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Design of Automatic Thruster Assisted Position Mooring Systems
for Ships
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This paper addresses the mathematical modelling and controller design of an
automatic thruster assisted position mooring system. Such control systems are
applied to anchored floating production offioading and storage vessels and
semi-subs. The controller is designed using model based control with a LQG
feedback controller in conjunction with a Kalman filter. The controller design is in
addition to the environmental loads accounting for the mooring forces acting on the
vessel. This is reflected in the model structure and in the inclusion of new

functionality.

1. Introduction

A position mooring (PM) system is a control system for automatic thruster
assistance of moored structures, Fig. 1. Such systems are important for safe operation
of anchored floating production storage and off-loading vessels (FPSO’s) and
semi-submersibles. For the oil companies the FPSO concept has proved to be a cost
efficient and flexible solution to extract oil, especially from marginal fields.

In position mooring the thruster assistance will be complementary to the mooring
system. Normally, most of the station keeping in surge and sway will be provided by
the mooring system. This is in contrast to dynamic positioning (DP) of non-anchored
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Figure 1. Moored vessel.
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ships, where station keeping is left entirely to the thruster system, see Fossen (1994)
for an overview. This difference is also reflected in the number and the capacity of the
thrusters installed. For turret-anchored vessels, the mooring system will normally
provide only a small portion of the moment needed to keep the ship at the desired
heading. Moreover, the positioning capability of the moored ship is strongly dependent
on its ability to keep the heading such that the influence of the environmental loads is
minimized. Thus, heading control by means of the thrusters is crucial for safe operation
of such ships. Due to the physical properties of the mooring system, new control
functionality and modes of operation are required compared to conventional DP
operated ships. Slowly-varying excitation forces due to waves and wind may excite
resonant oscillatory motions of the moored structure. Hence, an important function of
the control system is to damp such motions by proper action of the thruster system. In
rough weather situations a break in one anchor line may be critical for the station
keeping ability and thereby the overall safety. A mooring line break will result in higher
load in the remaining lines. The subsequent large transient motion of the vessel
increases the risk of yet another break, and even more important, possible break in the
risers. Hence, another important function in the control system is line break detection
and line break compensation by the thrusters.

In this paper a mathematical model of a turret-anchored ship is presented. Focus is
placed on the dynamic low-frequency model, where the effect of the restoring forces
caused by the mooring system is treated. A control system for automatic thruster
assisted position mooring (PM) systems is derived. This is an extension to the
model-based DP control system design proposed in Sgrensen ef al. (1996).

2. Mathematical Modelling
2.1. Kinematics

Three different reference frames are used in position mooring, as illustrated in Fig.
2. The earth-fixed reference frame Xg¥rZg is located in the vicinity of the desired
position of the vessel and defined as the field zero point (FZP). A vessel-parallel frame
XyYyZy is fixed in the earth-fixed frame, rotated to the desired heading angle /4, and
then translated to the desired x,; and y, position coordinates and represented by the vector

Figure 2. Reference frames.
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M= [X4, ya, Yal". The body-fixed XYZ-frame is fixed to the vessel body with the origin
located at the centre of turret (COT). It is assumed in the further modelling that the COT
is located at the centre line of the vessel.

The linear velocities of the ship in the body-fixed frame and in the earth-fixed frame
are related by the transformation:

i1=R(mr. (1

where the earth-fixed vessel position and heading, and the body-fixed surge, sway and
yaw velocities are defined by the vectors 0= [x,y,¥]" and v = [u,v, r]", respectively.
The rotation matrix R(7p) is:

cosyy —siny O
R(m)=R)=|siny cosy O] )
0 0 1

Note that R™!(¢) = R’(y)). Deviations from the desired position and heading in the
vessel-parallel frame are given by:

€, = R (ma)(m — ). (3)

2.2. Vessel Model

The mathematical model describing the vessel dynamics is separated into a
low-frequency (LF) model and a wave-frequency (WF) model. The WF motions are
assumed to be caused by first-order wave loads. Although the vessel is attached to a
mooring system, it is common to assume the WF motions to be little influenced by the
mooring system, Assuming small amplitudes the WF motions can be represented by
a linear model. The LF motions are assumed to be caused by second-order mean and
slowly varying wave loads, wind loads, the mooring system and the thruster forces.

