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A B S T R A C T

This review presents a systematic summary of the state-of-the-art development of technolog-
ical solutions, modeling, and control strategies of thruster-assisted position mooring (TAPM)
systems. The survey serves as a starting point for exploring 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, i.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 environmental loads and avoiding
mooring line failure modes. One method for setpoint chasing is the use of a structural reliability
index, accounting for both mean mooring 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, in
addition to direct fault detection and isolation in the mooring system, incorporates 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 automatically selected among a bank of control and observer algorithms based
on the supervision of the sea-state and automatic switching logic.

1. Introduction

Stationkeeping operations are crucial to various offshore explorations, such as drilling, floating production, storage, and
offloading (FPSO), and offshore installation. 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.

∗ Corresponding author at: Department of Marine Technology, Norwegian University of Science and Technology (NTNU), NO-7491 Trondheim, Norway.
951-8339/© 2020 Elsevier Ltd. All rights reserved.

E-mail addresses: roger.skjetne@ntnu.no (R. Skjetne), zhengru.ren@ntnu.no (Z. Ren).

https://doi.org/10.1016/j.marstruc.2020.102830
Received 25 February 2020; Received in revised form 12 May 2020; Accepted 25 June 2020

http://www.elsevier.com/locate/marstruc
http://www.elsevier.com/locate/marstruc
mailto:roger.skjetne@ntnu.no
mailto:zhengru.ren@ntnu.no
https://doi.org/10.1016/j.marstruc.2020.102830
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marstruc.2020.102830&domain=pdf
https://doi.org/10.1016/j.marstruc.2020.102830


Marine Structures 74 (2020) 102830R. Skjetne and Z. Ren

i
l

a
a
m
c
t
d

a
W
F
n

T
a
S

2

t
w

v
a
o

a
1
s
w
t
t
t
[
i

A dynamic positioning (DP) system maintains the position and heading by thrusters, and it is suitable for temporary operations
n deep water. The most typical long-term stationkeeping operations are conducted using position mooring (PM) systems. Mooring
ines 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-
ssisted position mooring (TAPM), also called posmoor, with a controlled weather-vaning capability was first introduced [1]. In
ddition to a typical DP function, a TAPM system also contains a mooring system, which provides passive restoring forces and
oment. TAPM thus take benefits from both a passive mooring system and an active DP system. The mooring system mainly

ontributes to compensating the mean wave-induced or ice-induced loads, and the DP system is used as damping control for
he horizontal motions and maintain the desired heading in normal seas. Hence, TAPM is a fuel-efficiency solution for long-term
eepwater 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-
ssisted, position mooring systems in the context of state-of-the-art control system solutions during the last three–four decades.
ithout loss of generality, the TAPM systems work for many types of floating structures, such as FPSO and semi-submersibles.

PSOs are mainly adopted as examples to illustrate the concepts and designs. Admittedly, the references provided in this survey do
ot 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
APM systems. In Section 3, the kinematic and kinetic models of a TAPM system are reviewed. Moreover, the mooring line models
re introduced. The basic and more advanced control modes and strategies are described in Section 4. The paper is summarized in
ection 5.

. Historical developments of mooring solutions

The first FPSOs were converted trading tankers with a fully passive single-point mooring (SPM) system attached or incorporated
o 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
eather-vaning capability. Several solutions are listed as examples:

• CALM (Catenary Anchor Leg Mooring): The most elementary SPM, consisting of a floating moored buoy to which the vessel
is moored using a hawser arrangement; see Fig. 1. 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.

• 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 permanently moored storage tankers and for FPSO systems.

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

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

Moving from the SPM solutions, the next development was to attach the mooring structure directly to the bow or stern of the
essel using a turret. A fully passive turret assembly is integrated into a vessel and moored by mooring lines. A bearing system
llows the vessel to rotate around the turret. The turret can be attached to the bow of the vessel (external turret mooring system)
r integrated into the hull structure (internal turret mooring system); see Fig. 1(c).

According to De Boom [4], the first turret of this ‘‘relatively simple concept’’ was the stern-mounted turret mooring system for
mooring tanker rebuilt into a floating storage and offloading (FSO) unit installed on the Rospo Mare field offshore Italy in March
987. The first turret-based mooring system of a different kind, however, was the Jabiro disconnectable riser turret mooring (RTM)
ystem installed in 1986 for the Jabiro field in the Timor Sea, North of Australia. Since this field is exposed to tropical cyclones, it
as advantageous to reduce the design levels of the vessels by implementing a disconnectable turret to be able to move away from

he vessel in case of an approaching cyclone. Developed in the late 1980s, another disconnectable mooring system is the buoyant
urret mooring (BTM) system, shown in Fig. 1(d). The buoy supports the mooring lines and risers when the buoy disconnects with the
urret, and it is locked into the receptacle 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
cebergs’’, a highly relevant concept in development of Arctic offshore activities.

The development then went to constructing new-built vessels with a large diameter (up to 20m) 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 smallest. 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 between 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 approximate 1/3 vessel length from the bow.

FPSOs are typically designed either with the accommodation block aft and turret 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
2
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Fig. 1. Different mooring systems.
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Fig. 2. Historical developments of single-point mooring systems.
Source: Adapted from [5].

Fig. 3. Illustration of the Norne 6608/10 FPSO.
Source: Courtesy: Equinor.

to the bow. Placing the accommodation in the bow with the turret behind it, has the advantage 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 fluctuations 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 depends 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 (Fig. 1(e))), and the reader is referred to [3,5] for better explanations and illustrations. For more details of mooring
systems, details of mooring equipment, configurations, and operations, the reader is referred to the lecture presentations by Larsen
[6]. Fig. 2 gives an illustration of the mooring concept development.

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 Fig. 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.

Besides the SPM, there are multi-point mooring systems, e.g., the spread mooring system illustrated in Fig. 1(f). The vessel is
moored by multiple mooring lines and heads to the dominant wave direction.
4
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Fig. 4. Illustration of the vessel body frame, the turret frame with an angle of rotation 𝛼𝑡, and a typical symmetric mooring configuration.

