already published maneuvers were not suitable for the demands
of the Sparus II AUV; the authors decided to develop a new docking strategy. In this
chapter, the new strategy is presented and demonstrated in a theoretical frame. This
strategy includes a controller that utilizes the mechanical design and characteristics
of the Sparus II AUV in order to optimize the docking maneuver. This controller is
developed and theoretically demonstrated, and tested in simulation using kinematics
and dynamics (via Stonefish [15]). Finally, the new strategy is compared with the ones
analyzed in the previous chapter.

• Chapter 4: This chapter presents the work Sparus Docking Station: A Current Aware
Docking Station For a Non-holonomic AUV. After developing the theoretical framework
in the previous chapters, experimental results in the context of a real LTD scenario are
presented. This chapter starts with the presentation of the state of the art of the funnel-
shaped DS from the literature. Presents the LTD system proposed by the UdG for the
Sparus II AUV. Including an upgrade of the Sparus II AUV for LTD, a novel funnel-
shaped DS, the presentation of the docking strategy, and the navigation system. Showing
the final results, achieving successful robust autonomous docking in two di�erent sea
locations.

• Chapter 5: This chapter summarizes and discusses the results obtained during this
thesis, as well as other developments related to this thesis that has not been yet pub-
lished.

• Chapter 6: Finally, the last chapter presents the conclusions and some proposals for
future work.
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In this chapter the state-of-the-art approaches present in the literature for docking a non-holonomic
AUV in a funnel-shaped DS in the presence of ocean currents is reviewed, comparing them in a

common framework. The goal of this publication is to analyze the solutions presented in the literature
and create a novel framework to compare them and understand their strengths and weaknesses, with
the final objective to select the appropriate one or to conclude the need to design a novel one.
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ABSTRACT This paper presents a comparative study of docking algorithms intended for non-holonomic
autonomous underwater vehicles, docking in funnel-shaped docking stations, operating under the influence
of ocean currents. While descriptive surveys have been already reported in the literature, our goal is to
compare the most relevant algorithms through realistic Monte Carlo simulations to provide an insight into
their performance. To this aim, a new numerical performance indicator is proposed, which, based on the
geometry of the manoeuvre, is able to characterize a successful or unsuccessful docking, providing a metric
for comparison. The experimental study is carried out using hardware-in-the-loop simulation by means of
the Stonefish simulator, including the dynamic/hydrodynamic model of the Sparus II AUV, models of all
internal and external sensors, and the collision geometry representing the docking station.

INDEX TERMS Docking, AUV, ocean currents, non-holonomic.

I. INTRODUCTION
In recent years, underwater robotic technologies have been
used in several economic sectors, like oil and gas indus-
try, offshore wind energy generation, scientific research, etc.
Nowadays, it is common to use Remotely Operated Vehicles
(ROV) to perform tasks such asmanipulation and deployment
of structures [1], visual inspection and non-destructive test-
ing, core sampling, etc. Moreover, Autonomous Underwa-
ter Vehicles (AUV) are being consolidated in this field and
starting to be considered a mature technology [2], [3]. This
fact encourages the development of complementary tech-
nologies to solve some of their current limitations: limited
communications bandwidth when the vehicle is submerged
(i.e., when relying only on acoustic channels) and highly
limited autonomy, resulting from the weight of batteries.
These are two of themain concerns that AUVs have to address
when facing missions that require persistent autonomy.
To mitigate these issues, a concept has been proposed by sev-
eral researchers, to endow AUVs with the capacity to persis-
tently operate over an area: the use of docking stations (DS).
ADS provides the AUVwith a protected environment, allows

The associate editor coordinating the review of this manuscript and

approving it for publication was Tao Liu .

it to recharge its batteries, and can include high-bandwidth
communication channels, to transfer huge amounts of data.
In the literature, several examples of DS systems can be found
([4]–[9]). Each DS concept was tailored to a specific AUV
and used its own perception and docking strategy. Several
descriptive surveys about docking can be already found in the
literature: [10]–[12].
In a previous work, [13] the University of Girona devel-

oped a prototype of aDS consisting of a fixed funnel equipped
with an acoustic transponder and a set of light beacons. The
experience obtained while validating this design showed us
that the control strategy used to dock was insufficient to deal
with severe ocean currents. Furthermore, reliance on a vision
system presented problems in very turbid water scenarios.
Building from this previous experience, this article compares
several docking algorithms, already established in the litera-
ture, and how they behave in the presence of ocean currents.
All methods have been adapted to use a non-holonomic AUV,
a fixed funnel DS, and an ultra-short baseline (USBL) system
to localize the DS with respect to the AUV. Extensive tests,
based on dynamic simulations [14], have been performed to
find the methods’ strengths and weaknesses.
The paper is organized as follows: Section II explores

the state of the art of docking system designs and docking
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algorithms developed for non-holonomic AUV, able to deal
with ocean currents. Section III describes selected methods
and how they have been adapted to the proposed setup.
Section IV presents the tools used to develop and eval-
uate the experiments, and Section V introduces the sim-
ulation setup. Obtained results are shown in Section VI,
discussed in Section VII, and the conclusions are presented
in Section VIII.

II. STATE OF THE ART
A thorough review of the literature on autonomous docking
was carried out, focusing especially on those methods that
take into account the presence of ocean currents. Starting with
the references of one of the most comprehensive surveys in
the field [11], all cited articles that meet our criteria were
reviewed and added to the list. This exercise was repeated for
all the articles in the list that were not previously reviewed.
After several iterations, more than one hundred eighty publi-
cations were reviewed.
Docking systems can be classified from many different

points of view. One possible classification is to differentiate
holonomic and non-holonomic robots. A holonomic AUV
can control all its degrees of freedom, which makes it easier
to complete the docking maneuver even in the presence of
ocean currents. Examples of docking of holonomic robots
include systems based only on acoustics [15], or approaches
that combine acoustics with vision [16], [17]. In [18] a system
where the AUV reaches another vehicle using vision is pre-
sented, while [19] presents a system where an AUV docks on
a submarine, with a mechanical system guided by acoustic,
electromagnetic, and optical sensors. In [20] and [21] solu-
tions based on sonar and vision technology are presented. [22]
introduces an adaptive DS which is automatically leveled to
maintain horizontal orientation.
The non-holonomic AUVs have a limitation on their con-

trol that makes the docking maneuver more challenging,
especially in presence of ocean currents. The docking con-
cepts for non-holonomic robots can be classified considering
the capture mechanism used: pole docking, landing docking,
net docking, and funnel docking.
The pole docking system consists of a vertical pole where

the AUV attaches. It allows the vehicle to reach the DS from
any direction (see Fig. 1), simplifying the way to deal with
ocean currents. To allow the AUV to attach to the pole, some
modifications to the AUV are required, for example, adding
a mechanical V-shaped structure on its front. One of the
drawbacks of pole systems is that they usually offer neither
protection nor connection (i.e., neither power nor data link)
between the AUV and the DS. Therefore, some other mech-
anism is needed to deliver this functionality. Examples of
the pole docking concept are presented in [7], and in [23]
where the acoustics (i.e., USBL system) are used to detect
the DS position, in [24] where vision (i.e., camera system
using markers) is used to detect the DS, or in [25] where both
acoustics and vision are used to localize the DS (i.e., USBL

FIGURE 1. Example of pole docking [24].

FIGURE 2. Example of landing docking [28].

system combined with a camera). There are also commercial
applications for pole docking like the one reported in [26].
The concept of landing-based docking is similar to the

concept of a jet landing on an aircraft carrier. It consists of
a mechanical structure where the AUV lands and is attached
with a mechanical appendix installed on the AUV. An exam-
ple of this system appears in [27]. A similar concept is
presented in [28] (see Fig. 2) where the AUV has a T-shaped
appendage that docks to a V-shaped structure. The problem
with this system is that it forces the AUV to approach the DS
from a specific direction, which can be problematic in the
presence of ocean currents.
The net docking system is presented in [29]. This concept

is designed to be a launch and recovery system but is not
intended for permanent deployment (see Fig. 3). It consists
of a net with an acoustic sensor located in its center, the AUV
attaches to the net using a hook added to its nose. Like pole
docking, the AUV can choose the direction of the approach,
but with the advantage of having the optimal sensor place-
ment (i.e., a USBL can be placed exactly at the position where
the AUV should arrive).

86608 VOLUME 9, 2021
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FIGURE 3. Example of net docking [29].

FIGURE 4. Example of funnel docking [4].

The funnel docking system is probably the most popular
one (see Fig. 4). The mechanical structure of the DS has a
shape of a funnel to help the AUV to enter it. The main advan-
tages of this concept are that it allows long-term deployment
(i.e., it can offer protection, charging, and data transmission),
and there is no need to add mechanical parts to the AUV;
for these reasons, this article is focused on funnel-shaped
docking systems. Examples where funnel docking is used
are reported in [4], [8], [9], [30], and [31]. Like the landing
docking system, this configuration has a potential problem
with ocean currents because the AUV is required to achieve
a particular orientation to enter the DS.
Several strategies to deal with ocean currents with a non-

holonomic AUV, when using a funnel-shaped DS, have been
published. In [4] the AUV assumes a crab angle to compen-
sate for the ocean currents. In [5], a DS able to control the
funnel orientation is presented, to improve the crab angle
solution. In [32] a fuzzy controller is applied to perform
the docking maneuver. In [31], the AUV heads towards the

DS with a crab angle and when it almost reaches the DS,
it suddenly changes the heading to be parallel to the DS axis.
In [33] and [34] it is proposed to follow a path with some
offset, with respect to the DS axis, and use the ocean current
to correct this error, in order to enter parallel to the DS.

III. METHODOLOGIES
Seven methods, described in the literature, have been imple-
mented and compared in this article. A unified setup
has been defined, including a funnel-shaped DS, a non-
holonomic AUV, and a USBL to detect the DS position
with respect to the AUV. The methods have been slightly
adapted when necessary to make them compatible with
the proposed setup. All the methods generate only a head-
ing reference and a surge velocity reference for the AUV,
assuming that a low-level controller will transform them
into thruster setpoints [35]. The problem is tackled as a
2D problem (i.e., xy plane) assuming that the z component
(i.e., depth or altitude with respect to the bottom) is known
and can be independently controlled for an AUV, like the one
proposed in Section IV-A1.

FIGURE 5. Basic variables representation.

In the following subsection, the studied docking algorithms
are described.
In Fig. 5 the basic variables involved in the process are

described. Two different reference frames are presented,
the {D} frame located at the position of the DS, and the {B}
frame at the position of the AUV. The ocean current vec-
tor (⌫c⌫c⌫c) is represented for both systems. In the {D} frame the
pose of the DS is represented as DPDDPDDPD = [DxD DyD DzD]T =
[0 0 0]T . The AUV is represented in the {D} frame as three
components: D⌘D⌘D⌘ = [DxB DyB D B]T . The simulated robot,
a Sparus II AUV, has direct control on the desired surge
velocity (i.e., velocity with respect to the ground: u) and on
the vehicle heading with respect to the {D} frame (i.e., D B).

A. PURE PURSUIT CONTROLLER
This method is based on the pure pursuit controller [36].
Despite having been used by several authors [5], [28], [37]
it is not designed to deal with ocean currents. However, it has
been included in this article as a baseline to which the others
are compared. Themethod is based on following a linear path,
centered on the DS (see Fig. 6). At each time step, the AUV
computes the heading reference d that moves the AUV from
its current position (D⌘D⌘D⌘) to reach a look-ahead point DPpDPpDPp,
on the path, in front of the robot. The look-ahead distance1x
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FIGURE 6. Pure pursuit controller representation.

FIGURE 7. Pursuit guidance with current compensation controller representation.

is defined on the x axis of the {D} frame and must be tuned:

DPpDPpDPp = [Dxp 0]T , (1)
1x = Dxp �D xB, 1y = DyB. (2)

The desired heading of the AUV to reach DPpDPpDPp is calculated
following (see Fig. 6c):

 d = atan2(1y, 1x). (3)

The AUV surge velocity (u) is considered constant and
set to the desired docking velocity (udock ). The pure pursuit
method guarantees the AUV docking velocity but not its
heading.

B. PURSUIT GUIDANCE WITH CURRENT
COMPENSATION CONTROLLER
The Pursuit guidance with current compensation controller
(PGCC controller) is based on the idea of applying a cor-
rection of the desired heading of the AUV (i.e., introducing
a crab angle) in order to compensate for the ocean cur-
rents. This concept has been presented by different authors:
[5], [38]. The method (see Fig. 7) computes the reference
heading for the AUV, adding a corrective crab angle to the
default heading that matches the path bearing.
The desired heading and the linear velocity of the AUV

are calculated to compensate for the ocean currents. First,
the ocean current vector is estimated with respect to the
robot’s local frame {B}. Then, the through-water surge
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FIGURE 8. Cross-track controller representation.

velocity of the AUV is calculated:

BuB,w = udock �B uc. (4)

Knowing the velocity with respect to the water BuB,w
and knowing the y component of the ocean current on the
{B} frame Bvc, the crab angle  crab can be calculated as
follows:

 crab = atan2(�Bvc, BuB,w), (5)

limiting the maximum angle to 90�. As in the previous
method, the controller tries to reach a pointDPpDPpDPp in front of the
vehicle, computed using (1). To reach it, a heading is defined,
without considering the ocean currents:

 nc = atan2(1y, 1x). (6)

The desired heading d is defined as the sum of both crab
and  nc, see Fig. 7c:

 d =  nc +  crab. (7)

The AUV surge velocity u is considered constant and set
to the desired docking velocity udock . As well as the previous
method, this method guarantees the AUV docking velocity
but not the heading.

C. CROSS-TRACK CONTROLLER
The strategy of this method is based on applying a correction
to the AUV heading, in order to compensate for the cross-
track error, that appears due to the lateral current. Thismethod
is used in [4], [39].
A path co-linear with the center-line of the DS is defined

and the cross-track error e is obtained as the difference
between the y component of the path (that is zero) and the
position of the AUV (see Fig. 8):

e = DyB. (8)

The desired heading  d is obtained with a PID control
law, acting over e, which uses an integral anti-windup limit,
see [40]. As in the previous methods, u is considered constant
and set to udock . This method guarantees the AUV docking
velocity but not the heading.

D. FUZZY CONTROLLER
This method is based on [32] and [41]. It calculates the
heading and the linear velocity of the robot, following the
fuzzy rules presented in [41] (Fig. 9). It calculates the asso-
ciated weights of the fuzzy rules according to Fig. 9b and
the memberships functions presented in Fig. 9c and Fig. 9d
to obtain the heading (Table 1) and the linear velocity of the
AUV (Table 2). For the experiment set in this paper, not all the
sections are used. To better understand which ones are used,
see the green sections represented in Fig. 9b and the set of the
experiments presented in Section. V.
Like the previous methods, this method guarantees the

AUV docking velocity but not the heading.

E. TOUCHDOWN ALIGNMENT CONTROLLER
The method showed in [31] is used to fix one of the possible
problems that appear when using the pure pursuit, the cross-
track, the PGCC, or the fuzzy controllers, that is reaching the
DS without being parallel to it. In this method, the AUV exe-
cutes a cross-track controller but when it reaches a position
just in front of the DS theAUVheading is abruptly changed to
align it with the DS before touchdown.1 In the original article
direct control of the AUV rudder is used for this purpose.
However, because the Sparus II AUV does not have a rudder,
in this article the D B is suddenly modified to emulate this
behavior.
The method follows two steps (see Fig. 10):

• The AUV follows the DS center-line path using a cross-
track controller. A conventional PID with an integral
anti-windup is used to compute the crab angle � that
reduces the cross-track error to zero (as in the cross-track
controller).

• Before touchdown, the crab angle must be eliminated.
According to the maximum yaw rate (rmax), �, and
udock ; the distance with respect to the DS (df ), at which
the AUV heading must be abruptly changed, must be
computed. The original authors propose to use a cosine
curve described by (10) to change the reference heading
during the final alignment (see Fig. 10b).

1According to Park, touchdown means the contact of the AUV and the
docking station. The word comes from airplane flight operation.
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FIGURE 9. Fuzzy controller representation.

TABLE 1. Fuzzy controller  d related to the section.

TABLE 2. Fuzzy controller ud related to the section (udock corresponds to

docking entrance velocity).

The distance between the AUV and the DS is defined
as d , keeping in mind that the position of the DS is the
origin of the {D} frame:

d = �DxB. (9)

The desired heading of the AUV in the last part of
the maneuver is defined as a cosinusoidal function of the
distance:

 d = ��
2
cos

✓
⇡
d
df

◆
+ �

2
. (10)

Then, given the cosinusoidal heading the minimum dis-
tance (df ,min) required to perform the maneuver is given by:

df ,min =
����
�

2
⇡

rmax
udock

���� . (11)

To have some safety margin the distance where the change
point is set is defined as:

df = k df ,min. (12)

where k corresponds to a gain.
This method allows controlling both the AUV docking

heading and forward velocity.
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FIGURE 10. Touchdown alignment controller representation.

FIGURE 11. Sideslip controller representation.

F. SIDESLIP CONTROLLER
Park et al. [33] propose an alternative methodology to deal
with the problem of reaching the DS with the desired angle.
In this method, the authors create a path parallel to the DS
axis at some distance from the docking station. Once the
AUV reaches a specific point, a maneuver to move the robot
from this path to the DS center-line, while keeping the vehicle
parallel to the DS, is performed.
This methodology consists of three steps (see Fig. 11):
• First the AUV approaches the DS using the cross-track
controller to compensate for the ocean current.

• When the necessary crab angle (�), to compensate the
ocean currents, is achieved (change point 1), the vehicle
accelerates keeping the same heading (i.e., D B = �)
until the cross-track error is around 3 m (change
point 2) on the side from where the current is coming
(see Fig. 11b).

• The vehicle follows the path parallel to the DS axis
until it is around 20 m in front of the DS (change
point 3). At this moment the AUV heading reference  d
is gradually changed from � to the DS angle (D D = 0)
that is the desired heading, that the vehicle has to

VOLUME 9, 2021 86613

22 Chapter 2. Survey, study, and comparison of the docking algorithms



J. Esteba et al.: Docking of Non-Holonomic AUVs in Presence of Ocean Currents: Comparative Survey

achieve when it reaches the DS, following (13) to (21),
see Fig. 11c.

ex = ⇢ cos(�s), ex,0 = ⇢ cos(�s,0) (13)
ey = ⇢ sin(�s), ey,0 = ⇢ sin(�s,0) (14)
0  w1  1, 0  w2  1, 0  w3  1 (15)
w1 = ex /max(ex , ex,0) (16)
w2 = ey /max(ey, ey,0) (17)
w3 = ⇢ /max(⇢, ⇢0) (18)
↵ = (1 � w2) �0 + w2�s (19)
� = (1 � w1) D D + w2�0 (20)
 d = (1 � w3)↵ + w3� (21)

where ⇢ is the distance between the DS and the AUV,
ex and ey are the x and y component of the distance between
the DS and the AUV, �s is the angle between the DS axis and
the AUV, ⇢0, ex,0, ey,0, �s,0 are the values of the variables
explained before when the AUV starts the final approaching
maneuver. This method allows controlling both the AUV
docking heading and forward velocity.

