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Abstract

In the early design stage, two different approaches are at disposal to perform Dynamic Position-
ing (DP) predictions: quasi-steady predictions or dynamic simulations. To carry out this kind of
calculations, typically the main issues are the thrust allocation and the position error estimation.
These topics are more related to control theory rather then to naval architecture. A detailed
analysis of the main aspects of DP from the hydrodynamic point of view leads to possible quality
improvement of early design stage DP predictions. Besides, evaluating DP ability combined
with seakeeping quality of the vessel will lead to a better determination of the real operability of
an offshore unit and will allow comparing possible design alternatives with the aim of selecting
the better configuration for a ship under design.

The purpose of this thesis is to enhance the standard DP evaluation procedures, giving more
importance to the hydrodynamic aspects involved in the determination of the station-keeping
ability of an offshore unit. A detailed definition of the environmental loads and the development
and implementation of enhanced thrust allocation procedures will allow not only to obtain re-
liable DP predictions but also to obtain indications how to improve the station-keeping ability
of a vessel. The final target of the research is the definition of a combined operability index
for an offshore vessel, considering both criteria related to station-keeping and ship motions.
The enhancements on environmental forces estimation together with a more detailed focus on
the propeller behaviour during DP operations leads to the determination of enhanced thrust
allocation procedures, suitable to study different thruster configurations for the same vessel.
The evaluation of a global operability index helps designers to rank different solutions, having a

multi-criteria vision on the DP thematic, including both station-keeping and seakeeping aspects.

Keywords: dynamic positioning; offshore vessels; thrust allocation; genetic algorithm; pro-

peller modelling; ship motions; operability; early design stage
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Prosireni sazetak

Za procjenu sposobnosti odrZzavanja pozicije pomorskih objekata na raspolaganju su dva os-
novna pristupa: kvazi-staticka predvidanja i dinamicke simulacije dinamickog pozicioniranja.
Pri izvodenju ove vrste proracuna obi¢no se namecu dva klju¢na problema: procjena odstupanja
od Zeljene pozicije i optimalna alokacija poriva. Te su teme viSe odnose na aspekte kontrole nego
na samo projektiranje broda te nisu vezane uz analizu njihanja broda na moru o kojoj ovisi oper-
ativnost plovnog objekta. Osim toga, tijekom procesa projektiranja pomorskog objekta, odabir
lokacije pojedinog propulzora uzduZz trupa ne analizira se detaljno, ve¢ se odreduje temeljem
iskustva projektanta i ograni¢enja unutarnjeg rasporeda. Kako bi se poboljsala kvaliteta prelimi-
narnih izra¢una vezanih uz dinamicko pozicioniranje i pofetna procjena operativnosti broda,
u radu se predlaze poboljSanje postupka procjene sposobnosti standardnog sustava dinamickog
pozicioniranja. Pomocu ucinkovitijeg alata za izraCunavanje sposobnosti odrZavanja pozicije
broda na brodu mogude je istraZiti i mogucénost koriStenja izraCuna parametara dinamickog
pozicioniranja kao alata za projektiranje u ranijoj fazi. U tu se svrhu analiziraju dva moguca
problema. Prvo, koristeéi izraCun parametara dinamic¢kog pozicioniranja unutar procesa op-
timizacije, uz ogranicenja uvjetovana samom lokacijom, moZe se odrediti polozaj na kojem
propulzor ima maksimalnu u¢inkovitost. Drugo, izracun parametara dinamickog pozicioniranja
kombinira se s izraCcunom pomorstvenih znacajki u cilju definiranja znacajki okoliSa unutar ko-
jeg plovni objekt djeluje kao i procjene njegove operativnosti s obzirom na aspekte zajednickog
sagledavanja pomorstvenih znacajki i dinamickog pozicioniranja.

Za izvodenje predloZenog istraZivanja, prvo je bilo potrebno razviti alate za proracun kvazi-
statickih predvidanja kao i onih u vremenskoj domeni. Zatim su se analizirala okoliSna
opterecenja i ustanovile tehnike proracuna koeficijenata vanjskih optere¢anja kao funkcije smjera
napredovanja. Razvijene su nove metode optimalne alokacije poriva koje koriste genetske algo-
ritme kako bi se omogucdila implementacija uc¢inkovitijih modela za opis karakteristika propul-

