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Chapter 1

Introduction

Autonomous vessels have been under investigation for over 80 years since the 1940s [11].
The regulatory endorsement of the International Maritime Organization (IMO) and the sup-
port of some pivotal shipping market players in recent years motivate autonomous vessels to
start playing a significant role in the shipping industry. Autonomous vessels utilized in civil
and commercial applications however have not yet received much attention. In addition, as
the complexity and scale of the applications increase, many scholars gradually transform
their focus from single-vessel systems to multi-vessel systems. Thus, autonomous multi-
vessel systems applied in the shipping industry will be a promising research direction in the
near future.

This chapter provides an introduction to the research background, the research gaps
(motivation), and the research questions. The contribution and outline of this thesis are
presented as well.

1.1 Background

Autonomous vessels have over the last decades started to gain increasing attention [[11] With
the increasing maturity and popularity of the advancing technologies of information, com-
munication, sensors, automatic control and computational intelligence, we have seen the
application scenarios of the autonomous vessels being gradually extended from fundamen-
tal research to civil and commercial uses [33} 34]].

To ensure that the regulatory framework for autonomous vessels keeps pace with techno-
logical developments, the Maritime Safety Committee (MSC) of the International Maritime
Organization (IMO) has started to include the autonomous vessels issue in its 98th session
in 2017 [[79]. For a better regulatory scoping exercise in the future, the IMO put forward a
formal generic concept,“Maritime Autonomous Surface Ship (MASS)”, which is defined as
a ship, to a varying degree, that can operate independently of human interaction [80]]. Mean-
while, the degrees of autonomy are defined as shown in Fig[I.1] There are four degrees to
judge the autonomy of a vessel: Degree 1 means only part of processes and operations are
automated, while the main control of the vessel has to be seafarers; Degrees 2 and 3 refer
to the remotely controlled vessel, the difference is that seafarers are on board in the case
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Degree 1 Degree 2 Degree 3
Ships with automated Remotely controlled Remotely controlled
processes and ship with seafarers ship without

decision support on board seafarers on board

Figure 1.1: Four degrees of autonomy [80]]

(a) (b)

Figure 1.2: Application examples of multi-vessel systems: (a) formation cluster control in
a vessel-train shape [82]; (b) floating object manipulation in a ship berthing

scenario [94)].

of Degree 2 while no seafarers are on board in the case of Degree 3; Degree 4 is the fully
autonomous vessel, which is able to make decisions and determine actions by itself.

The endorsement of the IMO facilitates a large number of research works focusing on
autonomous vessels, meanwhile, the involved applications become more complex and its
scale is larger, such as coastal reconnaissance [[184]], marine assets protection [139]], marine
habitat mapping [[1], oil spill response [152]], ship towage [62]], offshore platform transporta-
tion [76], and many more. However, the majority of works have been done on autonomy
for a single vessel. There is a lack of research on considering explicit interactions between
multiple autonomous vessels. Moreover, it is noticed that to realize the above-mentioned
complex applications, more than one vessel is required to cooperate with each other for allo-
cating the work. Thus, the focus on autonomous vessel-related research works is transferred
from single vessel systems to multi-vessel systems in nearly decades.

The studies of autonomous multi-vessel systems are classified into two main directions
according to the way of connections between vessels: formation cluster control and float-
ing object manipulation [44]]. Formation cluster control involves clustering multiple vessels
as a formation while keeping a certain distance for collision avoidance. The connections
between vessels are realized through digital networks. The formation can adopt various
shapes and is flexible to be maintained, deconstructed and reconstructed based on the dif-
ferent specific applications (an example shown in Fig[I.2](a)). Floating object manipulation
refers to the situation in which multiple vessels cooperatively manipulate a floating object.
The connections between the vessels and the floating object are through physical contact
(an example shown in Fig[[.2] (b)). Because of the physical connection, the floating object
manipulation system has less ability to maneuver and more constraints on its dynamics.
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Tugboats Port

f
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Figure 1.3: Tugboats build the connections between ships or platforms and the port

Since the beginning of the 21st century, the topic of formation cluster control has started
to attract scholars attention [[154], several matured formation control methods, like leader-
follower [147]], virtual structure [174]], and behavior-based [7], are proposed to cope with
different typical missions. However, the research of floating object manipulation has just
started in recent years, the existing works are limited and in their infancy.

1.2 Motivation

The emerging technologies and the endorsement of the IMO motivate that several serious
shipping market players have declared that they have seriously considered the development
of “smart shipping” or “autonomous shipping”, where the“intelligent ships” are the most
important part [4]. However, due to the poor maneuverability and control performance of
the large ship [101], meanwhile, to play the advantages of low cost, high mobility, and
eco-friendly [129], the present “intelligent ships” are usually designed in small or medium
sizes from 2 m long to 15 m long [[11]. Thus, the main direction of “intelligent ships” is to
develop small-size autonomous surface vessels (ASV). In the shipping industry, there is a
kind of small-size vessel that plays an important role in building the connections between
cargo ships or offshore platforms and the port, which is the tugboat. As shown in Fig[I.3]
the transportation of large ships or offshore platforms from the open sea to ports requires
multiple tugboats. Therefore, the tugboat is a good candidate for one of the first vessel
classes to become autonomous [135]].

In fact, there have been already many autonomous tugboat-related collaborated projects
carried out between marine-related technology companies, research institutes and local gov-
ernments [40]. Some well-known projects are listed in Table[I.I] It can be seen from Ta-
ble[I.1] that these projects have started five years ago and the places of implementation are
over Europe, Asia and America. Some of them are supported by local port authorities and
maritime bureaus (e.g., maritime and port authority of Singapore and American bureau of
shipping). Although the majority of projects focus on remotely controlled tugboats, which
belong to autonomy degree 2 according to IMO definition (Fig[I.T)), they took a big step to
develop the full autonomous vessels for smart shipping.

Despite the advantages of low cost, high mobility, and eco-friendly characterizing the
small size autonomous vessels, it is noticed that the limited power and capacity of these
small size vessels restrain their capabilities to carry out more complex missions [103]. That
is why the multi-vessel cooperative system is a significant and promising direction for the
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next development of ASVs. The working process of tugboats is a typical example of multi-
vessel cooperation, where the operation characteristics depend on the floating object manip-

ulation.
Table 1.1: Projects of autonomous tugboat.
Start Demonstration Collaborators Project
Year Place
I\FIFR,AFTS,AS Pacific Maritime Institute; Testing offcon}tlrol
2016 §V1— ra'mer Robert Allan Lid: systems for the
Simulation . remotely operated
Transas Maritime Industry
System ”Ramora” tug [164]
Svitzer;
Kongsbere Maritime: RECOTUG: fully
2017 Denmark ONgsverg Atitme; remotely controlled
American Bureau of .
o commercial tug [165]
Shipping
Rolls-Royce; Remotely operated
2017 Denmark Svitzer; tug ”Svitzer
Lloyd’s Register Hermod” [109]
NYK Group (Japan);
Japan Marine Science; Remotely controlled
2018 Japan Japan’s Ministry of coastal ships
Land, Infrastructure, and tugboats [134]
Transportation and Tourism
KOTUG; Remotely controlled
2018 Netherlands Rotortug; tugboat "RT
Captain Al (in 2020) Borkum” [[166]
W’cirtsﬂ%i; IntelliTug project:
. PSA Marine;
2019 Singapore . Autonomous
Maritime and Port
. . harbour tug [[110]
Authority of Singapore
ST Engineering; ASmart Mar1t\1/me |
2020 Singapore PACC offshore utonomousv esse
. . (SMAV) project for
services holdings
autonomous tug [167]
United Arab Robert Allan Ltd; Develop Unmanned
2020 Emirates Abu Dhabi Ports autonomous
tugboats [111]
Herman Senior; Upgrade a shoal
2020 Netherlands Sea Machines Robotics; tugboat "Teddy” for

Damen Shipyards

remote control [[143]]
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Start Demonstration

Collaborators Project
Year Place
Technology company ABB;
2021 Singapore Keppel O.f.fshore & Marine; Remote.ly controlled
Maritime and Port tug "Maju 510” [[168]
Authority of Singapore
Remotely controlled
201 b " Damen Shipyards; utlfe \f;g;iﬁuizr
enmar . .
Sea Machines Robotics Denmark (Machine
Odyssey) [169]
2021 Turkey Vallianz Holdings lelted; All-electric
SeaTech Solutions tug "EVT-60" [170]
. China CI W,;‘iﬁnSﬂ,ﬁ; Society: Semi-Autonomous
2021 China 1na ( afs1 cation Society; Tugs [I71]
Tianjin Port Group
2021 Us. Foss Marltlme; ' Autonomous tug
Sea Machines Robotics ”Rachael Allen” [[172]
Technology company ABB; Fully Electric
2021 UsS. Crowley Maritime Corporation Tug ”eWolf” [112]

Among the limited research investigation of multi-vessel cooperative systems, this thesis
focuses on finding cooperative control solutions for the physically connected autonomous
multi-vessel system to safely and efficiently manipulate a large floating object in the en-
vironments of ports, inland waters, and offshore. The importance of investigating the au-
tonomous physically connected multi-vessel systems becomes more and more clear, as illus-
trated by the regulatory endorsement of MASS from IMO, the development plan of ”smart
shipping” from the shipping industry, and the latest collaborative projects of autonomous
tugboats.

Due to the limited number of research works, the main research gaps for autonomous
physically connected multi-vessel systems can be identified with respect to the system mod-
elling and the controller design. The above two aspects can be taken as a clue to reviewing
the existing related literature, and the concrete research gaps will be illustrated in Chapter 2
after finishing the literature review.

1.3 Research questions

The main research question of this thesis is:

How to design a scalable and cooperative control scheme for multiple ASVs to manipulate
a floating object through physical interconnections?

To answer the above question, several sub-questions have to be addressed as follows:
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Q1:

Q2:

Q3:

Q4:

Qs:

Qe6:

What are the characteristics and concrete research gaps of the physically connected
multi-vessel system?

Although the research of the physical-connected multi-vessel system has recently
started and the existing works are limited, it can still review and summarize this litera-
ture to find the characteristics of this system and make a classification. Comparing the
various ways of physical connection allows for selecting the foundation of the system
modelling in this thesis. Meanwhile, several significant control attributes should be
deeply analyzed for identifying the concrete research gaps.

How to establish the dynamics model of the physically connected multi-vessel system,
and the control framework?

System modelling is the foundation of this thesis. According to the different degrees
of freedom (DOF), application scenarios, and usages, there are many methods for
representing the motion of a vessel [56]. It is the key to choosing a proper way to
model the vessel dynamics and find the connections between the floating object and
vessels for establishing the kinematic model of the physically connected multi-vessel
system. Then, a model-based control approach for such a complex system can be
designed and a scalable control architecture can be established, where the criteria
should include the characteristics of the controlled system, the control objectives, the
constraints required to satisfy, etc.

How to increase the robustness of the towing operation to handle the influence of
environmental disturbances in port areas?

Ship towing operation in port areas is a basic mission for tugboats. To manipulate a
large ship from the anchorage to the pier, multiple tugboats are usually required to
cooperate to allocate proper forces and moments to an unpowered large ship. During
the manipulation process, the influence of environmental disturbances in port areas
should be considered to increase the robustness of the towing operation.

In what way can the multi-vessel system avoid collisions with static and dynamic
obstacles to improve the safety of towage operations in inland waterways?

Collision avoidance is always the most important mission for a vessel sailing on the
water. Since the physical-connected multi-vessel system has less ability of maneu-
vering, resolving collisions with static and dynamic obstacles in the congested inland
waterways becomes significant for improving the safety of towage operations.

How to improve the quality of the manipulation process and achieve multiple control
objectives as much as possible for a ship-towing system?

Improving the quality of the manipulation process can increase the efficiency of
the operations and smooth the motion of the vessels and the floating object in the
physical-connected multi-vessel system, which can be achieved by speed regulation.
So the position, heading, distance (to the obstacles), and speed of the floating object
are all required to control, creating a multi-objective control problem.

In what way can we increase the flexibility and efficiency of the cooperation of multi-
ple vessels for an offshore platform transportation system of the open sea?
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Usually, the functional role of each tugboat is unchangeable in a towing system. How-
ever, for some cases, like transportation of an offshore platform from inland water to
the open sea, the power that tugboats provided is in excess. Such cases then provide
a chance to increase the flexibility and efficiency of the towing system that adjust the
functional role of each tugboat in real-time according to the different situations.

1.4 Contributions

The contributions of this thesis are summarized below:

(1) Thorough review the research of floating object manipulation. Several categories
of manipulation ways, their characteristics, and corresponding control methods are
summarized to provide a better and clear understanding of this topic for research
peers. Meanwhile, research gaps are identified to improve the safety and efficiency of
the manipulation process [47]].

(2) Establishing the model of the multi-vessel floating object towing system. The re-
lations of kinematics and kinetics between the floating object and each vessel are
derived to describe the states of the whole system motion, which lays the foundation
of the model-based controller design [40].

