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Problem Formulation

Thesis description:

The Artifex project is developing technologies for future remote operations at fish farms
where the main objective is to develop robots for regular remote inspection, maintenance
and repair operations without onsite personnel. The ROV used in the Artifex project
requires proper controllers to accomplish the assigned tasks automatically, and choosing
the right control strategy may determine the success of the operation. The task of the
thesis is to develop new and improve existing control and guidance systems for a ROV
conducting robust and autonomous inspections of aquaculture net pens.

The following subjects should be considered:

1. Literature review in relation to:

(a) Maneuvering controllers and models, with focus on disturbance compensation
(b) Sea state at exposed aquaculture locations
(c) Bathymetric SLAM

2. Suggest new control and guidance systems, as well as improving existing control and
guidance systems with respect to robustness.

3. Perform an analysis of the stability properties of the suggested control and guidance
systems.

4. Software validation of the controllers in FhSim.

5. Field validation of the controllers.

Supervisor: Prof. Kristin Ytterstad Pettersen, Dept. of Engineering Cybernetics, NTNU
Co-supervisor: Dr. Walter Caharija, SINTEF Ocean
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Abstract

This thesis presents a method for controlling a remotely operated vehicle (ROV) to au-
tonomously traverse and inspect an aquaculture net pen. The method is based on the
measurements from a Doppler velocity log (DVL), and uses these measurements to esti-
mate the ROV attitude and position relative to the net pen. The traveled distance of
the 4 hydro-acoustic DVL beams is measured, and from these four measurements, the net
pen surface is approximated as a plane. The ROV heading and distance relative to the
approximated net pen surface are used as inputs in a guidance law.

The proposed nonlinear guidance law is based upon the nonlinear line-of-sight (LOS) guid-
ance law, and utilizes that the ROV is fully actuated in the north-east plane to guide the
ROV to the desired path independent of the vehicle heading. Through Lyapunov analysis,
the asymptotic convergence of the crosstrack error is proven. Finally, for control of the
vehicle states the thesis proposes both a 1st order sliding mode control law and a super-
twisting algorithm with adaptive gains, and through simulations the performance of the
control laws are compared to that of classical PID control.

The system have been designed and tested using the simulation platform FhSim, provided
by SINTEF Ocean. In simulations, the ROV performs well, and is able to accurately
traverse the net pen in the presence of both currents and waves. Furthermore, practical
experiments using an Argus Mini ROV have been conducted both at a water basin and
at SINTEF ACE, a full scale aquaculture laboratory. The results from the experiments
verifies the performance of the presented method, and the ROV traverses the net pen
successfully.






Sammendrag

Denne oppgaven presenterer en metode for a kontrollere en fjernstyrt undervannsbat (ROV)
til & autonomt traversere og inspisere en not for bruk i fiskeoppdrett. Metoden er basert
pa Doppler velocity log- (DVL) méalinger, og bruker disse malingene til & estimere ROVens
posisjon og orientering relativt til nota. Reiseavstanden til de 4 hydroakustiske DVL-
stralene er malt, og fra disse fire malingene sa er notoverflaten approksimert som et plan.
ROVens pekeretning og avstand til den approksimerte notoverflaten blir videre brukt i en
guidingslov.

Den foreslatte ulinesere guidningsloven er basert pa siktlinje-banefplging (LOS), og bruker
at ROVen er full-aktuert i det horisontale planet til a styre ROVen mot den gnskede
banen uavhengig av ROVens pekeretning. Gjennom Lyapunov-analyse sa blir det vist
at ROVens distanse til referansebanen konvergerer mot null. For a regulere tilstandene til
ROVen, sa foreslas bade en 1. ordens sliding mode-regulator og en super-twisting algoritme
med adaptive padrag, og gjennom simuleringer er responsen til de foreslatte regulatorene
sammenlignet med klassisk PID-regulatorer.