G. SLIDING PATH CONTROLLER
Sans-Muntadas et al. [34] presents a strategy that, like Park
et al. [33], requires planning a path. This method follows the
following steps (see Fig. 12):

• The AUV approaches the DS following a path parallel
to its center-line with an offset of a few meters on the
side of the current (approaching path, see Fig. 12a).
An Integral Line-Of-Sight (ILOS) controller is used to
regulate the cross-track error to zero.

• When a certain distance from the DS is reached,
the AUV switches to the sliding path. In the sliding
path a control rule is set to compensate the offset of the
approaching path in the y component of the {D} frame,
using the ocean currents, and aligning the AUV with
the DS.

The ILOS controller [42] uses an integral function that con-
trols the heading of the AUV, in order to minimize the
cross-track error (see Fig. 12c), which is represented by the
following rules:

 d = atan2 (y + � yint , 1) , (22)

ẏint = 1 y

(y+ � yint)2 +12
. (23)

where y is the distance between DyB and the approaching
path, yint is the integral factor, � is a gain, and 1 is a look-
ahead distance (as in the Pure pursuit controller). During this
approaching phase the AUV has a crab angle to compensate
for the ocean currents. The distance between the center-
line and the approaching path (ya) is computed as follows
(see Fig. 12a):

tan(�s) = Dvc/udock , (24)
ya = �l sin(�s). (25)

where Dvc is the lateral current, and l is the distance to the DS
where the sliding path controller will be enabled.
The sliding path is a straight line that leads to the entrance

of the DS. Two control laws are used to follow this path.
On one side the ILOS controller drives the cross-track error
to zero but does not guarantee the AUV heading to be the
same as D D. On the other side, a Speed Regulated Guidance
(SRG) controller forces the AUV to be parallel to the DS and
tries to adjust the AUV position with respect to the sliding
path, controlling only its surge velocity, see Fig. 12d:

 d = 0, (26)

Sc = um
2
⇡
tan(kue), (27)

usrg = udock � Duc � Sc. (28)

where um is the maximum velocity that the AUV could reach,
ku is a gain, and Duc is the ocean current velocity on the
x axis in the {D} frame. A hybrid framework is used during
the sliding path to decide which controller, the ILOS or the
SRG, is active. Basically, when the AUV cross-track error
is above a threshold, the ILOS controller is activated. When
the cross-track error is below another threshold, the SRG
is enabled instead. Some hysteresis is added when defining
the thresholds to avoid chattering due to sensor noise (see
Fig. 12b). In order to define the different zones, first, the line
that represents the sliding path is calculated:

a =
DyD � Dycp2
DxD � Dxcp2

, (29)

b = DyD � aDxD, (30)

where DPcp2DPcp2DPcp2 is the position of the change point 2 in the {D}
frame (see Fig. 11b). The SRG guidance zone is defined as:

aDxB + b� �dock/2  DyB  aDxB + b+ �dock/2, (31)

where �dock is the external diameter of the funnel. The zone
where the SRG control is changed to ILOS control is defined
as the union of:

DyB > aDxB + b+ �dock/2, (32)

and
DyB < aDxB + b� �dock/2. (33)

The ILOS guidance zone is defined as the union of:
DyB � aDxB + b+ �dock/4, (34)

and
DyB  aDxB + b� �dock/4. (35)

Finally, the zone where the ILOS control is changed to
SRG control is represented as:

aDxB + b� �dock/4 < DyB < aDxB + b+ �dock/4. (36)

If the SRG control is applied, when the AUV reaches the
DS, the rules of the control can be defined as:

 d = 0, (37)
ud = usrg. (38)
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FIGURE 12. Sliding path representation.

Note that the usrg defined in (28) is with respect to the
water, while the one defined in (38) is with respect to the
ground. This method allows for controlling the heading of
the AUV but not the docking velocity.

IV. DESIGN TOOLS
This section presents the setup (i.e., AUV, DS, and localiza-
tion system) used for the comparative analysis; as well as the
Stonefish dynamic simulator used to carry out all the tests;
and a new metric, proposed in this article, to evaluate the
quality of a docking maneuver.

A. DOCKING SETUP
This section introduces the AUV, the DS, and the USBL
system that have been simulated.

1) SPARUS II
The Sparus II is an AUV developed primarily for seabed
surveys and offshore structure inspection by the University
of Girona, and recently commercialized by Iqua Robotics
SL. [43], [44]. It combines the classical concept of a torpedo-
shaped vehicle with hovering capabilities (see Fig. 13).
To allow for the integration of equipment, that depends on the
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FIGURE 13. Photography of the sparus II.

application, the robot has a fully configurable payload area.
Its software architecture is based on COLA2 [35] which is
utilising the ROS open-source middleware [45]. The main
specifications and features of the Sparus II can be found
in Table 3. The shape of the AUV hull is optimised for naviga-
tion at medium/high velocities. The vehicle can be controlled
in surge, heave, and yaw degrees of freedom independently
by means of three thrusters (one vertical and two horizontal).
It can reach a maximum velocity in surge of 3 kn. The vehicle
is rated for up to 200 m depth. Its navigation suite includes
an Inertial Measurement Unit (IMU), a Doppler Velocity Log
(DVL), a GPS, and, optionally, a USBL. The latter can be
used as a beacon to localize the AUV from the surface or,
as inverted-USBL, to localize a target underwater, here the
DS equipped with an acoustic beacon.
A Kalman filter estimates the position and velocity of the

vehicle using the information from the sensors. The filter is
first initialized at the surface, with the GPS, but it is also
possible to apply position updates using the USBL when
the vehicle is submerged. The control system is divided into
two parts: a high-level controller and a low-level controller.
In this article, a high-level controller for each of the docking
methods, described in Section III, has been defined. The low-
level controller, based on a cascade of PID and an open-loop
thruster model, takes the desired velocities or heading set-
points, defined by the high-level controller, and generates the
thrusters’ set-points.
The depth of the vehicle is controlled independently by the

vertical thruster. This reason justifies that the study presented
in this paper could have been simplified to the xy plane.

2) DOCKING STATION
The DS that has been simulated in all of the experiments
was developed by the University of Girona [13], see Fig. 14.
This DS was tailored to the Sparus II AUV and it has been
designed to be as small and lightweight as possible, for
easy deployment, recovery, and transportation. The structure

TABLE 3. Sparus II specifications.

is divided into two parts: the base and the docking funnel
(see Fig. 15). It can handle translation misalignment of up
to 40 cm and heading misalignment of up to 30�. The rails
are made of flexible POM (polyoxymethylene) to absorb
collisions.

3) VEHICLE-DS LOCALIZATION
An inverted-USBL (i.e., a transceiver located on the AUV
and a transponder on the DS) has been simulated to obtain
the position of the DS from the AUV. To simplify the visu-
alization of all of the experiments, the DS position has been
defined at the origin of the {D} frame.

B. STONEFISH SIMULATOR
The Stonefish simulator [14] is an advanced open-source
simulation tool, designed for marine robotics. It can simulate
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FIGURE 14. Photography of the docking station.

FIGURE 15. Main dimensions of the docking station (in mm).

multiple underwater and surface robots, working in a virtual
ocean environment. The simulator is able to compute the
full dynamics and hydrodynamics of underwater and surface
robots, simulate the operation of thrusters and sensors, and to
emulate the acoustic communication devices. The simulated
sensors cover the full range of devices found inmarine robots,
e.g., DVL, pressure sensor, USBL, and all types of sonars.
Moreover, it delivers the possibility to fully define an envi-
ronment using geometric models or heightmap-based terrain.
It can simulate ocean currents and Fast-Fourier transform
(FFT) based waves. Finally, realistic rendering of the ocean
surface and underwater environment, including light absorp-
tion and scattering, enables accurate simulation of underwater
cameras.
The Stonefish simulator was used to recreate the docking

scenario, including the completemodels of the Sparus II AUV
and theDS, situated at the bottom of a virtual ocean. In Fig. 16
the simulator window is presented, showing the visualisation
of the docking scenario during one of the simulations.
The docking algorithms presented in Section III have been

implemented as high-level controllers that run within the
COLA2 robot architecture [35]. The simulator communicates
with the COLA2 architecture, through a ROS-based interface,
and it replaces the real vehicle in a hardware-in-the-loop
(HIL) configuration. In this way all of the developments car-
ried out using the simulator can be directly tested on the real
vehicle. The parameters of all of the devices, including noise
characteristics, were set up according to the manufacturers’
specifications. Moreover, different types of underwater ocean

FIGURE 16. Stonefish simulation example.

current models can be defined in Stonefish. Here, a uniform
current velocity field was used, with different current direc-
tion and velocity for different experiments. The simulator can
also compute rigid collisions between the AUV and the DS,
allowing estimation of the behaviour of the system during the
entrance.
In order to realistically recreate the behavior of a physical

USBL, the Stonefish uses equations reported in [46] and sets
the different parameters using real data from the EvoLogics
18/34 USBL. This allows us to account for the equipment’s
measurement errors and noise characteristics.
The DVL characteristics match those of the Teledyne

Marine WHN 600, which is the model used by the AUV
Sparus II. The DVL readings are used by the AUV’s navi-
gation system to estimate its position and velocity, relative to
the ground, as well as to estimate the direction and magnitude
of ocean currents.

C. ENTRANCE QUALITY ANALYSIS
To evaluate the docking methods, a new technique to mea-
sure the quality of the entrance to the DS is proposed here.
A geometrical analysis to obtain a representative value of
the quality of the entrance is presented, based on a collision
analysis where the momentum lost in the entrance maneuver
is estimated.

1) COLLISION ANALYSIS
The collision analysis estimates the momentum lost on the
entrance due to the collisions and friction between the robot
and the DS (ml). To do that, it compares the momentum of
the AUV crossing the first section of the DS (ms1) with the
momentum of the AUV crossing the second section (ms2), see
Fig. 17. These quantities can be obtained using the velocity
of the AUV at the moment of crossing each of the sections
| Ev1|, | Ev2| and the mass of the vehicleM :

ms1 = M | Ev1|, ms2 = M | Ev2|. (39)
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FIGURE 17. Collision analysis sections representation.

The change inmomentum ismainly explained by the action
of the thrusters (mT ) and the energy lost in the collisions and
friction between both sections:

ms2 = ms1 + mT � ml . (40)

The software architecture of the Sparus II allows us to
record the force that the thrusters are generating at each
moment in time (Ft ). Integrating this force over the period
between the sections, the change of momentum (impulse)
caused by thrusters can be obtained:

mT =
Z t2

t1
Ftdt. (41)

Then, the change of momentum related to the collisions
and friction can be calculated as:

ml = mT + ms1 � ms2. (42)

This analysis has a few drawbacks: the maneuver needs
to be performed before it is evaluated, the method cannot
distinguish whether the AUV enters the DS or does not, and
it does not provide a normalized value. For these reasons the
geometrical analysis, presented in the next subsection, was
developed.

2) GEOMETRICAL ANALYSIS
Let us simplify the system representing theDSwith a triangle,
where one side represents the DS entrance section and the
opposite vertex the DS center (see Fig. 18). When the AUV
reaches the entrance section, the position and the heading
of the AUV D⌘e

D⌘e
D⌘e are registered. To simplify the nomencla-

ture D B,e will be called ↵. With this diagram, an optimal
entrance angle (↵o) for each entrance position can be approx-
imated:

↵o = atan2(DyB,e,
DxB,e). (43)

The heading of the AUV at the entrance and the optimal
entrance angle can be compared as:

e↵ = ↵ � ↵o. (44)

It is necessary to take into account on which side of the
center-line of the DS the AUV is located, when colliding with

FIGURE 18. Geometrical analysis concept.

FIGURE 19. Graphical representation of the geometrical analysis

equation. The value of g is represented by the ‘hot’ color map.

the funnel, because the same e↵ value will result in different
behaviours, e.g., when the vehicle approaches the funnel on
its right side and e↵ > 0, the docking maneuver will be
performed more smoothly and the lost momentum will be
lower, than if it was approaching on the left side. To consider
this fact, a weight w is assigned, following these criteria:

w =
(
w1, sgn(1y) = sgn(e↵)
w2, otherwise.

(45)

86618 VOLUME 9, 2021

27



J. Esteba et al.: Docking of Non-Holonomic AUVs in Presence of Ocean Currents: Comparative Survey

FIGURE 20. Geometrical analysis examples.

Regarding the presented concept, the geometrical analysis
can be expressed with the formula:

g = 1 � w|e↵|(1 + |↵o|). (46)

It should be noticed that this formulation consists of two
terms. The first one evaluates the entrance angle against the
optimal entrance angle. The second one considers the value
of the optimal entrance angle itself to reward entrances in the
center of the DS. These behaviours can be seen in Fig. 19.
The combination of these two terms was used, in an attempt
to reflect the results obtained in the collision analysis in the
cases in which the AUV enters the DS. Moreover, the equa-
tion (46) was designed to have a value of g = 1 if the
docking maneuver is ideal, a value of 0 < g  1 if the
AUV enters the DS, and a value g  0 if the AUV does not
enter the DS, see Fig. 20. The weights in (45) were evaluated
as w1 = 1 and w2 = 3.05, based on the collision analysis
performed on simulated data, assuming the aforementioned
properties of (46). To summarize, the value of the geometrical
analysis g, allows evaluation of the quality of the docking
maneuver and at the same time it retains the connection
with the physical phenomena accompanying the entrance
(collision and friction). It provides a normalized value that
allows an intuitive understanding of the docking process.
Moreover, it can be used to compute the set of preferred dock-
ing parameters (pairs of the offset from the center-line and the
heading), i.e., the region of attraction of a particular docking
algorithm.

V. COMPARISON BENCHMARKS
The docking algorithms presented in Section III were tested
using the setup introduced in Section IV, at three levels of
increasing complexity. In order to average the results, at each
level, a set of fifty simulations have been made, for each
specific ocean current velocity vector (⌫c⌫c⌫c), considered to lie
on the xy plane of {D} and sampled from a square set ranging
from (�0.4 m/s, �0.4 m/s) to (0.4 m/s, 0.4 m/s), with a step
of 0.1 m/s on each axis. This resulted in more than eighty five
thousand simulations executed. In each simulation, the AUV
starts 300 m in front of the DS, to ensure sufficient space to
perform the docking maneuver (D⌘D⌘D⌘ = [�300, 0, 0]T ).

A. LEVEL 1: PERFECT MEASUREMENTS, 1.0 m/S
At this level, the AUV knows exactly the position of the DS
in the world frame as well as its own position and the velocity
of the current (⌫c⌫c⌫c). The desired docking velocity (udock ) is set
to 1 m/s to guarantee that it is significantly higher than the
ocean current velocity. Some of the reviewed papers assume
the same conditions ( [31], [33], [34]). The objective of this
level is to determine the ocean current conditions which these
methods can copewith, when perfect measurements about the
environment are available. It is important to remember that
Sparus II dynamics and hydrodynamics are fully simulated
and the vehicle control is affected by them.

B. LEVEL 2: NOISY MEASUREMENTS, 1.0 m/S
At this level, the AUV detects the position of the DS using a
USBL,modeled as explained in Section IV.Moreover, a DVL
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is used to estimate the ocean current velocity. The desired
docking velocity is set to 1 m/s. The objective of this level
is to determine how inaccuracies in both the localization and
ocean current estimation affect the methods reviewed.

C. LEVEL 3: NOISY MESUREMENTS, 0.3 m/S
Because colliding with the DS at 1 m/s is not recommendable
for a vehicle like the Sparus II AUV, the authors wanted to
evaluate how the studied docking algorithms behave when
the docking velocity was much lower, here around 0.3 m/s.
This condition means that it is possible to experiment with
an ocean current faster than the docking velocity, here up
to 0.55 m/s. The same localization and current estimation
system as in Level 2 are used.

VI. RESULTS
This section presents the results of the performed simulations.
An intuitive graphical representation of the behavior of each
method was created, in a form of 3D plots depicting the
mean geometrical value (ḡ) for each ⌫c⌫c⌫c. Therefore, the 2D
current velocity is represented on the xy plane, while the z axis
represents ḡ, computed based on averaging fifty experiments.
To further improve the readability, the Hot color map was
used, where the black color denotes a perfect entrance while
the white color a failed docking, and red and yellow being
intermediate points. A single indicator, named ‘score’, can
be obtained based on this representation, by integrating ḡ
over the set of ⌫c⌫c⌫c for which ḡ � 0. This volume is then
normalized by comparing it with themaximum volume, given
by a theoretical perfect score distribution where ḡ = 1 for all
tested values of ⌫c⌫c⌫c. The 2D plots presented in the Annex help
to understand the behaviour of the methods in detail.
Figures 22 and 23 show the results obtained at Level 1 and

Table 4 shows the average value and the standard deviation
for the score obtained for each method.
The results of Level 2 can be analysed following Fig. 24,

which shows the results in 3D, for more detail, Fig. 25 shows
the results in the plane with the color map and Table 5 shows
the geometrical volume mean and standard deviation of the
different simulations.
Finally, related to Level 3, in order to have a first picture of

the results, see Fig. 26; for more details see Fig. 27; and for
the quality number associated with each method see Table 6.
As a summary, a comparison of all of the methods for each
level is shown in Fig. 21.

VII. DISCUSSION
In this section, the results are discussed method by method.

A. PURE PURSUIT CONTROLLER
The pure pursuit controller is not designed to deal with ocean
currents. It is presented here as a baseline to compare with the
other methods. As already seen in [37], this controller cannot
deal with lateral currents. It is not able to ensure successful
docking at any level, if the lateral component of the current
velocity is higher than 0.1 m/s.

FIGURE 21. Score summary for each level.

B. PGCC CONTROLLER
The Pure Guidance with Current Compensation controller
generally delivers good results. For the first two levels, it can
deal with practically all the ocean current conditions, reach-
ing a score of 0.660 at Level 1, and a score of 0.624 at
Level 2. A little decline in performance is noticed moving
from Level 1 to Level 2, due to the sensors’ measurement
noise. The Level 3 is significantly affected by the reduction
of the docking velocity, resulting in a low score of 0.148, due
to low values of ḡwhen udock  Duc. For example, in the case
of udock = Duc the AUV velocity with respect to the water has
to be zero. Therefore, the only way to reduce the cross-track
error is to set the desired heading  d = 90�. However, this
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TABLE 4. Score results for the perfect measurements simulations.

TABLE 5. Score results for the noisy measurements simulations with a

docking velocity of 1 m/s.

does not allow the vehicle to enter the DS. As a result, it is
not possible to simultaneously eliminate the cross-track error
and complete the docking.

