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Abstract

This review presents a systematic summary of the state-of-the-art development
of technological solutions, modeling, and control strategies of thruster-assisted
position mooring (TAPM) systems. The survey serves as a starting point for ex-
ploring automatic control and real-time monitoring solutions proposed for TAPM
systems. A brief historical background of the mooring systems is given. The
kinematics and a simplified kinetic control-design model of a TAPM system are
derived in accordance with established control methods, including a quasistatic
linearized model for the restoring and damping forces based on low-frequency
horizontal motions of the vessel. In addition, another two mooring line models,
1.e., the catenary equation and the finite element method model, are presented
for the purpose of higher-fidelity simulations. The basic TAPM control strategies
are reviewed, including heading control, surge-sway damping, roll-pitch damping
(for semisubmersibles), and line break detection and compensation. Details on the
concepts of setpoint chasing for optimal positioning of a vessel at the equilibrium
position are discussed based on balancing the mooring forces with the environ-
mental loads and avoiding mooring line failure modes. One method for setpoint
chasing is the use of a structural reliability index, accounting for both mean moor-
ing line tensions and dynamic effects. Another method is the use of a lowpass
filter on the position of the vessel itself, to provide a reference position. The most
advanced method seems to be the use of a fault-tolerant control framework that,
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in addition to direct fault detection and isolation in the mooring system, incorpo-
rates minimization of either the low-frequency tensions in the mooring lines or
minimization of the reliability indices for the mooring lines to select the optimal
directions for the setpoint to move. A hybrid (or supervisory switching) control
method is also presented, where a best-fit control law and observer law are auto-
matically selected among a bank of control and observer algorithms based on the
supervision of the sea-state and automatic switching logic.

Keywords: Position mooring, modeling, mooring, hybrid control, optimal
setpoint, fault-tolerant control.

1. Introduction

Stationkeeping operations are crucial to various offshore explorations, such
as drilling, floating production, storage, and offloading (FPSO), and offshore in-
stallation. The main requirements for the stationkeeping operation of a floating
structure are to maintain the position and heading. It influences the safety of the
operators and production processes, as well as the costs of operations.

A dynamic positioning (DP) system maintains the position and heading by
thrusters, and it is suitable for temporary operations in deep water. The most
typical long-term stationkeeping operations are conducted using position mooring
(PM) systems. Mooring lines supply restoring forces when the moored vessel drift
from the equilibrium position.

An alternative modern solution is the combination of the mooring and DP
systems. When Petrojarl came in 1986, the thruster-assisted position mooring
(TAPM), also called posmoor, with a controlled weather-vaning capability was
first introduced [1]. In addition to a typical DP function, a TAPM system also
contains a mooring system, which provides passive restoring forces and moment.
TAPM thus take benefits from both a passive mooring system and an active DP
system. The mooring system mainly contributes to compensating the mean wave-
induced or ice-induced loads, and the DP system is used as damping control for
the horizontal motions and maintain the desired heading in normal seas. Hence,
TAPM is a fuel-efficiency solution for long-term deepwater operations and arctic
explorations.

The purpose of this survey paper is to review for the background material in
the public domain on thruster-assisted, or DP-assisted, position mooring systems
in the context of state-of-the-art control system solutions during the last three-
four decades. Without loss of generality, the TAPM systems work for many types
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of floating structures, such as FPSO and semi-submersibles. FPSOs are mainly
adopted as examples to illustrate the concepts and designs. Admittedly, the refer-
ences provided in this survey does not give an exhausted list. But it is believed to
contain many important studies in the academic domain.

The survey is organized as follows. Section 2 briefly introduces the historical
development of several mooring systems and the TAPM systems. In Section 3,
the kinematic and kinetic models of a TAPM system are reviewed. Moreover, the
mooring line models are introduced. The basic and more advanced control modes
and strategies are described in Section 4. The paper is summarized in Section 5.

2. Historical developments of mooring solutions

The first FPSOs were converted trading tankers with a fully passive single-
point mooring (SPM) system attached or incorporated to the bow or stern of the
vessel, starting with the Shell Castellon built in Spain in 1977 [1, 2]. These SPM
systems have a natural weather-vaning capability. Several solutions are listed as
examples:

e CALM (Catenary Anchor Leg Mooring): The most elementary SPM, con-
sisting of a floating moored buoy to which the vessel is moored using a
hawser arrangement; see Figure[I(a)] The hawser is connected to a turntable
on the buoy to allow the vessel to weather-vane freely. Typically, it is used
as a temporary loading/offloading terminal for tankers.

e SBS (Single Bouy Storage): A bouy mooring system with a triangular-
shaped rigid arm connected to the turntable on top of the buoy, and with
its base connected to the ship by means of hinges to allow relative pitching
motions between the tanker and bouy. This has been applied for perma-
nently moored storage tankers and for FPSO systems.

e SALM (Single Anchor Leg Mooring): As for the CALM, this consists of
a bouy, but with a single anchor leg, shown in Figure |[1(b). It prevents col-
lision damages to the fluid swivels by placing them underwater and below
the keel level of the tanker [3]]. It is used in shallow water.

e SALS (Single Anchor Leg Storage): Type of SALM, but it is specially de-
signed for offloading, where its behavior does not depend (almost) on the
water depth due to the special anchoring system.



(a) CALM

(b) SALM (¢) Internal turret

(d) BTM (e) Soft yoke mooring system

(f) Spread mooring

Figure 1: Different mooring systems.
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Moving from the SPM solutions, the next development was to attach the moor-
ing structure directly to the bow or stern of the vessel using a turret. A fully passive
turret assembly is integrated into a vessel and moored by mooring lines. A bearing
system allows the vessel to rotate around the turret. The turret can be attached to
the bow of the vessel (external turret mooring system) or integrated into the hull
structure (internal turret mooring system); see Figure[I(c)

According to De Boom [4]], the first turret of this “relatively simple concept”
was the stern-mounted turret mooring system for a mooring tanker rebuilt into a
floating storage and offloading (FSO) unit installed on the Rospo Mare field oft-
shore Italy in March 1987. The first turret-based mooring system of a different
kind, however, was the Jabiro disconnectable riser turret mooring (RTM) system
installed in 1986 for the Jabiro field in the Timor Sea, North of Australia. Since
this field is exposed to tropical cyclones, it was advantageous to reduce the de-
sign levels of the vessels by implementing a disconnectable turret to be able to
move away from the vessel in case of an approaching cyclone. Developed in the
late 1980s, another disconnectable mooring system is the buoyant turret mooring
(BTM) system, shown in Figure The buoy supports the mooring lines and
risers when the buoy disconnects with the turret, and it is locked into the recepta-
cle at the bottom of the turret. A disconnectable turret solution was also proposed
by De Boom [4]] for offshore arctic operations in ice-covered Arctic waters where
“a tanker may have to leave the site because of approaching icebergs”, a highly
relevant concept in development of Arctic offshore activities.