(3) Designing the cooperative control approaches for the multi-vessel floating object tow-
ing system to improve system safety, process efficiency, and scenario adaptability.
Based on different control architectures (centralized and distributed) and vessel func-
tional roles (fixed and adaptive), a set of control schemes are proposed to cope with
different environment disturbances (winds, waves, and currents) for achieving dif-
ferent control objectives (position, heading, distance to the obstacle and velocity)
[41][42][45][46].

1.5 Thesis outline

The outline of this thesis is shown in Figure[T.4] where this chapter introduces the main
research subject of this thesis; Chapter 2 identifies the concrete research gaps of the problem
this thesis focuses on; Chapter 3 lays the research foundation of this thesis; Chapters 4 to 7
conduct case studies in different application scenarios; Chapter 8 is the conclusion. More
specifically:

Chapter[2) (addresses research question Q1) reviews literature about floating object ma-
nipulation. Four kinds of manipulation ways, namely “attaching”, “caging”, “pushing”, and
“towing” are summarized in this chapter. The advantages and disadvantages of each manip-
ulation way are discussed in detail, meanwhile, the attributes of control objective, control
architecture, collision avoidance, environmental disturbances, and role of each vessel are
analyzed to identify the research gaps in the floating object manipulation problem.

Chapter[3 (addresses research question Q2) mainly builds the system model and intro-
duces the principles of the research approaches used in this thesis. Besides, the assumptions
made and the model parameters used are explained. Thus, this chapter is the research foun-
dation for the following chapters in this thesis.
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Research Chapter 1
Subject Introduction

Research Chapter 2
Gap Literature Review
Q2
Research Chapter 3
Foundation System Modelling and Research Approach J

A l— _______ e e e e ?'_\_1 g g l ________ \ o,
A Q| Q4 | Q6 |
U Chapter 4 | I Chapter 5 i ! U Chapter 7 P!
' ||  Cooperative Control | | Distributed Control in | | : || Dynamic Coordination | :
: || under Environmental | I Congested Water | : : | Control under Ocean | :
| l Disturbances l i\ Traffic Environments /i X : l Disturbances l |
1 | . It B
Vo Port Area | — - — . —- 7 Inland Water 1y LN~ — | Open Sea ’ X
1 1
1 1 Q5 | 1
! I 4 Chapter 6 | ! ! :
! I Speed Regulation- i L |

1
| || based Multi-Objective | b !
1 . o .
| I Control F

\\ 4 Al | Platform
Ship Towing |-==-=-=-=-=-====-== Rttt =t e
N o — Transportation

Chapter 8
Conclusions and Future Research

Figure 1.4: The outline of this thesis.

Chapter[d] (addresses research question Q3) focuses on ship towing in port areas. The
control architecture is centralized and the control objective is to manipulate a large ship to
a desired position with a desired heading. The environmental disturbances in port areas are
mainly the wind effects. So a robust control scheme are proposed to make the ship towing
system against wind influences.

ChapterE] (addresses research question Q4) and Chapter|§| (addresses research question
QS5) present the research on the ship towing on inland waters. Due to the limited navigation
space and the larger number of vessels in inland waters, collision avoidance becomes an
important objective for the ship towing system. Chapter[5] proposes a distributed control
scheme to manipulate the ship to the destination with no collisions. With the same appli-
cation scenario, Chapter[f] focuses more on the towing process. Besides control objectives
of the position, heading, and collision avoidance, the speed of the manipulated ship is also
controlled to make the system trajectories smooth and the towing process efficient. So a
speed regulation-based multi-objective control scheme is proposed in this chapter.

Chapter[7] (addresses research question Q6) addresses the offshore platform transporta-
tion problem at open sea. The tugboats in the ship towing system of Chapterfd]to Chapter[6]
have fixed roles that, the leader tugboat accelerates the ship’s speed and steers its head-
ing, the follower tugboat reduces the ship’s speed and steadies its heading. While in the
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offshore platform transportation system, to make sure the safety of the platform the num-
ber of tugboats is usually increased. Thus, this chapter proposes a dynamic coordination
control scheme for the offshore platform transportation system to increase the flexibility
of tugboats and the efficiency of the towing process, and cope with the ocean disturbances
(winds, waves, and currents).

Chapter[§]concludes the thesis and provides directions for future research.






Chapter 2

Literature Review of Floating
Object Manipulation

The research topic of this thesis is the floating object manipulation with a physically con-
nected multi-vessel system. To have a better understanding of this topic and find research
gaps from the existing related research, a literature review is conducted in this chapter to
comprehensively summarize the characteristics of several typical maritime object manipula-
tion ways and discuss their advantages and disadvantages. With that, this chapter addresses
the first research question (Q1): “What are the characteristics and concrete research gaps of
the physically connected multi-vessel system?”

This chapter is organized as follows. Section 2.1 briefly introduces the problem of ob-
ject manipulation from the field of multi-robot systems to multi-vessel systems. Section
2.2 summarizes four typical maritime object manipulation ways from the existing research
works, including the characteristics of the manipulated objects and the application scenar-
ios. Section 2.3 analyses the control objectives of the manipulated floating objects and the
control architecture of the different manipulation ways. Section 2.4 investigates collision
avoidance and disturbances handling of the manipulation system in different manipulation
ways. Section 2.5 discusses the role of each vessel in the floating object manipulation sys-
tem. Section 2.6 concludes the chapter and identifies the research gaps.

Parts of this chapter have been published in [47ﬂ

2.1 The Problem of Object Manipulation

Object manipulation or object transportation is a typical research problem in the field of
cooperative mobile robotics. When an object is required to move to a specific place but its
size or weight is so large or heavy that it can not be manipulated by a single robot, multiple
robotics cluster together to cooperatively transport the object [177]. Research works on
object manipulation by multi-robot systems (MRS) can be categorized into three types (as
shown in Fig[2.T): grasping, pushing, and caging [181].

1Z. Du, R. R. Negenborn, and V. Reppa. Review of floating object manipulation by autonomous multi-vessel
systems. Submitted to a journal, 2022.

11
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Figure 2.1: Three types of object manipulation by multi-robot systems (the black box stands
for the manipulated object, the green circle is the robot): (a) grasping; (b)
pushing; (c) caging.

Grasping manipulation (Fig[2.1](a)) is the way that all robots are physically attached to
the object, and the configuration of the manipulation system is unchangeable during trans-
portation. The advantage of this manipulation is that the connections between the object and
robots are tight and the object can be fully controlled by the robots so that the motion of the
object is easy to predict [49]. Thus, the condition of form closure (the object has no way out
from the surrounding robots) or force closure (the object is in a state of force equilibrium) is
usually satisfied in this case. However, the disadvantage is that grasping requires additional
tools such as a gripper or a manipulator. Besides, the effective positioning of the robots
around the object to form an optimal configuration is an issue that has to be solved to avoid
the case of the unbalanced distribution for the grasping manipulation system [[177]].

Pushing (Fig[2.1] (b)) is a manipulation way that multiple robots exert pushing forces
on the object. Because there is no strict requirement of physical contact with the object all
the time, this type is also called conditional closure manipulation [181]]. It is also for this
reason, pushing manipulation does not guarantee form closure or force closure and results
in the manipulated object “escaping” from the control of robots or moving on an inefficient
trajectory, which is the main disadvantage [177]. On the other hand, pushing is a simple
strategy that is easy to implement, and it can manipulate a large object which is hard to be
grasped [49]. Thus, this type of manipulation is tackled as a “box-pushing” problem [60].

Caging manipulation (Fig[2.] (¢)) is also called object closure, which means multiple
robots are distributed forming a bounded movable area to entrap the object toward the des-
tination. In some scholars’ opinion, because the contact between the object and robotics
in this manipulation type does not need to be maintained all the time, caging is seen as a
special case of pushing manipulation [[177]. On the other hand, the object is restrained in
the bounded area, which ensures robots will not lose control of the object, the object closure
is analogous to form closure with less strict conditions [49]]. Caging requires less degree of
precision in relative positions and orientations between the object and robots, so the advan-
tage lines in more freedom and robustness compared to the manipulations relying on force
closure [132]. However, the shape and size of the object should be carefully investigated
because these features are related to the minimum number of robots required to surround
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Figure 2.2: Classification of the floating object manipulation problem.

the object [177].

The above three typical manipulations briefly summarize the solutions to the problem of
object manipulation by multi-robot systems, and the definition, characteristics, advantages,
and disadvantages of each manipulation category are introduced. However, the operation
space of multi-robot systems is usually ground, which is characterized by flat and stable
with fewer disturbances. When the operation space switches to the waters, whose working
conditions are characterized by undulating, dynamic, and more disturbing, the solutions to
the problem of floating object manipulation by multi-vessel systems have to be reframed.

Fig[2.2] shows the framework of the floating object manipulation problem by multi-
vessel systems used in this section to review the existing related research works. Where
the type of manipulation, type of the floating object, and application scenarios are the el-
ements to determine the modelling of the system and the problem; the control objectives,
control architecture, collision avoidance, disturbances consideration, and the role of each
vessel are the elements to decide the approach used to solve the problem.

The next section will use the type of manipulation as a key clue to summarize four
typical solutions for the problem of floating object manipulation by multi-vessel systems in
the maritime field.

2.2 Floating Object Manipulation in the Maritime Field

The three elements of determining the system modelling and the problem are discussed
in this part. As shown in Fig[2.3] there are four types of manipulation for the solution of
the floating object manipulation problem: attaching, caging, pushing, and towing. The
floating object is categorized into two types, diffused liquid (e.g., spilled oil or hazardous
chemicals, shown in Fig[2.4] (a)) and large structure (e.g., large ship or offshore platform,
shown in Fig[2.4](b)); while the application scenarios can be classified into three categories:
port areas, inland waterways, and offshore waters. Different manipulation ways will reflect
their own advantages of dealing with a certain type of floating object in the specific appli-
cation scenarios. Thus, the type of manipulation is the key factor to summarize the research
of floating object manipulation.
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Figure 2.3: Classification of the type of manipulation, type of the floating object, and appli-
cation scenario from the existing literature of floating object manipulation.

Figure 2.4: Two types of the floating object: (a) Diffused liquids (spilled oil) [I178]; ()
Maritime structures (offshore platform) [38]].

2.2.1 Manipulation of Attaching

Attaching is the manipulation that multiple vessels cluster together attached to the floating
object in a fixed manner, as shown in Fig2.3] In this manipulation way, multiple vessels
approach the manipulated object and form a proper configuration to prevent the object from
escaping. After all the vessels are physically attached to the object, the configuration of
the manipulation system is not changed, which is similar to the way of grasping in object
manipulation by multi-robot systems. The attached vessels are regarded as thrusters to
provide power for the object, so the combined body is usually an over-actuated system and
the main research question is how to allocate the multiple control inputs to the manipulated
object [86].

The difference between the grasping manipulation by multi-robot system and the object
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Figure 2.5: Manipulation of attaching: (a) Schematic diagram (the black box stands for the
manipulated object, the blue shape is the vessel); (b) Application example of a
tugboat attaching to a large ship [36]].

(®)

attaching manipulation by multi-vessel system is that the latter is more strict to the number
and distribution of vessels, which should be an even number and evenly distributed. The
reason lies in that the water surface is dynamic with fluctuations, and the attached vessels
have to make the object force equilibrium in the vertical direction to ensure the motion of
the system is stable in the plane.

The related research works of object attaching are listed in Table[2.1] It can be seen that
the number of vessels in the manipulation of object attaching is usually four [[14} 13} 1750,
[55] and six [16} 21H23| 183 [99]], which is the number to satisfy force closure and
form closure, respectively. While in some cases, the floating object is too large that requires
more than ten vessels to manipulate [51-53]]. The research work adopts a special object
attaching manipulation by using three vessels: two vessels are symmetrically and closely
located on the two sides of the object connected by short cables, and one vessel attaches at
the back of the object laying on its central axis. The type of floating objects in research of
object attaching are large structures, and the application scenarios are mainly the port areas
and offshore waters.

There is a special case in the attaching manipulation called self-attaching. As shown in
Fig[2.6] multiple vessels gather together and are physically attached to each other to become
a floating platform, and the object can be loaded on such a combined platform. Although the
manipulated object in this way is not floating on the water, the connection process between
the vessels can be a reference for the realization of the manipulation way of object attaching.
The main research questions in this manipulation are how to design the connection device
and how to cooperatively plan the trajectories of multiple vessels. These issues are usually
ignored in the research of object attaching manipulation.

The connection device should be designed to make sure that the connection between
vessels is tight and docked precisely. The connection device usually consists of two parts:
“male” and “female” located on the two sides of the vessel. Some examples can be seen
in Fig[2.7] The cooperative trajectory planning of multiple vessels is solved by using the
graph theory and optimization methods, for example, the Dijkstra algorithm combining with
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Table 2.1: Classification of existing literature on the manipulation of object-attaching.