C. CROSS-TRACK CONTROLLER
The cross-track controller generally performs well, with the
best score of 0.858 at Level 2 and also a very good result at
Level 1 (0.822). It exhibits the same problems as the PGCC

TABLE 6. Score results for the noisy measurements simulations with a

docking velocity of 0.3 m/s.

controller, when udock  Duc. However, it still scores an
acceptable value of 0.403 at Level 3.
The improvement observed between Level 1 and Level 2,

occurring despite the addition of noise in the sensors, can
be explained by the way the geometrical analysis works.
The geometrical analysis tries to evaluate not only if the
AUV enters the DS but also how it enters. When the cross-
track controller, or the PGCC controller, is working perfectly,
the AUV enters the DS right through its center with the
necessary crab angle to counteract the lateral component of
the ocean current velocity. This crab angle is penalized by the
geometrical analysis if the vehicle is perfectly in the center,
but it is less penalized if there is some cross-track error,
as shown in Fig. 18. When noisy measurements are used,
the controller is unable to reduce the cross-track error to zero,
and therefore a slight improvement in the score appears.

D. FUZZY CONTROLLER
The fuzzy controller achieves acceptable results at Level 1
(0.395), however, its performance at Level 2 and Level 3 is
very low (0.119 and 0.128 respectively).
This controller has different particularities. A parameter-

varying proportional controller corrects the heading, in order
to reduce the cross-track error (CR, following Fig. 9). The
proportional gain varies according to the fuzzy rules, which
take into account the cross-track error (gain-scheduling). Due
to the lack of an integral part in the control law, it cannot
regulate the cross-track error to zero in the steady state.
In order to deal with the ocean currents, it requires a non-
zero cross-track error. Therefore, in the final phase of the
approach, a large proportional gain is required to increase
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FIGURE 22. 3D representation of the geometrical analysis for the perfect measurements simulations.
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FIGURE 23. 2D representation of the geometrical analysis for the perfect measurements simulations. The value of ḡ is represented by the

‘hot’ color map, according to Fig. 19.
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FIGURE 24. 3D representation of the geometrical analysis for the noisy measurements simulations with a docking velocity of 1 m/s.
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FIGURE 25. 2D representation of the geometrical analysis for the noisy measurements simulations with a docking velocity of 1 m/s. The

value of ḡ is represented by the ‘hot’ color map, according to Fig. 19.
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FIGURE 26. 3D representation of the geometrical analysis for the noisy measurements simulations with a docking velocity of 0.3 m/s.
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FIGURE 27. 2D representation of the geometrical analysis for the noisy measurements simulations with a docking velocity of 0.3 m/s. The

value of ḡ is represented by the ‘hot’ color map, according to Fig. 19.
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the sensitivity of the controller. For this reason, when the
noise in the sensors’ measurements is taken into account,
the system is noticeably affected, failing to enter the DS
in the majority of the cases at Level 2. If the parameters
recommended by the original authors - gains according to
Table 1 and membership functions according to Fig. 9 - are
used, the score at Level 1 improves from 0.395 to 0.599, and
the vehicle enters in practically all of the scenarios. However,
when the noise in the DS localization is taken into account,
the results do not show relevant improvements.

E. TOUCHDOWN ALIGNMENT CONTROLLER
The Touchdown alignment controller achieves excellent
results at Level 1 (0.824) but only acceptable results at
Levels 2 and 3 (0.348 and 0.345 respectively).
The Touchdown alignment controller is a cross-track con-

troller with a final heading correction. In Level 1, where no
noise is present in the localization of the DS, it achieves the
best results (by adapting the heading), to enter in a smooth
way. However, when the DS location is uncertain, it shows
worse scores than the Cross-track controller. This results from
the fact that the heading correction depends directly on the
relative position between the AUV and the DS.

F. SIDESLIP CONTROLLER
The Sideslip controller achieves average results. At Level 1 it
reaches a score of 0.347 (with especially good results in case
of longitudinal ocean currents), at Level 2 its score is 0.207,
while at Level 3 the algorithm scores 0.311.
This method tries to correct the heading of the AUV in a

smoothway, during the final part of the path. The results show
that it is significantly affected by the low level controllers of
the Sparus II, not being able to accomplish the maneuver in
several cases, and showing better results when the docking
velocity is low. The control algorithm is also notably affected
by the noisy localization of the DS, since the heading depends
on it directly. This fact can be appreciated by comparing the
scores between Level 1 and Level 2.

G. SLIDING PATH CONTROLLER
Using the parameters proposed in the original paper,
the performance obtained with this method is acceptable at
Level 1 and 2 (0.436 and 0.402 respectively), but surpris-
ingly, it is excellent at Level 3 (0.790), where it performs
best.
At high docking velocities (approximately 1 m/s) the slid-

ing path controller exhibits good results for medium and low
ocean currents, but not for high currents. Overall, the system
appears robust to noisy sensor measurements. The observed
errors come from the ILOS controller, which does not seem to
have enough space to stabilize the vehicle within the sliding
path section, in cases of fast ocean currents.
At Level 3, this method has the same problem as the PGCC

controller and the Cross-track controllers, when the longitu-
dinal ocean current velocity component is close to, or greater

than, the docking velocity. However, in this method the AUV
follows a trajectory parallel to the center-line of the DS, rather
than one coincident with it, and when the AUV reaches the
sliding path section, the previous cross-track error is automat-
ically eliminated. This happens due to the shape of the sliding
path trajectory itself. This feature, coupled with the fact that
at Level 3 the docking velocity is equal to 0.3 m/s, gives
the vehicle more time to correct the final sliding path using
the ILOS controller, making it work with all ocean current
configurations at this level.
If the longitude of the sliding path is increased from 20 m

(the distance used in the original paper) to 50 m, the score
obtained at Level 1 increases up to 0.523, resulting in the
AUV docking in practically all ocean current conditions. This
improvement can be understood because the ILOS controller
has more time to correct the position of the AUV, in the
extreme cases.

VIII. CONCLUSION
This paper has compared seven docking methods in the pres-
ence of ocean currents, using the same setup: a funnel-shaped
DS and a Sparus II AUV. These methods were selected after
an exhaustive literature survey. They are: the Pure pursuit
controller, the Pure Guidance with Current Compensation
controller, the Cross-track controller, the Fuzzy controller,
the Touchdown alignment controller, the Sideslip controller,
and the Sliding path controller. Three scenarios have been
simulated. In the first one (called Level 1), the controller
knew the exact position of the DS and the ocean current
velocity vector; also, the docking velocity was set to 1 m/s.
In the second scenario (called Level 2), the controller used a
realistic USBL model to estimate the position of the DS and
a DVL model to estimate the ocean current velocity vector;
the docking velocity was also set to 1 m/s. Finally, Level
3 was performed following the Level 2 conditions, but with a
docking velocity of 0.3 m/s. Moreover, a newmetric has been
developed to be able to quantify the quality of the entrance of
the AUV into the DS.
In the analysis of Level 1, it has been determined that

the method that has the best performance is the Touchdown
controller. This controller utilizes a Cross-track controller to
minimize the cross-track error, correcting the effects of the
ocean currents by applying a crab angle, and in the final
moment it corrects the crab angle to dock in alignment with
the DS.
At Level 2 the method that shows the best performance is

the Cross-track controller.
At Level 3, the best performing method was the Sliding

path controller. In this scenario, when the ocean current
component parallel to the DS is directed towards it, and the
current velocity is similar to the docking velocity, the AUV
does not have the capacity to maintain the docking veloc-
ity, while effectively minimizing the cross-track error. The
reason why the Sliding path controller outperforms the other
methods is due to its final maneuver, where the AUV is able
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to compensate for the cross-track error that occurred in the
approaching path. This level reveals an interesting problem
to study, that is, how to minimize the cross-track error when
the ocean current is favourable and close to or larger than
the docking velocity. In future work, a new algorithm will be
developed and tested, to take into account the ocean currents
that push a non-holonomic AUV towards the DS.

ABBREVIATIONS
AUV Autonomous underwater vehicle
ROV Remotely operated vehicle
DS Docking station
USBL Ultra short baseline
PGCC Pursuit guidance with current compensation
PID Proportional-integral-derivative controller
ILOS Integral line of sight
SRG Speed regulated guidance
COLA2 Component orientated layer-based

architecture for autonomy
ROS Robot operating system
IMU Inertial measurement unit
DVL Doppler velocity log
GPS Global positioning system
POM Polyoxymethylene
FFT Fast Fourier transform
HIL Hardware-in-the-loop
3D Three dimensions
2D Two dimensions

NOTATION
DPDDPDDPD = [DxD DyD D D]T : Docking station position in

the {D} frame (see Fig. 5)
D⌘D⌘D⌘ = [DxB DyB D B]T : AUV position in the {D}

frame (see Fig. 5)
DPpDPpDPp = [Dxp Dyp]T : Point position in the {D}

frame
DPcp2DPcp2DPcp2 = [Dxcp2 Dycp2]T : Change point 2 position in

the {D} frame
1x: Distance in the x axis of

the {D} frame
1y: Distance in the y axis of

the {D} frame
u: Surge velocity of the AUV
udock : Surge velocity of the AUV

set to dock
ud : Desired surge velocity of

the AUV
BuB,w: Surge velocity of the AUV

with respect to the water
⌫c⌫c⌫c 2 R2: Ocean current velocity
D⌫c
D⌫c
D⌫c = [Duc Dvc]T : Ocean current velocity in

the {D} frame
B⌫c
B⌫c
B⌫c = [Buc Bvc]T : Ocean current velocity in

the {B} frame

 d : Desired yaw angle of the
AUV

 crab: Crab angle of the AUV to
compensate the ocean
currents

 nc: Heading angle of the AUV
without ocean currents

e: Distance error in the
Cross-track controller

�: Heading of the AUV when it
starts the final maneuver

rmax : Maximum yaw rate of the
AUV

d : Distance between the AUV
and the DS in the x axis of
the {D} frame used in the
Touchdown alignment
controller

df : Distance in the x axis of
the {D} frame where the
touchdown maneuver starts

df ,min: Minimum distance in the x
axis of the {D} frame where
the touchdown maneuver
starts

⇢: Distance between the AUV
and the DS in the Sideslip
controller

ex : Distance on the x axis of
the {D} frame between the
AUV and the DS in the
Sideslip controller

ey: Distance on the y axis of
the {D} frame between the
AUV and the DS in the Sideslip controller

�s: Angle between the AUV
and the DS, see Fig. 11c

⇢0: Distance between the AUV
and the DS at the moment when the final
maneuver starts in the Sideslip controller,
see Fig. 11c

ex,0: Distance on the x axis of
the {D} frame between the AUV and the DS
at the moment when the final maneuver starts in
the Sideslip controller, see Fig. 11c

ey,0: Distance on the y axis of
the {D} frame between the AUV and the DS
at the moment when the final maneuver starts in
the Sideslip controller, see Fig. 11c

�s,0: Angle between the AUV and the DS in the
moment when the final maneuver starts, see
Fig. 11c

� : A gain
1: Look-ahead distance
ya: Distance between the center-line and the

approaching path in the Sliding path controller,
see Fig. 12a
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l: Length of the sliding path
ku: A gain
�dock : External diameter of the funnel of the DS
ml : Momentum lost on the entrance due to the

collisions and friction between the AUV and
the DS

mT : Change of momentum generated by the thrusters
between the first and the second section,
see Fig. 17

ms1: Momentum of the AUV when crossing the first
section, see Fig. 17

ms2: Momentum of the AUV when crossing the
second section, see Fig. 17

| E⌫1|: Velocity of the AUV when crossing the first
section, see Fig. 17

| E⌫2|: Velocity of the AUV when crossing the second
section, see Fig. 17

M : Mass of the AUV
Ft : Force that the thrusters are producing in one

instance
t1: Time when the AUV crosses the first section,

see Fig. 17
t2: Time when the AUV crosses the second section,

see Fig. 17
↵: Heading of the AUV in the {D} frame when it

crosses the entrance section, see Fig. 18
↵o: Optimal heading of the AUV in the {D} frame

when it crosses the entrance section, see Fig. 18
e↵: Difference between ↵ and ↵o
w: A weight
g: Geometrical analysis value
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3
Development of the docking

strategy

In this chapter a novel controller for a non-holonomic AUV with two horizontal thrusters, focused
on the docking maneuver in a funnel-shaped DS is presented. Demonstrating it theoretically, and

simulating it in the same framework where the rest of the algorithms were compared in the previous
chapter. Obtaining a solution for the needs of the Sparus II AUV.
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Currents for a funnel-shaped Docking Station
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Abstract: This paper presents a novel algorithm to dock a non-holonomic Autonomous Underwater
Vehicle (AUV) into a funnel-shaped Docking Station (DS), in the presence of ocean currents. In
a previous work, the authors have compared several docking algorithms through Monte Carlo
simulations. In this paper, a new control algorithm is presented with a goal to improve over the
previous ones to fulfil the specific needs of the ATLANTIS project. Performance of the new proposed
algorithm has been compared with the results of the previous study, using the same environemnt on
the Stonefish hardware-in-the-loop simulator.

Keywords: Docking, AUV, ocean currents, non-holonomic

1. Introduction

The AUV technologies presented a significant improvement during the last years.
Several autonomous missions were developed in the field [1,2]. Nowadays, the common
operating procedure of the AUVs is to deploy them (usually with a ship), develop the
mission, and, finally, recover; in most of the cases during the same operational day. The
natural next development for the consolidation of this technology is the creation of DSs,
which can allow the AUVs to extend the operational time in the field. The DS have to offer
protection, high-bandwidth communication channels, and the capacity to recharge the
vehicle’s batteries. In the literature, several examples of DS systems can be found [3–8].
Each DS concept was tailored to a specific AUV and used own perception and docking
strategies. Several descriptive surveys about docking can be already found in the literature:
[9–11].

Previously, the team from the University of Girona developed a prototype of funnel-
shape DS that relied on an acoustic transponder and light beacons, in order to localize
it from the vehicle [12]. The conclusions of that experiments have shown the need of
developing a controller that considers the ocean currents. Moreover, in turbid water
scenarios, the vision system was not appropriate. In the ATLANTIS project [13], one of the
technologies that must be demonstrated is the semi-permanent deployment of the Sparus
II AUV, using a docking station on the seabed. With this motivation, the authors have
developed the following study.

In a previous publication [14], several algorithms have been studied to cope with the
autonomous docking, using a non-holonomic AUV, in the presence of ocean currents: the
Pursuit Guidance with current compensation controller presented by [4,15], the Cross-track
controller used in [3,16], the Fuzzy controller used in [17,18], the Touchdown alignment
controller described in [19], the Sideslip controller based on [20], and the Sliding path
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controller described in [21]. None of the studied solutions offers a satisfactory behavior
when dealing with ocean current velocities higher than the docking velocity. Thus a
proposal of a novel control algorithm is presented in this work.

The paper is organized as follows: Section 2 presents the novel algorithm. Section 3
presents the experimental setup used in order to test the algorithm. Section 4 analyses the
performance of the algorithm in different scenarios. Obtained results and the comparison
with the other methods are presented in Section 5, discussed in Section 6, and finally, the
conclusions are drawn in Section 7.

2. Proposal: Managed surge controller

This section presents the novel method to deal with the ocean currents controlling a
non-holonomic AUV. The proposed method is called Managed Surge Controller (MSC).

2.1. Assumptions
2.1.1. Assumption 1

We assume that the AUV motion is described using two degrees of freedom: surge
and yaw. This is a consequence of the commonly adopted strategy of neglecting sway for
under-actuated vehicles, maneuvering at low speed.

2.1.2. Assumption 2
The inner loop controllers can track the desired surge velocity (ud) and the desired

yaw (yd) with good accuracy.

2.1.3. Assumption 3
The velocity of the ocean currents is constant, irrotational, and bounded.

2.1.4. Assumption 4
The vehicle can measure its surge velocity, yaw angle, and the ocean current velocity.

2.1.5. Assumption 5
The vehicle can measure its relative position with respect to the DS.

2.2. Concepts
Inspired by the analysis done in [14], the present method improves the results obtained

with the previously studied methods because it can deal with ocean currents, the velocity
of which are larger that the velocity of docking of the AUV.

Fig. 1 presents the basic variables involved in the process. Two different reference
frames are presented, the {D} frame located at the position of the DS, and the {B} frame
attached to the AUV body. The velocity in the {D} frame are with respect to the ground
symbolised by ẋ and ẏ, and the velocities in the {B} frame are with respect to the water
represented by u and v.

Fig. 2 shows the velocities involved in the controller: 1) the ground speed (D ḣ1B
D ḣ1B
D ḣ1B =

[ẋ ẏ]T), and 2) the through water velocity (Bn1B
Bn1B
Bn1B = [u v]T). Finally, the ocean current vector

(D ḣc
D ḣcD ḣc = [ẋc ẏc]T) as well as the desired docking velocity (D ḣ1D

D ḣ1D
D ḣ1D = [ẋD 0]T) are represented

in the inertial {D} frame.

2.2.1. Model of the system
The kinematic system is represented by the following equations, recall Fig. 1 and

Fig. 2:

D ḣ1B
D ḣ1B
D ḣ1B = DRB

DRB
DRB · Dn1B

Dn1B
Dn1B + D ḣc

D ḣc
D ḣc (1)


ẋ
ẏ

�
=


cos(y) � sin(y)
sin(y) cos(y)

�
·


u
v

�
+


ẋc
ẏc

�
(2)
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Figure 1: Geometrical representation of basic variables. Two different reference frames are
presented, the {D} frame located at the position of the DS, and the {B} frame attached to
the AUV body. The velocity in the {D} frame are with respect to the ground symbolised
by ẋ and ẏ, and the velocities in the {B} frame are with respect to the water represented by
u and v.

Figure 2: Geometrical representation of basic velocities.

which, assuming a negligible sway velocity (Assumption 1), simplifies to:

ẋ = u cos(y) + ẋc, (3)

ẏ = u sin(y) + ẏc. (4)

2.2.2. Docking scenarios
According to Fig. 3, three docking scenarios can be defined, depending on the robot

(Dn1
Dn1
Dn1), current (Dnc

DncDnc) and docking (Dn1D
Dn1D
Dn1D

) velocities in the xD axis:
• Scenario A (ẋc  0): The current opposes to the robot speed. Therefore, a higher

through water robot speed is required to achieve the desired inertial docking velocity.
• Scenario B (ẋc > 0 and ẋc < ẋD ): The current speed, being smaller than the desired

docking velocity, adds to the through water robot velocity to achieve the inertial
docking speed.

• Scenario C (ẋc � ẋD ): A current speed higher than the docking velocity, requires a
backward through-water robot velocity to achieve the desired inertial docking velocity.
In scenarios A and B the surge velocity will normally be positive and the AUV heading

will be opposite to ẏc. In contrast, in scenario C, the surge velocity will normally be negative
and the heading will be in the direction of ẏc.

2.2.3. Crab angle
To be able to compensate the lateral ocean current (ẏc) with a non-holonomic AUV it

is necessary to use a crab angle (yc). This crab angle has the goal of aligning the robot to
the axis of the DS (ẏ = 0), while keeping the desired docking velocity (D ḣ1D

D ḣ1D
D ḣ1D ). Therefore (2)

can be rewritten as:
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Figure 3: Possible docking scenarios.
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Figure 4: Geometrical problem simplification.


