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SUMMARY

Increasing safety and efficiency of drilling opévatis a challenging research
topic in offshore engineering especially when tperating location changes. Ensuring
that marine risers remain functional during operati under “normal” environmental
condition is critical. The main objective of theidy is to present a control strategy for
maintaining small end angles of marine riser dushgllow water drilling operations
by position-moored (PM) systems in open water @wellice-covered sea. Basically,
an active positioning control using mooring lineng®ning to reduce the riser end
angles (REASs) in open sea is first formulated alhgstrated numerically. Model
experimental tests are then performed to validaée groposed control strategy. In
addition, stresses along the riser due to bendiagansidered numerically, including
the case where end bending stiffeners are usedshwt@quires the REA control
criterion to be replaced by one with terms reldtethe stresses at the riser ends. The
proposed REA control strategy using line tensionivith vessel set-point chasing
algorithm is extended for operation in level ice<ex@d sea.

In the normal drilling and work-over operationsg ttiser angles at the well-head
and top joint must be kept within an allowable tifideally within+2°) to prevent the
drilling string wearing against the ball joints amplarantee continuous drilling
operation. Although this can be achieved by applyofficient tension at the top of
the riser, this may lead to higher stresses, remuithe use of pipes with higher
strength or dimensions. Alternatively, the vessalyrbe moved to reduce the mean
offset, and hence the REAs, by tensioning the mgoriines under normal
environmental conditions. This minimizes the need dnd/or fuel consumption of
thrusters to control the surge and sway.

In this study, the minimization of vessel offsatldREAs of the vessel-mooring-
riser system is achieved by automatically changireylengths of the mooring lines
based on optimal set-point chasing. To design trral strategy, the mathematical
model of the riser, mooring system and vessel imfitated. The riser is modeled
using beam elements which include the flexuralratgs, since the latter can contribute
significantly in shallow water condition. The calslgenary equation is used to analyze

the mooring line and the effect of mooring is apglon the hull as position-dependent

Vi



external forces. The effect of the motions of thdl Bubjected to the environmental
loads is integrated into the system by imposingmelly defined oscillations at the
top end of the riser. The effectiveness of thetesga is demonstrated by numerical
simulations and experiments of a moored vessel.sithalations are conducted using
the Marine System Simulator (MSS) developed by Mwmwegian University of
Science and Technology (NTNU) with some modificasido integrate the multi-cable
mooring system and riser finite element model. &ygeriments were performed in the
Marine Cybernetics Laboratory (MCLab) at the NTN&Ing the Cybership 3 model
vessel, which is a 1:120 scaled model of the vassad in the numerical simulation.

Bending stress in the riser may be a controllingidain the performance of
marine operations and hence studied herein. lbg&ewed that for riser with hinge-
connected ends, executing the proposed PM congdlices its bending stresses
considerably. Hence its material/geometry can bématly proportioned such that
both the allowable limits of the REAs and the stessare not exceeded. For the case
where the riser is fitted with end bending stiffenethe control criterion can be
modified to account for the end bending stresseteau of REAs. The control strategy
is shown to be similarly effective numerically.

The Arctic region is one of the most difficult aseto work in due to its
remoteness, the extreme cold, and presence of @argysea ice. Normal dynamic
positioning (DP) systems may not operate satisfdgtim ice-covered sea since they
are designed for open water. For moored systereini seems that no active control
of PM system has been implemented with respedsé& performance. Therefore the
control strategy for PM system proposed hereinxiereded to level ice-covered sea.
For simulating ice-vessel interactions, an ice-kirga process is adopted, which
considers the coupling between the vessel motiahthe ice-breaking process. To
validate the control performance in ice-covered faavessel is first exposed to open
water and then to level ice regime with differeck ithicknesses. Numerically
simulated results support the implementation ofggfaposed vessel set-point chasing
algorithm using REA criterion in conjunction witmé tensioning for moored vessel

operating in level ice.
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Chapter 1 Introduction

CHAPTER 1. INTRODUCTION

1.1 Background and Motivation

Increasing safety and efficiency of drilling opévats is an important and
challenging research topic in offshore engineeringecent years, developments in oil
and gas exploration have resulted in an increaggggof marine risers connecting a
surface vessel or a platform to the well-head (tbloa blowout preventer (BOP)) at

the seabed as shown in Figure 1.1.

Figure 1.1. Oil and gas work-over and drilling a@ns

Marine risers are traditionally classified in twaim groups, namely, production
risers and drilling risers. Production risers canfbund in a broad range of fluid-
conveying applications whereas drilling risers arsed in drilling operations.
Normally, each drilling riser comprises rigid st@gbes, each with an average length
of 12 m and an outer diameter between 0.4 and\Winen a drilling riser conducting a
drilling or work-over operation is connected tol@ating structure at the top end, the
bottom end is then connected to the well-head at gba floor through a BOP,

schematically shown in Figure 1.2. The top endubjexted to the motion of the
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structure, which will induce stresses along therri§he bottom end is restrained in

translational motions.

Yri
’ Vessel Offset
T Top tension
< Vessel motion
/%ve Mean water level : \V/

Top an

e

Current
Water depth

./ Bottom anglg

OP &Wellhea Xri Sea bed
/S /S S/

Figure 1.2. Typical drilling riser system

Under disturbances by the surrounding environmeah s the wind, wave and
ocean current, the position offsets of drilling sels may become considerable and
may cause large magnitudes of riser end angles $iREAthe top joint and the well-
head on the subsea structure. Therefore, the n@peon is how to manage the
excessive magnitudes of the REAs during drillingragpions. This is particularly so
when sea conditions become extreme, as the allewiahits of the REAs will usually
be violated, leading to serious consequences. &tugiper end of the riser, contacts
between the riser pipe and the surface structuge {l@ moon-pool) due to excessive
top angle may lead to serious damage for some tgpesers. At the lower end of
riser, even moderate end angles (Z)-may cause the drilling string within the riser
pipe to contact against the ball-joint or well-h€&adrensen, 2005a). For larger REAs,
the operation has to be interrupted to prevent denta the subsea system. This

damage will lead to significant financial losses.
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One way to avoid the resulting problems mentionealva is to keep the REAs
under control to within allowable limits during ling operations. This solution can be
implemented by increasing the tension at the tofhefriser or station keeping of the
drilling vessel against the disturbances causedavibgls, waves and ocean currents.
Increasing the top tension can reduce deformafidheoriser as well the REAs but the
higher stresses may result in the need to use pipbbgher strength, which may be
costly. In addition, this approach may not be dffecif the REAs are caused by large
vessel offsets since the top tension mainly redtivesREAs caused by current load.
The second approach of station keeping is currentiye popular, where the drilling
vessel is kept close to a specified position byegitdynamic positioning (DP) or
position mooring (PM). DP system exclusively udesidters and is most efficient for
deep water operations (Sgrensen, 2005a). PM sydiféens from DP system in that
thrusters are used only for keeping the desiredihgavhereas the position is kept to
within an acceptable region by the mooring line®NY{D 2004). The mooring system
basically compensates for the slowly-varying distunces. This is most efficient for
moored vessels in shallow water as the operatioostl and risk are low. However, it
seems that no active control concept is implemeimdtM system for minimizing the
REAs. This may be a practically worthwhile and &vading pursuit since keeping the
REAs within allowable limits will widen the operatial window, and should be
particularly applicable for shallow water depthsendn PM system shows a potential

for lowering fuel consumption compared to DP system

1.2 Brief Review of PreviousWorks

The state of research in modelling and control BAAR will be reviewed in the
following sections. First, finite element modelling marine risers will be presented.
Next, the review continues with a brief review greoational control of marine risers.
Subsequently, the review will focus on the dynamasitioning (DP) and position
mooring (PM) for minimizations of the REAs in opeater. Final, a review on station

keeping for drilling operations in ice-covered sggaummarized.

1.2.1 Modelling of Marine Risers

Marine riser is a significant component in drilliagd production operation for

oil and gas. During the last two decades, signitiedforts have been expended in the
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modelling, static, dynamic and fatigue analysesnwrine risers. API (1998) has
recommended that some nonlinearities should bdullgreonsidered in riser models
and these include:

» Geometric stiffness, where variation in the effextiension contributes to the
transverse stiffness in a nonlinear manner;

* Hydrodynamic loading where nonlinearities are idtrced by the quadratic
drag term in Morison’s equation expressed in tefrthe relative structure-
fluid velocity, and by the integration of hydrodyni loading up to the actual
surface elevation;

» Large displacement of the cable; and

* Material nonlinearities.

Depending on the specific problem of interest, amemore of the above
nonlinearities may be neglected in the riser modehongst the various numerical
models available for offshore engineering probleths, finite element (FE) method
seems to be most popular due the intensive efforits development and the
availability of numerous commercial software pa@agFE modelling of slender
structures such as marine risers has been extgnsmeered by many text books and
papers. In most of these models, subsystems sushiréee vessel and submerged
buoys, are usually considered as rigid bodies.woé packages, which have been
used in offshore engineering, include ABAQUS, ADINRIFLEX and GMOOR.

Huang and Chucheepsakul (1985) and Huang and Ka8gl) proposed a
Lagrangian formulation where the total energy ofiser pipe with a sliding top
connection was derived and minimized using a \ianat approach to yield the
equilibrium relationships and associated boundamydiions. The FE method was
then used to obtain the equilibrium configuratideratively using the Newton-
Raphson method. The formulation uses exact exjress$or pipe curvature and hence
provides quite accurate solutions. Yardchi and féfié (2002) used simple lower-
order two-dimensional beam elements for the nogalirFE static analysis of a curved
beam to simulate the riser. The effects of buoyastgady-state current loading and
top tension were included in their model. SubsetiyeKordkheili and Bahai (2007)
used a four-node, twenty-four degrees of freedqee pibow element to obtain a more
accurate non-linear FE solution to the riser problelowever, the FE formulations in

these studies may be too complicated and compn#tomstly for studying the control
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of risers as lengthy simulations are needed. ltlu@dysof top tension control, Rustad et
al. (2008) introduced a less complicated FE apgraaanodel the top tensioned riser
in deep water using a two-dimensional truss elematht four degrees of freedom. By
neglecting the bending stiffness, the implementati® highly simplified and the
computational time significantly reduced. Howewvershallow water applications, the
contribution of bending stiffness of the riser nieysignificant.

In riser modelling and analysis techniques, thesnmaatrix is usually established
according to two different methods, namely a cotre¢ed (lumped) mass matrix and a
consistent mass matrix. Larsen (1976) and Patehl.e{1984) presented a two-
dimensional FE model for the displacements andssé® of riser under self-weight,
surface vessel motions and environmental forcegséih et al. (1988) developed a
flexible riser analysis package in time domain teghe, which offers linear and
nonlinear analysis options. The package providéatity for the analysis of various
riser geometries. Ghadimi (1988) proposed a simgld efficient computational
algorithm based on FE analysis to solve the equsitad motion of flexible risers in
three-dimensional spacé&panos et al. (1990) presented an approximate sgaly
procedure based on the concepts of equivalentrizaggon and time averaging to
determine the riser maximum stress. The computtiéeatures of the proposed
method made it quite appropriate for implementatiothe preliminary design stage of
marine risers. In these studies, the lumped magmaph was adopted. The lumped
mass method, in which the deformation of each efgnseignored, creates a diagonal
mass matrix and negates the need to integrate am@sss the deformed element.
According to Patel et al. (1984) and Spanos €t8P0), the lumped mass formulation
permits an efficient numerical manipulation anddeao a simpler definition of
element properties together with fewer degrees reedom compared with the
consistent mass formulation. However, the mainialiffy lies in incorporating the
riser effects with the parameters of the attachamtlybin addition, when dealing with
the hydrodynamic mass contribution, the lumped masmulation represents a
simplification that may lead to loss of accuracyisTis related to the fact that the
added mass matrix is non-isotropic, since the addass is different for lateral and
tangential motion of a pipe element. Hence, thesisb@nt mass approach, in which the
same interpolation polynomial is used for derivataf the displacement for both the

mass and stiffness matrices, may be a better oplibis approach was adopted in
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Patel and Jesudasen (1987), Admad and Datta (108»ien and McNamara (1989),
Sarensen et al. (2001), Kaewunruen et al. (20@8phkken (2006) and Rustad (2007).
In these studies, the FE method was employed tcehtbd riser. The derivation of
mass and stiffness matrices was based on inteigmolpblynomial, which describes
the motion inside the element based on motion ef modes. When using the
consistent mass formulation, it makes use of thec&iicept and requires the mass
matrix to be calculated from the same shape funstigsed in deriving the stiffness
matrix. Hence, in the consistent mass matrix, dagpdue to off-diagonal terms exists
and all rotational as well as translational degreefreedom must be included. By
using the consistent mass approach, greater agcosache achieved. However, this
requires more computational efforts than the lumpeds approach.

In many FE applications, such as in Tucker and Nauitl973), Burke (1973),
Wu (1976), Krolikowski and Gay (1980), Patel et @984), Langley (1984), Kirk
(1985), Chen (1987), Chen and Lin (1989), Spanad.€t1990) and Ellwanger et al.
(1991), the drag component due to hydrodynamic itmpdicting on the riser is
linearized to simplify the analysis and allow fregay domain analysis methods to be
applied. By linearizing, the drag component canspbt into two terms, namely a
damping term and an excitation term. The damping is then added to the structural
damping of the equation of motion. In some casesh $inearization may lead to loss
of accuracy in the numerical model (Sgrensen e801). In Krolikowski and Gay
(1980), an improved linearization technique forgfrency domain riser analyses was
proposed. This method relied on a Fourier expansidhe nonlinear drag term where
the harmonics above the fundamental were ignordte fesults highlighted the
significant improvement compared with the conveamdio linearized technique.
Krolikowski and Gay’s method appears to be suitafdieen time saving is required
and time domain simulations are not available. leyw984) introduced an attractive
method for linearization of the drag force in indgy seas. In this method, terms of the
linearized drag coefficients were computed throtajHy time consuming numerical
integrations in two dimensions. This implies tha¢ implementation is likely more
complicated compared with a time domain analysisoAising the Fourier expansion,
Chen (1987) provided an improved drag force liresdion technique to analyze the
marine riser system subjected to single regularewateady current and platform

offsets. The method achieved a better performaooepared with the conventional

23



Chapter 1 Introduction

linearization scheme (the first order Fourier exgiam). The merits of various
linearization techniques in marine riser analysessvaddressed in Leira (1987). In the
past, when computational efforts are not availabiequency domain methods in
conjunction with suitable linearization techniquesffer large reduction in
computational time. When modelling nonlinearitidth®e drag forces, a time domain
analysis is employed. This technique requires ltgimputational capacity to reduce
access times. Such nonlinear drag forces are ¢oltgidered in Larsen (1976), Kirk et
al. (1979), Patel et al. (1984), Patel and Jesudék@87), Admad and Datta (1989),
Trim (1990), Larsen (1992), Sgrensen et al. (20043obsen (2006), Rustad (2007)
and Do and Pan (2009). Larsen (1976) employed arfellysis in conjunction with a
direct time integration method to provide a timenddan technique for the analysis of
marine risers. A computer program to perform thealysis described has been
developed. This study was properly considered tmdimear drag forces and therefore
provided acceptable results. Patel et al. (19840 uke drag nonlinearity in time
domain analysis. This study also carried out aaliized frequency domain analysis.
The results of both analyses were then compareld thivsse of API (1977) and a
standard computer program. The results concludedytbater accuracy of nonlinear
solutions. Subsequently, Patel and Jesudasen (1&&dhessed a theoretical and
experimental investigation of lateral dynamics afs@r when it disconnects from the
subsea well-head and remains hanging freely froenstirface vessel. The in-plane
behaviour was investigated using the FE method thedNewmark3 time domain
technique, which also accounted for the nonlineag dorces. In Admad and Datta
(1989), nonlinear effects due to the relative viyosquared drag force was fully
considered by some iterative procedures in timechiag integration algorithms. The
results concluded that a simple linearization o tirag force leads to an under-
estimation of about 20 to 40% in the maximum str@sd an over-estimation up to
45% in the response. Jacobsen (2006) accountedidhknear drag force in riser
models when testing the observer design for risargension leg platforms (TLP). In
Rustad (2007), the nonlinearities were solved nically by the Newton-Raphson
iteration and Newmarp-time integration with constant acceleration athe@me step.
In a study of boundary control, Do and Pan (20@9jved a set of partial and ordinary
differential equations and boundary conditions dbstgy riser motions based on

balancing internal and external forces and Hamittonciple. The nonlinear fluid drag
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force was found by using Morison’s equation. Gelgréhe effect of nonlinear drag

forces is of vital importance for the riser dynarbiehaviour and should be properly
taken into account. It is observed that by takidgamtages of computer effort and
storage, most recent studies focused on the dewelapof time domain techniques,

which allows the nonlinearities, for riser applioas.

1.2.2 Control of MarineRisers

Active control of vibrating slender structures hafbeen investigated and
implemented in many industrial applications. Insbifre engineering, these structures
include marine risers, free hanging underwaterlpipe, and drill strings for oil and
gas operations. Fard and Sagatun (2001) used tierdy equations of motion of a
nonlinear Euler-Bernoulli tensioned beam to study boundary control. The novelty
of this study is that it is possible to exponehiatabilize a free transversely vibrating
beam by introducing a control law, which is a noeér function of the slopes and
velocities at the boundary of the beam. Tanakalaadnoto (2007) also proposed an
active boundary control of an Euler-Bernoulli be#imt allows the generation of a
desired boundary condition and a vibration-fred¢estd a designated area of a target
structure. In the boundary control approach, alhte® inputs are applied at the
boundaries and the need for distributed actuatedssansors is ignored. In these two
studies, distributed external forces as well as straictural self weight are not
considered. Additionally, these studies only fooastwo-dimensional beam models.
In recent studies, Do and Pan (2008a, 2009) desidhe boundary controllers
actuated by hydraulic actuators at the top endtetilization of riser vibrations. In Do
and Pan (2009), a control problem of global stasiion for three-dimensional
inextensible flexible marine riser system was itigeged. The study handled the
couplings between motions of the riser, which causare difficulties in three-
dimensional space. The study also presented prfoaxtistence and uniqueness of the
solution of the closed-loop system, which was ne¢rgyin previous studies. In another
study of boundary control, Do and Pan (2008b) pseploa nonlinear controller for
active heave compensation to compensate for heati®em of a vessel connected to
the riser. The goal of the proposed method is & af the disturbance observers,
which are then properly embedded in the controigieprocedure. Nguyen (2004)

presented the beam and string equations for thenadasdesign of flexible mechanical
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systems described by partial differential equatidnsthis study, the observer was
designed for a motorized Euler-Bernoulli beam aodetd seismic streamer cables.
Subsequently, Jacobsen (2006) carried out a stodypserver design of risers by
designing four different observers. FE methodsuditlg both bar and beam elements
were employed to model the riser. The study shotlatithe observers were able to
filter out the simple vortex-induced vibrations apg@ on the model, but they had some
problems to follow the fast dynamics induced by TiBtions, which causes large
estimation error. One possible solution could betreat the TLP motion as a
prescribed motion for the riser and not as a phath® observer. Rustad et al. (2008)
proposed and investigated the concept of top tansmntrol to prevent collision
between two neighboring risers. Automatic contrbltap tension to achieve equal
effective length for two risers decreased the numdfecollision, both in the static
cases and in the cases with dynamic TLP motions. prbposed tasks are promising
but model tests would be of importance for the actmplementation. In this study,
bar elements were used for the FE riser model gpdeater. This approach may
simplify the calculation. However, the flexural fitess may be significant in

shallower water depths.