The development then went to constructing new-built vessels with a large di-
ameter (up to 20 m) internal turret for deep water to allow a large number of risers
to be connected. In this case, the vertical motions of the vessel are important,
implying a location of the turret closer to midship where the motions are small-
est. However, if placed too close to the midship, the vessel will lose its natural
weather-vaning ability. On this issue, De Boom [4] concluded that a position be-
tween 10% — 25% of ship length from bow is adequate to reduce vertical motions
and maintain weather-vaning. However, for large-diameter turrets, the design of
the mechanical component assuring free weather-vaning is a particular challenge.
From this year new-built FPSOs were constructed with an internal turret at ap-
proximate 1/3 vessel length from the bow.

FPSOs are typically designed either with the accommodation block aft and tur-
ret at the bow, or with accommodation block fore in front of or behind the turret.
Some advantages of placing the turret in the bow part, with the accommodation at
stern are good natural weather-vaning ability and reduced motions at the accom-
modation due to the smaller vertical movements at stern compared to the bow.
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Placing the accommodation in the bow with the turret behind it, has the advan-
tage of reduced riser dynamics since the turret is closer to midship. However, the
accommodation unit in front of the turret, in the bow, results in a large wind area
and may deteriorate weather-vaning ability and require active heading control.
According to Aalbers et al. [1]], the natural weather-vaning ability is preserved
with the turret positions up to 30-35% of ship length from the bow. However,
the further distance the turret is placed from the bow, the larger the heading fluc-
tuations become, resulting in increased environmental loads on the vessel. As a
consequence, a study reported by [[1] showed that the mooring line tensions could
increase up to 150%. This is particularly problematic in shallow waters. In deeper
waters, on the other hand, the mooring line tensions do not necessarily increase
for more aftward turret positions if heading stability is preserved. In fact, the
dynamic forces on the mooring lines tend to decrease due to the smaller vertical
motions in this case. Consequently, the static/dynamic mooring line tension de-
pends strongly on the combination of mooring line configuration, turret location,
and water depth.

Several other SPM solutions exist (e.g., single anchor leg mooring rigid arm
(SALMRA), articulated loading platform (ALP), soft yoke system (Figure [I(e))),
and the reader is referred to [3]] and [5] for better explanations and illustrations.
For more details of mooring systems, details of mooring equipment, configura-
tions, and operations, the reader is referred to the lecture presentations by Larsen
[6]. Figure [2| gives an illustration of the mooring concept development.

Replace hawser by yoke Buoy fixed to vessel

cwn J=p (e Je=d (e ]
> RTM/BTM

Disconnectable turret

Buoyancy in yoke Reversed system

SALM :> SALS :> Soft yoke

Figure 2: Historical developments of single-point mooring systems (Adapted from [3]).
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The capacities of a classic passive mooring system are limited by the structural
design. The moored vessel reacts to the external loads passively, resulting in risky
responses in harsh environments. Furthermore, its on-site real-time performance
are neither controllable nor optimizable. Hence, automated control was proposed
to improve the stationkeeping performance and safety of a classic passive mooring
system by introducing thruster systems. In the Equinor Norne FPSO, as illustrated
in Figure [3] the two mooring principles were combined, using thrusters to reduce
the loads in the mooring cables and a fluid swivel to allow continuous fluid flow
during weather-vaning. This required more advanced control techniques, leading
to the thruster-assisted or DP-assisted mooring systems. In the PhD thesis by
Strand [7], nonlinear control techniques were derived and presented for TAPM
control systems. Based on this, Chapter 8 of his thesis presented the full-scale
verification for the turret-moored Varg FPSO that was delivered to Saga Petroleum
in August 1998.

Figure 3: Illustration of the Norne 6608/10 FPSO (Courtesy: Equinor).

Besides the SPM, there are multi-point mooring systems, e.g., the spread
mooring system illustrated in Figure[I(f)] The vessel is moored by multiple moor-
ing lines and heads to the dominant wave direction.
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3. Modeling of a position mooring system

System modeling is fundamental in model-based control designs. Using the
notations and modeling framework presented by Strand et al. [8]], a TAPM system
with an internal turret is considered in this survey; see the Norne FPSO in Figure
Bl In this section, both the kinematics and kinetics models are presented with an
emphasis on the mooring system.

When constant environmental loads act on the vessel, however, the point where
the mooring system balance the environmental loads shift. This point is called the
equilibrium position, that is, the point where the mooring forces balance the (con-
stant) environmental loads without use of thrusters.

In accordance with [9-12], the field zero point (FZP) is defined as the equi-
librium position of the vessel body-frame in {E} when no environmental loads or
thruster loads are acting on the vessel, meaning the position when the vessel is at
rest and the mooring line tensions balance each other.

3.1. Kinematics

As illustrated in Figure {4 the turret is anchored by N mooring lines from the
anchor points on the seabed and entering the turret through the fairlead terminal
points (TP) at the bottom of the vessel. At the TPs, the anchor lines enter the
turret, and the mooring forces act on the body. The turret is rotated an angle oy
about the z%-axis in the body-fixed reference frame. This gives the four reference
frames of interest, as shown in Figure [5| Hereafter, the curly brackets {-} denote
coordinate systems.

e Earth-fixed frame {E}: The local coordinate system located at the mean sea
level with the z-axis pointing towards North (N-axis), y-axis pointing to
East (E-axis), and z-axis pointing downwards (D-axis). The E-frame origin
for TAPM systems is typically placed at the FZP, where the center of turret
(COT) is when no environmental loads act on the vessel.

e Body-fixed frame {B}: The coordinate system with an origin at a fixed cen-
ter (CO) in the vessel hull, typically the CO is placed on the waterline, i.e.,
(Lpp/2, B/2, zw 1), with z%-axis positive forward (surge), y’-axis positive
towards starboard (sway), and 2"-axis positive downwards.

e Turret-fixed frame {T}: Coordinate system fixed to the turret with an origin
at the COT and rotated an angle «; relative to body z-axis.
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e Reference-parallel frame {D}: Desired earth-fixed reference frame located
at the mean sea level with origin at a desired position (x4, y4) and rotated to
a desired heading angle ).

Note that the superscript 7' denotes vector decomposition in the coordinate
system {T}, while T denotes vector or matrix transpose.

Considering only the horizontal motions, disregarding the heave, roll, pitch
motions, the position and heading of the vessel in {E} are defined by n :=
col(x,y, 1) where (x,y) is the horizontal position and ¢ is the heading. Simi-
larly, define u, v, and r as surge velocity, sway velocity, and yaw rate, respec-
tively, such that v := col(u, v, ) is the corresponding 3-degree-of-freedom (DOF)
velocity vector in {B}. The 3DOF velocity vector of the vessel body in {E},
1 = col(d, 9, 1)), is given by the kinematic relationship

costy —siny 0

n=Ry,  RY)=|siny cosy 0|, (1)
0 0 1

where R(1)) is the 3DOF rotation matrix.

Based on the work by Strand et al. [8], we give notations for the mooring
system. According to Figure[6] the tangential mooring line force is denoted by T
with a horizontal component H.

The length along the line from TP to the touchdown point on the seabed is
denoted by the suspended length L, and L, is the total length of the line. D is
the water depth, [}, is the horizontal length between TP and the touchdown point,
and Ly, is similarly the horizontal length from the TP to the anchor point.

