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Background

Stationkeeping operations for offshore vessels (drillrigs, drillships, construction and intervention vessels,
PSVs, etc.) are essential for offshore field development and oil and gas production. There has been much
attention in the research community on stationkeeping operations, especially by Dynamic Positioning
(DP) and Thruster-Assisted Position Mooring (TAPM) of turret-anchored offshore vessels. In TAPM the
mean environmental loads shall be balanced by the mooring lines, while the thrusters are used for
automatic heading control to keep the heading pointed against incoming waves. In addition, the thrusters
are used to generate extra surge/sway damping and to aid the mooring lines in case of extreme loads.

In this project the focus is on developing the model ship “C/S Inocean Cat I Drillship” (hereafter
abbreviated CSAD), including its TAPM control system. This is a 1:90 scaled model of an Arctic drillship
design by Inocean, having a rotatable turret, 6 azimuth thrusters (3 fore and 3 aft) for DP and thruster
assist, and both DP and TAPM control modes.

Work description
1. Perform a background and literature review to provide information and relevant references on:
e MC-Lab and C/S Inocean Cat I Drillship design and model.
e Conventional TAPM control functions, modes, and control algorithms.
o Hybrid control techniques for switching between different control modes.
Write a list with abbreviations and definitions of terms, explaining relevant concepts related to the
background study and project assignment.

2. Manufacturing and assembly, considering:
o Follow up the manufacturing process of the CSAD hull.
Acquisition of instrumentation, batteries, thrusters, and control system hardware.
Mounting of batteries.
Mounting of thrusters and mooring lines in the hull.
Fitting of electronics in a watertight container.
Lid to shield the equipment inside the hull.

3. Control system design:
e Make drawings that describe:
o Control system hardware architecture.
o Power system single line diagram, detailing circuits and power flow, voltage levels, and
converters.
o Communication signal/network information flow.
o cRIO software topology, incl. fitting navigation, guidance, and control modules in the topology.
o Implementation of necessary control functions:
o Direct Thruster Control from joystick and keyboard (in collaboration with P. Frederich).
o Direct Motion Control (with thrust allocation) from joystick, both body-relative and basin-
relative modes (in collaboration with P. Frederich).
o Automatic TAPM/DP control functions.
o Necessary HMI functions and layout.
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4. Study theory on TAPM control modes, such as heading control, surge/sway damping, and setpoint
chasing:
o Explain all important terms related to the TAPM control algorithm.
o Develop a suitable TAPM control design model for CSAD, implement relevant TAPM control
algorithms, and simulate the resulting responses.
o Present the effectiveness of the different parts of the TAPM control algorithm for normal
vessel loading.

5. Consider TAPM for extreme loads.
o Develop a TAPM control algorithm customized for extreme loads.
o Propose a hybrid setup for smooth switching between the “nominal” control algorithm and the
algorithm for extreme loads.
o Simulate and verify the algorithm for transition from normal to extreme and back to normal
loads.

6. Implement the control algorithms for CSAD, test in MC-Lab, and discuss the results.
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Preface

This master thesis is a continuation of the master project delivered in December 2015, and is
carried out during the spring 2016. The work has been done as a part of the study program Ma-
rine Technology at NTNU, with the use of their laboratory facilities at Marine Cybernetics Lab-
oratory (MC lab). The thesis presents a literature review on thruster-assisted position mooring,
construction process of the C/S Inocean Cat I Drillship, and a verification of different controllers
implemented on the model.

The assignment has been challenging and interesting to work with, but sometimes very frus-
trating due to all the delays. It has also been a rewarding period, seeing the vessel fully func-
tional with the controllers at the end. I have gained much knowledge during this thesis, both re-
garding thruster-assisted position mooring and how to construct a fully functional experimental
model.

The readers should preferably have knowledge of basic hydrodynamics, marine cybernetics and
control theory.

Trondheim, 2016-07-08
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Abstract

This thesis presents the development of a new research foundation into the Marine Cybernetic
Laboratory, the C/S Inocean Cat I Drillship. This is a 1:90 scaled model of an Arctic drillship
design by Inocean for Statoil.

The C/S Inocean CatI Drillship model is equipped with six Aero-naut Precision Schottel azimuth
thrusters which are driven by six O.S. OMA-2820-950 motors and six Dynamixel MX-106R servo
motors. To control the model a real time controller, CompactRIO, from National Instruments
is used. The system is powered by six 12 V 12 Ah lead batteries. To make the hull durable and
lightweight, it is constructed by carbon fiber and a casted frame stiffens the hull. The model has
a detachable lid made of Plexiglass, that secures the equipment inside from water.

In order to design a thruster-assisted position mooring control system, a 6 DOF mathematical
model of the scale model is needed. Equations for hydrodynamic modeling of marine vessels
and mooring lines are presented, and combined to get the system equations. In addition, a 3
DOF mathematical model has been derived to verify other experiments.

The scaled model is tested in the MC Lab, where real scaled conditions can be applied. The
experiments show great results for the different controllers, and the vessel manages the different
conditions.

Comparison between the simulation model and the scale model is performed for all cases. The
results yield that the simulation model needs further development to be more similar to the
scale model, but it gives a good indication on the behavior of the vessel.

The complete C/S Inocean Cat I Drillship is a fully functional vessel, and a stable research foun-
dation to be used in further experiments in the MC Lab.
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Sammendrag

Denne avhandlingen presenterer utviklingen av en ny forskningsplattform i marine cybernetics
laboratoriet, C/S Inocean Cat I Drillship. Dette er en 1:90 skala modell av et arktisk boreskip,
utformet av Inocean péd oppdrag for Statoil.

Modellen C/S Inocean Cat I Drillship er utstyrt med seks Aero-Naut Precision Schottel azimuth
thrustere, som drives av seks O.S. OMA-2820-950 motorer og seks Dynamixel MX-106R servo-
motorer. En sanntids kontroller, CompactRIO, fra National Instruments blir brukt for & kon-
trollere modellen. Systemet er drevet av seks 12V 12 Ah blybatterier. For a gjore skroget holdbart
og lett, er det konstruert av karbonfiber og en stgpt ramme som stiver av skroget. Modellen har
et avtakbart lokk laget av pleksiglass, som beskytter det elektriske utstyret fra vann.

For 4 kunne utforme et thruster-assistert forankring kontrollsystem, er en matematisk modell
av skalamodellen med 6 frihetsgrader nodvendig. Ligninger for hydrodynamisk modellering av
marine fartoy og forankringsliner er presentert, og er kombinert for & fa systemlikningene. I
tillegg, har en matematisk modell med 3 frihetsgrader blitt utledet for a stotte andre eksperi-
menter.

Den skalerte modellen er testet i MC Lab, hvor ekte skalerte forhold kan bli anvendt. Forspokene
viser gode resultater for de forskjellige kontrollerene, og farteyet handterer forskjellig ytre be-
lastning fra belger. En sammenligning mellom simuleringsmodellen og skala-modell er gjort
for alle forsokene. Resultatene viser at simuleringsmodellen mé videreutvikles for & samsvare
mer med skalamodellen, men den gir en god indikasjon pé& oppforselen til fartoyet.

C/S Inocean Cat I Drillship er et fullt funksjonelt fartoy, og en stabil forskningsplattform som
skal brukes i videre eksperimenter i MC Lab.
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Terms and Concepts

e Dynamic positioning system is a computer-controlled system to automatically maintain
a vessel’s position and heading by using its own propellers and thrusters.

* Dynamic positioning is an operation to automatically maintain a vessel’s position and
heading.

* Thruster-assisted position mooring is a positioning activity that uses a combination of
mooring lines and dynamic positioning to maintain the vessel’s position inside a safety
circle to avoid mooring line breakage.

e Catenary equation is an equation that can describe the shape of the mooring lines under
influence of gravity and supported at its end points, i.e. the anchor and mounting point
on the vessel.

¢ Equilibrium position is the natural position where the mooring lines and the environ-
mental loads balance each other with zero thrust.

* Heading control is a controller that regulates the vessel’s heading to a desired heading that
minimizes the environmental loads on the vessel and the mooringlines. A more advanced
version of this is weather-vaning where it automatically estimates the heading that gives
the minimum environmental impact on the system.

* Damping control is a negative feedback from the vessel’s velocity in surge and sway to
damp out oscillatory motions.

» Setpoint chasing automatically generates new setpoints to the TAPM vessel in varying
environmental conditions. This is to find the optimal equilibrium position where the en-
vironmental loads and mooring loads are zero.

* Field Zero Point is the local position in NED used by the DP or TAPM system. This is
typically chosen to be the center of the mooring line configuration and the COT and FZP
coincide when no environmental loads or thruster force act on the vessel.
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Chapter 1

Introduction

1.1 Motivation

Stationkeeping, i.e. maintaining a vessel’s position fixed, is challenging in the ice and harsh
weather of the Arctic. The capability is nevertheless essential for oil and gas exploration and,
as melting sea ice is making the Arctic more accessible, the topic sees increased relevance. Dy-
namic position (DP) and thruster-assisted position mooring (TAPM) of turret-anchored vessel
are possible concepts for arctic deepwater offshore operations.

The challenging ice and weather conditions in the Arctic make the control task more compli-
cated, compared to a normal DP operation. The control system experiences new challenges
due to the harsher conditions. These are related to how the controller can position and dampen
the motion of the vessel, by minimizing the use of thrusters. In addition, the controller needs
to minimize the risk of line break in the mooring lines. If line breakage occurs, this needs to be
detected and handled.
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1.2 Background

The main focus for this thesis is the building of the C/S Inocean Cat I Drillship model and test
TAPM control algorithms on the vessel. Relevant background information on this topic is pre-
sented here, in addition to a brief introduction to the Marine Cybernetic Laboratory.

1.2.1 Arctic Oil and Gas Extraction

The Arctic oil and gas extraction is more technically challenging compared to other environ-
ments. However, relatively high oil prices in the period 2010-2014 and technological develop-
ments have allowed exploration. During 2014 the oil prices plummeted, and the profit margin
of Arctic oil and gas extraction vanished. In the research community, there is still great interest
in further development in the Arctic. This research, development and innovation will enable
safe operations in the Arctic, with minimum environmental impact.

1.2.2 Dynamic Positioning and Stationkeeping

To get a clearer understanding on some basic definitions in a marine control system, a set of
definitions are presented in this section.

1.2.2.1 Principles
Dynamic Positioning: The International Maritime Organization (IMO, 1994) gives the follow-
ing definition to a DP vessel:

"Dynamically positioned vessel (DP-vessel) means a unit or a vessel which automat-
ically maintains its position (fixed position or predetermined track) exclusively by
means of thruster force."

and they define the DP-system as:

"Dynamic positioning system (DP-system) means the complete installation necessary
for dynamic positioning a vessel comprising of the following sub-systems:

* power system,
* thruster system, and

* DP-control system".
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Seakeeping: Fossen (2011, Sec. 1.2.2) defines seakeeping as:

"Seakeeping [...] is the study of motion when there is wave excitation and the craft
keeps its heading v and its speed U constant (which includes the case zero speed)."

1.2.3 Thruster-Assisted Position Mooring

This section will give an overview of what TAPM is, a little bit of the historic background and
presents some control strategies.

1.2.3.1 Principle

A TAPM-system consists of two parts, a conventional mooring system and a DP-system. The
mooring lines have a fixed position at the turret and seabed, which allows for the vessel to rotate
freely about the turret. The DP part of the system allows the vessel to use its thrusters to assist
the mooring system. This will allow the system to withstand harsher weather and faults that can
occur during operations. The DP part also gives the ability to reduce the loads on the mooring
lines by reducing the vessel motions and offset from desired position, which also reduces the
probability of loss of mooring lines.

This configuration gives the ability for the vessel to weather-vane, which means that the vessel
can keep the position aligned with the environmental forces and the turret is the connection
point for transfer of loads between the vessel and the mooring lines.

TAPM can also be referred to as thruster-assisted mooring (TF), position mooring (POSMOOR)
or thruster-assisted mooring system (TAMS). In the ISO document (ISO, 2013) thrusters-assisted
mooring is defined as:

"A stationkeeping system consisting of mooring lines and thrusters. The thrusters con-
tribute to control the structure’s heading and to reduce mooring line forces and reduce
structure offset."

1.2.3.2 Historical Development

The first vessel that introduced the TAPM system was Petrojarl in 1986 with its weather-vaning
system (Aalbers et al., 1995). From this year on, all vessels were constructed with the turret inside
1/3 from the bow, and the placement of the accommodation could either be in behind the turret
in the aft or fore in the front. Both solutions have their advantages and disadvantages, and the
most marked disadvantage was when the accommodation block was placed in the front. This
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lead to a large wind area that could deteriorate the weather-vaning ability of the vessel, which
then required an active heading controller.

Aalbers et al. (1995) stated that the mooring line tension is strongly dependent on how the water
depth, turret location and mooring line configuration are. Due to the combination of the two
mooring principles, thrusters to reduce loads on the mooring lines and a fluid swivel to allow
continuous fluid flow during weather-vaning, more advanced control techniques were needed.
This lead to the development of more advanced TAPM controllers.

From 2007 until now, there has been more and more focus on the exploitation of oil and gas
in deep water (>500 m), and further north than before. This has made fixed platforms on the
seabed impractical, at least for the first case. Instead, semi-submersibles and vessels with posi-
tioning systems have been widely used. The TAPM system is an economical solution for station
keeping in deep water and in ice, due to longer operational periods before the operation has to
be shut down. As mentioned before, the TAPM system is required in harsh environmental con-
ditions to avoid loss of mooring lines. This focus has temporarily calmed down, due to low oil
prices.

Wassink and List (2013) performed an analysis on development of solutions for Arctic offshore
drilling. The results of this analysis shows that the drillship with a TAPM solution is the best
alternative when drilling in the Arctic. All alternatives have their specialties, and in two out of
three categories the drillship with a TAPM solution wins.

1.2.3.3 Control Strategies

There have been numerous different control strategies for TAPM systems during the years, and
the following controllers are mostly basic controllers with some more advanced in the end.

Heading Control: The first heading control was proposed by Strand et al. (1998) and Serensen
et al. (1999). It consists of a PID-controller to control the heading automatically to the desired
heading against the environmental loads. Later an automatic weathervaning system was pro-
posed by Fossen (2001) and Kjerstad and Breivik (2010) to automatically sense and control the
vessel against the environmental forces.

Surge-Sway Damping Control: The surge-sway damping control is designed to dampen un-
wanted large oscillatory motion in surge and sway, and to reduce the stress on the mooring sys-
tem. This damping control was proposed by Strand et al. (1998) and Serensen et al. (1999).
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Roll-Pitch Damping Control: Due to undesired oscillatory motion in roll-pitch caused by the
thruster usage in combination with the mooring lines, a roll-pitch damping control was pro-
posed by Serensen and Strand (2000). This was to reduce roll-pitch motion of an semisub-
mersibles due to low waterplane area.

Line Break Detection and Compensation: The line break detection algorithm was proposed
by Strand et al. (1998) to detect and compensate the loss of one or more mooring lines. This is
done by using feedforward to the thrusters to compensate the loss of mooring force. Later work
on diagnosis and fault-tolerant control is done by Nguyen et al. (2007).

Setpoint Chasing: In addition to the basic control functions, there are now more advanced
methods for controlling the vessel. Setpoint chasing for TAPM vessels was proposed by Nguyen
and Serensen (2009a) to automatically find and control the vessel to the equilibrium position
where the environmental loads are counteracted by the mooring forces. Serensen et al. (2001)
also discussed the topic on setpoint chasing for drilling and well-intervention operations to
minimize the riser angle. This will then minimize the thruster usage. Different methods have
been proposed for setpoint chasing; finite element method (FEM)-based (Serensen et al., 2001),
reliability-based (Berntsen et al., 2006; Leira et al., 2008) and setpoint calculation by lowpass
filter (Nguyen and Serensen, 2009a).

1.2.4 C/S Inocean Cat I Drillship

In 2015 it was decided that a cybership should be built to conduct research in the TAPM field.
This cybership is based on Statoil’s Cat I Arctic Drillship and could be used in the MC Lab. This
sections presents background information on the Statoil’s Cat I Arctic Drillship and the labora-
tory that the model will be used in. The requirements and building of C/S Inocean Cat I Drillship
is covered in Chapter 2 and 3.

