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Abstract

Remotely operated vehicles (ROVs) are marine submersible robots that serve a variety of purposes in
industry and research. These unmanned vessels harness human judgment and precision to perform
tasks within extreme environments like the deep sea, polar, and volcanic regions of the ocean. Some
examples of their usages are to survey the ocean oor, maintain pipelines and collect scienti ¢ data
in the form of sediment and hydrothermal vent plume samples and optical observations of marine
wildlife. Training of ROV pilots is typically very expensive and time-consuming because of the highly
specialized skill requirements. A novel system was proposed by collaborators from the University of
Florida (UF) and the University of Hawai'i at Manoa (UHM) for piloting ROVs with an intuitive
augmented/virtual reality (AR/VR) interface that uses a hybrid autopilot. To demonstrate the
feasibility of this system the group at UHM altered the ArduSub rmware of the commercially
available BlueROV2 (BROV2) Heavy to enable model-based quantitative control. Error feedback
control for the hybrid autopilot was implemented using Robot Operating System (ROS) in a modular
manner that enabled various levels of autonomy to assist ROV pilots. Alongside the development of
the custom rmware and hybrid autopilot, the software-in-the-loop (SITL) simulation environment
was also updated with an experimentally determined hydrodynamic model using onboard sensor-
based system identi cation techniques As much as sixty percent improvement of relative error
when predicting vehicle behavior compared to the original SITL model. The calibration process
of the hybrid autopilot involved iteratively cycling between SITL and water tank testing. It was
demonstrated that this procedure was an e ective method for achieving precision control of the

BROV2.
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Chapter 1

Introduction

Unmanned Underwater Vehicles (UUVs) are a class of marine robot that are deployed without a
pilot physically present onboard. There are two primary types of UUV, the remotely operated vehicle
(ROV) which has a pilot controlling the vehicle from some remote location, and the autonomous
underwater vehicle (AUV) which has no pilot in the loop. Historically, the rst use of ROVs in the
1960s predated the rise of AUVs in the 1990s; ROVs were rapidly developed to serve the interests
of the oil and gas industries [2]. These unmanned vehicles assist in the exploration of extreme
environments that would be dangerous for direct human involvement.

Autonomous underwater vehicles are recognizable by their torpedo-shaped hullform (Figure 1.1),
as they are typically designed to travel long distances underwater e ciently while minimizing drag.
Autonomous underwater vehicles have evolved a wide range of applications over the years, they
have garnered interest for covert defense applications scouting ahead of battle and responding to
terroristic threats to ports [3]. They are also well-suited for oceanographic science applications
when equipped with the appropriate sensors. Finding extensive use in marine geoscience, tracking
hydrothermal vent uids, exploring extreme polar environments, and able to do so at great depths [4].
Using acoustic-based sensors AUVs can simultaneously map bathymetry and navigate by tracking
the relative motion of the sea oor [5]. Utilization of multiple AUVs in a eet for monitoring spaces
in the ocean, search and rescue operations, and seismic activity tracking is discussed in [6]. For a
more comprehensive list of purposes and examples of AUVs refer to [1].

Unlike AUVs, which have no human intervention, ROVs have pilots that can leverage human
judgment and discretion for close-range missions requiring more nuanced control. Remotely operated

vehicles continue to be widely used for maintenance, surveying, and monitoring in the oil/gas and
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Figure 1.1: Some illustrations of autonomous underwater vehicles (AUVs) (a) REMUS-6000, (b)
Blue n-21, (c) U-CAT, and (d) Kawasaki AUV, citations for each individual vehicle are in [1].

Figure 1.2: Clockwise from top left: Hercules [7], Jason [8], SuBastian [9], and Lu'ukai [10] are
examples of research remotely operated vehicles (ROVSs) currently in service.



