
Citation: Garcia-Nava, S.;

García-Rangel, M.A.; Zamora-Suárez,

Á.E.; Manzanilla-Magallanes, A.;

Muñoz, F.; Lozano, R.;

Serrano-Almeida, A. Development of

a 6 Degree of Freedom Unmanned

Underwater Vehicle: Design,

Construction and Real-Time

Experiments. J. Mar. Sci. Eng. 2023,

11, 1744. https://doi.org/10.3390/

jmse11091744

Academic Editors: Shaoqiong Yang

and Yanhui Wang

Received: 20 July 2023

Revised: 19 August 2023

Accepted: 27 August 2023

Published: 5 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Development of a 6 Degree of Freedom Unmanned Underwater
Vehicle: Design, Construction and Real-Time Experiments
Salatiel Garcia-Nava 1 , Miguel Angel García-Rangel 1 , Ángel Eduardo Zamora-Suárez 1,
Adrian Manzanilla-Magallanes 1, Filiberto Muñoz 1,2 , Rogelio Lozano 1,3,* and Agnelo Serrano-Almeida 1

1 Centro de Investigación y de Estudios Avanzados del Instituto Politécnico Nacional (CINVESTAV),
Av. IPN # 2508, San Pedro Zacatenco, Mexico City 07360, Mexico; salatiel.garcia@cinvestav.mx (S.G.-N.);
miguelgarcia@cinvestav.mx (M.A.G.-R.); angel.zamora@cinvestav.mx (Á.E.Z.-S.);
amanzanilla@cinvestav.mx (A.M.-M.); filiberto.munoz@cinvestav.mx (F.M.);
agnelo.serrano@cinvestav.mx (A.S.-A.)

2 Investigador por México-Consejo Nacional de Humanidades, Ciencias y Tegnologías (IXM-CONAHCYT),
Av. de los Insurgentes Sur #1582, Crédito Constructor, Benito Juárez, Mexico City 03940, Mexico

3 CNRS, Heudiasyc, Université de Technologie de Compiègne, CEDEX, CS 60 319 - 60 203 Compiègne, France
* Correspondence: rogelio.lozano@hds.utc.fr

Abstract: This research work describes the development of a fully actuated 6 Degree of Freedom
(DOF) Unmanned Underwater Vehicle (UUV), which can be used for environmental monitoring,
three-dimensional (3D) reconstruction applications, as well a research platform. The main vehicle’s
characteristics are: it is designed to have easy access to all components, it has eight thrusters in
a vectored configuration, it is based on an open source ArduSub firmware, it has a vision system
composed of a stereo camera and a powerful computer for image processing. The mechatronics
design is presented, where the mechanical, electrical and electronics, and the vision system are
described. Furthermore, a general dynamic model for 6 DOF based on Fossen’s methodology is
presented. In addition, a reduced 3 DOF mathematical model is derived for control purposes, where
the roll, pitch and depth dynamics are considered. To show the performance in trajectory tracking
tasks, two classical control strategies are introduced: a Super Twisting Controller and a Robust
Proportional Derivative (PD) Controller. Finally, in order to exhibit the satisfactory performance of
the developed vehicle, some experiments were conducted with the Super Twisting and Robust PD
Controllers, as well as a 3D reconstruction of a plastic cover on the pool wall.

Keywords: unmanned underwater vehicle; 6 degrees of freedom; ArduSub software V4.2.0

1. Introduction

Currently, underwater vehicles are widely used by industries, research centers and ed-
ucational institutions due to their wide variety of underwater tasks they can perform. Such
tasks include inspection, exploration, measurements, reconnaissance and 3D reconstruction,
in areas of high risk to humans, inaccessible areas or fragile ecosystems [1,2]. These vehi-
cles are commonly known as Unmanned Underwater Vehicles (UUVs) which are mainly
divided into Remotely Operated Vehicles (ROVs) and Autonomous Underwater Vehicles
(AUVs) [3]. The ROV vehicles have open-loop actuation systems, i.e., they are manually
operated by a user through a human-vehicle interface [4]. On the other hand, the AUVs
correspond to vehicles with autonomous navigation systems, i.e., a control algorithm is in
command of the decision to reach positions or to track desired trajectories [4]. In addition
to being classified as ROVs or as AUVs, in the literature UUVs are also classified based
on their dimension. In [5] a classification of UUVs is presented including an inspection
class and an intervention class UUVs. The inspection class subclassifies according to their
dimensions into Micro/Handheld which weigh less than 30 kg and medium size which
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range from 30 kg to 120 kg. The vehicle developed in this work is classified as Handheld
due to its weight of 27.4 kg.

Within the commercial UUVs, either in ROVs or AUVs configuration, there is a wide
variety and configurations of UUVs developed by companies such as Oceaneering, Saab
Seaeye, Eprons ROV and others. The OpenROV and Blue Robotics companies offer kits
focused on do it yourself (DIY), and open source versions such as BlueRov of Blue Robotics.
Table 1 shows the main characteristics of certain commercial vehicles.

Table 1. Comparison of commercial underwater vehicles.

Name N. Thrusters DOF Vision Sys. UUV Type Company

BlueRov Heavy 8 6 Monocular ROV/AUV Blue Robotics

DTG3ROV 3 3 Monocular ROV Deep Trekker

PIVOT ROV 6 5 Monocular ROV Deep Trekker

REVOLUTION ROV 6 5 Monocular ROV Deep Trekker

GLADIUS MINI S 5 5 Monocular ROV Chasing

CHASING M2 PRO Max 8 6 Monocular ROV Chasing

Boxfish ROV 8 6 Monocular ROV Boxfish

Dragonfish 200H 6 5 Monocular ROV THOR robotics

Falcon 5 4 Monocular ROV SAAB Seaeye

Lynx 6 5 Monocular ROV SAAB Seaeye

Although there is a wide variety of commercial vehicles, they present some limitations
in the field of research, where the prices can be prohibitive for some research centers.
Another reason is that commercial vehicles may have closed firmware, which cannot be
modified to test new control strategies or incorporate new sensors [6]. For these reasons,
the development of underwater vehicles has been of great relevance in different research
centers since the 1990s. Among the first non-commercial ROVs is the one developed at
the Silsoe Research Institute in the United Kingdom, which was designed to be used in
aquaculture tasks, to take images of fish inside a farm [7] (1996). An ROV called THETIS
was developed at the University of Thrace, Greece, to carry out tasks such as measuring
temperature, pH, dissolved oxygen, as well as measurements of suspended sediments in
lakes or rivers [8] (1998). The Autonomous Systems Laboratory of the University of Hawaii
has designed the Omni-Directional Intelligent Navigator (ODIN) ROV in 1991, reaching its
third version in 2003 [9]. A survey of the vehicles developed during the 1990s is presented
in [10,11].

In 2005, an ROV was developed at the Underwater Systems and Technology Labora-
tory in the University of Porto [12] (2005), which was designed to perform inspection of
underwater structures, underwater archeology, oceanographic and environmental studies.
Several vehicles were developed at the Massachusserrs Institute of Techonology (MIT), such
as HAUV used in ship hull inspection [13] (2006) and the vehicle MTHR which participated
in the Marine Advanced Technology Education (MATE) Center Competition [14] (2006).
A group of underwater vehicles were developed in 2005 to carry out control experiments.
The vehicle Starbug developed at the CSIRO ICT Centre, Australia, and the vehicle Amour
developed at the MIT [15]. The fifth version of the ROV, named Amour V was improved to
deploy, relocate and recover the sensor nodes in underwater environments [16] (2010).