Systemet har blitt designet og tested via simuleringsplattformen FhSim, utviklet av SIN-
TEF Ocean. ROVen presterer bra under simuleringer, og er i stand til & presist folge nota
under pavirkning av bade bglger og havstrom. Videre har det blitt gjennomfgrt praktiske
eksperimenterer bade i basseng, samt pa SINTEF ACE, et fullskala fiskeoppdrettslabora-
torium. Eksperimentene viser at ROVen er i stand til & autonomt fglge nota.
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Chapter 1

Introduction

This master thesis explores methods of automating remotely operated vehicle (ROV) in-
spections of aquaculture net pens. As net pens are dynamic structures, the shape of net
pens will be time-varying in the presence of environmental loads such as ocean currents and
waves. This can be problematic for guidance systems based upon geo-referenced positions,
as they yield no information of the position of the ROV relative to the unknown net pen
position and shape. In response to this, the thesis explores how a Doppler velocity log
(DVL) system can be used as a mean for navigation of the ROV by computing the ROV
position relative to the net pen. Finally, the thesis also concerns the design of guidance
and control systems, with the aim of making the ROV autonomously transverse the net,
as well as being robust to environmental disturbances.

1.1 Motivation

With a steadily increasing global population of more than 7 billion people, producing
enough food is a major challenge. Furthermore, land-based agriculture often yield a big
carbon footprint. With the majority of earth’s surface being covered by oceans, marine food
production will be essential in terms of meeting global food demands while simultaneously
decreasing carbon emissions. Aquaculture is the fastest growing food production industry
in the world, and by 2030 the World Bank projects that 62% of all seafood consumed will
be raised in fish farms [3].

The ocean has historically been of great importance for Norway and the Norwegian econ-
omy, with a vast coastal line and a continental shelf four times the size of the Norwegian
mainland. The Norwegian aquaculture industry has been experiencing a rapid growth since
the 1970s, and in 2017 there were a total of 1070 registered sites for salmon fish farming
along the Norwegian coast [37] and the aquaculture industry had a revenue of 62 billion
NOK [51]. However, the aquaculture industry faces several challenges, such as fish welfare,
HSE and fish escapes. In 2010, it was reported that more than two thirds of the registered
fish escape incidents in the Norwegian aquaculture industry stems from holes in the net
[30]. Escapes from fish farms are a threat to the wild fish population, for example from
transfer of diseases or alteration of wild fish genetics through interbreeding. Inspection,
maintenance and repair operations of net pens are important countermeasures against this
threat.
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Figure 1.1: Illustration of the Artifex concept (A.M. Lien, SINTEF Ocean AS)

Traditionally, Norwegian aquacultural sites have utilized professional divers for inspection
and repairs of net pens. However, diving operations are particularly exposed to risk. In a
recent pole for the Norwegian labor union Industri Energi[21], 57% of Norwegian inshore
divers stated that they have experienced a work-related fear of death or severe injuries. This
is a key motivation for replacing the divers with ROVs, a trend that has been increasing
for the last decade. Typically, the pilot steers the ROV based upon information from a
forward-looking camera and sensors such as compass and depth sensors. Due to water flow
turbidity, lighting conditions and surrounding biomass, piloting of ROVs are challenging,
and full coverage of the net cannot be expected. To enable safe and reliable inspections of
net pens, new control methods are required. Furthermore, there is an ongoing effort towards
developing new methods in aquaculture robotics that can enable remote or autonomous
operations [23|, which will both increase safety and reduce operational costs..

Another trend in recent years is that fish farms tend to relocate to locations more exposed
to environmental loads such as winds, waves and currents. These locations have a greater
water flow, which is beneficial in terms of waste dispersal and water quality. However, more
exposed locations poses new challenges to the fish farming industry, due to the severity and
irregularity of the environmental loads. For marine motion control, one often assume that
environmental loads are constant or slowly varying in space and time. This assumption
may not hold for aquaculture at exposed sites, and more robust control systems may be
needed.