zora. Genetski algoritam koristi se i za optimizaciju poloZaja propulzora uzduz trupa. PoboljSana
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predvidanja sustava dinamickog pozicioniranja koriste se kako bi se pronasla sprega izmedu
grani¢nih vrijednosti njihanja dobivenih proraunom pomorstvenih znac¢ajki i sposobnosti sus-
tava dinamickog pozicioniranja. IstraZivanja su pokazala da su kvazi-staticke metode procjene
sposobnosti dinami¢kog pozicioniranja, uz adekvatne korekcijske faktore, najpogodniji alat za
koriStenje u ranoj fazi projektiranja, pogotovo kada je potrebno provesti visestruke izracune.
Takvi izraCuni mogu projektantu biti brzi pokazatelj sposobnosti sustava dinamic¢kog pozicioni-
ranja te omoguditi usporedbu razlicitih rjeSenja. Usvajanje poboljSanih postupaka za procjenu
koeficijenata uslijed opterecenja vjetrom dovelo je do moguénosti bolje procjene optereenja
na nadvodni dio broda, posebice momenta zakretanja. Postupci koji koriste racunarsku di-
namiku fluida, validirani na eksperimentima, korisno su sredstvo za odredivanje opterecenja
uslijed djelovanja struja i omogucéuju proucavanje utjecaja parametara oblika trupa na strujna
opterecenja. Odredivanje sile pomaka teorijom difrakcije daje vecu fleksibilnost za odredivanje
valnih opterecenja na razliCitim stanjima mora. Razvijen je novi algoritam alokacije poriva
temeljen na genetskom algoritmu koji omogucuje razmatranje sustava dinamickog pozicioni-
ranja u ekstremnim uvjetima i automatski, procjenjujuci ukupnu apsorbiranu snagu s detaljnim
modelom propulzora, prepoznaje podruc¢ja medudjelovanja propulzora. Optimalna alokacija
propulzora uzduZ trupa moZe se odrediti primjenom genetskog algoritma, pri ¢emu se za isti
pomorski objekt utvrduje stanje maksimalne sposobnosti s istom instaliranom snagom. Kao
konacni rezultat, u radu se predlaze ocjena operativnosti broda s novim razvijenim globalnim
indeksom operativnosti, koji se temelji na kriti¢nim krivuljama dinamickog pozicioniranja i
njihanja koje se nanose na dijagram rasprSenja stanja mora. Kriticne krivulje dinamickog pozi-
cioniranja mogu se upotrijebiti za odredivanje indeksa operativnosti dinami¢kog pozicioniranja
koji je alternativa standardnim polarnim dijagramima sposobnosti dinami¢kog pozicioniranja
koji se uobicajeno koriste u pomorskoj industriji. Ova dva indeksa omogucuju izravnu usporedbu
razli¢itih projektnih rjeSenja u specificnim radnim okruZenjima, Sto omogucuje projektantima
da vrednuju projektne alternative pomocu poboljSanih alata za procjenu sposobnosti dinamickog

pozicioniranja.

Kljucne rijeci: dinamicko pozicioniranje; pomorski objekti; alokacija poriva; genetski al-

goritam; modeliranje propulzora; njihanje broda; operativnost; rana faza projektiranja.



List of symbols and abbreviations

The list of symbols gives an explanation of symbols used in different places in this thesis.

Symbols only used once are explained close to the equations where they are used in.

Symbols

U

y

Mean wind speed at 10 meters above sea level

Mean value of the data point

X, V, z// Body fixed accelerations

X, ¥,y Body fixed velocities

A+

Minimum norm solution for thrust allocation
Pseudoinverse matrix

Jacobian matrix during optimisations

Vector of constraints

Vector of longitudinal force components
Vector of lateral force components

Gradient of the objective function

Penalty functions vector

Vector of lower bounds

Vector of upper bounds

Matrix of variables during GA process and data fitting

xiii

m/s

various
n1/32,rn/s2,deg/s2
m/s,m/s,deg/s

N

various
various
N

N

various

various
various

various
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dD

dL

Ao

Ag

Unknowns thrust components vector
Matrix of values to be fitted with regression
Wing profile drag force

Wing profile lift force

Propeller disk area

Propeller expanded area

Apg/Ap Propeller expanded area ratio

Ap

Lateral area of superstructure

Transversal area of superstructure

Capability plot area

Vessel added mass and moment of inertia for the i,j motions
Lateral area of the submerged body

Vessel breadth

Matrix of the regression coefficients

Vessel breadth on draught ratio

Mesh base size

Retardation function coefficients for i,j motions

Damping coefficients for i,j motions

Initial mesh base size value

Vessel block coefficient

Longitudinal drag coefficient for Blendermann regression
Height coefficient according to API

Midship coefficient

N

various

kn deg

kg,kg m?



Cinan

Cumz.