Moreover, recently biologically inspired robots have been developed, such as Jellyfish
Robot which uses soft actuators including ionic polymer metal composite and dielectric
elastomer, achieving a two-dimension maneuvering capability [17]. Another, it is an unteth-
ered robot called Tuna Robotic, which combines the advantages of single and multiple joints
to achieve high swimming speed and outstanding steering maneuvering [18]. The Remora
Robot can transport itself over long distances without great effort, using planar and vertical
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motion mechanisms that transfer hitchhiking behavior to the engineered system, and by a
combination of controllers the robot achieves the ability to reach a position in 3D space [19].

Vehicle development also includes dynamic modeling and control strategies. Owing
to the characteristics of the underwater vehicles, they are subject to unmodeled dynamics,
parametric uncertainties as well as external disturbances. To cope with these drawbacks,
several control strategies have been proposed, highlighting robust control. One approach
broadly developed in robust control field is sliding mode control [20,21]. From 1950s in
former Soviet Union until now, strategies for control and observation based in sliding modes
have been broadly developed [22]. Beginning with classical first order sliding modes until
high order sliding modes, as well as terminal [23] and dynamic [24] sliding mode controllers,
a great effort in the research community is observed. In contrast to classical sliding modes,
terminal sliding modes have a nonlinear sliding surface, reaching the equilibrium in finite
time. Further developments include non singular terminal sliding modes, which remove
the singularity problem in terminal sliding modes [25,26]. In addition, in order to reduce
the chattering effect, high order sliding modes strategies [27] were developed as well as
dynamic sliding modes [28]. For high order sliding modes, the Super Twisting (a second
order sliding mode) is a valuable algorithm and has been broadly used for control and
observation purposes [29,30].

In particular, for underwater vehicles, the sliding mode strategies have been applied
successfully. A first order sliding mode is presented in [31] for station-keeping task of an
underwater vehicle subjected to ocean currents and model uncertainties. A 3D trajectory
tracking for an AUV with 5 DOF was carried out by using a nonsingular terminal sliding
mode [21]. In this approach a linear extended state observer (LESO) is used to estimate the
disturbances in the system. In addition, an adaptive version of the nonsingular strategy
was developed in [32] for a 4 DOF underwater vehicle, where the controller gains were the
adaptive parameters. To deal with the chattering effect in the control signal, the dynamic
sliding mode surface control was used in [20] for an over-actuated underwater vehicle.
In this work a Proportional Integral Derivative (PID) sliding surface is proposed and the
control law is obtained in the temporal derivative of the control signal. In the sense of
chattering attenuation, the super twisting algorithm was used in [33] for trajectory tracking
purposes in a novel configuration of an underwater swimming manipulator. Likewise, in a
novel configuration of an articulated intervention 6 DOF underwater vehicle a generalized
super-twisting is used in [34]. In comparison to a super-twisting, this strategy adds an
extra linear term which rejects the state-dependent perturbations. A super twisting integral
mode for an unmanned underwater vehicle of 4 DOF is developed in [35], in this approach
authors ensure that the robustness is fulfilled from almost the first time. Owing to the
versatility of the algorithm, a super twisting disturbance observer was proposed in [36] to
estimate the lumped unknown dynamics and disturbances. The super twisting observer
and a conventional sliding mode control are applied to an autonomous underwater vehicle.

1.1. Related Work

An analysis is presented below about the most representative small underwater
vehicles (ROVs and AUVs) designed in the last decade, which have similar characteristics
to our development such as the e-URoPe [37] vehicle which has 8 thrusters and 5 DOF.
This vehicle has a modular structure that allows the adaptation of tools and manually
reconfigure the distribution of the thrusters in malfunction conditions. The Tortuga 500 [38]
vehicle is an ROV with 6 propellers and 5 DOF with the capacity to modify the orientation of
the 4 propellers which changes the angle of attack during navigation. The SUR IV spherical
vehicle, was presented in [39], which uses an hybrid propulsion system composed by
electrical thrusters and a water-jet propulsion system, obtaining high stability in trajectory
tracking tasks. In [40], an underwater vehicle using the Blue Robotic’s open-source has been
developed, which uses 6 thrusters to control 5 DOF through a symmetrical distribution
of thrusters, and an IntelSense camera to perform mapping and control tasks through
Simultaneous Localization and Mapping (SLAM). In [41], the design of a vehicle that
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uses a distribution of thrusters and geometries which is different from the conventional
is presented. This new configuration in “Y” has 6 DOF controlled by 6 thrusters and is
used to conduct inspection tasks. Another not conventional structure is presented in [42],
where the developed vehicle can move freely in the 6 DOF space using 7 thrusters. 3 of
the thrusters are distributed in “Y” vertically and the remaining 4 adopt a horizontal
symmetrical configuration. Reviews with the more recient developments in the ROV field
can be consulted in [3,4]. Table 2 presents a list of vehicles developed in the last decade in
research centers, as an alternative to the commercial vehicles.

Table 2. Comparison of underwater vehicles.

Name Number of Thrusters DOF Vision Type of UUV Year

Ariana-I ROV [43] 6 6 Monocular ROV 2011

RRC ROV [44] 4 6 N.I. ROV-AUV 2012

Kaxan ROV 4 4 Monocular ROV 2013

PROVe 500 [45] 4 4 Monocular ROV-AUV 2015

AUVx [46] 5 3 Monocular AUV 2017

e-URoPe [37] 8 5 Monocular ROV-AUV 2017

Zeno AUV [47] 8 6 Monocular AUV 2018

SUR IV [39] 4 Hybrid 4 N.I. AUV 2020

SevROV [41] 6 6 N.I. ROV 2021

Spaiser [42] 7 6 Monocular ROV-AUV 2022

1.2. Main Contribution

This work presents a novel 6 DOF underwater vehicle developed in the UMI-LAFMIA
Laboratory. The main contributions are summarized below

(i) A novel and functional prototype vehicle, fully actuated by eight thrusters, it has
frontal-rear, lateral, submersion-emersion displacements, as well as roll, pitch and
yaw movements. The vehicle is a mechatronic platform that enables to prove the
effectiveness of different strategies in the navigation and automatic control field,
from undergraduate to graduate students, as well as practitioners and researchers.
Since the vehicle is controlled from a ground station through Robot Operating System
(ROS), the simplicity of implementing algorithms (estimation, control, navigation,
fault detection) is another advantage of the vehicle.

(ii) Instead of having a vectored configuration in two-dimensions (axes X-Y), the devel-
oped vehicle has 2 sets of vectored thrusters in three-dimensions (axes X-Y-Z), one set
in the top part and another set in the bottom part. The underwater vehicle, with the
thrusters configuration developed, represents a more challenging system that is useful
in the development and implementation of algorithms of optimal thrust allocation,
as well as fault identification and fault tolerant control.

(iii) The vehicle has two vision systems. The first one composed by a monocular camera,
used to monitor the underwater environment. The second one is composed by a stereo
camera and a Nvidia board that enables the implementation of powerful computer
vision and image processing methods. The camera’s software version 3.5 development
kit (SDK) simplifies the application of vision algorithms (3D reconstruction on-line,
pose estimation, object detection and so on) in a few lines of code.

The remain of the manuscript is organized as follows. Section 2 describes the mecha-
tronics design and construction of the underwater vehicle. The mechanical design, material
and frame selection, thrusters distribution as well as hydrodynamic considerations are
presented. The electrical system including the control and communication subsystems
are detailed. Furthermore, the components of the vision system are introduced. A 6 DOF
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and a reduced 3 DOF mathematical models are presented in Section 3, and the structure
of a Super Twisting and Robust PD are also introduced in this section. The experimental
results are presented in Section 4, where the final underwater platform is shown. Moreover,
experimental results for trajectory tracking tasks in roll and pitch dynamics are shown.
As well as a 3D reconstruction of two scenarios are described. Finally, the conclusions and
future research directions are introduced in Section 5.