As part of the ongoing development in autonomy in the fish farming industry, SINTEF
Ocean is developing a project for future remote operations at fish farms called Artifex. The
main objective of the Artifex project is to develop robots for remote autonomous inspec-
tion, maintenance and repair operations at fish farming sites. In particular, an Unmanned
Surface Vehicle (USV) is used as a platform for carrying a Remotely Operated Vehicle
(ROV) for underwater operations, and a Remotely Piloted Aircraft Systems (RPAS) for
airborne inspection tasks, see Fig. Project partners for the Artifex project are Mar-
itime Robotics AS, Argus Remote Systems AS, Lerow AS, NTNU and WavEC. This thesis
is concerned with motion control of the ROV.
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The thesis problem relate to several interesting scientific challenges. While navigation of
marine surface vessels is an area largely explored, underwater navigation still faces big
challenges. A key reason is that global navigation satellite system (GNSS) signals, such as
GPS signals, don’t penetrate the water surface, thus proving inefficient underwater. Other
methods for estimating the position of underwater vehicles therefore has to be considered.
DVL is one instrument that is often being used for underwater navigation. The primary
use of DVL has historically been to derive the velocity over ground of the vehicle. In [19],
however, a method for using DVL to approximate the vehicle altitude was presented. This
method is the inspiration for the thesis, which further explores the possibility of using DVL
as a tool for positioning and attitude measurement relative to a dynamic net pen.

Path following is another concern of this thesis, which is a fundamental part of autonomous
marine operations. The line-of-sight (LOS) method is an intuitive method, with proven
stability [13|. For the case of underactuated vehicles, the method is based upon minimizing
the vehicle distance to the desired path by controlling the vehicle heading. This thesis
explores how the LOS guidance law can be utilized by a fully-actuated vehicle, which is
able to minimize the crosstrack error while still maintaining a fixed heading.

Finally, the thesis investigates the performance of different control structures for control-
ling the position and motion of marine vehicles with the aim of increasing robustness to
environmental loads. More precisely, a 1st order sliding mode control (SMC) law and 2nd
order sliding mode control law called super-twisting algorithm (STA) is suggested, and
their performance is compared to that of traditional PID control.

1.2 OQOutline

This thesis is written in 6 parts and 14 chapters. A short description is given below:

e Part 2 presents the background theory necessary for this thesis, as well as the lit-
erature review. It is assumed that the reader is familiar with dynamic systems and
control theory.

— Chapter 2 presents the basic background theory to marine craft dynamics. The
chapter also presents the notation used in the thesis.

— Chapter 3 presents some principles to guidance, navigation and motion control
of marine vehicles.

— Chapter 4 presents the literature review done in relation to this thesis.

e Part 4 describes the method used in the thesis.

Chapter 5 presents the control objectives.

Chapter 6 proposes a method for net pen geometry approximation.

Chapter 7 proposes a guidance system of the ROV.
— Chapter 8 proposes the control system of the ROV.

e Part 5 describes the simulations and experiments done for the thesis, as well as
presenting and discussing the results.

— Chapter 9 presents the model of the ROV, as well as tools used in simulation
and control design.
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— Chapter 10 presents results from simulation and experiments.

e In Part 6, the results and findings from the thesis are discussed. The chapter also
proposes further work to be done.

e Appendix [B]includes a draft to a paper which is to be submitted to IEEE Journal of
Oceanic Engineering.
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Chapter 2

Marine Craft Dynamics

This chapter present the basics of marine craft dynamics. The notations and equations
are represented using Fossens Robotics-like vectorial model [24]. This is an efficient way
of describing 6 DOF differential equations with coupling effects in matrix form, inspired
by the classic robotic model

M(q,q)¢+C(q)g=rT (2.1)
2.1 Notation

The different states and forces of a 6 DOF marine craft are defined as in SNAME [45], and
are given by Table

DOF Positions & Euler Linear & angular Forces & mo-
angles velocities ments
1 Surge = u X
2 Sway vy v Y
3 Heave =z w Z
4 Roll ¢ P K
5 Pitch 6 q M
6 Yaw @ r N

Table 2.1.1: The states, forces and moments of a 6 DOF vessel

2.2 Reference Frames

When considering motion of marine crafts, it is convenient to define several reference
frames. For operations over vast areas, eg. aviation or marine vessels traveling over large
distances, it is typical to use earth-centered reference frames. However, this thesis only
considers operations over small areas, and therefore uses reference frames as defined below.

NED: The North-East-Down (NED) coordinate system {n} = (xy, yn, zn) is obtained by
defining a tangential plane relative to the Earth’s surface. Its x axis points towards the



10 Chapter 2. Marine Craft Dynamics

true north, y, points east, while z, points downwards normal to the tangential plane. For
marine crafts operating in a local area, {n} can be considered to be inertial.