Type of the floating object Application Scenarios
Paper OI;II\I,ZEZ;S Diffused Large Port Inland Offshore
liquid” Structure Areas  Waterways Waters

154] 6 v v

(158] 6 v v
1500 v v
[31] > 10 v v
1551 6 v v

[52] > 10 v v
53] > 10 v v

6 v v

6 v v

4 v v

[83] 4 v v

4 v v
[21] 4 v v

4 v v

[16] 4 v v
127] 3 v v

6 v v

" The reason for this column being empty is that the manipulation of object-attaching can only carry out on a
solid floating object.
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(b)

Figure 2.6: Manipulation of self-attaching: (a) Schematic diagram (the black box stands for
the manipulated object, the blue shape is the vessel); (b) Application example
of a drone landing on a platform formed of multiple ASVs [[126]].

the Hungarian algorithm [126] and the B-spline curve combining with the mixed integer
quadratic programming [38], so that each vessel can reach its goal point for docking without

collisions.
()

Figure 2.7: Two examples of the designed connection device: (a) the left hook is “male”,
the right loop is “female” [I66)]; (b) the left bearing stud is “male”, the right
funnel is “female” [I17].

(b)

The related research works of object attaching are listed in Table[2.2] the number of
vessels is greatly varying according to their applications and the loaded objects. If the
application is to make vessels self-assembling as a floating platform or a bridge connecting
the banks for transport of other vehicles (autonomous cars, drones) or people, the number
of vessels is usually more than ten [66] (126, [T80]. While if the load is a small object, like
domestic waste, the numbers can be just two or three [58, [124]]. Different from
the manipulation of object attaching, the application scenarios in self-attaching are only the
inland waterways. The self-assembled system is sensitive to disturbances, while there are
fewer environmental disturbances in the inland waters. To ensure the safety of the self-
assembled system, inland waterways are the best option.
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Table 2.2: Classification of existing literature on the manipulation of self-attaching.

Application Scenarios

P Number Object to be
aper of vessels transported Port Inland Offshore
Areas Waterways Waters
> 10 Autonomous cars, drones v
[66] > 10 Autonomous cars, drones v
[124] 3 Wastes, goods v
[89] 3 Wastes v
[180] > 10 People, goods v
2 Goods v
58] 3 Small object v
—
e )

000

(a) (b)

Figure 2.8: Two manipulation ways that the floating object has more degrees of freedom
(the black box and the grey shadow stand for the manipulated object, the blue
shape is the vessel, and the black curve stands for the towing boom or floating
rope): (a) caging; (b) pushing.

2.2.2 Manipulation of Caging and Pushing

Compared to the way of attaching, the manipulated floating object in manipulations of
caging and pushing has more degrees of freedom but has fewer degrees of control.

Caging manipulation (as shown in Fig[2.8](a)) in the maritime field means the object is
manipulated by a long enough floating rope connected to one or more vessels. It is noticed
that the definition of caging here is different from the definition used in research of multi-
robot object manipulation. In the multi-robot systems, the caging manipulation happens on
the ground environments which are usually three degrees of freedom (DOF) (surge, sway,
and yaw), so the object can be safely and stably restrained by the multiple robots with
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(b)

Figure 2.9: Applications of the caging manipulation: (a) oil spill skimming and cleaning

[L13]; (b) quayside ship mooring [[163]].

proper configurations. However, there are six DOF (surge, sway, heave, roll, pitch, and
yaw) in waters. It is difficult to prevent collisions between the object and the vessels in such
a fluctuated, dynamic, and more harsh environment. Thus, the caging manipulation in the
maritime field has to be implemented with the help of a media, the floating rope.

Pushing manipulation (as shown in Fig@ (b)) in the maritime field has the same mean-
ing as that of in the research of multi-robot object manipulation, implying that multiple
vessels exert only pushing forces on the floating object. Despite the same definition, the
manipulation details are different. For the multi-robot systems, because of the static opera-
tion space of the ground, the contact between the object and robots doesn’t have to maintain
all the time [114} [I15]. Consequently, the motion of the object is more flexible. While for
the multi-vessel systems, restrained by the dynamic operation space of the waters, a part of
the research work aims to make the vessels keep in touch with the floating object through
the whole process for the sake of safety [31}, [144].

The related research works of caging and pushing manipulation are listed in Table[2-3]
and Table[2:4] respectively. It is observed from Table[2.3] that the number of vessels in
the manipulation of caging is usually two [ [1504152]], and the type of
floating object is only the spilled oil [12} [13] [84] [130, [T50H132, [193]]. The mission
of oil spill skimming and cleaning is a typical operation in maritime accident emergency
response (as shown in Fig[2.9](a)). The whole procedure can be summarized in four steps:
first, two vessels drag a boom (the device that can prevent oil from floating around) towards
the accident location; then, the two vessels adjust their states to adopt a proper angle of
attack of the boom to capture the oil spill; next, the vessels converge to a closer mutual
distance to confine the oil spill; finally, the vessels drag the oil spill to a suitable place
[152]. Thus, the application area of the caging manipulation is mainly the offshore waters.
Besides the floating object of spilled oil, the small object [9] and large ship [83] can
be also manipulated by caging. The process of a small object caging is similar to that of
the oil spill recovery, cooperated by two vessels. The operations of a large ship caging are
implemented by only one vessel which tows a boom around the ship to moor it along the
quayside (as shown in Fig@ (b)).

For the research of pushing manipulation from Table24} there is no specific value of



20 2 Literature Review of Floating Object Manipulation

Table 2.3: Classification of existing literature on the manipulation of caging.

Type of the floating object Application Scenarios
Paper Number Diffused Large Port Inland Offshore
of vessels g
liquid Structure Areas  Waterways Waters
(91 2 small solid object v
[130] 2 v v
2 v v
[150] 2 v v
2 v v
1841 2 v v
(121 2 v v
2 v v
6 v v
1 v v
1851 1 v v
5 v v

Table 2.4: Classification of existing literature on the manipulation of pushing.

Type of the floating object Application Scenarios
Number
Paper of vessels Diffuseii Large Port Inland Offshore
liquid Structure Areas  Waterways Waters
4 v v
188 3 v v
[72] 2 v v
2 v v
(122] 3 v v
3 v v
(144] 1 v v

* The reason for this column being empty is that the manipulation of pushing can only carry out on a solid
floating object.



2.2.3 Manipulation of Towing 21

the number of vessels. The type of the object belongs to the large structure, as in the
research of object attaching manipulation. Usually two or three vessels are deployed to
manipulate a large box object [188]]. If the vessel has enough power, the
number can be one [144]], otherwise, there requires more than three vessels for manipulation
[146]. However, the application scenarios are restrained in port areas. Because the vessels
in this manipulation can only provide pushing forces, the floating object is difficult to be
controlled. In addition, compared to the open sea, the port areas are characterized by fewer
environmental disturbances; compared to the inland waterways, the port areas have more
operational space. So the typical application is to push a large ship approaching the berth
by tugboats in port areas [123].

2.2.3 Manipulation of Towing

Towing is the manipulation that the object is controlled by tied ropes (or cables) which are
connected to vessels, as shown in Fig2.T0| (a). This is the type that the research of multi-
robot object manipulation does not consider but it is very often applied in the maritime
field, such as ship towing for port berthing, as shown in Fig2.10](b). Besides the maritime
field, the application of towing manipulation actually can be found in road (track-trailer in
Fig[2.11](a)) and air transport (drone delivery in Fig[2.1T] (b)).

However, the majority of research works still focus on maritime transport, because the
ropes between the object and vessels are the distance from each other to ensure safety in
the manipulation process, especially in some dangerous cases, like harsh sea conditions
and restricted waters (passing congested canals and narrow bridges) [68]. Thus, towing
is a proper way for multiple vessels to manipulate a floating object in the dynamic water
environments.

(@) (b)

Figure 2.10: Manipulation of towing: (a) schematic diagram; (b) application example of
ship towing for port berthing [93]].

The related research works of towing manipulation are listed in Table[2.5] Except for
literature [10], whose focus is on moored interconnected structures of self-manipulation, the
number of vessels can be classified into three cases: one, two, and four. In the manipulation
of one vessel towing case [3] (19, 20, 8T, 138 [161], [192]], the floating object
can be transported from the initial area to the goal area with the desired heading but is
difficult to the specific location. Because the vessel in front of the object provides a pulling
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(b)

Figure 2.11: Application of towing manipulation in other field: (a) Track trailer [90]; (b)
Drone delivery [39].

force that can only move the object and slowly adjust its heading, while the braking is
realized by the damping of the waters. For the two-vessel towing manipulation, there are
other two situations. The first one is when deploying both vessels in front of the object to
increase the efficiency of the heading adjusting, but the braking operation is still passive
[62, [I86]. In the second situation, the object is located between the two vessels
so that the front vessel can increase and the behind vessel can decrease the speed of the
object [40H45] [71]. The last case is to use four vessels towing a large floating platform
(48|, [183]]. In this case, the manipulated object and vessels combine an over-actuated
system, so the object is fully controlled. The type of floating object in this manipulation
is a large marine structure, and their application scenarios vary from port areas to inland
waterways to offshore waters.

2.2.4 Summary

The research share of existing literature of the four floating object manipulations are sum-
marised and compared in Table From the existing related literature, the research of
attaching and towing manipulation are dominant, because they have wild application sce-
narios.

Attaching is an effective manipulation. The advantage lies in that the connection be-
tween the object and the vessels is tight and secure, and the manipulated object is fully
controlled by multiple vessels. So the object has good maneuverability. While the disad-
vantage is that it puts extra demand on the design of the connection device, and the trajectory
of each vessel is required to plan for preventing collisions with each other. The type of the
floating object is a large structure and the application scenarios are mainly port areas and
the open sea.

Caging is a gentle manipulation. The connection between the object and the vessels
is not strong but gives more freedom to the floating object. This manipulation is usually
applied for coping with a specific problem of oil spill skimming and cleaning. There is no
need to direct contact between the object and vessels, so there is no need to take measures
to avoid collisions. But the model of the floating boom is required to be derived. The type
of the floating object is diffused liquids and the application scenarios are the open sea.
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Table 2.5: Classification of existing literature on the manipulation of towing.

Type of the floating object Application Scenarios
Paper 01;11\1,2;22{3 Diffused Large Port Inland Offshore
liquid Structure Areas  Waterways Waters

l62] 2 v v
1631 2 v v
186 2 v v
1811 1 v v
[76] 4 v v
183 4 v v
1 v v

(S]] 1 v v
1 v v
1 v v
(182] 2 v v
1 v v
[98]] 1 v v
[Z10 2 v v

1200 1 v v

1 v v

[10] 5 v v
[116] 1 v v
(400 2 v v

[41] 2 v v

2 v v

[43] 2 v v

[42] 2 v v

[45] 2 v v

4 v v
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Table 2.6: Comparison of different manipulations.

Manipulation Advantage Disadvantage Share

1. Tight Connection;

. Design of additional device;

Attaching 2. .GOOd maneuverability of the 2. Planning of vessel trajectory. 36%
object.
. 1. Wlthout collisions between 1. Limitation of the object;
Caging the object and vessels; 2. Modelling of the boom 18%
2. More freedom of the object. ' '
. . 1. Limitation of the scenarios;
) 1. Easy implementation; > Unsafe i ¢
Pushing 2. More freedom of the object. - nsaien case o 10%
disturbances.
1. Safe distances between
. the object and vessels; .
Towing Complex towing system model 36%

2. Balanced freedom and
maneuverability of the object.

Pushing is a simple manipulation. It is easy to implement and the floating object in this
manipulation has more freedom. However, the incomplete control of the object restrains
its application and increases the manipulation risk under the disturbance environments. So
the research works on this manipulation are not many. In real cases, pushing is used as an
auxiliary operation to collaborate other manipulations for assisting ship berthing. The type
of the floating object is a large structure and the application scenarios are port areas.

Towing is a practical manipulation. The connection between the object and vessel re-
quires a media of rope or cable, which reserves certain distances between the object and
vessels to ensure manipulation safety. So it can manipulate a floating object in the environ-
ment of dynamic waters with harsh weather conditions. The manipulated object has more
freedom than attaching and better maneuverability than caging and pushing. Thus, towing
operation is a common practice in maritime transport. But the model of the towing manip-
ulation system is difficult to derive. The type of the floating object is a large structure and
the application scenarios can be port areas, inland waterways, and the open sea.

Thus, considering the maneuverability of the floating object, the safety of the manipula-
tion system, and the flexibility of the application scenarios, the towing manipulation can be
a proper choice to manipulate a large marine structure for improving the automatic of the
shipping industry and the efficiency of the global logistics.

2.3 Analysis of Control Objectives & Control Architecture

This section analyzes the control objectives concerned and the control architecture used
in the existing research works on floating object manipulation. As shown in Fig[2.12] the
control objective here means the states that the manipulated object is expected to achieve,
which consist of three aspects: position, heading, and velocity. The control architecture
is another important property for floating object manipulation. For a multi-vessel system,
the control architecture can be centralized, decentralized, and distributed. In a centralized
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Figure 2.12: Summary of the control objectives and control architecture in the research of
floating object manipulation.

architecture, all vessels are independent and directly interact only with a center; for decen-
tralized control, each vessel is controlled by itself with no information exchange for each
other; in distributed control architecture, all agents are allowed to communicate with neigh-
bors to share their information [136]. For a floating object manipulation system, to transport
an object in the undulating and dynamic water environments, the vessels have to collaborate
either following commands by a center that processes information, or communicating with
each other by sharing its local information. Thus, the control architecture of centralized and
distributed are usually applied in this field.