Letp}, ; = (x,,, yt,;) be the position of the i’th terminal point TP; in {E}. If
the terminal points are located on a circle of radius r; and angle +; with respect to
the COT, the constant position of TP; in {T} is

xl COS Y,
pZ;,iz[ W]zn[ ] ] @

T .
Yip,i sin y;

Let p2, = (2B, 4B,) be the constant position of the COT in {B}. This gives TP;
in {B} as

Pipi = Peor + R2(0)Dyy (3)
where

Rafo) = | @

cosqay — sin oy
sino;  cos oy

9



Figure 4: Illustration of the vessel body frame, the turret frame with an angle of rotation «, and a
typical symmetric mooring configuration.

is the 2 x 2 rotation matrix. Letting p = (2%, y¥) = (z, y) be the position of the
vessel body-frame in {E}, the corresponding TP; position in {E} becomes

P =" + Re(¥)pp) ;

= p” + Re(¥)pl, + Ra(v) Ra(au)pf,
= p" + Ro(¥)plhy + Ro(¥ + cu)py,, &)

or written out on scalar form,

xF 4+ atgjt cos) — ygt sinvy + xtgﬂ- cos (Y + ay) — ygm» sin (¥ + ay)
Y5+ Yegr oS + iy sing + i,  sin (£ ap) + gy, o (¢ + ay)
(6)
The geometric equations are obviously simplified if one chooses the COT as
origin also for the body-frame, such that p2, = 0 and pg,vi = pE 4+ Ry(v+ at)p;i.

E  _
ptp,i -

10



185

190

rx (NOI"[h) u (surge)

Earth-fixed «inertial» frame y‘( EaS’[)

) *—
Field Zero Point

Figure 5: Definition of reference frames. (E: Earth-fixed reference frame, B: Body-fixed reference
frame, and T: Turret-fixed reference frame.)

If we in addition assume that the turret is kept at a constant direction in {E}, then
a; = —1p and Ry(c) = Ro(—1)) = Ro(2p) T such that pgg?i =pP + pg;,’i.

3.2. Kinetics

For marine vessels, the motion is typically divided between the low-frequency
(LF) dynamics and a wave-frequency (WF) model that are combined through a
superposition. The details of the full 6DOF nonlinear model can be found in [[13]
and [14].

An irrotational ocean current with speed V. and direction /3. in {E} is given
by

V. cos f3.
vP = V.sing. |. (7)
0

We let the relative velocity between the vessel and the ocean fluid be v, := v —

11
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Ve = (4 — e, v — v, ), Where the irrotational (r. = 0) current velocity in {B} is
ve = R(Y) 0P = col(ue, v, 0).
This gives the LF model
Myt + My, + Cop(V)v + Co(vi )V + DV )Vr = Tenw + Tmoor + Tanr, — (8)

where M,, and M, are the rigid-body inertia and added mass matrices, respec-
tively, Cy4(v) and C,(v,) are the rigid-body and added-mass induced Coriolis
matrices, respectively, and D(,) is the nonlinear damping matrix. The right-hand
side environmental loads 7., are due to are the wind loads 7,4 and 2nd-order
wave drift loads 7,62, that is,

Tenv = Twind T Twave2- (9)

The loads from the mooring lines are given by 7,,,,.-, While the thruster forces and
moment are given by 7,.. From Property 8.1 in Fossen [[13, Section 8.3], when
the ocean current is constant and irrotational, we have

M,y + Crb(y)y = Myv, + Crb(yr)yr' (10)
This gives
Muv, +C(VT)VT‘+D(VT‘)VT‘ = Tenv + Tmoor + Tthr; (11)

where M = M,, + M, and C(v,) = Cp(v.) + Co(vy).

For the 3DOF low-speed control application, it is common to assume that
C(vy)vr = 0and D (v, )v, = Dyiny = Dy — Dyinve. This gives two options for
LF control models:

1. Using v, as the velocity state, we must also change (I) such that
=R, + v (12)
Mf/r + DlinVT - R<¢)Tb(t) + Twind + Tmoor + Tthr, (13)

where the constant current vZ enter as a constant perturbation in the kine-
matic equation, and the bias force b(¢) in {E} models R(¢))Tb(t) ~ Tyaveo-
2. Using the absolute velocity v as the velocity state, we get

n= Ry (14)
MV + Dlinl/ = R(w)Tb(t) + Twind + Tmoor + Tthr (15)

where the bias force b(t) in {E} now models R(v)) "b(t) ~ DyinVe + Twaveo-

13
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In the following, we will derive the mooring loads 7,,,,.-, consisting of a restor-
ing term and a damping term, that is

Timoor = Gmoor + dmoor‘- (16)

From a control perspective, there are many papers providing modeling of a
TAPM system. An important starting point is the works by Strand et al. [8, [15]]
(including some approximations based on [[16]), establishing important notations
and a problem formulation for the TAPM control problem. In these papers and
in [[7,17], control models applicable for model-based control design are deduced.
Simple relationships for this are included in [18] using linear-spring model and
[8,17] using catenary equations. Disregarding the dynamics of the mooring lines
and the influence of the current flow along with the water depth (current profile),
a lookup table of a mooring line can be generated offline to simulate the moor-
ing restoring forces. The catenary equation describes the geometric shape that a
hanging chain or cable takes under influence by gravity and supported only at its
end points [[19]]. The catenary equation can be solved by iterate binary search.

A more advanced finite element method (FEM) model of a mooring line was
proposed by Aamo and Fossen [20], Sgrensen et al. [21], Aamo and Fossen [22],
and Fang [23]. Aamo and Fossen [22] discussed the global existence and unique-
ness of solutions of a simplified fully dynamic FEM model of the mooring lines.
A mooring line is discretized into a number of mass nodes that are connected to its
closed two neighbor nodes. The bottom node is fixed on the seafloor, and the top
end node is fixed at its corresponding TP. The positions of the nodes are firstly ini-
tialized by the catenary equation offline. The acceleration and velocity of a node
update online considering the total force acting on the center of mass, including
gravity, buoyancy, damping force, elastic restoring force, and current loads cal-
culated by the Morison equation. The result is a coupled dynamic model for the
vessel and the mooring system. A simulation-based analysis shows significant
differences in accuracy between the dynamic model and a quasistatic model. As
stated, a quasistatic model is typically adequate for shallow-water operations but
gives insufficient accuracy for mooring in deep water. The comparison of different
simulation models are summarized in Table [Tl

Some available software packages for TAPM systems are summarized as fol-
lows. The Mimosa for mooring systems is a module of the DNV GL Sesam soft-
ware which calculates the LF and WF motion of a moored vessel, as well as the
mooring line tensions [24]. Developed by Marin [25], aNyMOOR.DYNFLOAT
is part of the aNyMOOR suite, and it can simulate the turret and spread moored

14



Table 1: Comparison of mooring line modeling methods.