BODY: The body-fixed reference frame {b} = (xp, ys, 25) is @ moving coordinate system
that has its origin op attached to the object of interest. For this thesis, x; is defined to be
from aft to fore, y; towards starboard, while z;, from top to bottom. The center of origin
op will be referred to as the CO. The CO can be placed at any point of the vehicle, and
is usually decided to simplify the EOM of the vehicle or based on the sensor locations.
Figure provides an illustration of the body-fixed coordinate frame.

y w(heave)
Zb

Figure 2.1: Illustration of the body-fixed coordinate frame.

2.3 Vectorial Notation

Throughout this thesis, the position, orientation and motion of a vehicle is given as vectors
and generalized coordinates. Vectors and matrices are bold, and sub- and superscript is
defined as the following;:

Vi, = linear velocity of the point o, with respect to {n} expressed in {e}

©,,, = Euler angles between {n} and {b}



2.4. Kinematics

2.3.1 Generalized Coordinates

The linear and angular position and velocity vectors are given by

b
vb/n

where pg/n € R3 is the linear position, ®,,; € R? are

11
_wn ¢

Yn | O= |01, (2.2)
Zn w
b A P

v, Wy = |4 (2.3)
r

the Euler angles, Vz n € R3 is the

linear velocity and wll)’ In € R3 is the angular velocity.

The generalized position and velocity vectors are given by

T T
n= [(pg/n>T (G”b)T] v = [(Ull;/n)T (wg/n)T} (2°4)
respectively.
The force and moments vector is given by
T:[X Y Z K M N] (2.5)
2.4 Kinematics
The 6 DOF kinematic EOM can be expressed as
n=Jo(®)v
o v b (2.6)
Pb/n _ RZ(an) 0323 Vb/n
O, 0323 To(On) wi/n
where
) —sped + cpshsep  spso + cpepst
R} (®.p) = |scd  cped + spslsyy  —cibso + sOsipee (2.7)
—s6 s cOcep
1 s¢td  cotf
To(Om) = |0 cp  —s¢ (2.8)
0 s¢p/ch cp/ch
and s- =sin(-), ¢+ =cos(-), t- = tan(-).

Remark 1. Notice that (2.8) suffers a singularity when 6 = £90°. To overcome this
problem, an alternative is to describe the kinematics in quaternions, which is a non-minimal
attitude representation, see for instance [1, 20, 24].
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2.4.1 Kinematic Subsystems

In many cases, it might be a possible to neglect in motion in certain DOFs and defining
subsystems of . Most ROVs are designed to be stable in roll and pitch, one can
therefore assume that ¢, 6 are small and can be neglected. The kinematic equations can
therefore be expressed by

0 =T, (2.9)

where 1 = [, y, 2, %7, v = [u, v, w, 1|, and

cp —syp 0 0
A 0 0

Jy(p) & s(;p cép o (2.10)
0 0 0 1

For surface vessels or ROVs stable in heave (for instance by the use of a depth controller),
the equations can further be simplified to

0 =R (2.11)
where n = [z,y,¥]",v = [u,v,7]", and
cy —sy 0
R(6) £ Roy = 50 v 0 (2.12)
0 0 1

is the principal rotation matrix around the z axis.

2.5 Kinetics

According to |24], the general 6 DOF kinetic EOM for marine vehicles is given by
Mv +Cv)v+Dw)v+gn) =7+w (2.13)

where

M = Mgp + M, is the mass matrix including the rigid body and added mass terms
C(v) = Crp(v)+C4(v) is the centripetal-Coriolis matrix including rigid body and added
mass terms

D(v) is the damping matrix

g(n) is a vector of gravitational /buoyancy forces and moments

Te = [Tus Tos Tw, Tpy Tg» Tr) L 18 @ vector of control inputs

w is a vector of environmental disturbances and modelling errors

Considering ([2.13), the following properties hold |1, [24] for a rigid body moving through
an ideal fluid:

° MRB:M£B>O

° MRB =0
e D(v)>0
e C(v)=-CT(v)
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Let

M1 My
M = 2.14
[Mgl Mgg] ( )

where M;; € R3. Define furthermore vy £ vlg /n and vy = wg In Then the centripetal-
Coriolis matrix can always be parameterized by [24]

(2.15)

C(V) _ 03,3 —S(M11V1 + M12V2)
—S(MHI/l + Mlgl/g) —S(M211/1 + MQQVQ)

where S is the cross-product operator. The term C(v)v includes the so-called Munk-
moments, which is known to have a destabilizing effect.