2. Mechatronics Design and Construction

This section presents the mechatronic design and construction of a 6 DOF underwater
vehicle with 8 thrusters. In general, the vehicle has 3 hermetic tubes, the main one contains
the electronics for the navigation and vision systems, the secondary tubes are located on
the sides of the vehicle between the thrusters and hold the vehicle’s batteries. The vehicle
is equipped with two cameras inside of the main tube, a monocular camera to provide a
view of the environment during operation and a stereo camera used for inspection and
reconstruction tasks. The Computer Aided Design (CAD) of the developed vehicle is
showed in Figure 1. The development of the vehicle was divided as follows: Mechanical
design, Electrical and electronics system, Vision system, and Control ground station. Each
one of these components is described below.

CG

x
z

y

23
0m

m

Figure 1. CAD design of the vehicle.

2.1. Mechanical Design

The proposed mechanical structure was designed in order to distribute the compo-
nents such that the center of mass and the geometrical center would be in the same location,
which provides static buoyancy stability in the water in roll and pitch angles. The mechan-
ical design of the vehicle was performed using SolidWorks, where different mechanical
parameters were approximated through the definition of materials, such as: location of the
center of gravity (CG), mass in air (27 Kg), volume of the vehicle (0.0262 m3), and others
used in the CFD analysis. The parameters of the inertia matrix are presented in Table 3.

Table 3. Parameters of the vehicle by software.

Parameters X Axis Y Axis Z Axis

Principal axes and
principal moments of inertia (kg/m2)

Ix = (0,0,1)
Px = 0.511

Iy = (1,−1,0)
Py = 0.947

Iz = (0,1,0)
Pz = 1.157

Moments of inertia
taken at the CM
(kg/m2)

Lxx = 0.947
Lyx = −0.001
Lzx = −0.000049

Lxy = −0.001
Lyy = 1.157
Lzy = 0.000123

Lxz = −0.000049
Lyz = 0.0001
Lzz = 0.511

Moments of inertia
taken at the coordinate
system (kg/m2)

Ixx = 0.947
Iyx = −0.001
Izx = −0.000076

Ixy = −0.001
Iyy = 1.157
Izy = 0.0001

Ixz = −0.00007
Iyz = 0.0001
Izz = 0.511

Center of mass (mm) X = −1.99 Y = −1.36 Z = 0.5
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2.1.1. Material Selection

A polyamide Nylon (Nylamid) plate was selected for the construction of the structure
due to its properties of resistance to underwater environments, and its lower weight
compared to metal materials. The thruster mounts were made by 3D printing using
“Onyx”, a filament combined with carbon fiber to provide strength to the mechanical
elements. The tubes used in the vehicle are of acrylic. The main tube has an inner diameter
of 8.5 in, and supports a maximum immersion of 40 m. This tube contains the electronics,
including the autopilot, the Jetson-TX2 card, the ZED camera, the communication modems,
to name a few. Two secondary tubes have an inner diameter of 4 in and are used to house
the batteries. The connections between the tubes are made through the use of penetrators
and connectors, the tubes as well as the thrusters are commercialized by Blue Robotics.

2.1.2. Frame

The structure of the vehicle has a rectangular prismatic shape, allowing the propellers,
tubes and lights to be placed in a distributed way. Moreover, the frame takes advantage of
the symmetry property, hence the geometric center and the center of gravity are located
at the same point, in addition to simplifying values in the inertia matrix. The vehicle has
70 cm by 50 cm of base and 40 cm of height. In Figure 2 we can observe the main structure
with the propellers and tubes mounted.

Figure 2. Main structure of the vehicle frame.

2.1.3. Hydrostatic and Hydrodynamic Considerations with Computational Fluid Dynamics
(CFD) Analysis

The designed vehicle, like any other body immersed in a moving fluid, is subject to
forces due to the fluid. For the design process, we consider the effects of drag and lift. Drag
is defined as the force opposed to movement through the fluid, this drag coefficient was
obtained by numerical analysis using the ANSYS Fluid Flow (CFX) software version 20.2.
The process was carried out using a control cubic volume Figure 3 (right), the considerations
used correspond to a fluid velocity of 1029 ms, at an ambient temperature of 22 ◦C and a
density of 997.86 kg/m3, a simplified vehicle geometry is used which is virtually introduced
in the control volume. In the control geometry, the front and rear parallel faces to the
analysis plane are considered as input and output respectively. To obtain the values in
the translation axis x, y and z, the planes as well as the faces of the control volume are
alternated. The approximate drag forces obtained are Fdx = 80.36N, Fdy = 85.53N and
Fdz = 102.51N, and the approximate drag coefficients are Cdx = 1.1524 , Cdy = 1.23 and
Cdz = 1.47. In Figure 3 the velocity profile of the fluid is observed acting on the surface of
the vehicle in the axis of translation y.
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Figure 3. Drag coefficient calculation in ANSYS CFX.

The computation of the hydrodynamic parameters (diagonal terms for the added
mass parameters as well as linear and non-linear damping parameters) was carried out
analytically, following the methodology reported in [48], based on the recommended
practice DNV-RP-H103 [49]. The methodology includes the following steps for determining
added mass parameters.

• Determine added mass for surge, sway and heave using 3D empirical data.
• Determine added mass for surge, sway and heave using 2D empirical data and strip theory.
• Compute the difference between both methods (obtain a scale factor).
• Determine added mas for roll, pitch and yaw using 2D data and strip theory Scale the

results and obtain the added mass parameters.

The added mass parameters computed are listed in Table 4. Moreover, the linear and
quadratic damping coefficients are presented in Table 5.

Table 4. Added Mass.

DoF Added Mass Value

Surge Xu̇ 15.4656
Sway Yv̇ 14.8887
Heave Zẇ 18.5967

Roll K ṗ 0.5527
Pitch Mq̇ 0.3153
Yaw Nṙ 0.6685

Table 5. Linear & Quadratic Damping.

DoF Linear
Damping Value Quadratic

Damping Value

Surge Xu 11.6982 Xu|u| 73.1138
Sway Yv 10.7309 Yv|v| 67.0684
Heave Zw 19.4981 Zw|w| 121.8630

Roll Kp 0.3151 Kp|p| 1.1730
Pitch Mq 0.3122 Mq|q| 0.4357
Yaw Nr 0.6240 Nr|r| 0.8707

2.1.4. Thrusters Distribution

The eight vehicle’s thrusters are model T200 of BlueRobotics and these are placed
at the vertices of the structure (assuming that the vehicle has a rectangular prismatic
geometric shape) with an inclination of π/4 in each of the 3 axes. With this configuration
we obtain a greater thrust in each direction, which allows to compensate small disturbances.
The distribution of the thrusters is shown in Figure 4, where the propeller of thrusters in
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red color turn in clockwise direction (CW) and the propeller of thrusters in blue color turn
in counter-clockwise direction (CCW). Through the combination of thrusters, the vehicle
can generate lateral, vertical, longitudinal displacements, as well as rotational movements
in roll, pitch and yaw angles. The vehicle axes are given in the body frame as XB, YB, ZB

Figure 4. Thrusters distribution in the vehicle.

Figure 5 shows the front view of the vehicle and the location of the front thrusters,
labeled as 1, 2, 3 and 4. The movements that the vehicle can perform are

- Lateral movement. This is produced by applying a positive signal to thrusters (2, 3, 6, 7)
and a negative signal to thrusters (1, 4, 5, 8).