2.2.1. Nonlinear Low-Frequency Model

The low-frequency model of the moored vessel in the horizontal plane, decomposed
in surge, sway and yaw motions, can be written as:

My + Crg(@)w + Ca(w)vr + DL + Di(9, 209, = Tui + o + Towz + Tiwes (4)

where the right hand expressions represent generalized external forces.! Here, 7y, is a
vector of generalized control forces provided by the thruster system, 7.; is the mean
wind load vector, 7w the second-order wave drift load vector and 7., is a vector of
generalized mooring forces. Modelling of the mooring system is treated in the next
section.

M is the low-frequency mass matrix including hydrodynamic added mass, Cgg(#)
and Ca(»,) are skew-symmetric Coriolis and centripetal matrices of the rigid-body and
the added mass, respectively, D, is a strictly positive damping matrix, caused by linear
wave drift damping and laminar skin friction and Dy (#,,7,) is a nonlinear damping
matrix. In the latter, the effect of current is modelled, where », is the relative velocity
vector with respect to water current and ¥y, is the relative drag angle. It is assumed that
surge is decoupled from sway and yaw motion at low speed, which is reflected in the

'"Throughout this paper forces in surge and sway and moment in yaw will be referred to as
generalized forces or simply forces.
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structures of M and Dy. For details regarding this model, the reader is referred to
Sgrensen et al. (1996). In the DP literature the LF ship model is often given relative
to centre of gravity. Thus, when using COT as origin for the body-fixed frame, an
appropriate geometric transformation of (4) is needed.

2.2.2. WF Model

The vessel’s wave frequency (WF) motions in surge, sway and yaw, represented
by the vector %, = [X,, v, W17, are mainly generated by the 1st-order wave forces
acting on the ship. This WF motion can be found by transfer functions in each degree
of freedom, based on experimental data or by specialized software. However, in control
design it is common to use linear approximations, represented by a state space model:

£=Qf+ Zw,
n.=T§

where £ € BP?, w,, € R*is a stochastic white noise vector and p is the order of the linear
WF motion model. In each degree of freedom, i = 1,2, 3, this can for example be a
2nd-order oscillator (p = 2):

_ Gis
52+ 20wyis + 0%

as proposed in Salid et al. (1983). Higher order models have also been proposed. In
(5) w,; is the natural frequency, related to the dominating wave frequency in a wave
spectrum, o; is a scaling parameter related to the wave spectrum intensity and { is the
relative damping ratio. From a practical point of view @,; will be a slowly varying
parameter, depending on the sea-state, and has to be accordingly adapted by the control
system.

7i(8) = Wi (5)

2.3. Mooring System

Generally, a spread mooring system consists of n pre-tensioned anchor lines
connected to a turret of the ship, as illustrated in Fig. 1. The number of anchor lines
may vary, typically from 6 to 12 lines. The location of the turret is decisive to the
weather-vaning abilities of the moored vessel (Aalbers ef al. 1995). When the turret is
rotatable, the relative angle between the turret and the body-fixed frame is given by the
turret angle, o,. In some systems the ship can rotate freely in yaw relative to the turret
and in other systems the turret is locked under operation, but can be rotated manually
by motor power. The length of each anchor line is adjusted by winches and determines
the pre-tension and thus the stiffness of the mooring system. In this paper it is assumed
that line length is manually controlled, and fixed around a working point. A typical
mooring pattern with the turret angle indicated is shown in Fig. 3.

The anchor lines enter the turret through fairleads below the hull and the coordinates
are defined as terminal points (TP). The anchor lines are composed of chain, wirelines
or synthetic material, often partitioned into several segments of different types and

properties.

2.3.1. Single Line Modelling

A profile of an anchor line is sketched in Fig. 4. The tangential force at a TP, often
called the line tension, is denoted T, and its horizontal force component is denoted H.
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Figure 3. Definition of turret angle and a typical mooring pattern.
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Figure 4. Line profile.