1.2.4.1 Statoil’s Cat I Arctic Drillship

In 2013 Inocean won a contract from Statoil to design an arctic drillship, and the result from this
can be seen in Figure 1.1. This is a DP and turret moored mobile offshore drilling unit (MODU)
with specifications as listed in Table 1.1. The vessel is also fully winterized with enclosed drilling
areas. This enclosing can be seen in Figure 1.1.

Statoil (2012) presents Cat I as:
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Figure 1.1: Cat I Arctic Drilling Unit [Courtesy: Jorde (2014)].

"New arctic drilling unit. Cat I will be a tailor-made floating drilling concept, able
to operate across our Arctic acreage. Statoil has on-going R&D activities to qualify
drilling and critical support technologies. Going forward we will invite the supplier
industry, as we have done on the other category concepts on the NCS, to work with us
on arctic drilling solutions."

The main philosophy for the vessel design is (Jorde, 2014):

The drillship is designed with similar safety level as on conventional drillships.
Minimal Environmental footprint, mainly to be achieved with low fuel consumption.

Enclose drilling areas to utilize proven drilling technology and limit harsh environment

exposure.
The enclosed area is designed as “outdoor areas” to limit cost impacts.

Design a hull that is optimized for forward operation in open seas with a conventional bow
— and for aftwards operation in ice with an ice optimized stern.

Locate the turret amidships will improve drilling operability in open and harsh environ-

ment.

There have been several tests on the model to decide what parameters the hull should have and
to test out different bilge keels. The following test is just some of them, and Figure 1.2 shows the

model in one of the wave tests.
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Figure 1.2: Regular wave test of the Cat I model from Inocean [Courtesy: Jorde (2014)].

* Regular wave tests from 0° to 90° heading to verify the response amplitude operator (RAO)
and drift forces.

e Irregular Accidental Limit State (ALS) test (10,000 years) from 0° to 30° heading to obtain
the slamming values and assess the green sea on deck.

¢ Transit test to obtain the vessel resistance.

Table 1.1: Statoil’s Cat I Arctic Drillship specifications.

Specification:

Ice breaking capability: 1.2 meter level ice
Det Norske Veritas (DNV) class: 1A1ICE10
Minimum design temperature: -30°C
Variable deck load: 16,000 tonns
Payload: 22,400 tonns
Drilling depth: 100 - 1500 meters
Open water well depth: 8500 meters
Arctic well depth: 5000 meters
Maximum drilling endurance: 120 days

Table 1.2: Statoil’s Cat I Arctic Drillship dimensions.

Description Data
Length over all (L,;) 232 [m]
Breadth (B) 40 [m]
Depth moulded (D) 19 [m]
Draft design (T) 12 [m]

Cat I Arctic drillship has several drilling features, Table 1.1 lists the main features. The vessel
data is shown in Table 1.2.
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1.2.4.2 Marine Cybernetic Laboratory

The Marine Cybernetics Laboratory (MC Lab) has a small wave basin, located next to the large
towing tank at MARINTEK. This small basin was previously used to store vessels made of paraf-
fin wax (NTNU, 2015b). This laboratory is mainly used for testing the motion control systems
for marine vessels, due to its advanced instrumentation package. It is also used to test more
specialized hydrodynamic tests as well, due to the towing carriage, which has capability for very
precise movement of the vessels in 6 degrees of freedom (DOF).

The laboratory today, have a fleet of model vessels, and the vessels Cybership II and Cybership
III (Nilsen, 2003) have been used in mooring experiments before. For more information about
these vessels and the other vessels, see NTNU (2015a). The newest addition to this fleet is C/S
Inocean Cat I drillship (CSAD). This vessel is a 1:90 scaled model of an Arctic drillship, designed
by Inocean, with both DP and TAPM functions. With a rotating turret and six azimuth thrusters
(three fore and three aft), for DP and thruster assist, gives this vessel a wide range of applications.
More information about CSAD will be presented in Chapter 3 and 4.

The MC Lab is primarily used by MSc students and PhD candidates, but it is also used by ex-
ternal users. The laboratory is operated by the Department of Marine Technology and MARIN-
TEK.

To emulate a full scale global navigation satellite system (GNSS) system the MC Lab is fitted
with a real-time positioning system, both over and under the water surface. The Qualisys mo-
tion capture system consist of Oqus cameras and the Qualisys Track Manager (QTM) software.
The vessels that are being tested must be fitted with a minimum of three/four silver spheres, to
obtain accurate 6 DOF position data by triangulation within 1 mm precision.

The wave maker is a single paddle wave making machine with a width of 6 meter and it is
equipped with an Active Wave Absorption Control System (AWACS 2). The machine can pro-
duce both regular and irregular waves because of the DHI Wave Synthesizer the system has. The
capacity of the wave maker is presented in the following list (NTNU, 2015b):

* Regular waves H<0.25, T=0.3-3s.

e Irregular waves Hs <0.15m, T=0.6 -1.5s.

Available Spectrum: JONSWAP, Pierson-Moskowitz, Bretschneider, ISSC, ITTC.
e Wave controller update rate = 10 Hz.

* No. wave gauge on paddle = 4.

Stroke length on actuator = 590 mm.

Speed limit = 1.2 m/s.
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The towing carriage can be used in two modes, either computer controlled or manual mode.
The computer controlled mode is operated through special applications for LabVIEW, to setup
regular or irregular movement on the different axes. The manual mode is operated from the
console at the towing carriage. Figure 1.3 shows the setup for the different axes of the basin and
on the towing carriage.

(a) Basin (b) Towing carriage

Figure 1.3: MC Lab axes with positive direction based on maneuvering type coordinates with Z
positive downwards [Adapted from: NTNU (2015b)].
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1.3 Obijectives of the Thesis

The superior objective of this thesis is to develop a new research foundation into the Marine

Cybernetics Laboratory, the C/S Inocean Cat I Drillship, and all experiments are done in here.

To achieve the main objective, several partial objectives are defined:

1.

Find background and do a literature review on thruster-assisted position mooring and
appropriate controllers.

. Find background on the NTNU Marine Cybernetics laboratory.
. Build the C/S Inocean Cat I Drillship model.

. Implement the software on the C/S Inocean Cat I Drillship.

Derive a mathematical model of C/S Inocean Cat I Drillship.

Simulate the different thruster-assisted position mooring control algorithms on the math-
ematical model.

Implement the control algorithms on the C/S Inocean Cat I Drillship and test the different
control laws in the Marine Cybernetics laboratory.

10
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1.4 Contributions of the Thesis

This thesis brings a new research foundation into the Marine Cybernetics Laboratory, and the
cybership fleet. Hence, this contributes with:

1. Anew vessel into the cybership fleet in the Marine Cybernetics Laboratory at NTNU.
2. Mathematical model of a TAPM vessel, both full scale and model scale.

3. Controller design and validation by simulation and laboratory experiments.

4. Validation of mathematical model by simulations and laboratory experiments.

5. A collection of literature on TAPM, from early days and up until now.

It is reasonable to believe that this thesis and its contents can inspire and help in future master
and PhD research at NTNU. In addition, this research may help to new development in the area
of TAPM controllers.

11
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1.5 OQutline of the Thesis

1.5.1 Structure

The thesis is build up around the development of the C/S Inocean Cat I Drillship model and
relevant control algorithms. It is organized in the following way:

Chapter 1 introduces the thesis to a reader. It provides relevant background information regard-
ing thruster-assisted position mooring and the C/S Inocean Cat I Drillship model. This chapter
also provides the objectives and contribution of the thesis.

Chapter 2 addresses the main requirements and the intended use with corresponding con-
trollers for the C/S Inocean Cat I Drillship. In addition to the requirements, instruments, and
human-machine interface are presented.

Chapter 3 presents the building process of the C/S Inocean Cat I Drillship. In addition diagrams
of the architecture, regarding position of thrusters and power flow is presented.

Chapter 4 presents the control system design with how the different controllers and navigation
algorithms are implemented. In addition, the communication flow and the human-machine
interface is presented.

Chapter 5 presents the mathematical modeling for the simulation model, where both the kine-
matics and kinetics are presented. The identification of the system parameters is also pre-
sented.

Chapter 6 covers the controller and observer design. Different thruster-assisted position moor-
ing controllers are presented, and an observer that is suitable for the system is proposed.

Chapter 7 presents the experiment setup for the C/S Inocean Cat I Drillship in the MC Lab.

Chapter 8 the results from all the different controller, in both the simulations and experiments,
are presented and commented.

Chapter 9 presents a discussion on the results from Chapter 8. In addition to a discussion on
different issues that have occurred, are brought up.

Chapter 10 covers the concluding remarks are made and summarizing the main contributions
of this master thesis. Suggestions for further work is also presented.

Appendix A presents different manuals for the C/S Inocean Cat I Drillship are provided.

Appendix B presents an overview over what the digitally attached zip-file contents are, is pro-
vided.

12



Chapter 1. Introduction 1.5. Outline of the Thesis

1.5.2 Notation

Throughout the thesis bold style font is used for vectors and matrices, while scalars are in regular
style font. Text written in cursive, is a definition or a direct copy from the reference.

13
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Chapter 2

Requirements Specification

This chapter specifies the functional and physical needs the experimental platform should sat-
isfy, i.e. what the system should do. The specific implementation, i.e how the system meets the
requirements, is given in Chapters 3 and 4. Requirements mostly specific to this vessel model are
the main focus. Generally, the model will be constructed according to the established practices
of MARINTEK and the MC Lab. These are not detailed here, but by NTNU (2015a).

2.1 Experimental Platform Purpose

The intended use of the vessel, is to provide experimental data to support research. TAPM is
the primary research focus, and specifically control design, without preventing research on op-
eration and other disciplines. Control design research will be able to address the interaction
between anchor and thrusters, thrust allocation, observing, motion control, etc. Finally, the
design must be flexible, to allow for adaption to unforeseen research needs.

15
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2.2 Key Features

2.2.1 Functional

It should be possible to design and implement own regulators. This requires specially
* software framework that makes it possible to effectively change only the signals desired,

» preprogrammed generic software modules that can handle functions that are not of par-
ticular interest to the specific experiment.

Again, the design must be flexible, to allow for adaption to unforeseen research needs, new
framework, hardware, etc.

2.2.2 Physical

The model will be a scaled version of the Statoil’s Cat I Arctic Drillship, design by Inocean. The
background for this is that Department of Marine Technology (IMT) and the Centre for Au-
tonomous Marine Operations and Systems (AMOS) wished to develop and build a new model
ship for use in the MC Lab. This model should be according to a drillship design, with full sta-
tionkeeping capabilities by both DP and TAPM. The vessel is intended to have a modern design,
with good stationkeeping performance in both open water waves and in sea-ice.

2.2.2.1 Turret
On the vessel there must be a turret. This turret must have the ability to rotate freely, but if

necessary have the possibility to command a rotation of the turret. This setup is normal on full
scale vessels.

2.2.2.2 Mooring Lines

The scale model must have the ability to connect at least 4 or more mooring lines to the turret.
This requirement comes from what is normal in full scale operations.

2.2.2.3 Riser

An adaptation of the turret has to be made, such that a riser has the possibility connect in the
center. This is desired so that research with risers is also possible.

16
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2.3 Measurements

Essential measurements available on the full scale TAPM vessel must be available to control the
system.

2.3.1 Position

It must be possible to measure the position of the vessel in the MC Lab. Normally, DP-systems
get this via GPS, but this is not possible in the MC Lab.

2.3.2 Acceleration

This is a measurement that exist and is measured by IMUs onboard the vessel. Measurements
of the acceleration is also desired on the scale model.

2.3.3 Mooring Line Tension

Normally there is no measuring of line tension i full scale, but for research purposes it is desired
that the scale model as the opportunity to measure this as well.

2.4 Actuators

Thrust forces must be able to produce at the same hull relative positions and angles as on the
Inocean design. This yields six rotatable thrusters, with location as specified in Section 4.1. The
scale model thruster forces and rotational velocities must, as a minimum, equal the capabilities
of the full-scale vessel. The reason for this is that Inocean will have the ability to access the data
from the experiments.

17
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2.5 Human-Machine Interface

2.5.1 Basic Control Functions
To position the vessel before, between and after experiment, pre-implemented control func-
tions should be available. These include (NTNU, 2015a)
e individual actuator control,
 generalized force control in the
- vessel body frame,
- MC Lab inertial frame, and
— user frame, and

* position regulation, i.e. stationkeeping.

2.5.2 Graphical Interface

The graphical interface should be easily configurable, so the user can see it adapt it to their
needs. In particular, these requirements could vary from experiment to experiment

* plotting,
* buttons and control parameters for online tuning.

The interface must clearly show which control mode is active.

2.5.3 Gamepad

For ease of access, all basic control functions must be available through a gamepad.

2.5.4 Logging

It must be possible and easy to customize logging for each experiment. All signals must be
available for logging.

18
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2.6 Practical Considerations

This vessel is going to have a lot of users, which requires the vessel to be easy in use. In addition,
it is desired that the vessel is robust and waterproof. Such that it has the ability to get wave
splashes on the deck, without worrying about the electronics onboard. If unforeseen behavior
occurs for the vessel, an emergency function is desired to turn off the system.

19
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Chapter 3

Construction and Equipping

Bjorne (2015) a plan was proposed for the construction, equipping and assembly process. This
plan has been followed with minor changes and additions. During this process, the hardware ar-
chitecture of the vessel was decided. Parts that need a specific placement, such as the thrusters
and the turret, were placed at these places. The other parts were placed such that easy access for
maintenance and replacement is possible. The electronics were positioned at the rear section
of the model to avoid most of water splash during experiments. This section will present the
drawings for the power system, Section 3.6.3, signal flow, Section 4.1.1, and the software topol-
ogy of the CompactRIO, Section 4.1.2. From the same figure, the placement of each part can be
seen.

3.1 Body

Due to limitations in the MC Lab, see Section 1.2.4.2, a scaling of 1:90 is chosen. Table 3.1 shows
the scaled data of the vessel.

Table 3.1: C/S Inocean Cat I Drillship dimensions.

Description Data

Length over all (L,,) 2.578 [m]
Breadth (B) 0.440 [m]
Depth moulded (D) 0.211 [m]
Draft design (T) 0.133 [m]
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3.1.1 Hull

The original vessel hull is designed by Inocean for Statoil, and now these drawings are used by
MARINTEK to build a model of the same hull. The model hull is constructed in carbon fiber
with brackets for the thrusters and with a deck (3-4 mm) out of acrylic fiber covering all of the
bottom deck. Instead of a lowered mid-ship section, the deck is made planar.

The construction steps were

1. Making a plug using the computer-aided design (CAD) drawings. This plug is used to
get the correct shape of the vessel. The it was cleaned and polished to make the plug so
smooth that the mold easily can be removed afterwards.

2. Making a mold from the plug by covering the outside of the plug with a material, that
is stiff enough to hold its shape during the curing process later on. This mold was also
stiffened up to make sure it was stiff enough.

3. Cast the hull. This was done with carbon fiber and slowly curing epoxy, by using Vacuum
assisted methods. This makes the epoxy spread evenly over the carbon fiber, which results
in a strong and thin hull. Since a slowly curing epoxy has been used, the curing process
took a long time. The result of this process can be seen in Figure 3.1a.

4. Paint the model with yellow paint and mark it with the correct markings, which can be
seen in Figure 3.1c.
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(a) After epoxy curing process.
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(c) Complete with markings and lid.

Figure 3.1: CSAD hull construction stages.

3.1.2 Lid

When it comes to the lid, there were several factors that needed to be considered; waterproofing,
easy access to parts and noise reduction. The waterproofing issue was fixed by fitting a rubber
seal between the lid and the edge on the vessel, then securing the lid with several screws around
the edge of the lid. The easy access factor was solved by fitting watertight hatches in both of the
lid, so that the weight, batteries and other parts can be reach. For the last part, noise reduction,
the lid is fitted with noise reducing mats, in addition to mats fitted inside the hull as well. See
Figure 3.2 and 3.3 for the solutions.
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(a) Top view.

(b) Underside view.

Figure 3.2: CSAD lid with noise reduction mat.

Figure 3.3: The inside of the hull with noise reduction mat.
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(a) Complete. (b) Lower part close-up.