- Roll movement around the XB axis. It is achieved through the moments generated by the
thrusters. To generate the rotation movement, a positive signal is sent to the thrusters
(2, 6, 4, 8) and a negative signal is sent to (3, 7, 1, 5).

CG

1 2

34

Frontal

+F2yz,+F6yz

+F3yz,+F7yz

Lateral

Roll

-F2yz,-F6yz

-F4yz,-F8yz

-F1yz,-F5yz

-F4yz,-F8yz

+F1yz,+F5yz

+F3yz,+F7yz

𝒀𝑩 𝑿𝑩

𝒁𝑩

Figure 5. Front view of the vehicle.

Similarly, Figure 6 shows the lateral view of the vehicle, the thrusters distribution and
the forces generated on the left side of the vehicle. From this view, the vehicle can perform
the following movements

- Vertical movement. This happens when a positive signal is sent to the upper thrusters
(3, 4, 7, 8) and a negative signal to those located at the bottom (1, 2, 5, 6).

- Pitch movement around the YB axis. This movement is obtained with a positive signal to
thrusters (3, 4, 5, 6) and a negative signal to (1, 2, 7, 8).
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CG

2

3

6

7

Lateral

+F1xz,+F2xz

-F3xz,-F4xz

+F5xz,+F6xz

-F7xz,-F8xz

Vertical

Pitch

+F5xz,+F6xz

-F7xz,-F8xz+F3xz,+F4xz

-F1xz,-F2xz

𝒀𝑩𝑿𝑩

𝒁𝑩

Figure 6. Lateral view of the vehicle.

Finally, Figure 7 shows the distribution of the upper thrusters. The movements
observed in this view are

- Longitudinal movement. This is produced by applying a positive signal to frontal
thrusters (1, 2, 3, 4) and a negative signal to rear thrusters (5, 6, 7, 8).

- Yaw movement around the ZB axis. This movement is done by applying a positive signal
to thrusters (2, 3, 5, 8) and a negative signal to the opposite thrusters (1, 4, 6, 7).

CG

1 2

5 6

Top

-F5xy,-F8xy

+F1xy,+F4xy

Forward

+F2xy,+F3xy-F1xy,-F4xy

-F6xy,-F7xy+F5xy,+F8xy

-F6xy,-F7xy

+F2xy,+F3xy

Yaw

𝒀𝑩

𝑿𝑩

𝒁𝑩

Figure 7. Top view of the vehicle.

2.2. Electrical and Electronics

The internal electrical system of the underwater vehicle, which is divided into three
subsystems. The first one, the position and communication subsystem, which allows the
communication of the vehicle’s embedded computers with the control ground station
through the MavLink protocol. The second one corresponds to the control subsystem, which
is composed by an autopilot, sensors and thrusters. The latter one, the vision subsystem,
which is integrated by a low light monocular camera, a stereo vision camera and an image
processing system. The vehicle operates with two lipo batteries of 4 cells (4 s) 10 ah
connected in parallel. The components of the electrical and electronics system are labeled
from C1 to C14 in Figure 8.



J. Mar. Sci. Eng. 2023, 11, 1744 10 of 29

Locator A1

Tether communication
wire

Camera

Raspberry Pi 3 B

Jetzon TX2

Fathom-X-R1

Fathom-X-R1

Pixhawk

Barometer Sensor

Temperature Sensor

ESC x8

Thrusters x8

Light x4

ZED Camera

Control Vehicle
Subsystem

Vision Vehicle
Subsystem

Position and Communications
Vehicle Subsystem

C14

C1

C2

C3

C4

C5 C6

C7

C8

C9

C10

C11

C12 C13

Figure 8. Vehicle electronic systems.

2.2.1. Position and Communication

The communication established between the control ground station and the vehicle is
carried out through a 100 m ethernet cable (C1) using two Fhatom-X-R1 (C3 and C4), which
extend the communication distance between devices connected via the serial protocol.
Inside the ethernet cable, one pair of wires is used for the companion computer(Raspberry
Pi 3B) (C5), one pair for the Jetson TX2 computer (C13), and another pair for the acoustic
locator A1 (C2). The companion computer is connected to a Fathom-X-R1 (C3) module
uses the MAVLink protocol, which establishes direct communication between the Pixhawk
autopilot (C6) and the control ground station. Another Fathom-X-R1 (C4) module is used
to communicate the image processing system (Nvidia’s Jetson TX2 (C13)) with the control
ground station via Secure Shell (SSH) protocol. Finally, the acoustic locator A1 (C2), from the
WaterLinked company, is part of an underwater positioning system for underwater vehicles.

2.2.2. Control Subsystem

The control subsystem is composed of a Pixhawk autopilot (C6), a temperature sensor
(C8), a barometric pressure sensor (C9), speed controllers (ESC (C7)), eight thrusters (C10),
in addition to four lights (C11). This subsystem provides measurements from the sensors in
the vehicle’s autopilot (inertial measurement unit (IMU), barometer, etc.) and sends pulse-
width modulation (PWM) signals to the thrusters, producing translational and rotational
displacements. The firmware used in the autopilot is an open source code named ArduSub
Version 4.2.0, which is part of the Ardupilot project. The ArduSub firmware has different
pre-configured frames, however the configuration for the vehicle developed in this work
is not available. Therefore, the file that contains the mixer for the frames is modified
(AP_Motors6DOF.cpp), where a new frame corresponding to the motors distribution of the
developed vehicle is added. Table 6 shows the necessary thrusters combinations to carry
out the translational and rotational movements in the 6 degrees of freedom of the vehicle,
this modification was recorded in the (AP_Motors6DOF.cpp) file.
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Table 6. Thrusters Combination.

Thruster Roll Pitch Yaw Vertical Forward Lateral

1 1 −1 −1 1 1 1

2 −1 −1 1 1 1 −1

3 1 1 1 −1 1 −1

4 −1 1 −1 −1 1 1

5 1 1 1 1 −1 1

6 −1 1 −1 1 −1 −1

7 1 −1 −1 −1 −1 −1

8 −1 −1 1 −1 −1 1

2.2.3. Vision Subsystem

The vision subsystem is composed by 2 cameras. The first one, is a low illumina-
tion monocular camera (C12) that allows to observe the environment during the con-
trol/manipulation of the vehicle. The second one, a stereo camera model ZEDcam (C14)
from StereoLabs is a depth sensor composed of two cameras, which allows to generate a
depth image up to 20 m. The SDK provided by Stereolabs allows us to perform different
image processing tasks with few lines of code, such as 3D reconstruction, visual odometry,
among others. To run the vision algorithms of the SDK it is necessary to have an Nvidia
platform, for this reason a Jetson TX2 computer (C13) was incorporated into the vehicle.

2.3. Control Ground Station

The control ground station consists of a computer running the Ubuntu 18.04 LTS
operating system, and the Robot Operating System 1 (ROS 1) software with the Melodic
Morenia distribution. To interact with the vehicle, the ROS node bluerov_ros_playground
from BlueRobotics was used. This node allows us to arm the vehicle, read battery volt-
age, read IMU values, and send control signals for vehicle movements (vertical, lateral,
longitudinal, and roll, pitch, and yaw angle movements). Therefore, the control strategies
developed are programmed by creating a new node in ROS and subscribing to the play-
ground node. In addition, the control ground station allows us to run the QGroundControl
software to operate the vehicle in manual mode using a joystick. The vehicle is connected
to the station through the communication cable and a pair of Fathom-X-R1 modules, one of
which is used for the communication with the autopilot and the other for communication
with the Jetson TX2 computer.

3. Mathematical Model and Control Strategies

In this section, we present the 6 DOF mathematical model for the underwater ve-
hicle based on the Fossen’s methodology [50]. Also, for control purposes, we present a
reduced mathematical model of 3 DOF that includes the roll, pitch and depth dynamics.
Finally, the structure of a Robust Proportional Derivative and a Super Twisting controllers
are presented.