Moreover, L, is the suspended length, defined as the static cable length from the TP
on the ship to the point where the line first touches the seabed. The latter point is called
the touchdown point. L, is the total length of the cable, D is the water depth, x;, is the
horizontal distance between the TP and the touchdown point, and X}, is the horizontal
distance between the TP and the anchor.

Mooring lines are subjected to three types of excitation (Triantafyllou 1994): Large
amplitude LF motions, medium amplitude WF motions and small amplitude, very high
frequency vortex-induced vibrations. Since these effects occur at different frequencies,
the excitations can be treated separately in order to make the modelling tractable. In
the control system design the focus will be placed on the mooring lines’ influence on
the LF model (4).

Let 7 and H be modelled as a combination of the static terms 7 and H and the
dynamic terms T and H:
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T (solid) and H (dashed) at TP [kN]
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Figure 5. Line characteristics (D =125m): Static tension T (solid) and its horizontal
component H (dashed) at TP as function of horizontal distance to anchor.

T=T+T,H=H+H. 6)

When knowing the position of the line’s upper end (TP) and the anchor position, it
would be desirable to find the static tension and its horizontal component at the TP. This
problem cannot be solved analytically. However, such distance/force relationships,
often denoted the line characteristics, can be found using specialized software
(Marintek 1995):

T=fr(Xs), H= fu(Xn). 7

The line characteristics are found numerically by solving the catenary equations, where
the influence of hydrostatic effects and the current profile along the line are taken into
account. Typical line characteristics are plotted in Fig. 5.

By assuming horizontal waterbed, one-segment line with no bending stiffness and
no elasticity, some simple, yet useful, relationships can be established (Faltinsen 1990):

T= Vﬁz + (woL.\')z
T=H+w,D

L=+/pw+2)
W,

(i}

_H . _l(wan)
Xp sinh i

Wo
H . (wr,D )
e "+
Xy " cosh 7 1), (8)

where w, denotes the net weight per unit length of the line in water. For dynamic

modelling of mooring lines and moored structures, the reader is referred to Triantafyllou
(1994).
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Figure 6. One anchor line in a mooring system.

2.3.2. Spread Mooring System

Let the horizontal force at the terminal point (TP) of each line be denoted
Hi,i=1...n. Moreover, let (x{,y{) denote the earth-fixed anchor position of line i and
(x¥e, y ) the earth-fixed positions of the line’s corresponding TP on the turret. The latter
coordinates will depend on the vessel position, heading and trret angle. If (x°, y®*)
denotes the terminal point coordinates relative to the body fixed frame (Fig. 6) at initial
turret angle, o, = ¢y =0, one can write:

xP = x— cos( + o, ) x P + sin(yf + o) yP°
yi =y —sin(y + o) X — cos(yf + o) yF° )
A model for the generalized mooring forces is formulated:
Tmo = — RIY + ) 8o (0. M 1. 0.00) = o (03 . N, @0.011), (10)

which consists of a restoring term, g..., and an additional damping term, d,,, due to
the mooring system. Here, e represents dynamic states in the mooring lines. In some
cases the effect of the heave, pitch and roll motion of the ship should also be taken into
account. The earth-fixed restoring term is given as:

w3 e | a
' H.x:sin B — H.3:cos f;
which simply is vectorial addition of the force contribution from each line where
f; = atan2(y?, x!)
xP=xt—xPe vl =yl —yP
X =x—xPyi=y -y

and fi; is the earth-fixed direction of line i as illustrated in Fig. 6. In cases where the
ship can rotate freely relative to the turret, o, = — i, there will be no restoring moment
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in yaw on the ship from the mooring system. The horizontal distance from the anchor

to the TP of each line i is:
hi= V&I + M (12)

In a quasi-static approach the restoring forces g, are treated as function of the low
frequency ship position and heading n only:

Bro = Emo(105 011), 13)

where the horizontal force contributions H; in (11) are replaced by the static line
characteristics for each line i by:

H; = fui(hi), (14)

which is a function of the horizontal distance h; between TP and the anchor of each line.
It is common to let the earth-fixed frame be fixed in the natural equilibrium point of
the mooring system, such that g,,(0) = 0 when no external loads are acting on the ship.
The LF modelling of the mooring forces becomes quasi-static if disregarding the
dynamic effects in the mooring lines and using ( 13) in the LF ship model (4). According
to Triantafyllou (1994) it can be assumed that the mooring system does not affect the
I st-order wave-induced motion of the vessel. One the contrary, however, superimpos-
ing the WF vessel motions with the LF motions yields a significant increase in the LF
damping, due to the transverse response of the lines along the catenary profile. These
slowly-varying mooring damping forces vary in a non-linear manner with the wave
amplitude and the frequency. For typical wave spectra the effective drag coefficients
increase in a magnitude of 2 to 4, see Huse and Matsumoto (1989). Similar increased
damping effects are also reported in Triantafyllou and Yue (1994).

2.3.3. Linear Mooring Model

As shown in Faltinsen (1990) a mooring line will have a spring effect on a body
attached at the line’s upper end. Around a working point the line characteristics (14)
can be linearized by:

H;=H,;+ c:Ah;, (15)
where H,, is the average horizontal force in the working point /;, and
_

dh; \ni=n,

is the slope of the line characteristics (14) at h;,. Assuming fixed anchor line length and
neglecting the influence of the current field along the line profile, the generalized
mooring forces (10) in a working point 1, = [Xs, Y0, ¥.]" can be approximated by:

Too( V5 0,) = — D, v — G — R'(Y,) Bno (105 01), (17
where e = RT(/,)(1 — 1,) represents deviations from the linearization point 2},, and

(16)

Ci

20 RT VB
G (RTW)Emo(m: )| _
= R (0)G,RWo) = T(W)Bao(o3 (0,0, 1] (18)

(19)

d
D, 2 (duo(¥; 7 B, @, 2,))

v=
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where

sinyy, —cosy, O
T(W,)=|cosyy, siny, 0
0 0 0

_ 98mo

G'f_ aq ={g::lf 3

n=1,

n n
gh= Z ¢ cos’fio, gh=gh= _E] ¢;cos ffi, sin fio,
i= i=
n ) 2 ﬂ n -
ggz: _2‘ CiSIN” Djg, 8'1’3=83| = _z] CjMQCOS ios
= =
n =2 n — A
gh= _E| ¢iNjo, gh=gh= -21 ¢iNipsinfi,,
= =

and N, = X;,5in fi, — :,¢0s f;,. Subscript o denotes value evaluated at the linearization
point. The additional linear damping matrix D, due to the mooring system is assumed
to have the same structure as the linear damping matrix D, in (4), i.e. surge is decoupled
from sway and yaw. In cases where the ship can rotate freely relative to the turret there
will be no restoring moment in yaw on the ship from the mooring system such that
8:]3 =g§’gEO, i= 1.2,3.

When knowing the LF vessel mass matrix including added mass M and the static
line characteristics (14) for all n lines, it is a priori possible to predict the resonance
periods of the moored vessel by using the linearized mooring model (17). In the
following it is assumed that the ship moves in surge only, in the direction of the
linearization angle ,. Let €, denote the deviation from the linearization point 13, in this
direction. Hence, u = ‘% and the surge equation of motion can be written:

m—X)i+ dwu+ g5ie; = 1.(1), (20)

where d(u)u is a nonlinear damping term, m is the vessel mass, X, is added mass in
surge, g1, is the upper left matrix element of G, (18) and 7,(t) a dynamic excitation force.
From (20) the undamped resonance period in surge can be approximated by:

T‘,:Z“:zn\,ﬂmtx“. @1)
Wy gii

The resonance period in sway can be found analogously. In a practical case resonance
oscillations of a moored vessel will be excited by slowly-varying forces due to wind
and waves. According to Triantafyllou (1994) a typical resonance period for moored
vessels are 100 seconds or larger, depending on water depth and pretension. The
motions may be in the magnitude of 5% of the water depth.