In the existing research works, the only path or trajectory planning-related and self-
attaching-related articles are not included in the summary of this section. The reason for
excluding the second article kind is that the control objective of the self-attaching manipu-
lation is not for the manipulated object. Thus, the control objective and control architecture
of the rest literature are summarized in Table2.7

In the way of attaching, the main control objective is to simultaneously control the
position and heading of the object, where the specific control tasks are manipulation of a
large marine structure to (1) track a predefined trajectory [23| 27]; (2) move to the desired
position with desired heading [14H17} 21} 1221 1501 154, 155, 183, 199, [158]]. A few papers work
on velocity control to make the manipulation system maintain an expected speed [52} 53]].
For the control architecture, because of the large number of vessels (usually more than 4
according to Table[2.1)) working on this type of manipulation, the majority of works propose
a distributed architecture, which has the advantage of lower computation time, scalable
application scenarios, and tolerance to failures [[121]].

In the way of caging, the control objective is only the position of the floating object,
because this manipulation cannot fully control the object. Therefore, the specific control
tasks are (1) transportation of the spilled oil or a small object to a safe place [9, [12} [13]
S7, 184, 130L [150H4152]; (2) restriction of a large ship within a safe place [85, [149]. For
the control architecture, 50% of the research works use distributed architecture for better
implementation of real vessel tests [9, 84, [130,[150H152]]. The remainder works choose the
centralized one to control one vessel [85,[149] or to do simulation experiments and simple
field tests [112} (13, 157]].

In the way of pushing, the control objective focuses on the object’s position and heading,
where scholars in [72| [73| [122] [188] use 2 to 3 vessels pushing a large box object to a
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Table 2.7: Classification of the control objectives and control architecture for the floating
object manipulation literature®.

Control Objective Control Architecture
Research works
Position ~ Heading  Velocity Centralized  Distributed
v v v
Attaching
v v v
v v
(LSO]) [LS1] [84] v v
Caging
(2] , ,
[149] (831
(188] 72) [73] v v
. 122] v v
Pushing
[144) v v v
[146] v v v
v v
v v
v v v
Towing
v v v
v v v v

* The boldly marked papers are the academic achievements belonging to the author of this thesis.
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goal position, and researchers in [31} [144, [146] control the vessels direction to adjust the
heading of the object in the pushing process. For the control architecture, the majority
of works use centralized architecture to find global optimal control inputs for the pushing
vessels [31, 727311144, [188]]. While a few papers consider distributed control architecture
to increase the robustness of the pushing manipulation system.

In the way of towing, the control objective is similar to the way of attaching that in-
volves all the three states of the manipulated object. Papers [19} 20, (116} [161] focus
on position control to tow the object following the path. The research work [192] fo-
cuses on heading control to tow the object keeping its course. In the research works
of simultaneously controlling the position and heading of the object, the research papers
[62! 163,181,198, (138 183l [186] focus on trajectory tracking, while the research papers [40-
42, 144, 48|, [76l [182]] focus on the desired position and heading reaching. A few works
study the control of all the states (position, heading and velocity) of the object to make the
manipulation system follow the waypoints, adjust its heading, and track the speed profile
[43]145]]. For the control architecture, more than half of the research works use centralized
architecture, but the majority of these works consider a one-vessel manipulation system.

2.4 Consideration of Collision Avoidance & Disturbances

This section analyzes the safety and robustness of the floating object manipulation system
when dealing with collisions and environmental disturbances. As shown in Fig[2.13] there
are three aspects of collision avoidance (CA) for the floating object manipulation system:
self CA, static obstacle CA, and dynamic obstacle CA. Self CA means to prevent collisions
inside the floating object manipulation system, i.e. between the object and vessels. It is
a basic safety measure to ensure that the towing manipulation works properly. Static and
dynamic obstacle CA is to keep the manipulation system away from the external potential
dangerous targets, such as no-navigation zone, anchorage, and other moving vessels.

Considering disturbances is an important issue to increase the robustness of the manipu-
lation system. In the maritime environment, disturbances usually refer to winds, waves, and
currents. Wind effects can be formulated by wind speed and direction [2} [119} (1311 [148]],
and can also be represented by simplifying as external bounded forces to the system [} |59}
100, [189]. Wave effects are relatively complex because the wave model is built based on the
wave spectra and the theory of response amplitude operators (RAOs) [56]. Thus, scholars
usually use trigonometric functions to simulate the wave influence [[102} 123} 127} [162]]. As
to currents, their effects reflect on the relative velocities of the vessels to the waters [56].

Existing research works that tackle the problem of the collision avoidance and handling
disturbances for the floating object manipulation system are summarized in Table[2.8]

In the way of attaching, a large number of research works do not consider the collision
avoidance problem [14H17,121H231150,152,154,155,183,199,1158]. They ignore the approaching
process of the vessels to the floating object and assume that all the vessels have already
attached to the object. On the contrary, scholars of [53] use the artificial potential field for
regulating the motion of the vessels to avoid collisions with each other while establishing
contact with the object. Authors in [27] use distributed model predictive control to ensure
safe distances from vessels to the floating object and from the manipulation system to the
static and dynamic obstacles. For the disturbances consideration, research works [[14} [15}
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Figure 2.13: Summary of the collision avoidance and disturbances consideration in the re-
search of floating object manipulation.

Table 2.8: Classification of the collision avoidance and disturbances consideration for the
floating object manipulation literature.
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21, 183]] take into account wave influence on a large floating object manipulation system in
the offshore environment; [99]] focuses on wind and current effects in port areas. While the
rest of the papers have no investigation of environmental disturbances.

In the way of caging, only a few papers address the collision avoidance problem, where
the focus is just on the collisions between vessel each other [9} [130]. The reason can be
analyzed as follows. First, the manipulated object is captured and transported by a long
floating rope or boom, which highly reduces the risk of colliding with vessels. Second, the
manipulation scenarios are usually offshore waters, which is considered a working space
without static obstacles. Third, the manipulated floating object is usually flammable and
explosive dangerous goods (spilled oil), so no vessels or other moving targets are close to
the caging manipulation system. More than half of the works do not concern the problem
of disturbance effects. Research works [[150} [152]] consider wind influence causing motion
errors of the boom-towing system for oil spill recovery, and they use distributed PID con-
troller to compensate for such errors. Papers [85, [149] consider wind and wave effects in
the deployment of booms along with quayside mooring ships. Such effects in the authors’
opinion are positive, because it helps to get a suitable shape for the boom being towed.

In the way of pushing, none of the papers concern collision avoidance of the external
static and dynamic obstacles, because the motion of the floating object in this manipula-
tion is not fully controlled by vessels, the pushing manipulation system has no ability to
cope with external obstacles. Despite this, half of the works focus on collision avoidance
between the object and vessels. In works [[72} (73] [146], researchers control and plan the ap-
proaching speeds and trajectories of the vessels respectively to prevent collisions between
the object and vessels and among the vessel themselves. In [188]], a limit cycle approach is
used to control the vessels’ posture and prevent collisions, which is to control the vessels’
velocity and orientation to avoid the elliptical cycle around an obstacle. No works consider
disturbances, probably due to the limited control of the floating object.

In the way of towing, due to the safe distance enabled by the towline, it is observed that
all the research works have addressed the problem of self CA by establishing the desired
kinematics towing system model. Scholars in [19} |20] define line-following and circle-
following guidance paths to make the towing vessel have no collisions with another moving
vessel. Scholars in [42] 44| |45]] combine model predictive control strategy and the designed
ship reference guidance system to make the towing system avoid static and dynamic obsta-
cles in complex water traffic environments, and the collision avoidance operations comply
with the COLREGS rules. For the disturbances consideration, the number of papers in this
type of manipulation is larger than the other three ones. Some research works consider one
type of disturbance, like winds [182] and waves [116} [183]]; while some scholars focus on
two types of disturbance effects, such as both winds and waves [41} [186] [192]] and both
winds and currents [[161]]. Especially, there are papers that consider all the environmental
disturbances (wind, wave and current) to a towing system in the scenario of offshore waters
[48 176} 81].

2.5 Assignment of Vessel Role

This section focuses on the role of each vessel in the floating object manipulation system.
As shown in Fig[2.14] there are four roles for the vessels in the manipulation system sum-
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Figure 2.14: Summary of the role of each vessel in the research of floating object manipu-
lation.

marized from the existing research works: propelling, guiding, following, and flexible role.

A vessel has the role of propelling means that it is directly in contact with the floating
object and provides pushing force to move this object. The direction of the provided pushing
force is the heading of the vessel. Because it is required to be contacted directly, the floating
object cannot be a liquid. Guiding and following roles need media (usually ropes, cables
or booms) to make a physical connection between the object and vessels. A vessel plays
the role of guiding means that it is located in front of the object along the direction of
motion and provides pulling force to lead this object moving; while a vessel plays the role
of following means that it is located behind the object along the direction of motion and
provides dragging force to brake this object. The schematic diagram of these three roles are
shown in Fig[2.T5] The flexible role means that a vessel can switch roles between guiding
and following. The reason for such a mutual conversion is that the vessels in the guiding
and the following roles have the same way of manipulation, towing. These two roles can be
switched by adjusting the position and heading of the vessel.

The role of each vessel in the floating object manipulation system in the existing research
works is summarized in Table[2.9]

In the way of attaching, only one paper [27] uses three vessels where one vessel plays
propelling role attached behind the object and two vessels play guiding roles located at the
two sides of the obstacle. The rest of the works consider all the vessels in their manipulation
system as the propelling role. Because one vessel can provide the propelling force in only
one direction, to fully control the object, the number of vessels is usually more than four.
In the way of caging, due to the floating object being manipulated by a rope or boom towed
by one or two vessels, the vessels in the research works of this manipulation type have the
guiding role. In the way of pushing, the role of vessels is the same as in the majority of
works in attaching manipulation, the propelling role. The difference is since the vessels do
not have to contact the object all the time, the force direction to move the object is not fixed,
the number of vessels does not require to be large (usually 1 to 4).

The vessels of the floating object manipulation system in the above three ways of manip-
ulation have their specific fixed roles. However, the vessel roles in the towing manipulation
can be more flexible and complex.

As shown in Fig[2.16] there are five situations of the vessel role in the existing research
works. In literature [} [19} 20, [81} 98, 1116} 1138} [161} (190} [192]], authors use one guiding



2.5 Assignment of Vessel Role 31

\%
—
Following ’V/G?mg
Role Role

Propelling
Role

Figure 2.15: Schematic diagram of the vessel roles in the floating object manipulation sys-
tem.

Table 2.9: Statistics of the role of each vessel for the floating object manipulation literature.
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Figure 2.16: Situations of the vessel role in the existing research works (the black box rep-
resents the manipulated object, the green shape is the guiding vessel, the blue
shape is the following vessel, the green and blue combined shape stands for
the vessels can switch roles between guiding and following): (a) one guiding
vessel; (b) two guiding vessels; (c) one guiding and one following vessel; (d)
four guiding vessels; (e) four flexible vessels.

tugboat to control the position and heading of the object (Fig[2.16] (a)). To improve the
efficiency of the heading control, some scholars use two guiding vessels towing the object
62, (63, [182, [186]] (Fig@ (b)). There is another configuration of the two-vessel towing
system, taking one vessel as the guiding role and another vessel as the following role [40-45|
71) (Fig[2.16)(c)). The advantages of this configuration are that the velocity and trajectory
of the object are fully controlled and well maintained, respectively, since the role of the
following vessel can reduce the speed and stabilize the heading of the object. When the
number of vessels increases to four, some researchers assign the guiding role to all the
vessels to cooperatively manipulate the floating object [76} [183]] (Fig[2.16](d)). The object
in this configuration has good maneuverability, however, the fact is that the hydrodynamic
parameters of the vessel model are calculated based on the forward motion (the heading is
toward the goal). If the configuration of Fig[2.16|(d) is applied, at least two vessels’ heading
is opposite to the goal in the process of manipulation, and the hydrodynamic parameters of
these vessels are changed. This will result in the problem of model uncertainties. To solve
this problem, some scholars adopt the flexible role to all the vessels [46} 48] (Fig@ (e)).
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In this way, the manipulation system can always keep two vessels with guiding and two
vessels with following role in the towing process. Without reducing maneuverability, the
manipulation system can effectively transport the floating object and the motions of all the
vessels are satisfied with their hydrodynamic models.

2.6 Conclusions

This chapter reviews the existing research works on the floating object manipulation prob-
lem. It addresses the first research question Q1: What are the characteristics and concrete
research gaps of the physically connected multi-vessel system?