Method Linear spring Catenary equation FEM
Moving region Near the design point Water surface Water surface
Winch control No Lack of mooring line dynamics Yes
Current profile No No Yes
Computational speed High Medium Low
Fidelity Low Medium High

floating vessel. The updated version of Marln toolbox [26] contains the necessary
modules to simulate the turret dynamics and mooring lines for the purpose of con-
trol design. Besides, position-based dynamics method [27] is similar to the FEM
model.

3.2.1. Mooring line restoring forces

From Figure [6| we get for Line ¢ that the horizontal force H; is directed from
the anchor point py; = (z,, yZ;) to the corresponding terminal point p/, ; =
(x{;i, y§,7i) by the angle 3; with respect to the North-axis, as shown in Figure
This gives

Yipi — Y
_ E E\ _ D0 a,i
Bi = arg (py,; — Paj) = arctan B, —ab, ) a7
From Line 7, in {E} we then get the force vector
h:):,i . H; cos f3;
hi o |: hyﬂ' :| o |: HISIIlﬁz :| ’ (18)

that the vessel induces on the mooring line at TP;. Note that the force induced by
the mooring line onto the vessel is in the opposite direction.

With reference to Figure [/, we can express the corresponding load vector in
the body-frame in two alternative ways. In the first method, we rotate h; to {B}
and calculates the corresponding force and moment components that /; induces
on the vessel in the body frame. Let gﬁoyi be the mooring force and moment for

15
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Figure 7: Notations for a single catenary mooring line.

Line ¢ in {B}. Then we get

-1 0
— Ry (1) "
B 2 i T
gmo,z( ¢ t) _pg),z % R2(¢)Thl 5 B 2(77Z)>
ytp,i xtp,i (19)
—hgicost — hy ;siny
= —hy i cost 4 hy;siny
hy.i (yt’ii siny — x%i cos w) + hgi (yt%i cos ) + a:%i sin w)
and ¢,,,00 becomes
N
Gmoor = Z gfw,i(hiu ¢7 at)- (20)
i=1

In the second method we first derive the mooring force and moment components
in {E}. Correspondingly, let gfm be the mooring force and moment for Line 7 in

16



{E}. This gives

—h, —h,
iy ¢y == ! - Z 21
st =| e ey n || | @
-1 0
[y e
gy - Bt
g5, i(hih, o) = R(¥) T gl i (hiy b, o), (22)

where § = y;, ,—y" and & = x{, ;—x". The total restoring force is a superposition

of all mooring lines. Then ¢,,,,, becomes

9moor = ngm zﬂﬂ;% - ngoz ’La at) (23)

To get a quasistatic approximation for A;, it is common to assume that the line
tension 7" and its horizontal component H are superpositions of static terms 7" and
H and dynamic terms 7 and d, respectively, such that

T=T+6p, H=H+6y. (24)

The static forces are found from the line characteristics based on the geometric
configuration of the line. The line characteristics are typically given as a function
of the distance between the anchor and terminal points, that is,

T:fT(Lh)v H:fH(Lh)7 (25)
where L;, := |pF — pf;‘ . The details on this is found in [28]. The line character-
istics can be linearized around a working point L according to

L df+r (L _
i = i, + Tl ALy, Hy= fu(Ln). (26)
dLp, Lyp=Lpo
Letting pf;’i?o denote the nominal position of TP; in {E} (with COT colocated
with the FZP). The linearization for Line 7 is done at Ly ; 1= ‘ ng,i 0 — D Z‘ such
that B B B
H; = Hi(py;) = Hoi+ ki (|Pys — P — [Prpso —Pail) . @7)

where p{ ; = py (1, ;). This implies that the restoring force gmqor is approxi-
mated as a function only of the LF position/heading of the ship, that is,

Gmoor = gmoor(na at); (28)

17
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by replacing H, by H; in .

Sgrensen et al. [[17] assumed that fixed anchor line length and that the current
profile does not influence the line profile. In this case, (I6) can be approximated
by a Ist-order Taylor expansion of the quasistatic restoring mooring force (28)
and about the working point = 19 (where the COT is colocated with the FZP).
This gives the linearized restoring loads

Gmoor ~ gmoor(nm at) - R(¢)TGmo(n - 770) (29)

3.2.2. Mooring line damping forces

An earlier traditional assumption of TAPM systems was that the contribution
of mooring line drag in the total surge damping was negligible. However, Huse
and Matsumoto [29] showed that the damping of the mooring structure actually
makes out the significant damping in the total ship-mooring system. They came
to the conclusions:

e For a moored ship in irregular waves, the damping of the mooring structure
makes out up to 80% of the total low-frequency surge damping.

e The superimposed WF motions onto the LF motions of the vessel increases
the LF surge damping due to the mooring system by a factor of 2-4.

Triantafyllou et al. [30] followed up this study and concluded that:

e The mooring lines are subject to three types of excitations: 1) Large ampli-
tude LF motions; 2) Medium amplitude WF motions; 3) Small amplitude,
very high-frequency vortex-induced vibrations.

e Mooring line damping is very important and of similar amplitude as wave
drift damping. It was found that “neglecting the drag amplification causes
underprediction of the order of 50% in the value of the mooring line damp-
ing coefficient”.

e Since a mooring system provides low natural periods, of the order of 100
seconds, LF excitations such as wave drift forces and unsteady wind forces,
may excite resonant oscillations of significant amplitudes: “Af resonance
the maximum amplitude motion, and peak slowly-varying mooring forces,
are primarily controlled by damping” [30].
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As noted by Huse and Matsumoto [29], the wave-induced motions of the ves-
sel can significantly increase the horizontal damping for the vessel. Hence, it is the
absolute horizontal velocity of the vessel that induces this drag effect. Typically,
this is also represented in the literature by a linear model, obtained by approximat-
ing by a 1st-order Taylor expansion of d,,,., about the working point v = 0.
This gives

Amoor = —Dpol. (30)

An illustrative explanation is provided by Larsen [6] on this phenomenon.

3.3. Resulting model

It is common to use the FZP as the origin of the NED-frame {E}, such that
1o = 0. Using the absolute velocity v as the velocity state and utilizing the sim-
plifications, we arrive at the model

n=R)v, (31a)
Mv + Dv + R(w)TGmon = Tthr + R(¢)Tb(t) + Twind + gmoor(ov at>7 (31b)

where D := Dy;, + D,,,, and the bias force b(t) in {E} models R(x)) "b(t) ~
DiinVe + Twavea- This could also include Gpo0r (0, ), which in the symmetric case
sums to zero. However, since it in the asymmetric case does not sum to zero (e.g.
due to line break), we choose to keep Go0r €Xplicit.

4. Control strategies

4.1. Overview

Equation acts as a starting point of most studies. It is in strict-feedback
form with unknown external disturbances [31]. System has a similar form to
the typical state space equation of a DP system. Therefore, relevant DP control
algorithms can be adjusted to TAPM easily. However, the control strategies are
different due to the fundamental distinction in the control objectives by the em-
ployment of the mooring system. The mooring system provides passive restoring
force and reduces the power consumption by the thruster systems, making TAPM
systems more energy efficient. The analysis by Jenssen [32] illustrated the impor-
tance of including the mooring dynamics into the DP control system for a TAPM
solution, either moored to seabed, moored to another stiffly moored vessel, or
moored to another DP vessel.