Prismatic coefficient

Torque coefficient for four quadrant representation
Shape coeflicient according to API

Thrust coefficient for four quadrant representation
Thrust longitudinal component coefficient

Thrust longitudinal component coefficient in crossflow
Thrust lateral component coefficient

Thrust lateral component coefficient in crossflow
Longitudinal current coefficient for API

Lateral current coefficient for API

Longitudinal drag coefficient for stern directions
Longitudinal drag coefficient for bow directions
Frictional coeflicient for model scale

Frictional coefficient for full scale

Thruster yaw moment coefficient

Wave coeflicient for API

Yaw moment coeflicient for current loads

Yaw moment coefficient for wave loads

Yaw moment coefficient for wind loads

Nozzle thrust coefficient for four quadrant representation

Aft waterplane area coefficient
Longitudinal force coeflicient for current loads

Longitudinal force coefficient for wave loads
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Dg

€Q

er

Jx)

fi

Facr
Fenv

Fexr

Fr,

Longitudinal force coeflicient for wind loads
Lateral force coefficient for current loads
Lateral force coeflicient for wave loads
Lateral force coefficient for wind loads
Dynamic allowance coefficient

Propeller diameter

Diameter of the propeller acting withouth interaction
Derivative control coeflicient for i motion
Maximum thruster diameter

Diameter of the propeller acting in interaction condition
Correction factor for J in the KQ curve
Correction factor for J in the KT curve
Generic force

Objective function

Data fitted with regression analysis

Safety factor

Wind force

Longitudinal component of a generic force
Lateral component of a generic force
Generic actuator force

Generic environmental force

Generic external force

Force delivered by the i-th actuator

N

various

various



XACT

XENV

XEXT

XREQ

Longitudinal current force component

Longitudinal force component of a group of thrusters

Longitudinal wave force component
Longitudinal wind force component
Actuators force longitudinal component
Environmental force longitudinal component

External force longitudinal component

Longitudinal force component required by the controller

Lateral wind force according to API
Longitudinal wind force according to API
Lateral current force component

Lateral force component of a group of thrusters
Lateral wave force component

Lateral wind force component

Actuators force lateral component
Environmental force lateral component
External force lateral component

Lateral force component required by the controller
Centre of gravity

Acceleration of gravity

Mesh refinement ratio

Reference height above sea level

Propeller absolute advance

Xvii

N or ton

N or ton

N

m/s?



hy Height above sea level

Hy/3 Significant wave height

Ic Operability function for motion criteria

I; Integral control coefficient for i motion

Igg Vessel moment of inertia with respect to G
Ipp  Operability function for DP

Itor Global operability function

J Advance coeflicient

k1, ko Crossover probability factors

Ko  Propeller torque coeflicient

K7y  Propeller thrust coefficient

ky Current form factor for longitudinal force component
ky Current form factor for lateral force component
k, Current form factor for yawing moment

K7, Nozzle thrust coefficient

L Generic reference length

L/B Vessel length on breadth ratio

L/D Length of nozzle on propeller diameter ratio
Ly Nozzle length

Ly Fetch length

Loa Overall vessel length

Los Length overall submerged

Lpp Length between perpendiculars



Lwp

LCB

Macr

MEgny

Mgxr

ZACT

ZENV

EXT

ZREQ

NI

Nc

Ny,

Nacr

Length on waterline

Longitudinal centre of buoyancy

Vessel mass

Number of parameters per individual
Thruster yow moment with respect to thruster rotation axis
Generic yaw moment

Generic actuator moment

Generic environmental moment

Generic external moment

Yaw moment due to current loads

Yaw moment due to wave loads

Yaw moment due to wind with respect to O
Actuators yaw moment

Environmental loads yaw moment
External loads yaw moment

Yaw moment required by the controller
Propeller rotation rate

Non dimensional yaw moment in CFD calculations
Number of thrusters inside a group
Number of possible wave conditions
Number of vessel headings
Number of actuators

Number of prism layers

Xix

% of LPP

Nm

Nm

Nm

Hz
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Npop

]

Number of individuals

Vessel midpoint

OPpp Dynamic Positioning operability index

O Pror Global operability index

P

P/D

Pw
PTMAX
pWL

pWT

R2

I'h

RTNS

Propeller pitch
Pitch on diameter ratio

Observed order of accuracy

Probability of occurence of a wave according to a scatter diagram

Probability associated to vessel heading

Proportional control coefficient for i motion

Power absorbed by a thruster during DP

Wind pressure

Maximum absorbed power of a thruster during DP
Wind pressure acting on the lateral superstructure area
Wind pressure acting on the frontal superstructure area
Propeller torque