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 Fig. 3. 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 (constant)
environmental loads without use of thrusters.

In accordance with [9–12], the field zero point (FZP) is defined as the equilibrium 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 Fig. 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 𝛼𝑡 about the 𝑧𝑏-axis in the body-fixed reference frame. This gives the four
reference frames of interest, as shown in Fig. 5. Hereafter, the curly brackets {⋅} denote coordinate systems.

• Earth-fixed frame {E}: The local coordinate system located at the mean sea level with the 𝑥-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.

• Body-fixed frame {B}: The coordinate system with an origin at a fixed center (CO) in the vessel hull, typically the CO is placed
on the waterline, i.e., (𝐿𝑝𝑝∕2, 𝐵∕2, 𝑧𝑊𝐿), with 𝑥𝑏-axis positive forward (surge), 𝑦𝑏-axis positive towards starboard (sway), and
𝑧𝑏-axis positive downwards.

• Turret-fixed frame {T}: Coordinate system fixed to the turret with an origin at the COT and rotated an angle 𝛼𝑡 relative to
body 𝑥-axis.

• Reference-parallel frame {D}: Desired earth-fixed reference frame located at the mean sea level with origin at a desired position
(𝑥 , 𝑦 ) and rotated to a desired heading angle 𝜓 .
5
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Fig. 5. Definition of reference frames. (E: Earth-fixed reference frame, B: Body-fixed reference frame, and T: Turret-fixed reference frame.).

Note that the superscript 𝑇 denotes vector decomposition in the coordinate system {T}, while ⊤ 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 𝜂 ∶= col(𝑥, 𝑦, 𝜓) where (𝑥, 𝑦) is the horizontal position and 𝜓 is the heading. Similarly, define 𝑢, 𝑣, and 𝑟 as surge
velocity, sway velocity, and yaw rate, respectively, such that 𝜈 ∶= col(𝑢, 𝑣, 𝑟) is the corresponding 3-degree-of-freedom (DOF) velocity
vector in {B}. The 3DOF velocity vector of the vessel body in {E}, �̇� = col(�̇�, �̇�, �̇�), is given by the kinematic relationship

�̇� = 𝑅(𝜓)𝜈, 𝑅(𝜓) =
⎡

⎢

⎢

⎣

cos𝜓 − sin𝜓 0
sin𝜓 cos𝜓 0
0 0 1

⎤

⎥

⎥

⎦

, (1)

where 𝑅(𝜓) is the 3DOF rotation matrix.
Based on the work by Strand et al. [8], we give notations for the mooring system. According to Fig. 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 𝐿𝑠, and 𝐿𝑡𝑜𝑡 is the

total length of the line. 𝐷 is the water depth, 𝑙ℎ is the horizontal length between TP and the touchdown point, and 𝐿ℎ is similarly
the horizontal length from the TP to the anchor point. Let 𝑝𝐸𝑡𝑝,𝑖 = (𝑥𝐸𝑡𝑝,𝑖, 𝑦

𝐸
𝑡𝑝,𝑖) be the position of the i’th terminal point TP𝑖 in {E}. If

the terminal points are located on a circle of radius 𝑟𝑖 and angle 𝛾𝑖 with respect to the COT, the constant position of TP𝑖 in {T} is

𝑝𝑇𝑡𝑝,𝑖 =

[

𝑥𝑇𝑡𝑝,𝑖
𝑦𝑇𝑡𝑝,𝑖

]

= 𝑟𝑖

[

cos 𝛾𝑖
sin 𝛾𝑖

]

. (2)

Let 𝑝𝐵𝑐𝑜𝑡 = (𝑥𝐵𝑐𝑜𝑡, 𝑦
𝐵
𝑐𝑜𝑡) be the constant position of the COT in {B}. This gives TP𝑖 in {B} as

𝑝𝐵𝑡𝑝,𝑖 = 𝑝𝐵𝑐𝑜𝑡 + 𝑅2(𝛼𝑡)𝑝𝑇𝑡𝑝,𝑖 (3)

where

𝑅2(𝛼𝑡) =
[

cos 𝛼𝑡 − sin 𝛼𝑡
sin 𝛼𝑡 cos 𝛼𝑡

]

(4)

is the 2 × 2 rotation matrix. Letting 𝑝𝐸 = (𝑥𝐸 , 𝑦𝐸 ) = (𝑥, 𝑦) be the position of the vessel body-frame in {E}, the corresponding TP𝑖
position in {E} becomes

𝑝𝐸𝑡𝑝,𝑖 = 𝑝𝐸 + 𝑅2(𝜓)𝑝𝐵𝑡𝑝,𝑖
= 𝑝𝐸 + 𝑅2(𝜓)𝑝𝐵𝑐𝑜𝑡 + 𝑅2(𝜓)𝑅2(𝛼𝑡)𝑝𝑇𝑡𝑝,𝑖
= 𝑝𝐸 + 𝑅2(𝜓)𝑝𝐵𝑐𝑜𝑡 + 𝑅2(𝜓 + 𝛼𝑡)𝑝𝑇𝑡𝑝,𝑖 (5)
6
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Fig. 6. Profile and notations for a mooring line.
Source: Adapted from [8].

or written out on scalar form,

𝑝𝐸𝑡𝑝,𝑖 =

[

𝑥𝐸 + 𝑥𝐵𝑐𝑜𝑡 cos𝜓 − 𝑦𝐵𝑐𝑜𝑡 sin𝜓 + 𝑥𝑇𝑡𝑝,𝑖 cos
(

𝜓 + 𝛼𝑡
)

− 𝑦𝑇𝑡𝑝,𝑖 sin
(

𝜓 + 𝛼𝑡
)

𝑦𝐸 + 𝑦𝐵𝑐𝑜𝑡 cos𝜓 + 𝑥𝐵𝑐𝑜𝑡 sin𝜓 + 𝑥𝑇𝑡𝑝,𝑖 sin
(

𝜓 + 𝛼𝑡
)