For a TAPM system, there are two principles as reported in [[1]. The first
one is to use the thruster system to produce maximum low-frequency damping
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and the remaining capacity to produce restoring forces. This will position the
ship at a mean excursion with small fluctuations. The second one is to use the
thruster system to produce maximum restoring and remaining capacity to produce
damping. This will position the ship closer to a reference point, but allows larger
fluctuations.

In the control design of a TAPM system, the core problem is the tradeoff be-
tween energy consumption and operation safety (drift and line break). To improve
fuel efficiency, a maximized usage of the mooring system is desired. The major
approach to ensure the system reliability is to restrict the displacement in the hor-
izontal plane. In practice, these two targets conflict with each other. Hence, the
control objectives are differentiated between operation modes and various envi-
ronmental conditions.

Heading control is the first priority to keep an optimized heading angle with
carefully selected restoring and damping gains. Thereafter, one should apply the
remaining thrust capacity on surge control, under a lower priority, with mainly
restoring gains [[1].

Instead of keeping at a fixed location, TAPM systems are allowed to run inside
a safe region, a safety circle centered at the FZP; see the green zone in Figure [§]
Inside this, the probability of line break is minimal, while outside there is an un-
acceptable risk of a line break in the mooring system. In addition to the mooring
system, the other core components, such as riser and drill, may break when the
vessel drifts away from the safe region. The thruster system only provides ad-
ditional damping when the floating structure stays in a safe region in calm and
normal seas. To save fuel, the thruster usage should be minimized within the
safety limit, while outside the safety limit thrust must be used to bring the ves-
sel back in and maintain a position within the safety circle. It may be necessary
to also define an intermediate yellow alert zone. The thruster system gives extra
restoring force to guarantee the structural and operational safety in extreme seas.
An improper heading may increase wave loads acting on the vessel, resulting in
growing power consumption to the power supply system.

It is also possible to increase the restoring forces by using stronger mooring
cables. However, a heavy mooring system requires extra costs on material and
displaces the vessel further, which may cause negative effects on vessel payloads
and other challenges.

In this section, a number of control strategies are reviewed to fulfill each spe-
cific control objective in different weather conditions. We consider four basic
control modes in a TAPM system, i.e., heading control, surge-sway damping con-
trol, roll-pitch control, and line break detection and compensation. Advanced
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functionalities are the extensions of the basic control modes. The advanced func-
tionalities are setpoint chasing, fault-tolerant control, hybrid control, and active
tension control. Besides, mooring tension measurements can be used in position
estimation. Experimental setup of a TAPM systems can be achieved by hybrid

model testing [33] 34].

+ Safe region:

Equilibrium Setpoint chasing
position Reliability-based control

Figure 8: Safe positioning strategies for a thruster-assisted TAPM system.

4.2. Basic control modes
4.2.1. Heading control

The primary control target is to maintain the vessel at an optimal heading with
limited drift loads. Heading control is essential for the performance of TAPM.
For non-colinear environmental loads, heading control can be difficult, since large
waves may enter from an oblique angle and push the heading from its equilibrium.
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Rapid changes in yaw can deteriorate the platforms performance in surge and
sway, resulting in large power consumption.

Typical proportional-integral-derivative (PID) regulation of the vessel heading
(yaw) to a setpoint heading minimizes the external environmental loads on the
TAPM vessel. With the turret located ahead of midship, the earth-fixed location
of the turret is the DP reference point, and the vessel CG should be controlled
on a circle around the turret point. Heading should be controlled such that the
vessel centerline points towards the turret equilibrium point [1]. Strand et al.
[8] and Sgrensen et al. [[17] proposed restoring, damping, and integral control
(e.g., PID) to actively control the vessel heading to a desired heading against the
mean environmental loads. Integral control is the negative feedback using integral
action in the control loop to slowly reduce the mean steady-state offset to zero. As
an alternative to integral action on the position offset, Aalbers et al. [1] proposed
using a Kalman filter to predict the mean environmental forces and use this signal
as feedforward.

A more advanced version is the automatic weather-vaning (weather-optimal
positioning control [35,136]]), where either the optimal desired heading is automat-
ically estimated through the environmental loads on the vessel or by controlling
the vessel in the environmental force field to mimic a pendulum in a gravity field
such that the heading is automatically maintained at the most favorable direction.

4.2.2. Surge-sway damping control

Instead of keeping the vessel exactly at a point, damping control plays an im-
portant role in the TAPM system, i.e., negative feedback from velocities (surge-
sway or yaw rate) of a TAPM vessel to damp out oscillatory motions. The po-
sition is allowed to move in a safe region. Damping control in surge and sway
is proposed by Strand et al. [8]], Sgrensen et al. [17] to dampen unwanted large
oscillatory motions and thus reduce stress on the mooring system.

4.2.3. Roll-pitch damping control

In normal seas, only the horizontal-plane stationkeeping control is of concern
in the control design. However, undesired roll-pitch oscillations may occur due to
thruster usage in combination with the mooring system due to the coupled surge
and pitch motions. Hence, large roll and pitch oscillations appear in high seas
for floating structures with small water-plane areas, such as semi-submersibles.
According to [37], the roll-pitch modes have natural periods within the bandwidth
of the horizontal positioning controller. The roll-pitch damping is then added to
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the typical PID controller to reduce the amplitudes of roll and pitch motions in
high seas.

4.2.4. Line break detection and compensation

The vital failure of the mooring system is the mooring line break, which results
in the loss of restoring force, degrades the system performance, and leads to safety
threats and even hazards. A mooring line breaks for a number of reasons, such
as corrosion, over limit tensile stress, and fatigue. Corrosion is not the concern
in this review. The safe circle is determined to avoid the maximum limit stress.
The fatigue effect is improved by changing the setpoint. Line break detection
algorithms are a prerequisite [8, 38]. When a line break is detected, the thrusters
must be used in feedforward to compensate for the lost mooring force.

4.3. Setpoint chasing

Setpoint chasing denotes the automatic generation of new position setpoints
for the TAPM vessel in varying environmental conditions in order to find the opti-
mal equilibrium position in which the mooring loads and environmental loads are
in balance. There are a few approaches to generate the setpoints, considering the
fuel consumption and structural safety of the riser and the mooring system. This
will minimize thruster usage and maximize the utilization of the passive mooring.
Improved restoring control with respect to the position setpoint will reduce oscil-
latory motions through a proportional controller. The influences of setpoints were
studied in Wang et al. [39]].

4.3.1. FEM-based setpoint calculation

The optimal setpoint can be calculated based on the rigid vertical components,
e.g., drill string and risers. According to Sgrensen et al. [21], “the most limiting
operational factor in drilling is the tolerance for riser angle deviation relative to
the wellhead at the top joint. Ideally, the angle should be within +2 °. Deviations
larger than 5-8° may be fatal.” Hence, the authors proposed setpoint chasing to
reduce riser angle offsets and bending stresses. This is achieved by recalculating
new incremental DP setpoints based on a simplified FEM of the riser and mini-
mizing a loss function corresponding to the lower and upper riser angles [21 40].