For the development of the mathematical model as well as the design of control
strategies, the following assumptions are stated.

3.1. Assumptions

• In the 3 DOF model, the movement in surge, sway and yaw directions was neglected.
• The vehicle maintains its center of buoyancy above the center of gravity, which

provides a positive buoyancy that allows the vehicle to return to the surface in case of
power failure.

• The vehicle structure has 3 planes of symmetry.
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• In the dynamic model, the disturbances term is added to take into account the effects
of tether cable as well as waves.

• The vehicle is considered as a rigid body, without geometric deformations or bending.
• The maximum operation speed of the vehicle is less than 2 m by second.

3.2. 6 DOF Mathematical Model

Consider the underwater vehicle presented in Figure 9. Let us define the iner-
tial and body frame as II = {OI , XI , YI , ZI} and IB = {OB, XB, YB, ZB}, respectively,
η = [x, y, z, φ, θ, ψ]> ∈ R6x1 describes the vehicle’s position and orientation in the iner-
tial frame, ν = [u, v, w, p, q, r]> ∈ R6x1 denotes the linear and angular velocities in the
body frame.

��

��

��

��

��

��

��

��

�

�

	


�


�

Figure 9. Vehicle reference frame.

The 6 DOF kinetic and kinematic model expressed in the body frame are given as

Mν̇ + C(ν)ν + D(ν)v + g(η) = τ

η̇ = J(η)ν
(1)

where M = MRB + MA ∈ R6×6 represents the inertia matrix with MRB and MA as rigid-
body inertia matrix and added mass matrix respectively, C(ν) = CRB(ν) + CA(ν) ∈ R6×6

define the Coriolis matrix obtained by rigid-body Coriolis matrix CRB(ν) and Coriolis ma-
trix for a rigid-body moving through an ideal fluid CA(ν), D(ν) = DL(ν) + DNL(ν) ∈ R6×6

is the damping matrix as the sum of linear damping DL(ν) and nonlinear damping
DNL(ν), g(η) ∈ R6×1 denotes the vector of gravitational and buoyancy forces, τ =
[X, Y, Z, K, M, N]T ∈ R6×1 represents the vector of control inputs in the body frame (gener-
alized forces and moments). The kinematic transformation matrix from the vehicle body
frame to the inertial frame is given as

J(η) =
[

R 03×3
03×3 T

]
(2)

where

R =

CθCψ SθCψCφ − CψCφ SθCψCφ + SψSφ

CθSψ SθSψSφ + CψCφ SθSψCφ − CψSφ

−Sθ CθSφ CθCφ

 (3)

T =

1 TθSφ TθCφ

0 Cφ −Sφ

0 Sφ

Cθ

Cφ

Cθ

 (4)

with C(·) = cos(·), S(·) = sin(·) and T(·) = tan(·).
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3.3. 3 DOF Mathematical Model

For control purposes, we develop a more detailed 3 DOF mathematical model, where
the roll, pitch and depth dynamics are considered. With this in mind, the position, ve-
locities and input vectors are defined as η = [z, φ, θ]>, ν = [w, p, q]>, τ = [Z, K, M]>,
respectively. The inertia, Coriolis and damping matrix, as well as the vector of gravitational
and buoyancy forces, are defined as

M =

 m− Zẇ myg − Zṗ −mxg − Zq̇
myg − Kẇ Ix − K ṗ −Ixy − Kq̇
−mxg −Mẇ −Iyx −Mṗ Iy −Mq̇

 (5)

where rg = [xg, yg, zg]> is the position vector of the center of gravity CG with respect to the
center of the vehicle OB, the OB is coincident with the CG, this implies that xg = yg = zg = 0

C(ν) =

c11 c12 c13
c21 c22 c23
c31 c32 c33

 (6)

where

c12 =−m(pzg − v)− pYṗ − qYq̇ − rYṙ − uYu̇ − vYv̇ − wYẇ,

c13 =−m(qzg + u) + pXṗ + qXq̇ + rXṙ + uXu̇ + vXv̇ + wXẇ,

c21 =m(pzg − v) + pYṗ + qYq̇ + rYṙ + uYu̇ + vYv̇ + wYẇ,

c23 =− pIxz − qIyz + rIz − pNṗ − qNq̇ − rNṙ − uNu̇ − vNv̇ − wNẇ,

c31 =m(qzg + u)− pXṗ − qXq̇ − rXṙ − uXu̇ − vXv̇ − wXẇ,

c32 =pIxz + qIyz − rIz + pNṗ + qNq̇ + rNṙ + uNu̇ + vNv̇ + wNẇ,

c11 =c22 = c33 = 0

(7)

D(ν) =

−|w|Z|w|w − Zw 0 −Zq
0 −|p|K|p|p − Kp 0
−Mw 0 −|q|X|q|q −Mq

 (8)

g(η) =

(B−W)CθCφ

−BzbCθSφ

−BzbSθ

 (9)

where rb = [xb, yb, zb]
> is the position vector of the buoyancy force CB with respect to the

center of the vehicle OB, the CB is coincident in the xy− plane with the OB, this implies
that xg = yg = 0, zg = −0.1 since the vehicle is designed with small positive buoyancy.
B = ρg∇ is the buoyancy force and W = mg the weight of the body, with m the mass of
the vehicle, g the acceleration of gravity, ρ the water density and ∇ the volume of fluid
displaced by the vehicle. For the 3 DOF dynamic model, the transformation matrix J(η) is
given by

J(η) =

CθCφ 0 0
0 1 TθSφ

0 0 Cφ

 (10)

which is nonsingular for −π/2 < θ, φ < π/2. From the kinematic model given in (1), we
obtain η̈ = J(η)ν̇ + J̇(η)ν. Then, the kinetic model denoted in the inertial frame is given as

Mη(η)η̈ + Cη(ν, η)η̇ + Dη(ν, η)η̇ + gη(η) = τη (11)
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where

Mη(η) = J−T(η)MJ−1(η)

Cη(ν, η) = J−T(η)
[
C(ν)−MJ−1(η)J̇(η)

]
J−1(η)

Dη(ν, η) = J−T(η)D(ν)J−1(η)

gη(η) = J−T(η)g(η)

τη(η) = J−T(η)τ =
[
Zη , Kη , Mη

]>
The dynamic model given in Equation (11) can be rewritten as

η̈ = Mη(η)
−1[−Cη(ν, η)η̇−Dη(ν, η)η̇− gη(η) + τη

]
(12)

Defining Γ =
[
Γz, Γφ, Γθ

]> as an equivalent disturbance with the following structure

Γ =Mη(η)
−1[−Cη(ν, η)η̇−Dη(ν, η)η̇− gη(η)

]
+ Mη(η)

−1τη −Mατη

(13)

with Mα = diag
(
m− Zẇ, Ix − K ṗ, Iy −Mq̇

)
= diag

(
Mz, Mφ, Mθ

)
. Then, the underwater

vehicle dynamical model given in Equation (12) can be rewritten as

η̈ = Mατη + Γ (14)

which is equivalent to
z̈ = MzZη + Γz
φ̈ = MφKη + Γφ

θ̈ = Mθ Mη + Γθ

(15)

Finally, for control strategies design purpose, dynamics given by Equation (15) are
rewritten in a general form as

χ̈i = Miui + Γi, i = z, φ, θ (16)

and u1 = Zη , u2 = Kη , u3 = Mη . Below, we present two classical control strategies, Super
Twisting and Robust PD, that were applied to the underwater vehicle. It is worth men-
tioning that the main focus of the manuscript is not the development of control strategies.
Conversely, to show that the vehicle is able to realize stabilization and trajectory tracking
tasks even when classical control strategies are applied.