Propeller radius

Determination coefficient for regrssion analysis
Propeller hub radius

Total resistance

Advance velocity ratio

Adjusted determination coefficient for regression analysis

Total reistance from numerical calculations

Pa

Pa

Pa



Re  Reynolds number

S Wetted surface

So Bare hull wetted surface

S¢ Wave spectral density

SH Height of the centre of Ay on the sea level
SL Longitudinal centre of A; measured from O
Sw Wind spectral density

Sapp Appendages wetted surface

st,  Longitudinal centre of A7, measured from O

T Propeller thrust

T DNV characteristic periods for surge and sway motions
T Thrust in crossflow

Ty Charachteristic wave period

T, Nozzle thrust component of a ducted propeller

Tp Propeller rotational period

T, Wave peak period

T Significant wave period

T, Generic thrust component in longitudinal direction
T, Generic thrust component in lateral direction

T, Wave zero crossing period

Ty,  Available thrust in i direction
Tpgs Vessel draught

Ty ax Maximum thrust

Xxi

m

m2

m?2/s rad™1

N or ton
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Tmin
T,
Up
Ug
U;
Up

Usn

VWM AX

X’
X, ¥
Xo, Yo
Xp
XF

XG

Minimum thrust

Propeller thrust component of a ducted propeller
Discretisation uncertainty

Experimental uncertainty

Iterative solution uncertainty

Total uncertainty of the process

Numerical uncertainty

Vessel speed

Advance speed in crossflow

Current speed

Induced velocity

Advance speed in full interaction condition
Propeller inflow velocity

Effective propeller inflow velocity

Generic wind speed

Maximum sustainable wind speed

Thrust longitudinal component on the thruster plane
Non dimensional longitudinal force in CFD calculations
Body fixed coordinates

Earth fixed coordinates

Undisturbed longitudinal thrust component in the thruster plane
Wind yaw moment reduction point

Centre of gravity longitudinal position

m/s or kn
m/s
m/s or kn
m/s
m/s
m/s
m/s
m/s or kn
kn or m/s

N

m,m,deg

m or deg



XR
XTg
XT:
Xmax,-

Xmini

YI

Y1g
T,
Ymaxi

Ymini

Bi
Bp
Br

Bpr

Full intraction longitudinal thrust component in the thruster plane

Longitudinal position of the centre of a group of thrusters
Longitudinal position of the i-th actuator

Maximum longitudinal coordinate for a thruster
Minimum longitudinal coordinate for a thruster

Thrust lateral component on the thruster plane

Non dimensional lateral force in CFD calculations
Dimensionless wall distance

Undisturbed lateral thrust component in the thruster plane
Data point to fit with regression

Full interaction lateral thrust component in the thruster plane
Lateral position of the centre of a group of thrusters
Lateral position of the i-th actuator

Maximum lateral coordinate for a thruster

Minimum lateral coordinate for a thruster

Propeller blade number

Thrust deviation angle

Hydrodynamic pitch angle

Hydrodynamic pitch angle in crossflow

Induced hydrodynamic pitch angle

Propeller pitch angle

Regression coefficient

Hydrodynamic pitch angle in full interaction condition

XXiii

N
various

N

deg
deg
deg
deg

deg

deg
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X Generic angle with respect to vessel bow
Xe Current encounter angle

Xe  Auxiliary current encounter angle

X¢  Wave encounter angle

Xw  Wind encounter angle

X,  Auxiliary wind encounter angle

A Vessel displacement
0 angle between incoming flow and propeller plane
Oc Cross force parameter for Blendermann regression

Ay, Ay, Ay Errors in the body fixed motions

oc Comparison error

op Discretisation error

OF Experimental error

o Iterative error

Apax;, Maximum sustainable position error in i direction
op Total error of the process

osy  Numerical error

€ Waterline entrance angle according to DNV

€e Regression constant in Richardson extrapolation
€h Inverse of the dynamic efficiency of a wing section
n thrust loss factor

no Propeller open water efficiency

K Roughness coefficient for the sea surface

deg
deg
deg
deg
deg
deg
ton

deg

m,m,deg
various
various
various

various

various

various

deg

mm



Ke Heeling moment parameter for Blendermann regression
Ag  Correction factor for the KQ curve