An FEM model of a riser is derived, and it is shown for the purpose of calcu-
lating the top and bottom riser angles that a less accurate FEM with a maximum
of 10 elements gives sufficient accuracy.

The derived dynamic LF riser model is first simplified into a quasistatic tension
beam by neglecting the inertial and damping forces, and further simplified by
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neglecting the influence from riser velocity. The end angle varieties are assumed
to be proportional to the displacement of the moored vessel. A quadratic loss
function is proposed.

The dynamic WF riser model is simplified by assuming constant system ma-
trices and further by lineraizing the nonlinear drag forces. For setpoint chasing,
the simplified LF riser model, meaning only the riser stiffness matrix, are used for
explicitly calculating the new optimal incremental setpoints.

The idea is similar to the recently popular topic - digital twin. However, the
unknown underwater environment involves difficulties in practical applications.
The current loads acting on the riser deform it. The deformation can be consid-
erable due to the integrated current loads in deep waters. Without underwater
measurements, it is impossible to estimate the angle accurately.

4.3.2. Reliability-based control
Considering the safety of the mooring system, reliability-based control meth-
ods using the structural reliability index were studied [41, 42]. Structural relia-
bility index, an online index dy(¢) accounting for the breaking probability of the
mooring line, is estimated for each mooring line based on the intelligent filtering
of the tension measurements [43]]. Letting 0, be a lower threshold, 5 (t) < d
implies a high probability of line failure [41]. The reliability indices are directly
incorporated into the control law of TAPM systems to automatically adjusts the
admissible region for the moored structure in varying environmental condition
and to ensure that the worst (lowest) reliability index stays above the minimum
threshold, i.e., min(dx(t)) > ds.
Based on the mooring line failure, the reliability index is expressed in terms
of the tension by
o(t) = Lo = Ko = Tk(uk’LF<t)), k=1,...,N, (32)

Ob,k

where T,  is the mean breaking strength, oy, is the standard deviation (STD) of the
low- and high-frequency variation of the tension, k;, is a scaling factor, T}t Lr)
is the LF mooring tension, and oy, is the STD of the mean breaking strength.
Given the worst case (smallest) reliability index over ¢ time instants,

0;(t) = (in Or(t), (33)

the control objective is formulated to control (v, v, ;) — (0, s, d5). However, as
pointed out by the authors, controlling 6; — J, does not make sense in the case for

24



430

435

environmental conditions where 0,(¢) > J,, since then the thrusters would work
against the mooring system and use unnecessary energy. Hence, a modification is
suggested such that the reliability-based position controller is only activated when
needed. Another application of the reliability-based control of moored structures
can be found in [44].

In addition to the structural reliability, power consumption can be integrated
into the overall optimization. Leira et al. [42] investigated the use of structural
reliability criteria incorporated into the control law for TAPM systems based on
the minimization of a loss function, of which two types are generally analyzed
and compared. The first is quadratic in thrust force to minimize fuel consumption,
and in static response to minimize offset, that is,

L(p) = Ko F2 + Kppt?, (34)

where Fr is thruster force and p is the mooring displacement. The second loss
function is based on the reliability index,

5(t) = o — Telpn(t) — 9% i1, .q (35)

Ob k

giving

L(p) = KrFf + Kp®(—0), (36)
where p; = ®(—J) refers to the probability of failure, and & is the normal cu-
mulative distribution function. For each of these loss functions, the desired dis-
placement (4 1s calculated as input to a positioning control law. Generally, the
d-index-based loss function seems to allow for greater variations in offset than the
quadratic loss function.

Furthermore, reliability-based control is also possible to be applied to the ris-
ers. Leira et al. [45] 46| discussed the setpoint chasing control strategy and cal-
culation of top and bottom riser angles, and how to utilize the reliability index to
calculate the respective weights in the cost functions to determine which angle to
minimize. A problem in setpoint chasing for riser angle control is that minimiz-
ing the level for one angle typically implies that the other angle increases. Hence,
relative weights need to be inserted in the cost function to determine which angle
to prioritize. To determine the incremental changes in position/heading for the
DP vessel in setpoint chasing setup, Leira et al. [45, 46]] proposed a loss function
based on the top and bottom angles, that is,

L(atolﬂ abOt) = WtOp (a/t20p,a: + Oé?op,y) + WbOt (agot,ar + agot,y) ) (37)

25



440

445

450

455

465

where Qviop 2, Qropys Mpot,z» and et o, are the components of the top and bottom
angles in the x- and y-axes, respectively, and W,,, and W}, are the correspond-
ing weights. The angular components can next be expressed by the sum of the
present measured angles and the incremental angles due to an incremental change
of vessel position. The incremental vessel position is next expressed in terms of
influence coefficients (¢;op 2, Cropy) ANA (Coot,zs Chot ) Tepresenting the changes of
the respective angular components due to a unit change of vessel position. The
influence coefficients are typically given by a numerical model of the riser, e.g.
FEM, and they will typically change due to varying vessel position (nonlinear ge-
ometric characteristics of the riser), riser top tension (and possibly drilling mud
weight), surface current velocity, and current profile. A reliability index moni-
toring (or monitoring of maximum dynamic measured angles) can be applied to
determine when corrective action is needed, for instance when to update the set-
point chasing algorithm. Leira et al. [46] further explored the reliability-based
control scheme for riser angle control, where the reliability indices for the top and
bottom riser angles are more directly controlled. To this end, several object func-
tions based on the reliability indices for the riser angles are explored, and explicit
minima are calculated to directly provide new position setpoints “to chase” by the
DP system. It is noted that positioning based solely on LF quasistatic relationships
are not able to capture more dynamic effects properly. Reliability indices, on the
other hand, are able to capture the dynamic responses.

4.3.3. Setpoint calculation by lowpass filter

In the works by Nguyen and Sgrensen [9, [11]], the main contributions are the
extensions of the TAPM damping control with improved restoring and mean (in-
tegral) control. Setpoint chasing is here used by finding the equilibrium point for
zero thrusts. Using setpoint chasing together with integral control will help pre-
vent line break in extreme conditions by compensating better the mean drift forces
and moving the vessel closer towards the FZP. This is achieved by calculating a
critical offset radius based on the mooring line capacity, and using a safety mar-
gin, to not set the reference position outside this distance even if the equilibrium
position is such calculated; see Figure

Improved restoring control, given a desired position from the setpoint chasing
algorithm, is used to reduce oscillatory motions by use of a P-controller that shifts
the natural frequency of the moored vessel outside the frequency range of the
excitation loads. The desired equilibrium setpoint position (the setpoint chasing
position) is here implemented by a lowpass filter of the LF position of the vessel,
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that is,
psp =—-A (psp - p) (38)

where p € R? is the vessel LF position.

Moreover, based on the environmental condition, a table is proposed for when
to use the different TAPM control modes defined by heading control, damping
control, restoring control (P), and steady-state control (I). Restoring control de-
notes the negative feedback from the position or heading offset to introduce artifi-
cial stiffness to the control loop. Steady-state control, also called integral control,
implies the negative feedback using integral action in the control loop to slowly
reduce the mean steady-state offset to zero.