+ 𝑦𝑇𝑡𝑝,𝑖 cos
(

𝜓 + 𝛼𝑡
)

]

. (6)

The geometric equations are obviously simplified if one chooses the COT as origin also for the body-frame, such that 𝑝𝐵𝑐𝑜𝑡 = 0
and 𝑝𝐸𝑡𝑝,𝑖 = 𝑝𝐸 + 𝑅2(𝜓 + 𝛼𝑡)𝑝𝑇𝑡𝑝,𝑖. If we in addition assume that the turret is kept at a constant direction in {E}, then 𝛼𝑡 = −𝜓 and
𝑅2(𝛼𝑡) = 𝑅2(−𝜓) = 𝑅2(𝜓)⊤ such that 𝑝𝐸𝑡𝑝,𝑖 = 𝑝𝐸 + 𝑝𝑇𝑡𝑝,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 [13,14].

An irrotational ocean current with speed 𝑉𝑐 and direction 𝛽𝑐 in {E} is given by

𝑣𝐸𝑐 =
⎡

⎢

⎢

⎣

𝑉𝑐 cos 𝛽𝑐
𝑉𝑐 sin 𝛽𝑐

0

⎤

⎥

⎥

⎦

. (7)

We let the relative velocity between the vessel and the ocean fluid be 𝜈𝑟 ∶= 𝜈 − 𝜈𝑐 = (𝑢− 𝑢𝑐 , 𝑣− 𝑣𝑐 , 𝑟), where the irrotational (𝑟𝑐 = 0)
current velocity in {B} is

𝜈𝑐 = 𝑅(𝜓)⊤𝑣𝐸𝑐 = col(𝑢𝑐 , 𝑣𝑐 , 0).

This gives the LF model

𝑀𝑟𝑏�̇� +𝑀𝑎�̇�𝑟 + 𝐶𝑟𝑏(𝜈)𝜈 + 𝐶𝑎(𝜈𝑟)𝜈𝑟 +𝐷(𝜈𝑟)𝜈𝑟 = 𝜏𝑒𝑛𝑣 + 𝜏𝑚𝑜𝑜𝑟 + 𝜏𝑡ℎ𝑟, (8)

where 𝑀𝑟𝑏 and 𝑀𝑎 are the rigid-body inertia and added mass matrices, respectively, 𝐶𝑟𝑏(𝜈) and 𝐶𝑎(𝜈𝑟) are the rigid-body and added-
mass induced Coriolis matrices, respectively, and 𝐷(𝜈𝑟) is the nonlinear damping matrix. The right-hand side environmental loads
𝜏𝑒𝑛𝑣 are due to are the wind loads 𝜏𝑤𝑖𝑛𝑑 and 2nd-order wave drift loads 𝜏𝑤𝑎𝑣𝑒2, that is,

𝜏𝑒𝑛𝑣 = 𝜏𝑤𝑖𝑛𝑑 + 𝜏𝑤𝑎𝑣𝑒2. (9)

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

𝑀 �̇� + 𝐶 (𝜈)𝜈 =𝑀 �̇� + 𝐶 (𝜈 )𝜈 . (10)
7
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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

This gives

𝑀�̇�𝑟 + 𝐶(𝜈𝑟)𝜈𝑟 +𝐷(𝜈𝑟)𝜈𝑟 = 𝜏𝑒𝑛𝑣 + 𝜏𝑚𝑜𝑜𝑟 + 𝜏𝑡ℎ𝑟, (11)

where 𝑀 =𝑀𝑟𝑏 +𝑀𝑎 and 𝐶(𝜈𝑟) = 𝐶𝑟𝑏(𝜈𝑟) + 𝐶𝑎(𝜈𝑟).
For the 3DOF low-speed control application, it is common to assume that 𝐶(𝜈𝑟)𝜈𝑟 ≈ 0 and 𝐷(𝜈𝑟)𝜈𝑟 ≈ 𝐷𝑙𝑖𝑛𝜈𝑟 = 𝐷𝑙𝑖𝑛𝜈 −𝐷𝑙𝑖𝑛𝜈𝑐 . This

gives two options for LF control models:

(1) Using 𝜈𝑟 as the velocity state, we must also change (1) such that

�̇� = 𝑅(𝜓)𝜈𝑟 + 𝑣𝐸𝑐 (12)

𝑀�̇�𝑟 +𝐷𝑙𝑖𝑛𝜈𝑟 = 𝑅(𝜓)⊤𝑏(𝑡) + 𝜏𝑤𝑖𝑛𝑑 + 𝜏𝑚𝑜𝑜𝑟 + 𝜏𝑡ℎ𝑟, (13)

where the constant current 𝑣𝐸𝑐 enter as a constant perturbation in the kinematic equation, and the bias force 𝑏(𝑡) in {E} models
𝑅(𝜓)⊤𝑏(𝑡) ≈ 𝜏𝑤𝑎𝑣𝑒2.

(2) Using the absolute velocity 𝜈 as the velocity state, we get

�̇� = 𝑅(𝜓)𝜈 (14)

𝑀�̇� +𝐷𝑙𝑖𝑛𝜈 = 𝑅(𝜓)⊤𝑏(𝑡) + 𝜏𝑤𝑖𝑛𝑑 + 𝜏𝑚𝑜𝑜𝑟 + 𝜏𝑡ℎ𝑟, (15)

where the bias force 𝑏(𝑡) in {E} now models 𝑅(𝜓)⊤𝑏(𝑡) ≈ 𝐷𝑙𝑖𝑛𝜈𝑐 + 𝜏𝑤𝑎𝑣𝑒2.

In the following, we will derive the mooring loads 𝜏𝑚𝑜𝑜𝑟, consisting of a restoring term and a damping term, that is

𝜏𝑚𝑜𝑜𝑟 = 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 mooring 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], Sørensen et al.
[21], Aamo and Fossen [22], and Fang [23]. Aamo and Fossen [22] discussed the global existence and uniqueness 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 initialized 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 calculated 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 1.