Ar Correction factor for the KT curve

€c Tollerances vector on the constraints

€r Matrix of errors for regression analysis

Wy Dynamic viscosity of the water

\% Vessel volume

w Angular frequency

w’ Non dimensional wave frequency

w,  Propeller angular velocity

1) Roll motion

®o Real value according to Richardson extrapolation
1/ Vessel yaw

pw  Water density

Pair  Air density

T Thrust orientation angle of the i-th thruster

0 Pitch motion

¢ Interaction grade

{o Streamline direction outside the foremost thruster
Abbreviations

ABS American Bureau of Shipping

API

American Petroleum Institute

CFD Computational Fluid Dynamics

XXV

various
various

Pas

rad/s

rad/s
deg
various
deg
kg/m?
kg/m?
deg

deg

rad
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CP  Controllable Pitch

CPP Controllable Pitch Propeller

DARPA Defense Advanced Research Project
DNV Det Norske Veritas

DNV-GL Det Norske Veritas-Germanischer Lloyd
DOE Design of Experiments

DOF Degree of Freedom

DP  Dynamic Positioning

DP2 Dynamic Positioning class 2

DP3 Dynamic Positioning class 3

ECA Emission Controlled Areas

ERN Environmental Regularity Number
FMEA Failure Mode and Effect Analysis

FP  Fixed Pitch

FWD Forward

GA  Genetic Algorithm

GCI  Grid Convergence Index

GPS Global Positioning System

HLCV Heavy Lift Crane Vessel

IMCA International Maritime Contractors Association
IMO International Maritime Organisation
ITTC International Towing Tank Conference

JONSWAP Joint North Sea Wave Project



Xxvii
KF  Kalman Filter
KVLCC Kriso Very Large Crude Carrier
MARIN Maritime Research Institute of the Netherlands
MRU Motion Reference Unit
MSC Maritime Safety Committee
NPD Norwegian Petroleum Directorate
NSMB Netherlands Ship Model Basin
OCIMF Oil Companies International Maritime Forum
OSV Offshore Supply Vessel
PC  Personal Computer
PID  Proportional, Integral and Derivative
PIV  Particle Image Velocimetry
PLCV Pipe Lay Crane Vessel
PLV  Pipe Lay Vessel
PSV  Platform Supply Vessel
QTF Quadratic Transfer Function
RANS Reynolds Averaged Navier-Stokes
RAO Relative Amplitude Operator
RMS Root Mean Square
RSM Response Surface Method
SIMPLE Semi-Implicit Method for Pressure Linked Equation
SS Sum of Squares
SSE  Sum of Squared Errors

STBD Starboard side
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Chapter 1

Introduction

The design of a modern offshore vessel requires to investigate from the early design stage many
aspects related to naval architecture and marine engineering. Traditionally, issues related to
vessels dynamic positioning (DP) capability are also considered according to a predefined op-
erational profile, checking the compliance of the system with dedicated regulations.

Nowadays, with the shifting of exploration and exploitation activities from easily accessible wa-
ters into more extreme environments, the number of vessels mounting DP system is continuously
increasing, not only in oil and gas fields, but also in other sectors like aquaculture, renewable
energy, deep-sea mining activities. Besides traditional offshore sectors, DP system starts to be
installed also on board of pleasure yachts and military crafts, spreading the applicability range

of the technologies studied for the original application fields.

1.1 Motivation

The continuous increasing of number of vessels equipped with DP systems requires a continuous
research in the technologies that have to be installed on board, in such a way to grant a continuous
and safe marine operation even in harsh environments. However, the necessity to design modern
vessels equipped with DP system requires a more detailed attention to the specific issue from
early design stage [145].

Through this work, for early design stage it is considered the phase including conceptual and
preliminary design [112, 113], means the design phase that influences over 70 to 80% of the
total life-cycle cost of a technical system [147], in this case a ship. For such a reason, being DP

an important attribute for a lot of vessels, it is worthy to give much effort to the study of station

1
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keeping ability in early design stage.

Especially in the offshore sector, almost all the vessels that have to operate in deep water are
nowadays equipped with a station keeping system. Also the vessels dimensions are increasing,
leading to the installation of a higher number of thruster devices on the hull and consequently
to higher installed power on board. Offshore vessel operations in deep waters are certainly one
of the most challenging aspects of the current marine activities [42] and a good DP capability
should be ensured already from the beginning of a new project. At the same time a competitive
design should also ensure the optimisation of seakeeping behaviour of the vessel, reducing
the ship motions with the aim of increasing the ship operability [146, 53] not only during
standard operations but also in severe storm conditions. This means that both aspects should
be investigated from the preliminary design state, even if nowadays these two characteristics are
evaluated separately [98].

To consider both station keeping and seakeeping aspect from an early design stage, it is first
necessary to evaluate and study properly the methods that can be used for preliminary station
keeping analysis. A particular emphasis should be given on the environmental loads acting
on the vessel and its modelling in such a way to ensure homogeneity and coherence between
station-keeping and seakeeping calculations. Traditionally the environmental loads considered
during a DP calculations are due to wind, waves and current.