2.5.1 Hydrodynamics

Added mass:
Added mass refers to the additional inertia of surrounding fluid that is accelerated when
a body is moving in a fluid. The added mass matrix is given by

Xy Xy Xo X; X; Xi

Yo Yo Yo Y Yy Vi

2 zZy zy Zy zy Z
Ma== g K Ky K, K; K;|’ (2.16)

My My My My M M;

Ny Ny Ny Ny N; N;

where for instance X, = 0X/0u.

In general, there are no specific properties for M4 |1]. However, for a body completely
submerged in fluid, it can be considered M4 > 0. Furthermore, for a submerged body
with low velocity and three planes of symmetry, which is common for underwater vehicles,
the added mass can be approximated as

M, = —diag{X;(0), Y5(0), Zs(0), Kp(wron), Mg(wpiten), N+ (0)} (2.17)

where wroll, Wpitch are the natural frequency in roll and pitch respectively [18].

Damping terms:

For underwater vehicles, potential damping and other wave related damping effects can
be neglected. The damping is then dominated by skin friction and vortex shredding. The
damping can be approximated by

D(v) = D + D,(v), (2.18)

where the linear terms stems from skin friction, and the nonlinear term are quadratic
damping from vortex shredding. For low speed operations, D will dominate D,,(v), vice
versa for high speed operations.

Typically, the elements of D and D, (v) can be calculated by hydrodynamics programs
by using strip theory. This theory assumes slender body types, and therefore cannot be
considered valid for ROVs. A possibility is to approximate the ROV as a box and calculate
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the damping terms analytically from this. However, this theory will typically lead to
underestimations, because of the many cavities and appendages of the ROV body [18].

Due to this difficulty in finding damping terms, and because the diagonal terms are domi-
nant, the damping matrices are often approximated by

D = — diag{ Xy, Yy, Zw, Kp, Mg, Ny}

_ (2.19)
Dn(”) = dlag{X|u\u|u|a }/‘UI’U‘UL Z|w|w|w|7 K|p\p|p|> M|q\q|q|> N|7“|r|7a‘}
where the diagonal elements are negative constants.
2.5.2 Restoring Forces
Define the vehicle weight W and buoyancy B
W £ myg, B 2 pgV, (2.20)

where m is the mass, p the water density, g the gravity acceleration and V the displacement
of water. Most ROVs are designed to be slightly positively buoyant, ie. B > W, such that
in the case of a system shut down the ROV will slowly rise to the surface.

Furthermore, define the vector rz from the center of gravity (CG) to the CO:

Lg
b= |y, (2.21)
<g

and similarly the vector ¥ from the center of buoyancy (CB) to the CO:
_xb_

~|u (2.22)
Zp

S o

The restoring forces from gravity and buoyancy can then be described by the vector

(W — B)sin(6)
—(W — B) cos(6) sin(¢)
| —(W = B)cos(0) cos(¢)
g(m = —(ygW —ypB) cos(f) cos(¢p) +  (2¢W — 2,B) cos(0) sin(¢) (2.23)
(zgW — z,B) sin(6) +  (xgW — 2, B) cos(0) cos(¢)
(W — 0B cos(®)sin(@) — (s W — ypB)sin(6)

2.6 Course, Heading and Crab Angle

This section will present the concepts of course, heading and crab angle, which are impor-
tant when considering maneuvering of marine vessels.

Definition 1. (Course angle x)

The angle from x, to the velocity vector of the vehicle, positive rotation about z,.
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Definition 2. (Heading (yaw) angle 1))
The angle from x,, to xy, positive rotation about z,.

Definition 3. (Crab (sideslip) angle 3)
The angle from xy to the velocity vector of the vehicle, positive rotation about z.

Furthermore, these definitions satisfies x = ¥ + 3, see figure The crab angle can be
calculated as 8 = sin™! (v/U) where U = v/u2 + v? is the speed of the vehicle, alternatively
as = tan"!(v/u).