Some available software packages for TAPM systems are summarized as follows. The Mimosa for mooring systems is a module of
the DNV GL Sesam software 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
floating vessel. The updated version of MarIn toolbox [26] contains the necessary modules to simulate the turret dynamics and
mooring lines for the purpose of control design. Besides, position-based dynamics method [27] is similar to the FEM model.

3.2.1. Mooring line restoring forces
From Fig. 6 we get for Line 𝑖 that the horizontal force 𝐻𝑖 is directed from the anchor point 𝑝𝐸𝑎,𝑖 = (𝑥𝐸𝑎,𝑖, 𝑦

𝐸
𝑎,𝑖) to the corresponding

terminal point 𝑝𝐸𝑡𝑝,𝑖 = (𝑥𝐸𝑡𝑝,𝑖, 𝑦
𝐸
𝑡𝑝,𝑖) by the angle 𝛽𝑖 with respect to the North-axis, as shown in Fig. 7. This gives

𝛽𝑖 = arg
(

𝑝𝐸𝑡𝑝,𝑖 − 𝑝
𝐸
𝑎,𝑖

)

= arctan

(

𝑦𝐸𝑡𝑝,𝑖 − 𝑦
𝐸
𝑎,𝑖

𝐸 𝐸

)

. (17)
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Fig. 7. Notations for a single catenary mooring line.

From Line 𝑖, in {E} we then get the force vector

ℎ𝑖 =
[

ℎ𝑥,𝑖
ℎ𝑦,𝑖

]

=
[

𝐻𝑖 cos 𝛽𝑖
𝐻𝑖 sin 𝛽𝑖

]

, (18)

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

With reference to Fig. 7, we can express the corresponding load vector in the body-frame in two alternative ways. In the first
method, we rotate ℎ𝑖 to {B} and calculates the corresponding force and moment components that ℎ𝑖 induces on the vessel in the
body frame. Let 𝑔𝐵𝑚𝑜,𝑖 be the mooring force and moment for Line 𝑖 in {B}. Then we get

𝑔𝐵𝑚𝑜,𝑖(ℎ𝑖, 𝜓, 𝛼𝑡) =

[

−𝑅2(𝜓)⊤ℎ𝑖
−𝑝𝐵𝑡𝑝,𝑖 × 𝑅2(𝜓)⊤ℎ𝑖

]

=
⎡

⎢

⎢

⎣

−1 0
0 −1
𝑦𝐵𝑡𝑝,𝑖 −𝑥𝐵𝑡𝑝,𝑖

⎤

⎥

⎥

⎦

𝑅2(𝜓)⊤ℎ𝑖

=

⎡

⎢

⎢

⎢

⎣

−ℎ𝑥,𝑖 cos𝜓 − ℎ𝑦,𝑖 sin𝜓
−ℎ𝑦,𝑖 cos𝜓 + ℎ𝑥,𝑖 sin𝜓

ℎ𝑦,𝑖
(

𝑦𝐵𝑡𝑝,𝑖 sin𝜓 − 𝑥𝐵𝑡𝑝,𝑖 cos𝜓
)

+ ℎ𝑥,𝑖
(

𝑦𝐵𝑡𝑝,𝑖 cos𝜓 + 𝑥𝐵𝑡𝑝,𝑖 sin𝜓
)

⎤

⎥

⎥

⎥

⎦

(19)

and 𝑔𝑚𝑜𝑜𝑟 becomes

𝑔𝑚𝑜𝑜𝑟 =
𝑁
∑

𝑖=1
𝑔𝐵𝑚𝑜,𝑖(ℎ𝑖, 𝜓, 𝛼𝑡). (20)

In the second method we first derive the mooring force and moment components in {E}. Correspondingly, let 𝑔𝐸𝑚𝑜,𝑖 be the mooring
force and moment for Line 𝑖 in {E}. This gives

𝑔𝐸𝑚𝑜,𝑖(ℎ𝑖, 𝜓, 𝛼𝑡) =

[

−ℎ𝑖
−
(

𝑝𝐸𝑡𝑝,𝑖 − 𝑝
𝐸
)

× ℎ𝑖

]

=

[

−ℎ𝑖
−𝑅2(𝜓)𝑝𝐵𝑡𝑝,𝑖 × ℎ𝑖

]

(21)

=
⎡

⎢

⎢

⎣

−1 0
0 −1
�̄� −�̄�

⎤

⎥

⎥

⎦

[

ℎ𝑥,𝑖
ℎ𝑦,𝑖

]

𝑔𝐵𝑚𝑜,𝑖(ℎ𝑖, 𝜓, 𝛼𝑡) = 𝑅(𝜓)⊤𝑔𝐸𝑚𝑜,𝑖(ℎ𝑖, 𝜓, 𝛼𝑡), (22)

where �̄� = 𝑦𝐸𝑡𝑝,𝑖 − 𝑦
𝐸 and �̄� = 𝑥𝐸𝑡𝑝,𝑖 − 𝑥

𝐸 . The total restoring force is a superposition of all mooring lines. Then 𝑔𝑚𝑜𝑜𝑟 becomes

𝑔𝑚𝑜𝑜𝑟 =
𝑁
∑

𝑔𝐵𝑚𝑜,𝑖(ℎ𝑖, 𝜓, 𝛼𝑡) = 𝑅(𝜓)⊤
𝑁
∑

𝑔𝐸𝑚𝑜,𝑖(ℎ𝑖, 𝜓, 𝛼𝑡). (23)
9
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To get a quasistatic approximation for ℎ𝑖, it is common to assume that the line tension 𝑇 and its horizontal component 𝐻 are
superpositions of static terms �̄� and �̄� and dynamic terms 𝛿𝑇 and 𝛿𝐻 , respectively, such that

𝑇 = �̄� + 𝛿𝑇 , 𝐻 = �̄� + 𝛿𝐻 . (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,