Inspired by the object manipulation research in the field of multi-robot systems, four typ-
ical maritime object manipulation ways are summarized from the existing research works:
attaching, caging, pushing, and towing. For each manipulation way, its definition and char-
acteristics, the common type of the floating object, and the application scenarios are dis-
cussed in detail. For finding the research gaps, we analyze the control objectives concerned,
the control architecture used, the collision avoidance involved, the environmental distur-
bances considered, and the role of each vessel in the floating object manipulation system.
The complete and detailed framework and review outline of the floating object manipulation
problem are shown in Fig[2.17]

For the control objective, the majority of research works emphasize the position and
heading control of the floating object, while the velocity is a lack of concern. For the con-
trol architecture, except for the attaching manipulation, more than half of the works in the
other three manipulation ways propose centralized control. For the problem of collision
avoidance, few papers focus on collision avoidance of external static and dynamic obsta-
cles for the floating object manipulation system. For handling disturbances, except for the
towing manipulation, the majority of the works in the other three manipulation ways do
not address this issue. For the assignment of vessel role, the vessels applying manipulation
of attaching, caging, and pushing have their specific fixed roles. For the manipulation of
towing, the vessels in the manipulation system have more flexible roles, and the role of the
vessel can be switched.

Overall, it can be concluded that towing manipulation has the advantage of manipulation
system safety, floating object controllability, and application scenarios flexibility, which can
be a proper choice to manipulate a large marine structure. The research gaps of this manip-
ulation lie in that: (1) complex towing system model; (2) implementation of the distributed
control architecture; (3) collision avoidance of the external static and dynamic obstacles; (4)
velocity control of the floating object; (5) flexible vessel role strategy of the swarm-vessel
towing.

Based on the above findings, in the next chapter (Chapter [3), the research foundation
of this work is presented, including research assumptions, basic vessel model, generic tow-
ing system model, control method, and control architecture. Cooperative control schemes
in different operational scenarios, control objectives, environmental disturbances, collision
avoidance, and vessel roles are investigated in the subsequence chapters (Chapter 4] [7).
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Chapter 3

System Modelling and Control
Framework

As concluded in Chapter[2] the way of towing is selected in this work to manipulate a large
marine structure. This chapter addresses the second research question (Q2): “How to estab-
lish the dynamics model of the physically connected multi-vessel system, and the control
framework?”.

The organization of this chapter is as follows. Section 3.1 introduces the assumptions
made in this research; Section 3.2 presents the model of the vessels, whose kinematics and
kinetics models can precisely represent the characteristics of the vessel’s motion; Section
3.3 proposes the generic model of the towing system based on Section 3.2; Section 3.4 and
3.5 focus on the control framework of this research, where Section 3.4 elaborates the control
methods and Section 3.5 is for the control architectures; Section 3.6 concludes this chapter.

Parts of this chapter have been published in [40

3.1 Research Assumptions

For this research, several assumptions are made, which are related to system modelling, con-
trol design, and application scenarios; and all of them are supported by the corresponding
justifications [153]].

Al: In the towing system model, the towline is treated as a massless and non-elastic rope.

The towing system consists of the floating object, the tugboats, and the towlines.
The first two components can be represented by the vessel models, while the model
of towline is usually ignored by the majority of related research. In a few works,
the catenary model is used to represent the tension, resistance, and elasticity of the
towline [27] [161], expressed as:

T Le/2\\ EA
T= <HD —2% ginh~! (‘”R/)> £4
) T Lg

1Z. Du, V. Reppa, and R. R. Negenborn. Cooperative control of autonomous tugs for ship towing. IFAC-
PapersOnLine, 53(2):14470-14475, 2020.
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A2:

Figure 3.1: Towing winch [37]].

where T is the component of the towline tension in the horizontal plane; Hp is the
horizontal distance between the two ends of the towline; ® is the weight of the towline
per unit length; Ly is the length of the towline; E is the Young’s modulus of the
towline; A is the cross-sectional area of the stream.

It is noticed that this model applies to the towline that is sizable, elastic, and can
not ignore its mass, which usually appears in the situation of real maritime towing
operations. However, in this thesis, the models of the small-scale lab vessels are used
to validate the towing process via simulations. Thus, the towline can be simply treated
as a massless and non-elastic rope. Another notable point is although the cables are
not elastic, their length might be varying by controlling the winch, which means the
winch can elongate and shorten the towline.

In the control system, the calculated towing forces (control inputs) can be achieved
by the winch, and the towline can be always tight through the winch.

In this thesis, the control system is designed to calculate the towing forces to manip-
ulate the floating object. The towing force on the towline is controlled by the winch
located on the tugboats (as shown in Fig[3.I). In practice, the winch controller can
not exactly provide the expected towing force through the towline to the floating ob-
ject. However, since the scope of this research focuses on high-layer control, which
is the computation of the forces on the towline, the low-layer winch control
(including the detailed winch system model [156]]) is not considered.

In the towing control-related literature the majority of papers [63]
simplify the part of winch control. Since usually the control
order is generated frequently, every short period there will be new towing forces on
the towlines. From a micro perspective, during this short period, the towline goes
through the process of first tight and then slack; from a macro perspective, the towline
can be seen as always tight in such a quick time instant.

Thus, the calculated towing forces (control inputs) by the proposed controllers are
assumed to be perfectly achieved. Moreover, the winch can guarantee the action of
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the restoring force to the tugboat and ensure the towline be always tight.

A3: In the application scenarios of port areas, the dominant source of environmental
disturbances is the wind, the unknown effects (waves and currents) are considered
bounded random disturbances.

Marine environmental disturbances are usually the effects mixed with winds, waves,
and currents. In different application scenarios, the effects will be biased. In the
scenarios of port areas, the wind influence is dominant [91]. Although in some cases
waves may indeed be significant, they are considered unexpected events. Most of the
research related to ship-berthing control in port areas [2 119,131}, 148]] take wind as
the main environmental influence to the vessels.

After comprehensive consideration, the environmental disturbances, in this case, are
divided into two parts: the wind effects and the unknown effects (mainly refer to
waves and currents). Since the second part has limited influence, it can be seen as
bounded random disturbances.

Ad4: In the application scenarios of inland waterways, the speed of the towing system
is slower than other moving vessels; if there is a close-quarters situation, it only
happens between the towing system and one vessel.

The operation of towing is a hazardous and challenging task, especially in inland wa-
terways. According to the International Regulations for preventing Collisions at Sea
(COLREGS), a vessel engaged in a towing operation can be seen the vessel restricted
in her ability to maneuver [78]]. Thus, the speed of the towing system is usually slower
than other moving vessels and the overtaking situations do not happen for safety rea-
sons. Conversely, other vessels will also stay away from the towing system as much
as possible. If there is a close-quarters situation, the towing system only needs to deal
with one vessel.

AS: In the application scenarios of offshore waters, the waves are the long-crested and
the currents are irrotational.

In the application scenarios of offshore waters, all the three ocean effects (wind,
waves, and currents) should be considered, where wave force contributes the majority
of the total environment load. Waves are classified into two categories. Long-crested
waves are the waves propagated from one direction, while the short-crested waves
are the combination of different long-crested waves propagated from different direc-
tions [97]]. Although the short-crested waves are closer to the real sea condition, since
the offshore scenarios in this research are not far from the shore and the focus is on
the control strategy, the long-crested waves are considered. Similarly, the ocean cur-
rents are simplified to irrotational constant currents, which only concern its speed and
direction [56]].

3.2 Modelling of Vessels

The motion of a vessel can be represented in 6 degrees of freedom (DOF): surge, sway,
heave, roll, pitch, and yaw. Fig[3.2]shows the six motions in the body-fixed reference frame.
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Figure 3.2: The 6 DOF motion of a vessel in the body-fixed reference frame.

To describe these motions mathematically, the vessel model is developed and established.
There are two main ways of modelling the vessel motion: component form and vectorial
representation. The component form is a classical way with the Taylor-series expansions to
describe the hydrodynamic forces, but it often results in complicated forms with hundreds of
elements. The vectorial representation uses matrices and vectors to simplify the equations of
motion. It exploits physical system properties to reduce the number of coefficients needed
for control [56]. Thus, the vectorial representation is adopted to establish the vessel model
in this thesis for marine control systems design.

Considering the motion of vessels in the horizontal plane (surge, sway, and yaw) is the
focus of this thesis, the 3 DOF model is used to formulate the kinematics (3.1) and kinetics
(3:2) model of a vessel:

() = R(y())v(e) 3.1
v(it)=M""! ( —C(v())v(r) =D (v(t))v(r) +7(r) +TE(I)), (3.2)

where N(¢) = [x(¢) y(t) w(t)]" € R3 is the position vector in the world frame (North-East-
Down) including position coordinates (x(t), y(r)) and heading y(r) (as shown in Fig;
v(t) = [u(t) v(t) r(t)]T € R3 is the velocity vector in the body-fixed frame containing the
velocity of surge u(t), sway v(¢) and yaw r(¢); R € R3*3 is the rotation matrix from the
body frame to the world frame, which is a function of heading:

cos (y(r)) —sin(y()) O
R(y(t)) = | sin(y(t)) cos(y(r)) O
0 0 1

The terms M € R3*3 and C € R**3 are the mass (inertia) and Coriolis-Centripetal matrices,
both of them consist of rigid-body and added-mass parts: M = Mgp+ M4, C = Crp+Cy,
where
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The term D € R¥*3 is the damping matrix, including linear and non-linear parts: D =
D, + D, where

—Xy 0 0
D= o -v -v |,
0 —N, —N,
= Xuju|u(1))| 0 0
D,= 0 Vo VO =Yplr@)] =Y ()] =Yy, [r(2)]
0 =Ny V(O =Ny [ ()] =Nyjo ()] = Ny (1)

The terms T(¢) € R? and Tz (¢) € R? are the controllable input vector and environmental
disturbances vector in the body-fixed frame, respectively:

To (1) Teu(?)

()= | () |, Te@)=| e ()
Tr(t) TEr(t)
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Table 3.1: Information on the small-scale vessels used in this thesis.
Vessel CyberShip II [153]] TitoNeri Delfia 28]
Physical
Picture
Length 1.255 m 0.97 m 0.38 m
Width 0.29 m 0.30 m 0.185 m
1) Two stern propellers 1) Two stern azimuth Two azimuth thrusters
Actuators with two rudders; thrusters; located at the sides of
2) One bow thruster. 2) One bow thruster. the bow and the stern.

Table 3.2: Parameters of the used vessels in this thesis.

CyberShip II [133])
m 23.800 Ny 0.03130
Xg 0.046 Ny -1.900
L 1.760 Xiulu 1.32742
X 2.0 Yo -36.47287
Y -10.0 Yy 10.805
Y -0.0 Yy 10.845
N -10 Yipir -3.450
Ny 200 Niyjy 3.95645
X, 0.72253 Ny 0.130
Y, -0.88965 Niyjr 0.080
Y, 17.250 Nivjr 10.750
TitoNeri [67]

m 16.9 Y 492
Xg 0.0 Y 0.0

L 051 N, 0.0
X, 12 N; 1.8

Delfia 28]

m 3.345 Ny -0.110
g 0.0 X, 2734
I 0.031 Y, -4.60250
Xu -0.2310 Y, 0.79546
Yy -1.334 N, 0.50439
Y; 0.0 N, -0.22243




3.3 Modelling of the Towing System 41

Table[3.Ishows the information on the small-scale vessels used in this thesis. The vessel
CyberShip II is developed by Norwegian University of Science and Technology (NTNU). It
is a 1:70 scale replica of a supply ship. The vessel TitoNeri and vessel Delfia are developed
by Delft University of Technology (TU Delft). TitoNeri is a small model tugboat (1:30) of
roughly a meter long and width of 30 centimeters, Delfia is a box-shaped ASV prototype
with two 360° steering propellers (one at the bow and the other at the stern), whose design
is to make maneuvering in crowded environments easier than actual solutions.

The parameters of the three vessels are shown in Table[3.2] It can be observed that the
parameters in the mass (M) and Coriolis-Centripetal (C) matrices of the three models are
identified, but the damping part (D) has different considerations. The model of CyberShip I1
provides all the parameters of the linear and non-linear parts in the damping matrix, while
the model of Delfia only provides the parameters of the linear part (D;). The model of
TitoNeri replace the whole damping part D(V(r))Vv(t) to the drag forces vector Targ (1)

Tdragu (W(t) ) ”(t))
Tarag(t) = | Tdragy (W(t),v(t)) ;
Tdragr (i’(l‘))
where the elements of Tgragy and Tgragy are the drag forces in x and y direction, which are
calculated through the polynomial fitting. The polynomial function is determined by the
velocity in the corresponding direction and the heading angles. The element of Typg, is
the drag moment, calculated by the polynomial function of yaw velocity. The process of
polynomial fitting and the detailed parameters of the polynomial function can refer to [18].

3.3 Modelling of the Towing System

This section details the kinematic and kinetic model of the towing system.