ẋD
0

�
=


cos(yc) � sin(yc)
sin(yc) cos(yc)

�
u
0

�
+


ẋc
ẏc

�
. (5)

Solving the system, the crab angle can be expressed as:

tan(yc) =
�ẏc

ẋD � ẋc
, (6)

assuming ẋD � ẋc 6= 0.

2.2.4. Entrance problem
The problem of making a torpedo-shaped AUV enter a funnel-shaped DS can be

modeled with the simplification that the DS is represented by an isosceles triangle and the
AUV by a straight line directed along its main axis (see Fig. 4).

If the symmetry of the system is taken into account, there are only three successful
docking scenarios (Fig. 5):
• Scenario I: It represents the ideal entrance, where the AUV enters in a straight line

with the same heading as the DS and aligned with its origin DS.
• Scenario II: The robot heading is not aligned to the xD axis, but misaligned to the right.
• Scenario III: The robot heading is not aligned to the xD axis, but misaligned to the left.
In Scenario II and III, the AUV completes the docking thanks to the geometrical properties
of the system. Both scenarios differ in the energy lost during the collision, being Scenario
III the one with the highest losses. Following the analysis of energy lost during the collision
(reported in [14]), the AUV should try to perform Scenario I if possible, targeting Scenario
II alternatively, and using Scenario III as the last resort. It is worth nothing that Scenario
I is not easy to perform with Sparus II AUV, in presence of ocean currents, due to its
non-holonomic nature.

2.2.5. Path
A crab angle is needed to compensate for the ocean currents, therefore the method

creates a path parallel to the DS axis at an appropriate distance from it, to take advantage
of the torpedo-like shape of the AUV and the funnel-shaped DS, see Fig. 6. The path is
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Figure 5: Successful entrance scenarios.

Figure 6: Path concept representation.

created calculating a gap (yg), with respect to the axis of the DS using the crab angle, the
DS and the AUV geometry. In order to calculate this gap, let us consider the geometry of
the problem when the AUV reaches the DS in scenarios II and III (Fig. 7). For the entrance
in Scenario II, the gap can be calculated as:

yg,I I = (F + l/2) sin(�yc). (7)

The maximum crab angle admissible to enter to the DS in Scenario II is computed using
the simplified funnel shape:

ycI I = atan(Fy/Fx), (8)

This allows to calculate the maximum gap as:

yg = (F + l/2) sin(atan(Fy/Fx)). (9)

For crab angles larger than ycI I the system needs to perform the entrance Scenario III.
The maximum crab angle for the entrance Scenario III, in case of 2 Fy < l/2 (that fulfils
the mechanic characteristics of the system presented), can be calculated as (see Fig. 8, and
recall Fig. 5):

ycI I I =
p

2
� atan

�
Fy/Fx

�
, (10)

in order to guarantee that the AUV does not hit a disfavoured part of the DS. In this case
the ygII I is fixed to be equal to Fy/2, remind Fig. 7. In summary, (11) sets the value of yg for
all the cases as:

yg =

(
�(F + l/2) sin(yc), �ycI I  yc  ycI I

�sign(yc) Fy/2, |yc| > ycI I .
(11)
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Figure 7: Gap calculus concept.

Figure 8: Maximum entrance Scenario III gap calculus concept.
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Figure 9: Beta concept representation.

2.2.6. Path following
The Sparus II AUV has direct control over the surge velocity (i.e., u) as well as over

the heading (i.e., y). Let the cross-track path error be defined as:

e = y � yg (12)

With this notation, the objectives of the path following controller are to achieve:

lim
t!•

e(t) = 0 (13)

lim
t!•

yd(t) = yc (14)

lim
t!•

ud(t) =
ẋD � ẋc
cos(yc)

, (15)

2.3. Control law
The control law regulates the desired heading (yd) and the desired surge (ud). The

desired heading is defined as:
yd = yc + b, (16)

where b is a correction term depending on the look-ahead distance (D) and the cross-track
error (e), see Fig. 9:

tan(b) = � e
D

, (17)

where D is defined by a constant value (kD > 0) and a sign criteria (21):

D =
kD

sign(ẋss)
, (18)

being ẋss the through water velocities of the AUV in the steady state in the {D} frame (i.e.,
when e is zero). The desired surge velocity is given by:

ud =
ẋss

cos(y)
� c, (19)

where c is a correction term, introduced to adjust the response of the system:

c = k1 atan(k2 e) sign(y); k1, k2 > 0 (20)

The correction modifies the basic velocity representation from Fig. 2 into the one shown in
Fig. 10. The steady state inertial velocities can be calculated as:

ẋss = ẋ � ẋc, (21)
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Figure 10: Geometrical representation of corrected velocities. Here, ẋss, and ẏss are through
water velocities of the AUV in the steady state in the {D} frame (i.e., when e is zero); uss
the through water velocity of the AUV in the steady state in the {D} frame; and ẋC , ẏC ,
and uC the velocities due to c.

ẏss = �ẏc, (22)

where ẋ is set as ẋD .

2.3.1. State space formulation
The system evolution is represented by the cross-track error (12), which, according to

(4), has the following time derivative:

ė = u sin(y) + ẏc. (23)

Now, assuming u = ud and y = yd, the error dynamics are given by:

ė =


ẋss
cos(yd)

� k1 atan(k2 e) sign(yd)

�
sin(yd) + ẏc (24)

2.3.2. Equilibrium points
An equilibrium point is reached when ė = 0, i.e., when yd = yc. If this condition

is applied to (24), it follows that eeq = 0 if ẋc 6= ẋD , D 6= 0, k1 > 0, and k2 > 0. In order
to fulfill this condition, and because ẋD is a value that we can set, in the case of having
ẋD = ẋc the ẋD will be increased according to:

ẋD =

8
><

>:

ẋD , ẋss 2 R \ (�0.2, 0.2)
ẋc + 0.2, ẋss 2 [0.0, 0.2)
ẋc � 0.2, ẋss 2 (�0.2, 0.0)

(25)

2.3.3. Setting the gains
The definition of k1 and k2 corresponds to the maximum velocity and acceleration that

the correction c (20) will impose on the system. Considering the characteristics of the Sparus
II, a maximum correction velocity of 0.7 m/s, and a maximum correction acceleration of
0.5 m/s2 are desirable.

In order to set k1, the function y = atan(x) is analysed. This function has a horizontal
asymptote at y = p/2 and in y = �p/2. Taking into account the performance of Sparus II,
the horizontal asymptote of (20) must be set to y = 0.7 m/s, consequently k1 = 0.7 · 2/p ⇡
0.4456 m/s. To compute the maximum rate of change of the correction, both k2 and kD must
be known. For this reason, in a first step k2 is set as 1 m�1.

The parameter kD is computed in the Appendix, assuming k2 = 1 m�1, in order to
fulfil the stability conditions formulated in Section 2.3.5.
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2.3.4. Domain of the controller
In order to evaluate the controller presented in this paper, a certain domain is set:

8
><

>:

X = {ẋc | � 0.5  ẋc  0.5}[m/s]
Y = {ẏc | � 0.5  ẏc  0.5}[m/s]
E = {e | � 10  e  10}[m]

(26)

Ocean current velocities must be within the range of those that the Sparus II AUV
can withstand. Since the docking maneuver begins after a homing process, we can ensure
that the cross-track error of the AUV position belongs to the stability domain. If during
the maneuver, the cross-track error falls outside of the domain, the docking maneuver is
cancelled and the whole process is repeated.

2.3.5. Stability
In order to demonstrate the stability of the system using the Lyapunov Direct Method,

the following Lyapunov candidate is proposed:

V(e) =
1
2

e2, (27)

that fulfills the first and second Lyapunov conditions: V(0) = 0, and V(e) > 0 8e 6= 0 .
The first order time derivative of the Lyapunov candidate can be expressed as:

V̇ = e ė. (28)

To demonstrate exponential stability, we show that the system fulfills the condition (follow-
ing [22]):

V̇  �l V, (29)

for some l > 0. The mathematical proof of stability is given in the Appendix.

2.3.6. Maximum acceleration verification
In Section 2.3.3, a k2 = 1 m�1 was assumed to be able to calculate a kD that fulfils the

stability conditions. In order to verify that the obtained gains do not result in surpassing
the assumed capabilities of the Sparus II, for the presented controller, an optimization
problem was formulated. In the problem, a maximum rate of change of the correction (c) is
searched for, to check that it is not exceeding the maximum assumed acceleration of the
robot ċ = 0.5m/s2. First, we simplify (20) as:

c0 = k1atan(k2e), (30)

to avoid deriving the signum function, and because the maximum value of ċ is not affected.
The rate of change of c0 is given by:

ċ0 =
k1k2

k2
2e2 + 1

ė. (31)

The optimization problem is formulated as follows:

max
ẋc ,ẏc ,e

ċ0

s.t. ẋc 2 X
ẏc 2 Y
e 2 E

(32)
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Considering the domain set for the controller (Section 2.3.4), the parameters:
8
><

>:

ẋD = 0.3 m/s
k1 = 0.4456 m/s
k2 = 1 m�1,

(33)

and together with (25), it can be deduced that three optimization problems must be solved
for three subsets of the ẋc domain: X1 = [�0.5, 0.1], X2 = [0.1, 0.3] and X3 = [0.3, 0.5],
and the maximum of these three problems is the solution in the whole domain (26). The
problem (32) was solved using the IPOPT [23] solver and yielded a result of 0.44979 m/s2.

2.3.7. Minimum docking distance
With the control laws defined, the minimum necessary distance to successfully perform

docking, from a kinematic point of view, can be calculated, by solving (24). Considering
the domain of Section 2.3.4 together with the parameters:

8
>>>><

>>>>:

ẋD = 0.3 m/s
k1 = 0.4456 m/s
k2 = 1 m�1

kD = 6 m,

(34)

applying the correction presented in (25). The maximum time to reach the equilibrium
(|e|  0.05 m) can be calculated. This time applied to the desired docking velocity gives an
approximation of the minimum necessary docking distance:

Dmin = ẋD t. (35)

The minimum distance necessary to dock, in the worst case scenario, is close to 25 m. Note
that the maximum velocity and acceleration in yaw have not been taken into account,
because (for the set parameters) it has a low influence when the working yaw angle is
reached. Note also that this is a controller defined for the docking maneuver (starting
at ±10 m in yD, with a heading favourable to the DS, i.e. �1.5 > y < 1.5), the homing
maneuver will require its own additional distance.

3. Experimental setup

In order to do a consistent comparison, the same experimental setup, as presented in
[14], was used.

3.1. Hardware
The non-holonomic AUV used for this test was the torpedo-shaped Sparus II [24,25],

see Fig. 11. The AUV comes equipped with three thrusters, one vertical and a pair of
horizontal, allowing for control in the surge, heave, and yaw. The control system supports
inputs in force, velocity, and position. In this study we chose to control the vehicle in
velocity, for the surge and heave, and in position, for the yaw.

The funnel-shaped DS developed by the Univeristy of Girona [12] (see Fig. 12) was
represented in simulation.

3.2. Simulation
In this research an advanced open-source marine robotics simulator, called Stonefish

[26], was used. Full dynamics and hydrodynamics of Sparus II were simulated, including
ocean current influence, together with a complete suite of its sensors, see Fig. 13. Moreover,
the docking station model was recreated in the simulation, with a high attention to details,
allowing for realistic assessment of docking performance. Specifically for this research the

Sensors 2022, 1, 0. https://doi.org/10.3390/s1010000 https://www.mdpi.com/journal/sensors

52 Chapter 3. Development of the docking strategy



Figure 11: Photography of the Sparus II.

Figure 12: Photography of the docking station.
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Figure 13: Conceptual representation of the hardware-in-the-loop simulation. The Sparus
II architecture is in communication with the Stonefish simulator, which disposes of a
model of the DS, the AUV with its sensors and thrusters [25], and the representation of the
underwater environment.

Figure 14: Conceptual performance representation.

simulator was extended to support acoustic communication and positioning devices. More
details can be found in the previous work [14].

4. Performance

The objective of this section is to show the performance of the algorithm in the
simulated scenario. The concept utilized to develop the high-level controller presented
in this paper is to use the strong features of the Sparus II, to achieve maximum possible
performance. The Sparus II AUV, as a non-holonomic robot without a rudder, requires a
combined action of its two horizontal thrusters, in order to control the heading. This fact
added to the non-symmetric behavior of the thrusters makes a notably lower response in
the heading input than in the surge velocity.

The controller presented utilizes mainly the surge in order to correct the position of
the AUV and reduce e, see Fig. 14.

Sensors 2022, 1, 0. https://doi.org/10.3390/s1010000 https://www.mdpi.com/journal/sensors

54 Chapter 3. Development of the docking strategy



Figure 15: Kinematic simulation for the conditions (36) relative to position. The color
lines represents the different simulations and the green discontinuous line the acceptance
tolerance.

4.1. Docking scenarios A and B
For the docking scenarios A and B, remind Fig. 3, the heading of the AUV is opposite

to ẏc, it can be seen in the video [27]. It can be understood, analyzing the velocity vectors,
i.e., ẋD is bigger than ẋc, that the surge velocity has to be positive, being this case (and
taking into consideration that we have a non-holonomic AUV) the surge has to point in the
opposite direction to the ẏc, in order to be able to compensate for it.

A set of initial conditions are simulated (36), for kinematics (solving (3) and (4)), and
plotted in Fig. 15 and Fig. 16. They are also simulated in dynamics (using Stonefish) and
plotted in Fig. 17 in order to compare both results.

8
>>>>>>>>>>><

>>>>>>>>>>>:

ẋD = 0.3 m/s
ẋc = 0.2 m/s
ẏc = 0.2 m/s
e 2 [�10 : 2 : 10] m
k1 = 0.4456 m/s
k2 = 1 m�1

kD = 6 m,

(36)

4.2. Docking scenario C
For the docking scenario C, the heading of the AUV is the same as the direction of

ẋc, see the video [28]. Again, analyzing the velocity vectors, i.e., ẋD is smaller than ẋc, the
surge velocity has to be negative, so the surge has to point in the same direction as the ẏc,
in order to be able to compensate for it.
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Figure 16: Kinematic simulation for the conditions (36) relative to time. The color lines rep-
resents the different simulations and the green discontinuous line the acceptance tolerance.

Figure 17: Dynamic simulation for the conditions (36). The color lines represents the
different simulations and the green discontinuous line the acceptance tolerance.
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Figure 18: Kinematic simulation for the conditions (37) relative to position. The color
lines represents the different simulations and the green discontinuous line the acceptance
tolerance.

A set of initial conditions are simulated (37) for kinematics (solving (3) and (4)) and
plotted in Fig. 18 and Fig. 19. They are also simulated in dynamics (using Stonefish) and
plotted in Fig. 20 in order to compare both results.

8
>>>>>>>>>>><

>>>>>>>>>>>:

ẋD = 0.3 m/s
ẋc = 0.5 m/s
ẏc = 0.5 m/s
e 2 [�10 : 2 : 10] m
k1 = 0.4456 m/s
k2 = 1 m�1

kD = 6 m,

(37)

4.3. Entrance scenario II
An example of the performance achieved in the entrance scenario II can be found in

[29], remind Fig. 5.

4.4. Entrance scenario III
An example of the performance achieved in the entrance scenario III can be found in

[30], remind Fig. 5.

5. Results

In order to compare the new algorithm with the state of the art, the data obtained in the
article [14] is used. In these previous article, different algorithms, already published in the
literature, were compared at different levels. Being the level 3 the most representative for
the authors’ needs, the data from this level is used to compare with the proposed algorithm,
since it was tested at the same level.

As it was presented in [14], in order to estimate the quality of the docking process in a
funnel-shaped DS, a novel technique based on the geometrical analysis of the entrance of
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Figure 19: Kinematic simulation for the conditions (37) relative to time. The color lines rep-
resents the different simulations and the green discontinuous line the acceptance tolerance.

Figure 20: Dynamic simulation for the conditions (37). The color lines represents the
different simulations and the green discontinuous line the acceptance tolerance.
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Figure 21: Score summary comparison between the different methods, taking the results of
[14], using a box plot.

Figure 22: 3D Geometrical analysis for the Managed surge controller

the AUV was used. With this technique, we can evaluate the methods with a ’score’ that
ranges from 0 to 1, with 1 being the perfect docking.

In order to represent the comparison, a Boxplot is presented in Fig. 21.
The 3D plot of the results is presented in Fig. 22, and the 2D plot in Fig. 23.
A table with the numerical results compared can be seen in Table 1.

6. Discussion

The Managed Surge Controller achieved a mean score of 0.891, being the highest value
for the proposed conditions. The controller is able to dock the robot in all the ocean currents
conditions tested in the previous study (e.g., from -0.4 m/s to 0.4 m/s on both axis). As
it can be seen in Fig. 21, it not only has the best mean scores, but also a low standard
deviation, showing that the results are consistent.

As the score indicates and as can be further appreciated in Fig. 22 and Fig. 23, a good
performance in all the ocean current conditions tested during the exercise was achieved.
Ocean current velocity values larger than the ones studied in the previous paper were also
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Figure 23: 2D Geometrical analysis for the Managed surge controller

studied in simulation, presenting also good results. However, it is not recommended to
operate the Sparus II in more harsh conditions.

The Sparus II is a torpedo-shaped AUV equipped with three thrusters. It is designed
to perform extended surveys, where the precision of the position is not crucial, implying
that it is not capable of performing complicated maneuvers with high precision. One of the
facts that are not reflected in the score is the simplicity of the maneuver, from a practical
point of view. The more simple the maneuver, the more easy it is to perform it, using the
real vehicle. In the docking maneuver, the MSC follows a straight-line, focusing on utilizing
the horizontal thrusters optimally to work against the ocean current forces and correcting
the cross-track error.

If the MSC is compared with the Sliding path controller (presented in [21] and im-
plemented in [14]), that achieved a mean score of 0.790, one of the main differences is
the developed maneuver. The Sliding path controller implies a notable precision in the
maneuver to be able to enter exactly in the desired position, which is hard to achieve using
the Sparus II. It is also not capable to minimize the cross-track error when the ocean current
velocity is favorable and close to or larger than the docking velocity, when it is in the
approaching path. However, during the sliding path it still can compensate for the error.

7. Conclusions

This paper has presented a novel controller to dock with a non-holonomic AUV, in
a funnel-shaped DS, dealing with ocean currents. The paper proves the stability of the
controller and the the expected behavior is further confirmed using a very realistic dynamic
simulator. In a previous work [14], after exhaustive survey, several algorithms to face
the same problem were implemented and tested in the context of the ATLANTIS project,
using the Stonefish simulator. This previous work concluded with a problem to study:
how to minimize the cross-track error when the ocean current velocity is favorable and
close to or larger than the docking velocity. In this article, the authors have developed an
algorithm capable of dealing with this problem while maintaining or improving the rest of
the evaluated criteria.