Besides environmental issues, particular attention should be given also to the thrust allocation
procedures used in preliminary predictions. To solve accurately the thrust allocation problem
it is a matter of primary importance, i.e., to determine the orientation of each thruster and the
amount of thrust that each device must deliver. Due to the redundancy of any DP system [100],
this problem is over-controllable. That means appropriate analysis is needed to establish which
kind of allocation procedure is more indicated to cover specific tasks that can rise up during
early design stage.

Another focal point is the position of the thrusters. Actually the traditional design approach does
not give too much effort to the thruster location on the hull. Typically the thrusters are disposed
according to the spaces given by general arrangements and propulsive issues, both in case of
new constructions and vessels refitting [99, 152]. It is the opinion that by studying with more
detail the aspect related to thrusters locations will give advantages in the maximum capability
of the vessels under design.

Having defined the main reasons to study more in detail the applications of enhanced methods
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for DP predictions during early design stage, it is then necessary to evaluate which is actually

the state of the art for the specific mentioned topics.

1.2 Literature review

Prior to start the dissertation it is worthy to consider what is available in the open literature
on the main topics that should be covered during the study. At first, the focus will be on the
methodologies adopted for DP predictions in early design stage. Thereafter the attention will
be shifted to the evaluation of environmental loads, in the specific for wind waves and current.
Then on the possible solutions for thrust allocation and thrusters modelling finishing with the

combined seakeeping and station-keeping predictions.

1.2.1 DP predictions during early design stage

The necessity to give more effort to DP predictions since early design stage has been already
claimed by designers. In fact van’t Veer and Gachet [145] highlight that for offshore units like
drill-ships, it is mandatory to consider DP since the beginning of the project.

Once a complex issue like DP has to be treated, several approaches can be considered. According
to Smogeli et al. [130] basically two different calculation methods can be used in an early design
stage: a quasi-steady approach and a dynamic one. Quasi-steady approach has been widely used
for preliminary predictions. Wichers et al. [150] stated that, due to the short computational
time, this approach can be used to analyse and compare multiple solutions. In fact quasi-steady
calculations are widely used for preliminary assessment of vessel capability [73]. Another
approach is given by Liibke [83], proposing a simplified time domain approach in such a way to
include directly dynamic effect into early design stage predictions. In fact, in [130] it is noted
that quasi-steady prediction are overestimating the vessel capability.

The time domain approach implies a more detailed modelling of the system, which requires
for sure more computational time. For such a reason, complete time domain simulations are
oriented to more advanced design stages where all the DP systems on board can be simulated as
mention by Aalbers et al. [1]. Most of the developments and different procedures developed for
time domain solutions are primary devoted to on-board applications, full simulations or model
test systems. On this topic, a wide overview is given by Serraris [125] with a specific focus on

benchmarking between model tests and DP simulations.
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Since no effective standardisation is present for preliminary calculations, Kerkeni et al. [72]
proposed a standard procedure to follow for calculations, however the general guidelines reflect

what is commonly done by almost all DP users.

1.2.2 Environmental loads

Between the three mentioned main environmental loads, the one that has been most widely anal-
ysed and where a lot of literary work can be found is for sure wind. In fact naval architects have
always be interested on the possibility to evaluate wind loads in early design stage, principally
to be able to evaluate the superstructures contribution to ship resistance and for issues related
to vessel stability. For such a reason, regression analysis of wind tunnel data have always been
performed.

After the basic empirical formulations given by Hughes [61], and modified by Taylor [133], the
first multiple regression analysis for wind coefficients, as function of vessel geometrical charac-
teristics, were given by Isherwood [65]. There the wind coefficients for transversal and lateral
force, together with yawing moment, were given considering the type of superstructure fitted on
the hull. This kind of approach has been also considered by Gould [50], adding more details
for the geometry superstructures definition. These kind of procedures are working primary on
merchant vessel shape and superstructures, so are not really suitable for offshore vessels.

A different procedure has been proposed by Blendermann [18], where, starting from a database
of wind experimental data [21] including also offshore ships, wind loads are analysed as statis-
tical data. An overview of all the above mentioned method is presented in [141].

Besides the approaches based on regressions, other procedure have been investigated also as, for
example, the neural networks. On this purpose Haddara and Soares [54] proposed a procedure
using in the input layers parameters similar to Isherwood ones, while Val¢i¢ and Prpié-OrSié
[143] use parameters similar to Blendermann approach. Neural networks are for sure a promis-
ing approach, however requires to have at disposal a wide database of experimental data. The
development of simple formulations to easily predict wind loads is still active, as the simplified
method proposed by Ueno et al. [142] for several kind of vessels derived from more complex
analysis carried out by Fujiwara et al. [46, 47].