3.3.1 Kinetics of the Towing System

For a towing system with a non-powered floating object and # tug boats, the forces on the
floating object and tugboat i are shown in Fig[3.4]and Fig[3.3] As to the floating object, the
controllable inputs Tro(r) (in (3.2), ©(f) £ Tro(r)) come from the towline, which can be
formulated as:
Tro(t) = X Thoi(t)
i=1 (3.3)
Troi (1) = Broi () Fi(1),

where n is the number of tugs; Tf,;(¢) represents the towing forces and moment by Tug i;
Fi(t) is the towing force from the tug i through the towline; Bg,;(t) € R3 is the configuration
matrix with respect to the object-body frame, it is a function of the towing angle o (r)
expressed as:

cos (o;(1))

Bfoi(t) = sin (OC,‘(I)) s (3.4)
i sin (i (1)) cos(y;) — cos (0 (1)) sin(y;)]
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Figure 3.5: Forces on tug i of a towing system.

where /; is the distance from the center of gravity of the object to the object towing point; y;
is the angle between the heading of the object and the direction from the center of gravity
of the object to the towing point (shown in Fig[3.4).

In order to validate the manipulation of the floating object flexibly, the model of TitoNeri
is chosen as the tugboat in this thesis, whose actuator system contains two stern azimuth
thrusters and one bow tunnel thruster (as shown in Fig, known as the ASD fug [68].
With the help of three thrusters, the tugboat can obtain omnidirectional forces and moments.
Thus, the controllable input T;(¢) (in , T(t) £ 7;(t)) of the tugboat i can be formulated
as:

Ti(t) = tri(t) +Tri(2), 3.5)

where Tr;(1) € R3 denotes the forces and moment provided by the tug actuator system;
Tri(t) € R? represents the forces and moment to compensate for the reaction of towing
force, which can be expressed as:

!

Tri(t) = Bri(t)F; (1), (3.6)

where Br;(t) € R? is the configuration matrix with respect to the tug-body frame. This term
is a function of the tug angle B;(¢) (this angle will be defined and calculated in the next
sub-section), expressed as:

cos (Bi(1))
Bri(r)=| sin(Bi(r)) |, (3.7
I7; sin (B,(I))
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where I7; is the distance from the center of gravity of the tugboat to the tug towing point
(shown in Fig[3.5).

The term Fi/ (¢) is the force applied through a controlled winch onboard the tugboat to
the towline. According to the first and second assumptions (A1 and A2), we have

F, (1) = F(1). (3.8)

Overall, combining (3.2)) — (3.8), the kinetics of the floating object and the tugboat i in a
towing system can be formulated as:
VFo(t) = MI;C]) ( —Cro (VFo(t))VFo(t) — Dro (VFQ(I))VFo(I)+

n (3.9)
E {Bos (@) F()} + 50(0)).

vi(t) =M;" (— Ci(vi(t))Vi—D;(Vi(2))Vi(t) +Tri(t)+
Bri(Bi(t)) Fi(t) +TE,-(1‘))-

Overall, (3.9) and (3.10) show that the kinetic interconnection between the system of
a floating object and tugboats is the towing force F;(r). For the floating object, the towing
force is the power that makes it move; while for tugboats, the towing force is the resistance
that needs to be compensated.

(3.10)

3.3.2 Kinematics of the Towing System

The kinematics modelling of the towing system is to find the geometric motion relations
between the floating object and the tugboats. Due to the position and heading of the floating
object being the control objectives that we want to achieve, the desired position and heading
of the tugboats can be calculated based on these data of the floating object.

As shown in Fig[3.6] the desired position (xig,yiq) and heading (yjq) of the tug i are
expressed as:

xpo (1) 4+ Iisin (Wro (1) + i) + lowi sin (Wia (7)) + i sin (Wia (7))
yid(t) = yro(t) + licos (Wro (t) + Vi) + lowi €08 (Wia (1)) + bricos(Wia (1))
Wia(t) = Wro(t) + o(t),

xia(t

) =
)=

where /i,y is the desired length of the towline that guarantees the collision avoidance be-
tween the object and tugboat i. It can be noticed that the desired states of the tug i are
determined by the states of the floating object and the towing angle. Thus, the above equa-
tions can be transformed to the vectorial representation with variables the position vector of
the object N (7) and the towing angle o (7):

Nia (1) =Ngo (1) + (howi + i) Ei(t) + LiFi(t) + a;(£)[0 0 1]T, (3.11)

where E;(t) € R? and F;(t) € R? are the vectors related to the object’s heading Wro(¢) and
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Figure 3.6: Kinematics of the towing system.

the towing angle o;(z), expressed as:

sin (Wro (1) +04(t))
E;(t) =sgn(i) | cos(yro(r)+oi(t)) |, (3.12)
0

sin (Wro (1) + i)
Fi(t) =sgn(i) | cos(yro(t)+%) |, (3.13)
0

where sgn(i) is the sign function related to the relative position between the floating object
and the tugboat i:

—1 if the tugboat i is behind the floating object;
sgn(i) = (3.14)

1 if the tugboat i is in front of the floating object.

Fig[3.7]shows the relations between the desired and actual heading of the Tug i. The tug
angle B;(¢) in and then can be calculated by combining the angle relations in
Fig[3.6and Fig[3.7):

Bi(r) = wro(t) + ou(t) — wi(t), (3.15)
where y; is the actual heading of the tugboat i.

Overall, shows that the kinematic interconnection between the system of a float-
ing object and tugboats is the towing angles o;(#). For the floating object, the towing angle
is the control input determining the direction of the towing force; while for tugboats, the
towing angle is the configuration variable determining the reference position and heading.
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Figure 3.8: Control system structure with control allocation module.

3.4 Control Methods

According to (3.9), the control inputs of the floating object are the towing forces F;(¢) and
towing angles o;(f). When the number of tugboats is equal or more than two, the number
of control inputs of the floating object will be more than its DOF. In such a case, the towing
system becomes an over-actuated mechanical system. The over-actuated systems are often
applied in practice because of the need for actuator redundancy to meet fault tolerance and
control reconfiguration or the requirements of certain actuators for being shared among
several control systems with different objectives [87].

A control system containing the module of control allocation can be illustrated in Fig[3.8]
First, the motion controller in the high-level control computes virtual control inputs Tf for
the system, which are usually the forces and moments. Then, the control allocation module
divides the Tf to several small control inputs T according to the number of actuators. Fi-
nally, each actuator controller in the low-level control calculates the actual control inputs u
to the mechanical system.

In our cases, the virtual forces and moment Tro is computed for manipulating the object
in the floating object motion control. Through the control allocation, Trg is divided into n
number of forces and moments Tr,;. These forces and moments are finally transformed to
towing forces F; and angles ; to directly affect on the floating object. The actuators for the
floating object are the tugboats.

In summary, the control allocation problem is required to compute multiple control in-
puts and involves multiple kinds of control constraints, such as control input saturation,
system dynamics, actuator rate constraints, physical configuration restraints, etc. Thus,
optimization-based control strategies are usually adopted to solve such a multi-control in-
put multi-control constraint problem.

For a floating object manipulation system with n number of tugboats, the control allo-
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cation problem solved by optimization-based control method is formulated as:

minimize Jgo (XFo (t),Uro (t)) (3.16)

subjectto Vien:

XF()([) € Xro (3.17)
UFQ(I) € Uro (3.18)
8i(Xro(t),Uro(t)) = fi(Xi(t),Ui(r),Uro(1)), (3.19)

where Xro(t) = [Npo (1) Vro(t)]T and Upo(t) = [Fi(t) o (t) ... Fu(t) o, (¢)]T are the states
and control inputs of the floating object, respectively; Xpo represents constraints of the
floating object dynamics; Uro stands for constraints due to the control input saturation. The
term g; (Xro(t),Uro(t)) stands for the function of the towing system kinematics, referring
to ; fi(Xi(1),U;(t),Upo(t)) represents the dynamics of the tugboat i, referring to
(3.1) and (3.10). Equation (3.19) means that the towing system should satisfy the desired
configuration, which is an interconnecting constraint between the floating object and the
tugboat i.

Correspondingly, for the tugboat i, the optimization-based control problem is then for-
mulated as:

minimize J;(X;(),U;(r)) (3.20)
subjectto  X;(t) € X; (3.21)
U,‘(l‘) eU; (3.22)
fi(Xi(0),U(t),Uro(1)) = gi(Xro (1), Uro (1)), (3.23)

where X;(t) = M;(¢) v;(t)]T and U;(t) = T7;(¢) are states and control inputs of the tugboat
i; X represents constraints of the tugboat i dynamics; U; stands for constraints due to the
control input saturation.

However, since the maneuverability of the towing system is quite limited, in some sce-
narios like congested waterways just calculating the current control inputs is not enough
for ensuring the safety of the towing system (collision avoidance). Thus, the predictive
optimization-based control strategy is developed and applied to compute a set of control
inputs within a certain horizon. The representative approach is model predictive control
(MPC).

The predicted control inputs are achieved based on the system model inside the MPC
controller [140] [6]. As shown in Fig the measured states from the system are used
by the model to calculate the predicted states, the optimizer then uses these states as the
initial condition to compute future control inputs in the premises of the control objective
and constraints, and sends them back to the model. After finishing the predictive horizon,
the first step of the calculated control inputs is sent to the real system.

Because control problems are often solved by digital computers, the continuous-time
system model has to be discretized [L18] [179]. For the floating object and tugboat i, the
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Figure 3.9: Structure of model predictive control.

discretized system model can be formulated as:

(k+1)Ty
XFO(k+1):XFO(k)+/kT fro(Xro(t),Uro(t))dt, (3.24)

(k+1)T;

Xi(k+1):X,»(k)+/k " .00, (3.25)

Ty

where £ is the discrete time step; 7 is the sampling time; fro and f; is the dynamics of the
floating object and tugboat i, respectively.

Thus, the MPC-based control problem for the floating object and tugboat i can be ex-
pressed as:

Hp
minimize Y Jpo (Xro(k+h|k),Upo(k+h|k)) (3.26)
h=1

subjectto Vien,VheHp:

Xpo(k—‘rh“() € Xro (3.27)
Uro(k+h|k) € Ugo (3.28)
8i(Xro(k+h|k),Uro(k+h|k)) =
[i(Xi(k+h|k),U;(k+h|k),Uro(k+hl|k)), (3.29)
Hp
minimize Y Ji(X;(k+h|k),U;(k+h|k)) (3.30)

h=1
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subjectto VheHp:

Xi(k+h|k) e X; (3.31)
Ui(k+h|k) € U; (3.32)
fi(Xi(k+h|k),Ui(k+h| k), Uro(k+hlk)) =

i (Xro(k+h|k),Uro(k+h|k)), (3.33)

where Hp is the length of the prediction horizon; 4 is the hth time prediction step; k+ h|k
is the prediction at time step k 4 & based on the instant time step k.

3.5 Control Architectures

According to Section[2.3] most of the methods for floating object manipulation focus on
centralized and distributed architectures.

In the centralized control architecture (shown in Fig[3.10), there is only a central control
agent calculating the control inputs for n number of systems, so the optimizer solves a large
global optimization problem. For the floating object towing system, the cost function in the
centralized control architecture is formulated as:

n

Jeenwal = Jro+ Y, Ji- (3.34)
i=1

In the distributed control architecture (shown in Fig[3.T1)), multiple control agents are
deployed in different control layers to collaboratively achieve the control objectives. Usu-
ally, a supervisor control agent is located in the high layer to divide a global control objective
and assign control tasks. The local control agents calculate the specific control input aiming
for each system. For the floating object towing system, the cost function in the distributed
control architecture is separated into multiple small functions corresponding to the object

and each tugboat.

However, since the optimizer in each control agent calculates its optimization problem
individually, the interconnecting constraints between each control agent can not be guaran-
teed. To satisfy the interconnecting constraints between the floating object and each tugboat
in our case (equations (3.29) and (3.33)), the alternating direction method of multipliers
(ADMM) is used.

The ADMM is a widely used algorithm well suited to solve distributed convex opti-
mization problems, especially for consensus problems [141]. It coordinates the solutions
of small local sub-problems to find a solution of a large global problem. The idea of the
ADMM is to blend the dual ascent optimization approach with the augmented Lagrangians
method of multipliers, which is characterized by superior decomposability and convergence
properties [[160].

For our case, the augmented Lagrangian form of the floating object manipulation prob-
lem at time instant k can be formulated as:



3.5 Control Architectures

49

Central
—>
Control Agent
System 1 System 2 System n
\ | |

Figure 3.10: Centralized control architecture.

Supervisor

Control Agent

|

|

]

!

Local Control
Agent 1

Local Control
Agent 2

Local Control
Agent n

System 1

System 2

System n
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L, (Uro(k),Ui(k),Ni(k)) = Jro(Uro(k)) + i {-’i(Ui(k))} +
=

=

{7‘?(]‘) [fi(Ui(k),UFO(k)) fgi(UFO(k))]+ (3.35)

(pi/2) | (U:(0), Uro (k) — i (Uro(0) [ }.

1

where A;(k) is the Lagrange multiplier or also called dual variable; p; > 0 is the penalty
parameter.