4.3.4. Other approaches

Besides, Sgrensen et al. [[17] mentioned advisory functions, such as Posmoor
consequence analysis and Posmoor simulator, in the ABB Posmoor control sys-
tem for the Varg FPSO. Imakita et al. [40] presented the IRE (Intelligent Riser
Estimator) that calculates the optimal reference position for vessel to minimize
riser angles - essentially a setpoint chasing reference filter, and the REAPS (Riser
End Angle Positioning System) that estimates the vessel movement by the riser
angle sensors, without having other position reference system available.

Due to the rapid development of neural networks and learning systems, the
learning algorithms are applied to calculate the optimal setpoints, for example,
trained artificial neural network [47] and reinforcement learning with a deep de-
terministic policy gradient approach [48]]. However, the challenges are to verify
the stability and robustness of these approaches.

Nonlinear control methods are applied in the setpoint chasing, e.g., finite-time
control [49]. Though it theoretically provides higher convergence rate, the ag-
gressive control algorithm demands high energy input, which conflicts with the
energy-efficient objective and propeller dynamics; therefore, the finite-time con-
trol seems not suitable for TAPM control systems. Other nonlinear feedback
mechanisms may, on the other hand, improve the performance compared to typi-
cal linear feedback.

An extra horizontal stiffness is added to the TAPM system with the involve-
ment of crane operations in [50]. The crane loads T . is here added to (31D,
and the setpoint is chosen to make the lift wire vertical.

4.4. Fault-tolerant control

Modeling of structural reliability to deduce reliability indices for the mooring
lines, for incorporation into the positioning control design, was provided in Leira
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et al. [45], Leira et al. [46], and Berntsen et al. [41], while a structural analysis of
the TAPM system with the objective of fault diagnosis and fault-tolerant control
(FTC) was described by Nguyen et al. [[10] and Fang and Blanke [51]].

To find a fault that has occurred, this involves 1) fault detection - to decide
whether a fault has occurred or not, 2) fault isolation - determine in which compo-
nent or function has the fault occurred, 3) fault identification - to identify the fault
candidate or type of failure mode (qualitatively), and 4) fault estimation - estimate
the size of the fault (quantitatively). A detected and identified fault in the con-
trol system is handled by reconfiguring the control loop, e.g. by using alternative
inputs and outputs, as well as online redesign the control law.

FTC is a separate and very important subject in thruster- and DP-aided PM
control systems. Faults in the pretension or mooring line break introduce signif-
icant structural changes to the system that must be detected and handled. Line
break is difficult to be observed by operator. Therefore, a variety of techniques
are applied to detect the break. A detected and identified fault in the control sys-
tem is handled by adapting or modifying the control parameters, without changing
the structure of the control system. This was considered already by Strand et al.
[8]. However, Nguyen et al. [10] proposed a formal scheme for fault detection and
fault accommodation of faults in the pretension or line break of mooring lines.

A graph-based structural analysis [52] was first carried out for a TAPM system
based on the Matlab toolbox SaTool [S3]. Parity relations based on the available
redundancies in the system are used to generate a residual vector to construct
a diagnosis algorithm capable of detecting and isolating faults in the mooring
system. Once a fault is detected, the control accommodation is used to make the
thruster-assistance take over the loss of mooring force and keep the vessel steady.

Later, a PhD study was performed by Fang [23] on FTC for TAPM systems.
The faults considered here were loss of a mooring line buoyancy element and
mooring line break. This included a complete structural analysis to generate resid-
ual signals and their statistical characteristics for fault detection in the system. A
setpoint chasing algorithm was employed to accommodate these faults. This was
based on a FEM model of the mooring lines and a setpoint generation based on
optionally minimizing the tension in the mooring lines or by minimizing an ob-
jective function based on the structural reliability indices for the mooring lines
[54].

The former does not take into account the dynamic effects in the mooring lines
since it is only based on the LF mooring line model. The reliability-index method,
on the other hand, does handle the dynamic effects of the fluctuating mooring line
tensions and, thus, gives improved fault-tolerance. Nevertheless, a challenge of
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ss0 the fault tolerant control is the undefined faults. If a specific failure mode is not
predefined in the algorithms, the detection algorithm may be insensitive to the
failure or give faulty detection, resulting in improper reaction to the failure mode.

4.5. Hybrid control concepts

Nguyen and Sgrensen [12] took the setpoint chasing design of [9, [11] a step

ses forward by introducing a supervisory (hybrid) switching algorithm that automat-

ically determines the current sea state, based on monitoring of the wave peak

frequency and the mean environmental load. Based on a hysteresis switching

logic, the best-fit model and corresponding controller is determined automatically
according to Figure [9]
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Figure 9: Supervisory switching control for a TAPM system based on sea state. (Courtesy: [12])

550 A set of control laws are proposed for heading control, surge-sway damp-
ing, surge-sway restoring and integral control, and a setpoint chasing strategy.
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These control laws are tabulated in Table where Hy, = diag (0,0, 1) and H,,, =
diag (1, 1,0) are projections enabling either heading or surge-sway control, re-
spectively, and Prgqf. {1} is the projection of the LF position of the vessel into

ss5  the safe region to minimize risk of line break. The switching of different algo-
rithms are listed as Table 31

Table 2: Hybrid switching.

Control actions Control laws

Integral action: E=n—ng

1. Heading PID control: T;)pid = —HwKZR(¢>T€ — HprR(w)T (7’] — 77d) — Hde (I/ — l/d>
2. Surge-sway damping: 7;Y = —H,, K4 (v — 1)

3. Surge-sway restoring: 7Y = —Hy K, R(¥) " (1 — 14)

4. Surge-sway mean: T = —H, K;R(¥) "¢

Setpoint normal sea: My = —An, + Anyy, Ney = PEp € R? (see )

Setpoint extreme sea: N = Praafe {Ney}

Table 3: Hybrid switching.

Heading Damping Restoring Mean Control action Setpoint Sea state

v 1 Calm

v v 1+2 Normal
v v v 1+2+3 Normal  Normal
v v v 1+2+4 Extreme Extreme
v v v v 1+2+3+4 Extreme Extreme

Simulations and experimental testing in NTNU Marine Cybernetics Labora-
tory (MCLab), carried out for the Norne FPSO, demonstrated the success of the
control strategies - especially for the last approach where the switching logic au-

se0 tomatically selected controller (without chattering) during a developing sea state
condition. This was concluded to enable an increased weather window for such
operations.

Mooring line failure detection and recovery can be achieved by supervisory
control. In Ren et al. [38], a bank of observers was designed to estimate the

ses moored vessel motion in different modes. The supervisor detects the mode with
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the minimum residual signal and switches to the controller designed for the corre-
sponding mode. Hassani et al. [S5] solved the problem using dynamic hypothesis
testing. The conditional probability of each hypothesis is calculated by running a
bank of Kalman filters.

4.6. Active tension control

For a specific mooring line connecting two points in space, the restoring force
at the top end increases with shortened line length. Based on such fact, active
tension control of the mooring lines can be implemented by controlling the winch
servo motors of the mooring lines placed on the vessel. The design target is to
reduce the loads on the thrusters in stationkeeping. The motivation stems from
TAPM in deeper waters where the thrusters are more used for stationkeeping, also
in normal conditions, to reduce the design dimensions of the mooring system.