3. Control System

In this chapter the controller functionality, modes of operation and control system
design is addressed. The PM controller design is an extension of the conventional DP
design, see Sprensen er al. (1996) for details. The feedback controller is designed using
LQG theory. In most cases accurate measurements of the ship velocities, v, are not
available and thus must be computed by a state observer. Moreover, the wave frequency
motion of the ship should nor be counteracted by the propulsion system, which would
result in intolerable wear and tear of the thruster devices. So-called wave-filtering
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techniques, which separates the position and heading measurements into low-frequency
and wave-frequency components, are used in the observer design. As in the DP case,
feedback is produced from low-frequency position and heading estimates and
corresponding estimated velocities. In the observer design, Kalman filter theory is
utilized in combination with adaptive gain-scheduling techniques.

3.1. Control Modes of Operation

The surge, sway and yaw degrees of freedom (DOF) can individually be controlled
in the following modes of operation:

® Manual Control. With a joystick the operator can generate manual force
setpoints in surge and sway and with a rotation knob generate a manual moment
setpoint in yaw.

® Damping Control. Feedback is taken from estimated vessel velocities and the
objective is to let the control system regulate the vessel speed in a DOF to zero.

® Setpoint Control. Feedback is produced from both estimated velocities and
low-frequency position/yaw angle estimates. The objective is to automatically
keep the DOF at the specified setpoint position or heading.

® Tracking Control. The vessel automatically tracks a smooth reference trajectory
which is computed from the present setpoint to a new position or heading
setpoint.

The combination of damping control in surge and sway and setpoint control of
heading is often used, especially in bad weather. Effective damping will reduce possible
large oscillatory motions and thus reduce the stress on the mooring system. Moreover,
the vessel will tend to an equilibrium position where the mean environmental forces
are balanced by the mooring forces. Assuming a proper heading setpoint, this
equilibrium position will be optimal with respect to the thrust usage and the fuel
consumption. For turret-anchored ships automatic heading control is the most important
function of the control system. By keeping the heading against the weather the effect
of the environmental loads, and thereby the stress on the mooring system, will be
minimized.

When tracking control is performed in all 3 DOF or in surge and sway, this is often
defined as a Marked Position operation. Tracking control in heading only is called a
Marked Heading operation.

3.2. Line Break Detection and Compensation

Line break in one or several lines are detected in order to have an immediate
compensation by the thrusters. Irregular tension measurements triggers the line break
detection algorithm. When a line break is detected, automatic feedforward thrust in
surge, sway and yaw, 7, is computed. The purpose of this line break compensation
term s to ease the load in the surrounding lines and thus avoiding yet another line break.

3.3. Feedforward Control Law

In addition to the line break compensation term, wind feedforward control can be
applied. By measuring the wind velocity and direction estimates of the wind forces,
Fwina, can be found. Such wind feedforward can be enabled individually in each DOF
by the operator. Normally wind feedforward is enabled in yaw DOF only, since the often
large stationary wind load in surge and sway should be compensated by the mooring
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system. The wind force estimates are multiplied by a diagonal gain matrix, and the
feedforward term is taken to be:

Twif = — Gw a-wind- (22)

In tracking control a smooth reference trajectory #; € C” is generated. In order 1o
improve the performance of the system during tracking operations, a model reference
feedforward, 7, is computed according to:

7 = May + Doy + Cre(wa) s + Ca(wa) va (23)

where a, and », are the body-fixed reference acceleration and velocity vectors,
respectively.

3.4. Feedback Control Law
The control deviation vector is defined as:

e=[el el &7, (24)

where &, is a vector of LF velocity estimates, €, is a vector of LF position and yaw angle
estimates relative to the vessel-parallel frame and &, is a thrust deviation vector:

&= v

€, = RIWa)x — x4, 9 — yar ¥ — Yal”

& =Tn— 7.,
where %y, is the estimated thruster force vector, based on azimuth angle measurements
and estimates of the thruster force developed by each thruster device. The total
commanded thrust in surge, sway and yaw is denoted 7. In the state estimation, Kalman

filter theory is utilized. Based on a linear vessel model, the linear quadratic controller
(LQ) is derived. The LQ term of the commanded thrust is partitioned into:

To=7+ 7T+t n= — Gl
= —G,&, — G,&,— Ge. (25)

Integral action, 7;, is added to the linear quadratic terms in order to avoid steady-state
offsets from desired position and heading.