Figure 3.4: CSAD turret (upside down).
3.2 Turret and Mooring Lines

The mooring lines are connected to the turret by using clips. This will be a secure way to connect
the mooring lines to the turret and the risk of them detaching is minimal. See Figure 3.4b for the
connection setup, with maximum eight mooring connections. This is a preliminary setup, since
there is no way to command rotation on the turret, it can only rotate freely.

The upper part of the turret is mounted to the cylindrical cut-out of the hull, and attached by
screws. The upper and lower parts are connected with a spacer. This spacer can be a force
measurement, such that total force measurements in x-, y- and z-direction can be obtained. In
addition to the spacer, force measurements rings are attached to the mooring lines to measure
the force on each mooring line.
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Figure 3.5: The thrusters at their respective places [Courtesy: Frederich (2016)].

Table 3.2: Scaled thruster location [Courtesy: Frederich (2016)].

Thruster Position X [m] PositionY [m]

Thruster 1 1.0678 0.0
Thruster 2 0.9344 0.1100
Thruster 3 0.9344 -0.1100
Thruster 4 -1.1644 0.0
Thruster 5 -0.9911 -0.1644
Thruster 6 -0.9911 0.1644

3.3 Thrusters

The thrusters are placed according to respective places at Statoil’s Cat I Arctic Drillship, as given
in Figure 3.5, and the scaled dimensions are given in Table 3.2. The thrusters consist of multiple
parts; rudder propeller, motor and servo. These parts are more specifically described in the
following subsections.

3.3.1 Rudder Propeller

The Aero-naut Precision Schottel drive is an azimuth thruster. These have a propeller that is 30
millimeters in diameter, and the thrusters come with both left and right going blades. The six
thrusters that are needed, are mounted on the bottom of the hull with the fitting ring that came
with the thrusters, so that they can easily be replaced if needed. The fitting ring is coated with a
silicon seal to create a watertight seal that prevents the water entering the hull. The thruster hub
is easily passed through the hole of the ring, and secured with clips inside. The gears for the drive
belts are fitted on top. The thrusters and how they are fitted, can be seen in Figure 3.6.

A very important matter is, that the thrusters are water lubricated. Therefore, the thrusters
can only be driven a light speed outside water. For more documentation, see the digital Ap-
pendix.
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(a) The unmounted thruster [Courtesy: aero (b) The mounted thruster.
naut (2015)].

Figure 3.6: The aero-naut precision schottel thruster with fitting ring and belt-driven swivels.

Figure 3.7: Mounted servos and motors with brackets and Divinycell.

3.3.2 Motor and Servo

Each thruster is driven by a brushless OMA-2820-950 DC motor. The DC motor requires a 12
V power supply, the power supply and how the motors operates, speed and direction, will be
determined by the electronic speed controller (ESC).

Dynamixel MX-106R servo motors are fitted to control the angle of the six thrusters. The servos
are fitted with a 1:1 gear, which means that a 1 degree turn on the servos results in 1 degree turn
on the thrusters. The servo requires a 12 V power supply and pulse-width modulation (PWM)
signal to control the position of the thrusters. For more information about PWM signal check
Section 4.1.1.1, and for the servo check the digital appendix.

Mounting of the servos and motors is done by attaching them to brackets, which again are
bolted onto a plate with Divinycell under it. Figure 3.7 shows how this is done. The Divinycell is
necessary in order to reduce the vibrations from the hull and access for the screws.
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Figure 3.8: Example of a NI cRIO chassis with modules [Courtesy: National Instruments (2015)].
3.4 Embedded System

The embedded system consist of different parts to be working perfectly. These parts are de-
scribed more specific in the following subsections.

3.4.1 National Instruments CompactRIO

The NI CompactRIO (cRIO) is a real-time embedded industrial controller made by National In-
struments. An example of a controller can be seen in Figure 3.8. The CompactRIO is a combina-
tion of a real-time controller, reconfigurable I/0O modules (RIO), field-programmable gate array
(FPGA) module, and an Ethernet expansion chassis (National Instruments, 2015). The system
runs real-time control systems programmed either in LabVIEW or Simulink code through the
software NI VeriStand.

In this case for CSAD the cRIO is fitted with the following modules and chassis:
* The expansion chassis NI cRIO-9024

e The modules:

One NI 9474 Digital output

One NI 9215 Analog input

One NI-9871 Serial interface

Two NI 9237 Analog bridge

One NI 9411 Digital input

Two NI 9401 Bidirectional digital input
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In this case a default FPGA personality is not sufficient enough due to the combination of mod-
ules in the chassis. So the FPGA personality file is made from scratch and will handle the inputs
and outputs of the system.

3.4.2 Electronic Speed Controllers

0.S. OCA-150 50 A BL electronic speed controllers (ESCs) are fitted to control the DC motors
driving the six thrusters. The ESC requires a 5 V power supply and a PWM signal to control the
speed of the motor, in addition to the 12 V power supply required to run the motor. The PWM
signal area is between 5 % and 10 % of the total signal length, where 5 % is full reverse, 7.5 %
neutral and 10 % full forward. More information about PWM signals, see Section 4.1.1.1. More
information on the ESC and its initialization procedure can be found in Appendix A.1.

3.4.3 Sixaxis Gamepad Controller

The Sixaxis is a widespread gamepad. It can transmit a broad range of input to the cRIO, and is
suitable for human operator input. The device communicates over Bluetooth.

3.4.4 RaspberryPi2

To receive the signal from the Sixaxis controller the system is fitted with one Raspberry Pi 2
(RPi2). The RPi2 is a credit card-sized single-board computer including Ethernet and USB con-
nections. In the laboratory setup, the unit is used to transmit the Sixaxis’ data to the cRIO. The
Sixaxis controller sends a Bluetooth signal to the RPi2, which again transfers the signal received
to the cRIO by Ethernet cable.

3.4.5 Wi-FiBridge

The Wi-Fi bridge that is used in the CSAD, is the ASUS EA-N66. This device is use in bridge mode,
not the other modes that the device is capable of, to communicate wireless with the computer
that runs VeriStand. It is a very versatile device with powerful performance and exhilarating
design.
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Figure 3.9: CSAD aft with (from the left) batteries, Wi-Fi bridge, watertight container and actua-
tors..

3.4.6 Watertight Container with Equipment

Figure 3.9 shows how the electronic parts are positioned inside a watertight container. The box
contains the following parts, CompactRIO, Raspberry Pi 2, the emergency switch and the power
panel with an on/off switch. The watertight container is mounted to the hull using Velcro, and
the cRIO parts are mounted with screws inside the box. The Wi-Fi bridge module is fitted onto
the side of the vessel, with wiring going into the cRIO.

3.5 Inertial Measurement System

The vessel will be fitted with an IMU from Analog Devices, more specific the ADIS16364. The
setup for the assembly is finished, but as the IMU is in use, this has not been fitted. This is
an IMU that includes a trixaxis gyroscope and trixaxis accelerometer. The IMU can provide an
accurate sensor measurement over a temperature range of —20°C to +70°C. This gives a simple
and cost-effective method to measure accelerations in different directions. The size of the unit
is approximately 23 mm x 23 mm x 23 mm. To handle the signals from the IMU, a custom FPGA,
made specific to the ADIS16364 IMU, is used to interpret the signals that the NI 9401 module
receives.
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3.6 Power

All vessels need a power source to operate. How this power source and the capacity was decided,
are described in the following subsections.

3.6.1 Batteries

The system is powered from six 12 V 12 Ah lead batteries. Most of the equipment needs 12 V
power, but there as some parts that need 5V, such as the Raspberry Pi 2. These components are
connected to either the USB outlet on the cRIO chassis or the 5 V outlet on cRIO modules.

3.6.1.1 Battery Requirements

The amount of batteries and electrical charges was found by checking the total current con-
sumption on the desired operational time. Table 3.3 was used in this process.

Table 3.3: Power consumption calculations

Part Units Max ampere/unit [A] Total ampere [A] Voltage [V] Power [W] Total power [W]
Servo 7 5.2 36.4 12 62.4 436.8
Motor 6 18 108 12 216 1296
cRIO 1 5 5 12 60 60
Raspberry Pi 2 1 0.8 0.8 5 4 4
ESC 6 2 12 12 24 144

162.2 1940.8

This shows the maximum consumptions of the different parts. In a true loading condition, it
will not be the case that all of the parts will run at maximum power, thus, the batteries are not
scaled for this. For 30 min - 1 hour of operating time, it is sufficient with approximately half the
maximum capacity. The resulting even number of batteries and ampere hours is then 6x12 Ah
batteries.

3.6.1.2 Assembly

The batteries need to be fixed at the location they are placed. To ensure this, the batteries are
mounted by using a mounting bracket with straps over the batteries. This will provide a safe and
durable solution, which will keep the batteries in place and avoid any damage to them. In Figure
3.11 one of the mounting bracket is shown, and Figure 3.10 shows the placement of the batteries
before installing the brackets. Three batteries are contained in each of the brackets. To reduce
vibration on the batteries, there are placed Divinycell foam underneath each battery.
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Figure 3.11: How the batteries are mounted in the brackets with straps.

3.6.2 Power Panel

In order to keep track of the power circuit the vessel is fitted with on/off switches, fuses, low
voltage indicator, charging connection and a wireless emergency switch. This wireless switch
uses radio frequency to control the system on and off if necessary, and it will work up to 100
meters in clear sight. This power panel has been fitted to the side of the watertight box.

3.6.3 Distribution

The power system consist of a 12 V grid. The grid is marked as a red line throughout the Figures
3.12,3.13 and 3.14. A second grid is a 5 V grid, which powers the Raspberry Pi 2, is marked green
in the same figures. In addition to this, the model is fitted with a power panel that has a 25 A
fuse. This is to ensure that the system parts would not get broken if a higher current enters the
grid.

Another representation of the power system can be seen in Figure 3.15, as a power single line
diagram.
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Figure 3.12: CSAD power system, bow.
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Figure 3.13: CSAD power system, midship.
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Figure 3.14: CSAD power system, aft.
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Figure 3.15: Single line diagram of the power system.
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(a) Bracket design. (b) Rod with reflector spheroid.

Figure 3.16: The reflector spheroid for the Qualisys system.
3.7 Qualisys Reflectors

To get the position of the vessel it is necessary to fit reflector spheroids on the vessel. This was
done by fabricating a bracket and a rod to hold the reflector spheroids. In Figure 3.16a and
3.16b the bracket design and final result are shown. The rods are cut into different length; 10 cm,
20 cm, 30 cm and 40 cm. This is done so the Qualisys system detects the vessel faster, by creating
different triangles.
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(b) In water.

Figure 3.17: The finished model vessel.

3.8 Summary

In Figure 3.17 the finished model vessel is shown, and all the parts that are fitted onto the exterior
of the hull can be seen. The other parts inside are, as mentioned, shielded with a watertight lid.
How to operate the CSAD is explained in Appendix A.2.

The following list includes which items in the requirements specification, Chapter 2, that have
been fulfilled or not.

e Turret:
- Can freely rotate, but cannot force rotation.
— Not possible to connect a riser in the center.

— Possible to connect a maximum of 8 mooring lines, but can be further increased.
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¢ Measurements:

- Itis possible to measure all of the desired elements, when the IMU is put in.
¢ Actuators:

— All actuators fulfill the requirements.
e Practical:

— The hull is water proof. It will allow splashing, but not submerging the vessel under
water.

— The vessel is fitted with an emergency switch to cut the power supply the cRIO and
thrusters.

To recap, some elements are still to be done, and are as following:
* Fix the turret such that it is possible to force rotation in addition to have it freely rotating.
e Make it possible to connect a riser in the center if the turret.

e Putin the IMU, when it is not used in other experiments.
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Chapter 4

Control System Design

4.1 System Diagrams

In this section the communication signal/network information flow are presented. In addition
to the CompactRIO software topology.

4.1.1 Communication

The communication signals and network flow for the model consist of different types of signals
that are required to run the system. These signals with descriptions can be seen in Figures 4.1,
4.2 and 4.3.
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Figure 4.1: The communication signal/network information flow, bow.
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Figure 4.2: The communication signal/network information flow, midship.
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Figure 4.3: The communication signal/network information flow, aft.
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Figure 4.4: Example of PWM signal with frequency = 50 Hz and duty cycle = 0.2.

4.1.1.1 Pulse-Width Modulation

A pulse-width modulation (PWM) signal consists of a frequency cycle and a duty cycle. The
frequency used in this thesis for the ESCs is set to constant 50 Hz. The only parameter controlled
is the duty cycle, in the range of [0,1], in order to generate the PWM signal. The duty cycle
indicates, when the signal is "on" for the period. An example of this is that if the duty cycle is 0.2
it will mean that the signal is "on" for 20 % of the period. This is illustrated in Figure 4.4. On the
servo, the delivery of this PWM signal is a bit different. The PWM signal comes from the cRIO
through a RS-485 protocol, which is a multi-drop protocol so that one can communicate with
several units on the same line.
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Figure 4.5: Software topology for the CompactRIO.

4.1.2 CompactRIO Software Topology
To control the vessel the CompactRIO must have a software which routes the signals to the cor-
rect destinations. Figure 4.5 contains how these signals are routed.

The switching logic between the different controllers is explained in Figure 4.6, where the sym-
bols in the switch corresponds to the symbols on the Sixaxis controller. A more detailed view on
these controllers are given in Table 4.1.

Table 4.1: Generic control modes.

Sixaxis Control modes
Individual actuator control
Max force: up and down arrows
Left joystick: front thrusters
Right joystick: aft thrusters
Generalized force control
Max force: up and down arrows
Left joystick: surge and sway forces
L2/R2: yaw moment
Basic dynamic positioning (DP)
Setpoint: user interface
Gains: user interface

Student controller
User implemented controller
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Figure 4.6: The switching logic between the different controllers.

The necessary control functions in Section 4.3 are either operated by the Sixaxis controller, with
its manual control functions, or by VeriStand, with its automatic positioning system. The input
from the different controllers defines how the vessel should respond to a command given by the
Sixaxis controller or the automatic controller.

For implementation of navigation, guidance and control algorithms, the block called ctrl_student
in the detailed figure of the software topology can be used. The inputs in these blocks, are 3 DOF
position, quality and error in the measurement of the position. Outputs are the desired force and
angle of the different thrusters. Thus, this control algorithm must contain a thrust allocation to
give the optimal values to the different thrusters.
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4.2 Low Level Control

The high level control signals from the controller need to be interpreted correctly, since it gives
out normalized thrust and angle for each thruster, u = [uy, ..., ug, a1, ...@]. A mapping from nor-
malized to physical thrust and angle is required. The term for this is low level control, and in the
following sections the various signal mappings are explained. Due to the open loop property of
the control system, mapping from the desired force and angle to a PWM signal is required. This
mapping must be well defined in order to give an accurate responds. How this is done and the
outcome of it are explained in Frederich (2016).

4.2.1 ESC Calibration

In order to calibrate the electronic speed controller, the range where it operates must be iden-
tified. The normal range where ESCs operate is between 5 % and 10 % of the full signal, and
this was also the case with these ESCs. As mentioned in Section 4.1.1.1 the signal consists of a
frequency and a duty cycle. For these ESCs the frequency is set to a constant of 50 Hz, which
gives a period of 20 ms. cRIO FPGA PWM output frequencies are given in terms of FPGA clock
pulses, also known as ticks. Since the embedded controller frequency is 40 MHz, a 50 Hz PWM

signal has a period of 4.1.
40 MHz _ 40-10°

50Hz 50

=800 000 tick. 4.1)

Table 4.2: Current calibration of ECSs.

Direction  Signal range PWM  Tick

Full reverse 5 [%] 40 000
Neutral 7.5 [%] 60 000
Full forward 10 [%] 80 000

The rotational direction for the PWM signal range were found to be as in Table 4.2. For more
specific on how to calibrate the ESCs, see the manual in Appendix A.1.

4.2.2 Servo Calibration

To make sure that the thrusters are positioned in neutral position when not commanded to oth-
erwise, it is necessary to calibrate the angle. Neutral position is when the thrusters are pointing
in negative direction along the x-axis of the body-fixed coordinate system. Since all commands
to the servos are in degrees it is easy to set the neutral position angle. This was done by making
two straight lines on a piece of paper so that they forms a right angle, see Figure 4.7, and rotate
the thrusters until they line up with the straight lines on the paper.
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—

C B D

Figure 4.7: A line segment (AB) drawn so that it forms right angles with a line (CD).

Table 4.3: Defined neutral angles for the thruster.