1.2.3 Control of Riser End Angles

Generally the excess of REAs is avoided by incrept@nsion at the top of riser
or by station keeping of the drilling vessel agtite disturbances caused by wind,
wave and current. The concept of top tension cobras been proposed and
investigated by Rustad et al. (2008) using a twoettisional FE riser model. However
the study only focused on preventing collision kedw two neighboring risers. The
active control the REAs by increasing top tensiayrhe costly or even impossible if
large vessel offsets are expected. It is therefiotesurprising that most of studies on
reducing the REAs focused on station keeping, whiegefloating vessels are kept in
position either by PM with or without thruster asance systems, or by DP using only
thrusters.

The main objective of PM is to keep the vessel ifixad position while the
secondary objective is to keep the line tensiorikiwia limited range to prevent line
break. According to Strand et al. (1997, 1998), eflaty and control of turret-moored

vessels are complicated problems since the modorogs are inherently nonlinear.
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Strand et al. (1997) proposed a model and contrategyy for PM satisfying the first
objective. This study focused on introducing a dempooring line model to simplify
the control problem and reduce computational tif@lowing this, Aamo and Fossen
(1999) worked on the control strategy for PM sgirgf both the main and secondary
objectives, and demonstrated the reduction indoakumption by letting the mooring
system compensate for the slowly varying disturkand his concept can be applied
for keeping the REAs within allowable limits andtiopzing fuel consumption. The
use of thruster-assisted position mooring has thcdreen extended to extreme
conditions by Nguyen and Sgrensen (2009b). Thepgs®d a supervisory switching
control concept, which was experimentally verified.

In contrast to PM system, DP operation is usedhtor-anchored vessel where
station keeping is left entirely to thrusters. Marivessels with DP system are mostly
used in oil and gas industries for exploration,leixation, production and pipe laying.
Early DP systems used conventional low-pass andjlesinput-single-output
proportional-integral-derivative (PID) controlléFhe limitations of this controller are
the poor wave filtering properties. Several recgntlies have lifted these limitations
considerably by introducing the passive nonlindaseover and effective filtering for
wave frequency motions (Strand and Fossen, 1989 .subsequent application of DP
system, Sgrensen et al. (2001) and Leira et a04(Rproposed a control strategy to
minimize the REAs by DP control. Criteria relatedthe riser angles were used for
optimal set-point chasing of the vessel positionamhother study, Suzuki et al. (1995)
outlined an active control scheme by using DP @brsind thrusters attached along the
riser that can deal with the case of strong curf€hé advantage of DP system is its
flexibility to quickly establish position and opégain deep water exploration and
exploitation (Sgrensen, 2005a). However, drillinge@tions in shallow water are
usually done by moored vessels due to their lowmeestment costs and reduced

operational risk compared to DP.

1.2.4 Station Keeping for Drilling Operationsin | ce-covered Sea

All the earlier works mentioned above were stud@dopen water where only
wind, wave and ocean current are present. Degpteelative calmer sea conditions in
the Arctic region, the presence of sea ice makesatiea one of the most difficult areas

to work in (Figure 1.3).
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Figure 1.3. Representative ice conditions

According to Bonnemaire et al. (2007) and Kuehnédial. (2009), the presence
of sea ice causes significant additional challenigesstation keeping compared to
open water operations. The additional issues irchin@ capability of continuous ice
breaking, the interactions between thrust and metiof vessels, and the drift and
dynamic motions of the ice. The first report of BPerations in ice is in offshore
Sakhalin (May — June 1999) with the CSO Construetssel (Keinonen et al., 2000).
The CSO Constructor DP vessel (Figure 1.4) was @igg by two ice-breakers,
operating under 90% ice coverage with ice thicknesging in the range of 0.7 — 1.5
m. The operational downtime was 22%. Moran et2l06) reported the operations of
a DP drilling vessel, th¥idar Viking(Figure 1.4), in the Arctic Ocean with more than
90% ice cover. Two other ice-breakers protected/ilar Vikingby circling upstream
in the flowing sea ice and breaking the floes inalben pieces. During the Arctic
Coring Expedition (ACEX) in 2004, manual positiogiwith appropriate thrust was
used to keep the vessel within the limits for maximoffsets. In this context, the
downtime for theVidar Viking vessel while on drilling locations was 38.3%. Altigh
ice mechanics and ice load modelling have beemsiiely studied, few studies on
DP systems in ice-covered sea have been presentiee open literature. Although DP
is a well-designed system for open water, its gbtb fulfill the control objectives
under ice conditions remains unanswered. ReceNtyyen et al. (2009a) modified

the conventional DP controller for open water téeed its operation in ice-covered
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water. A method for simulating the dynamic behaviofi DP vessels in level ice-
covered sea was proposed. The study also showethéhenodified DP controller for

level ice performed better than the conventionat@dler for open water.

Figure 1.4. CSO Constructor vessel (left, phot@4KAC INC) and Vidar Viking
drill ship (right, photo by M. Jakobsson © ECORDIDR)

While the DP systems have some challenges in iescf(ibed by Kuehnlein et
al., 2009); Bonnemaire et al. (2007) pointed oat tmoored structures supported by
disconnection possibility of mooring systems ance#itient ice management system
is an attractive option for most operations, inalgddrilling and production of oil and
gas, within a range of water depths in the Aratigion. The oil and gas development
in the Arctic region was carried out earlier in tBeaufort Sea by moored platforms
such as CanMar’s drill ships and Kulluk platformgiie 1.5). CanMar Explorer drill
ships were fully equipped for arctic operationshwan ice-reinforced hull, a mooring
system and four tunnel thrusters (Hinkel et al88)9 The mooring system of CanMar
Explorer has a full remote anchor release capaciticollapsible anchor winch pawils.
The drill ships were positioned at drilling locat® by mooring lines while their
desired positions were done by manual controlsndudrilling operations. The time
lost due to ice conditions of CanMar Explorer wd$64 The Kulluk platform is a
conical drilling unit, which was designed with ariedy of special features to improve
the performance in ice conditions (Wright, 2000heTsystem has good ice-breaking
capabilities and a strong mooring system that coedist ice forces up to 450 tons.
Recently the Submerged Turret Loading (STL) is Widesing in the North Sea. For

the increasing use of moored systems in ice, Letsat. (1998) developed the model
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tests of a STL to study the feasibility and linesien in level ice, broken ice and
pressure ridges. Hansen and Lgset (1999) simuth&tehaviour of a vessel moored

in broken ice and compared the simulation resulth Wose obtained from ice tank

tests.

Figure 1.5. Kulluk drilling vessel (left; Wright0P0) and Canmar drill ship (right) in
the Beaufort Sea (http://www.mms.gov)

In order to operate in the Arctic region, virtualgll drilling vessels and
platforms need ice-breakers to reduce the interter®f ice during drilling operations.
There are some delays in the operation until teecmndition improves, resulting in
significant downtime. There are several PM systeemorted to be operating in ice
environment. However the mooring systems are ndynmait used to actively control

the vessel motions as well as the REAs.

1.3 Objectives and Scope

From the above review, the following may be sumpeati

a. In normal drilling operations, the REAs at the we#lad and the top joint
must be kept within allowable limits, ideally withi+2°. Most studies
focused on minimizing the REAs by station keepimgoagh dynamic
positioning. While the PM system has lower invesitreosts and operational
risk in shallow water; no control concept for miimng the REAs has been
applied under such condition.

b. The Arctic region is rich in oil and gas and higlmgrerational intensity is

expected in the near future. As such the abilitpperate offshore platforms
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in ice-covered sea will be a principal concern. phesence of sea ice causes
significant additional challenges for station keepcompared to open water
operations. The operational downtime is significdue to manual controls of
vessel positions and ice-breaker's activities fandling ice impacts.
Although DP is a well-designed system for open wat® ability to fulfill the
control objectives under ice conditions remainsnsmeered. As reported, PM
systems are found to be more attractive in theiénmegion. However the
mooring systems are normally not used to activelytol the vessel motions

as well as the REAs in ice conditions.

Therefore, the main objective of the study is topmse a control strategy for

maintaining small REAs during shallow water drigimperations by PM systems in

open water and level ice-covered sea. Specifictlly scopes of this study are to:

a.

present process plant and control plant modelsdriliang vessel and drilling

riser for the control design of the REAS;

. propose an active positioning control using mooling tensioning for PM

systems to reduce the REAS in open sea;

c. carry out experimental tests to validate the predasontrol strategy;

e.

. extend the control algorithm to limit the riser dmehding stresses rather than

the REAs; and

extend the proposed control concept for operatidavel ice-covered sea.

It should be noted that PM system is more efficfentcalm and moderate sea

conditions since the demand for thruster operaoless than that in DP system. In

such environment, the mooring forces would coutettae slow-varying motions of

the vessel. As such, the dynamic effects such asetiinduced by high frequency

vortex-induced vibrations are not considered irs thiudy. The applications of the

control concept proposed in this study are limitedone moored vessel with one

drilling riser.

1.4 OQutlineof Thesis

The thesis is organized as follows:
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Chapter 1: A brief history of DP and PM systems in marinexgtions is summarized.
The work of other researchers in the area of maigees is also presented to explain
the motivation behind this study. The objective andpe of this study is formulated.
Chapter 2. Process plant models of the riser, vessel andrimgposystem are
presented. The FE beam element, which includesihgrstiffness, is used to model
the riser in two-dimensional space.

Chapter 3: This chapter mainly focuses on the control of REA PM systems
through adjusting the vessel’s position by changhmg lengths of mooring lines in
open water. The simulation and experimental reqarésalso presented to verify the
proposed control strategy.

Chapter 4: Bending stresses of the drilling riser during ttentrol of the REAs are
studied in this chapter. The control strategy psagbin Chapter 3 is extended to the
control of the end bending stresses rather thaR E¥ss.

Chapter 5: In this chapter, the alternative environmentaldition of ice-covered sea
is introduced. The set-point chasing algorithm Hamethe REAs proposed in Chapter
3 is used to generate vessel optimal positions.olpling ice-vessel interaction is
introduced to simulate level ice loads acting osseds. Numerical simulations are
carried out to test the control performance ofRMe system under such environment.
Chapter 6: This chapter summarizes the key findings of thissis. Subsequently,

some areas where further work could be best duleste suggested.
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CHAPTER 2. MODEL OF VESSEL-MOORING-RISER SYSTEM

2.1 Introduction

The vessel-mooring-riser system has to be apptefyienodeled to facilitate the
design of controller. Within the field of marinentml engineering, the control plant
model and the process plant model are often intreddor the design and simulation
of model-based control systems (Sgrensen, 200%5ie) pfocess plant model describes
the detailed physics of the actual process andlaterithe real plant dynamics. The
control plant model, which is a simplified matheroalt version of the process plant
model, is used for controller design and stabidibyalysis. This chapter will mainly
focus on the process plant model of the riser,ales®d mooring system.

The riser behaves like a tensioned beam when dutgecurrent. In shallow
water, the bending stiffness of the riser may mfice its response significantly.
Hence, to obtain the response via the FE methodl, ethtire riser is normally
discretized into beam elements, which includedléheural stiffness.

The mooring system comprises a number of moorirgslio anchor the vessel in
the desired positions. In this study, each mooling is analyzed separately before
assembling to obtain the total forces acting onvébesel. For simplicity, the catenary
equations are normally used for the mooring anslgbanchored vessels by assuming
that the dynamic effects such as high frequencyexenduced vibrations are not
significant.

In formulating the dynamics of the marine vesseaithblow-frequency (LF)

model and wave-frequency (WF) model are normallystered.

2.2 Kinematics and Coordinate Systems

In station keeping, the motion and state varialdEghe control system are
defined and measured with respect to specific eefar frames or coordinate systems

as shown in Figures 2.1 and 2.2 (Sgrensen, 2005b).
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w (heave)

Xe

Earth-fixedframe v
E

Figure 2.1. Vessel reference frames

Earth-fixed frame Xg Body frame

e

Ze

Riser frame

Zsp Seabed-fixed frame

Figure 2.2. Riser reference frames

1. The Earth-fixed frame, denoted XsYeZg, is given in local geographical
coordinates. The position and orientation of these¢ are measured in this

frame relative to a defined origin.
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2. The body-fixed frame, denoted X¥Z is fixed to the vessel body with the
origin coinciding with its center of gravity. Théaxis is directed from aft to
fore along the longitudinal axis of the vessel, dhdY axis is directed
starboard, and axis is positive downwards. The motion and thel$oacting
on the vessel are calculated in this frame.

3. The reference-parallel frame, denotedXa¥rZr, is Earth-fixed in station
keeping operations. It is obtained by rotating ¥¥Z frame to the desired
heading angleyq and the origin is translated to the desixgdndyy position
coordinates for the particular station keeping apen studied, as shown in
Figure 2.1. The vessel is assumed to oscillate smtlall amplitudes about
this frame such that linear theories may apply foodelling of the
perturbations. Additionally, it is convenient to eughis frame in the
development of the control scheme.

4. The ice-fixed frame, denoted XgYZ, is fixed to the ice sheet. The vessel
hull and ice edge are discretized into a numbenades with the nodal
coordinates defined in this frame.

5. For the purpose of describing the force-displacamaationship of the riser
at the elemental level, the local riser fragYriZri is introduced. The
origin is located at the center line of the risethwKg; along the length of
elementi andYgiZg; plane normal to the center line of each riser elnas
shown in Figure 2.2.

6. The sea bed-fixed frame is denotedXagYsgZsg With XsgZsg on the sea
floor and Ysg pointing upward. The positions of all the riserdas in the
global system are described relative to this frame.

The vectors defining the vessel's Earth-fixed positand orientation, and the

body-fixed translation and rotation velocities (g 2.1) using SNAME (1950)

notation are given by
w=[x vy 4, n,=[e 6 ¢] 2.1)
v1=[u v V\]T! V2=[p q |1T (2.2)

wheren; denotes the position vector in the Earth-fixed feamandn. is a vector of
Euler angles comprising the ro)( pitch (@ and yaw ); v, denotes the body-fixed

surge, sway and heave linear velocity vector, ani the body-fixed roll, pitch and
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yaw angular velocity vector. The transformationwesn the Earth-fixed and body-

fixed coordinates can be realized through the mafiiR®® as follows (Fossen, 2002)

.| ‘]1(“2) Oy :||:V1:|

n=| . |= =J(n,)v (23)
|:1]2:| |: Oaus Jz(nz) v, ( 2)

where the rotation matricels(nz) OR*® andJa(n2) OR*? are functions of the Euler

angles and are given by

cycd sYywp+¢y 9 & @ g

Ji(n,)=|sycd Wwp+pd ¢ -ysp+r Iy @ (2.4)
s cOsp dy
1 spt@ (e7)7)

J,(n;)=|0 cp -sp |, @=L (2.5)

0 sp/ld@ al @

in whichs.=sin(.),c.=cos(.) and.=tan(.).
If only surge, sway and yaw (i.e. three degreesfreédom or 3DOF) are

considered, the kinematics and the state vectq& &) reduce to

X cy -s¢ Ofju
N=R(¢)v or|y|=| & @ v (2.6)
7/ 0 0o 1jr

2.3 Mode of Riser

2.3.1 Governing Equation of Motion

A drilling riser normally behaves like a long temsed beam. The equations
governing the lateral displacement of a tensioneanb under an externally applied

dynamic load(x,t) and the effective tensioh is given in APl (1998) as

m(x)m+a—2{ Eu(x)m}iﬁ( X gM} () @7)

ot? ox? ox? X 9 X

where m(x) is the mass per unit lengtkl(x) the bending stiffness, ami(x,t) the

transverse displacement (Figure 2.3). This equat@s also derived by Fard (2001).
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Figure 2.3. Transversely vibrating beam with ldtévece

Under general conditions, the partial differenégliation of (2.7) describing the

static and dynamic behaviour of the riser cannotsbé/ed exactly. Numerical

solutions are often obtained by discretizing thérerriser into elements and then

solved either by finite difference or FE techniguis shown in Figure 2.4, the riser is

modeled withn elements andh(+ 1) nodes, in which node 1 is at the sea bedhadé

(n + 1) is at the surface vessel.
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Figure 2.4. Riser model
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2.3.2 Stiffness M odel

In practice, drilling riser has a small diameteréagth ratio and may operate
under tension. Therefore, its stiffness is conteduby both elastic and geometric
components. The flexural stiffness can be signitica shallow water and for the case
of low tension. A suitable model for this contrilmt is the beam element. The
geometric stiffness component is accounted for diysiering the axial force. In FE
application, the stiffness matrix is genericallyfided for each element based on the
local coordinate system. In this study, 3 kinematimponents (2 displacements and 1
rotation) at each end of a typical element are idensd as shown in Figure 2.4.

The local stiffness matrix for each elemenfiR®®is given by

ki =[ko+k,] (2.8)

wherek. andky denote the elastic and geometric stiffness matrigespectively. The

elastic stiffness matrix is given by Przemienigd68)

% o 0 -f_A o 0
12El  6El 121 &l
o Y T aE

4El| 6El 2E|
T Y T
k, = cA (2.9)
T 0 0
12EI 6El
Sym |3 _|2
4E1
| (I

Different variations of the geometric stiffness mahave been written and one that

neglects the coupling effect between axial anduilakactions is
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0 O 0O 0 O 0
6 1, 6 1
5 10 5 10
2? 0 I | 2
T, 15 10 30
o 0O O 0
6 I
Sym = -
Y 5 10
R
L 15 |

whereE is the Young’s modulus of riser materiél,the cross-sectional area of the
riser pipe,l the second moment of inertiathe element length, anfi,; the effective
tension.

When building the stiffness matrix, the effectiemsionT.; must be known. The

effective tension at each element is given in ARIOG) as
T =T- ARy + AuRu— W (2.11)

whereT is the tension at the top of the ris@r: and Aqy: the internal and external
cross-sectional areaB,,;j and Py the internal and external pressures of fluid at th
nodeith, andw; the weight of the riser segment (steel pipe) alibeenoddth. Since
the riser is originally vertical and the movemeuoitshe top end are small compared to
the total riser length, it is assumed that thernsgeight is in the riser line direction.

The cross-sectional areas and pressures are given b

D2, D},
= o A = n 2.12
A= A== (212)
Poutj =pwgh’ I:i)nti =pf gh (213)

whereDo, is the external diameter of riser pif&,: the internal diameter of riser pipe,
o the density of internal fluidg, the density of surrounding wateythe acceleration
due to gravity, anti the water depth of nodgh.

To assemble the element matrices, all the matriaest first be expressed under
a common coordinate system, which is the globatdioate system. The coordinate
transformation matrixt iDRexegives the relationship between the displacementovec
rej based on the local coordinate syst&giYriZri and the displacement vectqrfor

the same element based on the global coordinatensyssYssZss. That is,
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r| = TiTrei
where
r=[x ¥

X Yau Qu]

o % G ey b ]

i Cos¢e,i
—sin¢eyi
0

0
0
0

sig,, O
cogp, O
0 1
0 0
0 0
0 0

0

0

0
cogp,;
- sing,;

0

0
0
0

sip,

cog,,
0

P o o0 9O o o

(2.14)

(2.15)

(2.16)

(2.17)

The inclinationge; represents the direction the axial axis of elenignin the global

coordinate systedsgYssZss (see Figure 2.4).