Remark 2. This thesis follows the definition of B according to [24]. In SNAME [45], the
sign is opposite, that is BsNAME = —[.

Figure 2.2: The geometrical relationship between the course angle x, the heading angle
and the crab angle 5. Picture from [24].

2.7 Environmental Forces and Moments

This section presents the basic behind currents, and wave forces, two major environmental
disturbances. In most ROV operations, wave forces can be neglected, as they are surface
phenomenons. However, for operations in shallow water, they need to be considered as
well. As ROVs mostly are completely submerged, wind forces are neglected in this thesis.

2.7.1 Wave-induced Forces and Moments

Waves are mainly generated by wind, but other forces such as tidal forces and the Earths
rotation generates waves as well. Waves can be divided into two categories: wind waves
generated by local wind and swell waves that are generated far off at sea.

The wave-induced forces can be separated into two effects:

e First-order wave-induced forces: wave-frequency (WF) motion observed as zero-
mean oscillatory motions, denoted Twavel
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e Second-order wave-induced forces: wave drift forces observed as nonzero slowly
varying components, denoted Twave2

While a control system should compensate for the effect of second-order wave-induced
forces, according to |24] the control system should not compensate for the first-order wave-
induced forces. These effects are outside of the bandwith of the controllers, and should be
filtered away from the measurements fed back to the control system.

There exists different theories for how induced wave forces can be calculated. A common
method is through Response Amplitude Operators (RAOs) |24, 60]. Typically, a marine
ship RAOs can be calculated by hydrodynamic programs from the ship hull. The induced
wave forces can be calculated from the wave amplitude and the RAOs. An alternative
method is to use state-space models where the RAOs and vehicle dynamics in a cascade
is modeled through constant, tunable gains. Typically, this is not as accurate, but as this
method does not require a priori known vehicle geometry, it can be a good approach for
design and testing of control systems.

The zone where waves are effective is typically down to depths at about half of the wave
lengths. Furthermore, the wave loads decreases exponentially with depth [22].

2.7.2 Ocean Currents

Define the relative velocity v, := v — v,, where v, € RS is the velocity of the current
expressed in {b}. Then the equations of motions can be extended to

MRB’) + CRB(V)V + g(TI) + Myv, + CA(VT')VT' + D(VT)VT =T+ Twave,1 + Twave,2 (224)

In most control applications, the current is considered constant and irrotational in {n}.
For many cases, this is a good approximation and simplifies the equations of motions
considerably. The generalized ocean current velocity is then given by

Ve = [Ug, Ve, We, O,O,O]T (2.25)

Furthermore, V, = 0, where V, := blockdiag{ R}'(®),0}v. = [Vm, Vy, VZ,O,O,O]T is the
current velocity in {n}. The dynamic model can then be expressed by

n=Jo(mv, + V. (2.26)

Mv, + C(v,)vr + D(vyr)vr + 8(1) = T + Twave,1 + Twave,2 (2.27)

2.8 Actuation

A marine craft usually has several actuators, and it is necessary to distribute the generalizes
control forces 7. to the different actuators. A rigid body is said to be fully actuated if it
has actuators that can provide forces or moments in all DOFs, if not it is said to be
underactuated.

Most marine surface vessels have its main propellers and rudder at the aft of the ship.
Other actuators can include tunnel thrusters in the transverse direction, azimuth thrusters
that can be rotated or control surfaces such as stabilizing fins. Since the aft propellers
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typically will dominate transverse or azimuth thrusters at high speed, surface vessels in
transit are most often actuated only in surge and yaw, thus being underactuated. For ROVs
with three planes of symmetry, it is common to arrange the thrusters in a configuration
which makes the vehicle actuated in at least 4 DOFs (surge, sway, heave, yaw).

The generalized actuator forces and moments relate to the control forces and moments by
7. = T(a)f (2.28)

where a is a vector of azimuth angles, T(a) is a thrust configuration matrix and f is
the control forces and moments. For nonrotatable thrusters, which is common for ROVs,

(2.28) can be simplified as
. = Bf, (2.29)

where B is a constant configuration matrix.