3.5. Resulting Controller

As discussed earlier, it is possible to change between different control modes of
operation. The total commanded thrust in surge, sway and yaw is written:

Tc= gm('rv + Sqfq + 7+ S'r;'ri + S, Tuir + Sr; T + SnTl'h) + S, T, (26)

where the S matrices are control system dependent diagonal matrices of zeros or ones
along the diagonal. When operating with setpoint control or tracking control in a DOF
the corresponding diagonal element in S, will be equal to 1 and 0 otherwise. S,, denotes
the logical inverse to the diagonal of S,,, such that no automatic control of a DOF is
possible when the system is operating in manual control in the corresponding DOF.
Wind feedforward can be enabled in each DOF by the operator, which is reflected in
the S, matrix.

Since the controller design is performed for the 3 degrees of freedom model (4),
a commanded thrust 7. in generalized forces will be computed by the controller. The
problem of finding the corresponding control inputs (force and direction setpoint) of
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Figure 7. Balder FPU.

each thruster device is called thrust allocation and is thoroughly treated in Sgrdalen
(1996). The propeller and thruster devices can be controllable pitch propeller (CPP)
with fixed speed, controllable speed with fixed pitch propeller (FPP), or controllable
pitch and speed in combination. Conventionally, the setpoint of each thruster is not a
force setpoint, but rather desired pitch or speed. The setpoints are determined from
stationary propeller force to speed/pitch relations based on information about thruster
characteristics and bollard pull tests provided by the thruster manufacturer. In such
schemes, the unpredictable load variations will not be accounted for. In Sgrensen et al.
(1997) a new method based on torque control and power control of the propeller and
thruster devices is introduced by using propeller forces to torque and power mappings.

4. Case Study

The control system described in this paper has been implemented as a part of the
ABB Integrated Thrust Control System (ITCS), see Fig. 11 for a typical configuration
overview. This system was installed on the Balder FPU, a FPSO contracted by Esso,
see Fig. 7.

The Balder FPU is equipped with 3 azimuth thrusters, one at the fore and two at
the aft, each designed to develop a maximum thrust of approximately 540 kN. The ship
length between perpendiculars is approximately 200m and the dead weight is
approximately 73,000 tons. The mooring system considered consists of 10 anchor lines
and the water depth at the field is 125m.

Computer simulations are performed with significant wave height 6-8 m, wave peak
period 10-5sec., current velocity 0-45m/s and wind velocity 20m/s. The earth-fixed
wind direction is 205 deg, the current direrction 205 deg and the mean wave direction
175 deg. Initially the control system is operating with only heading setpoint control.
After 500 seconds damping control is selected in surge. Sway is manually controlled
by the joystick with zero force setpoint in this case. After 1000 seconds a Marked
Heading operation is performed, with new desired heading of 10 degrees. Earth-fixed
vessel position and heading relative to FZP are presented in Fig. 8. The corresponding
surge velocity is presented in Fig. 9, and in Fig. 10 the line tension in the most loaded
line is presented. In this rough weather situation the heading control works
satisfactorily, also when performing a Marked Heading operation. The effect of
damping in surge is evident, since the dynamic surge motion and the line tensions are
reduced.
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Figure 8. Earth-fixed position and heading relative to FZP.
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Figure 9. Surge velocity.

5. Conclusions

A mathematical model of a turret-moored ship was derived. A control system for
automatic thruster assisted position mooring was proposed, using model-based
controller design. The design was an extension to existing DP control systems, where
the effect of the mooring system was taken into account. The control system
functionality was described, along with the new control functions needed in position
mooring (PM) systems. Automatic heading setpoint control has shown to be the most
important function for turret-anchored ships. In bad weather damping control of surge
and sway is necessary to reduce possible oscillatory motions induced by slowly varying
environmental loads. Computer simulations in the time domain have been performed
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Figure 10. Line tension in the most loaded line.

OPERATOR CONSOLES |

Figure 11. The ABB ITCS configuration for Balder FPU.

with the proposed control system. The performance of the system with automatic
heading control and damping control in surge has been demonstrated by simulations.
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