The local stiffness matrix of each element is tramsid to the global stiffness matrix

through the transformation matfxJR%® as

Ki:TiTkiTi =

whereK,,

K i

121

|

K K }
K I21 K I22

K., andK '}, JR*® are the sub-matrices.

(2.18)

The total stiffness matrix for the whole riser istained by adding terms from

the individual element stiffness matrices into theorresponding locations in the

global stiffness matrix of the whole risé¢, OR*™1*30*1) \wheren is the number of

elements considered. This can be represented as

KL KL 0

Ky KR+Ki Ko

0 K Ky*KY

0 0 KS,
K,=| .. . .

0 0 0

0 0 0

0 0 0

e 0 0

0
0
K

3 4
K22+K11 .

O O O O :

o O O o

- KO +K?
K57
0
0

o O O o

n-2
K 12
n-2 n-1
K 22 + K 11
n-1
K 21

0

0 0
0 0
0 0
0 0| (2.19)
0 0
Ko 0
Ko +KL K
Ka o Kl
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2.3.3 Inertia M odel

The local mass matrix of eleme'ntmiD]RGXG, contains contributions from the

structural mass of the risers and the hydrodynamic added mass The equivalent

structural mass matrix is given in Przemienieckic@) as

1 0 0 1 0 0
3 6
13 1 o _18
35 210 70 420
LA < N
m,=p Al 105 . 420 140
- 0 0
3
35 210
|2
i 105 |

whereps is the mass density of the riser.

(2.20)

The hydrodynamic added mass comes from the inknté@s on an accelerated

circular cylinder in fluid (Faltinsen, 1990). Forfdly submerged vertical element, the

added mass associated with body acceleratipR(Bn-1)Aoud. The added mass matrix

is then obtained as

E 0 0 } 0
3 6
B 1
35 210 70
2
105 © a0
ma:pw (Cm _1) A)utl 1
- 0
3
13
Sym —
y 35

whereC,, is the inertial coefficient.

0

_18
420
I 2
140
0

1
210

I 2

105 |

(2.21)

If fluid is present inside the drilling pipe, théement mass matrix must account

for the contribution of the internal fluid given by
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1 0 0 E 0 0
3 6
13 11 o 9 18
35 210 70 42(
I
105 420 140
m, =p, A, . (2.22)
- 0 0
3
35 210
|2
I 105

The total local mass matrix is obtained by sumntiregabove matrices.
m, =m,+m_+m, (2.23)

The local element mass matrix is then transforntethé global coordinate system

through the transformation matrfx as
M, =T'mT (2.24)

The global mass matrix of each elembhtis assembled into the total mass malifix

in the same manner as the stiffness matrix.

2.3.4 Damping M odel
The damping experienced by the riser is a comlanadf the structural damping
and hydrodynamic damping. Hydrodynamic damping @nhy caused by drag, which
is a function of the relative velocity of riser amgirrounding water. It is often
considered together with the hydrodynamic loadengs hence discussed later.
Structural damping is comparatively smaller and niey approximated by

Rayleigh dampingnodel (Clough and Penzien, 20@3)

The coefficientsay and a; can be found by specifying two modal damping mtio
obtained either experimentally or from publishederiture. To facilitate the
determination of the coefficients (2.25) is ofteqpressed as a function of the damping

ratio & and frequencyw, of thenth mode,
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PR ) (2.26)

Often, the same damping ratio is specified for thve selected modes (or control
frequencies) due to lack of information on the a@on of damping ratio with

frequency. Equation (2.26) can be simplified as

{Z:} -— 25 - {“’ml“’n} (2.27)

It is recommended thaty, generally be taken as the fundamental frequency of

the multi degrees of freedom system and thabe set among the higher frequencies
of the modes that contribute significantly to thaamic response. A damping ratio of
5% (Larsen, 1976; Clough and Penzien, 2003) has bkhesen for all the analyses

carried out in this work.

2.3.5 Load Model

The forces acting on the riser are caused by vesegbns and hydrodynamic
loads. The modified Morison’s equation for movingimders (Faltinsen, 1990) is
adopted to calculate the hydrodynamic load perlength of a riser subjected to wave

and current fields, written as

2 2

f pWC Dow|Vae = 1] (V= 1) + £,C m”'iomv - p.(Cy-1) ”Zwt (2.28)

where the velocities,, and Vv, are the water particle velocity and acceleration
respectively,r the structure velocityCq the drag coefficient, and the remaining
parameters are defined in the previous section. |asieterm of (2.28) is the added
mass and is assembled in the element mass malexsdcond term is the fluid inertia
force that is considered negligible in comparisatihvthe drag force (Kirk et al., 1979
and Rustad et al., 2008). Hence, the hydrodynaoaid tlue to the drag force per unit

length of the riser at a particular location in tfeis approximated as
f, pwc Dyu| Vi = 1 (V= ) (2.29)

The load vector of each element is expressed wihact to the local coordinate
frame. The force acting at each node of the elemsesittained by integrating the force

intensity with the assumed displacement shape ifumct
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f, = [N"f () dx (2.30)

wheref(x) OR? is the distributed hydrodynamic load vector actihgng the element in
the normal and tangent directionsthe longitudinal coordinate of the element, and

N'OR®*?is the matrix of shape functions given by (Przerngieki, 1968)

1—% 0
X2
2
0 x—2XI—+|£2
NT = . (2.31)
I— 0
NG X
0 SETam
2
0 —XI— +|§2

The local force vector at each node is subsequénathsformed into the global system

through the transformation matrix.
F=TT7 (2.32)

whereF; is the global force vectoF,; are then added into their corresponding locations

in the total load vectdFhyqr Of the whole riser.

2.3.6 Governing Equation of Motion in FE method

The differential equation of motion for a systenthmnulti degrees of freedom

can be written as
Mr(r)r.+Cr(r)r+Kr(r)r:thdro (233)

wherer is the nodal displacement vector. The system mmaaix M,, structural
damping matrixC, and stiffness matriK, have been defined in the previous sections.
The drag force is included iRnao The vessel motion is accounted for through the
prescribed DOF at the top joint of the riser. Tliwegning equation is written with
respect to the global (sea-bed fixed frame) coareiKsgYssgZsg and the displacement

vectorr OR*™Yis given by
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T

r=|:Xl yl 0’1 X+1 Y+1 ai+1 %+1 ¥+1 an+1 (234)

The matrix equation in (2.33) can be partitionetb imnknown degrees of
freedom (DOF) denoted by subscript A and known D@fenoted by subscript B)

including the horizontal riser nodal translatiorttet surface. Hence, (2.33) becomes

i S Sk REHE) e
Mgy Mg || 15 Cen Cos [ fs Kea Kas || T8 Fanydro

The dynamic response of the riser structure cawiitgen in terms of the unknown
DOFs on the left hand side as

MAArA +CAA I:A +KAA I\ :FAhydro _MAB ié _CAB rB _KAB E (2'36)

The right hand side of (2.35) facilitates the immation of the boundary
condition at the riser top end, which must follole tsurge motion of the surface
platform. When the bottom of the riser is hingedhat wellhead, the second, third and
fourth terms in the right hand side of (2.36) beeotine force required to cause the

specified vessel motion at the surf&tesses Hence, (2.36) can be re-written as

Maafa +Caafa *Kaa e =Riyao + Ressel (2.37)
where

Flesss = ™M nd 6 =C ad 6 =K s (2.38)
Ma =[a'1 X Y, O, .. X Y a .. % Y 4 Yu 0w i (2.39)
e=[% Y %] =[0 0 ] (2.40)

The DOFs in (2.39) that are removed from (2.34)xarandy; corresponding to the
bottom pin joint, ant..1 corresponding to the vessel motion at the surfage.(i.e.
surge). Hence, the dimensionrgfreduces to® wheren is the number of elements.

Various methods to solve (2.37) are available (Gftoand Penzien, 2003) and
for this problem where the drag force is dependemtthe unknown velocities ,
Newmarkf numerical time integration method with constardederation in each time
step may be adopted. This method of analysis canuat for the nonlinear drag
loading (Fylling et al., 2005).
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2.4 Multi-cable Mooring System

A moored vessel contains a number of mooring lagshown in Figure 2.5,
each attached to the vessel at one end usuallg wanch system with the other end
attached to a drag anchor or pile embedded inghbesl. As illustrated in Figure 2.6
of a semi-submersible, each mooring line leads famnanchor through pulley wheels

(known adrairleads and to a tensioning device (known\&mches.

™, Anchor lines

____________

Winch ———» :

&
| Fairlead————> ¢4 iz
ﬂ (Top point) / i\""f-—ﬂ—\

Anchot

) Catenary
/ T:}uchdown poir point

Seabe

Figure 2.6. Arrangement of a mooring line
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The lines are either in the form of chain, ropeaaombination of both. Ropes
can be made from steel, natural fibres and/or gfithibres. Segmented anchor lines,
that is, cables comprising two or more lengthsifféent material, are used to achieve
a heavy cable at the bottom and a lighter one dim$kee water surface. This achieves
the effect of a stiffer and yet lighter anchor neompared to that using a single
material. The initial tension in a cable is theutesf winching the cable to position the
platform in the desired configuration.

It should be mentioned that mooring lines in gehara subjected to three types
of excitations (Triantafyllou, 1990), namely larganplitude low frequency (LF)
motions, medium amplitude wave frequency (WF) metiand small amplitude, very
high frequency, vortex-induced vibrations. For tesign of PM control system, it is
simpler to consider the influence of the LF motimm the mooring lines and not to
model the dynamic effects such as those inducedidly frequency vortex-induced
vibrations (Strand, 1999; Aamo and Fossen, 2001).

2.4.1 ForceinaMooring Line

The horizontal motion of the vessel is affectedthuy horizontal component of
the tensile force at the top of each mooring caltleched to it. The horizontal force
contributionHmeorj Of line i is a function of the horizontal distance betweles top
point and the anchor point of the line, denoteas as well as the line lengthy;.
That is

Hmoorj = fi (Xhon',' Lm) (241)

When the position of the line’s upper end, the anglosition and the static line length
are known, the line tension and its horizontal congnt at the upper end can be
obtained.

The profile of a mooring line is sketched in Figt&. The elastic catenary
equations of a single mooring line are used toesgthe static line characteristics and
solve for the line tensioMmer and its horizontal componertin.. These are
(Triantafyllou, 1990)

H_ . tang =V

moor

-w,(L,,—S) (2.42)

moor

Vo =V, +w, L, (2.43)

moor
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X = H moor Sinh—l Vmoor_ Wm( I‘m_ $ _ Sinh—l Vmoor_ WmLm + H moor‘E (244)
Wm Hmoor moor E mAm
H Vo -w(L-9) Voo—wL)
7 = —_moor \/l"‘( moor |i’|vm( m S)j _\/1_'_( mor_r| Wm mj
W,
m moor moor (245)
1 W s
+ Vo ST— -9 -
£ Aﬂ( moa St (L= 9 Lm]j

wherelLn, is the unstretched line lengthy, the weight in water per unit length;, the
Young’'s modulus of elasticityA,, the cross-sectional area of ling,a parameter
running along the cable from 0 Lg,, x(s)andz(s)the spatiak- andz-coordinates of
points along the cable respectivell, ... =V + Huoo  the line tension at the
upper endHmeor aNdVmoor the horizontal and vertical componentsTgf,, respectively
at the upper endp the angle between the horizontal and tangenteftble, and/;

the vertical tension at the lower end.

Z VmOOTZTmOOI
Water plane X Top point)/
: = Hm00|
[
| 3|
i g
I g|
| ©
| 9]
| IS
T
' Touch down point s
| P =
Anc Io_r_ N Seafloor
V4 =0
Xhor J

Figure 2.7. Static line characteristics

These catenary equations cannot be solved exyplicitimost every case. Aamo
(1999) proposed an algorithm, namely #f®oting methodto solve these equations
for finding the configuration of a hanging cabldmerged in water (Figure 2.7). The
cable is supported by two fixed points; one on $ka floor (anchor point) and the

other on the sea surface (top point). If the cédakehes down on the seafloor at a point
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other than the anchor point, this point is ideatfiand bottom friction forces act on
the cable between the touchdown point and the an¢hwthermore, the cable may
consist of any number of segments, with individtlzdracteristics, and clump weights
(or buoys) are allowed between segments. Givewnéhtical forceVmoor and the angle
@ at the top point, the cable configuration is founydstepping through the segments
from the top towards the anchor. Successive upddtés..rand¢ are performed until
the anchor point hits the prescribed location aefiby the water deptb,, and the
horizontal displacemenkn,. The core algorithm can be summarized as follows
(Aamo, 1999).
+ Algorithm 1 Steps are given as follows
1. GivenVmeorand¢ at the top point, calculatémnee, Seti = ns wherensis
the number of segments.
2. Based onVmeor and Hmeor, calculate the horizontal and vertical
displacement of segmentusing the catenary equations given in (2.44)
and (2.45).
3. UpdateVmoor by subtracting the weight of segmenif i > 1 go to step 2.
4. Add up the displacements for all segments.

+ Algorithm 2 Depending on the result of Algorithm \Iy,0or and ¢ are adjusted
one at a time. For give¥ineo, @ binary search is carried out grin order to hit the
correct vertical displacement, which is the watptiD,,, as follows.

1. Maximum anglegmay is taken to be slightly less than°9@nd minimum
angle is taken to be slightly more thah 0

2. Letd = 0.5@max - @min). If d is less than an error tolerance, then stop.
Otherwise sep = @nmin + d, and perform Algorithm 1.

3. If the vertical displacement is less thBq, set@min = @, otherwise set
Pmax= @. Go to step 2.

+ Algorithm 3 It remains to findVmeo, Such that a binary search is again
performed orVmeor until the horizontal displacement meets the pibedrvalue, which
is the horizontal displacemeXor, as follows.

1. Take the total mass of the system as the initiabgdoVmoor
2. Do Algorithm 2. If the resulting horizontal displment is larger than
Xhor @ touch down point is needed other than the angbmt, and the

guess is upper bound. In this case \$ek = Vimoor andVpin = the weight
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of a piece of the upper end cable. Otherwise, tlehar point will have
vertical load, and the guess is lower bound, t8atdn = Vmoor IN this
case, increas¥meor by some percentage and do Algorithm 2 until the
horizontal displacement is larger th&g,. SetVmnaxto this valuéVmeor.

3. Letd = 0.5max — Vmin). If d is less than an error tolerance, then stop.
Otherwise, s€¥moor = Vimin + d.

4. Calculate the length of the suspended cable acupriti Voo, and do
Algorithm 2. Using the resulting horizontal tensi@i the bottom,
calculate the length of the remaining part along $eafloor. Add the
result to the horizontal displacement resultingrfralgorithm 2.

5. If the horizontal is less thaXhor, S€tVmin = Vmoor. Otherwise, seVmax =
Vimoor GO tO step 3.

The algorithms were written by Aamo (1999) in thegp@gramming language
and equipped with the MATLAB interface. Detailedj@iithms and programs can be
found in Aamo (1999). To verify the proposed methddmo (1999) compared the
elastic catenary solutions to results from the MISFO program, which is a
commercial program package of MARINTEK (SINTEF, Wa).

An example of line characteristics found by solvihg catenary equations is
illustrated in Figures 2.8 and 2.9. The mooring lconsists of three segments in the
water depth 380 m. Figure 2.8 shows the relatignghien in (2.41), which obviously
demonstrates the nonlinear relation of the linesitenT o0, its horizontal component
Hmoor line lengthL,, and horizontal distance to the anch@g. Two cases of line
characteristics were carried out. In the first caseshown in the left of Figure 2.8, the
horizontal distance to the anchor poMat: was kept equal to 1234.5 m and the line
characteristics (line tensiofy.or and its horizontal componemiy.,) were found
through the catenary equations with various limegles (n = 1298 m — 1445 m). In
the second case as shown in the right of FiguretBeBline length_,, was kept equal
to 1433 m and the line characteristics were sowild various horizontal distances to
the anchor Xnor = 1084.5 m — 1384.5 m). The profiles of the mogrilne
corresponding to these two cases are shown in &ig@w. The line profiles with
various line lengths are plotted in the left of g 2.9 while the line profiles with

various horizontal distances to the anchor are shavthe right of Figure 2.9.

50



Chapter 2 Model of vessel-mooring-riser system
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Figure 2.8. Line characteristics with line tensianor and its horizontal components
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Figure 2.9. Line profiles with various line lengthg (left) and various horizontal
distances to the anchi,, (right)
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2.4.2 Restoring For ce from Spread M ooring System

For convenience, the contribution of horizontal poments of the line tension
from all the lines can be assembled as a columtoredenoted abl moor = [Hmoorj - -
HmoorN]T ORN. As shown in Figure 2.10, the effect of the hamizb force component
of mooring linei will produce ark, y and rotational component, which is related to the
winch position & , ¥,) and planar anglg of the line given with respect to the Earth-
fixed coordinate system, see Faltinsen (1990) arah® et al. (1998) for more details.
Hence, the effect of the mooring system on theesusgiay and yaw of the vessel is

given by the column vector of restoring fogeIR® as

Hmoorj COSﬁN
T N .
gmo =[gmol gmoz gmof::I =Z H moo’r,SInﬁN (246)
= Hmoorj(x Sinﬁl _y COS@ )

whereN is the number of mooring lines. This can be retemiin compact form as

o =T (B)H 1oor (2.47)

whereT (B)OR*" is the mooring line configuration matrix, given by

cosp, cog,
T(B)=[tsty]= sinB, sinBy (2.48)
X singB -y, cos6, .. X SiB, -V COB,

in which p OR? is the mooring line orientation vector comprisithg moment arms
(X, y,) and the angle between the mooring line andktheis, 5 fori =1, ...,N (see
Figure 2.10).
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-« Linei

[ Hmoorj
B

=

N

Figure 2.10. Spread mooring system of a platform

2.4.3 Total Contributions from Mooring System

Besides the restoring force, a mooring system asvishin Figure 2.11 also
induces additional damping on the vessel motiomotksl asDmoIR%® = diagldmo1
dno2z 0 0 Odmog. This additional damping constitutes about 10 0%?2of critical
damping of the entire system, depending on the rwaépth and the number of
mooring lines (DNV, 2004). Therefore, a spread rim@pmodel TmooJR® can be

formulated in the body-fixed coordinate system as

Trnoor =37 (1) G 1no(M) =D (V) (2.49)

where J(n2)OR%® is the transformation matrix between the Earthd &ody-fixed
frames. In this study, it is assumed that a spmadring system with symmetric
pattern about thexz andyz plane only contributes forces in the horizont&ng
(surge, sway and yaw). Hend®moR®® = diagbmo1 Gmoe2 0 O 0Gmed, Where gmez,
Omo2 @ndgmos are three components gf, defined in (2.46). The damping component
Dmo in (2.49) is usually added into the damping tefrthe LF vessel equation given in

the next section.
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Figure 2.11. Typical spread mooring system

2.5 Moded of Vessel Motion

In modelling the marine vessel dynamics, the shation is often decomposed
into a wave frequency (WF) component riding onw feequency (LF) component as
shown in Figure 2.12. The WF motions are assumdstoaused by first-order wave
loads whereas the LF motions are assumed to beddys second-order mean and
slowly varying wave loads, current loads, wind Isadnooring and thrust forces
(Fossen, 2002; Sgrensen, 2005b).