�̄� = 𝑓𝑇 (𝐿ℎ), �̄� = 𝑓𝐻 (𝐿ℎ), (25)

where 𝐿ℎ ∶= |

|

|

𝑝𝐸𝑎 − 𝑝𝐸𝑡𝑝
|

|

|

. The details on this is found in [28]. The line characteristics can be linearized around a working point 𝐿ℎ0
according to

�̄� = �̄�0 +
𝑑𝑓𝐻 (𝐿ℎ)
𝑑𝐿ℎ

|𝐿ℎ=𝐿ℎ0𝛥𝐿ℎ, �̄�0 ∶= 𝑓𝐻 (𝐿ℎ0). (26)

Letting 𝑝𝐸𝑡𝑝,𝑖,0 denote the nominal position of TP𝑖 in {E} (with COT colocated with the FZP). The linearization for Line 𝑖 is done
at 𝐿ℎ0,𝑖 ∶=

|

|

|

𝑝𝐸𝑡𝑝,𝑖,0 − 𝑝
𝐸
𝑎,𝑖
|

|

|

such that

�̄�𝑖 = �̄�𝑖(𝑝𝐸𝑡𝑝,𝑖) = �̄�0,𝑖 + 𝑘𝑖
(

|

|

|

𝑝𝐸𝑡𝑝,𝑖 − 𝑝
𝐸
𝑎,𝑖
|

|

|

− |

|

|

𝑝𝐸𝑡𝑝,𝑖,0 − 𝑝
𝐸
𝑎,𝑖
|

|

|

)

, (27)

where 𝑝𝐸𝑡𝑝,𝑖 = 𝑝𝐸𝑡𝑝,𝑖(𝜂, 𝛼𝑡). This implies that the restoring force 𝑔𝑚𝑜𝑜𝑟 is approximated as a function only of the LF position/heading of
the ship, that is,

𝑔𝑚𝑜𝑜𝑟 = �̄�𝑚𝑜𝑜𝑟(𝜂, 𝛼𝑡), (28)

by replacing 𝐻𝑖 by �̄�𝑖 in (18).
Sørensen et al. [17] assumed that fixed anchor line length and that the current profile does not influence the line profile. In

this case, (16) can be approximated by a 1st-order Taylor expansion of the quasistatic restoring mooring force (28) and about the
working point 𝜂 = 𝜂0 (where the COT is colocated with the FZP). This gives the linearized restoring loads

𝑔𝑚𝑜𝑜𝑟 ≈ �̄�𝑚𝑜𝑜𝑟(𝜂0, 𝛼𝑡) − 𝑅(𝜓)⊤𝐺𝑚𝑜(𝜂 − 𝜂0). (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:

• 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.

• 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:

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

• 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 damping coefficient”.

• Since a mooring system provides low natural periods, of the order of 100 s, LF excitations such as wave drift forces and
unsteady wind forces, may excite resonant oscillations of significant amplitudes: “At resonance the maximum amplitude motion,
and peak slowly-varying mooring forces, are primarily controlled by damping” [30].

As noted by Huse and Matsumoto [29], the wave-induced motions of the vessel 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 approximating (16) by a 1st-order Taylor expansion of 𝑑𝑚𝑜𝑜𝑟 about the working point
𝜈 = 0. This gives

𝑑𝑚𝑜𝑜𝑟 ≈ −𝐷𝑚𝑜𝜈. (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 𝜂0 = 0. Using the absolute velocity 𝜈 as the velocity
state and utilizing the simplifications, we arrive at the model

�̇� = 𝑅(𝜓)𝜈, (31a)
10
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𝑀�̇� +𝐷𝜈 + 𝑅(𝜓)⊤𝐺𝑚𝑜𝜂 = 𝜏𝑡ℎ𝑟 + 𝑅(𝜓)⊤𝑏(𝑡) + 𝜏𝑤𝑖𝑛𝑑 + �̄�𝑚𝑜𝑜𝑟(0, 𝛼𝑡), (31b)

where 𝐷 ∶= 𝐷𝑙𝑖𝑛 +𝐷𝑚𝑜, and the bias force 𝑏(𝑡) in {E} models 𝑅(𝜓)⊤𝑏(𝑡) ≈ 𝐷𝑙𝑖𝑛𝜈𝑐 + 𝜏𝑤𝑎𝑣𝑒2. This could also include �̄�𝑚𝑜𝑜𝑟(0, 𝛼𝑡), which in
he 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
o keep �̄�𝑚𝑜𝑜𝑟 explicit.

. Control strategies

.1. Overview

Eq. (31) acts as a starting point of most studies. It is in strict-feedback form with unknown external disturbances [31]. System
31) has a similar form to the typical state space equation of a DP system. Therefore, relevant DP control algorithms can be adjusted
o TAPM easily. However, the control strategies are different due to the fundamental distinction in the control objectives by the
mployment of the mooring system. The mooring system provides passive restoring force and reduces the power consumption by the
hruster systems, making TAPM systems more energy efficient. The analysis by Jenssen [32] illustrated the importance of including
he mooring dynamics into the DP control system for a TAPM solution, either moored to seabed, moored to another stiffly moored
essel, 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
ow-frequency damping and the remaining capacity to produce restoring forces. This will position the ship at a mean excursion with
mall fluctuations. The second one is to use the thruster system to produce maximum restoring and remaining capacity to produce
amping. 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 between energy consumption and operation safety (drift
nd line break). To improve fuel efficiency, a maximized usage of the mooring system is desired. The major approach to ensure
he system reliability is to restrict the displacement in the horizontal plane. In practice, these two targets conflict with each other.
ence, the control objectives are differentiated between operation modes and various environmental conditions.