Thruster angle Neutral position

a1 -165
as -154
as -147
(0%} -8

s 165
77 -12

From this the neutral angle of all servos were found, these values can be seen in Table 4.3. For
all servos the maximum and minimum rotation angle is defined by:

a=[a,aas,dq,as5,ag] € [—10242,10240]. 4.2)
The angle measurements that are returned from the servos are given in the range from aigneq =
[0,32768], so these values have to be converted to degrees. By using signed number represen-

tation conversion the correct values in degrees are found, the minimum and maximum value
range is given in Table 4.4.

Table 4.4: Signed number representations conversion.

Value Degree
Maximum 14335 10240
Zero 0/32768 0
Minimum 18433 -10242
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4.2.3 Control Input to Actuator Signals

The block u2pwm_alpha handles the correct mapping from the control input signals to the PWM
signals sent to the motors and servos. The inputs to the block consists of two vectors; the desired
PWM signal from the thrust allocation and the desired thruster angle (Frederich, 2016):

PWM;, = [PWM,, ,PWM,, ,PWM3, ,PWMy, ,PWMs5, ,PWMg, ]. (4.3)
Aipn = [alinr azin) a?’in’ a4in’ a51nr aﬁin] € [_180) 180] . (44)

For the PWM signals, the PWM;j, = 0 is mapped so that it corresponds to the neutral signal out.
Higher PWM signals are mapped in the range neutral to full forward, and lower PWM signals are
mapped in the range neutral to full backwards.

Regarding the thruster angles, they are mapped so that they take the shortest route to the desired
angle. An example of this: if acommanded = —160° and @cyrrent = 150°, then the shortest way
becomes agesired = —200°, since the difference is only 50° instead of 310°. By including this,
the thrusters can operate more efficiently.

Note: If one of the thrusters reach maximum angle, see (4.2), then this thruster needs to return
to neutral position, see Table 4.3. If possible, if one reaches maximum rotate all thrusters back
to neutral position.
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4.3 Necessary Control Functions

Some of the controllers that are implemented are the basic controllers. These are controllers
for manual thruster command, motion command and automatic control functions. The last
one, the automatic controller, will be a controller design by the user. This controller will then
perform the desired tasks set by the user. The different controllers and how the implementation
of these is done can be seen in Figure 4.5.

4.3.1 Individual Actuator Control

This controller uses the input from the Sixaxis controller to directly control the individual thrust
vectors
u= [ul;uz»---»un]—r = Ucmd- (4.5)

To make it easier to control, the three thruster in the bow are mapped together like this: left
joystick — u — [uy, u, us, a1, a2, az]. The same for the three in the aft, but with the right joy-
stick.

4.3.2 Generalized Force Control

Generalized force control uses thrust allocation to enable the user to command motions of the
fully actuated vehicle without the need to consider individual thruster settings. These motions
can be commanded relative to different reference frames, body-frame, basin-frame and user-
frame. These controllers are defined as in the following subsections (Skjetne, 2015).

The relationship between the different control motion frames are given in Figure 4.8. The fol-
lowing list explains these relationships:

* The basin-fixed frame {Basin} is located at mean sea-level with x-axis pointing longitu-
dinal, y-axis transversal and z-axis downwards. The origin is defined as Field Zero Point
(FZP) located in the center of the turret when no environmental loads act on the vessel.

* The body-fixed frame {Body} is fixed to the vessel body with the origin located in vessel
origin (VO) of the hull. With x-axis positive forward, y-axis positive towards starboard and
z-axis positive downwards.

e The user-fixed frame {User} is fixed to the user with the origin located in the user origin
and rotated an angle s relative to the basin x-axis. With x-axis pointing forwards, y-axis
right and z-axis downwards.
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Figure 4.8: Definition of the different control reference frames. [Adapted from: Skjetne (2014)]
Thrust allocation is not covered in this thesis, for further information about this see Frederich

(2016).
(4.6)

4.3.2.1 Body-Relative Motion
This controller uses the input from the device to command the generalized body-relative thrust

vector T
T= [X) Y) N]T = Tcmd;
where X is the total thrust force in surge, Y in sway and N is the yaw moment. Then it uses thrust
allocation to calculate the corresponding individual commanded thrust vectors
4.7)

Ucmd = B(a)TTcmd’

where B(a)" is the pseudo inverse of the input matrix.

4.3.2.2 Basin-Relative Motion
This controller uses the input from the device to command the generalized basin-relative thrust
vector TCBSfén. By knowing the orientation vector of the vessel we can use basin to Body transfor-
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mation and calculate the corresponding body-fixed thrust vector

Body
Temd =

=J(0) ' Basin, (4.8)

mnd

The individual commanded thrust vectors can then be obtained by use of thrust allocation.

Uemd = B(@) 7200 = B(a) ] (6) " B0 (4.9)

Temd

where B(a)" is the pseudo inverse of the input matrix.

4.3.2.3 User-Relative Motion

The user-relative controller uses the input from the device to command the generalized user-
relative thrust vector rg;fg. By knowing the orientation vector of the user we can use transfor-
mation and calculate the corresponding body-fixed thrust vector as following:

Basm I(eUser)TUser (4'10)

Temd — cmd’

then, by using the orientation 0 of the vessel, we can use Basin-Body transformation to get the
body-fixed thrust vector:

Body
mnd

=J(0) 1B = J(0) 1 (Oyser) T 4.11)

cnui - cmd

Finally, the thrust vector for the individual thruster can be allocated:

Uemd = B(@) 7200 = B(a) J(6) T Ousen) TV (4.12)

cmd’

where B(a)" is the pseudo inverse of the input matrix.

4.3.3 Automatic Control

The automatic control functions, that are initially implemented, are AutoPos: Automatic control
of (x, y), AutoHead: Automatic control of (y). For this thesis, the automatic control functions are
expanded with a setpoint chasing algorithm and other TAPM control modes that are normally
used in TAPM systems.
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4.4 Human-Machine Interface Functions and Layout

As presented in Section 2.5 there is need of an HMI, the following list includes the functions that
are implemented to support the operator:

* Which control mode is in use and a switch to change modes

Thrust usage and angle of the thrusters

Voltage indicator from the batteries

Position and heading in the basin

¢ A description of the wireless controller functions

Indicators that describes what is done on the wireless controller

Mooring line tensions
¢ Error messages
* Other functions that can be useful for the operator to know

The layout for these functions are easy to follow and easy to use. This layout was designed when
the model was fitted with all the necessary equipment and controlled that the entire system was
working together. In Figure 4.9 and 4.10, are two examples on how the Veristand HMI can look
like.
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4.4. Human-Machine Interface Functions and Layout
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Chapter 5

Mathematical Modeling

5.1 Dynamics

By using the proposed notations and reference frames in Strand et al. (1998) the kinematics and
kinetics for a TAPM vessel can be described as shown in the following subsections.

5.1.1 Kinematics

There are four different reference frames used in thruster-assisted position mooring, as illus-
trated in Figure 5.1.

e The earth-fixed frame {E} is located at mean sea-level with x-axis pointing north (N), y-axis
east (E) and z-axis downwards (D). The origin is defined as Field Zero Point (FZP) located
in the center of the turret when no environmental loads act on the vessel. The earth-fixed
frame is in this thesis represented by the Basin-fixed frame.

e The reference-parallel frame {D} is the basin-fixed reference frame rotated to the desired
heading angle v, and origin in the desired (x4, y;) position. The desired position vector
is the represented with 1, = [x4, Y4, wal .

* The body-fixed frame {B} is fixed to the vessel body with the origin located in vessel origin
(VO) of the hull. With x-axis positive forward, y-axis positive towards starboard and z-axis
positive downwards.

e The turret-fixed frame {T} is fixed to the turret with the origin located in the center of the
turret (COT) and rotated an angle a; relative to the body x-axis.

57



Field Ze

(5.1)

5.1. Dynamics Chapter 5. Mathematical Modeling
A x(North)
5
~§
5
y (East)
arth-fixed “inertial” frame
0 Point = : »
Figure 5.1: Definition of the different reference frames [Adapted from: Skjetne (2014)].

by transformation:
where earth-fixed positions and body-fixed velocities are defined by 5 = [x,,z,¢,0,%]" and
v=luvwp,q, r’ respectively. The transformation matrix J(n) is given by:

The linear and angular velocities of the vessel in body-fixed are related to the earth-fixed frame

n=Jmv

Jim) O
J(m) = ) (5.2)
0  Jo(m)
cycld —sp+cO+cpsOsp  sysdp+cyepsod
Jim) = [sycO  cychp+spsOsy  —cysdp+sOsyco|, (5.3)
—-s6 cOs¢ cOcop
1 st cptO
Lbap=10 c¢ -s¢ |, (5.4)
0 s¢p/cO c¢lco

where s = sin; ¢ = cos; t = tan.
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5.1.2 Kinetics

The motion of a marine vessel is divided into two different dynamics; the low-frequency (LF)
model and the wave-frequency (WF) model. These two models are combined through superpo-
sition. The details of the full 6 DOF model can be found in Fossen (2011).

From Fossen (2011) the LF model for a moored vessel is given by:
MgV + MaV + Crg(V)V + CaA(V;)V, + D(V,)V; = Teny + Tmoor + Tthr (5.5)

where Mpp is the mass matrix, M, is added mass matrix, Cgg and Cy are Coriolis and centripetal
force matrices. v, is the relative speed between the vessel and the water, which means that
current is taken into account. Dv, is damping force function and Tepy = Twind + Twave2 are the
wind loads and 2nd order wave drift loads respectively.

Since this is a low-speed control situation, we can neglect the Coriolis and centripetal terms
because they are very small. Also, the non-linear parts of the damping term can be disregarded,
due to the fact that they are connected to higher order velocity-terms. Since we are using a
simplified model, there might be some uncertainties and other changes not accounted for. By
adding a bias model and removing 7,4, the uncertainties are accounted for. The influence
of the wind is removed, because it is not implemented in the model. Then, end up with the
following LF control model:

n=J(n)v, (5.6)
b=-Tyb+ w, (5.7)
MV + Djinv =J(@) " b + Trmoor + Tthn (5.8)

where the bias force is J() 'b = D;;, V¢ + Twavez and Timoor = Gmo + Dmo. Describing the restoring
and damping terms respectively.

5.1.2.1 Mooring Line Forces

The simplest of the mooring models is the linear model, where the assumption is, that the moor-
ing force has a linear relation to the horizontal displacement. The linear mooring model force is
then given by:

Tmoor = _]T (MGpo(n— 7]0) = DoV, (5.9)
where 17 € R® is the position and 7, € R® is the equilibrium position where both is in Earth-

fixed frame, and v € R is the velocities in body-fixed frame. The matrices G,,, and D,;,, are the
linearized mooring stiffness and damping respectively, and it is assumed that they only act in
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the horizontal plane, such that:

d
o= gm" : (5.10)
n n-1o
ad
mo = —— , (5.11)
av V=V

where G, in symmetric cases is zero, but can however, due to line breakage, be non zero. G,
can be formulated as

where Ty is the horizontal component of the tension and L, is a diagonal coefficient matrix
denoting the line breakage information. The mooringline configuration matrix is given by

cos f1 cos By,
T(p) = sin B, sin B, , (5.13)
X1sinfy —yicosPy -+ Xpsinfp — yncosfy

where f is the mooring line orientation vector with angles between the mooring lines and the
x-axis, and x and y are the horizontal displacement of the mooring lines between the turret and
the anchor cable.

5.1.2.2 Resulting Model

By combining the LF control model in (5.8) with the mooring line forces, we get the following LF
control model:

n=Jn)v, (5.14)
b=-Tpb(t) + wp, (5.15)
MV = -Dv—J®) " Gpon +JW) "b(8) + T 4pr, (5.16)
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5.2 System Identification 6 DOF Model

5.2.1 Vessel Model

In order to get the system parameters for the 6 DOF vessel mode, MSS Toolbox is used (Fossen
and Perez, 2004). Before this toolbox even could be used, it was necessary to run some simu-
lations in ShipX. The AutoCAD drawings of the Statoil’s Cat I Arctic Drillship was converted to
ShipX file, and then scaled down by Froude scaling in ShipX. In ShipX it was necessary to calcu-
late the vessel response, so a test run at first showed that the prefilled wave periods gave wrong
vessel response amplitude operators (RAOs). Since this was a model of a vessel, the wave periods
had to be scaled as well. By setting the minimum wave period to a period that the vessel oper-
ates in, in this case 0.671 seconds, and filling in at least 10 periods in the area where it operates,
the RAOs became correct. Then by using the result files from ShipX with the functions in MSS
Toolbox, veres2vessel and vessel2ss, the data files for the model was complete. This then
is used in the Simulink model, by using the build in Simulink block, 6 DOF DP model (zero
speed model with fluid memory), from MSS Toolbox.

The entire procedure on how to go from a ShipX model to get the system parameters in MATLAB
is described by Fossen (2008).

5.2.2 Mooring Model

For the mooring system, a Simulink model made by Ren (2015) is used. This model is in full
scale, so it was necessary to scale it down so it would fit the CSAD model. This scaling was done
by Froude scaling, which is explained in the following subsection.

5.2.2.1 Froude Scaling

Physical conditions such as wind, currents, waves, water depths among others must be repro-
duced realistically. To do this it is necessary to apply Froude similitude law to give realistic value
in model scale, or vice versa. This means that gravity is considered to be the dominant force
acting on the hull. By using the geometrical similarity requirement: A = Lg/Lys, Table 5.1.
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Table 5.1: Froude scaling table.

Physical Parameter Unit Multiplication factor
Length: [m] A
Structural mass: kgl A3 g—;

Force: [N] A3 g—;
Moment: [Nm] A4 5_;
Acceleration: [m/s?] ar = ay

Time: [s] e
Pressure: [Pa=N/m?] A 5—;

5.3 System Identification 3 DOF Model

Since this vessel will be used for other applications than just TAPM, a 3 DOF model is needed as
well. This requires some modifications to (5.8), the resulting model then becomes:

i =RV, (5.17)

Mv =-C(V)V—-D(WV)V+ Teny + Tihr (5.18)

where =[x, y,¥]" €R3, v=[u,v,r]" €eR3and 7 = [X,Y,N]" € R3. The rotation matrix R(y) is
given by:
cosy —siny 0
R(m) =R(y) = |siny cosy O (5.19)
0 0 1

The parameter values in the different terms in (5.18) are as in Table 5.2.

Table 5.2: CSAD rigid body and added mass parameters.

Rigid Body Added mass
Parameter Value | Parameter Value
m 127.92 Xy 3.262
I, 61.967 Y, 28.89
Xg 0 Y; 0.525
Ny 0.157
N; 13.98

m-Xy 0 0
M=| o m-Y, mxg-Y;|=M'>0 (5.20)
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(L Forcering, surge

Spring Force ring, sway

Y=<

Spring J Force ring, sway

Spring

Figure 5.2: The towing setup for CSAD.

0 —mr Yyv+(Yy—mxg)r
Cv) = mr 0 - Xuu =-C' (5.21)
-Yyv—(Yi —mxg)r Xuu 0

5.3.1 Drag Coefficients

In order to estimate the vessel damping term in (5.16), for the 3 DOF model, several towing tests
had to be performed in the MC Lab. The test setup is shown in Figure 5.2. Force rings are fitted
in the stern and on the side to measure the force in different directions. The springs are there to
keep the vessel straight and eliminate oscillations when forces are acting on the vessel in surge
and sway. The test setup for finding the yaw moment has a minor change to it, the aft spring
and force ring has switched places. The tests were performed by towing and rotating the vessel
with different velocities. In order to obtain the resistance forces on the hull, all thrusters were
directed along the x-axis backwards to reduce the resistance from thrusters.

The data series collected from the towing tests have been post processed in MATLAB, by using
a modified version of the towing script for CSEI. By using a curve fitting tool in MATLAB, the
damping terms as a function of velocity in surge, sway and yaw have been found. The results
can be seen in Figure 5.3, 5.4 and 5.5.
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Figure 5.4: Drag forces acting on the hull in sway.
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Figure 5.5: Drag forces acting on the hull in yaw.

From these results the linear and nonlinear drag coefficients for CSAD, in surge, sway and yaw,
can be found. The results are based on a cubic function, with the form y = ax®+ bx?+ cx. Table

5.3 lists the resulting coefficients:

Table 5.3: Drag coefficients in surge, sway and yaw based on test result.