‘/_, Total motion, IF +WF

LF mohion

P |

L WE motion i

v,

0 50 100 150

Figure 2.12. Total ship motion as sum of LF-mot@om WF-motion
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2.5.1 Low Frequency Vessel M odel
The 6-DOF body-fixed coupled equations of the LFtioms in surge, sway,

heave, roll, pitch and yaw (see Figure 2.13) werentilated in the body-fixed frame
by Fossen (2002) and Sgrensen (2005b) as follows:

+T (2.50)

Twavez 1 wind tT moor

MV +Cprqy(v)v+C,(v,)v, +D(v,)+G(n)

whereMOR®® is the system inertia matrix including added ma&gs(v)OR®® and
Ca(v,)OR®® the skew-symmetric Coriolis and centripetal masiof the rigid body
and the added masd{v,)[JR°® the damping vector, which is a function of theatiel
velocity vectorv, between the vessel and curre®{n)CR® the generalized restoring
vector caused the buoyancy and gravitatigjez Twind aNdTmeo JR® the second-order
wave load, wind load and mooring force vectorspeesively; andry,[JR® the vector

consisting of forces and moments produced by thestar system.

v wa) g (pitch)
}r - L

i (surge)
W (heave)
L 4

Z

Figure 2.13. Definition of surge, sway, heave,, miich and yaw modes of motion in
body-fixed frame
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2.5.1.1Generalized Inertia Forced/ v

The system inertia matri OR®®including added mass is defined as

[ m- X, 0 - X,
0 m-Y, 0
| % 0 m- Z,
M= 0 -mz, - K, 0
mz - M, 0 -mx- M,
0 mx; — N, 0

0
_mé_ X
0
L - K,

0
- IZX - Np

mg - X 0
0 mx— .Y
-mx- £ 0
0 -k, (2.51)
L= M, 0
0 =N, |

wherem s the vessel mass;, Iy andl, the moments of inertia about the y- andz-

axes;ly, = I« the products of inertia and, zs the coordinates of the center of gravity

in the body-fixed frame. If the origin of this frans chosen to coincide with the center

of gravity, therxs = zg = 0. The zero-frequency added mass coefficieqts X,,, X,
Yoo Yo Yoo 24y 2y, 24, Ky, Ky Koy My, My, M, N, N, and N, at low speed

in surge, sway, heave, roll, pitch and yaw duecttekerations along the corresponding

and the coupled axes are defined as in Faltins®90]1 These coefficients are

dependent on the vessel geometry and the frequeheyessel motions. They are

normally computed through commercial software sasWWAMIT (Faltinsen, 1990),

which is a computer program based on a three dimesispanel method for analyzing

hydro dynamic interactions with floating or submemtgbodies in the presence of

waves using potential theory.

2.5.1.2Generalized Coriolis and Centripetal Forc&zg(v)v + Ca(Vi)Vr

The matrixCrg(V)OR®® is the skew-symmetric Coriolis and centripetal nimat

written as (Fossen, 2002).

) 0 0 ¢, -G
0 0 0 —Cp —G
0 0 0O -, -
CRB (V) - 43 053
Gy Cp Cus 0 -G,
G, G, Gy Cs4 0
| Cex Co ~Coz GCos Ces
where

(2.52)
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Cp=Mz ¥ G=rgp)V
=MW G=rngk xXp & MgH)u & ,I-p,l
Ca=M(V+ X% G,=—mu = MY p &=, a

Cos = L P+ 1,f

G, = mw

(2.53)

The effect of current is divided into a potentialdaa viscous component
(Wichers, 1993). The viscous part is included ia tlonlinear damping term &f(v,)
in (2.50). The potential part of the current load modeled in the Coriolis and

centripetal matrix of the added ma&g(v,)[JR%® as follows

0 0 0 0 “Cis1 Cam
0 0 0 ~Caso 0 ~Cae2
0 0 0 -c -C 0
CA (Vr) - a43 a53 (254)
0 Casz a43 0 “Cass T Co4
Cas1 0 Cass  Casa 0 ~Cae
_Ca61 C21162 O Ca64 Ca65 0 B
where
Ca42:_ZwW_ZNur_qu Gas= X goyw Yr
Cos1 = Z,0F 4, W XU Gee=— X & X X w &= Y¥ Kip Nt (2.55)

Ca61:_Y\'/Vr_Yp p_ Yr
Cass =YV + K, P+ K T

Ge2™ )Ser' >v$w %(q $64~ g(r& QZW M

The relative velocity vector between the vessel@amdenty,[JR® is defined as

vo=[u v wp g ]=[uv-y vy wopaql (2.56)

whereu. andv; are the horizontal surge and sway componentseottirent, which

are calculated from the current velocityand directiorf; as follows

u, =V.cos@B.—¢)

. (2.57)
v, =V, sin(B.—y¢)

2.5.1.3Generalized Damping and Current ForcExy,)
The damping vector may be divided into a linear andonlinear component

according to

D(v,)=D,v, +d (v, ) (2.58)
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For vessel velocities close to zero, linear damgiegomes more significant than
nonlinear damping. The strictly positive linear gang matrix D. caused by linear

wave drift damping and the laminar skin frictiomdae written as

X, 0 X, 0 X O
0O Y 0 Y 0 Y
5. |% 0 2, 0 Z o0 2.59)
" lo K, 0 K, 0 K, '
M, 0O M, 0 M, O
O N, O N 0 N,

The damping coefficients in (2.59) can be foundmydel tests or a special software
such as WAMIT (Faltinsen, 1990).

The nonlinear damping is assumed to be causedrbuléunt skin friction and
viscous eddy-making, also described as vortex shgdéaltinsen, 1990). Assuming

small vertical motion, the 6-dimensional nonlindamping vector is often written as

DC,, (1))|Uy|U,,
DC,,(¥,)|U.|U.,,
BC,(¥,)| W w
B’C.,(¥)| A p+ 7, DG,(¥))| U] U,
L,.BC,(¥)|d a+ z, DG (v)| U] U,
L,,DC., (VU JU.,

dy =0.50,L,, (2.60)

whereg, is the density of watet;,, the length between the ship perpendiculBrghe
draft of vesselB the breadth of vesseGu()), Coy(}), Ce(}), Cep(}), Ces()f) and
Ce()) are the non-dimensional drag coefficients eseaidtom model tests for the
specific vessel under consideration (defined atifipd location of the origin)tJ., the
total relative current vector; aryl the relative drag angle. It should be noted that t
viscous component of the effect of current is ideld here through the relative current
vector. The second contributions to roll and pitde the moments caused by the
nonlinear damping and current forces in surge amalysrespectively, acting at the
corresponding centers of pressure locatedyatind z,. The total relative current

vector is given by

Ug =7 +V7 (2.61)

58



Chapter 2 Model of vessel-mooring-riser system

The relative drag angle is found from the follownedation

y, =atan 2¢v, r-u, | (2.62)

where atan2 is the four quadrant arctangent funafdhe real parts of the elements of

Xandy, such that = < atan2y, X) <; u, andv; are defined in (2.56).

2.5.1.4Generalized Restoring Forces(n)

According to Faltinsen (1990), when a body is fyeflbating, the restoring
forces will be defined from hydrostatic and masesiderations. They are equivalent
to the spring forces in mass-damper-springystem. For the boxed shaped surface
vessel used in this study, it is common to assumaé the roll and pitch angles are
small, such that the restoring vector in (2.50) batinearized t&,n, whereG OR®®

is a matrix of linear generalized gravitation amdyancy force coefficients, written as

00O 0O O 0
000 O O O
0 0 Z 0 Z 0
G, =- : ¢ (2.63)
000 K, 0 0
00M, 0O M, O
1000 0 0 O
where the coefficients are defined in Faltinserd(@%s
Z,= P, 9Aw (2.64)
Z,=M, :pwg” xdA (2.65)
A
K,=-p,0V(%~ 2)-p, d[ ¥ d~-p, gVGM (2.66)
Awp
M, =-p,0V(%~ 2)-p, [ % dA-p, gVGM (2.67)
Awp

in which g, is the density of wateg the acceleration due to gravi#.pe the water

plane areadA = dxdy, z; the z-coordinate of the centre of gravitgs the z-coordinate

of the centre of buoyancy, the displaced volume of water, a®M, and GM, the

transverse and longitudinal meta-centric heigletspectively.
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2.5.1.5Environmental Loads
Wind Loadting: The effects of wind may be divided into a mealowsy-
varying component and a rapidly-varying compondnthe relative wind velocity is

defined as
V,W:[Urvarw’W’ p,q,r]T:[u—q,,v— M,wpq}'T (2.68)
whereu,, andv,, are components of wind velocities, defined as

u, =V, cos@, -¢ ), v, =V, sin(B, -¢), (2.69)

in whichV,, is wind velocity,3, wind direction, then the total relative wind vealyds

given by

U =UL V2 (2.70)

The wind load is given by (Fossen, 2002)

ACo (V)| Un| U,
ACoo (7)|Up | U
0
ALCou(%)|U U,
~ALC )|V, U,
| ALCoy (Vu)|Un| Un

T,ina = 0.90,

wind —

(2.71)

wherep, is the density of airA, andA, the lateral and longitudinal areas of the non-
submerged part of the ship projected on tiglane andyzplane; Loy, the overall
length of vesselt, andLy, the vertical distances between transverse andtimfigal
origin and the wind load centre of attagk; = Sy — ¢ the relative wind angle; and
Cox(Mv), Cwy(Mv), andCy(Kv) the non-dimensional wind coefficients in surgeag
and yaw respectively. These coefficients are diteimd by model testing or by semi-
empirical formulas as presented in Isherwood (1972)

Second-order Wave Loadawes The wave drift loads contribute significantly to
the total excitation force in the LF model. Them®t-order wave effects include mean
loads, slowly-varying loads due to frequency ddéfeze and rapidly-varying wave
loads due to frequency summation. The effects pidhgvarying wave loads can be
neglected for positioning control application. Amting to Faltinsen and Lagken (1979)

and Faltinsen (1990), the second-order wave feggg [JR® can be approximated as a
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summation of second-order ‘transfer’ functions oiffedence frequency wave

components as

e =D AALTECOS(@,~@ )t €, )+ T Sin(,-@, )+ €,-¢,))] (2.72)

j=1 k=1
wherei = 1 — 6 represents six componentafe, wk are the wave frequenciegy
random phase angledN the number of wave components considerégl
=1/28(a)j’k)Aa) the wave amplitudes determined from the wave specH ); Aw=
(Whax— @hin)/N; and Tj‘kC and TJ.‘kS can be interpreted as second-order transfer fumgti
for the difference frequency loads. Detailed caltohs of the second-order wave load
can be found in Faltinsen and Lgken (1979) andrfsaih (1990).

The wind and wave drift coefficients given in (2&hd (2.72) are either found
by model tests or computed by a dedicated andresetignized software package such
as WAMIT (Faltinsen, 1990).

2.5.2 Linear Wave-frequency Vessel M odel

In the mathematical modelling of vessel dynamitgs common to separate the
modelling into a LF model and WF model. Howeverssed motions are not separated
into the LF part and WF part in practice. Henas ttonvenient to use both the LF and
WF models, which are detailed enough to describarthin physical characteristics of
the dynamic system. In vessel motion control systeire position signals used in the
feedback controller should not contain the WF péthe motion. In this case, the WF
model is essential for studying wave filtering odntrol systems. According to
Sgrensen (2005b), the coupled equations of the W#ons in surge, sway, heave,

roll, pitch and yaw are assumed to be linear, amdoe formulated as

M (w)ﬁRw +Dp(w)i]Rw+GnRW:TwaveJ (273)
M, =3 (M) Mrw (2.74)

WherenRWDR6 is the WF motion vector in the reference—parait@ﬂne;r]WDIR6 the WF
motion vector in the Earth-fixed framay, =[O 0 l,l/d]T; Twavelﬂ]RG the first order
wave excitation vector, which will be modified fearying vessel headings relative to
the incident wave directionM («)IR®*® the system inertia matrix containing
frequency dependent added mass coefficients intiaddio the vessel's mass and

moment of inertia; ancﬂ)pDR6X6 the wave radiation (potential) damping matrix. The
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linearized restoring coefficients matri@JR®® is due to gravity and buoyancy
affecting heave, roll and pitch only. For anchonegbsels, it is assumed that the

mooring system will not influence the WF motionsi@ntafyllou, 1990).

2.6 Concluding Remarks

The mathematical models of the riser, mooring sysé@d vessel are presented
in this chapter. In Chapter 3, the model of vessebring-riser system given by (2.33),
(2.49), (2.50) and (2.73) are used to propose aawrol concept for minimizing the
REAs in open water. These models are then usetidy ending stresses of the riser
in Chapter 4. In Chapter 5, the riser, mooringeysand LF vessel models given by
(2.33), (2.49) and (2.50) are used to examine tlopgsed control strategy in ice-

covered sea.
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CHAPTER 3. CONTROL OF RISER END ANGLESBY
POSITION MOORING

3.1 Introduction

For normal drilling and work-over operations, thaimobjective is to minimize
the rigid riser angles at the well-head and attdipejoint. One way to realize this is to
control the vessel’s position. Shallow water dngjioperations are normally carried out
with a moored vessel. Under unfavourable envirortalecondition and with fixed
lengths of mooring lines, the equilibrium positiavhich a PM vessel without control
intervention moves to, may cause large riser erglearesponses. Line tensioning
control may be employed to reduce the end anglemexer possible as it consumes
less energy than control using thrusters only.

This chapter mainly focuses on the control of maniiser end angles in PM
system by adjusting the vessel's position throughnging the lengths of mooring
lines and controlling the vessel's heading by tteuassistance. The detailed structure
of this control strategy is presented and its bilitg verified through numerical

simulations and experimental tests of a mooredeless

3.2 Measurement of Top and Bottom Riser Angles

The vertical angles of the marine riser at thedogd bottom joint are critical to
the drilling operation because the drill string magar against the pipe wall due to
large angles with respect to vertical axis at thgsmets. Angle sensors such as
inclinometers are installed on the riser next ®¢hd joints for continuous monitoring
during drilling operations. The angular informatich also used by the riser angle
position reference system to calculate the vedtsdtarom the wellhead (Figure 3.1).
This system uses both the top riser angle (atlthgaint) and the bottom riser angle
(at the ball joint) and the pre-programmed riserarabteristics to adaptively

compensate for the riser dynamics and provide ¢issel offset estimates (API, 1998).
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Figure 3.1. Adaptive Riser Angle Reference Systari,(1998)

3.3 Structureof Control System

The structure of a real-time marine control syspeoposed by Sgrensen (2005a)
is given in Figure 3.2. Under individual vessel @i®nal management, local

optimization is done through high level plant cohtaind low level actuator control.

. . Office Systems
Business enterprise/

Fleet management

N
Ship a: N |
Ship 2: N\ I
Ship 1:
Operationalkmanaqement
A\N

l\\ Real-Time Control

]
N ]
Local optimization

E Control layers

E —l Hiah level i
! Plant control elEE
e
! Actuator control | LOWlevel

________________________________________

Figure 3.2. Real-time control structure (Sgren2605a)
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Low Level Actuator ControlLow level control can be realized by the common
actuators in marine systems such as propellenssténs, rudders, stabilizing fins and
mooring systems. Local control of propellers andiskers may be done by controlling
the speedrpm), pitch, torque, and power or combination of theBer mooring
systems, this can be implemented by changing tigtHe of the mooring lines.

High Level Plant Controlln station keeping operations, the positioningtesn
is supposed to counteract the disturbances caysed\e (mean and slowly varying),
wind and current load acting on the vessel. Thetpkontroller calculates the
commanded surge and sway forces and yaw momentedield compensate the
disturbances. The actuator control then determihes command action of each
actuator to implement such forces and moment (gugist allocation in DP system).

Local Optimization Depending on the actual marine operations (siclyas
transportation, drilling and pipe laying) that tliessel is involved, optimization of

desired set-point is performed in conjunction vethappropriate reference model.

3.4 Control Plant Modd of Vessel and Riser

For controller design, the characteristic of thaaiyic system must be known
and the response in the operating environment sesge$he optimal means is to use a
simplified model of the system that is detailed wgto to describe the main physical
characteristics of the system. Such a model is knascontrol plant modelln this
section, the control plant models of the vessel #ral riser will be derived by
simplifying the process plant models presentedhiager 2. Since the riser considered
in this study is operating in shallow water, a difigation of the riser model described
by (2.37) will be used to obtain the relationshgiviieen the angular riser response and
vessel offset. The riser angle control plant monelludes the flexural bending

stiffness that may be significant in shallow water.

3.4.1 Control Plant M odel of Vessel

As shown in Chapter 2, due to the range of frequexontent exhibited by the
environmental disturbances, the modelling of manmssel is separated into a LF
model and a WF model. The LF model features theevdaift, wind and current loads

while the WF model accounts for the first-order eévads.
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LF control plant modelFor the purpose of model-based controller degigs
convenient to derive a simplified mathematical mpddich nevertheless is detailed
enough to include the main physical characterigiicthe dynamic system. In station
keeping, it can be assumed that the vessel vadecitie small. Henc&rg and Ca
approximate to 0; anB,, which is caused by linear wave drift damping &érdinar,
is considerably larger thdDy, (Sgrensen et al., 1999). Based on these simpidits
Cra(V)V, Ca(vr)v, anddni(vr, ) are negligible in the LF model (2.50). Neglecting
heave, roll and pitch motions and considering aulgge, sway and yaw motions (in-

plane motions), the nonlinebF control plant model is given by (Sgrensen, 2005b
Mv+Dv=1 +R"(¢)b (3.1)

where v :[u % r]T, 1.0R%is the control input including control forces of aimg

lines TemoodR® and thrustergyOR3, R(¢)OR>® the rotation matrix introduced in
(2.6), andbOR?® the bias vector describing the slowly-varying eonimental forces
and moment due to second-order wave loads, cuareghtvind. Notice that the control

plant model is nonlinear because of the rotatiotrim&(¢). M andDOR®® are given

as
m- X, 0 0
M= 0 m-Y, mgx-Y (3.2)
0 mg-N L-N,
-X,+d., 0 0
D = DL + Dmo = O _Yv + qnoz _Yr (33)
0 _Nv _Nr + q’l‘l03

The damping effect of the mooring syst®n, is included in the damping matrB.
The parameters in (3.2) and (3.3) are defined ati@ss 2.4 and 2.5 of Chapter 2.