3.4. Thruster Configuration and Control Allocation

Consider the vector of forces F = [F1, F2, ..., F8]
>, where Fi, i = 1, . . . , 8 is the force ap-

plied to each thruster. The vector of generalized forces and moments τ = [X, Y, Z, K, M, N]>,
previously defined in Section 3.2, can be expressed as

τ = T(a)F = T(a)Ku (17)

where T(a) = [t1, t2, ..., t8] ∈ R6×8 is the thrust configuration matrix, a ∈ R8×1 is the thrust
rotation angle vector, K = diag[K1, K2, ..., K8] ∈ R8×1 is the thrust coefficient matrix and
u = [u1, u2, ..., u8]

> is the vector of inputs to the thrusters. The rotation angles for all
thrusters are π/4 in each of the 3 axis. Besides, each component of the thrust configuration
matrix can be obtained as
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ti =

[
fi

ri × fi

]
=



Fxi

Fyi

Fzi

Fxi lyi − Fyi lzi

Fxi lzi − Fzi lxi

Fyi lxi − Fxi lyi

, i = 1, . . . , 8 (18)

where fi = [Fxi , Fyi , Fzi ]
> is the force vector and ri = [lxi , lyi , lzi ]

> are the moment arms for
the i-th thruster. From Figure 1, the moment arms relative to center of gravity are listed in
Table 7 for each thruster.

Table 7. Moment arms for each thruster.

Ti lxi(mm) lyi(mm) lzi(mm)

T1 154 237.5 −115
T2 154 −237.5 −115
T3 154 −237.5 115
T4 154 237.5 115
T5 −154 237.5 −115
T6 −154 −237.5 −115
T7 −154 −237.5 115
T8 −154 237.5 115

Finally, the thrust configuration matrix T(a) for the vehicle developed is given by

T(a) =



0.707 0.707 0.707 0.707 −0.707 −0.707 −0.707 −0.707
0.707 −0.707 −0.707 0.707 0.707 −0.707 −0.707 0.707
0.707 0.707 −0.707 −0.707 0.707 0.707 −0.707 −0.707
0.249 −0.249 0.249 −0.249 0.249 −0.249 0.249 −0.249
−0.190 −0.190 0.190 0.190 0.190 0.190 −0.190 −0.190
−0.059 0.059 0.059 −0.059 0.059 −0.059 −0.059 0.059

 (19)

In Equation (19), the columns represent the thrusters 1 to 8, while the rows represent
the components in x, y, z and roll, pitch and yaw respectively.

The control allocation method computes the input signal u that needs to be applied
to each thruster from the control input vector τ. Then, from Equation (17), the vector of
inputs to the thruster can be computed as

u = K−1T+τ (20)

where T+ = T(a)>(T(a)T(a)>)−1 is a pseudo-inverse matrix due to the thrust configura-
tion matrix T(a) is non-square.

3.5. Robust PD Control Strategy

In order to deal with the lumped disturbances presents in the underwater vehicle
given in Equation (14), a robust compensator based on a robust filter to reduce the effects
of external disturbances [51,52] is presented in this section. First, we define the tracking
error as eχi = χi − χid , ėχi = χ̇i − χ̇id and ëχi = χ̈i − χ̈id . Then, the subsystem error for
dynamics (16) is expressed in compact form as

ëχi = Miui + Γi − χ̈id (21)

The robust control strategy is composed of a nominal controller (a proportional deriva-
tive in this case) and a robust term. The PD control strategy has been successfully imple-
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mented in underwater vehicles [53–55], for this reason is chosen as nominal controller.
Therefore, the control signal in time-domain is given as

ui = uN
i + uRC

i (22)

where the nominal control uN
i is given as

uN
i = −

Ki1eχi + Ki2 ėχi + χ̈id
Mi

(23)

with Ki1 and Ki2 positive gains to be determined. Substituting the control law ui in (21) we
obtain

ėi = Aiei + B
(

uRC
i + Γi

)
(24)

where

Ai =

[
0 1
−Ki1 −Ki2

]
, B =

[
0
1

]
, ei = [eχi ėχi ]

> (25)

and the robust term uRC
i in Laplace-domain is given as

uRC
i (s) = −

FRC
i (s)Γi(s)

Mi
(26)

where s is the Laplace operator. The term FCR
i (s) is based in the following second-order

filter [56],

FRC
i (s) =

p2
i

(s + pi)2 (27)

where the term pi is a parameter of the filter. It is assumed that the robust filters possess the
following property [57,58]: a larger pi would have sufficiently wide frequency bandwidth
and satisfy that |FRC

i (s)| ≈ 1. In order to ensure that the tracking error vector ei is bounded,
the following theorem is stated.

Theorem 1. Assume that the initial tracking error ei(0) is bounded. For positive constants T×, ε,
and for positive filter parameters pi, if the robust compensator is chosen as in Equation (26), then
the tracking error is bounded as ‖ei‖∞ ≤ ε ∀t ≥ T× [56].

Proof. From solution of Equation (24), the following solution is obtained

‖ei‖∞ ≤ γ(0) + δF‖Γi‖∞ (28)

where γ(0) = maxj supt≥0|cj exp(Ait)ei(0)| and δF = ‖(sI2×2 −Ai)
−1Bi

(
1− FRC

i (s)
)
‖1.

Assuming that the lumped disturbance term Γi is bounded, then there exists positive
constants ξ0, ξ1 and ξ2 that fulfill

|Γi| ≤ ξ0 + ξ1‖ei‖∞ + ξ2‖ei‖2
∞ (29)

If δF is small enough (|FRC
i (s)| ≈ 1) such that the following inequality is satisfied

(ξ1 + ξ2‖ei‖∞)
(√

δF + δF

)
≤ 1 (30)

then the lumped disturbances is bounded as |Γi| ≤ ξ4/
√

δF for a positive δ4. Notice that
Equation (28) can be rewritten as

‖ei‖∞ ≤ γ(0) +
√

δFξ4 (31)
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Then, we conclude that the tracking error is bounded, i.e., ‖ei‖∞ ≤ ε ∀t ≤ T×.
The attraction region is given by{

ei : ‖ei‖∞ ≤ ξ5/
√

δF

}
(32)

where ξ5 is defined as

ξ5 =
1

ξ2 + ξ2
√

δF
− ξ1
√

δF
ξ2

(33)

Finally, from Equations (28) and (32) it is concluded that the tracking error ei remains
in the attractive region if the initial conditions fulfill

‖e(0)‖∞ ≤ ξ5/
√

δF (34)

Remark 1. For the implementation of control signal ui, the equivalent disturbance Γi cannot be
measured directly, then it can be derived from (21) as

Γi = ëχi −Miui + χ̈id (35)

Then, from Equations (35) and (26), the following realization is obtained in time-domain for
uRC

i with auxiliary state variables ξi1 and ξi2

ξ̇i1 = −piξi1 − p2
i ei1 + Miui

ξ̇i2 = −piξi2 + ξi1 + 2piei1

uRC
i =

p2
i (ξi2 − ei1)

Mi

(36)

3.6. Super Twisting Control Strategy

The super twisting controller is a second order sliding mode that reduce the chaterring
effect in the control signal and enable us to reject lumped disturbances. Consider the
following sliding mode surface

si = ėχi + βieχi , βi1 > 0 (37)

where the tracking error eχi and its temporal derivative were previously defined. Notice
that if the sliding surface si = 0, then the tracking error converges asymptotically to zero.
With the dynamics given in Equation (16), the temporal derivative of the sliding surface is
given by