Heading control is the first priority to keep an optimized heading angle with carefully selected restoring and damping gains.
hereafter, 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;
ee the green zone in Fig. 8. Inside this, the probability of line break is minimal, while outside there is an unacceptable risk of a
ine break in the mooring system. In addition to the mooring system, the other core components, such as riser and drill, may break
hen the vessel drifts away from the safe region. The thruster system only provides additional damping when the floating structure

tays in a safe region in calm and normal seas. To save fuel, the thruster usage should be minimized within the safety limit, while
utside the safety limit thrust must be used to bring the vessel back in and maintain a position within the safety circle. It may be
ecessary to also define an intermediate yellow alert zone. The thruster system gives extra restoring force to guarantee the structural
nd operational safety in extreme seas. An improper heading may increase wave loads acting on the vessel, resulting in growing
ower 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
xtra 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 specific control objective in different weather conditions.
e consider four basic control modes in a TAPM system, i.e., heading control, surge-sway damping control, roll–pitch control,

nd line break detection and compensation. Advanced functionalities are the extensions of the basic control modes. The advanced
unctionalities are setpoint chasing, fault-tolerant control, hybrid control, and active tension control. Besides, mooring tension
easurements can be used in position estimation. Experimental setup of a TAPM systems can be achieved by hybrid model

esting [33,34].

.2. Basic control modes

.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

or the performance of TAPM. For non-colinear environmental loads, heading control can be difficult, since large waves may enter
rom an oblique angle and push the heading from its equilibrium. Rapid changes in yaw can deteriorate the platform’s performance
n 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
xternal environmental loads on the TAPM vessel. With the turret located ahead of midship, the earth-fixed location of the turret
s the DP reference point, and the vessel CG should be controlled on a circle around the turret point. Heading should be controlled
uch that the vessel centerline points towards the turret equilibrium point [1]. Strand et al. [8] and Sørensen et al. [17] proposed
estoring, damping, and integral control (e.g., PID) to actively control the vessel heading to a desired heading against the mean
nvironmental loads. Integral control is the negative feedback using integral action in the control loop to slowly reduce the mean
teady-state offset to zero. As an alternative to integral action on the position offset, Aalbers et al. [1] proposed using a Kalman
ilter 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 [35,36]), where either the
ptimal desired heading is automatically estimated through the environmental loads on the vessel or by controlling the vessel
n the environmental force field to mimic a pendulum in a gravity field such that the heading is automatically maintained at the
11
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Fig. 8. Safe positioning strategies for a thruster-assisted TAPM system. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

4.2.2. Surge-sway damping control
Instead of keeping the vessel exactly at a point, damping control plays an important 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 position is allowed to
move in a safe region. Damping control in surge and sway is proposed by Strand et al. [8], Sørensen 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 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 optimal 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 oscillatory motions through a proportional controller. The influences of setpoints
were studied in Wang et al. [39].
12
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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 Sørensen

t al. [21], “the most limiting operational factor in drilling is the tolerance for riser angle deviation relative to the wellhead at the
op 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 minimizing 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 calculating 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 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 matrices and further by linearizing 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 considerable 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 methods using the structural reliability index were

studied [41,42]. Structural reliability index, an online index 𝛿𝑘(𝑡) 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 𝛿𝑠 be a lower threshold,
𝛿𝑘(𝑡) < 𝛿𝑠 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(𝛿𝑘(𝑡)) ≥ 𝛿𝑠.

Based on the mooring line failure, the reliability index is expressed in terms of the tension by

𝛿𝑘(𝑡) =
𝑇𝑏,𝑘 − 𝑘𝑘𝜎𝑘 − 𝑇𝑘(𝜇𝑘,𝐿𝐹 (𝑡))

𝜎𝑏,𝑘
, 𝑘 = 1,… , 𝑁, (32)

where 𝑇𝑏,𝑘 is the mean breaking strength, 𝜎𝑘 is the standard deviation (STD) of the low- and high-frequency variation of the tension,
𝑘𝑘 is a scaling factor, 𝑇𝑘(𝜇𝑘,𝐿𝐹 ) is the LF mooring tension, and 𝜎𝑏,𝑘 is the STD of the mean breaking strength. Given the worst case
(smallest) reliability index over 𝑞 time instants,

𝛿𝑗 (𝑡) ∶= min
𝑘∈{1,…,𝑞}

𝛿𝑘(𝑡), (33)

the control objective is formulated to control (𝜈, 𝜓, 𝛿𝑗 ) → (0, 𝜓𝑠, 𝛿𝑠). However, as pointed out by the authors, controlling 𝛿𝑗 → 𝛿𝑠 does
not make sense in the case for environmental conditions where 𝛿𝑗 (𝑡) > 𝛿𝑠, 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(𝜇) = 𝐾𝑇𝐹
2
𝑇 +𝐾𝐹𝜇2, (34)

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

𝛿(𝑡) =
𝑇𝑏,𝑘 − 𝑇𝑘(𝜇𝑘(𝑡)) − 𝑔𝜎𝑘

𝜎𝑏,𝑘
, 𝑖 = 1,… , 𝑞, (35)

giving

𝐿(𝜇) = 𝐾𝑇𝐹
2
𝑇 +𝐾𝑃𝛷(−𝛿), (36)

where 𝑝𝑓 = 𝛷(−𝛿) refers to the probability of failure, and 𝛷 is the normal cumulative distribution function. For each of these loss
functions, the desired displacement 𝜇𝑑 is calculated as input to a positioning control law. Generally, the 𝛿-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 risers. Leira et al. [45,46] discussed the setpoint chasing
control strategy and calculation 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
minimizing 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(𝛼 , 𝛼 ) = 𝑊
(

𝛼2 + 𝛼2
)

+𝑊
(

𝛼2 + 𝛼2
)

, (37)
13
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where 𝛼𝑡𝑜𝑝,𝑥, 𝛼𝑡𝑜𝑝,𝑦, 𝛼𝑏𝑜𝑡,𝑥, and 𝛼𝑏𝑜𝑡,𝑦 are the components of the top and bottom angles in the 𝑥- and 𝑦-axes, respectively, and 𝑊𝑡𝑜𝑝
and 𝑊𝑏𝑜𝑡 are the corresponding 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 (𝑐𝑡𝑜𝑝,𝑥, 𝑐𝑡𝑜𝑝,𝑦) and (𝑐𝑏𝑜𝑡,𝑥, 𝑐𝑏𝑜𝑡,𝑦) representing 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 geometric characteristics of the riser), riser top tension
(and possibly drilling mud weight), surface current velocity, and current profile. A reliability index monitoring (or monitoring of
maximum dynamic measured angles) can be applied to determine when corrective action is needed, for instance when to update
the setpoint 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 functions 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 Sørensen [9,11], the main contributions are the extensions of the TAPM damping control with

improved restoring and mean (integral) control. Setpoint chasing is here used by finding the equilibrium point for zero thrusts.
Using setpoint chasing together with integral control will help prevent 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 margin, to not set the reference position outside this distance even if the equilibrium
position is such calculated; see Fig. 8.