A first-order Markov model is frequently used to model the bias for ingar
control applications, written as (Fossen and Strag69)

b=-T,'0+E,w, (3.4)

where T,OR*? is a user specified diagonal matrix of bias tinastants Ep(JR*® a

diagonal scaling matrix, anehJR® a zero-mean Gaussian white noise vector.
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The kinematics and the state vectors in (2.6) aseduto obtain the

transformation between the Earth-fixed and bodgdikrame,
N=R(g)v (3.5)

WEF control plant modelThe control plant model for the WF model is obéal
by assuming (2.73) to be a second-order linear mrikeen by white noise, given by

Sgrensen (2005b). The WF control plant model igrdggd for the design of wave

filtering.
pW = AWpW + EWWW (3'6)
N, =C..Py (3.7)

wheren,OR?is the position and orientation measurement veeigfJR® zero-mean
Gaussian white noise vector, apgJR® the state of WF model. The system matrix
A.OR®® the disturbance matri,JR® and the measurement mat@yJR>® may

be formulated as (Fossen, 2002)

03x3 I X3
% ) -
CW =[03><3 I 3(3] (39)
03X3
e, o0

whereQ = diag{w, w, ws}, A = diag{¢1,{>, {3}, Kw=diag{Kw1,Kw2,Kwsz), @ (i = 1,2,3) is
the dominating wave frequency, (i = 1,2,3) the relative damping ratio akg; (i =
1,2,3) a parameter related to the wave intensipicilly, the wave period$; are in
the range of 5 to 20 s in North Sea for wind geteefaeas. The relative damping ratio
¢ will be in the range 0.05 — 0.10 (Sgrensen, 2Q08lerording to Grimble and
Johnson (1988), a linear second-order WF modebissidered to be sufficient for
representing the WF-induced motions. Fossen arath&{{1999) and Sgrensen (2005a)
employed this model and concluded that it is adeuenough to model the WF-
induced motions. Higher order wave transfer funcapproximations can also be used
in Grimble et al. (1980) and Fung and Grimble (1)98%ccording to Fossen and
Strand (1999) and Fossen (1994), the main reasarh@msing higher order of the WF

model is that a more precise approximation to tbeiad wave spectrum, e.g. the
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JONSWAP spectra can be obtained. However, thisiatseases the number of model
parameters to be determined and the dimensionsgreér gain matrices.
The output of the control plant modgLIR?, is the position and heading of the

vessel, assumed to be a superposition of the LRA#Rdnotion, as follows
y=ntn, (3.11)

3.4.2 Control Plant Model of Riser Angles

In order to minimize the REAs by vessel positionitige control scheme must be
implemented according to the riser angle responigerion to provide a set-point to
effect an optimal position of the vessel. The uksuxh set-point function has been
proposed by Sgrensen et al. (2001). Using the fisge element method (FEM)
model, the vessel offset position can be obtaiseal fainction of the REAs.

The riser in this study is applicable for shallowater where its natural periods
are lower than 25 seconds, whereas the LF rangkeofessel in surge and sway is
around 1 — 2 minutes. For simplicity, it is assurtieat the natural periods of the riser
are located away from the LF range (Sgrensen e2@01). Thus the damping and
inertia terms can be neglected in (2.37) and (2.88¢h assumption is acceptable for
shallow water application. In deep water, dynanfieats will become more important
since the lowest frequency of the riser may apgrdbe LF range. Based on the riser
FEM model (given in (2.36)), the incremental chaimgéser displacement vectdr o

is related to the in-plane increment in surfacesgkposition vectofrg as follows
Ar, ==K\ K,z Arg (3.12)
wherelr 5 andArg are obtained from (2.39) and (2.40) as

or, =[ba, Bx, Dy, Aa, .. D, Ay, Aa, Ay, Aa,] (3.13)
Arg =[Ax, Ay, A)glﬂ]T =[0 0 ArvesseﬂT (3.14)

Kaa andK g are sub-matrices of the total system stiffnesgirmgiven in (2.35)K aa

is the riser stiffness matrix corresponding to tilknown DOFsX, y and a) given in
(3.13),K ap the stiffness matrix coupling the in-plane vessetion Aressel(i.€. surge
or sway) to the remaining DORsg. The DOFsx; andy; correspond to the bottom

pin-joint of the riser.
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The bottom angle corresponds to the first compomettie displacement vector
Arp whereas the top angle corresponds to the last coemp inAr . From (3.12), the

relationship of the riser end angles and the vgsssgition can be extracted and given

by

Aab:_(KiA\KAB)lAr __ClArvessel

vessel —

. (3.15)
Aat =" (K AA KAB )Sn A Vessel = _ClArvesse

where the coefficients andc, represent, respectively, the change in angle gavenit
change of the vessel position and are establiah@bri based on the static profile of

the riser, and\a; andAay, are the change in top and bottom riser angles.

3.5 Plant Control of Vesseal-riser-mooring System

Based on the control plant model of vessel and &asgles in Section 3.4 as well
as the mooring system discussed in Section 2.4ctimrol algorithm of the PM
system is proposed. The main components of higél leentroller such as nonlinear
observer, line tensioning control and heading @brire presented for a moored vessel

in this section.

3.5.1 Nonlinear Passive Observer

Filtering and state estimation are important fezgwf both DP and PM systems
as there will be temporarily loss of position arehtling measurements. The slowly-
varying disturbances should be counteracted byptsitioning system. The WF part
of the motion should not be compensated to mininfague failure. In such
situations, the purpose of the observer is to edénthe LF position and velocity and
filter out the WF motions. In this study, the nowlar passive observer for PM system
proposed by Fossen and Strand (1999) is employkd. observer of the physical
system is typically derived from the control plambdel of LF and WF model given in
(3.1) to (3.7). The output of the control plant rabg, can be used to steer the state of
the observer. When designing the observer, it i/epnient to assume that zero-mean
Gaussian white noises are omitted in the obsenasfeinsince the estimator states are
driven by the estimation error instead (Fossen &trdnd, 1999). By copying the
control plant model introduced in Section 3.4.1 aedlecting the white noise term in

(3.4) and (3.6) (replacing by the estimation etesm), the observer is given as
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MV+D v =RT(¢)b+1,,, +T4+RT (¢)K (3.16)
b=-T,b+K,y (3.17)
1=R(¢)V+K.y (3.18)
Pu =A,B, +K 9 (3.19)
y=n+C,p, (3.20)

where ¥y =y -y is the estimation error. The variables of a state obseare
commonly denoted by a "hat" to distinguish them fromitheables of the equations
satisfied by the physical system. When designing tiserver, additional termK,y (i
= 1 - 4) are included to ensure the purpose obbserver is to reduce the estimation
error to zero.K,, K, K3OR®® and K,OR®® are the observer gain matrices. By
analyzing the stability of the observer, Fossen &tchnd (1999) defined these

matrices as follows

K,=diag{k, .k, .k} , K,= diagk, k k} . (3.21)
K ,=diag{K, k; .k} . KF[S:Z;J{{E:EEj] (3.22)

in whichki, k» andks should be sufficiently high (such as®18x10° and 16) to ensure
proper bias estimation. K;, k, and ks are small, the observer may not follow the
change in environmental disturbances. The noise beaygonsiderable when these
parameters are too high. The parametets ofre larger than those Kf; by 10 — 100
times (such as &5, 20k, and 5@3). For example, Figure 3.3 shows the environmental
loads and bias estimations with different obsegan matrixK ;. WhenK = diag(l(ﬁ,
3x10°, 10°) the observer follows quite well the environmerizdds in comparison

with lower gain matriX< ,/10.
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Figure 3.3. Bias estimation with two different veduof observer gain matri«;

The components df 3 andK 4 are defined as

k=, ,i=78and! (3.23)
.. .

k=-2(¢, -¢ )Z ,i=10,11and 1 (3.24)
w; .

k=20 (¢ -¢) Cq ,i=13,14 and 1 (3.25)

where aj > @ is the filter cut-off frequencyw the dominating wave frequency or
peak frequency component in sea stgte> ¢ is a tuning parameter to be set between

0.1 — 1. All these parameters are chosen baseldeostability of the observer (Fossen
and Strand, 1999).

3.5.2 Control of Mooring Line Tension

For most mooring systems, the main aim is to cértre slowly varying LF

motions of the vessel subject to environment distoces (Sgrensen, 2005b) rather
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than the WF motions. In PM system, the vessel balkept in station by the mooring

lines as shown in Figure 3.4.

Figure 3.4. Twelve-line spread mooring system

The dominant effect of the mooring system is tospedy provide a reactive
force to compensate for the mean drift loads ofeiméronment due to wind, wave and
current. In this study, the vessel position is oalled by changing the lengths of the
mooring lines to produce the required tension. Thone by winches attached on the
vessels to pull the cables. In this context, thetrabd of line lengths must be done to
compensate the mean rather than the detailed dgaarhthe environmental load. This
will minimize wear and tear, and reduce the endagythe control of line tensioning.
To achieve this, the control force is designed gisam integral control law. In
proportional-integral—derivative (PID) controlldhe contribution from the integral
term is proportional to both the magnitude and tiomaof the error. The integral term
will eliminate the residual steady-state error besw the desired position and the

existing position of the vessel according to theagipn
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Tonoor ="K RT () [ (R-7,) d7 (3.26)

where (71 -n,) OR® is the estimated errong the desired position vectdt,JR*® the
non-negative integral gain matrix aRq¢) as defined in (2.6). The control strategy is

shown in Figure 3.5.

[ ] Sensor
Vessel
SR

Actuators

(Mooring + Signal
Thruster) processing
| Ccontrol h Mooring
Contro ontro force
allocation | pssisted thrugt Controller
force \

Na

Optimal set-point
chasing

Figure 3.5. Block diagram of control strategy

For instance, when there is no disturbance, thdopha is at the equilibrium
position (field zero point). Under a specified diien of environmental disturbances
in Figure 3.6, the platform will move to anothersfiimn with a mean offset (Figure
3.7). In order to compensate the mean offset amg kiee platform at the field zero
point, lines 3, 4, 5 and 6 can be shortened. Aalakiiy, lines 1, 2, 7 and 8 also can be

lengthened to ensure the tension of lines 3, 44db6anot to increase considerably.
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Figure 3.6. Spread mooring system
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Figure 3.7. Platform offset under environment logdi

3.5.3 Mooring Line Allocation

After the high-level plant controller has calcuthtee commanded forces needed
to compensate the mean disturbance loads, thetaskis to find the corresponding
individual force in the mooring lines such thatitheumulative value equals to the
command forcetemooR® (see Figure 3.8). This is the subject of moorinte |
allocation. For DP system, the thrust allocationgmpellers has been investigated by
Sardalen (1997), Fossen (2002) and Johansen(208ar).
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Tcmoor

Control
force

Control I
T Control law nver;e
- Mooring Actuator Vessel

force
Figure 3.8. Allocation block in control system

The relationship between the control vectgooJR® and the resultant
horizontal force fromN mooring linesHmeo JR™ has been discussed in Section 2.4 and

is given by

Tcmoor:T (B) H moor (327)

whereT(B)DIR?’XN is defined in (2.48) as functions of the moorimgliorientations and

moment arms (see Figure 3.9).

\sur
)

Figure 3.9. Mooring line configuration

Disregarding tension loss, the force provided byrimgy linei can be calculated

using the catenary equations (given in (2.42) td5p, which relate the horizontal
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distance between the anchor point and the top pdintooring line, line lengths and
forces.

Conventional spread mooring system of a mooredelesmtains from 8 to as
many as 16 mooring lines. The mooring spread caistathe vessel to withstand
environmental loading from any direction. The adltbon problem is normally simple
because all control forces produced by the modimes are fixed in directions. The
mooring line configuration matriX (B)CJR*™ may not be a square matrix, as there are
more control inputs than controllable degrees eéfiom (DOFs) such as surge, sway
and yaw. In this context, it is possible to find@stimal distribution of control forces
by using an explicit method. Fossen (2002) intreduian explicit solution to thieeast
Square Optimizatiorproblem usingLagrange Multipliersfor control allocation of
non-rotatable actuators. This method is adoptedaloulate the command control
action provided by the mooring lines. Hence fron2{3, the resulting horizontal force

vector fromN mooring lines is written as

H oo =T " (B) T cinoor (3.28)

moor

where T*(B)DRNX3 is the pseudo-inverse of the mooring line confgion matrix

(Fossen, 2002), given by

=T (TTT)” (3.29)
Mooring Actuator Based on the required force of each mooring tb&ined
from the control allocation of (3.28), the catenaguations are used to determine the
required line length. The relationship between zumtal distance, line length and
mooring force in (2.41) is used to obtain the liragth from the required control

force, as follows

Hmoorj = fi (Xhori,7|'i'):> |'r = f_l(xhdr,’H mod)r,) (330)

As illustrated in Figure 3.10, for a given horizainvessel positiorXn,r and the
required force of each mooring ling,.or Obtained from the control allocation, the
required line lengthL, can be determined from the catenary equationsngixeam
(2.42) to (2.45). The actuator is activated to sfrothe length; to the desired length
Lo.

76



Chapter 3 Control of riser end angles by positraoring

Shorten the line
<—

T Xoor . N
Water plan ! Y .
p : Il
1 / . .
! // A winch installed
! Moorin )/ on platform to
| oring ’ adjust the line
' line i
h : //

! .7 Lengthl,

Anchol :_ B Seafloo

Figure 3.10. Static catenary configuration showhmegrelations oKnor, Hmoor andL

Mooring winches (Figure 3.11) installed on the foah are then used to obtain
the required lengths by pulling or releasing thaedi. In marine application, this
equipment is a hydraulic or electric onboard maghifihe main components of a
winch are the cable drum and the rolling motor. Yeéhpractical and appropriate,
winch drums are to be designed with a length sefficto reel up the rope with less
than 7 layers of wire. The ratio between winch drdiameter and wire diameter is
usually determined by the wire manufacturer. Howetree ratio should not be lower
than 16 (DNV, 2004). The capacities of mooring vies depend on the minimum

breaking strength of the relevant anchor line, wieaneter and required rolling speed.

Figure 3.11. Mooring winchafww.coastalmarineequipment.cpm
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3.5.4 Heading Control by Thrusters

Heading control by thruster is activated by disaiplihe control forces in surge
and sway, and enabling the control moment in thezbotal plane using the PID

control law, according to Nguyen and Sgrensen (2P&9 follows

Tng :_Hli//KiRT ((//y)&—Hg/KpRT (l,l/y)f]—H‘é/de’ (3.32)

where fj=n-mn,, v=v-v,, Ng andvy are the desired position and velocity vector,
HY =HY =HY =diag(0,0,1),Kp, Ki and K OR*® are the non-negative P, | and D

controller gain matrices.

3.6 Local Optimization: Optimal Set-point Chasing

For drilling and work-over operations, the main igosing objective is to
minimize the riser angle magnitudes at the welldhea the subsea structure and at the
top of the riser. In normal control design, it ssential to define the desired vessel
position, namelyset-point for providing the plant control system to follow this
case, the vessel position must be optimized basdHdeoriser angle response criterion
to ensure low REAs during vessel operations. Thrpgse of this section is to present
the optimal criterion, which is on the local optraiion level of the control structure

(Figure 3.2) defining set-point to the high levehtroller presented in Section 3.5.

3.6.1 Optimal Vessel Position accounting for Riser Angle Criterion

In order to minimize the REAs by vessel positionitige control scheme must be
implemented according to the riser angle responiserion to provide a set-point to
effect an optimal position of the vessel. The ussuch criterion has been proposed by
Sgrensen et al. (2001), in which the updated Hawu vessel position and heading

set-point vector is given as follows
n: =N +Ar\jessel[l 0 O]T (333)

where n, :[xr Y, t,l/r]T is the reference position and heading vector inEheth-

fixed frame andAr’

vessel

according to the criterion of REA minimization.

the optimal vessel incremental position, whicldétermined
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Using the riser FEM model, the vessel offset positcan be obtained as a
function of the REAs, which is given in (3.15). Faistaining Ar,,

vessel?

a quadratic loss
function based on the instantaneous measured RBE#E iacremental REA

components has been introduced by Sgrensen 208allY as
L=w[(Aa, +a,)’ |+ w[(aa,+a,)’] (3.34)

wherew; andw, are the corresponding weight factors of the togle: and bottom
angleay,.

By substituting (3.15) into (3.34) and enforcinge tpartial derivatives with
respect to the vessel increment is zero, the optweasel incremental position

accounting for the REAs is given as

+ _WGa t W Ga,
Ar.ves,sel_ VVtCtZ + w (g (335)

3.6.2 Reference M odel

In order to minimize the top and bottom riser asgidich become unfavourable
due to change in environmental conditions, a tapgsttion, namelyset-pointy, , can
be computed by (3.33). In optimal set-point chasthg vessel moves from a current
position n, to the set-pointy . However, the motion from the current to the targe
position is not instantaneous and cannot be toapabHence, the vessel cannot be
moved to the target position instantaneously. hst@ smooth transition is required.
To transit smoothly from one set-point to anothieng the path which the vessel is
intended to follow, a reference model taking int@@unt the dynamic characteristics
of the system is formulated. This has been proptse8arensen et al. (1996) and is

given by
aj+Qui+Ix;=In; (3.36)

wherea®, v¢ and xS OR® define the desired vessel acceleration, velogity gosition

trajectories in the Earth-fixed frame. The vectqf OR? defines the set-point
coordinates. The transition generated in (3.3@)ustrated in Figure 3.12. The design
parameters in the reference model consist of anegative diagonal damping matrix

QOR*® and a diagonal stiffness matfixiR*® written as
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Q=diag{ 2w} . i=12;

l“=diag{af} L i=123 (3.37)

where ¢ is the relative damping ratio, and the frequency. These parameters are

defined based on the performance of reference sl that the model can provide

smooth transition without overshoot in the respqi@ensen et al., 1996).

A
Surge

»
»

Time

Figure 3.12. Smooth transition by reference model

3.7 Numerical Simulations

3.7.1 Problem Definition

Simulations of a turret moored vessel operatingh@ Norwegian Sea were
carried out to demonstrate the effect of moorimg ltension control algorithm. The
mean drift motion was controlled by changing theonmay lengths while the thrusters
control the vessel's heading. The simulations weoaducted using the Marine
Systems Simulator (MSS) developed by Fossen an€zRe004) at the Norwegian
University of Science and Technology (NTNU). Itassimulator for marine systems
and contains basic libraries written in Matlab/Simk® platform, based on which
examples for the guidance, navigation and confrgkssel models governed by (2.50)
and (2.73) in Section 2.5 have been developed.ilBaththe MSS can be found in
Appendix B. In this study, the multi-cable moorisgstem and riser FEM model were
added in the MSS to execute the proposed contaiksy of the marine riser system.

The main parameters of vessel are given in Takle Bhe mooring system
consists of 12 cables connected to the vessel ghrole turret, with anchor points

distributed evenly on a circle (Figure 3.13). E&ink consists of three segments. The
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parameters of each segment are presented in Tabl&8 vessel operates at a water
depth of 380 m and has a riser which is subjeaea tertical tension of 60 tons at its

top end. Detailed specifications of the riser aveigin Table 3.3.

Disturbance

Figure 3.13. Moored vessel with 12 anchor lineglugsesimulations

Table 3.1. Vessel main parameters

Parameter Unit Value
Mass ton 119600
Overall length m 271
Breadth m 41
Design draught m 15.5
Turret diameter m 9

Table 3.2. Properties of mooring lines

Segment 1 Segment 2Segment 3

Parameter Unit (near surfacelmiddle) (near seabed)
Modulus of elasticity 10kN/m? 838.5 1126 979.7
Unstretched length m 954 342 72
Diameter m 0.137 0.121 0.114
Cable density kg/m 1178 1265 1178
Added mass coefficient 15 15 15
Normal drag coefficient 2.5 2.5 2.5
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Table 3.3. Properties of riser

Parameter Unit Value
Top tension ton 60
Modulus of elasticity 10kN/m? 20.2
Sea water density kgfm 1025
Riser pipe density kg/fin 7850
Mud density kg/m 800
Outer diameter m 0.3
Inner diameter m 0.285
Added mass coefficient 2
Normal drag coefficient 1
Total submerged weight of riser (including mud) n to 13

The moored vessel in this study was subjected yo@mmental disturbances due
to wind, wave and current. The simulation was penfd with a significant wave
height, Hs = 5 m, wave periodT, = 14.18 s (JONSWAP distributed wave), wind

velocity, vip= 22.41 m/s, and surface current velocityz 0.5 m/s.