Surge Sway Yaw
Parameter Value | Parameter Value | Parameter Value
X, -2.332 Y, -4.673 N, -0.01675
Xouu 0 Yy, 0.3976 N,, -0.01148
Xuuu -8.557 Yoo -313.3 Ny -0.0003578

The coupling terms in sway and yaw were not obtained from these tests. In order to have an
estimation of these values, the coupling terms from tests done on the CSIII were used.
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Table 5.4: Drag coefficients in surge, sway and yaw with coupling terms.

Surge Sway Yaw
Parameter Value | Parameter Value | Parameter Value
Xy -2.332 Y, -4.673 N, 0
Xuu 0 Yo 0.3976 Ny, -0.2088
Xuuu -8.557 Yyuu -313.3 Nyyy 0
X, 0 Y, -7.250 N, -0.01675
Xuy 0 Y, -3.450 Ny -0.01148
Xovw 0 Yir 0 Nyrr -0.0003578
Yy -0.805 Ny 0.08
Y, -0.845 Ny, 0.08
d11 (u) 0 0
D(V) = - 0 dzg(l), T) dgg(U, I‘) , (5.22)

0 ds2 (v, 1) d33(v,1)

where the damping components are:

di1 () = Xy, + Xjupulul + Xy, (5.23)
da2 (1, 1) = Yy + Yy vl + Yyup 0% + Yl (5.24)
do3(U,7) = Yy + Yy |0 + Vi |7 + Y 2, (5.25)
ds2 (v, 1) = Ny + Nyl v+ Nyup 0% + NippI71, (5.26)
ds3> (v, 1) = Ny + Niyjr|vl + Nipip 7]+ Nppp 72, (5.27)

Note: With this specific damping matrix, the model is only valid for low speed.
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Observer and Controller Design

6.1 Observer Design

Since most of the time the measurements are either noisy or can be incomplete, there is need
for an observer. An observer is a system that provides an estimate of the internal state for a real
system. There exists a lot of different types of observers, i.e. Luenberger, Kalman filter, etc., and
in this thesis the nonlinear passive observer is used.

6.1.1 Nonlinear Passive Observer

The passive observer is based on Strand and Fossen (1999) where the main motivation was to re-
duce the tuning parameters in designing a Kalman filter. The non-linear passive observer gives
these advantages during the tuning process and the Coriolis terms, Crgv and C4v,, and the
non-linear damping term, Dy |v|v, are small due to low speed, so they can be neglected. The
following assumptions are also necessary to prove passivity (Fossen, 2011):

Assumption 1. w=0 and v=0. The zero-mean white Gaussian noise terms are omitted in the
analysis of the observer. If they are included in the Lyapunov function analysis the error dynamics
will be uniformly ultimate bounded (UUB) instead of uniform global asymptoticallexponential
stable (UGAS/UGES).

Assumption 2. R(y3) = R(y), implying that ys = v + v, = @. This is a good assumptions since
the magnitude of the wave-induced yaw disturbance v, will normally be less than 5 degrees in
extreme weather situations (sea state codes 5-9) and less than 1 degree during normal operation
of the ship (sea state codes 0-4)
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Then by applying the assumptions to the resulting LF model we get the following non-linear
passive observer equations:

&= Avé + K (o), 6.1

i =RV + Ko, 6.2)

b=-Tyb+Ks¥, 6.3)

MYV = —D¥ +RW) "b— R(W) " Gmof) + Tenr + RW) T Ky¥, (6.4)
y=+Cy, (6.5)

3x3

where ¥ = y - ¥ is the estimation error and Kj (wg) € R®*3, K, 3 4 € R3*3 are the observer gains and

C. € R3*® are a constant matrix describing the sea state.

The matrix A, is assumed Hurwitz and describes the first-order WF-induced motion in a mass-
damper spring system. The matrix is defined as the following:

03x3  I3x3

Aw = 2
Q- -2IraQ

) (6.6)

where I' = diag(A1, A2, A3) is a diagonal matrix of damping ratios and are often set between 0.05
and 0.2. The Q = diag(w,w>,w3) is a diagonal matrix containing the dominating wave response
frequencies.

The gain matrices K; is calculated from the following equations:

Wi

Kii(weoi) = =2(&pni —Ai)—, (6.7)
Woi

Kl(i+3) (Woi) = zwoi(fni -, (6.8)

Ky = wei, (6.9)

where ¢,; = 1.0 and A = 0.1 are typical values (Fossen, 2011).

Since there is a possibility that the mooring lines break, or the setup is non-symmetric, the re-
sulting observer model needs to include the mooring forces that interact with the vessel. The
mooring forces implemented into the observers are approximations of the catenary equations,
due to the complexity of these equations.

There exists a function between the horizontal restoring component H; and the horizontal dis-
tance X; when the heave motion is zero, such that

H;=fx,(Xp), i=1,..,M, (6.10)

where fx, : Dx, — Ris alocally Lipschitz map from the feasible region Dy, € R into horizontal
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restoring force.
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6.2 Controller Design

The control objective is to bring the vessel to the desired position and keep it there. This can be
expressed mathematically as
Objective: tlim n() =ny. (6.11)
—00

6.2.1 Heading Control

The heading controller adjusts the vessel heading towards the environmental forces to reduce
the loads on the vessel and its mooring system. The heading controller can be described math-
ematically as PID-controller (Nguyen and Serensen, 2009b):

10,4 = ~HyKR@) §~HK,RW) (-1, ~HyKa(v—vy), (6.12)

where Hy, = diag(0,0,1), since only the heading is subjected to control, K, ; 4 is the controller
gainsand & = -1,,.

6.2.2 Surge/Sway Damping and Restoring

The surge/sway controller dampens the unwanted large oscillatory motion in surge and sway,
and reduces the stress on the mooring system. The surge/sway damping and restoring con-
troller can be described mathematically as PD-controller (Nguyen and Serensen, 2009b):

T;ﬁz = —H,K,RW) " (-1, —HyKa(v—vy), (6.13)

where Hyy = diag(1, 1,0) and K, 4 are the controller gains.

6.2.3 Setpoint Chasing by Lowpass Filtering

The proposed setpoint chasing algorithm from Nguyen and Serensen (2009a) is presented in
(6.14). The objective of this controller is to keep the thrust at its minimum, but still reach the
overall aim, n — 7.

Mg =—A1ng+An,,, (6.14)

where 7 ; € R? is the system dynamics of the desired LF position of the vessel and A € R**? is the
first-order diagonal and non-negative filter gain matrix with the cutoff frequencies 1/ Tj, given
by

A =diag(1/Ts,,1/Ts,). (6.15)
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This then continuously produces a new setpoint for the controller, so that the controller com-
mands minimal force, until the maximum radius is reached. The controller is just a regular

PID-controller that can be represented as:
Tpia=-KRW) T (-1, ~KR@) & -Ka(v—vy), (6.16)

where & = -1, and K, ; 4 are the controller gains. To get a clearer view of how the setup for the
setpoint generator is, a block diagram of this is shown in Figure 6.1.

,r’XY nd
» ©) 5

Figure 6.1: A block diagram of the setpoint generator.

Y
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6.2.4 Hybrid Control Concept

Nguyen and Serensen (2009b) introduced a hybrid control concept that uses a supervisory switch-
ing algorithm to detect the sea state from the environmental load and wave peak frequency. The
best controller for the specific sea state is determined automatically using the best-fit model
and a hysteresis switching logic. They also proposed a set of control laws, some have been men-
tioned already, and they all can be seen in Table 6.1:

Table 6.1: Set of control laws [Adapted from: Nguyen and Serensen (2009b)].

Control actions Control laws

Integral action: E=n-1 d

1. Heading PID control: T;jid = —HwKiR(w)TE — HWKPR(U’)T m-n,-HyKg(v-vy)
2. Surge-sway damping: r;y =-HKa(v-vy)

3. Surge-sway restoring: T)rgy =-H,K,RWp) ' (-1,

4. Surge-sway mean: T, = —nyKiR(w)TE

Setpoint normal sea: lg=—Ang+An,, 1,,=prreR’

Setpoint extreme sea: 1M, = Prsate{n xy}

where Hy, = diag(0,0,1) and Hy, = diag(1,1,0) are the projections enabling the different con-
trollers. Prsafe{n,,} is the projection of the LF position of the vessel into safe area to minimize
the risk of mooring line breakage.

They also proposed this switching sequence:

Table 6.2: Switching sequence [Adapted from: Nguyen and Serensen (2009b)].

Heading Damping Restoring Mean Controlaction Setpoint Sea state

v 1 Calm

v v 1+2 Normal
v v 1+2+3 Normal Normal
v V4 vV 1+2+4 Extreme Extreme
Vv Vv Vv Vv 1+2+3+4 Extreme Extreme

6.2.4.1 Supervisory Switching with Hysteresis Switching Logic

The developed switching algorithm customized for extreme loads are based on a safety circle.
The radii of this circle is defined to be the area where the turret offset from the well is more than
10° (Wassink and List, 2013). By setting this radii to 0.11 meters, this criteria has been fulfilled.
For each of the areas, inside and outside the circle, a controller has been developed and tune to
keep the vessel at its desired position. Figure 6.2 shows what is meant by the safety circle.
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To avoid chattering problem between the two controllers and make it unstable, a hysteresis-
based switch logic is implemented. The proposed dwell-time switching logic from Hespanha
(2002) is used to solve this problem. It is based on pre-specified amount of time before the
controllers can be switched.

&

Figure 6.2: Explanation of the safety circle [Adapted from: Skjetne (2014)].
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6.2.5 Additional Hybrid Switching Setup

In addition to the other hybrid switching controller, the author wanted to examine another
method that estimates the sea states and select the corresponding controller. This controller
will then be added to the original hybrid setup, but the controllers will now be more aggressive
and tuned to their specific sea state.

This method is based on the work done by Aranovskii et al. (2007) on finding the frequency
of a sinusoidal signal. Since a moored vessel can be perceived as a buoy in waves and these
are a composition of sinusoidal waves, this method may work on estimating the sea state as
well.

An unknown sinusoidal wave with a constant amplitude, frequency and phase is given by:
() = Aysin(wet + &), (6.17)

and the objective is to estimate the frequency w, by measurements of only y(¢#). The sinusoidal
signal is the solution to the undamped harmonic oscillator:

j=-0ly=e¢y, (6.18)

where ¢ = —w? has to be estimated. Aranovskii et al. (2007) show that it is possible to track the
measured sinusoidal signal by an auxiliary filter:

&1 =6 (6.19)

$o=-282-¢1+Y, (6.20)

with a correcting second order transfer function:

¢1(8) = y(8). (6.21)

(s+1)2

This tracks the sinusoidal signal until the cut-off frequency of 1 rad/s. By modifying this second

order transfer function into: 5

N
(s+wp)? Yo

w

¢1(s) = (6.22)

makes it possible to track higher frequencies waves. The cut-off frequency w f must be chosen
such that ws > w, to ensure that the filter tracks the correct frequency. Then the frequency
estimator becomes:
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él 252)
§2 = 208~ w31 + 0l
@ = ka&1(Eo— Pé),

We =19l

(6.23)
(6.24)
(6.25)
(6.26)

By further investigation, this method was tested in sea state estimation by Nielsen et al. (2015).

Thus, this work is a simulation verification on the area, performed on the CSAD model.
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Chapter 7

Experiment Setup

In order to perform the experiments as accurate as possible, in scale 1:90. It is important to con-
sider which factors that impact the model, when applying external forces to the vessel. The most
critical factors are the scaling of the mooring system and the waves. These two contributions are
explained more in detailed in Sections 7.1 and 7.2.

An illustration of how the vessel model is connected to the mooring system, the setup for the
mooring system and wave direction can be seen in Figure 7.1.

Figure 7.1: The experiment setup, with wave direction in an angle to the bow.
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Figure 7.2: One of the mooring lines that are used in the experiments.
7.1 Mooring

To replicate the mooring system with the same damping and restoring characteristics as the
simulation is difficult. By studying MARINTEK (2014) the author found a method that gives a
good replica, but not the same as the simulation model. This replica consist of springs, ropes
and swivels, see Figure 7.2. By attaching the end of the mooring lines to a 10 kg weight, it also
gives the possibility to change the position and how tight the mooring lines should be. The
vessel is fitted with 4 mooring lines in these experiments.

7.2 Waves

The waves need to be scaled according to the model scale; 1:90. By applying the method of
Froude scaling, as presented in Section 5.2.2.1, the waves used in the experiment are as pre-
sented in Table 7.1. To determine what kind of waves that were necessary to check, Price and
Bishop (1974) were used as a reference. They divided waves into different sea states according
to frequency and wave height, see Table 7.2. Here the different sea states and their probabil-
ity of occurrence in the northern North Atlantic is presented, where sea states 3, 4 and 5 occur
most often. Sea states also depend on season, as rougher sea states occur more often in the
winter.
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Table 7.1: Scaled waves in the experiment.
Full scale Model scale
Significant wave height Pealc wave Significant wave height Pealcwave
(H.) [m] frequency (w) (H.) [m] frequency (w)

s [rad/sec] s [rad/sec]

0.5 0.93 0.0055 8.823

2.5 0.68 0.0278 6.451

4 0.60 0.0444 5.692
9 0.46 0.1000 4.364
Table 7.2: Definition of sea states according to Price and Bishop (1974).
. . . Peak wave ore
Sea State Code Description of sea Slgmﬁc?;:)“[’:l:]e height frequency (w)) North(i)rl:l(\)ll())??ltlzl:tsiantic
[rad/sec]

0 Calm (glassy) 0 1.29
1 Calm (rippled) 0-0.1 1.29-1.11 6.0616
2 Smooth (wavelets) 0.1-0.5 1.11-0.93
3 Slight 0.5-1.25 0.93-0.79 21.5683
4 Moderate 1.25-2.5 0.79-0.68 40.9915
5 Rough 2.5-4.0 0.68-0.60 21.2383
6 Very rough 4.0-6.0 0.60-0.53 7.0101
7 High 6.0-9.0 0.53-0.46 2.6931
8 Very 9.0-14.0 0.46-0.39 0.4346
9 Phenomenal Over 14 Less than 0.39 0.0035
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Chapter 8

Results

8.1 Observer Verification

In order to have correct position and velocity, an observer verification has to be made. The
measured position and velocity is compared to the estimated, and tuned so these are similar,

just without the high frequent wave component.

8.1.1 Simulation

The results from Figure 8.1 show that the observer filters out the high frequent wave motion,
for both position and velocity. Then the observer feeds the controller with the slowly varying

motion from the vessel.
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Figure 8.1: Observer verification in simulations.
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8.1.2 Experiment

The results in Figure 8.2 show that the observer filters out the high frequent wave motion for po-
sition. Regarding the velocity, it is estimated as in the simulations, but now there is no measured
data to compare towards. Then the observer feeds the controller with the slowly varying motion
from the vessel.
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Figure 8.2: Observer verification in experiment.

8.2 Simulation

Results from the simulations are presented in this section. The results are presented through 2D-
plots of the measured and desired positions, time plots of measured and desired position and
heading. The results are divided into four subsections; heading controller, surge/sway damping
and restoring controller, hybrid control with setpoint chasing and the additional hybrid switch-
ing setup. The wave height in the different cases varies, but they all have the same wave direc-
tion, at ,, = 180°.

8.2.1 Heading Controller

The heading controller presented in Section 6.2.1 has been tested on the simulation model de-
veloped in Section 5. This controller is simulated in two different conditions; H; = 4 meters and
H; =9 meters, to evaluate the outcome of only having a heading controller.
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8.2.1.1 Hg=4m

Figure 8.3 shows the behavior of the vessel in waves with Hs; = 4 meters. The vessel is kept
around the desired heading angle, ¥ = 5°, and the desired position in surge and sway are shifting
according to the setpoint chasing algorithm. The thrust is kept to its minimum and the mooring
dampen and restores the vessel to equilibrium, between the environmental forces and mooring

forces.
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Figure 8.3: Results from heading controller simulations, with wave height H; = 4 meters.

8.2.1.2 Hy=9m

Figure 8.4 shows the behavior of the vessel in waves with H; = 9 meters. The vessel is kept
around the desired heading angle, ¥ = 5°. The desired position in surge and sway cannot be
fulfilled due the controller. Figure 8.4a shows that the position is outside the safety circle, this
may cause more stress on the mooring system. Since the vessel is only regulated in yaw, the
equilibrium between the mooring system and the environmental forces is approximate 0.2 me-
ters.
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Figure 8.4: Results from heading controller simulations, with wave height H; =9 m.