Figure 1.3: The BlueROV2 (BROV2) Heavy shown from an angled perspective annotated with body-
xed reference frame symbols and nomenclature. The body- xed coordinate axes are attached to
the vehicle's center of mas<s. In the Heavy con guration it has eight thrusters; four are positioned
vertically on the upper layer and four are positioned at symmetric angles on a lower plane not totally
visible in the gure.

other industries. Rare and valuable minerals previously not economically feasible to collect has had
growing interest, in January 2024 Norway became the rst country to allow deep-sea mining in its
waters [11]. The Scienti ¢ and Environmental ROV Partnership using Existing Industrial Technology
(SERPENT) Project, leverages industrial ROVs regular access to deep-sea environments in sharing
scienti ¢ data with the research community [12]. They are also used extensively in marine geoscience
to sample hydrothermal vents and collect sediment samples with manipulator arms [13, 14]; monitor
the movements of sh assemblages with vision-based sensors [15, 16]; as well as other aquaculture

and oceanographic purposes. Some examples of ROVs used for research are shown in Figure 1.2.

As technology becomes more a ordable ROVs have become increasingly commonplace in a variety
of settings. Re ecting ROVS' rise in ubiquity is children's positive perception of them [17] and

growing interest in building custom ROVs from scratch [18, 19, 20, 21].

There have been a few startups that have previously o ered premade consumer-priced ROVs

like Trident ROV by OpenROV. However, not many of these startups have stood the test of time,
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and in the case of OpenROV, was bought by a larger company Sofar Ocean [22] that have a more
industrial-centric customer base. One company that has startup origins and continues to grow is
Blue Robotics, they have established themselves as a prominent source of a ordable high-quality
marine robotics equipment like thrusters, tethers, and pressure vessels. Their agship product
is the BlueROV2 (BROV2) [23], which comes in standard six-thruster or eight-thruster Heavy
con gurations (Figure 1.3). This vehicle has been popular among researchers because it is built
on an open-source platform that facilitates software, hardware, and rmware customization. It has
been used in aquaculture to track the length of kelp with machine learning image processing [24]
and been equipped with a DVL, sonar, and stereo vision camera for under-ice sensing [25]. Such
projects greatly bene t from the hacking ethos of the BROV2, where other commercially available

vehicles actively discourage user modi cations.

The skills required of ROV pilots are highly specialized and have historically required extensive
time-consuming training resulting in a limited workforce that ultimately hinders applications of
ROVs. In a joint venture between the University of Florida (UF) and the University of Hawaii at
Manoa (UHM) a novel framework was proposed that addresses this issue with an augmented/virtual
reality (AR/VR) interface for pilots [26, 27]. There are ve modules to this project: ROV, Subsea
Sensing, Workplace Model, Robotic Simulation and Control, and Human Operator. These modules
together provide an interface for human pilots to control ROVs from remote locations as far as
Florida to Hawaii with immersive AR/VR that accelerates training and improves accessibility of
the professional workforces. The purview of our research group at UHM is the ROV and Robotic
Control modules. The ROV used is the BlueROV2 (BROV2) Heavy in Hawaii that the AR/VR
pilot in Florida controls remotely. The Robotic Control module includes how the AR/VR gestures

are mapped to BROV2 movements and other autopilot functions that assist the remote pilot.

In order to design an e ective autopilot, accurate system identi cation of the BROV2 is necessary.
Typical methods employ tow tank testing [28] or motion capture systems [29] to record dynamics
of a system from which models are derived, these are specialized tools which are prohibitively
expensive if facilities are not already in place. Procedures for modeling a marine vehicle using
onboard sensors [30, 31] instead, shall be proven to be a reliable alternative. In this thesis, the
governing equations for the BROV2 and the base model for the autopilot shall be introduced
rst. The physical model description of the BROV2 Heavy and actuators are reviewed in the

following chapter. Experimental open-loop water tank testing that determined the hydrodynamic
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coe cients for the yaw and heave degrees of freedom shall be discussed next. These models go on to
update the open-source simulation environment to produce more accurate results. The last chapter
will cover implementation details of the autopilot including simulation testing and experimental
validation of calibrated control laws. Autopilot features are designed to be mixed-and-matched in
Robot Operating System (ROS) depending on use case for various levels of autonomy. Earlier work
documented in [32] will also be supporting ndings. This thesis shall demonstrate methodologies
for building robust quantitative control for the BROV2 Heavy which can be replicated for other

payload con gurations.