3.7.2 Effect of Vessel Offset on REAS

In drilling operation, it is difficult to keep botREAs within the allowable limit
(ideally, £2°). In most cases, these angles usually exceedntiitedue to the surface
vessel offset. Figures 3.14 and 3.15 show thecstitformations of the riser and the
REAs under vertically uniform current of 0.5 m/g f@rious vessel offsets (from 0 m
to 30 m) of the vessel.
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Figure 3.14. Riser deflections with different vdssésets (0 m — 30 m)
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Figure 3.15. Bottom and top riser angle with diéfervessel offsets

When the vessel offset is zero, meaning that tlsselds right above the well-
head, the bottom and top angles aterdd-1°, respectively, due to riser deformation
caused by vertical uniform current 0.5 m/s. Whaenuessel offset increases, the REAs
also increase, where the bottom and top anglesezah values of 5°4and 3.4 for
vessel offset of 30 m. According to Chen (2001}hiwmi a considered offset range, the
relation between static angular response and veffset is close to linear for both the

top and bottom angles.

3.7.3 Effect of Position Mooring Contr ol

Ideally, the set-point chasing introduced in Sett6 should be automatically
activated and implemented in real-time to ensurallsREAS. In actual practice, the
set-point chasing may also be activated manuallthbyoperator when he observes the
REAs increasing. Once the set-point chasing ivaietd, it is operated in real-time. In
this study, to highlight the importance of the cohalgorithm, the set-point chasing is
automatically activated when the REAs are large cdotrol both angles, (3.35) was
used to obtain the optimal vessel position in fheutations. The desired heading was
set against the direction of the resultant envirental loads. Heading control was
maintained by thrusters.

To demonstrate the effect of control, the model wasulated without line
tensioning control for the first 3000 s, beforeiating line tensioning control for the
next 6000 s as shown in Figures 3-18.20. Figure 3.16 shows the vessel position and
heading. Under the environmental disturbancesyéssel has experienced a drift of

27.4 m (mean offset) in the direction of extermads, and both REAs increased fo 4
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and 6 (see Figure 3.17) without line tensioning contwhere all line lengths were

kept equal at 1368 m.
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Figure 3.16. Vessel motion in surge, sway and yamlation)
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Figure 3.17. Top and bottom end riser angles (sitrar)
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When the line tensioning control was activatedra8@00 s, the optimal set-point
was generated based on the measured REAs. Thengdioe lengths were changed
to keep the mean position at the optimal set-pdiatshown in Figure 3.16, when the
control was activated, the drift of the vessel dased gradually from 27.4 m to the
optimal value around the well-head (0 m). The risegle responses were kept within
+2° as shown in Figure 3.17, illustrating the effeetigss of line tension control. In
Figure 3.18, snapshots of the riser profile in $iraulations are shown. During the
control operation, the riser profiles are found#at the desired areas obtained from
the optimal set-point chasing algorithm to ensine $mall REAs. The different line
lengths generated after activating the controliershown in Figure 3.19. Figure 3.20
shows the time history of maximum and minimum tensf mooring line. It indicates
that there was no significant change in tensiomrmaoioring lines in comparison to
uncontrolled stage. Hence the line breakage mayptevented during control

operations.
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Figure 3.18. Riser snapshots under vessel motgimaifation)
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Figure 3.19. Variation of line lengths in PM contfsimulation)
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Figure 3.20. Time history of maximum and minimumsien of mooring lines
(simulation)

3.7.4 Comparison with DP System

In PM operations, most of the station keeping irgsuand sway is provided by

the mooring system. In contrast to PM system, D&atjon is used for non-anchored
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vessel, where station keeping is controlled entibgl the thrusters. The thrusters are
used in PM system mainly for damping the surge,ysarad yaw oscillatory motions
and for keeping the desired heading. However, kinasters may not be necessary
under normal environmental condition. Hence, the af mooring systems should
result in lower thrust capacity and less fuel comgtion. Three cases have been
simulated to demonstrate the energy reduction wisémg line tension control under
the sea state having significant wave height 5 m and peak perio@, = 14.18 s,
namely,

1. PM + heading control,

2. PM + heading control + damping by thrusters,

3. DP.

Table 3.4 shows the simulation results in termsthe# normalized values
obtained from the control forces of thrusters fog bove cases. In Case 1, the mean
vessel offset was compensated only by the moorarges. In Case 2, when the
oscillatory motions were significant, the thrustessre activated to induce damping to
reduce the oscillations. It can be seen that wh&nguthrusters together with line
tensioning to reduce the oscillatory motions, theisters’ forces are considerably less
than the case of DP system only (Case 3), thus dstnading the lower fuel
consumption when mooring lines are employed to campte for the mean

environmental loads.

Table 3.4. Force of thrusters (normalized using@slobtained by Case 3)

Case Case 1 Case 2 Case 3
Mean force in surge 0 0.08 1
Mean force in sway 0 0.15 1
Max force in surge 0 0.21 1
Max force in sway 0 0.28 1

3.8 Experimental Tests

Scaled experiments were performed to validate tbpgsed PM control strategy
under normal sea state. The experimental resus been converted and presented in

terms of full scale values in this section. The rgetiic scale of the experimental
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model is 1:120. All the issues with regards to sieale factor of the scaled model,
Cybership 3, were investigated and addressedtundy sf Nilsen (2003).

3.8.1 Experimental Set-up

The experiments were carried out in the Marine Q@ybics Laboratory
(MCLab) at the NTNU, using the model vessel, Cybgrs3, having a massn = 75
kg, length,L = 2.27 m, and breatld = 0.4 m. The experimental set-up of a floating
moored system comprising the vessel, mooring liaed drilling riser is shown in
Figures 3.21 and 3.22 and the mooring system medsladopted from Guedes et al.
(2005) as shown in Figure 3.23. Four cables wemnected to the vessel through the
turret at the bow to simulate the effect of theenaty system. Each cable has one end
fixed to the turret and the other to the wall & thasin; a mass with submerged weight
8 N was suspended between these two points. Thgadent line spring stiffness of
the mooring system is 28 N/m. Strain gauges weeelad to the lines to measure the
tensions during the experiment. Sail winches itesfabn the turret of the vessel were
used to obtain the required lengths by pullingeleasing the lines. Each winch can
rotate forward or backward up to 2.5 turns, depemain the input voltage. Each turn
will wind about 120 mm of the line. The drillingsgr was modelled by a plastic pipe
with outer diameter of 6 mm. To provide higher mdead was put inside the riser
pipe. The riser was subjected to tension at thevitich was modelled by a tensioned
spring. The riser was installed just below thedtrin order to measure the REAS, two
reflected light markers were attached at the taplattom of the riser. An underwater
camera (see Figure 3.21) at the bottom of the wargt was used to capture these
marker motions. From these signals, the REAs cancdmaputed.The internal
hardware architecture was controlled by an onboandputer which can communicate
with an onshore PC in the control room through aAML Like vessel position
cameras, the underwater camera captured respoh$tSAs during the experiment
and sent the signals to the onboard computer. Tmdraller used this signal to
compute the set-up and keep the vessel in posititume details of the MCLab and

Cybership 3 can be found in Appendix A.
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Figure 3.21. Experimental set-up
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Figure 3.22. Close-up view of turret with 4 saihekes
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Figure 3.23. Mooring line arrangement in experiment

3.8.2 Experimental Results

Similar to the numerical simulations, the experitsewere performed in 2
stages. No control was intentionally activated migithe first 3000 s to demonstrate the
effectiveness of the control system. Figure 3.2#shthe measured vessel position in
which the PM control was activated after 3000 sdéwave and current, the vessel
was pushed off the initial position to other pasis around 20 m. Under control
operation, the set-point was generated based drREAes and the surge was drastically
reduced to maintain low REAs. The effect of PM cohon the REAs is clearly shown
in Figure 3.25, with the bottom REA decreasing fréimto 0.4, and the top REA
decreasing from 5°30 -0.2°. Hence, reducing the offset of the vessel thrahghset-
point chasing algorithm is effective in maintainisigall REAs. The results compared
well with those obtained in the simulations.

The advantage of controlling only the LF motions d& observed in Figure
3.26, which shows the variation in line lengthshia experiment. The controller is able
to generate the necessary changes in line lengthabtiain the appropriate vessel
positions and yet the changes do not contain sogmf oscillations. Hence the wear
and tear of mooring lines is somewhat minimizechwitwer energy and yet able to

fulfill the control objective.
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Figure 3.26. Changes of line lengths in experiment

3.9 Conclusions

In this chapter, a new control strategy for PM egstvas proposed to reduce the
REAs in shallow water depth through tension adjestimn the mooring lines to move
to an optimized set-point. The beam element wasl tisenodel the riser since the
bending stiffness may be significant in shallow evaapplications. An optimal set-
point chasing based on the REAs as the contrarmit was formulated. Numerical
simulations and experiments performed indicateditha possible to reduce the REAs
by maintaining the position of the PM vessel at thesired position through
controlling the lengths of the mooring lines. Badli, the mooring system provides
the mean force to compensate the mean drift loAdseoenvironment due to wind,
wave and current. By letting the line tensioningreract the mean loads arising from
the disturbances, considerable reduction in fuehsumption can be achieved,
compared to the case of using thrusters controtimoously for both position and
heading as in DP systems. The control strategygsegh herein can be applicable for
moderate sea states. In extreme sea states, aediffeontrol scheme should be

applied. In such control scheme, the control sigaproposed herein may require more
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fuel consumption by the thruster operation to redihe vessel oscillations and the risk

of mooring line breakage becomes significant.
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CHAPTER 4. MINIMIZATION OF RISER BENDING STRESSES

4.1 Introduction

In Chapter 3, the PM control strategy has beengmeg in which the REAs were
used as the control criterion. In terms of horiabmind vertical motions of the riser,
the bottom end at the seabed is restrained intbetihorizontal and vertical directions
whereas the top end is constrained by vessel nwotifith regards to rotation, the end
boundary conditions are modeled to be free inimtatorresponding to the case where
the ends are connected by ball-joints. This imptled the bending stresses at the riser
ends can be taken as negligible.

Besides the end angles, performance failure ofifiee system can be caused by
excessive stresses and hence is also an impoeapbnse parameter for control
considerations. To address this, two approachetakes in this chapter with regards
to the bending stresses of the riser. Firstly, bendtresses along the riser are
monitored and examined when the vessel positioascantrolled using the REAs
criterion in Section 3.6. Secondly, the case wierding stiffeners are provided at the
riser ends is studied. Assuming that the rotatiatiffiness at the riser ends are high,
the REAs can be taken as zero. The control critelidhen be based on end bending

stresses rather than end angles.

4.2 Calculation of Riser Bending Stresses

In Chapter 2, the entire riser is discretized iatements and then solved via
FEM. The force resultants of an element can beroked from the state of
deformation and stiffness of the riser. For a plaund pipe, the bending stresslue

to an in-plane bending momemt, acting on the section is

MbD t
o =MsD,, 4.1
o (4.1)

wherel is the second moment of inertia, which is cal@ddtom the external diameter

Dout and internal diametdd;; of riser pipe, as follows
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I :6_]2(D:ut_Di‘rln) (4.2)

According to riser design criteria of APl (1998yr fplain round pipe, the von
Mises equivalent stress including radial, hoop and axial stresseg,(dpe and dy;)

should be less than the allowable stress defindtidoyight hand side of the following

inequality.
1 2 2 2
o, :ﬁ\/(apr—aw) +(Jpe —Jpz) +(0‘pz—g'pr) <CCg, 4.3)
where
I:zJu Dou + Pin Din . _ Dou ) _ Te
O, = ( 1D0u1t+ Dintt t)1 Oy = (Fi)nt - FZzut)Zt_Wt_ v Tpz —K‘_"U (4.4)

C: = 1 is the design case fact@y = 2/3 the allowable stress factar, = 235 MPa the
yield strength of steelythe bending stress given in (4.1,) the wall thickness of riser
pipe. Other parameters such as external presBye internal pressurd?,; and

effective tensio, are defined in Section 2.3.2 of Chapter 2.

4.3 Control Criterion based on End Angles

4.3.1 Problem Statements

Consider the case where the riser is assumed tonge-connected at its two
ends. The desired vessel optimal positions are atedpbased on the REA criterion,
which ensures the angles at both end of the riske tminimized. The bending stresses
along the riser are then examined. There are tvgsipitities. First, by enforcing the
REAs, the bending stresses are automatically b#Hevallowable limit. In such a case,
REAs is a stricter criterion and is sufficient ierms of performance. The second
possibility is when the bending stresses may beeded even though the REAs are
within the allowable limit. A study is thus neededestablish the allowable REA limit
for such case so that it can be used as a limtibgrion, eliminating the need to check
for bending stresses during implementation.

As an illustration, simulations are carried outhw# moored vessel, having a
massm = 166<10° tons, lengti. = 217 m, breath = 41 m, and draf®d = 15.5 m. The

mooring system consists of 12 lines in a water ldet380 m. The riser has a top
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tension of 60 tons, outer diameter of 0.3 m, irdiameter of 0.285 m, material density
of 7850 kg/mi and modulus of elasticity of 20x20" kN/m” The simulation is
performed with a significant wave heights;= 5 m, wave period], = 14.18 s, wind
velocity, vip= 22.41 m/s, and surface current velocitys 0.5 m/s. In the simulations,

the entire riser was divided into 50 elements.

4.3.2 Simulation Results and Discussions

The model was simulated without line tensioningtomnfor the first 2000 s,
before activating automatic line tensioning confiai the next 2000 s as shown in
Figures 4.1- 4.6. The vessel motions, REAs and variation af lengths are shown in
Figures 4.1- 4.3. When the control was activated at 2000s,ctirgroller generated
the optimal vessel positions and maintained smaW& consistent with the results in
Chapter 3. Figure 4.4 shows the bending stressétsest selected locations along the
riser, specifically, near the bottom end (nodeaé)he middle (node 24) and near the
top end (node 43). Figures 4.5 and 4.6 presentstioép and corresponding bending
stress profiles of the riser subjected to vertaatent and LF vessel motion at the top
end. When automatic control is activated, the rigmfiles are found to be at the
desired areas (around the well-head) obtained ftloen optimal set-point chasing
algorithm. By comparing the bending stresses whernvessel is operating without and
with automatic control as shown in Figures 4.4 dl it is seen that the bending
stress level along the riser is reduced with PMtrabnAs shown in Figure 4.4, after
2000s when automatic control is activated, the marn values of bending stresses
are 1.9 MPa, 2.77 MPa and 3.36 MPa obtained at;s6de4 and 43 respectively. The
corresponding von Mises equivalent stresses inatudadial, hoop and axial stresses
computed by using (4.3) are 93.1 MPa, 90.4 MPa&hd1Pa, which are below the
allowable stressGs Ca0y) given in (4.3). This demonstrates that by cofitrglREAs
at the appropriate limit, bending stress levelsausomatically controlled. Once the
REA limit is established, through extensive numarisimulation or finding a
relationship between the REAs and the maximum enditresses for a given

configuration, the control procedure follows thatlme in Chapter 3.
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4.4 Control Criterion based on End Bending Stresses

In the second case, the control algorithm for ogtimositioning proposed in
Chapter 3 may be extended to cover other typedsef configurations (e.g. top-
tensioned production riser). In such cases, rig&tts bending stiffener (stress joints)
(see Figure 4.7) may be installed at both endsdat riser end fitting. These conically
shaped mouldings add local stiffness to the ri¥ee end angles are then forced to
constantly zero. The main purpose of the bendifigisér is to increase and distribute

bending stiffness the riser pipe as well as limitvature (API, 1998).

Top end '

Riser

Inner pipe Bottom endé

Figure 4.7. Bending stiffener (stress joint)

4.4.1 Optimal Set-point Chasing

When introducing the bending stiffener, the bougpdamditions at two ends of
the riser model in Section 2.3 need to be modiiech that the angles at both ends of
the riser are zero. Subsequently, end bendingsstsesvhich are normal stresses
caused by end bending moments, are computed by {#hé& control criterion in the
control scheme is then based on end bending streaieer than end angles. That is,

(3.35) is replaced by the following optimal vesseremental position given by

A = WGO * WGO,

= 4.5
vessel \thz + V\{) (g ( )

where ¢ and g, are the bending stresses at the top and bottomoémger, the

coefficientsc;, ¢,, s andw, are as defined in (3.15) and (3.34).
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4.4.2 Simulation Results and Discussions

The same vessel, riser and mooring system in Sedti® is used for the numerical
simulations, except that the two ends of the raser each installed with a bending
stiffener having an outer diameter of 0.34 m. &ilyi, the vessel was passively
positioned by the mooring system under the extedisturbances. After 2000 s,
automatic control based on set-point chasing was/aaed. The optimal vessel
position was then generated based on the measundeldeading stresses. The mooring
line lengths were actively changed to keep the npemition at the optimal set-point.
The control objective, in which the vessel positi®optimized by the control criterion
based on the end bending stresses, is identithétoase where the set-point chasing is
based on the REAs. Figures 4.8 and 4.9 show thgel@sotions and end bending
stresses of the riser, respectively. Significadtotion in bending stresses at both ends
of the riser was achieved when set-point chasingrobwas activated. As shown in
Figure 4.9, the maximum absolute value of end bendiresses after activating set-
point chasing control is 52 MPa. The corresponding Mises stress computed by
(4.3) is 137.4 MPa, which is below the allowabless C; C,gy) given in (4.3). This

demonstrates the effect of the proposed contratesiy.
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Figure 4.8. Vessel motion in surge, sway and yaw
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The different line lengths generated after acthgtihe controller are shown in
Figure 4.10. In Figure 4.11, snapshots of the gpsefile in the simulations are shown.
It is noted that the profile in Figure 4.11 is blilg different with that in Figure 4.5. As
the riser end connections are rigid, the anglé®tit ends are then forced to constantly
zero. Figure 4.12 shows the time history of benditigsses along the riser (node 43:
near the top end, node 24: at the middle and node& the bottom end). Prior to
automatic control (that is, before 2000 s), therriprofiles are on the right at a
significant deviation from the vertical positionhd bending stresses corresponding to
these profiles are shown in Figure 4.12, whichloams high as 3.2 MPa, 4.6 MPa and
5.2 MPa at nodes 6, 24 and 43 respectively. Af08 when automatic control is
activated, the riser profile is closer to the \@tiand on the left of Figure 4.11. The
bending stresses are significantly reduced whereimem values of 1.8 MPa, 2.8
MPa and 3.4 MPa are obtained at nodes 6, 24 amdsp&ctively. The corresponding
von Mises equivalent stresses including radial,phand axial stresses computed by
using (4.3) are 93 MPa, 90.4 MPa and 89.1 MPa. iBhiielow the maximum tensile
and compressive yield stresses of the riser matgitian in (4.3). The riser length is

very much larger than the riser diameter. Hencertagimum bending stress normally
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occurs at both ends where the bending stiffeneatéal. For other locations along the
riser, the bending stresses are quite similar & tibtained from the case of hinge

connection at both ends (REA control).
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45 Conclusions

In this chapter, the suitability of the control @lghm for PM system proposed in
Chapter 3 was examined with regards to the berstiggses induced in the riser. For
the case where the riser is hinge-connected atghded and to the vessel, using REA
control leads to lowering of the bending stresdeacathe riser. Hence, if the REAs
corresponding to the maximum allowable stresseseatablished, the appropriate
limiting REAs can be imposed as the control crieriwhich will ensure that the
critical stress value is not exceeded. The sec@s# considers the use of bending
stiffeners to increase and distribute bendingrstgt in specific areas of flexible riser
pipes as well as to provide a gradual transitiomveen the flexible pipe and the rigid
well-head. The REAs are virtually zero and hencedb®y stresses are used as the
criterion in the control algorithm. The optimal g®&tint is based on the incremental
displacement computed using end bending stresdesrréhan end angles. The

simulation results illustrate the effectivenesstt@ control and reducing the stresses
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signification such that it is below the maximumoalbble tensile and compressive

stresses.
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CHAPTER 5. CONTROL OF POSITION MOORING SYSTEMSIN
|ICE-COVERED SEA

5.1 Introduction

The Arctic region still remains one of the “lastriitiers” for the search of oil and
gas. According to Kuehnleiet al. (2009), the Arctic region is one of the mdifficult
areas to work in due to its remoteness, extreme, @ld presence of dangerous sea
ice. Figure 5.1 shows the Canmar Explorer | dtipswhich is one of the early drill

ships operating in the Arctic region.