The novel proposal was compared with the state of the art algorithms, with the
criteria developed in [14], presenting the best results. In future work, this controller will be
implemented in Sparus II and tested in real scenarios. Also, a new funnel-shaped DS will
be designed and built, in order to meet the requirements of the ATLANTIS project. The
authors expect to be able to achieve docking without the use of vision systems, and if it is
the case with the presence of ocean currents in the context of the project.

Sensors 2022, 1, 0. https://doi.org/10.3390/s1010000 https://www.mdpi.com/journal/sensors

60 Chapter 3. Development of the docking strategy



Method

Score

mean std

Managed surge
controller 0.891 0.013

PGCC
controller 0.224 0.008

Cross-track
controller 0.403 0.019

Fuzzy
controller 0.128 0.014

Touchdown
alignment
controller

0.345 0.022

Sideslip
controller 0.311 0.021

Sliding path
controller 0.790 0.025

Table 1: Score results comparison between the different methods, taking the results of the
level 3 of [14].
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Abbreviations

AUV Autonomous Underwater Vehicle

DS Docking Station

MSC Managed Surge Controller

3D Three dimensions

2D Two dimensions

Notation

DhDhDh = [x y y]T : AUV position in the {D} frame (see Fig. 1)

Dn1B
Dn1B
Dn1B = [u v]T : Robot velocity in the {B} frame with respect to the water

D ḣ1B
D ḣ1B
D ḣ1B = [ẋ ẏ]T : AUV velocity in the {D} frame with respect to the ground

Sensors 2022, 1, 0. https://doi.org/10.3390/s1010000 https://www.mdpi.com/journal/sensors

61



D ḣ1D
D ḣ1D
D ḣ1D = [ẋD 0]T : Desired velocity of the robot when it impacts to the DS

D ḣc
D ḣcD ḣc = [ẋc ẏc]T : Ocean current velocity in the {D} frame

ud: Desired surge velocity of the AUV

uss: Surge velocity of the AUV in the stationary state

ẋss, ẏss: Robot velocities in the {D} frame with respect to water in the stationary state

u̇C : Surge velocity of the AUV due to c

ẋC , ẏC : Robot velocities with respect to water in the {D} frame due to c

yd: Desired yaw angle of the AUV

yc: Crab angle of the AUV to compensate the ocean currents

ycI I : Maximum crab angle admissible to enter to the DS in Scenario II

ycI I I : Maximum crab angle admissible to enter to the DS in Scenario III

b: Relation between a look-ahead distance and the cross-track error

F: Longitud of the twin sides of the isosceles triangle that represents the DS, see Fig. 4

Fx: Height of the isosceles triangle that represents the DS, see Fig. 4

Fy: Base (half) of the isosceles triangle that represents the DS, see Fig. 4

l: Longitude of the AUV

yg: Distance between the maneuver path and the axis of the DS

yg,I I : Distance between the maneuver path and the axis of the DS in Scenario II

ygII I : Distance between the maneuver path and the axis of the DS in Scenario III

yg,M: Maximum distance that can be set between the maneuver path and the axis of
the DS

D: Look-ahead distance

kD: Gain of the look-ahead distance

e: Cross-track error

ė: Time derivative of e

eeq: Cross-track error in the equilibrium

c: Velocity correction of the controller
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k1: Gain to set the maximum velocity of the correction

k2: Gain to set the maximum acceleration of the correction

V: Lyapunov candidate

V̇: Time derivative of V

l: Parameter to control the exponential stability

Dmin: Approximation of the minimum necessary docking distance

t: Time

A1: Declared variable for a better comprehension of the mathematical expressions

A2: Declared variable for a better comprehension of the mathematical expressions

A3: Declared variable for a better comprehension of the mathematical expressions

Appendix A Exponential stability proof

Computing the time derivative of the Lyapunov function candidate

V(e) =
1
2

e2 (A1)

yields
V̇ = e ė, (A2)

where
ė =


ẋss

cos(yd)
� c

�
sin(yd) + ẏc, (A3)

In what follow we show that
V̇  �l V, (A4)

where l > 0, leads to exponential stability. Substituting (A3) into (A2)

V̇ = (ẋss tan(yd) + ẏc) e � c sin(yd) e, (A5)

where
ẏc = �ẏss, (A6)

ẏss = ẋss tan(yc), (A7)

c = k1 atan(k2 e) sign(yd), (A8)

yd = yc + b. (A9)

Substituting (A6), (A7), (A8), and (A9) into (A5) yields

V̇ = (ẋss tan(yc + b)� ẋss tan(yc))e
� k1atan(k2 e)sign(yd) sin(yd)e. (A10)
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If the trigonometrical relation tan(x + y) = tan(x)+tan(y)
1�tan(x) tan(y) is applied to (A10), then

V̇ = ẋss e


tan(yc) + tan(b)
1 � tan(yc) tan(b)

� tan(yc)

�

� k1atan(k2 e)sign(yd) sin(yd)e, (A11)

V̇ = ẋss e
tan(b) + tan2(yc) tan(b)

1 � tan(yc) tan(b)

� k1atan(k2 e)sign(yd) sin(yd)e, (A12)

V̇ = ẋss e
tan(b)

1 � tan(yc) tan(b)
[1 + tan2(yc)]

� k1atan(k2 e)sign(yd) sin(yd)e, (A13)

where
tan(b) =

�e sign(ẋss)
kD

, (A14)

tan(yc) =
ẏss
ẋss

. (A15)

Applying (A14) and (A15) to (A13) one obtains

V̇ = � e2 ẋss sign(ẋss)

kD + ẏss
ẋss

e sign(ẋss)


1 +

ẏ2
ss

ẋ2
ss

�

� k1atan(k2 e)sign(yd) sin(yd)e. (A16)

Inserting (A16) in condition (A4) yields

� e2 ẋss sign(ẋss)

kD + ẏss
ẋss

e sign(ẋss)


1 +

ẏ2
ss

ẋ2
ss

�

� k1atan(k2 e)sign(yd) sin(yd)e  �l e2

2
, (A17)

and, rewriting |x| ⌘ x sign(x), the following condition is obtained:

l  2 |ẋss|
kD + ẏss

|ẋss | e


1 +

ẏ2
ss

ẋ2
ss

�

+
2 k1 atan(k2 e)

e
| sin(yd)|. (A18)

In order to fulfil the exponential stability condition, l > 0, (A18) can be simplified to

0 <
2 |ẋss|

kD + ẏss
|ẋss | e


1 +

ẏ2
ss

ẋ2
ss

�

+
2 k1 atan(k2 e)

e
| sin(yd)|, (A19)
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from which it can be obtained that

kD > � ẏss
|ẋss|

e � |ẋss|
k1 atan(k2 e) | sin(yd)|

e

� ẏ2
ss

|ẋss| k1 atan(k2 e) | sin(yd)|
e, (A20)

is the new condition that must be fulfilled in order to ensure exponential stability. For the
sake of clarity, the following variables are defined:

A1 , � ẏss
|ẋss|

e, (A21)

A2 , � |ẋss|
k1 atan(k2 e) | sin(yd)|

e, (A22)

A3 , � ẏ2
ss

|ẋss| k1 atan(k2 e) | sin(yd)|
e, (A23)

and consequently
kD > A1 + A2 + A3. (A24)

Being sign(x) ⌘ sign(atan(x)), implies A2  0 and A3  0. Assuming | sin(yd)| = 1 is a
conservative solution, consequently, the expression

kD > � ẏss
|ẋss|

e � |ẋss|
k1 atan(k2 e)

e

� ẏ2
ss

|ẋss| k1 atan(k2e)
e (A25)

still represents the condition to fulfill the exponential stability for the controller. In order to
calculate kD a nonlinear optimization problem of the following form was solved:

max
ẋc ,ẏc ,e

A1 + A2 + A3

s.t. ẋc 2 X
ẏc 2 Y
e 2 E

(A26)

Considering the domain set for the controller:
8
>>>>>>>>><

>>>>>>>>>:

X = {ẋc | � 0.5  ẋc  0.5}[m/s]
Y = {ẏc | � 0.5  ẏc  0.5}[m/s]
E = {e | � 10  e  10}[m]

ẋD = 0.3 m/s
k1 = 0.4456 m/s
k2 = 1 m�1

(A27)

together with (25), it can be deduced that three optimization problems have to be solved, for
three subsets of the ẋc domain: X1 = [�0.5, 0.1], X2 = [0.1, 0.3] and X3 = [0.3, 0.5], and the
maximum of these three problems is the solution in the whole domain (A27). The problem
(A26) was solved using the IPOPT solver and yielded a result of 5.1441. Consequently, for
this domain, the controller is guaranteed to achieve exponential stability if

kD > 5.1441, (A28)
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where kD is a value that can be set by the designer.
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4
Experimental implementation

In this chapter an experimental autonomous docking application for a non-holonomic AUV in
a funnel-shaped DS is presented. Developing, building, and coding a new prototype of DS.

Integrating an acoustic sensor for localization to the AUV navigation. Applying the controller
developed in the previous publication. And finally, testing the application in two di�erent scenarios
in the sea.
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Abstract

This paper presents the design and development of a funnel-shaped Sparus Docking Station
(SDS) intended for the non-holonomic torpedo-shaped Sparus II Autonomous Underwater
Vehicles (AUV). The SDS is equipped with sensors and batteries, allowing for a stand-alone
long-term deployment of the AUV. An inverted Ultra Short BaseLine (USBL) system is
used to locate the Docking Station (DS) as well as to provide long-term drift-less AUV
navigation. The SDS is able to observe the ocean currents using a Doppler Velocity Log
(DVL), being motorized to allow its self-alignment with the current. Moreover, a docking
algorithm accounting for the current is used to guide the robot during the docking maneuver.
The paper reports experimental results of the docking maneuver in sea trials.

⇤This work has been developed in the context of the ATLANTIS ”The Atlantic Testing Platform for Maritime Robotics:
New Frontiers for Inspection and Maintenance of O↵shore Energy Infrastructures” project. Founded from the European Union’s
Horizon 2020 research and innovation programme, under the Grant Agreement number 871571. Also, in collaboration with the
projects Platform for Long-lasting Observation of Marine Ecosystems PLEC2021-007525, Despliegue Permanente de Veh́ıculos
Submarinos Autónomos Bi-Manuales para la Intervención PID2020-115332RB-C32, and Veh́ıculo Inalámbrico Hı́brido Operador
Autónoma/Remotamente - OPTHIROV PDC2021-120791-C21.
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1 Introduction

During the last years, AUVs have been developed and improved to satisfy the needs for more complex and
demanding tasks. This trend will surely rise, considering many fields that can benefit from this technology,
including oil and gas industry, marine life monitoring and research, and renewable energy production (e.g.,
through o↵shore wind farms) (Page and Mahmoudian, 2020), (Whitcomb, 2000), (Nicholson and Healey,
2013). AUVs can provide new capabilities by performing tasks that are not achievable using Remotely
Operated Vehicles (ROV)s, for example, an AUV can carry out large autonomous mapping or inspection
missions (Carreras et al., 2018) that an ROV can not execute due to the limitations imposed by its tether.
In addition, the use of AUVs can drastically reduce the high operational costs associated with the use of
ROVs due to the reduced dependence on large support vessels, as well as the necessity of a smaller support
crew. On the other hand, the fact that AUVs are not wired, limits their operating time to their battery
capacity. The lack of a cable also drastically reduces the communication bandwidth. To perform missions
that extend beyond their operating time, AUVs must be recovered to recharge or replace their batteries, and
to download gathered data that can hardly be transmitted otherwise.

One solution already explored in the literature (Bellingham, 2016), that can be applied in places where it is
necessary to conduct actions on a regular basis, is the development of an underwater support infrastructure,
named DS, where the AUV can be docked to recharge its batteries and/or transmit collected data. A
DS provides a resting place for an AUV, at which it can recharge, transfer the data collected during the
mission, and wait for further instructions. It removes the need for retrieving the AUV after each task and,
in consequence, reduces significantly the operational costs. All these concepts lie in the interest of the
Long Term Deployment (LTD) research in underwater robotics. The main concept of the LTD is to allow
the AUVs to remain at the operational site for a period ranging from days to months. This will allow the
AUVs to perform new tasks, such as continuous surveillance or persistent inspection of underwater industrial
infrastructures. This research provides both hardware and software innovations as well as field results to
progress toward this goal. Nowadays, the LTD research is developed in multiple research projects (Pinto
et al., 2021), (Universitat de Girona, b), (Universitat de Girona, a), (Mbari, ), (Bluelogic, ). One of them is
the H2020 ATLANTIS project that aims to establish a pioneer pilot infrastructure capable of demonstrating
key enabling robotic technologies for inspection and maintenance of o↵shore wind farms (Pinto et al., 2021).
Within the scope of this project, both the aerial and underwater parts of a wind farm must be inspected
autonomously, on a regular basis. To achieve the LTD proposed in the ATLANTIS project, a DS has been
designed and built and an inspection-capable AUV has been adapted to this scenario. Next, an autonomous
docking controller has been developed to follow the appropriate docking maneuver. For the controller to
work, a localization system between the AUV and the DS has been implemented.

In this work, the authors present all the steps from hardware designs to field tests which resulted in a
complete solution for the LTD of the Sparus II AUV. Starting from a state of the art of the experimental
docking systems in literature, summarized in Section 2. Continuing with the presentation of the proposed
LTD system for the Sparus II AUV presented in Section 3. Containing the hardware development, presenting
the non-invasive LTD upgrade of the AUV in Section 3.1 and the main characteristics of the developed DS
prototype in Section 3.2. And the software development, explaining the docking strategy in Section 3.3
and the navigation upgrade developed in the AUV in Section 3.4. And finalizing with the presentation of
successful sea results in Section 4, developed in two di↵erent locations: in the Mediterranean sea (Spain)
and in the Atlantic Ocean (Portugal).

2 State of the art

AUV docking stations have been under development since 1997 (Stokey et al., 1997) and multiple solutions
have been already proposed in the literature, summarized in (Bellingham, 2016), (Yazdani et al., 2020),
(Esteba et al., 2021). The challenges faced by the researchers developing DS systems include: detecting the
DS, estimating a good localization between the DS and the vehicle, controlling the AUV till completing the
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docking maneuver, latching the vehicle in the DS, and establishing a connection between the DS and the
AUV to transmit data and/or power when possible. Considering these challenges, multiple designs, tailored
to di↵erent applications and requirements, have been proposed.

Docking systems can be classified from di↵erent points of view being the most important one the capture
mechanism and the perception systems used to detect the DS, as well as to estimate the relative position
between the AUV and the DS. Regarding the capture mechanism, some of the most popular solutions are:
pole docking (Singh et al., 2001), (Sarda and Dhanak, 2019), where the AUV catches a pole using a device
designed for this purpose, usually installed on the front of the vehicle; landing docking (Kawasaki et al.,
2004), where the AUV touches down over the DS; net docking (Kukulya et al., 2010), where the AUV collides
with a trapping net; and funnel docking systems (McEwen et al., 2008), where the robot is introduced into a
funnel-shaped structure. While some of these systems take into consideration the presence of ocean currents
by construction (e.g., pole docking) most of these systems have a well-defined approaching direction that can
be di�cult to follow in presence of ocean currents, especially for nonholonomic vehicles. It is worth noting
that controlling a nonholonomic vehicle to follow a given trajectory is more challenging, as it can not be
actuated in all the degrees of freedom it can move.

The perception system, used to detect the DS as well as to estimate the relative position between the vehicle
and the DS, is also an important element that clearly di↵erentiates the application and requirements of one
docking system with respect to another. Perception systems can be based on acoustics, mainly from position
measurements (i.e., USBL) (McEwen et al., 2008); vision, with passive or active markers (Park et al., 2010);
or a combination of several systems (Palomeras et al., 2018), (Fletcher et al., 2017).

Looking at all these solutions, it is clear that not all systems can be used in all situations. For instance, DS
that use a pole or a net capturing mechanism can be useful to recover the vehicle but not to protect it for a
large period of time. Also, systems that heavily rely on vision can not be used in places where water clarity
can not be guaranteed.

After reviewing the main published systems, and considering applications that face long-term deployment
requirements, the most popular capture mechanism for the application at hand is the funnel-shaped system
that may provide data and power communication to the AUV as well as protection. Perception systems
used for this typology of DS include position-based acoustics combined with passive or active landmarks
that can be detected with a vision system. Regarding ocean currents, funnel-shaped systems are not the
best suited because they enforce a very restricted approaching angle. However, two contributions, one in the
form of modifications to the standard funnel-shaped DS hardware and the other in the control algorithm,
are presented in this paper to overcome this problem.

Table 1 summarizes some of the most cited funnel-based systems that have been taken from the design phase
to field experiments as well as their main characteristics. It compares the most determinant parameters from
the DS systems:

1. Localization system: consists of the typology of the perception system used for localizing the DS
from the AUV.

2. Currents: evaluates if the publication considers the ocean currents velocity vector.

3. Comms and power: considers if the published system presents a solution for connecting the AUV
with the DS to transmit data (communication) and power.

4. LTD or LaRS: considers if the publication is developed as a Long Term Deployment system or a
Launch and Recovery System.

5. Controller: considers the control system for the path-following of the AUV during the docking
maneuver.
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6. Success rate: evaluates the number of successful attempts against the total attempts published for
each solution.

Authors
(Stokey
et al.,
2001)

(Feezor
et al.,
2001)

(Allen
et al.,
2006)

(McEwen
et al.,
2008)

(Park
et al.,
2009)

(Circle,
2012)

(Fletcher
et al.,
2017)

(Palomeras
et al.,
2018)

Localization
system

Acoustics
Electro-
magnetic

Acoustics Acoustics Vision Acoustics
Acoustics

and
vision

Acoustics
and
vision

Currents Yes Yes No Yes Yes Yes No No

Comms
and power

Yes Yes Yes Yes No No No
Comms
only

LTD or
LaRS

LTD LaRS LTD LTD LTD LaRS LaRS LTD

Controller
Not

published
PID

Not
published

Cross-
track

Custom
Pure

pursuit
Pure

pursuit
Pure

pursuit

Success
rate

Not
published

5/8 17/29 4/4
Not

published
7/11 6/25 12/15

Table 1: Summary of the most representative funnel-shaped DS systems published in the literature that
achieved experimental results.