ṡi = Miui + Γi − χ̈id (38)

Then, the following control law based in the super twisting algorithm is proposed

ui =
1

Mi

(
χ̈id − βi ėχi − ksi1 |si|

1
2 sign(si)− ksi2

∫ t

0
sign(si)dτ

)
(39)

with gains ksi1 and ksi2 to be defined latter. Substituting the control law (39) in the temporal
derivative of the sliding surface, we obtain

ṡi = −ksi1 |si|
1
2 sign(si)− ksi2

∫ t

0
sign(si)dτ + Γi (40)

To guarantee the stability of the tracking error, it is necessary to guarantee the conver-
gence of the sliding surface to zero.
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Theorem 2. Consider the second order system given in Equation (16) and the sliding surface
defined in (37). Assume that the derivative with respect to time of the disturbance Γi is globally
bounded as |Γ̇i| < Γ+

i with Γ+
i > 0. If the control signal is proposed as in Equation (39), and the

gains ksi1 and ksi2 are selected according to

ksi1 > 0, ksi2 > ksi1

6Γ+
i + 4

(
Γ+

i
ksi1

)2

2ksi1

(41)

then, the sliding surface defined (37) converges to zero (si = 0) in a finite-time T and the tracking
error eχi is asymptotically stable [29,30].

Proof. A sketch of the stability analysis based in Lyapunov theory is presented below.
Consider the following change of variable

σ = [σ1 σ2] =

[
|si|

1
2 sign(si) − ksi2

∫ t

0
sign(si)dτ + Γi

]>
(42)

Let us define the following Lyapunov candidate function

V = σ>Pσ (43)

where

P = PT =

[
2ksi2 +

1
2 k2

si1
− 1

2 ksi1

− 1
2 ksi1 1

]
(44)

Notice that P matrix is positive definite if ks2i > 0. The time derivative of (43) is given
as

V̇ = − 1
|σ1|

σ>Qσ + Γ̇i$σ (45)

where

Q = Q> =

 ksi1
2

(
k2

si1
+ 2ksi2

)
−

k2
si1
2

−
k2

si1
2

ksi1
2

, $ = [−ksi1 2] (46)

For Equation (45), we can obtain

V̇ ≤− 1
|σ1|

σ>Qσ + |Γ̇i$σ|

≤ − 1
|σ1|

σ>Qσ

(47)

where

Q =

 ksi1
2

(
k2

si1
+ 2ksi2

)
− ksi1 Γ+

i −
k2

si1
2 − Γ+

i

−
k2

si1
2 − Γ+

i
ksi1

2

 (48)

The matrix Q is positive definite if the gains are chosen as in Equation (41). Therefore,
the derivative of the Lyapunov function is negative definite. Moreover, from the fact that

λmin(P)‖σ‖2 ≤ V ≤ λmax(P)‖σ‖2 (49)

where λmin(P) and λmax(P) denote the minimum and maximum eigenvalues of P matrix,
we can obtain

|σ1| ≤ ‖σ‖ ≤
V1/2

λmin(P)
1/2 (50)
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Then, Equation (47) can be rewritten as

V̇ ≤ −ζV1/2 (51)

where ζ =
λmin(P)

1/2λmin(Q)
2λmax(P)

. From Equation (51), it follows that V and σ converge to zero

in a finite time T bounded by T ≤ 2V(0)1/2

ζ . It is worth mentioning that if σ → 0, then the
sliding surface si converges to zero in finite time.

4. Results

This section introduces the final results for the design and construction of the under-
water vehicle. Moreover, simulation and the experimental results for a Super Twisting
and Robust PD control strategies are implemented for the roll, pitch and depth dynamics
of the vehicle. Furthermore, to probe the vision characteristics, a 3D reconstruction was
conducted in real time.

4.1. Underwater Vehicle Platform

Once the frame of the underwater vehicle was assembled, as shown in Figure 2,
the vehicle’s electrical connections were carried out. Figure 10 shows the main tube
with the electronic components of the position and communication, control and vision
subsystems. The connections of each subsystem were tested individually and together
before closing the main tube.

Figure 10. Main tube with the electronic components.

Once the electronic connections of the underwater vehicle were completed, it was fully
assembled as shown in Figure 11. After that, a vacuum test was performed successfully.

Figure 11. Fully assembled underwater vehicle.

As a safety factor, a common practice is to design an AUV with positive buoyancy,
guaranteeing that if they have any failure, it will tend to rise to the surface of the water
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and thus be able to recover it. Also, buoyancy should not be excessive because the vehicle
will consume more energy to achieve immersion, reducing autonomy time. The bouyancy
tests were conducted in a circular swimming pool, where the prototype was placed on the
surface and it was verified that it has positive buoyancy. The vehicle keeps approximately
8% of its body out of the water when it is at rest, as is observed in Figure 12.

Figure 12. Bouyancy compensation, with small positive buoyant.

The first displacement test was carried out in manual mode, where it was possi-
ble to observe the correct movement of the vehicle in its 6 DOF. In Figure 13 we can
observe the vehicle inside a swimming pool when it is operated manually. The be-
havior of the vehicle in manual operation can be appreciated in the following video:
https://youtu.be/C_jpOa8Ytys (accessed on 25 August 2023).

Figure 13. Underwater vehicle in a swimming pool operated in manual mode.

4.2. Trajectory Tracking Results

In order to observe the vehicle’s performance in closed-loop, three sets of experi-
ments were proposed for the roll and pitch angles, as well as the for the depth dynamics,

https://youtu.be/C_jpOa8Ytys
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where two control strategies were applied: a super twisting and a robust PD controller.
The experiments sets are described below.

• Experiments A. In these experiments, the vehicle starts in zero as initial condition for
the three dynamics (roll, pitch and depth) and the vehicle tracks a desired reference.
For the roll and pitch angles, a reference signal of 10 degrees was requested at time
15 s. For the depth dynamics, a reference signal of 20 cm is requested from time instant
zero. The objective in these experiments is to show the vehicle’s performance from
rest.

• Experiments B. This set of experiments was conducted for roll and pitch angles only.
For both dynamics, the signal reference is a square trajectory with a first order low-pass
filter. In these experiments the vehicle moves from rest to a reference of−5 degrees and
after that it returns back to rest. The objective is to observe the vehicle’s performance
when it is stabilized at zero, starting from a non-zero initial condition.

• Experiments C. In this test the vehicle was stabilized at a reference of 10 degrees in roll
angle, during the test in two time instants a extra load of 200 g is placed in the vehicle
(at one edge of the vehicle) and removed in approximately fifty seconds. This virtual
change in system parameters generates a moment of 0.51N in the center of gravity,
opposite to the roll angle. The objective of this experiment is to show the robustness
of the control strategy when an extra load is added to the vehicle. In this experiment
the robust PD controller was tested only.

It is worth mentioning that only the conditions of Experiments A were simulated. This
simulation enables us to conduct a comparison between the mathematical model and the
real-time platform. Experiments A, B and C were conducted in real-time to observe the
underwater vehicle’s performance under different operating environments.

The control parameters for simulation and experimentation of the ST controller are
shown in Table 8. In addition, Table 9 shows the parameters of the Robust PD controller for
the simulation and experimentation cases.

Table 8. Parameters ST Controller.

Simulation Gains Experimental Gains

Dynamic βi ksi1 ksi2 βi ksi1 ksi2

z 0.8 1.8 0.1 0.4 4 0.6
roll 0.4 0.1 0.01 0.6 1.5 0.4
pitch 0.4 0.15 0.02 0.5 3.5 0.8

Table 9. Parameters Robust PD Controller.