Figure 5.1. Canmar Explorer I drill ship in BeaufSea (http://www.mms.gov)

Traditionally, DP systems are designed for openewabnditions. Therefore,
their design and operation under ice conditionsaiema challenging issue, yet to be
adequately proven as optimal or safe compared meiceconditions. The application
of PM systems is relatively more popular in the thraegion. Bonnemaire et al.
(2007) pointed out that moored floating vessel epte may show to be the most
attractive solutions in an Arctic environment. Adtlgh there are several examples of
moored systems in ice-covered sea, little has lbeae up to now in terms of active
control of the vessel motions. Similarly, few (ifiyg studies have been conducted on

the control of riser end angles (REAs) in PM systamder ice-covered sea. During
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operation under ice conditions, ice-breakers arematly employed manually to
mitigate ice impact. Usually, there are some opemat delays until the ice condition
improves. Therefore, operational downtime can geiicant.

The work in this chapter is motivated by the patdraf keeping the downtime
low through the use of PM system with automatictemrno maintain small REAs
during operation under ice impact. The mathematmatlel of level ice following
Nguyen et al. (2009a) is adopted to simulate teeviEssel interaction. Since the sea
state is generally calm in ice-covered sea (Himtedl., 1988), a low frequency wave
model is employed in the simulation of the systeymagnics. The proposed PM
control is numerically investigated using a drhiis operating in and out of level ice
regime. The simulations are conducted using theindaBystem Simulator (MSS)

developed by the Norwegian University of Science @achnology (NTNU).

5.2 Level IceLoad Mod€

Nguyen et al. (2009a) proposed a mathematical mdaielsimulating the
behaviour of a DP vessel operating in level icee @erivations was mainly based on
the ice-breaking process and calculations giveiéy (1976), Enkvist et al. (1979),
Lindqgvist (1989), Valanto (2001) and Wang (2001¢cBntly, Biao et al. (2010) used
an ice failure model similar to that derived in V§g2001) to simulate ship maneuvers
in level ice. Normally forces acting on vesselsaahoving ice plate depend primarily
on the physical concepts of ice-hull interactioheTdetailed icebreaking process (see
Figure 5.2) was presented in Valanto (200Mhen the ice plate first comes into
contact with the ship hull, some initial crushiraldres occur at the ice edge. This
results in force component at the contact surfé@megaand perpendicular to the plane
of the ice sheet. Crushing continues with increpgiantact area and reactive force
from the vessel. The vertical component of thedar@uces bending moment on the
ice sheet increasing from zero at the contact sarf&/hen the force is sufficiently
large such that the flexural capacity of the icexseeded at some distance away from
the contact surface, the ice will break. The brogkete of ice will then rotate and
slide along the wet surface of the hull until itfusly submerged. It then continues to

slide underneath the hull until it loses contaat Eaves the hull.
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Figure 5.2. Ice-breaking process

To derive an expression for the ice loads actinghenhull, some assumptions

are adopted as follows:

* The level ice is a semi-infinite plate moving atamstant speed relative to the
Earth-fixed frame.

» The crushing ice load increases linearly from zgrthe instant of contact to
the value when breakage due to bending occurs.

» The contact surface between vessel hull and itatiduring crushing.

» The shape of a broken ice floe in bending moderwular, known as haft-
moon shaped piece (Valanto, 2001).

e The ice load caused by bending, submersion, andiomofvelocity
dependence) is constant and can be calculated flmmice resistance
(Lindqgvist, 1989).

Based on the above, the ice load can be simplifisdthe sum of various

components. The first component is the vector efarushing load (in units of force),
denoted ast,, =[r), 70,72, r5,r M 7 N]", in which 7,7} ,72 are the corresponding

cr’terttcerrter?t ocr? rytcr?tcr
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forces in and X, 7™, ¢

cr?fcr ?ter

the corresponding moments about the Y, Z axes
respectively.

The second component is the resistance provideédedice sheet against flexural
failure. Lindqgvist (1989) presented an empiricapession for this component of ice

resistance, given by

cosy, 1
=0.00%7, BH:?| ta + U = ¥ 5.1
Ro f ice ( ers lu|cesina,\1es Cosﬂvej( CO$ VeJ ( )

where ¢; is the bending strength of ic& the breadth of the vessdi. the ice
thickness, 4 the friction coefficient between the vessel huldace, ges the stem
angle, aes the waterline entrance anglg.s the slope angle of vessel hull defined as
the angle between the normal of the vessel hullhaantical. According to Lindqvist
(1989), the slope angle is slightly different frdine stern angle and can be determined
from the stern angle and waterline entrance angle € atan(tages / Sindyey. The

main dimensions and angles are illustrated in Ei¢u8.

Figure 5.3. Model of vessel hull form

Another component of ice resistance is that agaunbmersion, which in effect
is a horizontal force exerted by the ice. The tetddmersion resistan€® is calculated
as the sum of the resistance against the losstenpal energy of the submerged ice

floes and the friction between the ice floes amdhhll (Lindqgvist, 1989), given by
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B+D
=J_gH. D——
Rs pg |ceB|: B+2D

5.2
D B 1 1 (5-2)
+ | 0.7L - -0.25——+D cog,, cag,, +
tarn taha

tan Q/es ves S i ﬁ W/es

whered, is the density difference between water andgdee acceleration of gravity,
D the draft of the vessel ahdthe length of the vessel.

Lindgvist (1989) recognized the forces due to flakdailure and submersion
seem to increase fairly linearly with the speed. @dditional empirical term was

proposed to account for the speed dependences# thsistances, given by

_ R, R
R =1.4v ——2—+ 9.4y ——— (5.3)
Y gHice V gL
wherev. is the velocity of the ice floe.
Hence, the final expression for the load due tell@e experienced by the hull is

approximated as

Tice :-l:cr-'-R (54)

b,s,v

whereRy sy the vector of the ice resistances due to bendmbsabmersion coupled

with motion, given by
.
R,sv=[Ry* R+ R,0,0,0,0,9 (5.5)

In this study, it is assumed that the ice sheetsmp are moving in the same
direction X-direction). In such a case, the foré®sRs andR, describe the resistances
of the ship in ice and these forces are expressttkidirection of ship and ice motion.
The difference between the model and actual meamneis illustrated in Figure 5.4.
The figure clearly shows the icebreaking proceserileed in Figure 5.2. When there
is contact between the ice sheet and vessel hellice edge is initially crushed at the
ice cusp resulting in localized failure (Stage The local crushing continues until the
contact zone is sufficient to initiate a globaldee, which produces an ice floe (Stage
2). The crushing force then reaches the maximumevébtage 3). Subsequently, the
ice floe rotates, slide and clear away from thesgkhull (Stages 4 and 6). In the ice
load given by Valanto (2001), there is a seconddqreak in the icebreaking process.

According to Valanto (2001), this force peak is sxai by the sudden change of the

110



Chapter 5 Control of position mooring systemsmcovered sea

rotary motions of the ice floe at the end of thebieaking cycle. However for
simplicity, the second force peak in the ice loadusually not modeled since it is
complicated and the first peak is much more sigaift. In many recent models of ice
load, such as in Wang (2001), Riska (2007), Ngusteal. (2009), Biao et al. (2010)
and Liu et al. (2010), the second peak is not meetl. Instead, only the first
maximum value in the ice crushing process is camsi for simulating the ice-vessel
interaction. The methodology for simulating dynamitishing load in timel, is

presented in the following subsections.

300 +

; 1: Local failure

250 1 - 2: Global failure

3: Maximum = ctemee- Measurement
: 4: Start of rotation Assumption
200 { 5: 2 force peak

: 6: End of rotation

150 4 -

Fe (KN)

100 - - R, + R +R,

1oL 5
| N
50 4. . I/ *

0 0.5 1 15 2 25 3 35 4

Advance of vesselinice - vt (m)

Figure 5.4. Assumed and measured (Valanto, 200#) iee loads on vessel hull

5.2.1 Determination of Contact

The vessel hull and ice edge are discretized intwumber of nodes in the
simulation program written for this research. Tloelal coordinates are defined in the
ice fixed frame, as shown in Figure 5.5. The maix OR"=? defines thex, y-
position of the vessel hull nodes; and the matgxOdR"="* defines thex, y-position
of the ice edge nodes; whe¥g. is the number of ice nodes, aNgsis the number of
vessel nodes. At each time step, the distance betitej™ ice node and thi" vessel
node, Dy, is calculated and checked for contact betweernvéissel hull and the ice

edge.
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Figure 5.5 shows the updated ice edge after thhere@ane crushing failures and

broken ice pieces in the ice sheet. The initial edge is assumed in regular shape
(horizontal line) when contacting the vessel hull.

57r
Kig! ice edge node
56 .
u ””qu ‘
.'(‘ LI veszel node
s4f L ;
E \R ¢ <
= \ {
53 Fﬂ' it W
52r ‘#
S1F

a0

Figure 5.5. Discretization of vessel hull and idge (Nguyen et al., 2009a)
5.2.2 Crushing and Bending Failure

Before flexural bending failure, crushing failurecars first. The crushing force
normal to the contact area is given by (Wang, 2001)

(5.6)
whereg is the crushing strength of ice afgis the contact area.

At each time step, when crushing occurs, the icgeedill penetrate the
waterline of the vessel hull. The computation ofitagt area can be divided into two
different possibilities shown in Figure 5.6 as.
1 L, :
=—B if Ltan <H,
A: 2 Cc COS//\/eS Lk: wves ice
1

ice

(5.7)
if tany, ..> H.
L Sl nwves LD ves ice

C

A: - Z(Bc_'_ Bc Lc _Hice/tan[//vesJ H
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whereB; is the length of crushing area determined fromdiséance between adjacent
hull nodesL. the crushing depth determined from the distan¢&d®n the contacting

ice nodes and hull nodes; agigksthe slope of the vessel hull (see Figures 5.6 and 5

Vessel hull

Vessel hull
L—— I Wyes
Wres '74

Contact aregh,

Figure 5.6. Contact area when crushing

Bending failure

Ice plate Crushing areas

Idealized ice wedygge

X

Ice cusp

) Shearing failure
Xjce : ide node|

Waterline

Contact zone
Xyes: Vessel node

- =

Vessel hull

% A
Ice wedg

Figure 5.7. Ice wedge and crushing at contact area
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As shown in Figure 5.8, the crushing force has rzbotal component!* and

vertical componentr’, which are calculated according to the normal lings force

cr?

r; and friction coefficienjc. between the vessel hull and ice, as follows

TLI':‘OY = T(['r Sin([//ves + y) (58)
T(f = T(['r Coques + y) (59)
y = arctany,, (5.10)
. =15/cosy (5.11)

Other components of the crushing force vector, i, 1), 75, ', ¥, can be

determined fromz!™ and 72 according to the coordinates of hull nodes inkibey-

cr

fixed frame.

Vessel hull

X  Vessel
body-fixed
frame

Vertical plane

Water plane

Figure 5.8. Crushing force components

With the vertical component of the crushing foraepther failure mechanism
comes into play. Theoretically, with a semi-infengheet of material where the edge is
subjected to a vertical line load, bending momeitfit ve induced with zero value at
the edge and increasing with distance away fromlohd. The same occurs here.
When the crushing continues, the vertical force monent will increase in magnitude
and the induced moment will increase to a pointretiee ice sheet will break at some
distance from the ice-hull contact surface. Ke@7@) presented Kashtelyan's study

on the bearing capacity of floating ice plates whias based on the bending theory of
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ice plate on a static foundation. The breakingufailforce of an ice wedge with

opening anglepc. (see Figure 5.7) is given by

ice

R, =C, (8! 1) o H? (5.12)

whereCy, is an empirical parameter which Kerr (1976) praubas 1/0.966.
In the ice-breaking process, the floes are idedllzg ice wedges with a radius

which has been proposed by Wang (2001) as

Ryeac = Cle(1+ CoV, ) (5.13)

v on,re

whereC, andC, are empirical parameterg, ; the normal component of the relative
velocity between the ice and hull nodes, &ttie characteristic length of ice which is

given by

3 1/4
Ic - EiceHice (514)
12(1-0°) p, 9

in which Eice is the Young modulus of icej the Poisson coefficient ang), the water
density.

At each time step, the vertical crushing force #relflexural capacity are used
to check whether bending failure has occurredhéf vertical crushing force reaches
the failure limit given in (5.12), an ice wedgeci®ated. The ice wedge then rotates
and slides along the hull surface. Subsequently,ith edge is updated to facilitate

calculations for the next time step.

5.3 Vessd-icelnteraction Mode

Under the ice regime, the sea state is generaliy ead the effect of wave is
generally not a concern and hence disregardedeimtbdeling. The low frequency

model of the vessel can be written as (Sgrenség0

MV +Cprg (V) v+C, (v, ) v, +D(v,)+G (M) = Tying * Trmoor T Tare + +7 e (5.15)

~ Ywind moor

whereTtice OR® is the vector of level ice load given in (5.4)dahe other parameters
are defined in (2.50) in Chapter 2.
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The dynamic interaction between the vessel andethed ice plate is embedded
in (5.15) through the ice load computation and tipelating of the vessel kinetics
simultaneously, and described in the block diagofufigure 5.9. As shown in Figures
5.5 and 5.7, the ice edge and vessel hull aredlized into a number of nodes with the
coordinates defined by the vectos andxyes respectively. At a specific time stgp
the distance between the ice nodes and vessel rigdeme calculated to check
whether contact occurs. When there is a contagidest the ice edge and vessel hull,
the crushing and breaking failure forces are cateal according to (5.6} (5.12).
Subsequently, the vertical crushing fore and breaking failure forcB, are used to
check whether the ice sheet is brokenz’if< Py, bending failure is unlikely to occur
and the ice sheet is assume to crush at the cipic€ node coordinate vectage
remains identical to the previous time steprjf= Py, bending failure occurs. The ice
wedge is taken as broken and cleared from thehieetsThe radius of ice wed&greax
is then determined from (5.13) based on the vesdetity obtained from the previous
time step. When an ice breaking event occurs,ghmming ice edge is updated with a

new

new ice edgex.,’ based on the radius of ice wedge for checkingntixa region of
contact. The computed ice load is subsequently tesedlve for the vessel kinetics at
this time step and the process is repeated fonéixe time step. An example of level
ice load with 0.9 m ice thickness acting on theseéss shown in Figure 5.10. The ice
load includes a constant ice resistance and a segqu# crushing events, which are

discussed in the previous sections.
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Figure 5.10. Periodicity of level ice forces in.Qr thick ice
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5.4 Numerical Example

Numerical simulations of an eight-line moored dshiip operating in ice-covered
sea with 100 m water depth (see Figure 5.11) amgeedaout to demonstrate the effect
of PM control algorithm proposed in Chapter 3, ihiehh the mean drift motion is
controlled by changing the length of each moorimg.l To determine the desired

position of vessel, the optimal control critericasbd on the REAs is adopted.

400

-400  -400

Figure 5.11. Eight-line mooring system configuratio 100m water depth

The drill ship used in the simulations is the Vidaking operating in the Arctic
region. The main parameters of the drill ship aremy in Table 5.1. The mooring
system consists of 8 cables connected to thedtili through the turret, with anchor
points distributed evenly on a circle, as showrfFigure 5.12. Each line is a chain
which has an average diameter of 0.08 m and lepig856 m. The drill ship operates
at a water depth of 100 m and has a riser whichiligected to a vertical tension of 23

tons at its top end. Detailed specifications ofriker are given in Table 5.2.
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Ice drift

Figure 5.12. Moored vessel with 8 anchor lines usesimulations

Table 5.1. Drill ship’s main parameters

Parameter Unit Value
Mass ton 3382
Overall length m 83.7
Breadth m 18
Design draught m 6
Stem angle degree 45

Average waterline entrance angle degree 61
Slope angle of vessel hull degree 64

Table 5.2. Properties of riser

Parameter Unit Value
Top tension ton 23
Modulus of elasticity 10kN/m? 20.2
Sea water density kgfn 1025
Riser pipe density kg/m 7850
Mud density kg/m 800
Outer diameter m 0.3
Inner diameter m 0.285
Added mass coefficient 2
Normal drag coefficient 1
Total submerged weight of riser (including mud) n to 3.5

119



Chapter 5 Control of position mooring systemsmcovered sea

The vessel is exposed to different ice thickness@ghich the thickness changes
from small thickness (0.6 m) to larger thicknes® (@ and 1.2 m). The ice parameters
are shown in Table 5.3. The open water regime &cridged by the JONSWAP-
distributed wave with a significant wave height= 2 m and wave period,= 8.78 s;
wind velocity, vip = 7.65 m/s and surface current velocity, = 0.7 m/s. The
corresponding ice drift velocity is 0.7 m/s. Therdkice regime consists of wind,
current and level ice loads. The simulations anedocted using the Marine Systems
Simulator (MSS) developed by Fossen and Perez §2&0#he Norwegian University
of Science and Technology (NTNU). In this studye thulti-cable mooring system,
riser FEM (50 beam elements) and level ice modedsadded to the original MSS to

execute the proposed control strategy of the vemsering-riser system in ice regime.

Table 5.3. Ice parameters

Parameter Unit Value
Bending strength FKN/m? 0.5
Crushing strength FKN/M* 2.86
Friction coefficient 0.2

The following four cases are simulated for comuaris

1. Case 1: Without control (denoted as “no control”).

2. Case 2: PM control algorithm proposed in ChaptépBposed”).

3. Case 3: Modified DP control for ice conditions (“diieed DP”).

4. Case 4: Conventional DP control for open water if\@ntional DP”).

The conventional DP found in the literature is dlwstablished system in open
water, which may be difficult to adopt for operaisoin ice. In a recent study, Nguyen
et al. (2009a) modified the conventional DP contooéxtend its operation in level ice
regime. The results of Nguyen et al. (2009a) shotd the modified DP control
enables the system to operate satisfactorily incnaf level ice with thickness of 0.7

m. In this study, the proposed PM control is coredawrith the modified DP control.
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5.5 Simulation Results

5.5.1 Effect of Vessel Offset on REAS

Figures 5.13 and 5.14 show the static deformatafnthe riser and the REAs
under uniform vertical current of 0.7 m/s for varsovessel offsets (from 0 m to 10 m)
of the drill ship operating in a water depth of 100 When the vessel offset is zero,
meaning that the vessel is right above the welhéze bottom and top angles afe 1
and-1° respectively, due to riser deformation causeddstical uniform current of 0.7
m/s. When the vessel offset increases, the REAsiatsease, where the bottom and
top angles can reach values of°6aéd 4.6 for vessel offset of 10 m. The allowable

REA limits (ideally, +2) for continuous drilling operations may thus beeeded.