It can be seen that the right-hand side of (3.35) consists of three parts. The first and
second parts are the cost functions of the floating object and tugboats. The third part is
the interconnecting constraint between the floating object and each tugboat. Thus, the opti-
mization of L, is not only to minimize the cost functions Jro and J;, but also to satisfy the
interconnecting constraint (make f; equals to g;).

Then, the iteration procedure of the ADMM at time instant k is formulated as follows:
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U; (k) 1= argmin (Ji(Ui(k» T 0T, U (0) - (U ()

U;(k) (3.36)
(U0, U () — iU () H)

+ (pi/2)|

U (k) := argmin(JFo(UFO( ))
Uro (k)

Y P 07 (020, Uro () i (Uro )]
= (3.37)

+ (pi/2)|| (U (k),Uro(k)) — gi(Uro(k)) Hi) ,
W) =1 (0 +pe(£i(U3 0. Uio (k) = i(Uko(0) ) (338)

where s is the iteration, -* stands for the corresponding variable at the sth iteration.
The termination criterion is provided based on the following residuals [160]:

I

pri7i(k)H2 = ‘
&

3ual,i(k) H2 = ‘

(U3 0).Uio(R) = 2:(Ugo (1) |, < e ().
(3.39)

8i(Uto(k)) = 8i(Ug' (0)] || < s k).

where R‘Y ; and Rfiuall are the primal and dual residual of the control agent i at iteration s;

pn ;> O and €quar,; > 0 are the corresponding feasibility tolerances, determined by

i) = Ve + emax [ (U300 [, 6 (Uso 00,

€uar i (K) = v/mse®™ + €[ (k)|

(3.40)

27

where n; is the size of the variable U;; €2 > 0 and €™ > 0 are the absolute and relative
tolerance, respectively.

The penalty parameter p; of the control agent 7 at iteration s is usually designed to be
variable according to the comparison of the primal and dual residuals to increase the speed
of convergence. A typical scheme is expressed as follows [160]:

1ncrpl pru H >'uHRdudll k)H2
S _ .
p; = pf l/adecr if “Réual,i<k)H pr” )H2 (341
pi! otherwise,

where @™ > 1 and %" > 1 are the parameters to increase and decrease the penalty; u > 1
is the parameter to determine whether the penalty is updated. The idea behind this is to
keep the primal and dual residual norms within the factor of u of one another as they both
converge to zero [160].

From the perspective of the distributed architecture implementation, the communication
happens between the floating object and tugboats for exchanging their position, heading, ve-
locity, force, environment, etc. information. This information is measured from the sensors
of GPS, Gyro-Compass, IMU, Camera, Force measurement sensors, Anemometer, Wind
Vane, etc.
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3.6 Conclusions

This chapter introduces the research foundations of this thesis. It addresses the second
research question Q2: How to establish the dynamics model of the physically connected
multi-vessel system, and the control framework?

Section 3.1 describes five assumptions used in this research related to system modelling,
control design, and application scenarios. Section 3.2 presents the motion model of a ves-
sel, where the 3 DOF vectorial representation model is used in this thesis to represent the
kinematics and kinetics of a vessel. Besides, the modelling information of three small-scale
lab vessels used in our research is introduced, including size and hydrodynamic parameters.
Section 3.3 proposes the generic model of the towing system, where the towing forces and
towing angles are the kinetic and kinematic interconnections between the floating object
and tugboats, respectively. Section 3.4 and 3.5 analyze the control method and control ar-
chitecture used in our research. The generic framework of the relevant control methods and
architectures are established aiming at the floating object towing problem.

It can be concluded that the towing forces and towing angles make connections between
the floating object system and the tugboat system. On the one hand, these two variables are
the key control inputs of the floating object; on the other hand, the towing forces are related
to the control inputs of the tugboats, and the towing angles are involved in the reference
trajectories of the tugboats. According to the characteristics of the towing system model,
the predictive optimization-based control strategy is the proposed approach for our research,
specifically, the approach of model predictive control (MPC). In addition, in the case of
distributed control architecture, the alternating direction method of multipliers (ADMM) is
used to achieve the consensus between the floating object and the multiple tugboats.

Based on the above research foundations, several specific cooperative control schemes
are proposed for physically connected multi-vessel towing systems in the following chapters
(Chapter[d]—[7). In the next chapter (Chapter[d), the research focus is the towing scenario in
port areas with dominated wind disturbances.






Chapter 4

Cooperative Control of A
Ship-Towing System under
Environmental Disturbances in
Port Area

Chapter[3| proposes the system model and control framework, which lays the foundations of
this thesis. Starting from this chapter, the focus is the control design of a towing system con-
sidering specific scenarios. This chapter addresses the third research question (Q3): “How
to increase the robustness of the towing operation to handle the influence of environmental
disturbances in port areas?”

The organization of this chapter is as follows. Section 4.1 states the specific problem
in this chapter, including the system model and control objectives. Section 4.2 models
the environmental disturbances in port areas. Section 4.3 describes the design of the con-
troller for the towing system according to the system model, control objectives, and control
constraints. Section 4.4 presents the simulation results showing the performance of the pro-
posed control scheme applied to small-scale lab vessels. Section 4.5 concludes this chapter.

Parts of this chapter have been published in [4lﬂ

4.1 Problem Statement

4.1.1 Towing System and Control Objective

Without loss of generality, we consider a towing system that consists of one manipulated
ship and two tugboats as shown in Figi.T} where the two tugboats have enough power to
perform the towing process. The ship is set as no power, so the power sources (control
inputs) of the towing system are offered by the two tugs. The front tug (Tug 2) is to increase

1Z. Du, R. R. Negenborn, and V. Reppa. Cooperative multi-agent control for autonomous ship towing under
environmental disturbances. IEEE/CAA Journal of Automatica Sinica, 8(8):1365-1379, 2021.
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Figure 4.1: Ship-towing system, control objective, and application scenario.

the speed and adjust the heading of the ship, while the aft tug (Tug 1) is to decrease the
speed and stabilize the heading of the ship.

The control objective is to move the ship from the initial position xs,,ys, and heading
Vs, to the desired position xsq,ysq and heading ysq. In the whole manipulation process,
the towing system is influenced by the environmental disturbances, including the dominant
effect of wind and the other unknown effects (waves and currents).

4.1.2 Dynamics Model of the Ship and Two Tugboats

The forces on the manipulated ship are shown in Fig[d.2] the dynamics model of the manip-
ulated ship is expressed as:

Ms(r) = R(ws(t))vs(t)
vs(t) =My! ( —Cs(vs(t))vs(t) — Ds(vs(t))vs(t)— (4.1)
By (1)F1 (1) + B2 (1)Fa(1) + T (1)),

where Bg () and B, (1) can be formulated according to (3.4). It is noticed from Fig4.2]that
the angle between the heading of the ship and the direction from the center of gravity of the
object to the towing point (Y;) equals to 0, so the two configuration matrices are expressed
as:

cos (o (1)) cos (02(1))
Bsi (1) = | sin (o (r)) By (1) = | sin(0ona(r)) , 4.2)
Iy sin (0t (1)) bsin (0 (1))

where /; and [, are the distance from the center of gravity of the ship to its stern and bow,
respectively.
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ship bow

Figure 4.3: Forces on the tugboats: (a) Tug 1; (b) Tug 2.

The forces on the two tugboats are shown in Fig[4.3] It can be seen that the towing force
to the Tug 1 is propulsion, the towing force to the Tug 2 is resistance. Thus, the dynamics
models of the two tugboats are expressed as:

n(1) = ((I)) (1) (i=12)

T =Ci(vi(0)vi(t) =Dy (vi(2)) Vi

T (1) + Bri(0Fi (1) + e (1)) 43)
S = Ca(va(t))va(t) — D2 (V2 (1)) V2

T2 (t) — Bra (1) Fa (1) + T ;)),

where By (t) and Br»(r) are given in (3.7).

4.1.3 Kinematics Model of the Towing System

Fig[.4)shows the desired geometry configuration of the towing system. The desired position
and heading of the two tugboats are given in (3.TT). It can be seen from Fig[d.4]that y; = 0,
Y2 =0, and sgn(1) = —1, sgn(2) = 1; so the corresponding E(¢), F(¢) and E,(t), F1(t)
are expressed as:
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Figure 4.4: Desired geometry configuration of the towing system.

sin(ys(r) +ou (1)) sin(ys())
E((t)=— | cos(ys(t)+ou(r)) Fi(t)=—| cos(ys(t)) |, (4.4)
L 0 ] 0
[ sin(ys(t) +oa(r)) ] sin(ys(t))
Es(t) = | cos(ys(r) + (1)) Fy(t)= | cos(ys()) |- (4.5)
0 0

4.2 Environmental Disturbances Modelling

According to the third assumption (A3), the environmental disturbances Tg(f) consist of
the dominant wind effects Tyinq(¢) and the low-impact unknown effects Tynknown (¢) (mainly
refer to waves and currents):

TE (1) = Twind () + Tunknown (7)- (4.6)

The wind effects can be modelled based on the wind speed denoted by V,,(¢) and wind
direction denoted by B,,(7). These two variables can be measured by an anemometer and a
weather vane in real-time, respectively. In the case of vessel symmetry with respect to the
xz and yz planes, the model of wind disturbances can be expressed as [56]:

. —cxCo8(Yrw (1)) Apw
Twind(1) = Epav,zw(t) Cysin (Yow (£))ALw : (4.7)
cnSin(2Ym (1)) ALwLoa
where p, is the air density; cy, ¢, and ¢, are the wind coefficients for horizontal plane

motions; Ar,, and Ay,, are the transverse and lateral projected area of vessel above the water,
respectively; L,, is the overall length of vessel; V,.,(¢) and ¥,,,(¢) are the relative wind speed
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and the wind angle of attack relative to the vessel bow, respectively, calculated by:

Viw(t) = \/ttp? (1) + v (1)

4.8)
Yrw(t) = atan2(vy, (1), upe (1)),
Upy (1) = u(t) — u,(t)
Ve (1) = (1) — v (1), 49)
(1) = Vi (1) cos (B (1) — (7)) @.10)

vi(t) = Vi (1) sin(By, (1) = w(7)),

where uy,(t) and vy, (f) are the relative wind speed in the x and y directions (vessel body
frame), respectively; u,,(t) and v,,(¢) are the components of wind speed V,,(¢) in the x and y
directions (world NED frame); u(¢), v(¢), and y(¢) stand for surge, sway, and yaw velocity
of the vessel.

Since the trigonometric function can be used to approximate the spectrum of the waves,
many ship motion control-related research works describe the unknown environmental dis-
turbances using a sinusoidal function adding constant [[102] [35]] [123] [[185]] or random [77]
[104] parts (A sin(w )+ B-rand(t)). Then, the unknown disturbances are depicted in Fig4.5]
(a). However, for the environment near ports (windy but sheltered areas), the wave period
is short (Asin(myt) + B - rand(t), @, > ;) [68]]. The short period wave is illustrated in
Fig[.5](b). Compared to Fig[d.5|(c), which is depicted by a random function and a constant
(C -rand(t) + D), the two approximated ways are similar. According to the above analysis,
the simpler way can reflect both the short period wave character and randomness. Thus, the
unknown disturbances can be described by a random function plus a bias.

From the meteorological point of view, wind generates waves. Wave breaking affects
exchanges between sea and atmosphere, and the (wind-driven) currents are induced by wave
breaking and the Stokes drift [25]]. For simplification, in this chapter waves and currents are
considered generated by wind, which means their effects are related to the wind speed V,, ()
and direction B,,(¢). Therefore, the unknown disturbances are expressed as:

kx Vi (1) (rand(2) + ax ) cos (B (1) — W)Arp
Tunknown () = ky Vi () (rand(t) + ay) sin (ﬁw(t) - 1|I)ALD , 4.11)
knVy (1) (rand(t) + aN) sin (Bw(t) - W)ALDL()(,{
where kx, ky and ky are the unknown disturbance gain, whose values are less than 0.1;
rand(¢) is the random function from O to 1; ay, ay and ay are the disturbance constant,

whose values are less than 1; App and App are the transverse and lateral projected area of
vessel under the water, respectively.

4.3 Design of Control Scheme

According to the towing system characterized by multiple control inputs and constraints, an
optimization-based multi-layer control strategy is used. It has the advantage of performing
different control tasks to coordinate multiple agents [26].

As shown in Fig[.6| the physical layer at the bottom contains all the physical system
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Figure 4.6: Control diagram for the multi-vessel towing system.

components, including hulls, actuators (thrusters), towlines, sensors, etc. The ship is ma-
nipulated by two tugs through towline which transfer towing forces and moment (Ts; (¢),
Ts2(1)). All the physical systems are affected by the environmental disturbances (Tg; (7),
Tea(t) and Tes(7)).