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, that is,

�̇�𝑠𝑝 = −𝛬
(

𝑝𝑠𝑝 − 𝑝
)

(38)

where 𝑝 ∈ R2 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 denotes the negative
feedback from the position or heading offset to introduce artificial 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, Sørensen et al. [17] mentioned advisory functions, such as Posmoor consequence analysis and Posmoor simulator, in the

ABB Posmoor control system 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 deterministic 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 aggressive control algorithm demands high energy input, which conflicts with the energy-efficient
objective and propeller dynamics; therefore, the finite-time control seems not suitable for TAPM control systems. Other nonlinear
feedback mechanisms may, on the other hand, improve the performance compared to typical linear feedback.

An extra horizontal stiffness is added to the TAPM system with the involvement of crane operations in [50]. The crane loads
𝜏𝑐𝑟𝑎𝑛𝑒 is here added to (31b), 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 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 component 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 control system is handled by reconfiguring the control loop, e.g. by using alternative inputs and outputs,
as well as online redesign the control law.
14



Marine Structures 74 (2020) 102830R. Skjetne and Z. Ren
Fig. 9. Supervisory switching control for a TAPM system based on sea state.
Source: Courtesy: [12].

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 significant 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 system 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 [53]. 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 residual 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 objective 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 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 Sørensen [12] took the setpoint chasing design of [9,11] a step forward by introducing a supervisory (hybrid)
switching algorithm that automatically 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 Fig. 9.

A set of control laws are proposed for heading control, surge-sway damping, surge-sway restoring and integral control, and a
setpoint chasing strategy. These control laws are tabulated in Table 2, where 𝐻𝜓 = diag (0, 0, 1) and 𝐻𝑥𝑦 = diag (1, 1, 0) are projections
enabling either heading or surge-sway control, respectively, and Pr𝑆𝑎𝑓𝑒

{

𝜂𝑥𝑦
}

is the projection of the LF position of the vessel into
the safe region to minimize risk of line break. The switching of different algorithms are listed as Table 3.
15
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Table 2
Hybrid switching.

Control actions Control laws

Integral action: �̇� = 𝜂 − 𝜂𝑑
1. Heading PID control: 𝜏𝜓𝑝𝑖𝑑 = −𝐻𝜓𝐾𝑖𝑅(𝜓)⊤𝜉 −𝐻𝜓𝐾𝑝𝑅(𝜓)⊤

(

𝜂 − 𝜂𝑑
)

−𝐻𝜓𝐾𝑑
(

𝜈 − 𝜈𝑑
)

2. Surge-sway damping: 𝜏𝑥𝑦𝑑 = −𝐻𝑥𝑦𝐾𝑑
(

𝜈 − 𝜈𝑑
)

3. Surge-sway restoring: 𝜏𝑥𝑦𝑝 = −𝐻𝑥𝑦𝐾𝑝𝑅(𝜓)⊤
(

𝜂 − 𝜂𝑑
)

4. Surge-sway mean: 𝜏𝑥𝑦𝑝 = −𝐻𝑥𝑦𝐾𝑖𝑅(𝜓)⊤𝜉
Setpoint normal sea: �̇�𝑟 = −𝛬𝜂𝑟 + 𝛬𝜂𝑥𝑦 , 𝜂𝑥𝑦 = 𝑝𝐸𝐿𝐹 ∈ R2 (see (38))
Setpoint extreme sea: 𝜂𝑟 = Pr𝑆𝑎𝑓𝑒

{

𝜂𝑥𝑦
}

Table 3
Hybrid switching.

Heading Damping Restoring Mean Control action Setpoint Sea state

✓ 1 Calm
✓ ✓ 1+2 Normal
✓ ✓ ✓ 1+2+3 Normal Normal
✓ ✓ ✓ 1+2+4 Extreme Extreme
✓ ✓ ✓ ✓ 1+2+3+4 Extreme Extreme

Simulations and experimental testing in NTNU Marine Cybernetics Laboratory (MCLab), carried out for the Norne FPSO,
emonstrated the success of the control strategies — especially for the last approach where the switching logic automatically selected
ontroller (without chattering) during a developing sea state condition. This was concluded to enable an increased weather window
or such operations.

Mooring line failure detection and recovery can be achieved by supervisory control. In Ren et al. [38], a bank of observers was
esigned to estimate the moored vessel motion in different modes. The supervisor detects the mode with the minimum residual
ignal and switches to the controller designed for the corresponding mode. Hassani et al. [55] solved the problem using dynamic
ypothesis testing. The conditional probability of each hypothesis is calculated by running a bank of Kalman filters.

.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.
ased on such fact, active tension control of the mooring lines can be implemented by controlling the winch servo motors of the
ooring lines placed on the vessel. The design target is to reduce the loads on the thrusters in stationkeeping. The motivation stems

rom TAPM in deeper waters where the thrusters are more used for stationkeeping, also in normal conditions, to reduce the design
imensions of the mooring system.