8.2.2 Surge/Sway Damping and Restoring Controller

The same simulation model from Chapter 5 has been used to test the surge/sway damping and
restoring controller in Section 6.2.2. This controller is simulated under the same conditions as
the heading controller; H; = 4 meters and H; = 9 meters. This simulation is to evaluate the
outcome of just having damping and restoring in surge and sway.

8.2.21 Hg=4m

Figure 8.5 shows the behavior of the vessel in waves with H; = 4 meters. The controller manages
to dampen and restore the vessel position in surge and sway. As the yaw plot in Figure 8.5a
shows, the heading of the vessel starts to deviate from the desired heading. If the simulation
had run for a longer time, the heading error probably would have increased. As Figure 8.5c

shows, the velocity of the vessel decreases over time, which indicates that the vessel becomes
more and more stationary.
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Figure 8.5: Results from surge/sway damping and restoring controller simulations, with wave
height H; = 4 meters.

8.2.22 Hy=9m

Figure 8.6 shows the behavior of the vessel in waves with H; = 9 meters. From Figure 8.6a, we
can see that the motion is being damped. As for the restoring of the position, the controller
does not manage this. This was done intentionally, since the controller is not supposed to be
aggressive inside the safety circle. As this The figure also shows that the vessel is outside this
circle, but the switching between controllers was switched of in these simulations.

Now, if we look at the yaw plot in Figure 8.6a, it shows that the vessel is positioning itself against
the waves and keeps this heading. As the velocity plot, Figure 8.6c, shows, the vessel becomes

stationary as in the previous case.
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Figure 8.6: Results from surge/sway damping and restoring controller simulations, with wave

height H; =9 meters.

8.2.3 Hybrid Control with Setpoint Chasing

The hybrid controller with setpoint chasing presented in Section 6.2.4 has been tested on the

same simulation model. Two more sea states are added to see how the vessel behaves in them as

well. The four different conditions are, H; = 0.5 meters, H; = 2.5 meters, H; = 4 meters and H =

9 meters. The simulations are done to evaluate the outcome if combining different controllers

is better than just one.
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8.2.3.1 Hg=05m

Figure 8.7 shows the behavior of the vessel and the controller, in waves with H; = 0.5 meters. As
Figure 8.7a and 8.7b shows, the vessel does not move significantly. The results of this are that the
vessel barely uses thrust, and there is only one active controller, seen in Figure 8.7d. As Figure
8.7a shows, the controller manage to keep a precise heading of 5°.
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Figure 8.7: Results from hybrid controller with setpoint chasing simulation, with wave height

H; = 0.5 meters.
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8.2.3.2 Hg=25m

Figure 8.8 shows the behavior of the vessel and the controller, in waves with Hy = 2.5 meters.
Now, the vessel movement is slightly larger, compared to the previous case. As Figure 8.8a and
8.8b shows, this motion is less than 3 cm. The thrust, Figure 8.8c, helps dampen and restore the
position of the vessel, until it becomes stationary. In this case, like the previous, there is only
one active controller. This controller manages to keep the desired heading.
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Figure 8.8: Results from hybrid controller with setpoint chasing simulation, with wave height
H; = 2.5 meters.
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8.2.3.3 Hg=4m

Figure 8.9 shows the behavior of the vessel and the controller, in waves with Hs = 4 meters.

As the previous cases, the results in Figure 8.9a and 8.9b shows that the vessel does not move

outside the safety circle. So the vessel is positioning itself where the mooring force is equal to

the wave force. This can be seen from Figure 8.9¢c, as the thrust becomes zero. The heading is
also controlled to be 5°.
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Figure 8.9: Results from hybrid controller with setpoint chasing simulation, with wave height

H; = 4 meters.
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8.2.34 Hg=9m

Figure 8.10 shows the behavior of the vessel and the controller, in waves with Hs; = 9 meters.
Now, the results are different from the previous cases. With the exception of the first 40 seconds,
Figure 8.10d shows that the controller is almost constant at controller two. From Figures 8.10a
and 8.10b, it can be observed that the vessel now is positioning itself at the edge of the safety
circle. Over time the thrust is minimized, as a result of this positioning. This can be observed in
Figure 8.10c. As the previous cases, in this case the controller stabilizes the heading at 5°.

Figure 8.10: Results from hybrid controller with setpoint chasing simulation, with wave height
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8.2.4 Additional Hybrid Switching Setup

The additional hybrid switching controller presented in Section 6.2.5, has been simulated in
three different sea states; H; = 2.5 meters, H; = 4 meters and H; = 9 meters. This is to check
if the switching logic manage to identify the correct sea state, and switch to the corresponding
controller.

Figure 8.11 shows that the switching setup manage to identify which wave frequency the vessel
encounters. The results show that this have some error in the low frequency area. With higher
frequencies, the filter is almost spot on. Then the corresponding controller is selected, with no
shattering between controllers. In Figure 8.12, the results have been converted to normal wave

height and frequency;, for a better understanding.
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Figure 8.11: Results from the additional hybrid switching setup simulations, with wave heights
H;=25m, Hi=4mand H; =9 m.

0.7

0.6

051

0.3

0.2

Frequency [rad/s]

0.1

-0.1

047

—

Wave height [m]

12

11

10

©

i

B \'JMMWM’MWW.WMWM/MNM"

|
\

\

I I I
1000 1500 2000

Time [s]

I
500 2500

(a) Converted frequency over time.

2 |
0 500

| | |
1000 1500 2000

Time [s]

2500

(b) Converted waves over time.

Figure 8.12: The converted wave frequency with corresponding wave height.

91



8.3. Experiment Chapter 8. Results

8.3 Experiment

Results from the scale model experiments in the marine cybernetics laboratory are presented
in this section. The results are presented in the same manner as the simulations. To recap,
the results are presented through 2D-plots of the measured and desired positions, time plots
of measured and desired position and heading. The results are divided into three subsections;
heading controller, surge/sway damping and restoring controller and hybrid control with set-
point chasing. The wave height in the different cases varies, but they all have the same wave
direction, at §,, = 180°.

8.3.1 Heading Controller

The heading controller from Section 6.2.1 is now implemented on the CSAD model. The con-
troller has been tested with two different conditions; H; = 4 meters and Hg = 9 meters. This is
to evaluate the performance of the heading controller, and compare the results with the ones in
Section 8.2.1.

8.3.1.1 Hy=4m

Figure 8.13 shows the behavior of the vessel in waves with H; = 4 meters. The vessel is kept
around the desired heading angle, v = 5°, as Figure 8.13a shows. From this figure it can ob-
served that the heading is oscillating. The reason for this will be discussed later in Chapter 9. As
Figure 8.13b shows, the thrust is variating. This variation in yaw thrust, is due to that it switches
between two controllers. The latter one is more aggressive.
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Figure 8.13: Results from heading controller experiments, with wave height H; = 4 meters.
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8.3.1.2 Hg=9m

Figure 8.14 shows the behavior of the vessel in waves with H; = 9 meters. From Figure 8.14a

it can be observed that the controller now i struggling more to keep the desired heading. The
heading is fairly close to 5°, with some spikes occasionally. This is caused by a higher wave

encounters the vessel. In this case the vessel is using the more aggressive controller, due

to the

high waves. As Figure 8.14a shows, the vessel does not manage to stay inside the safety circle. A

consequence of this is that the mooring system must withstand all of the wave force.

- o1
? Desired £ Actual
:: 0 Estimated |/ 7| ;’g_i) [0 . S SRS Commanded [
P 3
0.5 L L L L L e 0.1 I I I I I I
0 100 200 300 400 500 600 700 "o 100 200 300 400 500 600 700
Time [s] Time [s]
o1 ! T T T T T 005
=N Desired Z. Actual
% o Estimated || | z 0 Commanded | |
01 . . . . . 0.05 | | . . . .
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time [s] Time [s]
20 ‘ ; ; ; ‘ ‘
o0
< & W
<10 [\/\ —Esti i
5 TP ARWATN LTINS m\{\ AYTATLAY e mated |
S T v i i
0 | | . . | \ 1 | | | . .
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time [s]

Time [s]

(a) Position over time in surge, sway and yaw. (b) Thrust over time in surge, sway and yaw.

Figure 8.14: Results from heading controller experiments, with wave height H; =9 meters.

For both cases, the controller ensures that the vessel maintain the desired heading angle. As the
position plots in surge shows, there is no other method than the mooring lines to keep the vessel

in position.

8.3.2 Surge/Sway Damping and Restoring Controller

The surge/sway damping and restoring controller presented in Section 6.2.2 has been imple-
mented on the CSAD model. The controller has been used in experiments with two different
sea states; H; = 4 meters and Hs = 9 meters. This is to evaluate the controller results, and com-

pare them to the ones from the simulations.
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8.3.2.1 Hg=4m

Figure 8.15 shows the behavior of the vessel in waves with H; = 4 meters. As Figures 8.15a and
8.15b shows, the controller tries to dampen and restore the vessel position. Since the heading
is not controlled, the heading error becomes large very fast. This causes a dangerous situation,
since the vessel has now the side against the waves.
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Figure 8.15: Results from surge/sway damping and restoring controller experiments, with wave
height H; = 4 meters.

8.3.22 Hy=9m

Figure 8.16 shows that this is a fairly short experiment, due to the heading error becomes large
too fast. The same tendencies that were observed for Hg = 4 meters are presents for this sea state
as well. The only difference is that now; the heading error becomes large in a shorter time-frame
as a direct consequence of higher waves.

94



Chapter 8. Results 8.3. Experiment
_ 02 ‘ 2 : : ‘
g Z
= Desired T ‘ Actual
= 0 T Estimated | 7] & 0 < —— Commanded | |
Z. ~—" a
02 . . . . . . 2 . . . . . .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time [s] Time [s]
1 T T T
& VT‘ k Actual
% 7 7 0 g Commanded | |
0.1 . . . . . . 1 . . . . . .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time [s] Time [s]
50 ‘ ‘ ‘ ‘ o1 ; ‘
E g
=2 Desired Z Actual
= Estimated = 0 Commanded | |
K &
- 0 | I I I -~ 01 I I I I I I
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time [s] Time [s]

(a) Position over time in surge, sway and yaw.

0.05

0

North [m/s]

-0.05

0.05

East [m/s]
o

Yaw [deg/s]

(b) Thrust over time in surge, sway and yaw.

T T T T
0 10 20 30 40 50 60
Time [s]
. . . . . .
0 10 20 30 40 50 60
Time [s]
T T T T T T
. . . . . .
0 10 20 30 40 50 60
Time [s]

70

(c) Velocity over time in surge, sway and yaw.

Figure 8.16: Results from surge/sway damping and restoring controller experiments, with wave
height H; =9 meters.

For both cases the controller dampens the vessel motion and tries to restore the position, but as

the heading error becomes large the vessel struggles. This causes the vessel to get its side against

the waves, which can cause a dangerous situation.

8.3.3 Hybrid Control with Setpoint Chasing

The hybrid controller with setpoint chasing from Section 6.2.4, has been tested in four different

sea states; H; = 0.5 meters, H; = 2.5 meters, H; = 4 meters and H; = 9 meters. Now, the exper-

iments are done to evaluate the performance of having a combination of different controllers.

This can then be compared to the results from the simulations in Section 8.2.3.
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8.3.3.1 Hg=05m

Figure 8.17 shows the behavior of the vessel and the controller, in waves with Hs = 0.5 meters.

From Figure 8.17a and 8.17b, it can be observed that the vessel moves more compared to the

simulations. As Figure 8.17a and 8.17c shows, the controller is struggling to stabilize the head-

ing.

The reason for this will be discussed later in Chapter 9.
= 0.1 : : ‘ ; ; ; 0151 —ship |
= Desired Max Radius
= 01r P 1
o1 | | | | | |
0 100 200 300 400 500 600 700 / \
Time [s] 0.05 - / \ 7
0 T T T T T T 5) / \
E) Desired = ot | | E
‘%’ 0.02 Estimated | '5 \ |
-0.04 : : . : : : -0.05 \ v / 1
0 100 200 300 400 500 600 700
Time [s] /
_
__10 T 0.1r - 1
a0
i Desired
s ° i Estimated | 7| 2015 F 4
0 100 200 300 400 500 600 700 02 015 -01  -0.05 0 005 01 015 02
Time [s] East [m]
(a) Position over time in surge, sway and yaw. (b) XY-plot over the position.
25 : ;
Z
&
% 2F 1
0 100 200 300 400 500 600 700
Time [s] -
005 E
4 ) Actual g 151 7
§ 0 Commanded | g
n ]
005 | | | | | |
0 100 200 300 400 500 600 700
Time [s] 1
E
Z.
~ 05 L L L L L L
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600
Time [s] Time [s]

(c) Thrust over time in surge, sway and yaw.

(d) Active controller over time in surge, sway

and yaw.

Figure 8.17: Results from hybrid controller with setpoint chasing experiments, with wave height
H; = 0.5 meters.
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8.3.3.2 Hg=25m

Figure 8.18 shows the behavior of the vessel and the controller, in waves with Hs = 2.5 meters.
Like in the previous case, the vessel motion is larger than the simulation. This can be seen
in Figure 8.18a and 8.18b. Since the vessel stays inside the safety circle, controller one is the
only controller used, see Figure 8.18d. As seen in Figure 8.18a and 8.18c, the problem with the
heading is also present here.
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Figure 8.18: Results from hybrid controller with setpoint chasing experiments with wave height
H; = 2.5 meters.
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8.3.33 Hg=4m

Figure 8.19 shows the behavior of the vessel and the controller, in waves with Hs = 4 meters.
From Figure 8.19d, it can be seen that the controllers now switch, according to the switching
criteria in Section6.2.4.1. As a direct consequnce of the vessel moving outside the safety circle,
Figure 8.19a and 8.19b. The same problem with stabilizing the heading is present in this case as

well.
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Figure 8.19: Results from hybrid controller with setpoint chasing experiments, with wave height

H; = 4 meters.
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8.3.34 Hg=9m

Figure 8.20 shows the behavior of the vessel and the controller, in waves with Hs; = 9 meters.
From Figure 8.20a and 8.20b, it can be seen that the vessel is centering itself at the edge of the
safety circle. Of course, with some variations in all directions. A consequence of this is that con-
troller two is used all the time. This is top keep this position, as controller one is not so aggres-
sive. From Figure 8.20a and 8.20c, the same problem with the heading error can be seen.
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Figure 8.20: Results from hybrid controller with setpoint chasing experiments, with wave height
H;=9m.
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Chapter 9

Discussion

The intention of this thesis was to make a mathematical model corresponding to CSAD, and de-
velop some TAPM control laws to compare towards both the mathematical model and CSAD.
The mathematical model was first derived from equations and a parameter identification was
performed. Further, the mathematical model was implemented into Simulink, and simulations
with the different controllers were performed. Finally, the controllers were implemented on
CSAD for scale model testing in the Marine Cybernetics Laboratory. The results from these sim-
ulations and experiments are discussed further in this chapter.

9.1 Heading Controller

As presented in Figures 8.3a, 8.4a, 8.13a and 8.14a, the vessel followed the desired heading quite
accurately both during simulations and scale model experiments. The deviations between the
measured and desired position are small for all simulations for the first case, H; = 4 m. For
the H; = 9 m case, there will be a deviation due to that the vessel is outside the safety circle.
Regarding the heading error, this is small considering the uncertainties in the simulation model
and the laboratory. This will be elaborated in this chapter.

In simulations with the heading controller, the vessel has a very small deviation in heading, 0.5°
at most. This occurs when the vessel first encounters the waves, and is normal. Despite some
spikes in the heading in the last experiment case, the heading errors have been small for both
simulations and experiments. Overall, an exact and accurate control of the vessel’s heading has
been achieved, and the results is very promising. The heading controller in the scale model tests
might be improved by further tuning of the controller. The proposed improvement has not been
included, as the results are satisfying, with deviation at a maximum of 5°.
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9.2 Surge/Sway Damping and Restoring Controller

The surge/sway damping and restoring controller performs as expected, in both the simulations
and the experiments. From Figures 8.5b, 8.6b, 8.15b and 8.16b, the thrust force in surge, sway
follows the velocity plots in Figures 8.5¢c, 8.6c, 8.15c and 8.16c. In addition, Figures 8.5a, 8.6a,
8.15a and 8.16a show that the vessel is trying restore the position in surge and sway.