Also related to wind is the second principal load acting on a vessel during DP operations, means
waves. According to potential theory, Faltinsen [43] says that the interaction between waves and

floating bodies deals both with first and second order effects. As already observed by Remery
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and van Oortmersen [121], the components that should be faced by a mooring (and consequently
by DP) system are due to low frequency loads. That means only the low frequency contributions
of the second order drift forces should be considered and, as described by Lee [80], evaluated
by means of potential theory.

As underlined by Cozijn end Frickel [29], the research on hydrodynamic aspects in DP is in
continuous development, including also issues related to wave loads, as for example effects of
shallow water on the drift forces given by Pessoa [117]. Besides pure wave forces determination,
a lot of research has been done on the utilisation of wave drift forces inside DP predictions. For
time domain simulations it is necessary also to have a real-time estimation of the total wave
drift forces. Pinkster [119] proposed an approach based on the direct relationship between low
frequency wave force and relative motion around the ship. This approach has been followed and
improved by Aalberts et al. [3, 4] and Quadvlieg et al. [120], however its applicability on board
is not easy, due to the complexity of the wave height measurement on the ship. Naajien and
Huijsmans [97] proposed to change the wave measurement on board using a radar-based system,
however,all these methods and techniques for wave drift force estimation during operations are
not applicable in an early design stage. A final overview of possible methods to use for wave
loads prediction is given by Temarel et al. [134], where also more complex method related to
CFD are discussed.

The last main environmental load to be considered is current. In literature there are not a lot
of indication regarding regression methods, like Isherwood or Blendermann for wind loads, to
determine the current loads coefficients in an early design stage. Most of the methods used
to determine current loads are related to CFD. On this purpose the most relevant studies are
given by Koop et al. [76, 74, 75], where an overview of the way to determine the loads by
means of viscous flow RANS calculation are presented, considering both model and full scale
calculations, shallow water effects and multi-body interactions.

Besides all the above mentioned researches over the environmental load and its determination,
there are another group of simplified methods that can be used by a designer to have a rough
estimate of the environmental loads in an early design stage. Once no detailed information or
available data are present for a specified vessel, the simplified approaches given by Regulation
Societies (like ABS or DNV-GL) or Offshore-related Associations (as API or OCIMF) can be

used.
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1.2.3 Thrust allocation and thruster modelling

Due to the large number of propulsive devices fitted along the hull, the distribution of the total
required thrust over the available actuators can be a really complex task.

The overdetermined equilibrium system can be solved by simplification methods, as proposed
by Wichers at al. [150], or by more complex optimisation algorithms. First optimisation proce-
dures for thrust allocation are described by Segrdalen [131] and are basically using a Lagrange
multiplier approach. A basic optimisation procedure based on pseudo-inverse matrix is used by
several authors as Tannuri et al. [132], Millan [95] and Yang et al. [154], however the presence
of additional constraints defining the forbidden zones can complicate the solution.

Usually the objective function considered for thrust allocation is regarding the minimum ab-
sorbed power. According to Johansen et al. [70] the objective function can be considered to be
quadratic, adopting then quadratic programming techniques to solve the equilibrium system.
More advanced methods for thrust allocation could also manage even more complicated ob-
jective functions. Van Daalen et al. [35] propose a method able to manage a non-quadratic
objective function, by using an iterative Lagrange multipliers-based method. Arditti et al. [14]
proposed to consider a further improved method, oriented to time domain calculations, suitable
to include thrust rotational rate change between the time steps as a constraint for global optimi-
sation. Arditti et al. [12] propose also to consider thruster-hull interaction to reduce nominal
bollard pull thrust coming from propeller open water tests.

Another complication is given by the interaction between thrusters. Prior to consider interac-
tions inside the allocation strategies, attention should be given to the phenomenon modelling.
Nowadays, PIV measurements in combination with CFD analysis are a good method to in-
vestigate thruster’s interactions, both during experiment and autonomous simulations. Cozijn
and Hallmann [30, 31, 33, 32] presented a lot of material coming out from PIV measurements
during model tests, considering several thruster’s configurations and different offshore vessel
types. This material is a good support to perform and validate CFD simulations. Ottens et al.
[111] performed bollard pull calculations for thruster-hull interactions, comparing the results
with both model test and full scale measurements. This highlights that CFD could be a proficient
tool to study interactions, because it can be used to study also multiple thruster configurations,
as performed by Maciel et al. [84], and figure out useful indications for thruster-hull interaction
modelling.