100
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Figure 5.13. Riser deflections with different vdssésets (0 m — 10 m)
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Figure 5.14. Bottom and top riser angle with défervessel offsets (0 m — 10 m)
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5.5.2 Effect of Position Mooring Control

The model was first simulated without control fdretfirst 200 s, before
activating automatic control for the next 1200 sshewn in Figures 5.15 5.22. To
control both angles, (3.35) was used to obtainotitemal vessel position. The vessel
was exposed to open water in the first 400 s antthénlast 400 s. In the remaining
time, the vessel operated in level ice regime whtiee cases of ice thickness (0.6 m,
0.9 m and 1.2 m). Figure 5.15 shows the North mosiof the vessel for the four
simulated cases. Figure 5.16 shows the time hisitbfgEAs for the four simulated
cases.

When there was no control (all line lengths werptlagual at 356 m) and under
the large impact of ice movement, the vessel hpsrienced a drift of up to 10 m (for
ice thickness of 1.2 m) with corresponding REASd for the bottom angle and® 5
for the top angle.

When automatic control was activated after 200hs, dptimal set-point was
generated based on the measured REAs. The conteditvated the vessel to the
generated optimal position around the field zermip@-igure 5.15). The results show
that the PM control proposed in this study andrtfualified DP control of Nguyen et
al. (2009a) yielded better performances comparettheéoconventional DP control in
terms of less offsets when the environment chariged open water to ice regime
with different ice thicknesses (from 0.6 m to 1.2 @pecifically, as shown in Figure
5.15, when the vessel entered and left the icenegyith different ice thicknesses, the
maximum vessel offsets with the proposed PM corarel0.91 m (in 0.6 mice), 0.9 m
(in 0.9 mice), 1.64 m (in 1.2 m ice) and 2.7 mdpen water). These offsets with the
modified DP control are 0.7 m, 0.48 m, 2.55 m ar@b3n while these offsets with the
conventional DP control are 2.8 m, 1.8 m, 3.64 rd @b5 m. As shown in Figure
5.16, in term of the REA response, performancehefproposed PM control and the
modified DP control are also better than the cotiseal DP control. It is observed
that with PM control, the REAs were kept within tlaeceptable range of2°,

indicating the feasibility of the control strategfymooring lines proposed in this study.
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The initial length of each mooring line is 356 m. M control, when the set-
point chasing was activated, the line lengths ateraatically adjusted to generate the
required forces to counteract the impact causelg\s ice drifts as well as maintain
the mean position at the optimal set-point gendrfitam (3.35). Different line lengths
generated after activating the PM control are shiwFigure 5.17. The ice loads with
respect to three different ice thicknesses are shinwigure 5.18. These loads include
a constant ice resistance and a sequence of cgustnts, which are discussed in the
previous sections. Figure 5.19 indicates that breakage may be prevented during
control operations since there was no significaainge in the tension of mooring lines
compared to uncontrolled case. For the chain wilh8 On diameter used in the
simulation, the breaking strength is B15° N. According to APl (1996), the
maximum tension of mooring lines is required toléss than 50% of the breaking
strength in intact conditions. As shown in Figuré% the maximum tension occurs in
the case of maximum ice contact (1.2 m ice thickneEhe values are 1.440° N and
1.35¢10° N with respect to the uncontrolled and controliases. These tensions are
less than 3.28L0° N, which satisfies the requirement of API (1996).addition, the

changes in the tensions are relatively less rapithie controlled case.
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Figure 5.17. Variation of line lengths in propo$dd control
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In Figure 5.20, snapshots of the riser profile fribva simulations are shown. The
effectiveness of the control is shown clearly bg tact that before control the riser
profile can vary widely. With the optimal set-potttasing algorithm, the riser profile

is maintained close to the vertical around the Avelid, ensuring small REAs.
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Figure 5.20. Riser snapshots under vessel motions

Figure 5.21 shows the bending stress profiles whbhee maximum values
without and with control are 15 MPa and 37 MPa eefipely. Figure 5.22 gives the
time history of bending stresses along the riseroae 5 (near the bottom end), node
26 (at the middle) and node 45 (near the top ekslshown in Figure 5.22, during PM
control (Case 2) operation, the bending stressemgydhe riser are considerably smaller
than those of Case 1 (without control). Thus withteol, savings through the optimal

use of materials is possible and can be significant
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5.6 Conclusions

In this chapter, the control strategy for PM systeroposed in Chapter 3 was
tested in the level ice regime. An optimal set-paihasing algorithm based on the
REAs as the control criterion was adopted to obtaendesired vessel positions. The
performance of PM control was compared with the iffedi and conventional DP
introduced by Nguyen et al. (2009a). The ice loadleh which was mainly based on
the calculations of Nguyen et al. (2009a), was usedsimulate the vessel-ice
interaction. The vessel was first exposed to opatemand then exposed to level ice
with different ice thicknesses. Simulation resultslicated that the PM control
proposed in this study and the modified DP corbfdNguyen et al. (2009a) obtained
better performances than the conventional DP cbfdrcopen water. The REAs and
bending stresses along the riser are reduced @wabig under control operations,
which showed the effectiveness of the set-poinsictggalgorithm.

Under the ice regime, the sea state is generaliy ead the effect of wave is
generally not a concern while the other environmlefdads from wind and ocean
current are similar to that in open water. An add#l challenge comes from the ice
drift force, which causes large impact on the viedeethe proposed control strategy,
the observer filters out the WF responses duedalhiort impulses of ice load and only
the LF responses enter the control loop. Subselyuéné controller lets the mooring
lines counteract the ice drift force and maintaims vessel at appropriate positions.
According to Kuehnleiret al. (2009), it is so difficult to adopt the cemional DP for
operation in ice. Hence, moored floating vesselsy rha attractive strategy for

operations in ice regime.
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CHAPTER 6. CONCLUSIONSAND FUTURE WORKS

6.1 Summary of Key Points

The main objective of this study is to propose atad strategy to minimize the
riser end angles (REAS) of position mooring (PM3teyn when the riser is exposed to
ocean currents and vessel motions. This study é&tws maintaining the drilling
vessel in an appropriate position rather than ¢émsion control to maintain the REAs
within an allowable range.

The mathematical model of the riser, mooring systamd vessel system was
presented. The mooring forces were formulated a#ipn-dependent external forces
based on a quasi-static approach where the catenganation of cable was employed.
A FEM model comprising beam elements that include tlexural stiffness was
adopted for the marine riser operating in shalloates. Both low frequency (LF) and
wave frequency (WF) motions of the hull were imgbse the riser at the top end as
externally defined oscillations.

To obtain zero steady-state error in surge, swalyyanv, the integral controller
was designed for PM system and the REA criterieewesed to compute the optimal
vessel positions. The mean offset was compensateadjusting the lengths of the
mooring lines.

The strategy was numerically simulated using theihdaSystems Simulator
(MSS) developed by Fossen and Perez (2004) at dineddian University of Science
and Technology (NTNU). Experimental tests using mhedel vessel, Cybership 3,
which is a 1:120 scaled model of the vessel inniimerical simulation, were carried
out in the Marine Cybernetics Laboratory (MCLab) MTNU. The results were
compared with those obtained in the simulations.

The generalization of the control algorithm for Rystem was also extended to
take into account the bending stresses of thewiken controlling the vessel positions
using the criteria based on the REAs. Two cases wensidered, namely, where both
ends of the riser were (a) hinge-connected (wtsatormally assumed for simplicity),
and (b) connected with bending stiffeners. The npairpose of the bending stiffener

was to provide a gradual transition between thdlfle pipe and the rigid well-head. It
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also increased and distributed the bending stiffnesspecific areas of flexible riser
pipes.

The control strategy for PM system proposed hemgas studied for its
applicability in ice-covered sea in view of incrieas oil and gas operations in the
Arctic region. The ice load model of Nguyen et(@009a) was used to simulate the
vessel-ice interaction which took into account ¢bepling between the vessel motion
and the ice-breaking process. To validate the obperformance in ice-covered sea,
the vessel was first exposed to open water and épnsed to the level ice regime
with different ice thicknesses. The performancethefPM control was compared with
those of the conventional DP control for open wated the modified DP for level ice

proposed by Nguyen et al. (2009a).

6.2 Conclusions

From the numerical simulations for PM vessels, toatroller was able to
automatically adjust the vessel position to redireeREAs by controlling the lengths
of the mooring lines. Basically, the mooring syst@movided the mean force to
compensate the mean drift loads of the environndemt to ocean wind, wave and
current. When the vessel oscillations became sagmf, additional damping was
compensated by the thrusters. The results indidigtdby letting the line tensioning
counteract the mean loads arising from the dishobs, compared to the case of using
thruster control continuously for both position aneading as in DP systems, fuel
consumption is reduced.

The experimental results agreed well with thoseaiokd in the simulations.
During the tests, the controller was able to gaeeilee necessary changes in mooring
line lengths to obtain the appropriate vessel mrstand yet the changes of line
lengths did not contain significant oscillationseride, the wear and tear of mooring
lines was somewhat minimized with lower energy gatlable to fulfill the control
objective.

For the extension to study the control of bendibtgsses with REAs, the
simulation results showed that the mean value obeRding stresses along the riser
was also reduced when the vessel moved to the appiosition generated by the REA
criteria. For the case when bending stiffeners wanevided, the end angles were

forced to be constantly zero. The allowable stressther than allowable angles
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seemed to dominate the control action. Based orsithalation results, the bending
stresses at both ends of the riser is similar & dbtained for the case of using REAs
only without bending stiffener.

For application of the control strategy in ice-caad sea, the simulation results
indicated that like the modified DP for level idbe proposed PM control performed
better than conventional DP when the vessel mowéelel ice regime. This finding is
relevant to drilling and work over operations sirthe sea condition in ice regime is
normally calm and the fuel consumption is relagvelw for moored vessel using the

proposed control strategy in normal sea states.

6.3 Recommendationsfor Further Work

Based on the findings of this study, some recommagmas are given for further

work on this subject:

* Generally, the numerical and experimental resudtgehconfirmed the actual
implementation of the control strategy proposedhis study. However, this
effectiveness of this control strategy for extresea states may need to be
further investigated. In such sea states, thrugierations may be intensive to
reduce considerable vessel oscillations and redugh fuel consumption.
Secondly, the risk of mooring line breakage hdsetanvestigated.

* In the experimental tests, the depth of the watesirbwas restricted to 1.5m
which might not have simulated all the dynamic etfeof a real riser. Further
tests in deeper water tanks should be carried tetravpossible to ascertain
the accuracy of this study.

» The control concept was validated by the experialetgsts in this study.
Analytical studies of the robustness and stabdityhe proposed procedures
need to be carried out.

» The present study of the PM control in the icemegimay show a potential of
considerable applications for oil and gas exploratin ice-covered sea.
Besides level ice condition, other aspects sudheagdge issues which cause
sudden large impacts to drilling vessel shouldnotuided in further studies of

PM systems.
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» Additional experimental tests would be important alidate the actual
implementation of the proposed PM control strategyriser bending stresses

and ice-covered sea.
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APPENDIX A. MARINE CYBERNETICSLABORATORY
(MCLAB) AND CYBERSHIP 111 MODEL

A.1 Marine Cybernetics Laboratory (M CL ab)

The Marine Cybernetic Laboratory (MCLab), whicHasated at the Department
of Marine Technology (NTNU), is a 40 m 6.45 mx 1.5 m towing tank with an
associated control room and a towing carriage,hasvs in Figures A.:- A.3. The
laboratory is used for testing sea keeping, fixed #ioating offshore structures, and
mooring systems. It is also suitable for more sgesgd hydrodynamic tests, mainly
due to the advanced towing carriage, which hashibtyafor precise movement of

models in 6 degrees of freedom.

Marker

Figure A.1. MCLab at NTNU
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Figure A.2. Close-up view of position camera

Riser anglé Position
monitor monitor

Figure A.3. Control room in MCLab

The DHI wave maker at one end of the water tanguifeé A.4) can generate
regular and irregular waves with maximum wave hekif= 0.3 m and period = 0.6
— 1.5 s. The position monitoring is performed bQaalisys monitoring system with

three cameras mounted on the towing carriage (Eggé.1 and A.2). The cameras
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monitor the position of markers mounted on the ekfSigure A.1) and transmit data
to a computer in the control room (Figure A.3). Skdomputer is installed with
Qualisys Track Manager (QTM) software. This sofevaomputes the position of the
center of gravity (CG) of Cybership Ill, based dre tdata from the cameras and
predefined distances from the markers to the C@.cHiculated position in 6 DOFs is
then transmitted to the onboard computer of theselesWhen implementing
experimental tests, there is a wireless commumicdbetween the onboard computer
and the computer in the control room. Positions eamtrol signal are then constantly
transmitted to the control room, and users cansadhe control parameters which are
transmitted back to the onboard computer. The obmtiterface is loaded into the
Opal-RT environment, which governs the communicabetween the vessel and the
control room. The software used in the MCLab wastped using rapid prototyping
techniques and automatic code generation undeabl&imulink® and Opal-RT. The
target computer onboard the vessel runs the QNXktiraa operating system while

experimental results are presented in real-tima bast computer in the control room.

Figure A.4. Wave generator
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A.2 Cybership 111 Model

The Cybership Il (see Figure A.5) using in the MdbLhas been developed in
cooperation between the Department of Marine Teldgyoand the Department of
Engineering Cybernetics at NTNU for testing dynanposition system and
navigational system. Details of the project werscdi®ed in Nilsen (2003). Before the
Cybership I, the Cybership | and Il have beergérently used, but they both have
limitations to their usage due to model size, cdntnethod and propulsion system.
The Cybership | is a 1:70 scaled model of a thrustetrolled supply vessel for DP,
having a mass om = 17.6 kg, length. = 1.19 m and equipped with 4 controlled
azimuth thrusters with independent controllableragh angles. The Cybership Il is a
1:70 scaled model of a multipurpose supply vesseDP and tracking control, having
a mass ofm = 15 kg, lengthiL = 1.15 m and equipped with 2 aft azimuth thrustgth

2 rudders, 1 fore azimuth thruster and 1 tunneister at the bow.

Sail winch

Figure A.5. Cybership llI

The Cybership Ill combined the best parts of itedecessors by using a
propulsion system similar to that on the Cyberstapd the computer system identical

to that on the Cybership Il. It is a 1:30 scaleddeimf a supply vessel, having a mass
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m = 75 kg, lengthL = 2.27 m and breatlB = 0.4 m. Mechanical and electric
configuration/installation of the Cybership 11l veedeveloped by Nilsen (2003). The
vessel is equipped with two main aft azimuth treust one fore tunnel thruster and
one fore azimuth thruster (Figure A.6). The powgstesm includes four 12V-18Ah

batteries which can sustain the ship systems flsast one day of experiments without
charging. The internal hardware architecture igrotled by an onboard PC which can
communicate with an onshore PC through a WLAN. Pleonboard the ship (target
PC) uses the QNX real-time operating system. Therobsystem is developed on a
PC in the control room (host PC) under Simulink/Ogoad downloaded to the target

PC using an automatic C-code generation and aessedtthernet.

Figure A.6. Two aft azimuth thrusters (left), 1dazimuth thruster and 1 fore tunnel
thruster (right) of Cybership IlI

The motion capture unit (MCU) manufactured by Qsmlyprovides the Earth-
fixed position and heading of the vessel. The M@dsists of three onshore cameras
mounted on the towing carriage. The cameras erméregd light and receive the light
reflected form the markers on the ship.

In order to test the PM control strategy a turretonmg system was designed

and mounted on the Cybership Ill, as shown in FEgAr7. The mooring system
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consists of four mooring lines; each attached &t @md to the turret via sail winches,
and at the other to an anchor mounted on the tadlk $train gauges were attached to
the lines to measure the tensions during the exget. The HITEC HS-785HB sail

winches (Figure A.7) installed on the turret of thessel were used to obtain the
required lengths by pulling or releasing the linBsese sail winches are derived forms
of heavy duty servo with many advanced featuresphavide good performance and
reliability. Each winch can rotate forward or baekd up to 2.5 turns, depending on
the input voltage. Each turn will wind about 120 rofrthe line. The drilling riser was

modelled by a plastic pipe with outer diameter oh®. To provide higher mass, lead
was put inside the riser pipe. The riser was stfeto tension at the top, which was
modelled by a tensioned spring. The riser was liestgust below the turret. In order

to measure the REAs, two reflected light markersevadtached at the top and bottom
of the riser. An underwater camera (see Figure At&he bottom of the water tank
was used to capture these marker motions. Frome tegmals, the REAs can be

computed.

Mooring line

Strain gaug

Figure A.7. Mooring turret mounted on Cybership IlI
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Figure A.8. Underwater camera
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APPENDIX B. MARINE SYSTEMSSIMULATOR

The Marine Systems Simulator (MSS), which was dgwetl and introduced by
Fossen and Perez (2004) at NTNU, is a Matlab/Smiulilibrary and simulator for
marine systems (Figure B.1). It includes modelsdioips, underwater vehicles, and
floating structures. The library also contains guice, navigation, and control (GNC)
blocks for real-time simulation. An overview of tMSS has been presented by Perez
et al. (2005). There are three main toolboxes éM$&S: Marine GNC (Guidance and
Navigation Control) toolbox, MCSim (Marine Cyberiost Simulator) and DCMV
(Dynamics and Control of Marine Vehicles). The NariGNC toolbox was firstly
developed by Fossen T. I. and his students at N&hlld supporting tool for his book
(Fossen, 2002). The MCSim was a complete simut#tBP marine operations, which
was developed by Sgrensen A. J. and SmageN. at NTNU (Sgrensen et al., 2003).
The DCMV toolbox was developed by Perez and Bl42kK€®3) for autopilot design.

In this study, the multi-cable mooring system, nri&&M model and level ice

model were added in the original MSS to executeptibposed PM control strategy.

———
Eta
—————————————®{7 >
Mu
—————————————»{ 3
Mu_d
vessel Dynamics Sensar module Yessel Controller
{ & ——w|Ext forces ES »Eta Eta_meas #Eta_meas
Algebraic loop killer Extforce i ol Log ——m{F )
—#@ { Tau_T Mu_meas MU _meas Lag Control
Mu_d ML _cd
1 #{ Current Eta LF {Eta LF Mu_d_meas U _cl_meas
Current Tew @
Mu LF [ LF -
2> w{aves Wind_meas \Mind_meas
Waves Mu_d LF ML _d LF
{ 3 ¥ #{yind Log ) i Log —w{ 7 »
Wind Log Yessel Log Sensor
Waves
Tau_T Current #—
Eta
L ot
Tal_c M
Log Thruster
T Loy T_ref - T_ref
Tal_c
Dir_t_ref ir_t_ref

Thruster module Thrust allocation

Figure B.1. Marine systems simulator
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