Comparison of the results from the simulations and the experiments reveals a huge difference
in their behavior. As Figures 8.5a, 8.6a, 8.15a and 8.16a show, the heading is drifting way off in
the experiments. In the simulation the vessel positions itself against the waves and keeps this
heading. This problem is addressed in Section 9.5. As a remark to these results, the vessel is
in need of a heading controller to keep its heading, or the vessel will turn as the yaw plots in
Figures 8.15a and 8.16a show.

9.3 Hybrid Controller with Setpoint Chasing

As presented in Figures 8.7a, 8.8a, 8.9a, 8.10a, 8.17a, 8.18a, 8.19a and 8.20a, the setpoint gen-
erated path for the vessel works very well. The vessel is controlled accordingly to the setpoint,
and the thrust is kept to its minimum inside the safety circle. There may be some improvements
to the setpoint chasing algorithm, by tuning the non-negative filter gain matrix better, but im-
provements would be infinitesimal. From Figures 8.10b, 8.19b and 8.20b, it can be seen that the
setpoint exceeds the safety circle. If the vessel exits, Figures 8.10d, 8.19d and 8.20d, show that
the switching between the controllers works perfectly, and does not make the controlled system
unstable.

As seen in the yaw plot in Figures 8.17a, 8.18a, 8.19a and 8.20a, the same problem with the
heading occurs here also. As mentioned earlier, reasons for this is discussed later in Section
9.6.

Since the controllers are reactive, which means that the incident has to happen before the con-
troller react, there will be a deviation from the desired position. This is caused by the varying
wave height that encounters the vessel. A system that may remove the deviation, are proactive
controllers. These controllers have inputs on how the environmental forces will act, and re-
sponds with the correct thrust to withstand these forces at impact. More on this topic and more
effective stationkeeping in ice, are presented by Skjetne et al. (2014).
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9.4 Additional Hybrid Switching Setup

From Figures 8.12a and 8.12b, the switching logic is able to determine what wave frequency the
vessel encounters. As the figures show, it is more precise when the vessel encounters a higher
wave frequency. This has to do with that the acceleration motion of the model is more distinct at
higher frequencies, so the Aranovskii filter manages to find the frequency more efficiently. There
are also some uncertainties to this method of finding the wave frequency, since this is simulated
with no noise input on the acceleration measurements. With noise present the filter may not
manage to find the correct frequency. This problem on the other hand can be solved by using a
lowpass filter to remove some of the noise.

9.5 Simulation Uncertainties

In the simulations there can be some uncertainties that leads to wrong results. First of all, the
method to identify the system parameters for the vessel may not have given the correct values,
if we compare the behavior from the simulations and the experiments. The reason for this may
come from the vessel drawing in ShipX, since this was missing the cylindrical hole where the
turret is mounted. The outcome of this is that the simulation model’s mass is larger than the
scale model. Other errors may lead from this, for example the damping and restoring terms will
be different. In addition to this, the vessel RAOs, generated to get the correct response from the
vessel when it encounters waves, may be wrong. The difference in vessel response can especially
be seen, if the heading in Figures 8.4a and 8.14a are compared.

When it comes to the 3 DOF simulations, there are uncertainties due to some coupling terms
have been copied from CSIII. The rest of the damping terms may also be questioned, since drag
test results contained a significant amount of noise. All in all, this will give a good estimation on
how the vessel will behave. Like any simulations, the transition from a simulation model to a
scale model requires tuning of the controllers.

Finally, the full scale mooring model, developed by Ren (2015), may not have been scaled cor-
rectly to fit the simulation model. This scaling was done by Froude scaling, which should give
an accurate scaling.
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9.6 Experiment Uncertainties

There are several uncertainties in this kind of experiments with a scale model. There are prob-
ably many uncertainties that the author has not recognized, but the ones identified will be pre-
sented in this section.

First of all, the positioning system in the Marine Cybernetics laboratory is extremely sensitive
regarding the vessel position, and the connection can easily be lost while running the experi-
ments. This can create deviations in the position, or may require new simulations due to loss of
signal.

Second, the mooring system used may not be correct according to scale and the mooring model
from Ren (2015). The springs used may have been too stiff or too loose, and the mooring lines
may not have been tightened enough. All in all, this setup gave damping and restoring forces,
just like a mooring system does, but it may not be in desired scale as mentioned.

Another uncertainty can be the thrust allocation implemented in the model, in order to account
for the mappings between thrust output and hardware on the model. This may be the reason for
the heading deviation in the results, and different thrust allocation, with fixed thrusters, could
reduce these deviations.

There are overall many uncertainties causing the deviations in the results, which is why the
achieved results should be considered satisfactory, despite of these uncertainties.

As general remarks to both the simulations and experiments, it may be hard to tune the different
controllers and observer. During the simulation and experiments, this has been done manual
by using trial and error method, until the best and most stable response was achieved.
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Concluding Remarks

10.1 Conclusion

This thesis has focused on developing a scale model of an arctic drillship, the C/S Inocean Cat
I Drillship. A literature review was conducted, with focus on a general approach to TAPM sys-
tems, to learn the basic functions that are different from traditional DP and mooring systems. In
addition to this, a study on the equipment and other cyberships were performed, to get familiar
with the different aspects in the C/S Inocean Cat I Drillship.

The C/S Inocean Cat I Drillship has been designed, constructed and assembled, according to
plans from Bjerne (2015) with minor modifications. This has now given NTNU a new research
platform in MC Lab. However, work still remains to improve the C/S Inocean Cat I Drillship even
better. The model is easy to operate and control, and the combination with cRIO, VeriStand and
Simulink are simple to use. There are some limitations from Simulink to VeriStand model, but
these may be solved in different ways.

A simulation model has been derived, based on the model scale C/S Inocean Cat I Drillship.
This model has been implemented in Simulink. The moored vessel is under impact from en-
vironmental loads, and different control algorithms are used. The controlled system is stable
under given conditions, but the results are different if compared to the experiments. These dif-
ferences need to be solved, so a more precise simulation model has to be developed. All in all,
the simulation model gives a good prediction how the results will be in the experiments.

A functioning TAPM system was demonstrated, but the performance was not perfect. This could
have been improved by making a more sophisticated mooring system, that enhance the possi-
bilities of damping and restoring. The time spent on tuning the different controllers may have
also improved the performance. Other functions were also implemented, but not demonstrated
in this thesis, since these are basic functions. The HMI created gives the user the necessary infor-
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mation to operate the vessel. This HMI can easily be modified by the user to fit their needs.

The topic of this master thesis has been interesting and challenging. It is hoped that this the-
sis, with the following master thesis’ will stimulate further development in the field of thruster-
assisted position mooring systems.
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10.2 Further Work

Based on the conclusion, there are still parts that need to be sorted out on C/S Inocean Cat I

Drillship. Both the simulation model and the scale model need improvements, to make this

research foundation even better.

The simulation model needs improvements, to make this model more equal to the scale model.

Some of the differences that have been found and need to be sorted out are:

1.

The 6 DOF model is based on simplified work drawings, since this drawing is missing the
hole for the turret in the hull. Sorting this out will probably fix some differences, but not
all.

2. Another thing for the 6 DOF model is that the mooring model needs to be more similar to

the one used in the experiments.

Sort out how the vessel responses are by making the RAOs from experiments, such that
the simulation model will behave similarly.

4. For the 3 DOE more tests have to be performed to replace the values copied from CSIII.

For the scale model there is also improvements to be done. The following list is improvement

that are discovered, but there may be more.

1.

Fit the model with IMU, as intended, to measure the acceleration. This will open up for
more complex control algorithms, by using acceleration feedback among other.

. The lid on the model is made out of Plexiglas, which will easily fracture if the screws are

tighten too hard. To sort this out, another material has to be used. The easiest solution is
to fit a metal edge on the existing lid, so that this takes the stress away from the holes in
the Plexiglas where the screws are, and distributes it over a wider area.

Another improvement that is desired, is the ability to force the turret to turn. This solu-
tion needs a replacement of the turret, such that a servo can turn it around. This servo is
already bought, and are the same as the ones that turn the thrusters.

. As alastitem on the improvement list, the mooring system needs to be made in scale with

the correct restoring and damping ability.

. An error message comes up during the first minutes, when the file are deployed onto the

vessel. If possible, this error message needs to be sorted out, such that there is no need for
restarts.
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Appendix A

Instruction Manuals for C/S Inocean Cat 1
Drillship

Theses manuals provides the necessary information to operate the C/S Inocean Cat I Drillship.
It is assumed that the same equipment used during this thesis is available, and can be used. If
more help is needed, check the Marine Cybernetics Laboratory handbook (NTNU, 2015a).
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Appendix A. Instruction Manuals for C/S Inocean Cat I Drillship

A.1 OCA-150 Manual

IMPORTANT: It is of vital importance,
before attempting to operate your OCA-150

O S awemz
to read through this instruction manual.

BRUSHLESS MOTOR ESC ”:l'

FOR HELICOPTERS/AIRPLANES

‘as

MOTOR CONTROLLER

geh-750

INSTRUCTION MANUAL

@ Corresponding motors

For airplanes: Check the specifications of the motor and relationship

with the propeller (Dia. and pitch) ,and select propellers with which more

than 45A current may not flow.

% O.S. brushless motors OMA-3810-1050, OMA-3815-1000, OMA-3820-1200
and OMA-3825-750 are recommended. Even with these motors, carefully
select Propellers with which more than 45A current may not flow.

For helicopters (suitable for 450 class helicopters): Select

motors of 3500~4400 KV values. (400~550W class)

3 The motor of more than 45A maximum current cannot be used, otherwise the
ESC may be failed.

The OCA-150 is ECS installed with the latest FET for
brushless motors. By using an optional extra ESC
Programmer OCP-1, settings of ESC can be programmed
quickly and securely to meet model’ s specific
requirements.

@ Before operating OCA-150

Misuse or abuse of LiPo batteries is very
dangerous. Be sure to follow the instruction
manual supplied with the batteries.

3 Be sure to install the tors which tch the
batteries, securely soldering to the battery
connecting wires of the ESC. Never use the ESC
with the connectors temporarily connected.

X Batteries can be used: LiPo 2~6 cells
(7.4~22.2V), NiCd/NiMH 6~18 cells (7.2~21.6V)

X OCA-150 is equipped with BEC output as power
output for receiver. Do not connect the battery
for receiver when connecting the OCA-150. If both
the ESC

H Notes on installation
A WARNINGS

Be sure to insert connectors all
the way securely.

3 Disconnection due to vibration may cause to
lose model control which is very dangerous.

Never use the OCA-150 bey
the working conditions listed in
the specifications listing.

Do not mistake the polarity of
the batteries.

% Reverse connection may cause fire and
ESC will be damaged or be burnt instantly.

o Be sure to install the ESC so that
oil, grease and water may not
come in contact with the ESC.

Be sure to install the ESC at the
place where there is plenty of air
flow for cooling.

® Never short out any place of the

ESC, , motor,
and connectors.

3% Short circuit may cause fire and ESC will be
damaged or be burnt instantly.

3 Be sure to install the ESC so that the
soldering connection of the input/foutput
wires may not touch conductive part.

Be sure to install the receiver
and receiver antenna away from
the place where high current
flows such as ESC, motor wires,
battery wires, power batteries.

¢ Malfunction of the receiver due to noise will
cause to lose model control which is very
dangerous.

HENotes on operation
/A WARNINGS

Do not wrap the ESC with
i foil, etc.

3 Wrapping may spoil cooling effect and the
ESC may not develop its original performance.

Be sure to install the motor
securely and fix all the wires.

A\ NOTE

Do not disassemble. Do not
open the ESC case.
3 Opening of the case may cause damage
inside and render it

* OFF: Hold the throttle stick at stop position.
Switch off the receiver then
i power.

Never touch or allow any part of
the body to come into contact
with any rotating part while
operating.
3 Sudden rotating may cause serious injury.
% Be careful with some receivers the motor
may rotate for a moment when the power
puts on.

3% With reverse procedure propeller may rotate
suddenly, which is very dangerous.

Be sure to remove the batteries
when not in use.
% Accidental switching on may cause sudden
rotating of propeller or cause fire, which is
very dangerous.

Do not fly when rainy.

3 Entry of water drops into the ESC may
cause malfunction and out of model control
which is very dangerous. Also, it will cause
failure. If malfunction is detected due to
entry of water drops, send the ESC to the
manufacturer or its distributor in each
country for inspection and repair.

Be sure to follow the procedures
mentioned below as to ON and
OFF of the power switch.
* ON: Hold the throttle stick at stop position.
Switch on the transmitter then
receiver power.

Be sure to check the ESC and all

OIhe movements of model

controls before attempting flight.

¥ Incorrect settings or using of unsuitable

model may cause to lose model control
which is very dangerous.

A NOTE

® Do not touch the motor nor ESC
right after flight.
3% Touching them may cause burn.

B HOw TO CONNECT THE OcA-150 G

(PREPARATION)
Solder the corr ding battery
Solder the ponding s (
C t as shown bel
F (-) Black (-] o
’ s L

@ Connect to the battery, making
sure polarity is correct.

(+) Red

3% While the OCA-150 is installed
with spark reduction circuit,

MOTOR CONTROLLER

OCA-150

i LED (side)

when connecting 5~6 cell LiPo
batteries, be careful againstlL—
sparks which may occur.

to the battery connection wires of the ESC. Also, use a heat-shrink tube to isolate the connection.
to the motor connection wires of the ESC. Also, use a heat-shrink tube to isolate the connection.

@ Connect to the throttle channel of the receiver.

Since the OCA-150 is integrated with BEC, never
connect separate battery to the receiver.

@ Connect to the OCP-1 when the settings are
made with the OCP-1.
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OF THROTTLE/POSITIONS]

Set the high point and the slowest point as follows.
(In case of model type AIR/HELI)

[Preparation |

As explained before, connect the ESC, receiver and motor. Do not connect power battery at
this time.

[Preparation |

Set the throw angle of the throttle channel on the transmitter 100%. In case of Futaba, set the
reverse function of the throttle channel to the reverse.

Procedure

@ Power the transmitter on and hold the
throttle stick at full high. | | _____

® How to change parameter.
After selecting the parameter No. as explained above, change the
parameter with the following procedure.

Procedure Stick LED

(Parameter to check or change is being selected.) H/

Hold the throttle stick at the slowest
position.

@ @ After 3 seconds, a beep is emitted.
@ Then, LED and beep show the current setting.

A 4 Lights up

Flashes

v ]
Connect the power battery. S

@ @ 10 seconds after a short beep, a double beep is

emitted.
A4

Within 3 seconds after the step (2), fully pull
) down the throttle stick.

Lights up

N

3% When the LED on the ESC flashes, reverse the throttle channel using the servo
reverse function on the transmitter. Disconnect the power battery and repeat the
procedure from the beginning.

3% In case of model type CAR or BOAT and reverse function ON, step (3)should be
replaced with the following.

Set the throttle stick neutral (a short beep)—reverse(a short beep)—(a double
beep)—disconnect power battery to set high point, neutral point and reverse point.

ISERTING OF PARAMETERSY

Five parameters can be set without using the programmer in the following
manner.

@ After a short beep, a double beep is transmitted.

v

@ ‘ Disconnect the power battery.

When selecting

When checking and changing
the parameter

the parameter
LED flashes/

Beep (every
seconds)

No. Parameter type
LED/Beep |Beep (every

2 seconds)

1 Battery type One fash/Boeop LiPo  |NiCD/NiMH

2 |Direction of motor rotation | 0 flashes/Beeps | o i q) Reverse
Governor ON/OFF (HELI)

3 |Brake ON/OFF (AIR) e foonimues) | OFF ON
Reverse ON/OFF (CAR/BOAT)

4 Model type Four flashes/Beeps AIR HELI

5 Model type e fanes/®eePs|  BOAT CAR

(IMPORTANT) After setting model type at No.4 or No.5, do not check the
setting, or the different model type will be overwritten.

@® How to select parameter type (number).
Select the parameter type (number) with the following procedure.

[Preparation |
As explained before, connect the ESC, receiver and motor. Do not connect power battery at
this time.