All the works presented in Table 1 use funnel-shaped DS that show experimental results. In (Stokey et al.,
1997), a planar nose cone, to accommodate the vehicle, and four individual wide-band hydrophone signals,
to estimate the DS location, were used. Field works are mentioned in the text but statistical results (related
to the success rate) are not provided. In 2006, another experimental study was conducted (Allen et al.,
2006) using a USBL as the main localization system. Experimental results provided in the article indicate
17 successful trials out of 29 attempts, which constitutes a 58% success rate. In 2008 (McEwen et al., 2008)
designed and tested a funnel-shaped DS that was also using a USBL system for localization. Trials were
carried out at 300 meters deep with an AUV that had to find the DS and then dock. The authors were able
to perform four consecutive successful autonomous dockings. In 2012, the HYDRIOD group implemented
an autonomous docking system also using a USBL system for localization purposes. The reported success
rate for this system was 77% (Circle, 2012). In 2017, other sea experiments were performed (Fletcher et al.,
2017), (Zhang et al., 2017), proving that funnel shape is a successful DS design. However, they do not
take into consideration the e↵ect of the currents in their trials. Finally, in 2018, a team from Universitat
de Girona (UdG) developed another funnel-based solution that used a combination of acoustic ranges and
active optical markers to localize the DS with respect to the AUV (Palomeras et al., 2018). Despite a success
rate of 80%, the authors concluded that the system was not reliable in presence of ocean currents and that
the optical part of the localization system was not suitable for high levels of water turbidity. Examining
not only the systems mentioned above, but most of the articles on funnel-based docking published to date,
the authors believe that it is possible to state that, to this day, there are still improvement needs in order
to achieve a highly reliable solution for autonomous docking in real marine environments, especially when
looking for long-term deployable systems in areas that may be a↵ected by currents. Therefore, this article
aims to provide novel solutions, both in the mechanical design and the localization and control software,
that will help to achieve this goal.
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3 Long Term Deployment system

This section describes the main developments of the di↵erent technologies that were needed to achieve the
experimental results presented in this work. First, the AUV is presented as well as the hardware upgrades
done to tackle the proposed LTD application. Second, the new prototype of a DS is presented. Third, the
docking strategy, already explained in (Esteba et al., 2023), is presented. Finally, the navigation system
implemented in the AUV to meet the necessary docking requirements is described.

3.1 Nonholonomic AUV: Sparus II

The Sparus II is an AUV developed primarily for seabed surveys and o↵shore structure inspection by the Uni-
versity of Girona, and recently commercialized by Iqua Robotics SL. (Carreras et al., 2013), (Carreras et al.,
2018). It combines the classical concept of a torpedo-shaped vehicle with hovering capabilities (see Fig. 1).
The main specifications and features of the Sparus II consist of:

• Length: 1.6 m.

• Hull diameter: 230 mm.

• Maximum width: 460 mm.

• Weight in air: 52 kg.

• Maximum depth: 200 m.

• Energy: 1.4 kWh Li-Ion battery.

• Endurance: from 8 to 10 hours.

• Maximum surge velocity: 3 kn.

• Propulsion system: 3 thrusters with magnetic coupling.

• Controllable Degree of Freedom (DoF): Surge, heave, and yaw.

• Building materials: Modular aluminum and acetal hull.

• Navigation sensors: DVL, Inertial Measurement Unit (IMU), pressure sensor, and Global Positioning
System (GPS).

• Payload volume: 8 liters or 7 kg in air.

• Payload interface: Ethernet, RS-232, regulated 12 V and 24 V.

• Communications: WiFi, XBee, GSM/3G.

The shape of the AUV hull is optimized for navigation at medium/high velocities. The vehicle can be
controlled in surge, heave, and yaw degrees of freedom independently by means of three thrusters (one vertical
and two horizontal). It can reach a maximum velocity in surge of 3 kn. The vehicle is rated for up to 200 m
depth. Its navigation suite includes an Inertial Measurement Unit (IMU), a Doppler Velocity Log (DVL), a
Global Positioning System (GPS), a pressure sensor, and, optionally, a Ultra Short BaseLine (USBL). The
latter can be used as a beacon to localize the AUV from the surface or, as inverted-USBL, to localize a target
underwater, here the DS equipped with an acoustic beacon.

Its software architecture is based on Component Orientated Layer-based Architecture for Autonomy
(COLA2) (Palomeras et al., 2012) which is utilizing the ROS open-source middleware (Quigley et al., 2009).
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Figure 1: On the left, photography of the Sparus II AUV with the ATLANTIS project configuration.
On the right, payload developed by Iqua Robotics that includes X150 USBL Beacon from Blueprint Subsea
(Blueprint Design Engineering Ltd, b), Wireless charger prototype from INESCTEC, forward-looking camera
from Iqua Robotics, and an Oculus M-Series from Blueprint Subsea (Blueprint Design Engineering Ltd, a).

The control system is divided into two parts: a guidance docking velocity controller based on the Managed
Surge Controller (MSC) presented in section 3.3 and a low-level controller included within the COLA2.

To allow for the integration of mission-oriented equipment, the robot has a fully configurable payload area.
In the ATLANTIS project, a new payload was designed and manufactured by Iqua Robotics (see Fig. 1).
This payload was designed for mapping the seabed using a multibeam imaging sonar, allowing, also, for
inductive charging, and including an USBL transceiver to locate the DS.

3.2 Sparus Docking Station

Given the torpedo shape of the non-holonomic AUV used, we opted for a funnel-shaped design, conceived
as an evolution of the one presented in (Palomeras et al., 2018). The main di↵erence with its predecessor
is the capability to operate in low visibility environments using only acoustic feedback for its localization.
Another significant advantage is the capability of self-alignment with the ocean currents to facilitate the
docking. The SDS is made of two principal components, the tripod and the funnel, both of them described
hereafter.

3.2.1 Tripod

The tripod is the base structure supporting the funnel. It is a tetrahedron frame made of 316 stainless
steel pipes welded to laser-cut sheets. The tripod is designed to withstand the docking collision impacts
transmitting the energy to the ground. The structure has two layers. The bottom one contains the pressure
vessel (rated for 100-meter depth) with the batteries and the electronics. It is cabled to the SDS sensors,
actuators, the inductive AUV charger, and the modems. The electronics (Fig. 5) include a Raspberry Pi 3
computer (Raspberry Pi, ) and a microcontroller. The Raspberry Pi runs the Robot Operating System (ROS)
(Quigley et al., 2009) middle-ware to manage the main system and the communication with the devices. The
microcontroller manages the control of the motors and the power, implementing a sleep mode for battery
consumption optimization. Finally, the cylinder hosts the battery (24 packs of NL2044 14.4V Lithium Ion
Batteries). The top layer hosts the funnel rotation system. It consists of 4 elements: 1) the funnel orientation
motor, 2) the linear actuator that brakes the rotation, 3) the gear system to transmit the torque, and 4) the
two bearings of the funnel.
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Figure 2: Conceptual representation of the Docking Station.

3.2.2 Funnel

The funnel is the assembly where the AUV docks, which includes (see Fig. 4) the following devices:

1. An USBL transponder/modem for localization and communication with the AUV (Blueprint Subsea
Seatrack X110 (Blueprint Design Engineering Ltd, b)).

2. A camera to record the docking maneuvers.

3. A WiFi antenna for ultra-short-range high bandwidth communication. When docked, it allows the
AUV to transmit the data logged during the mission to the DS.

4. A latching device, which clamps the AUV antenna to secure the position of the AUV inside the DS.

5. An inductive charger, developed by INESC TEC in the context of the ATLANTIS project.

6. An optical modem (10 MBs Luma X hydromea(Hydromea, )), for wireless high bandwidth commu-
nication with the AUV.

7. A DVL to measure the ocean current vector at the DS site (NavQuest LinkQuest 600 Micro
(LinkQuest Inc, )) to align the DS.

The funnel entrance is manufactured using polyethylene M AST PE-1000 which, thanks to its properties,
helps to absorb the collision energy of the docking maneuver, passively guiding the AUV to the DS. The
tripod is designed to receive the collision impacts transmitting the energy to the ground. Finally, to lower
the power required to rotate the funnel, an adjustable counterweight is used for its balance.

3.3 Docking controller

The MSC is a guidance controller for a nonholonomic AUV (Esteba et al., 2023) which drives the vehicle
to the DS selecting the appropriate surge-velocity and heading set-points. It guides the robot along a line
parallel to the main axis of the DS. The line o↵set depends on the ocean current, ensuring that the AUV
nose targets the center of the funnel. When the robot nose touches the funnel, a surge/pitch controller is
used to push ensuring a smooth entrance. Fig. 6 shows the main variables involved in the controller. The
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Figure 3: Docking Station photographies in the surface and into the CIRS (Centre d’Investigació en Robòtica
Submarina) water tank with the Sparus II.

Figure 4: Sparus Docking Station funnel representation. 1) Acoustic modem from BluePrint Subsea, 2)
camera, 3) WiFi antenna, 4) latching motor, 5) inductive charger from INESC TEC, 6) optical modem from
Hydromea, 7) DVL from LinkQuest.
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Figure 6: MSC basic variables representation.

Figure 7: Conceptual representation of the Sparus II control system.

controller error dynamics are formulated as follows:

ė = ud sin( ) + ẏc, (1)

where ė is the time derivative of the cross-track error, ud is the desired surge velocity,  is the heading of
the AUV, and ẏc is the projection of the ocean current velocity vector on the direction perpendicular to the
DS main axis.

The controller law is defined as:

ud =
ẋss

cos( )
+ c, c = �k1 atan(k2 e) sign( ) (2)

 d =  c � atan
⇣ e

�

⌘
, (3)

where ẋss and ẏss are the robot velocities with respect to water in the steady state (when the cross-track
error vanishes to zero); k1, k2, and � are adjustable gains, e is the cross-track error, and  c is a crab angle.

More details about the controller can be found in (Esteba et al., 2023), where its exponential stability is
shown together with an exhaustive set of simulated results. The MSC was integrated into the vehicle’s
COLA2 (Palomeras et al., 2012) software architecture, acting as a guidance controller and issuing set-points
to the velocity and heading vehicle controllers (see Fig. 7).

Once the AUV impacts the DS a constant surge velocity and a small pitch correction, are applied to achieve
and smooth entrance. The pitch correction is achieved using the vertical thruster of the Sparus II AUV,
taking advantage of the fact that the vehicle is touching with its nose the DS.
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3.4 Inverted USBL navigation

In order to locate the DS, the AUV is equipped with an inverted USBL system, where the transceiver is
mounted on the robot payload while the transponder is placed in the DS. To this aim, an Extended Kalman
Filter (EKF) navigation method has been employed which fuses sensor data from a DVL, an Attitude and
Heading Reference System (AHRS), a GPS, a depth sensor, and an USBL.
Following Fig. 8, let ⌘1 = [x y z]T be the robot position in the NED N�frame and ⌫1 = [u v w]T its linear
velocity vector referenced to the body fixed B�frame, the robot state vector has been defined defined as:

xk =


⌘1

⌫1

�
(4)

Then, a constant velocity model with attitude input and acceleration noise is used as the motion model:

x̄k = f (xk�1,uk,wk) =

"
⌘1k�1

+ N
RB(uk +w⌘2k

)
⇣
⌫k�1�t+w⌫̇1k

�t
2

2

⌘

⌫k�1 +w⌫̇1k
�t

#
(5)

where uk = [� ✓  ]T is the robot attitude measured with the AHRS, and wk = [wT

⌘2k
w

T

⌫̇k
]T is the

motion model noise, composed of the AHRS noise w⌘2k
= [w� w✓ w ]T and the acceleration noise w⌫̇k =

[wu̇ wv̇ wẇ]T . The filter is updated with the observations from the navigation sensors. The DVL, the AHRS,
the GPS, and the depth sensor provide linear observations of components of the state vector:

zk = Hk · xk + vk (6)

each one having its corresponding observation vector, matrix, and noise:

• DVL: Provides the robot velocity in the B�frame.

zDV L =
⇥
zu zv zw

⇤T
, vDV L = N (0,RDV L)

zDV L = Hk · xk + vDV L )Hk =
⇥
03⇥3 I3⇥3

⇤

• GPS: Provides the robot position in the N�frame.

zGPS =
⇥
zx zy

⇤T
, vGPS = N (0,RGPS)

zGPS = Hk · xk + vGPS )Hk =
⇥
I2⇥2 02⇥4

⇤

• Depth: Provides the robot depth in the N�frame.

vdepth = N (0,�2
depth)

zdepth = Hk · xk + vdepth )Hk =
⇥
01⇥2 1 01⇥3

⇤

Regarding the USBL observation zUSBL = [zx zy zz]T , the non-linear USBL observation equation is given
by:

zUSBL = hUSBL(xk, vk)

= F
T

1

�⇥
( B

xU ) (F1⌘1 + F2(⌘2 + vAHRS))
⇤
� N

xD

�
+ vUSBL

(7)

where F1 = [I3⇥3 03⇥3]T and F2 = [03⇥3 I3⇥3]T are projection matrices, ⌘1 is the robot position within
the state vector, uk = ⌘2 = [� ✓  ]T is the robot attitude taken from the AHRS, N

xD is the docking
station pose in the N�frame and B

xU is the pose of the USBL transponder in the B�frame (both of them
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Figure 8: Reference systems used for the navigation.

constant and known a priori), while vk = [vT

USBL
v
T

AHRS
]T = N (0,Rk) is the observation noise. Then,

the observation Jacobians are given by:

Hk =
@hUSBL(xk, vk)

@xk

=
@hUSBL(⌘1,⌘2, vk)

@[⌘1 ⌫1]
=

⇥
F

T

1 J1�J2 F1 03⇥3

⇤

Vk =
@hUSBL(xk, vk)

@vk

=
@hUSBL(xk, vUSBL, vAHRS)

@[vUSBL vAHRS ]
=

⇥
I3⇥3 F

T

1 J1�J2 F2

⇤ (8)

where J1� and J2 are the Jacobians of the 6 DoF compounding operation (Smith et al., 1990). Finally,
is worth noting that the observations update the filter only if they satisfy an individual compatibility Chi-
Square test, at a certain confidence level, to avoid the adverse e↵ect of the outliers.

4 Results

This section reports the results of the experimental validation of the proposed system. First, the experiment
conceived for the validation is described in section 4.1. Next, the selected experimental sites are presented
followed by the results (sections 4.3 and 4.4).

4.1 Validation Experiment

The validation experiment was conceived to emulate a typical survey during a LTD mission. The Sparus II
AUV started docked at the DS (located at a priory known pose), then undocked, executed a survey, and
docked again autonomously as shown in Fig. 9. Di↵erent surveys, of di↵erent duration, were tested in order
to check the robot’s capability to dock after a mission, the longest one reaching 90 min of duration and
completing a successful dock. To evaluate the repeatability of the system, most of the surveys were reduced
to a minimum duration. At the end of the survey (Fig. 10), the robot executed a docking maneuver. First,
the robot navigated towards a home position (1) in front of the DS, receiving updates in position from the
USBL (2), then it followed a straight line (3) towards the funnel entrance. As explained in Section 3.3, this
line might be slightly misaligned with the DS axis, to account for the ocean current. An inverted USBL
navigation method (Section 3.4) was used during the whole maneuver to cancel the drift, accumulated during
the survey, of the DVL-based navigation (4). When the robot touched the funnel of the docking station (5) a
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Figure 9: Experimental concept developed. 1) the Sparus II is inside the DS, 2) the Sparus II undocks and
3) performs the survey, 4) the docking maneuver is developed.

constant surge velocity and a small pitch correction, were applied to achieve and smooth entrance, completing
the docking.

4.2 Experimental Setup

To test the experiment described above, the DS system was deployed in the calmed waters of the harbour
of Sant Feliu (Girona, Spain), at 8 meters depth (Fig. 11, Fig. 12, and Fig. 13). Although the DS may
self-orient according to the currents it measures, the absence of relevant currents in the harbour made us
to adjust the DS heading manually (to maximise the maneuvering space) keeping it constant during the
experiments. Therefore, the controller parameters were set as follows:  c = 0; as reported in (Esteba et al.,
2023) the gains were set as k1 = 0.4456 m/s, k2 = 1 m�1, and k� = 6 m. Finally, the desired docking
velocity was set as ẋss = 0.3 m/s, to avoid strong collisions between the AUV and the DS. The controller
was executed at a frequency of 100 Hz, with a navigation frequency of navigation of 15 Hz and including
USBL fixes approximately every 2 seconds.

A second field deployment took place in the ATLANTIS Test Centre (INESC TEC, ) (Fig.14), in Viana
do Castelo (Porto, Portugal), at 8 meters depth with tides up to 2 meters. The DS location is shown in
Fig.15. The test center is placed in the harbour, next to the mouth of the river Lima. There, the underwater
visibility is very low as shown in Fig. 15 and Fig. 16, clearly justifying our docking strategy based only on
acoustic sensor feedback. Again, the harbor protection made the current negligible.

4.3 Results in Sant Feliu

The validation began with several engineering tests to adjust the covariance matrices of the navigation
sensors to achieve the required navigation accuracy. A batch of ten tests was performed first, achieving
eight successful docking maneuvers and two failures. Fig. 17a shows the time evolution of the cross-tracking
error of a representative successful test. It can be appreciated that at time -40 seconds an USBL fix (red
line) arrives, updating the robot position estimate and, consequently, growing the cross-track error around
3 meters. This update is mostly attributed to the accumulated navigation drift. As expected, the MSC
controller reacts, driving the robot in a direction minimizing the error, and successfully docking the vehicle.
The MSC output variables, the heading, and the surge velocity are shown in Fig. 17. The heading is shown
in Fig. 17b, where can be appreciated the reaction to the cross-track error, turning the robot towards the

82 Chapter 4. Experimental implementation



Figure 10: Navigation of one autonomous docking example. 1) The Sparus II receives the command to start
the docking maneuver, 2) the USBL applies an update to the Sparus II position, 3) the MSC controller
starts, 4) while the AUV gets closer to the DS it’s position is updated and the MSC has to react, 5) the
AUV successfully docks.

Figure 11: Location of the DS, Sant Feliu de Gúıxols harbor. Image obtained from Google Maps. Note that
for a better understanding, the DS is not in the correct scale.
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Figure 12: On the left deployment of the DS at Sant Feliu de Gúıxols harbor. On the right, DS inside the
harbor of Sant Feliu de Gúıxols.

(a) Sparus II at 11 meters from
the DS.

(b) Sparus II at 5 meters from the
DS.

(c) Sparus II at 2 meters from the
DS.

(d) Sparus II inside the funnel of
the DS.

(e) Sparus II completely inside the
DS.

Figure 13: Frame sequence of the forward-looking camera of the Sparus II, developing an experimental
autonomous docking in Sant Feliu de Gúıxols.
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Figure 14: Location of the DS, Viana do Castelo harbor. Image obtained from Google Maps. Note that for
a better understanding, the DS is not in the correct scale.

Figure 15: DS inside the harbor of Viana do Castelo.
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(a) Sparus II at 3 meters from the
DS.

(b) Sparus II at 1 meters from the
DS.

(c) Sparus II colliding with the
DS.

(d) Sparus II inside the DS. (e) Sparus II docked.

Figure 16: Frame sequence of the forward-looking camera of the Sparus II, developing an experimental
autonomous docking in Viana do Castelo.