Based on the availability of a DP system and continuous measurements of the
mooring line tensions, Aamo and Fossen [20] presented a finite-element model of
the mooring lines and shows that this model is passive from the winding velocity
of the tension control units to the upper end tensions. Hence, passive controllers
such as P, PI, and PID can be utilized to produce the allocated winch forces. Extra
care should be taken when using the control strategies. The mooring line should
be controlled and, meanwhile, ensure the structural safety by limiting the winch
motor rate and the tension below the moor line maximum strength.

4.7. Monitoring solutions using tension measurements

Besides the line break detection, the mooring line tension measurements are
very useful to estimate the unknown anchor positions and to estimate the under-
water depth-dependent current profile.

Since the tension force of a fixed-length mooring line acting on the top end
is proportional to its projection distance on the seafloor, a tension measurement
is transformed to a range signal using a line-of-sight assumption. Several aspects
must be considered in the range signal, including the fairleads, turret dynamics,
and slow-varying current profiles. An extended Kalman filter (EKF)-based simul-
taneous localization and mapping (SLAM) algorithm is adopted to estimate the
positions of both the unknown anchors and the COT [56, 57]]. Historical data are
collected and enter the estimator together with the real-time measurements. The
saved data of each period is considered to be a virtual vessel. The algorithm pro-
vides a redundant position reference signal to the moored structure, and it can
also detect the uncertain locations of the anchors. Sensitivity studies show that
the effects of the unknown underwater current are larger than the surface current.

31



605

610

615

620

625

630

635

The positioning accuracy can be improved by increasing the number of the virtual
vessels.

When the positions of the mooring line anchors and bottom end of a rigid
riser are known, the mooring line tensions and riser end angle can be applied to
estimate the two-dimensional current profile [S8]. The underwater current profile
is distinguishable with these measurements. The WF motions are assumed as
white noise, which is eliminated by the mean value over a period.

5. Conclusions

Technical innovations of TAPM systems in the past decades have greatly im-
proved the energy efficiency, structural safety, and system robustness of medium-
to-long-term deepwater operations. As a relative to the DP control system, the
modeling and control designs of a TAPM system have a higher complexity due
to the involvement of the mooring system, resulting in various levels of modeling
simplification, diverse control objectives, and additional failure modes. The oper-
ational criteria vary with the working environmental conditions, projects, auxiliary
components, etc. All these changes introduce significant challenges in the control
design of TAPM systems. The survey presents the theoretical development, from
the basic PID controller to advanced control strategies.

A simplified model of the mooring system, including the kinematics and ki-
netics, is presented for the purpose of control design, and high-fidelity modeling
approaches are proposed to simulate the coupled TAPM system as realistic as pos-
sible. Commercial software is developed to simulate the moored vessel dynamics
and conduct reliability analysis for the mooring system.

A safety region is preset to limit the motion scope of the moored structure ac-
cording to the fuel consumption and structural safety. In the region, the structural
reliability of the mooring system and riser system are of concern. Heading con-
trol and damping control are the fundamental functionalities of a TAPM system.
In high seas, roll-pitch damping control is considered by modifying the typical
feedback control law. To avoid the severe consequences of a mooring line break,
detection algorithms should run in parallel.

Numerous setpoint chasing algorithms are proposed to calculate the optimized
setpoint. The optimization is based on a virtual FEM model or tension measure-
ments using the structural reliability index. Fault-tolerant control is adopted to
detect the system failures and compensate for the loss of mooring force. Hybrid
control using a switching logic is employed to optimize the system performance
in different sea states and failure modes. Instead of controlling the DP system,

32



640

645

650

655

660

665

active tension control can be achieved by controlling the winch servo motor to
control the restoring force provided by each mooring line.

Mooring line tension measurements is a promising supplement to typical sen-
sor outputs. It is possible to estimate the unknown anchor positions and on-site
current profile.
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Appendix. Notations

The abbreviations and variables used in the present survey are listed in Table 4]
and [5] respectively.

39



Table 4: Abbreviations in the present survey.

BTM Buoyant turret mooring

CALM Catenary anchor leg mooring

COT Center of turret

DOF Degree of freedom

DP Dynamic positioning

EKF Extended Kalman filter

FEM Finite element method

FSO Floating storage and offloading
FPSO Drilling, floating production, storage, and offloading
FZPp Field zero point

LF Low-frequency

MCLab Marine Cybernetics Laboratory

PID Proportional-integral-derivative

PM Position mooring

RTM Riser turret mooring

SPM Single-point mooring

SALM Single anchor leg mooring
SALMRA Single anchor leg mooring rigid arm
SALS Single anchor meg storage

SBS Single Bouy Storage

SLAM Simultaneous localization and mapping
STD Standard deviation

TAPM Thruster-assisted position mooring
TP Terminal points

WF Wave-frequency

40



Table 5: Notations in the present survey.

b, yb, 2
Tdy Yd> Vd
P
n
d

n(v), Ca(vr)
D(v,)
My, M,
R, Ry
Tenv
Twind
Twave2
Timoor
Tthr
b
K,, K;, Kq
Kr, Kp
Wiops Woot

Body-fixed frame

Reference-parallel frame

Earth-fixed frame

Turret-fixed frame

Real number

Axesin {E}

Surge velocity, sway velocity, and yaw rate
Heading

Axes in { B}

Desired horizontal position and heading
Horizontal position

Vector of horizontal position and heading
Desired horizontal position and heading
3DOF velocity vector

Relative velocity between vessel and ocean fluid
Current speed

Current direction

Constant current

Water depth

Rigid-body and added-mass induced Coriolis matrices
Nonlinear damping matrix

Rigid-body inertia and added mass matrices
3DOF and 2DOF rotation matrices
Environmental loads

Wind loads

2nd-order wave drift loads

Loads from the mooring lines

Thruster forces and moment

Bias force vector

Control gain matrices

Matrices

Weighting matrices

or

On
H

H

fu, fr
Vi

Qtops Xpot
Ctops Chot
Aimoor
Gmoor

h;

Ti

Qt

Ty

1

Hd

L

O

ds

Py

Ok

Obk

Fr

Number of mooring lines

Index of a mooring line

Mooring line lay angle

Horizontal length between TP and touchdown point
Horizontal length from the TP to the anchor point
Suspended length

Total length of the line

Mooring line tension

Dynamic tension

Static tension

Dynamic horizontal force

horizontal component of mooring line tension
Static horizontal force

Functions

Angle of the i’th terminal point TP; in {T}
Top and bottom angles

Change of the respective angular component
Damping mooring forces

Restoring mooring forces

Restoring force vector in the horizontal plane
Radius of turret

Rotation angle of the turret

Mean breaking strength

Mooring displacement

Desired displacement

Loss function

Index accounting for breaking probability of mooring line

Lower threshold of an index
Probability of failure

STD of low- and high-frequency variation of the tension

STD of the mean breaking strength
Thruster force
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