2.9 Summary

Gathering the results from previous sections, the complete kinetic and kinematic equations
for ROVs to be used in control design can be written as

n=Je(mv, + Ve

. . (2.30)
MRBV + CRB(V)V + g(n) + MAVT‘ + CA(V’F)VT‘ + D(VT‘)VT‘ =Bf + Twave,2

For operation below the wave effected zone and in constant, irrotational currents, the
equations of motion can be simplified to

/':’ = J@(G)Vr + ‘/c

. (2.31)
Mv, + C(v,)vy + D(vy)v, + g(n) = Bf
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Chapter 3

Motion Control of Marine Vehicles

This chapter will present the basics of marine motion control system. A marine motion
control system is usually constructed as three independent blocks denoted as Guidance,
Navigation and Control (GNC) systems, interconnected as in Figure

Disturbances

!

Te nv, - i.v

Control > Vessel

Operator ———» 2 ef

Figure 3.1: A typical structure of a GNC system.

3.1 Guidance Systems

A guidance system computes the reference position, velocity or acceleration vectors to be
used as control inputs by the control system. The inputs to the guidance systems are
usually the estimated states from the navigation system and instructions from the human
operator. Typically, three scenarios for guidance is considered:

e Setpoint regulation
e Trajectory tracking
e Path following

This thesis considers path following, as the task is to traverse a net pen independent of
time.

3.1.1 Path Following

Path following is an essential part for most applications in marine autonomy. Unlike tra-
jectory tracking, path following is the objective of following a predefined path independent

19
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of time. As inputs, most path following schemes takes waypoints decided by the opera-
tor, and its output is a desired course angle which will guide the vehicle towards the next
waypoint.

Line-Of-Sight Path Following

Line-of-sight (LOS) [25, |49] guidance is an intuitive and commonly used method for
straight-line path following. The method imitates a helmsman steering the ship towards a
point lying at a constant distance ahead of the vehicle on a predefined path.

The base of the method is to generate a set of straight lines between given waypoints.
Consider a straight line between two waypoints pf = [z, yx]”, P} = [Tei1, yrs1]t. As
seen from Figure the path has been rotated by an angle oy relative to the x™ axis.
The angle is frequently called the path-tangential angle and is given by

oy = atan2(Ygr1 — Yk, Thal — Th) (3.1)

The coordinates of the vehicle in the path-fixed reference frame can be computed according

ls(t)] _ [ cos(ayg) Sin(ak’)] (p"(t) — p}) (3.2)

Ye(t) —sin(ag) cos(ag)

where p"(t) = [z(t),y(t)]T is the position of the vehicle in {n}, s(t) is the along-track
distance and y.(t) the crosstrack error.

to

North

East

desired
course angle

LOS vector Az

Figure 3.2: Graphical representation of the LOS guidance law. Picture from [24]. The
notation of the crosstrack error e relates to the notation y. used in this thesis.

The objective of the LOS guidance system is to generate a desired course angle x4 which
will lead to
lim y.(t) =0
e (3.3)
lim x(t) = o
t—o0
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It can be shown [27] that in the case with a zero crab-angle, the following guidance law
will satisfy (3.3)) when combined with a control system:

Ya(ye) = o +Pros(ye) = o + afctan(_fye) (3.4)

where 14 is the desired heading, and A > 0 is a constant knows as the lookahead distance.

3.2 Navigation systems

The objective of a navigation system is to estimate the states of the vehicle. This is usually
done be combining a set of sensors and a state estimators.

3.2.1 State estimation

There exist a wide range of state estimators for marine vehicles. The most common is
Kalman filter, or, in the nonlinear case, the Extended Kalman filter. Although the Kalman
filter usually yields good results and the industry is well familiar with it, the drawback
is that is difficult and time-consuming to tune the state estimator. Therefore, there have
been extensive research on alternatives such as the nonlinear passive observer, which is
based upon Lyapunov theory.

This thesis will not focus on state estimators. For further reading on Kalman filters or
nonlinear passive observers, the reader is referred to [24]. For design and analysis of
observers for ROVs, the reader is referred to |16, |17].

3.2.2 Sensors

There exists a wide range of sensors for marine vehicles, many of which can be mounted
on a ROV. This section will briefly describe a few.

Geo-referenced Positioning Systems

For surface vessels, GNSS is the standard for measuring geo-referenced positions. This
method is both cheap, accurate and robust. However, GNSS signals don’t penetrate the
sea surface, and underwater operations thus require other methods.