Quality of the entrance into the DS: Sant Feliu

Trial #1 #2 #3 #4 #5 #6 #7

g 0.1192 0.8399 0.5263 0.9460 0.1172 0.9036 0.8252

Table 2: Analysis of the quality in the entrance of the AUV when it impacts to the DS (Esteba et al., 2021),
for the last batch of tests developed in Sant Feliu de Gúıxols.

entrance line. The surge velocity set-point (eq. (2)), modifies the surge speed to reduce the cross-track error
either accelerating or reducing the speed (Fig. 17c and Fig. 17d). It is worth noting that the AUV desired
velocity set to impact the DS (ẋss) is 0.3 m/s, from which it is applied the correction (c), recall (2). Fig. 13
shows a sequence of images gathered with the frontal camera of Sparus II AUV, to illustrate the docking
maneuver. With respect to the failed experiments, the first one, shown in Fig. 18a, was due to the absence
of USBL fixes during the last 20 seconds of the mission, which caused a navigation drift. In this case, the
cross-track error was driven to zero, but due to the navigation drift, the actual error was higher than the
radius of the funnel entrance failing the docking. In the case of the second failure (Fig. 18b), the USBL
updates make the robot aware it was located at the left of the DS beginning, therefore, a correction action.
Unfortunately, too late to achieve the docking. The navigation system caused both failures, and therefore,
the noise covariance matrix was adjusted to rise the influence of the USBL updates. Finally, a second batch
of tests was launched, achieving seven consecutive autonomous docking maneuvers (see Fig. 19 and table 2),
being considered as successful trial.
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(a) Cross-track error against time representation,
recall (1).
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(b) Desired heading correction against time
representation, following (3).
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(c) Velocity correction against time representation,
following (2).
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(d) Desired surge velocity against time
representation, following (2).

Figure 17: Representation of the performance of the MSC in one docking maneuver. Each vertical red line
represents an update of the position of the AUV.

(a) Cross-track error against time representation of
the first failed experiment, recall (1).

(b) Cross-track error against time representation of
the second failed experiment, recall (1).

Figure 18: Representation of the error of the position of the AUV in the two failed maneuvers of the first
test batch developed in Sant Feliu de Gúıxols. Each vertical red line represents an update of the position of
the AUV.
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Figure 19: Representation of the seven autonomous docking maneuvers performed in Sant Feliu de Gúıxols.
Each color represents a di↵erent attempt. For the clarity of the image, the scale of the DS is not realistic,
and a circle is represented at the beginning of each trajectory.
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Figure 20: Representation of the seven autonomous docking maneuvers performed in Viana do Castelo. Each
color represents a di↵erent attempt. For the clarity of the image, the scale of the DSis not realistic, and a
circle is represented at the beginning of each trajectory.
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Quality of the entrance into the DS: Viana

Trial #1 #2 #3 #4 #5

g 0.9513 0.4003 0.5765 0.7765 0.3881

Table 3: Analysis of the quality in the entrance of the AUV when it impacts to the DS (Esteba et al., 2021),
for the last batch of tests developed in Viana do Castelo.

4.4 Results in Viana do Castello

Due to the water exchange between the river and the ocean, significant changes in salinity were observed
depending on the area and depth. This a↵ects the performance of the acoustic sensors, and degrades their
performance, requiring further tuning of the navigation filter. Moreover, in this location, the time for testing
was more restricted, due to the schedule of the experimental trials, the weather, and the vessel tra�c. In
these conditions, nine experiments were performed, the first four devoted to engineering trials and tuning,
finalising with a batch of five consecutive docking maneuvers (table 3 and Fig. 20). Fig. 16 shows a camera
frame sequence of a representative successful docking operation, where it can be appreciated the low visibility
conditions of the area. As commented above, selecting a docking strategy based only on acoustic sensors
feedback proved to be the right chose.

5 Conclusions

This paper presents a Long Term Deployment system for a non-holonomic AUV. The system is based on
a motorized funnel-based docking station sensorized to be able to detect currents and self-align with them.
The use of visual servoing methods to guide the docking has been explicitly avoided, to be able to operate
in low visibility conditions. Therefore, the relative DS AUV navigation is tackled through an inverted USBL
system conveniently integrated with the AUV navigation. The MSC algorithm, accounting for the ocean
currents, has been employed to guide the docking. The system has been extensively tested in the field, using
the Sparus II AUV, first in a harbor in Sant Feliu (Spain) and later on, in the ATLANTIS test center in
Viana do Castelo (Portugal). In both cases with satisfactory results.

6 Future work

Future work will focus on testing the system under the influence of ocean currents. Unfortunately, this
depends on the environmental conditions of the experimental site, as well as on the available logistics for the
deployment, therefore, requiring detailed planning and preparation. Besides, we are conducting an energy
consumption study and optimization of the DS, to guarantee long-term energetic autonomy.
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Abbreviations

AUV Autonomous Underwater Vehicles

ROV Remotely Operated Vehicles

DS Docking Station

SDS Sparus Docking Station

MSC Managed Surge Controller

USBL Ultra Short BaseLine

EKF Extended Kalman Filter

AHRS Attitude and Heading Reference System

PID Proportional-integral-derivative controller

COLA2 Component orientated layer-based architecture for autonomy

ROS Robot Operating System

IMU Inertial Measurement Unit

DVL Doppler Velocity Log

GPS Global Positioning System

NED North, East, Down

LTD Long Term Deployment

LaRS Launch and Recovery System

UdG Universitat de Girona

DoF Degree of Freedom

COLA2 Component Orientated Layer-based Architecture for Autonomy
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5
Results and discussion

In this chapter the author summarizes and discusses not only the results published, but also presents
the relevant results that had not been published yet.
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96 Chapter 5. Results and discussion

5.1 Summary of the completed work

In this thesis, we have focused on developing the LTD technology. The main results published
are related to the Sparus II AUV autonomous docking, but results complementary to that
were also achieved.

Chapter 2 covers the state of the art of the main DS systems published in the literature.
Its analysis lead us to the study of the state of the art strategies for docking a non-holonomic
AUV in a funnel-shaped DS. A new metric to evaluate the quality of the entrance of the
AUV inside the DS is proposed. This metric has been applied to the studied docking strate-
gies within a commom simulated framework, to compare them in a methodical way. Three
simulated scenarios have been considered to evaluate each strategy. First, the ideal situation
was considered, neglecting the noise in the localization and the ocean current detection, and
assuming a docking velocity larger than the ocean currents velocity. The second scenario,
included sensor noise, within the ocean current velocity and the AUV localization. From the
authors’ experience, Sparus II AUV can deal with ocean currents up to 0.5 m/s, and it was
defined, as a design criterion, a docking velocity of 0.3 m/s. It is worth noting that, the dock-
ing velocity corresponds to the velocity with respect to the ground that the AUV is desired
to have at the moment of impact to the DS and in extension, is the velocity with respect
to the ground that the AUV will have approaching the DS. From these considerations, a
new paradigm that was not considered before, from the author’s knowledge, in the literature,
appeared: how to develop a docking maneuver with an ocean current velocity bigger than the
docking velocity. In the third scenario, the docking velocity was reduced to 0.3 m/s with the
objective of analyzing the performance of the strategies with this new paradigm. This analysis
concluded with a categorization of the strategies and an exposition of the strong points of
each method, allowing us to conclude if the state of the art strategies fits the demands of the
Sparus II AUV LTD DS system.

In Chapter 3, we proposed a new docking controller. When the ocean currents are con-
sidered for docking with a non-holonomic AUV, they use to be seen as a disadvantage; in this
novel approach, they are used in favor of the maneuver. If a non-holonomic AUV has to follow
a line in the presence of ocean currents it is needed to apply a crab angle to compensate for
the e�ect of the lateral ocean current velocity. It is worth remarking that the crab angle, in
the presence of ocean currents, allows the robot to follow a straight trajectory (with respect
to the ground) maintaining an angular o�set with respect to the surge velocity vector. The
key point of the new proposal is to use the surge velocity not only to advance compensating
for the ocean current, but also to reduce the cross-track error. The classical cross-track error
controller relies on the control of the heading of the AUV to reduce the cross-track error.
For a non-holonomic AUV like Sparus II, this leads to a slow convergence of the error. Our
proposal combines the classical cross-track error controller for correcting big errors in a slower
way, with the surge control to reduce faster the cross-track error when it is smaller. This
strategy is inspired by the Sparus II thrusters configuration (two steering thrusters in the
horizontal plane), allowing for a faster change of the surge velocity than the heading. Also,
this novel proposal considers the situation previously presented in Chapter 2: when the ocean
current velocity is bigger than the docking velocity. The exponential stability of this new
strategy was demonstrated from a mathematical point of view, tested in simulation, and com-
pared with the algorithms presented in Chapter 2 in the third scenario; obtaining the best
performance.
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In Chapter 4, we developed a new DS system for the Sparus II AUV. First, we designed
and manufactured a new DS, explained more in detail in Appendix A. Then we integrated
an inverse USBL system to the Sparus II navigation. Usually, in the UdG applications, the
acoustic localization based on the USBL technology places the transceiver on the boat and
the transponder on the AUV. In this development, we acquired a USBL system small enough
to fit it in the Sparus II AUV payload, and in consequence, the transponder was assembled in
the DS. This system allowed us to localize the position of the DS with respect to the AUV,
considering that the position of the DS with respect to the world is known (from a previous
calibration procedure), the position of the AUV with respect to the world was continuously
updated. For achieving the integration of the USBL to the navigation of the AUV, several
engineering tests were conducted. Finally, the docking algorithm presented in Chapter 3
was tested in a real environment. The trials took place in two di�erent sites, in Sant Feliu de
Guíxols (Spain) and in Viana do Castelo (Portugal). In the harbor of Sant Feliu de Guíxols, we
were able to deploy and test the DS for several days without major vessel tra�c disturbance,
with neglectable ocean currents, and with good visibility, allowing us the use of monitoring
cameras. As presented in Chapter 4, it can be considered that robust autonomous docking
was achieved, being able to successfully dock seven consecutive times after di�erent missions.
In the context of the ATLANTIS research project, the system was tested later on in Viana do
Castelo. In this case, the testbed o�ered a more restricted scenario. Testing time was more
limited and conditioned by the vessel tra�c and the weather. Also, being this testbed in the
mouth of a river to the ocean some side-e�ects happened. First, the water density was not
constant, a�ecting the performance of the acoustic sensors, increasing the dead reckoning error
compared with the one usually observed in Sant Feliu. Second, because of the high amount
of mud particles in the water, the light absorption was significant, not allowing intuitive
monitoring of the system through cameras. Again, several consecutive autonomous docking
maneuvers were achieved, proving the robustness of the system and proving the utility of the
acoustic localization system in real conditions.

5.2 Ocean current observer

In this section, a proposal for a passive ocean current observer with a non-holonomic vehicle
is presented.

5.2.1 Context and motivation

The ocean currents are a critical factor when a non-holonomic AUV has to develop the docking
maneuver. With the purpose of reducing the required distance for the docking maneuver, it is
desirable to know a priori the ocean current velocity vector; otherwise, it has to be calculated
during the maneuver, increasing its length. In this thesis, the docking maneuver presented
relies on the knowledge of the ocean current vector to calculate the crab angle, as it is presented
in Chapter 3 and Chapter 4.

The original idea to estimate the ocean current velocity vector was to rely on the Doppler
Velocity Log (DVL) from the DS. But the DVL used needs at least 15 meters of water column
in order to calculate the ocean current velocity, being deployed in shallow water (8 meters), it
was not able to obtain a reliable observation. In addition, the DVL of the Sparus II faced the
same problem, navigating at approximately 2 meters of altitude, it was not able to estimate
the ocean current velocity vector.

From this problem, the use of a passive observer is proposed.
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Figure 5.1: Example of the result of a survey developed with the Sparus II AUV, using a forward-
looking sonar [18], processed with SounTiles [19] with the collaboration of IQUA Robotics. The survey
was performed in Viana do Castelo (Portugal), in the context of the ATLANTIS research project [14].

5.2.2 Oportunity

A key point of the proposal is to understand the demands of the application developed for
the ATLANTIS research project [14].

In the project, for maintenance (inspection) reasons, it was required that the Sparus II
develop a survey, using a forward-looking sonar [18] for scanning the seabed related to the
windfarm (or in the case of the tests, related to the pilot structure), see Fig. 5.1. The complete
application about Sparus II AUV was to start from the DS, perform the survey, and return
to the DS; all the tasks were performed in an autonomous way.

The proposal is based on taking profit of the survey performed for the seabed sonar
observation, to observe the ocean current velocity vector.

5.2.3 Concept

When a non-holonomic AUV wants to follow a straight line and has to deal with a constant
ocean current velocity, it has to apply a crab angle to compensate for the lateral ocean velocity
with respect to the robot, recall Chapter 3. When the steady state is reached, the crab angle
is constant.

The controller applied to perform the survey is a standard proportional cross-track error
controller, that follows the nomenclature presented in Chapter 3:

Âd = atan
3 ≠e

�

4
. (5.1)

Being Âd the desired heading of the AUV, e the cross-track error, and � a gain set to 5.5.
When this controller achieves a steady state in the presence of ocean currents, it converges to
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Figure 5.2: Representation of the horizontal (left) and the vertical (right) ocean current observation,
when the steady state is achieved.

a constant e. The strategy of this ocean current observer is to achieve the steady state with
the controller and observe the e.

To establish the ocean current velocity vector, two observations have to be done, ideally
one perpendicular to the second. For simplification of the nomenclature, the first will be
called horizontal observation, and the second, vertical observation.

5.2.3.1 Horizontal observation

The steady state of the horizontal case is represented on the left in Fig. 5.2; where {D}
represents the DS frame, {B} the body (robot) frame, ‹c = [Dẋc, Dẏc] the ocean current
velocity, [Bẋdvl, B ẏdvl] the velocity with respect to the ground observed from the AUV’s DVL,
and [DẋB, DẏB] the robot velocity with respect to the ground on {D} frame.

From Fig. 5.2, following the Tales theorem it can be obtained:

eh

� =
Dẋc

DẏB ≠ Dẏc
, (5.2)

and from the second triangle,
DẏB = Bẋdvl,h/ cos(–). (5.3)

Finally, applying the reference system of the robot, – = Âh ≠ fi/2, to (5.2) and (5.3), it can
be obtained:

Dẋc =
eh

Ë
Bẋdvl,h/ cos(Âh ≠ fi/2) ≠ Dẏc

È

� (5.4)

5.2.3.2 Vertical observation

The steady state of the vertical case is represented on the right in Fig. 5.2, from it, applying
the Tales theorem can be obtained:

ev

� =
Dẏc

DẋB + Dẋc
, (5.5)

and from the second triangle:
DẋB = Bẋdvl,v/ cos(“). (5.6)
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(a) Original path used for the surveys. (b) Proposed path for performing the surveys.

Figure 5.3: Conceptual path representation for the development of a survey with a forward-looking
sonar.

Finally, applying the reference system of the robot, “ = Âv ≠ fi, to (5.5) and (5.6), it can be
obtained:

Dẏc =
ev

Ë
Bẋdvl,v/ cos(Âv ≠ fi) + Dẋc

È

� (5.7)

5.2.3.3 Computed observation

With the two observations obtained, the ocean current velocity vector can be computed by
combining (5.4) with (5.7):

Dẋc =
eh

Ë
Bẋdvl,h/ cos(Âh ≠ fi/2) ≠ ev

�

Ë
Bẋdvl,v/ cos(Âv ≠ fi) + Dẋc

ÈÈ

� , (5.8)

from which it can be obtained:

Dẋc = �2 eh
Bẋdvl,h/ cos(Âh ≠ fi/2) ≠ � eh ev

Bẋdvl,v/ cos(Âv ≠ fi)
�3 + � ev eh

, (5.9)

wich combined with (5.7) the ocean current velocity vector can be build.

5.2.3.4 Application

In order to reach the steady state in an optimal way it is worth studying the path that the
AUV has to follow to perform the survey. Regarding the SoundTiles [19] demands about the
reconstruction of the forward-looking sonar data, it is necessary to have an overlap between the
paths of the AUV, is for this reason that in ViCOROB it is common to perform a survey of the
type presented in Fig. 5.3a. From which, considering the simplification mentioned previously,
the AUV can optimally achieve the steady state from the horizontal but not from the vertical
trajectory. Being necessary to achieve a steady state in both directions for applying this ocean
current observer proposal, the authors suggest applying the path presented in Fig. 5.3b.

This ocean current observed was tested in simulation obtaining excellent results with
surveys of 100x100 meters or larger. Notice that the minimum size of the survey depends on
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the distance that the AUV requires to achieve the steady state. In the future, this proposed
method will be tested in sea experiments.





6
Conclusions and Future Work

This chapter closes this thesis with two last sections. First, the main conclusions of this work are
summarized in Section 6.1. Then, new research lines for future work are proposed in Section 6.2.
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6.1 Contributions of this thesis

This thesis has contributed to advancing the state of the art in underwater Long Term De-
ployment. Presenting a successful experimental application of an autonomous non-holonomic
AUV docking system, and preparing the bases for the future. We can break down this main
contribution into particular ones:

Literature survey and simulation comparison: The first contribution presented in this
thesis was an extensive review of the di�erent docking strategies for non-holonomic AUV in
a funnel-shaped DS. In the article presented in Chapter 2, we developed a novel metric to
evaluate in a qualitative way the entrance of the AUV inside the funnel-shaped DS. We
also created a simulation environment to compare all the strategies in the same framework,
obtaining a methodic comparison, showing the strong points of each strategy.

Novel docking strategy: In this thesis, we have also presented a novel strategy for dealing
with ocean currents with a non-holonomic AUV to dock in a funnel-shaped DS using only
acoustic feedback. In the article presented in Chapter 3, a novel controller is presented,
probing the exponential stability. The strategy was tested in simulation, being compared
with the rest of the strategies, obtaining the best results.

Self orientable funnel-shaped Docking Station: The third contribution is the devel-
opment of a successful experimental autonomous docking system. Following the results of
the article presented in Chapter 4, a new funnel-shaped DS for the Sparus II AUV was de-
signed, built, and tested. The system was validated at sea with robust results in di�erent sea
environments.

Ocean current observer: We also presented in Chapter 5 a new proposal for a passive
ocean current observer with a non-holonomic AUV, designed to optimize the docking maneu-
ver, taking advantage of the most common Sparus II mission.

6.2 Future work

This thesis concludes with the development of the fundaments of the LTD research line, but
with the pillars established, it is needed to continue constructing the building. Consequently,
we finish this thesis by pointing out and discussing di�erent developments to continue en-
hancing the LTD technology.

Continue the development of the Sparus Docking Station One of the main con-
tributions of this thesis was the development of a new prototype of funnel-shaped
DS for the Sparus II AUV. Despite most of its technologies were developed and
achieved successful experimental results, some of them were not tested yet.
One of the main functionalities of the DS is to charge the batteries of the AUV.
For doing that, in the presented design an inductive charger was considered. It
will be necessary for the future to acquire or develop an inductive charger adapted
to the AUV requirements.
Another key point of development is energetic autonomy. The performed tests were
focused on the docking maneuver, and the energetic autonomy was not properly
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studied yet. At the moment of writing this thesis, the UdG team is doing an
energy consumption study of the devices, to design an optimal energy consumption
strategy.