Chapter 2

Conventions and Models

In this chapter mathematical conventions, coordinate systems, and symbols used in this thesis
shall be de ned. Once conventions and coordinate systems are established, the full six degrees of
freedom (6DOF) governing equations model for the BROV2 shall be presented. The particular

hydrodynamic model used throughout the rest of this work shall also be speci ed.

2.1 Coordinate Systems and Conventions

In this thesis, bolded variables represent vectors or matrices and non-bolded variables represent
scalars. The coordinate systems used will have three orthogonal axes. For any given coordinate
system let the rst, second, and third axes be de ned with the generic frame-agnostic unit vectors
T, 1, and R, respectively. Thus by the right-hand convention, the cross product oft and | generates
K. [33] When viewing a unit vector such that it is pointing out of the page, the positive direction of
rotation about the axis is counter-clockwise. As such, every linear degree of freedom has an angular

degrees of freedom associated with it.

2.1.1 Inertial and Body- xed Reference Frames

There are two primary coordinate systems that shall be referenced throughout this work: the inertial
and body- xed frames. Together, these two reference frames de ne an object's geometric state.
Adopting the SNAME conventions [34] the linear degrees of freedom in the inertial frame shall be
referred to as

1=Ixy;z] (2.1)
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Position/Orientation Linear/Angular Velocities External Forces/Moments
in Inertial Frame in Body-Fixed Frame in Body-Fixed Frame
Symbol Vector Direction | Symbol| Vector Direction | Symbol| Vector
X Surge u Surge X
y 1 Sway v 1 Sway Y 1
z Heave W Heave Z
Roll p Roll K
2 Pitch q 2 Pitch M 2
Yaw r Yaw N

Table 2.1: Throughout this thesis these symbols and conventions are used for the 6DOF marine
vehicle parameters.

Angular degrees of freedom are contained in

2=[:: T; (2.2)

where the Euler angles , , and describes the orientation of the body- xed frame with respect to

the inertial frame. The complete 6DOF representation of position in the inertial frame is
=[ 1 2] =lxyizis; T (2.3)
The body- xed coordinate system is attached to the object's center of mass and aligned with

the designated orientation (see the following Section 2.1.2). Also in line with SNAME conventions,

body- xed linear velocities shall be de ned with

1= [upviw] (2.4)
Angular velocities in the body- xed frame are

2 =[piasn (2.5)
The complete 6DOF representation of velocity in the body- xed frame is

=[ 1; 21 ;=[uvsw;p;g;n (2.6)
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External forces in the body- xed frame are

1=[XY;2T (2.7)

External torques in the body- xed frame are

2 =[K;M;N T (2.8)

The complete 6DOF representation of forces and torques in the body- xed frame is

=[X:Y;ZK;M;N T : (2.9)

These 6DOF motions in the body- xed frame are named surge, sway, heave, roll, pitch, and yaw.
Figure 1.3 shows how the body- xed frame variables and names apply to the BROV2. There is no
standard terminology for linear motions in the inertial frame; the terms \roll," \pitch," and \yaw"

are also used to describe the Euler angles, , and in Equation (2.2).

Because the body- xed reference frame moves and rotates with the object, position and
orientation values of the object itself in the body- xed reference frame are always zero. Said
di erently, the origin of the body- xed coordinate system coincides with the body's center of gravity
and the axes of the body- xed reference frame are rigidly aligned with the chosen coordinate axes,
i.e. Forward, Starboard, Down or Forward, Port, Up of the body (see the next section for more
details). Instances where objects or quantities known in the body- xed frame shall be indicated

with a \ b" subscript.

2.1.2 Choice of Reference Frames

The inertial frame is a xed coordinate system aligned with the cardinal directions either the North-
East-Down (NED) or East-North-Up (ENU), where \down" is de ned as the direction of gravity.
These acronyms name the rst and second axes in order. For ENU, the rst axis points East and
the second points North, causing the third to point away from the center of the earth.

The body- xed reference frame is a dynamic coordinate system that moves and rotates

with an object. Forward-Right-Down/Forward-Starboard-Down (FRD/FSD) and Forward-Left-

8
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