For geo-referenced positioning underwater, acoustic positioning systems are often used. In
this case, a set of transducers and transponders are placed underwater or mounted on the
underwater vehicle, and from the acoustic signals, the transponder position relative to the
transducers can be calculated. The three most common acoustic underwater positioning
systems are long baseline systems, short baseline systems or ultra-short baseline systems
(USBL), all of which have different pros and cons.

The accuracy and range of acoustic positioning systems are dependent on the frequency
of the systems. Higher frequency yields higher precision, but also yields a shorter range.
High accuracy systems with a long range, require lots of power, which implies heavy and
expensive equipment. In general, all acoustic positioning systems require either equipment
fixed below the sea surface or mounted upon a mothervessel, which can be costly and
limiting with respect to operational range.
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IMU

An IMU measures acceleration, turn rates and magnetic components in 3 DOFs. They
are small, cheap and accurate, and thus applicable in most applications. A drawback of
IMUs are that they are prawn to drifting, and regularly need to be calibrated. For further
discussions on IMUs; see [24].

Compass

Compass is an old and well known equipment for measuring heading. They are often cheap
and small. The drawback, however, is that compasses are prawn to magnetic disturbances.

Pressure gauges

Pressure gauges are used to measure the depth of underwater vehicles. The depth of the
vehicle can be calculated by measuring the pressure relative to the atmospheric pressure.

Doppler Velocity Log

DVL systems are another popular navigational tool for marine vehicles. They consist of
a transducer head which sends multiple hydro-acoustic signals towards the seabed. The
velocity is then calculated by measurement of the Doppler shift in the reflected acoustic
signals. The most common DVL configuration is the Janus configuration, which consist of
four transducers pointing towards the fore, aft, port and starboard of the vehicle, as seen

in Figure
A DVL outputs the surge, sway and heave velocity, and the measurement equations are
given by [18|

'Ule/e = R}(®a) <v2/n + wg/n o Tgvl/b> + wfilvl/b (3.5)
Here, Ufll/e € R? is the measured velocity in the DVL frame {d}, R{(®) is the rotation
matrix between {d} and {b}, r§ | € R? is the vector from CO to the origin of {d}, while

wgvl /b € R3 is the measurement noise. For further discussion on the theory of DVL, see
[53].

Figure 3.3: DVL system pointing towards the seabed. Picture from [53].

In [19], DVL measurements are used to measure a ROV altitude relative to the seafloor,
and subsequently used in the design of an altitude control system. In [54], it is shown
that DVL systems are able to interact with net pens, and can thus be used by a ROV
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to calculate distance and velocity relative to a net pen. These findings will be further
explored in the thesis.

3.3 Control Systems

The objective of the control system is to determine the actuation forces necessary for
achieving some control objective. Typical control objectives for marine vehicles are set
point regulation, dynamic position, path following or trajectory tracking. The inputs to
the control system can be the references, the estimations of vehicle states and estimations
of environmental disturbances. The outputs of the control system are the forces applied
to every actuator. This section will present a very brief introduction to marine motion
control. For further reading on marine motion control in general, see [24]. For motion
control of underwater robots, see |1].

3.3.1 PID Control

As in many types of systems, variations of PID control is widely used in marine motion
control. Due to the PID structure’s independence of the vehicle model, it often proves to
be a simple, yet somewhat robust method of control. A main drawback of PID control
is the time-consuming process of parameter tuning. Furthermore, PID do not directly
address nonlinearities of the system, and, consequently, strong nonlinearities may have
large impacts on the performance.

3.3.2 Feedback Linearization

Feedback linearization is a powerful control technique which aims to cancel out nonlinear-
ities in order to bring the system in to a linear model. Then, familiar techniques such as
pole placement algorithms can be employed. Feedback linearization require that the vehi-
cle model is known and that the system is input-output linearizable (see |32]). Integrator
backstepping is a popular variant of feedback linearization which can prove to be more
robust by not canceling stabilizing terms.

When using feedback linearization, modeling errors can potentially be destabilizing, thus
pointing out the importance of a correct model. As kinetic models for ROVs are typical
hard to derive, the performance of feedback linearization controllers for