Test experimentally the ocean current e�ect The main contribution of this thesis
was focused on the development of docking with a non-holonomic AUV in a funnel-
shaped DS. One critical point to consider in this context is the e�ect of ocean
currents. Despite developing all the tools and strategies to consider the ocean
currents, it was not possible to test their e�ect in an experimental environment.
From logistics, the tests developed during this thesis were enclosed in time, and we
were not lucky enough to have significant ocean currents during the experiments.
The next natural step from the work presented, will be to test the docking system
in a sea environment where constant ocean currents are present.

Develop the LTD for the Girona AUV A side work from this thesis was the design
and building of the Girona Docking Station, explained with more detail on Ap-
pendix B. Preparing the future of several developments that can be done related
to the platform. In fact, at the moment of writing this thesis, two Master’s Thesis
are in development related to that. On one side, a visual localization and docking
autonomous system are in development, and on the other, a grasping strategy for
autonomously hooking the DS with and Intervention AUV (I-AUV) for launch and
recovery operations is being tested.
As this Master Thesis points out, two main developments can be achieved. The
first one is related to the docking strategy from the AUV to enter into the DS.
Presenting in theory an easier docking maneuver compared to the Sparus II AUV,
considering the holonomic movement of the Girona AUV. In the first iteration, a
localization based on a vision system will be developed, trying to create a novel
long-term passive visual marker, with the aim of being able to test it in the CIRS
water tank. And in the future, a dual-USBL localization system will be integrated
into the AUV navigation in order to localize in a robust way the DS.
The second one is related to the autonomous launch and recovery system for the
DS. In the experiments developed during this thesis, a diver team was used to
install the DS in the seabed, being this possible because it was deployed in shallow
water. If in the future we pretend to deploy and recover the DS in a deeper seabed,
a novel autonomous strategy has to be developed. The first proposal consists to
consider that the DS is deployed on the seabed, and a chain coming from the boat
has to be attached to the DS autonomously to be able to recover it.

Develop a launch and recovery system for the AUV The main focus of this thesis
was in the LTD, but a parallel development to that is the launch and recovery
system. The launch and recovery system consists in developing the technology to
autonomously launch the AUV from the boat to the sea and to recover it from the
sea to the boat. It is worth noting that the docking strategy that was developed
in this thesis is compatible with this new concept.
The next natural step will be the adaptation of the Sparus Docking Station pre-
sented in this thesis to fit the launch and recovery system. Also to adapt the
strategy to the new requirements and develop the operation in an autonomous
way.





A
Sparus Docking Station

In this appendix, the Sparus Docking Station (see Fig. A.1) is presented in more details,
focusing on the design and the experimental experience.

Figure A.1: Sparus Docking Station conceptual general view.
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A.1 Context

As it is explained in this thesis, the LTD is a research line that the UdG team is focused on
nowadays in several projects. For this reason, the first main design that was developed during
the thesis was the Sparus Docking Station.
Inspired by the previous UdG design presented in [13], for the magnitude of research projects
that ViCOROB is reaching, it was necessary to develop a robust design, closer to a real
product than a first concept. This job presents a natural step forward after the previous
experience.
The Sparus Docking Station pretends to build the base for the LTD of the Sparus II AUV for
the future years in the CIRS. It was designed with the scope to be deployed in the Atlantic
ocean at 100 meters depth.

A.2 Concept

Following the concept of the funnel-shaped DS used by several authors in the literature, a
new DS development is presented in this thesis. As can be seen in Fig. A.1, it is designed
to carry the Sparus II AUV, utilizing a funnel entrance to allow some tolerance. It can be
divided into two main sections, the tripod and the funnel.
The main structure is built using 316 stainless steel for its mechanical and corrosion properties.
The manufacturing consists mainly of a combination of the novel laser cutting process [20]
with bending and welding, allowing to minimize significantly the production cost.

A.2.1 Tripod

The tripod presents the base where the funnel lies. It consists of a main structure of 316
stainless steel pipes welded with three layers of laser-cut sheets.
It is designed with three easy-to-adjust (by a diver or a robot) feet, to be able to adapt to the
seabed, see Fig. A.2a. In the top part, there is a structure prepared for coupling a fixed key,
that allows turning the main axis. This main axis is free in the bottom part, using the nuts
combination, allowing the base of the feet to remain static in the ground. This combination
of elements, allows easy installation in the seabed, permitting the adjustment of each foot
without major e�ort.
In the bottom part of the tripod, it is located the main cylinder, see Fig. A.2b which contains
the batteries and the main electronics. It consists of a housing for protecting the inner part
and a removable structure with all the electronics. The housing is designed to support a
hundred meters of depth pressure, following the requirements of the ATLANTIS research
project; it consists of a 316 stainless steel pipe with two laser-cut lids welded and corrected
with a Computerized Numerical Control (CNC) lathe. The lid consists also of a 316 stainless
steel part manufactured with a CNC late. It uses the consolidated underwater technique to
avoid the use of screws that can provoke corrosion in the long term, as can be seen in the
left part of the image, using an O-Ring radial rod sealing [21]. Also, SubConn® connectors
[22] were used to ensure the sealing and the quality of the signals. Finally, the lid has a
SeaVent® Single Seal Face relief valve [23] for safety purposes. The electronics consist mainly
of a Raspberry Pi 3 computer [24] and a microcontroller. The Raspberry Pi contains Robot
Operation System (ROS) [25] to manage the main system and the communication with the
devices. The microcontroller manages the control of the motors and the Raspberry Pi’s power,
allowing a sleep mode for battery consumption optimization. Finally, the cylinder contains
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the battery, it used twenty-four packs of NL2044 14.4V Lithium Ion Batteries, which are the
same used for Girona AUV, for logistics reasons.
In the top part, it is located the rotation system, see Fig. A.2c. It consists of five elements;
the first one is the motor that controls the Degree of Freedom (DoF) of the orientation of the
funnel, the second one is the linear actuator that brakes the previous DoF, the third is the
gear system to transmit the torque, the fourth is the main bearing, and the fifth is the second
bearing. The motor and the linear actuator are inside a housing designed for their protection,
this housing uses the O-Ring [21] technology in order to ensure the sealing. As an example of
the development, the housing of the motor that controls the DoF of the funnel is represented
in Fig. A.2d. The main body of the housing consists of a tube welded with laser-cut cylinders,
all of them from 316 stainless steel, corrected from the inside with a late to ensure the sealing
surface demands. It contains several elements, which are explained below:

1. A gear is attached to the axis in order to transmit the torque of the motor to the funnel.

2. An external axis was manufactured of 316 stainless steel using CNC late technology
with the objective of protecting the motor. It is connected inside the housing with the
motor and outside with the gear.

3. The sealing of the axis consists of a combination of a Quad-Ring® with a Back-up Ring
from Trelleborg [21]. A secondary lid was manufactured in order to be able to mount
the sealing rings.

4. The main lid consists of a CNC late manufacturing part with two O-Rings [21], for
sealing redundancy.

5. The motor consists of a Mclennan E192 geared DC motor [26], which allows the system
to obtain a specific orientation, considering the gear ratio.

6. A 316 stainless steel penetrator was manufactured in order to be able to connect the
motor with the main cylinder. The electrical cables pass through the penetrator and
are fulfilled with epoxy to ensure the sealing.

7. A standard screw cap was added also, for allowing the air to leave the housing when the
system is mounted.

A.2.2 Funnel

The funnel is the assembly where the AUV docks, it contains the main devices of the DS, a
soft-collision system, and a balance configurator.
Several devices were implemented in the funnel, see Fig. A.3:

1. An acoustic modem for localization and basic communication with the AUV, the Blueprint
Subsea Seatrack X110 [27]. The AUV localize the DS position using the acoustic mo-
dem and its USBL, knowing the position in the world from the DS and considering it
stationary, the AUV corrects its position (recall Chapter 4).

2. A camera for receiving visual feedback on the operations.

3. A WiFi antenna to allow short-range high bandwidth communication. Allowing the
AUV to transmit the data obtained during the mission to the DS.
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(a) Conceptual foot representation. 1) Main axis
of the foot, 2) the tripod main structure, 3) the
double nut to create some space to the base, to
allow the axis to turn, 4) the nut welded to the
main axis, 5) the base part of the feet that will be
in contact with the seabed.

(b) Conceptual main cylinder representation. 1)
Lid of the hosing, 2) underwater SubConn® con-
nectors, 3) safety SeaVent® relief valve, 4) main
electronic elements of the DS, 5) assembly of bat-
teries.

(c) Conceptual representation of the central part
of the DS. 1) Motor to control the funnel DoF, 2)
linear actuator to brake the funnel DoF, 3) gear
system to transmit the rotation from the motor
to the funnel axis, 4) main bearing, 5) secondary
bearing.

(d) Representation of the housing of the motor of
the DS that controls the DoF of the funnel. 1)
Gear to transmit the torque, 2) external axis to
protect the motor, 3) sealing of the external axis,
4) lid of the housing, 5) electrical motor, 6) sealed
penetrator, 7) housing cap.

Figure A.2: Representation of the main elements of the tripod of the Sparus Docking Station.

4. A latching motor system, to ensure the position of the AUV inside the DS. It consists
in a system that clamps the antenna of the AUV to not mechanically allow the AUV to
leave the DS.

5. An inductive charger prototype, designed for the ATLANTIS project by INESC TEC.

6. A visual modem, for wireless underwater high bandwidth communication, the Luma X
from Hyrdomea [28]. In the future, this device will be used to communicate the DS with
other vehicles in order to transmit the data when the DS is deployed in permanent not
easy-to-access locations.

7. A DVL in order to monitor the ocean currents close to the DS, the NavQuest LinkQuest
600 Micro [29]. It is used to obtain the information in order to decide the orientation
of the funnel DoF.

The collision system consists of a funnel-shaped entrance manufactured using polyethylene M
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Figure A.3: Sparus Docking Station funnel representation. 1) Acoustic modem from BluePrint
Subsea, 2) camera, 3) WiFi antenna, 4) latching motor, 5) inductive charger from INESC TEC, 6)
visual modem from Hydromea, 7) DVL from LinkQuest.

Figure A.4: Sparus Docking Station frontal and back view representation.

AST PE-1000, as can be seen in Fig. A.4 (the polyethylene part is represented in green). This
system allows the AUV to collide with the DS without major mechanical problems, thanks
to the properties of the polyethylene. To be able to achieve the shape of the entrance of
the funnel, a stainless steel structure was prepared, with some laser-cut rings welded with
stainless steel pipes (recall Fig. A.3 and Fig. A.4).
In order to have control of the rotation of the funnel, the joint between the funnel and the
tripod consists of a main axis with two bearings for the torque compensation (recall Fig. A.2c).
Despite having the double bearing system, it is needed to have the center of mass of the funnel
approximately in the main axis of the joint. To be able to adjust mechanically the position
of the center of mass of the funnel a weight system was designed, see Fig. A.5. This weight
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Figure A.5: Representation of the modular center of mass adjustment of the funnel of the DS. In
green is represented the main axis of the DS, and zoomed in blue is presented the modular weight
system.

compensation system consists of a "C" shape laser-cut parts that can be added to the back
part of the funnel in order to move the center of mass to the main axis of the DS.

A.3 Experimental expirience

The design presented in this section was built and tested as it is explained in Chapter 4. The
Sparus Docking Station was deployed in two sea scenarios: in Sant Feliu de Guíxols (Spain)
and in Viana do Castelo (Portugal), see Fig. A.6. A video representation of the experimental
application of the Sparus Docking Station can be found in [30].
First, it was tested in the test tank of the CIRS to verify the design, showing that the AUV
was able to enter the DS if it hits the polyethylene part, only applying surge velocity.
Second, it was deployed for eighteen days in Sant Feliu de Guíxols, where it was developed the
first autonomous docking explained in Chapter 4. It was recovered with no major corrosion
problems. Only the penetrators of the motor housings that were originally from anodized
aluminum were corrupted, replacing them with stainless steel for future tests. The DS was
deployed and recovered using a team of divers with no reported problems. It was deployed
on a flat sand seabed, requiring no adjustments.
Finally, it was deployed for seven days in Viana do Castelo, reporting no major corrosion,
and no deployment and recovery problems. It was also installed using a team of divers, this
time in an inclined mud seabed. The feet were modified due to the change on the seabed
(from sand to mud), it was added some woods in order to increase the contact surface with
the seabed, see Fig. A.7a. Being installed in an inclined plane, the three feet were adjusted
by a diver in order to maintain the funnel parallel to the water surface, as can be seen in
Fig. A.7b. The diver deployment operation was partially recorded and can be found in [31].
After the docking experiments, the status of the Sparus II AUV was checked, presenting no
significant damage, validating the design and the use of the polyethylene parts.
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(a) On the CIRS ground. (b) Inside the CIRS test tank.

(c) At 8 meters depth in Sant Feliu de Guíxols
(Spain).

(d) At 8 meters depth in Viana do Castelo (Por-
tugal).

Figure A.6: Photographies of the Sparus Docking Station in di�erent scenarios.

(a) Feet modification due to the mud seabed. (b) Divers adjusting a foot height.

Figure A.7: Photographies of the Sparus Docking Station deployment in Viana do Castelo.



114 Appendix A. Sparus Docking Station

A proper study of energy autonomy was not developed before the experiments. The DS used
their battery system but a backup power supply was ready if the batteries had not enough
capacity for the tests, using a 40 meter long cable connected onshore. The system is designed
to have a sleeping mode to consume less energy that can be activated and deactivated using
the acoustic modem, meaning that the AUV can wake up the DS when it considers, but in
the time of the experiments, was not tested. At the moment of writing this thesis, an energy
consumption study is being carried out by the UdG team, with the final objective to develop
an energy consumption optimization solution.
As well as the autonomy of the system, not all the potential applications of the DS were tested
during the first experiments. It is the case of the DVL that being the DS deployed in shallow
water, it was not able to obtain robust ocean current observations. Also, the inductive charger
prototype was not used during the application, as well as the visual modem. With respect to
the DVL, it will be used in the future when the DS will be deployed in a deeper environment
for the PLOME research project [10]. Regarding the inductive charger, the prototype was
not achieving the requirements of the AUV; a new inductive charger will be placed in the
future, to be able to charge properly the Sparus II from the DS. Finally, the visual modem
will be used in future applications when the DS will be deployed in less accessible places, to
communicate with other vehicles.



B
Girona Docking Station

In this section, the novel prototype of DS designed for the Girona AUV is presented, see
Fig. B.1.

Figure B.1: Girona Docking Station conceptual general view.
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B.1 Context

After the success achieved with the Sparus Docking Station, and the potential of the LTD,
the UdG decided to create the novel Girona Docking Station.
The LTD is a research line that will lead the future of the AUV technology, following this
belief, several research projects that involve the UdG include development in the LTD. Some
of them include development related to the Sparus II LTD, but specifically, COOPERAMOS
[32] and OPTHIROV [9] are focused on the development of the Girona AUV LTD.
The COOPERAMOS [32] research project aims to develop a resident multiple I-AUV system
to perform autonomous intervention tasks. Each vehicle begins its operation from its own
DS, as can be seen in Fig. B.2a. The OPTHIROV [9] research project is focused on increasing
the Technology Readiness Level (TRL) of the underwater robotic systems, presenting an
underwater platform that can be operated remotely; being one of the key points the DS, as
can be seen in Fig. B.2b. It is a proof of concept project to demonstrate the shared autonomoy
concept implemented on a optically linked Hybrid Remotely Operated Vehicle (HROV), which
is deployed from a DS.

(a) Conceptual representation of COOPER-
AMOS research project.

(b) Conceptual representation of OPTHIROV re-
search project.

Figure B.2: Conceptual representation of two of the UdG research projects that involves the Girona
Docking Station.

B.2 Concept

The Girona AUV is a characteristic design for its triple torpedo structure, it is because of
its shape that a new concept of docking was developed, see Fig. B.1. The Girona Docking
Station is designed with the objective to simplify the docking maneuver of the AUV, with this
idea in mind and considering the shape of the Girona, a vertical landing DS was developed.
Also, the AUV does have holonomic control in the plane parallel to the water surface, making
the vertical maneuver more suitable than the classical horizontal one.
The Girona Docking Station development consists mainly of three parts: an accessory added
to the AUV to allow the coupling with the DS, a main body that consists in the skeleton of
the DS itself, and the interface between the DS and the AUV.

B.2.1 Girona AUV coupling accessory

In order to couple the AUV with the DS a new assembly was added to the AUV. It consists
of four legs located in the bottom part of the top torpedos (see Fig. B.3), that will be used
to lock the AUV inside the DS.
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Each leg consists of a modular coupling to avoid a permanent modifications to the AUV
structure. They are manufactured with 7075 anodized aluminum alloy and end with a cylinder
that will be coupled in the DS contact structure.

Figure B.3: Conceptual representation of the Girona AUV adaptation for docking, with the coupling
accessory assembled.

B.2.2 Body structure

The body structure consists of the skeleton of the DS, see Fig. B.4. It is manufactured
mainly with 304 stainless steel square pipes in combination with laser-cut plates. It contains
four modular feet, following the concept of the ones presented in section A.2.1. The bottom
part contains space for four pressure vessels, also like the one presented in section A.2.1.
It also holds a weight compensation system, to adjust the position of the center of mass,
and a modular part in the center for adding, in the future, the necessary elements (i.e, visual
markers, inductive charger). The central part contains the supports for the interface structure
presented in the next subsection. Finally, the top part contains some devices like an optical
modem with a pan and tilt system, the USBL, as well as structural handles for the deployment.

B.2.3 Interface structure

This part consists on the assembly that allows the AUV to collide and dock. It has two main
components that are represented in Fig. B.5 in di�erent colors. In green is represented the
funnel-shaped entrance, with the objective of allowing some tolerance in the entrance, follow-
ing similar principles of the Sparus Docking Station. In blue is represented the assembly that
aligns the AUV inside the DS. The coupling system consists of an electric motor connected
to a metallic zip that locks the cylinder of the AUV coupling accessory.
It was manufactured from polyethylene M AST PE-1000 using water jet cutting technology
and a CNC milling machine.
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Figure B.4: Main structure of the Girona Docking Station representation.

Figure B.5: Conceptual representation of the contact part of the DS with the AUV. On the left is
an image from a top view, and on the right is an image from a lateral view. In green is represented
the funnel and in blue is the axis alienation.

B.3 Future work

The Girona Docking Station has been already implemented (Fig. B.6). It was designed as an
open platform for being able to add of new devices in the future. At the time of this thesis,
a Master’s Student is working on the development of a visual servoing docking algorithm.
The method uses custom-developed markers adapted for their use underwater. Future work
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will explore strategies for docking using only acoustic sensors. In parallel, another Master’s
Student is working on the development of an autonomous launch and recovery system for the
deployment of the DS in the sea.

Figure B.6: Photography of the Girona Docking Station.
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