Simulation Gains Experimental Gains

Dynamic Ki1 Ki2 pi Ki1 Ki2 pi
z 3 1.5 0.7 1.5 0.5 0.3
roll 0.9 0.35 0.5 8 1.4 1
pitch 0.5 0.25 0.5 2.5 0.5 1

4.2.1. Simulation Results

Below, the description of the first set of experiments is described for roll, pitch angle
as well as depth dynamic.

Experiments A

In this first set of experiments, a reference signal of 10 degrees was requested at a time
of 15 s for roll and pitch dynamics. A similar behavior is observed in the response of both
controllers for roll in Figure 14, but the Robust PD control reaches the reference in less time.
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Figure 14. Simulation for Roll angle with ST and Robust PD controllers.

Now in Figure 15 we can observe the behavior of the ST and Robust PD controllers for a
pitch reference, we can see that the ST controller response is faster than the Robust PD controller,
however, the Robust PD controller converges more quickly to the requested reference.
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Figure 15. Simulation for Pitch angle with ST and Robust PD controller.

The last simulation test is shown in Figure 16, it is observed an overshoot for the ST
controller in the z dynamic, if this overshoot is reduced, the time to reach the reference
becomes too large compared to the Robust PD controller.
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Figure 16. Simulation for Z distance with ST and Robust PD controller.

4.2.2. Experimental Results

In order to observe the vehicle’s performance in closed-loop, three sets of experiments
were conducted for the roll and pitch angles, as well as the for the depth dynamic, where
two control strategies were applied; a super twisting and a robust PD controllers.

Experiments A

The experimental results for the first set of experiments are presented in Figures 17 and 18.
We can observe that when the super twisting controller is applied, the convergence time is
slow. When the experiment is conducted with the robust PD controller, we can note that
the controller exhibits a better performance and the angles are close to the reference signal.
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Figure 17. Experimental test results for Roll angle with ST and Robust PD controller.
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Figure 18. Experimental test results for Pitch angle with ST and Robust PD controller.

The control input signal for both previous experiments are presented, in Figures 19 and 20
we can appreciate the thrust force signal for roll and pitch respectively, the range of signal
values are expressed in Nm and is calculated using a relationship in the performance charts
for T200 thrusters provided by Bluerobotics and the distance from the centre of gravity and
the location of the thrusters.
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Figure 19. Control inputs for Roll angle using ST and Robust PD controllers.
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Figure 20. Control inputs for Pitch angle using ST and Robust PD controllers.

In Figure 21 an overshot can be observed when the super twisting controller is ap-
plied to the depth dynamics for an immersion task. In this case, the reference signal
was 20 cm. In contrast, when the robust PD is applied, the vehicle tracks the desired
reference successfully.

Finally, in Figure 22 we can observe the forces produced by input signals for the z
dynamics, both controllers maintain a similar control signal, however, the ST controller
shows an overshoot during its reaching time.
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Figure 21. Experimental test results for Z distance with ST and Robust PD controller.
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Figure 22. Control inputs for Z distance using ST and Robust PD controllers.

Experiments B

A second set of experiments were conducted only for roll and pitch angles, as is
shown in Figures 23 and 24. In these experiments, the robust PD and ST controllers
were used. The reference signal was a square trajectory with a first order low pass filter.
It can be observed that the references includes negative angles in contrast to previous
experiments. A satisfactory response for Robust PD was obtained, and a slightly more
oscillating response. However, the amplitude of the oscillations is about 1 degree.
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Figure 23. Trajectory tracking experiment for pitch angle, Super Twisting and Robust controller.
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Figure 24. Trajectory tracking experiment for roll angle, Super Twisting and Robust controller.
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In this case, conventional strategies were chosen to be applied.

Experiments C

In Figure 25 we can see the robustness behavior of the Robust PD controller. In this test,
the vehicle was stabilized at a reference of 10 degrees on roll, during the test time, a load
of 200 g was applied and removed at the edge of the vehicle, generating a disturbance
of approximately 1.5 degrees in roll angle. The moment opposing to the control signal is
0.51N, the negative peaks indicate when the load was placed while positive peaks indicate
when the load was removed.
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Figure 25. Robust controller response for roll angle with an extra load added.

4.2.3. Guidelines for Control Parameters Tuning

The following items show how the parameters of both controllers are determined.

Super Twisting Controller

• First, a not so large βi is chosen keeping ksi1 = 1 and ksi2 = 0, since it was observed
that a too large βi generates oscillations in the vehicle’s dynamics. The parameter βi
affects the convergence velocity of the system.

• The next step is to select a ksi1 with ksi2 = 0, since the behavior is similar to the
proportional gain of a classical Proportional Integral Derivative (PID) controller, this
was chosen to ensure that the convergence to the reference should be in a time no
longer than 20 s.

• Finally, the gain ksi2 is chosen, helping us to reduce the error in steady state.

Robust PD Controller

• First, a gain adjustment was made for the classic PD controller, the proportional gain
Ki1 is selected, large enough to make the system respond with Ki2 = 0.

• With proportional gain Ki1 selected, a proportional gain Ki2 was chosen to reduce
overshoot in the dynamics response.

• Finally, a gain pi was selected for the robust term, which helps to compensate the
equivalent disturbances Γi. The parameter pi can be increased monotonically until a
successfully performance is observed [51].

4.3. 3D Reconstruction

The final 3D reconstruction result is presented in Figure 26. In this experiment, we
obtain a 3D model of a plastic cover located on the edge of a circular swimming pool.
The result was obtained using the ZEDfu which is a 3D scanning application of StereoLabs
that captures 3D models of a scene in real-time. This result enables us to conduct quick
analysis of the environment.

A zoom in the 3D model is presented in Figure 27. The model obtained has a consid-
erable quality and details such as letters and logos can be appreciated. With this quality
of reconstruction, relevant information can be obtained and because it is an online pro-
cess, inspections of structures and environments can be carried out quickly. The behavior
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during 3D reconstruction using the ZED-CAM can be appreciated in the following video:
https://youtu.be/yHETmH6ThYk (accessed on 25 August 2023).

Figure 26. 3D model obtained with ZED cam of the swimming pool wall.

Figure 27. Zoom of the 3D reconstruction.

5. Conclusions

This research work presents the development, design and construction of an un-
manned underwater vehicle. This vehicle has a vectorized thruster location that will allow
addressing control allocation issues with overactuated settings in terms of control inputs,
resulting in greater vehicle maneuverability. The mechanical design, construction, hydro-
dynamic analysis, integration of control and vision systems were presented. Implementing
controllers known in the literature, favorable results were obtained in the trajectory tracking
task. Experiments were presented adding an external weight to the vehicle and it was
observed that the controller was capable of adjusting to this parameter change in the vehicle.
A methodology was presented to tune the parameters of the controllers applied during the
experimental tests. We have presented the comparison of two existing controllers in the
literature applied to the underwater vehicle. The built vehicle represents a mechatronic
platform for testing the effectiveness of different strategies in the navigation and automatic
control field, as well as performing 3D reconstruction of the environment in real time.
The vehicle has a mechanical design in which each element was selected based on the
thruster distribution necessary to obtain greater thrust in each direction, which allows to
compensate small disturbances. The experimental results show that the vehicle is able to
follow a trajectory in the presence of small perturbations when super twisting and robust
PD strategies were applied. In addition, the vision system of the vehicle was tested by
reconstructing the surface of a plastic cover located in the internal wall of the circular pool,
with a successful performance in the reconstruction and a satisfactory definition. As future
work we foresee the conception of controllers and optimal allocation algorithms that give

https://youtu.be/yHETmH6ThYk
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more importance to certain dynamics or degrees of freedom of the vehicle. Furthermore
we envisage the performance of experiments that control all the degrees of freedom.
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