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

.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
nd to estimate the underwater 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
eafloor, a tension measurement is transformed to a range signal using a line-of-sight assumption. Several aspects must be considered
n the range signal, including the fairleads, turret dynamics, and slow-varying current profiles. An extended Kalman filter (EKF)-
ased simultaneous localization and mapping (SLAM) algorithm is adopted to estimate the positions of both the unknown anchors
nd the COT [56,57]. Historical data are collected and enter the estimator together with the real-time measurements. The saved
ata of each period is considered to be a virtual vessel. The algorithm provides a redundant position reference signal to the moored
tructure, and it can also detect the uncertain locations of the anchors. Sensitivity studies show that the effects of the unknown
nderwater current are larger than the surface current. The positioning accuracy can be improved by increasing the number of the
irtual vessels.

When the positions of the mooring line anchors and bottom end of a rigid riser are known, the mooring line tensions and riser
nd angle can be applied to estimate the two-dimensional current profile [58]. The underwater current profile is distinguishable
16
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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
FZP 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

5. Conclusions

Technical innovations of TAPM systems in the past decades have greatly improved the energy efficiency, structural safety, and
ystem robustness of medium-to-long-term deepwater operations. As a relative to the DP control system, the modeling and control
esigns of a TAPM system have a higher complexity due to the involvement of the mooring system, resulting in various levels
f modeling simplification, diverse control objectives, and additional failure modes. The operational criteria vary with the working
nvironmental conditions, projects, auxiliary components, etc. All these changes introduce significant challenges in the control design
f 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 kinetics, is presented for the purpose of control design,
nd high-fidelity modeling approaches are proposed to simulate the coupled TAPM system as realistic as possible. Commercial
oftware 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 according to the fuel consumption and structural
afety. In the region, the structural reliability of the mooring system and riser system are of concern. Heading control and damping
ontrol are the fundamental functionalities of a TAPM system. In high seas, roll–pitch damping control is considered by modifying
he typical feedback control law. To avoid the severe consequences of a mooring line break, detection algorithms should run in
arallel.

Numerous setpoint chasing algorithms are proposed to calculate the optimized setpoint. The optimization is based on a virtual
EM model or tension measurements using the structural reliability index. Fault-tolerant control is adopted to detect the system
ailures and compensate for the loss of mooring force. Hybrid control using a switching logic is employed to optimize the system
erformance in different sea states and failure modes. Instead of controlling the DP system, active tension control can be achieved
y 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 sensor outputs. It is possible to estimate the unknown
nchor positions and on-site current profile.
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ppendix. Notations

The abbreviations and variables used in the present survey are listed in Tables 4 and 5, respectively.
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Table 5
Notations in the present survey.

{B} Body-fixed frame 𝑁 Number of mooring lines
{D} Reference-parallel frame 𝑖, 𝑘 Index of a mooring line
{E} Earth-fixed frame 𝛽 Mooring line lay angle
{T} Turret-fixed frame 𝑙ℎ Horizontal length between TP and touchdown point
R Real number 𝐿ℎ Horizontal length from the TP to the anchor point
𝑥, 𝑦, 𝑧 Axes in {𝐸} 𝐿𝑠 Suspended length
𝑢, 𝑣, 𝑟 Surge velocity, sway velocity, and yaw rate 𝐿𝑡𝑜𝑡 Total length of the line
𝜓 Heading 𝑇 Mooring line tension
𝑥𝑏, 𝑦𝑏, 𝑧𝑏 Axes in {𝐵} 𝛿𝑇 Dynamic tension
𝑥𝑑 , 𝑦𝑑 , 𝜓𝑑 Desired horizontal position and heading �̄� Static tension
𝑝 Horizontal position 𝛿𝐻 Dynamic horizontal force
𝜂 Vector of horizontal position and heading 𝐻 horizontal component of mooring line tension
𝜂𝑑 Desired horizontal position and heading �̄� Static horizontal force
𝜈 3DOF velocity vector 𝑓𝐻 , 𝑓𝑇 Functions
𝜈𝑟 Relative velocity between vessel and ocean fluid 𝛾𝑖 Angle of the i’th terminal point TP𝑖 in {T}
𝑉𝑐 Current speed 𝛼𝑡𝑜𝑝, 𝛼𝑏𝑜𝑡 Top and bottom angles
𝛽𝑐 Current direction 𝑐𝑡𝑜𝑝, 𝑐𝑏𝑜𝑡 Change of the respective angular component
𝑣𝐸𝑐 Constant current 𝑑𝑚𝑜𝑜𝑟 Damping mooring forces
𝐷 Water depth 𝑔𝑚𝑜𝑜𝑟 Restoring mooring forces
𝐶𝑟𝑏(𝜈), 𝐶𝑎(𝜈𝑟) Rigid-body and added-mass induced Coriolis matrices ℎ𝑖 Restoring force vector in the horizontal plane
𝐷(𝜈𝑟) Nonlinear damping matrix 𝑟𝑖 Radius of turret
𝑀𝑟𝑏, 𝑀𝑎 Rigid-body inertia and added mass matrices 𝛼𝑡 Rotation angle of the turret
𝑅, 𝑅2 3DOF and 2DOF rotation matrices 𝑇𝑏,𝑘 Mean breaking strength
𝜏𝑒𝑛𝑣 Environmental loads 𝜇 Mooring displacement
𝜏𝑤𝑖𝑛𝑑 Wind loads 𝜇𝑑 Desired displacement
𝜏𝑤𝑎𝑣𝑒2 2nd-order wave drift loads 𝐿 Loss function
𝜏𝑚𝑜𝑜𝑟 Loads from the mooring lines 𝛿𝑘 Index accounting for breaking probability of mooring line
𝜏𝑡ℎ𝑟 Thruster forces and moment 𝛿𝑠 Lower threshold of an index
𝑏 Bias force vector 𝑝𝑓 Probability of failure
𝐾𝑝, 𝐾𝑖, 𝐾𝑑 Control gain matrices 𝜎𝑘 STD of low- and high-frequency variation of the tension
𝐾𝑇 , 𝐾𝑃 Matrices 𝜎𝑏,𝑘 STD of the mean breaking strength
𝑊𝑡𝑜𝑝, 𝑊𝑏𝑜𝑡 Weighting matrices 𝐹𝑇 Thruster force
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