Procedure

® Switch the receiver on and hold the throttle
stick at full high position. J—

A4

Connect the power battery.

@ 10 seconds after a short beep, a double beep is emitted
@ and after 3 seconds a long double beep is emitted.

Lights up

@ Then, very short beep continues. (This confirms
the parameter No.1 is selected.)

v

Move the throttle stick quickly high—slow
—high.

@ Very short double beep continues. (This confirms Flashes

the parameter No.2 is selected.)

A4

By repeating step@), parameter No.3 (to be confirmed by very
short triple beep) through parameter No.5 (to be confirmed by very
short quintuple beep) can be selected.

(to change the current setting) or Flashes
Move the throttle stick quickly slow—high
—slow.

@ LED indication and beep change to confirm setting
2 changed.

(to return to parameter No. selection)
Move the throttle stick to full high
position.
@ A double beep is emitted to confirm returned to

parameter selection.

v

Disconnect the power battery
@ Setting is saved.

BiNITIAL SsETTINGE

The following example explains how to set initial setting to use governor (in
case of HELI) or air brake (in case of AIR).

Flashes

®

SETTING OF THROTTLE POSITIONS

Store full high and slowest positions of the throttle stick in the ESC.
% Follow the SETTING OF THROTTLE POSITIONS procedure

explained before.
SETTING OF PARAMETER

Set each parameter of the ESC according to the using conditions.
(IMPORTANT)

With the OCA-150, model type AIR is stored as default. First select model
type AIR or HELI and make each setting.

© SELECTION OF BATTERY TYPE (Parameter No.1)
Select according to the type of power battery to use.

LiPo: LiPo battery
NiCD/NiMH: NiCd battery or Nickel-metal hydride battery

©® ON/OFF OF GOVERNOR (Parameter No.3)
(In case of HELI)

To use governor function, set ON.

©® ON/OFF OF AIR BRAKE (Parameter No.3)
(In case of AIR)

To use air brake function, set ON.

% Set each parameter following the SETTING OF PARAMETERS
explained before.

% Detailed setting of parameter can be set using the optional extra ESC
Programmer OCP-1.

After completing the initial setting, disconnect the power battery.

BENORMAL OPERATIONEN

/A WARNINGS

Be sure to set the parameters according to the throttle
positions and using conditions before using the OCA-150.
When normal operation is ready, check the direction of
motor rotation. If the rotation |s reverse, correct it by
re-setting of the par ter or tion of
the motor.

% Wrong setting may cause sudden rotation of the motor or out of

model control which is very dangerous.

-2-
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@ In normal operation, connect the power battery with the
throttle stick at the slowest position. After hearing a set
of very short and short beep, you can operate the ESC.
At this time, LED lights up.

X If the power battery is connected with the throttle stick not at the slowest position,
LED flashes. In this case, move the throttle stick to the slowest position and a set
of very short and short beep is emitted to confirm ready to operate.

% If the power battery is connected with the throttle stick at high and entered into
the setting mode, disconnect the power battery and repeat from the beginning.

[SETINGSIUSING ESC PROGRAMMERIQCRX]

By using an optional extra ESC Programmer OCP-1, settings of ESC can
be programmed quickly and securely to meet model’ s specific
requirements.

LCD

Editing Buttons

@ Connection of the programmer

Connect the OCP-1, power battery and motor to OCA-150 as explained
before.

@ Operation of editing buttons

@ Setting of cut off voltage

CUT OFF UOLTASE Setting range: Auto, 4.5~50V
Auto + Air| Default: Auto
Set the cut off voltage according to the battery to use with INC(+) and
DEC(-) buttons.

% With LiPo in Auto mode, the ESC cuts off at 3V per cell. In case of NiCd, the ESC
cuts off at total 12V.

@ Selection of cut off type
CUT OFF TYPE Setting range: Soft off, Hard off
Soft OFF 4+ Rir Default: Soft off

Select the cut-off method when battery voltage drops to the set cut-off
voltage.

@ Selection of motor rotating direction

MOTOR DIRECTION Setting range: Normal, Reverse
Hormal Default: Normal

Select motor rotating direction.

3 If the direction is reverse, change the mode.
% Direction can be changed by changing connection of the motor.

® Setting of advance timing

ADUANCE TIMIMG Setting range: 0~25°
2° 4 fAir| Default: 8°

The following range of values is recommended.

0~10° for in-runner motors
14~25° for out-runner motors

© Setting of acceleration

ACCELERATION Setting range: Lowest/Low/Normal/High/Highest
Mormal + Air Slow & Fast

Selection of
setting item

Select setting parameter with outer arrow
buttons(| or 1).

Use inner INC(+) and DEC(-) buttons to select
setting or change setting.

Change of
setting

Change of
model type

You can change model type by pressing both
arrow buttons at the same time.

@ Setting items
Items can be programmed with the OCP-1 are listed below.

IR)
@ Selection of air brake type (only AIR)

Setting Item (Model type: HEL
(@ Selection of battery type

@ Setting of cut off voltage

@ Air brake ON/OFF (only AIR)

3 Selection of cut off type

@ Setting of motor pole number

@ Selection of motor rotating direction

@ Setting of gear ratio

® Setting of advance timing

1 Indication of maximum RPM

® Setting of acceleration

@ Indication of average RPM

@ Setting of start power

@ Down load the set data to the ESC

® Response setting of governor function (only HELI)

@ Access to the stored data in the programmer

© Governor function ON/OFF (only HELI)

1 Storing the set data in the programmer’ s memory

@How to set

When the OCP-1 and power battery are connected to the ESC, current

settings of the ESC are automatically

stored in the OCP-1.

Select the item to change with the arrow buttons (| or 1) and change the
setting with INC(+) and DEC(-) buttons.

(IMPORTANT)

When the parameter setting of the ESC with the OCP-1 is

write the set data to the ESC with

Default: Normal

Set how fast the ESC runs up to maximum speed using INC(+) and DEC
(-) buttons. (Delay function) Usually this function is set when ON/OFF is
done with switch.

@ Setting of start power
START FOWER Setting range: Lowest/Low/NormaliHigh/Highest
Hormal + Hir (Power small) & (Power large)
Default: Normal
Set the power (torque) level of the motor starting up.

% When used in a helicopter model, the value should be small to avoid premature
gear wear.

Response setting of governor function (only HELI mode)

RESFONSE OF GOU Setting range: Slowest/Slow/Normal/Fast/Fastest
Fastest FHeli Slow ¢ Fast
Default: Slowest

To set the governor working response characteristics.
Note: The faster, the higher current is consumed.
3 To avoid shortening ESC and power battery life, it is suggested to set slower.

© Governor function ON/OFF (only HELI)

Setting range: On/Off
Default: Off

Select governor function ON or OFF.

% Governor function works to keep the RPM corresponding to throttle position
(throttle curve) against load changes due to pitch operation or voltage changes of
the power batteries. Note that higher current of the power batteries is consumed.

[}
[}
o
m
A
=
)
il
]
=
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]
il
il
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“ 1 Down load the set data to the

ESC” function. Set data cannot be written to the ESC with only

parameter setting.

@ Selection of battery type

SELECT BATTERY

LiFo + Air Default:

Setting range: LiPo, NiCd

LiPo

Select power battery type to use with INC(+) and DEC(-) buttons.
% When the battery type is changed, “CUT OFF VOLTAGE” and “CUT OFF TYPE”

parameters are changed.

-3-

10 Selection of air brake type (only AIR mode)

AIR BRAKE TYFE Setting range: Slow/NormalfFast or Value 5~100%
Hormal + Air Slow ¢ Fast
Default: Normal

With model type AIR, adjust the air brake effect. Select to stop the motor
gradually or suddenly with INC(+) and DEC(-) buttons.

3 With 100% motor stops suddenly.
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@ Air brake ON/OFF (only AIR mode)

AERAKE OH-OFF Setting range: On/Off
Off + Air|

Default: Off
Select air brake ON or OFF.

@ Setting of motor pole number

MOTOR FOLE HUM Setting range: 2~36 poles
2 Pole + Rir

Default: 2
Change the value according to the motor to use.

3% This setting is required to indicate actual RPM.

@3 Setting of gear ratio
GEAR RATIO Setting range: 1.0:1 ~ 25.0:1

Default: 1.0:1
Input the gear ratio (motor RPM : rotor RPM).

% RPM to indicate is calculated by motor pole number and gear ratio.

@ Indication of maximum RPM
MAXIMUM RPM
EEEEEE RPM 4+ Air
The maximum RPM during the last flight is indicated.

% RPM to indicate is calculated by motor pole number and gear ratio. Default is test
value when the ESC leaves the factory. It changes when the motor is run.

@ Indication of average RPM

AVERAGE RPM
BEEEAE RPM + Air

The average RPM during the last flight is indicated.

% RPM to indicate is calculated by motor pole number and gear ratio. Default is test
value when the ESC leaves the factory. It changes when the motor is run.

1 Down load the set data to the ESC
DOWH LOAD
Really? Mo 4+ Air|
This is to write (transfer) the set values to the ESC. Press INC(+) to start
writing.

3% Beep once every second continues until the writing is completed. If you want to
quit in the middle, press DEC(-).

@) Access to the stored data in the programmer

RESTORE MEMORY
Really? Mo 4+ RAir|
This is to access the stored data in the programmer. Press INC(+) to start

the process.

3% Beep once every second continues until the process is completed. If you want to
quit in the middle, press DEC(-).

Storing the set data in the programmer’ s memory
EACKUP MEMORY
Really? Mo + Air
This is to store the set date in the programmer’ s memory. Press INC(+)

to start the process.

3% Beep once every second continues until the process is completed. If you want to
quit in the middle, press DEC(-).

SPECIFICATIONS
| OCA-150
Function Forward-Stop-Brake-Reverse
Working voltage range 6~25V

Load current (Peak) 50A (60A 5 seconds)

BEC output 5.5V, 3A (Peak 5A)
Size 50x25x10mm
Weight 529
Cell number 6-18 NiCd/NiMH, 2-6 LiPo

Parameter setting ESC/ESC Programmer OCP-1 (Optional extra)

Protective function

Start p

Low voltage cut-off/No signal cut-offfOverheat protection

PWM Frequency 32kHz

3 Cool Power FET: Latest generation power FET

3% ESC Programmer OPC-1: By connecting to OCA-150, detailed setting can be done easily.

3 Start protection: Stops involuntary starting of the motor.

3 Low voltage cut-off: Stops the motor before the voltage reaches the level where control is lost and potential over-discharge damage to the cells occurs.
% No signal cut-off: Switches the ESC OFF when signal from the transmitter is not received.

3 Overheat protection: When the temperature rises extraordinary due to overload, restrict output to protect the ESC.

3 Battery cell number auto recognition: Function to recognize automatically cell number of the battery to connect.

s BEC output: Power to receiver is supplied from the ESC.

@ Pay careful attention to the advices with the following headings.

ADANGER

A.1. OCA-150 Manual

injury.

This covers the possi
might involve death and serous

AWARNINGS
These cover the possibilities
which might involve death and
serious injury and also may cause

ty which

ANOTES
These cover the many other
possi es, generally less obvious
source of danger, but which, under

damage or injury.

certain circumstances, may also
cause danger or injury.

Graphic symbols: ® ; Prohibited items 0 ; Items never fail to take action

ﬁ-s- [”ﬂl”[s MFEGLOLTD.

6-15 3-Chome Imagawa Higashisumiyoshi-ku

Osaka 546-0003, Japan TEL. (06) 6702-0225
FAX. (06) 6704-2722
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A.2 Operating Manual

This operation manual is customized from the CSEI manual, found in NTNU (2015a). If more
help is needed to make the CSAD operating, see NTNU (2015a).

A.2.1 Controller Implementation
1. Download the control system from GitHub: https://github.com/NTNU-MCS/CS_Drillship_
cRIO.

2. Unzip the control system. The preferred path is C:\CS_Drillship_cRIO\. Other paths
require updating paths in the project definition.

3. Simulink implementation and compilation.

(a) Update ctrl_student.slx according to your controller design. Additional input
and output, resets and data logging may be added.

(b) Do not alter the predefined input and output: x_m, y_m, psi_m, pwm_1, pwm_2,
pwm_3, pwm_4, pwm_5, pwm_6, alpha_1, alpha_2, alpha_3, alpha_4, alpha_5 and
alpha_6.

(c) Select a suitable solver, as described in NTNU (2015a). The remaining configuration,
such as target selection is preselected in the file.

(d) Compile the model as described in NTNU (2015a). If using the preferred path, the
MATLAB current folder should be C:\CS_Drillship_cRI0\02 Simulink source),
in order to ensure that the resulting .out file is created in C: \CS_Drillship_cRI0\02

Simulink source\ctrl_student_VxWorks_rtw.
4. CSAD VeriStand Project configuration
(a) Open CSAD.nivsproj to access the project.
(b) Update ctrl_student.out
i. Browse the left pane tree and select ctrl_student, then refresh.
ii. If necessary, add mappings. Do not change the existing mappings.
iii. Save and close to return to the Project Explorer.

5. Implement a suitable workspace for your controller in control screen 4: ctrl_student.
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A.2.2 Ship Launching Procedure - Before Sailing
A.2.2.1 Power Up and Connection

1. Place the vessel onto the water.

2. Place the batteries at their respective positions, 6 in total.

3. Place ballast weight into the hull to get the right draft, 20 kg in the aft and 27 kg in the fore.
4. Connect batteries:

first the red wire to the red/positive pole, then the black wire to the black/negative pole.
Then switch the system on with the button on the back of the watertight box.

5. Wait for cRIO and RPi start up. When complete, the Bluetooth dongle blue LED blinks
evenly at approximately 1 Hz.

6. Turn on Sixaxis by pushing the PS3 button. When successfully connected, the Bluetooth
dongle blue LED is almost constantly lit and one of the Sixaxis’ red LEDs (1, 2, 3, or 4) is lit.

7. Wait for WiFi connection to HIL lab network. When connected, the WiFi bridge’s blue LED
is constantly lit.

8. Verify laptop access: ping the CSAD IP (192.168.0.55) in the command prompt. While the
round trip times may vary, it is essential to have 0% loss.

9. Then press deploy in the VeriStand Project.

A.2.2.2 Positioning System

If the positioning system is not initialized for CSAD, follow the procedures in (NTNU, 2015a,
Chap. 4).

A.2.3 Known Errors

In the startup face of the vessel there is one error that has reviled itself, the reason for this error
is unknown and may be an easy fix. After approximately 3-6 minutes of operating time, i.e. used
in either manual mode or automatic mode, Veristand gets an error. This error is shown in Figure
A.1. The solution to this, is to restart the vessel by switching it on and off again button on the
back of the watertight box. Then it can run until the batteries run out.

Another error appears, if there have been changes in the FPGA. Then the tick for each of the
PWM signals have reset to 100 000. The solution to this is just setting them back to 800 000.

117



A.2. Operating Manual Appendix A. Instruction Manuals for C/S Inocean Cat I Drillship

0 Error 56 occurred at TCP Open Connection in
Server TCP Interface.lvlib:TCP Connection
Manager.vi: 7430001

Possible reason(s):

LabVIEW: The network operation exceeded the user-
specified or systern time limit.

Target: 192,168.0.55

Figure A.1: Error code 56 in the startup phase.

A.2.4 Ship Docking Procedure - After Sailing

If the experiments are finished, see 1. If not, see 2.
1. Maneuver the vessel to the side of the basin.
(a) Undeploy the running project to disable all actuators.
(b) Take out the ballast weights and batteries.
(c) Take CSAD out of the water and place in its stand.

(d) Connect batteries again, and connect the charger. Remember to disconnect the
power supply for the WiFI bridge, before connecting the charger.

(e) Connect the Sixaxis gamepad to the laptop for charging.
2. Maneuver the vessel to the side of the basin.
(a) Undeploy the running project to disable all actuators.

(b) Connect the charger. Remember to disconnect the power supply for the WiFI bridge,
before connecting the charger.

(c) Connect the Sixaxis gamepad to the laptop for charging.
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Appendix B

Content in Attached Zip-file

The following files are included in the attached zip-file:

Digital version of the thesis.

Digital version of the poster.

Video of a experiment with H; = 9 meters.
Results from towing tests.

Results from all the runs in MC Lab.

MATLAB and Simulink files for the simulation model, both unedited and the ones used

with controllers.
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