Bulten and Stoltenkamp [26] highlight the possibility to investigate also thruster-thruster in-
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teraction by means of CFD computations. However, the procedure to determine a complete
overview of the possible interaction areas and its magnitude, requires a lot of computational
effort and time. On this purpose some simplified models can be derived from calculations or
from model tests to consider thruster-hull interaction (see Nienhuis [102]) or thruster-thruster
interaction (Brandner and Renilson [25]).

The results coming from thruster-thruster or thruster-hull interaction studies can be also included
into thrust allocation techniques as performed by Arditti et al. [12]. However, the methods im-
plemented inside an optimisation procedure should be simple and quick to execute in such a way
not to increase the calculation time.

Another important point is the modelling of the propellers. As mentioned, the trust allocation
procedures consider the thrusters as pure thrust generators, just correcting the final outcome
with empirical interactions formulas as described by Valcic et al. [144].

In general, the thrusters modelling inside DP prediction programs is not representing the ef-
fective behaviour of the propeller. In fact, the currently adopted thrust allocation procedures
are not capable to reproduce the real behaviour of a propulsor in waves or under the action
of a current. As mentioned only empirical corrections are considered and applied outside the

allocation algorithm.

1.2.4 Combined station-keeping and seakeeping predictions

During a preliminary design stage, where not all the details of the vessel to be design are
available, it is common practice to consider separately station-keeping ability and seakeeping
characteristics. To the best of our knowledge, the examples combining the two aspects in an
early design stage do not exist in the literature. On the contrary it is well known that the action of
the thrusters influences the dynamic behaviour of the vessel. As example, Jenssen [68] discusses
a way to use thrusters to limit low frequency pitch motions on a semi-sub. Jiirgens et al. [71]
describe some examples for Offshore Supply Vessels (OSV) equipped with Voith-Schneider
cycloidal propulsors, used also for roll motion stabilisation. Jin et al. [69] present a DP control,
including also roll and pitch motions. It must be noted that all these methods can be applied in
time domain simulations, so they cannot be proposed for a preliminary design DP calculation.

In conclusion, as stressed by Nabergoj [98], the combined handling of DP and Seakeeping
since early stage design should be investigated more in detailed, prior to perform model tests or

complex 6-DOF simulations.
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1.3 Objectives

From the proposed literature review it is clear that a lot of research has been done and will be
performed in the coming future regarding DP systems and hydrodynamics related to station-
keeping.

However, it is clear that the main focus of modern research is oriented to improve the perfor-
mances of onboard DP systems. That relates to developing models and algorithms suitable to
perform complex time domain simulations not usable in the early design stage. In this sense,
preliminary calculations will not benefit from the continuous research findings, especially for
hydrodynamic related topics. Then, the physical models implemented inside DP prediction
programs for early design stage are too simplistic, leading the designers to make bad decisions
in a crucial step of the project.

On this purpose it is proposed to dedicate more attention to the environmental force determina-
tion, to grant the best possible input to DP calculations in early design stage.

Besides loads determination, it is crucial to select the most suitable approaches to be used in
early design stage predictions, which means to choose a quasi-steady solution or a time domain
one. More in detail, the thrust allocation logic should be analysed with particular detail, having
in mind the objective of the calculation. In fact, during a preliminary design stage, different
calculation types can be carried out, traditional calculations aimed to determine the maximum
wind speed a vessel can face per each heading (vessel DP capability), or more complex analy-
ses related to compare multiple design solutions. On this purpose different kind of allocation
strategies can be used, in such a way to optimise calculation times without losing the accuracy
needed for the study.

Since no indication is given on the strategy the designers use to locate the thruster devices along
the hull, it is proposed to study a method to optimise the location of the thrusters, having in
mind the objective to increase vessel’s DP capability.

In any case the main lack in literature is the determination of a procedure capable to consider
both seakeeping and station-keeping issues in a preliminary design stage. For this reason the
main focus of the study will be centred on the determination of a procedure capable to perform
a combined prediction, assessing in a preliminary design stage the effective operability of the
vessel in terms of motions criteria and DP capability.

The improvement of the environmental forces modelling together with a more detailed focus on

the propeller behaviour during DP operation will led to the determination of enhanced thrust
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allocation procedure, suitable to study different possible thrusters’ configuration for the same
vessel. The determination of a global operability index will help designers to rank different
solutions, having a multi-criteria vision on the thematic of DP including both station-keeping

and seakeeping aspects.

1.4 Organisation of the thesis

The present thesis work is organized to cover the main research topics analysed during the PhD
study. The thesis is not following the chronological order of the researches carried out during
the study period, but is organized as the proposed enhanced DP analysis should be performed in
early design stage.

For this purpose, after the introduction given in the present Chapter 1, Chapter 2 gives an
overview of the possible calculations that can be carried out during a preliminary design stage,
comparing quasi-steady to time