The control layer is distributed in two sublayers: higher-layer control and lower-layer
control. The higher-layer control objective is to coordinate the two tugs by allocating the
tasks. Comparing the desired states (Mgq,Vsq) and actual states (Mg(¢),Vs(¢)) of the ship
and acquiring the wind information (V,,(¢), B, (¢)), the supervisory controller generates the
online desired trajectories (1;4(¢), Mg (¢)) for two tugs. The lower-layer control objective is
to execute the tasks allocated by the higher-layer control that makes each tugboat track its
trajectory reference. Based on the tug reference trajectories (1,4(¢), No4(7)) and current tug
states (M (z), M, (2), v1(z), Va(t)), the tug controllers calculate the forces and moment that
the thrusters should provide (T (¢), Tr2(f)).

4.3.1 Supervisory Controller

The inner structure of the supervisory controller is shown in Fig[d.7] There are three core
components: Optimizer, Adaptive Weight Calculator and Reference Computation Unit.

(1) Optimizer

The objective of the optimizer is to compute the towing forces and angles. Thus, the
problem is to find a rational combination solution of o (¢), 02 (¢), F1(¢), and F>(¢) to mini-
mize the cost function:
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Figure 4.7: Inner structure of the multi-vessel supervisory controller.

Js(t) = eﬁs(t)wm (I)ens(t) + €$S(I)W52(t)evg(t)
ens(t) =MNsc(t) —Msa (4.12)
evs(t) = Vsc(t) — Vs,

where ens(t)€R? and eys(¢)ER? are the position and velocity error, respectively; wi ()
and wgy () are the adaptive weights defined in the next subsection, whose values are related
to the current measured wind data and ship states; Ngc(f)ER? and Ve (¢)€R? are the cal-
culated predicted ship position and velocity, which subject to the ship dynamics constraint
and (@.2).

According to the physical law and tug practical operation [68]], the towing forces and
angles have to satisfy the following saturation constraints:

—Olimax < 0Ci(k) < Oimax

4.13
OSF}(I)SF}max (i:172)7 ( )

where Qimax and Fimax are the maximum value of towing angle and towing force that the
two towlines can reach and withstand, respectively.

Furthermore, the performance of the trajectory tracking in the lower-layer is related to
the quality of the tug reference trajectory, which is affected by the change rate of the towing
angles and forces. Thus, a saturation constraint of the change rate for the two towing angles
and forces is set to make the reference trajectory smooth:

|0(r)| < @
1

= 4.14
()] < F 19

(i=1,2),

where @; and F; are the maximum change rate value of towing angle and force, respectively.
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(2) Adaptive Weight Calculator

The two weight coefficients (w(¢), w2 (¢)) in the cost function determine which
part (position or velocity) the controller puts more efforts to regulate. If wy () >> wa (1),
the controller puts more effort into the ship position and the towing process is fast, but
the towing trajectory is not smooth because of the large fluctuated velocity. In contrast,
if wi(f) << wa(t), the controller concentrates on regulating the ship velocity leading to a
smoother trajectory, but the time of the whole process is much longer delaying other ship
operations. Thus, the appropriate selection of the weight proportion plays an important role
in the supervisory controller. To design adaptive weights, the following requirements should
be taken into consideration.

* Requirement 1: Stable at the beginning

At the beginning of the towing, the task for the two autonomous tugs is to adjust
themselves to a proper configuration to manipulate the ship. To stabilize the towing
system, the velocity in this phase should be low with minimum fluctuation. Thus, the
controller should focus on regulating the ship velocity.

* Requirement 2: Reach the goal at the end

At the end phase of the towing, as the towing system is approaching the goal, the
velocity asymptotically goes to zero. The task at this moment is to make sure the ship
reaches the desired position with the desired heading. Thus, the controller should
decrease the ship velocity and accelerate the regulation of ship position.

* Requirement 3: Robust to the wind

Due to the influence of the wind disturbances, it is difficult to stabilize the motion of
the towing system at the beginning and the goal of the ship, especially the heading,
is more difficult to achieve at the end phase. Thus, the controller should put more
effort into satisfying the Requirements 1 and Requirements 2 according to the wind
strength (V,,), and should prioritize the heading control.

* Requirement 4: Reduce control input oscillation

Control input oscillation determines the practicality of the proposed approach. A
practical control approach should have less oscillation of the control input. Thus, at
the end phase of the towing, the value of the weight should be designed as constant;
in other phases, the changes in the weight should be smooth and not too much.

Based on the above requirements, the position weight is set as wy(¢) = diag(1,1,1),
while the adaptive velocity weight wy(¢) = diag(w,,(¢), w,(t),w,(¢)) is designed as:

wu (1) =wy (1) = wp(t) = ko (1+ V(1)) (d(2) /do)
do = \/ (s, — x5 + (35, —¥5,)? (4.15)

d(t) = \/(xsd —xs(0))? + (v, —ys(1))’
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whose terminal values wy (¢) = diag(wy; (), wy (¢), wy (¢)) are set as:

Wi (1) = w (t) =k [1 =V, (8) / (Vi (t) + k1) |

(4.16)
Wi (1) =k [1 = Vi (1) / (Vi (1) + k2)],

where dp is the distance from the origin (xsg,yso) to the destination (xsq,ysq); d(¢) is the
distance from the current ship position (xg(z),ys(¢)) to the destination, which is the position
error. ko, k;, k1, and ky are the positive coefficients: kg and k; determine the initial and final
value of the weight, so kg > k; > 1; k| and k, define the final values of the linear and angular
velocity weight, they are set to be 0 < k2 < k; < 1 to emphasize the heading control at the
end phase.

As the value of d(r) decreases over the process of towing, the adaptive weight wy(¢) is
decreasing according to (4.15). When the ship is so close to the destination that the adaptive
weight value is smaller than the terminal setting in (.16), the adaptive weight will be fixed
on the terminal value.

(3) Reference Computation Unit

The Reference Computation Unit aims to calculate the desired position and heading of
the tugboats in order to tow the ship. Once the towing forces and angles for the ship are
provided by the higher layer control, the position and heading of the ship can be determined.
Then, the desired position and heading of the tugboats can be calculated based on (3.11),
#-4) and @3).

Thus, the algorithm flow in the higher layer control is summarized in Algorithm[@.1]

Algorithm 4.1 - Higher layer control

Input: Desired ship position and velocity Mg, Vsd;
Current ship position and velocity N(?), Vs();
Wind speed and angle V,,(z), B (¢).

Step 1: Calculate current adaptive velocity weight wy(#) according to (4.15)) and the
corresponding terminal value according to (4.16).

If wo(r) > wy(t), then take wy(r) as the current adaptive weight; otherwise,
take wy (r) as the current adaptive weight.

Step 2: Compute towing forces F; and angles o; according to the cost function (4.12),
restricted by the ship dynamics (@.1) — (@.2)), the wind disturbances {.7) — @.10), and
the control constraints (4.13) — (@.14).

Step 3: Calculate the tug reference trajectory M;4(¢) according to (3.11)), (4.4) and (4.3).

Output: Towing forces Fi(r) and Tug reference trajectory M,q(?).
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4.3.2 Tug Controller

The objective of the Tug Controller is to determine the thruster forces and moment to track
the reference trajectories (N;4(¢)). The problem can be expressed as finding T;(¢) for Tug i
to minimize the cost function:

5(t) = b (Den(0)
eni(t+1) =M (t) —Na(t),

where en;(t)€R? is the position error; N;c(f)€ER? is the calculated predicted tug position
vector, which is subject to the tug dynamics constraint (4.3).
The forces and moment of the thrusters satisfy the saturation constraints:

4.17)

—Timax < T < Timax (i = laz)a (4‘18)

where T;max 1S the maximum value of the thruster forces and moment.
Thus, the algorithm flow in the lower layer control are summarized in Algorithm 4.2

Algorithm 4.2 - Lower Layer Control

Input: Tug reference trajectory M;4(¢) and Towing forces F;
Current tug position and velocity N;(¢), Vi(t);
Wind speed and angle V,,(¢), By (¢).

Step 1: Compute tug thruster forces and moment T;(¢) according to the cost function
(4.17), restricted by the tug dynamics (4.3), the wind disturbances (4.7) — (4.10), and
the control constraints (4.18)).

Output: Tug thruster forces and moment T;(¢).

4.4 Simulations and Results Discussion

Computer simulation results are presented in this part to show the performance of the pro-
posed control algorithm applied to scaled vessel models, followed by the discussion and
analysis of the results.

The model of*“TitoNeri” is used for the two tugboats, the model of “CyberShip II” is
used for the manipulated ship. The parameters and the physical constraints of the towing
system are shown in Table[4.1]

The environmental disturbances are simulated based on information provided by the port
of Rotterdam [145]. According to its latest meteorological information, 98% of the wind
effects are not greater than 7 Beaufort (the wind speed is between 13.9 m/s and 17.1 m/s).
According to Froude’s scaling law (shown in Tablefd.2) [120], the scaled velocity is deter-
mined by the square root of the scaling factor. Since the scaling factor of the ”CyberShip
I’ is 70 [I155], the scaled wind speed can be expressed as:
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Table 4.1: Parameters of the towing system.

Desired elongation of towline liow, =1m liow, =1 m
Distance from the ship centers of gravity ls, =0.67m ls, =0.585m
Distance from the tug centers of gravity I, =05m It,=05m
Maximum values of the towing angles O max = 45° 0 max = 45°
Maximum values of the towing forces Flmax =3N Fomax =3N
Maximum values of the thruster forces Timax = 10N Tomax = 10N
Maximum rate of change of towing angles 0 =5°/s 0y =5°/s
Maximum rate of change of towing forces Fi=0.1N/s F,=0.1N/s

Table 4.2: Froude scaling of physical quantities™.

: . Scaling ] . Scaling
tit
Quantity Units Ratio Quantity Units Ratic
Length m kr Acceleration m/s k,lp/ 2
Time s k}p/ 2 Mass kg k3
Frequency 1/s k; 1/2 Force N k};
Velocity m/s k}: /2 Moment Nm k4F
* kg is the scaling factor of length.
V! =V, V70, (4.19)

and the maximum value of the scaled wind speed is 17.1 m/s + /70 = 2 m/s. For the
unknown disturbances, the corresponding gains and constants are chosen as kx = 0.008,
ky = 001, kN = 00016, ax =dy = ayN = 0.75.

The initial position of the ship is located at the origin with zero degree of heading and
no speed. The coordinates of the desired position are (xs,,ys,) = (40,25), and the desired
heading is s, = 90° with no speed. We perform two simulation scenarios, with and with-
out environmental disturbances, to compare the performance of the proposed multi-layer,
multi-agent control architecture using constant and adaptive weights. Thus, two control
schemes are designed: in the (A)-scheme, the supervisory controller uses constant weights
with wy(f) = diag(150, 150, 150); in the (B)-scheme, the supervisory controller uses wy(r)
defined through ([@.13)) and (#.16)), the corresponding coefficients are set as kg = 150, k; = 50,
ki =0.15, k, = 0.01.

4.4.1 Simulation without Disturbances

When there are no disturbances, the ship towing process using the (A) and (B) control
schemes are shown in Figl.8] The two tugs cooperate to transport the ship to the goal
position with the desired heading, but the time cost is different. In the first two sample
times, the two control schemes have the same pace. At time t3 = 50 s, the Tug 2 (blue) in



4.4.1 Simulation without Disturbances 65
= : Ship = :Tugl &= :Tug2
30
25 e
ty="712s
tg=350s
20
t;,=240s
i /‘/t: ~170's
o) /Z =120s
=
10 t,=83s
/z 50s
5
t,=27s
0 t;=0s
_5 | | | | | | 1 | 1 |
-5 0 5 10 15 20 25 30 35 40 45
X (m)
(@)
= : Ship = :Tugl &= :Tug2
30 -
tg=334s
25 S
t;,=240s
20 ts=170s
ts=120s
15
B
= ‘/t/; 83 s
10
/{’3 =50
5
/(tz =275
0 t,=0s
_5 | | | | | | 1 | | |
-5 0 5 10 15 20 25 30 35 40 45
X (m)
(b)
Figure 4.8: Ship towing process without disturbances: (a) (A)-control scheme; (b) (B)-
control scheme.



4 Cooperative Control of A Ship-Towing System under Environmental Disturbances in

Port Area

1 (degree)

0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
t(s) t(s) t(s)
0.4 8
% 0.2 ?m-) 4
) £
> 0F A § 0
0‘0 —
-0.2 -0.2 -
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

t(s)

t(s)

t(s)

Figure 4.9: Position, heading and velocities of the ship without disturbances using (A)-
control scheme (solid, blue line) and (B)-control scheme (dotted, green line)
algorithm; the dashed, red line represents the desired value.

40 9%
(0]
— I
£ 1 gas
-
0 0
0 200 400 600 800 O 200 400 600 800 0 200 400 600 800
t(s) t(s) t(s)
40 95 90
— —~ 20 8
g El &
© 20 10 5 45
>~
g<\|
0 ‘ ‘ 0 ‘ ‘ ‘ 0 ‘ ‘ ;
0 200 400 600 800 O 200 400 600 800 0 200 400 600 800

t(s)

t(s)

t(s)
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out disturbances: the solid blue line and dashed yellow line are the actual and
desired values by using (A)-control scheme; the solid green line and dashed
red line are the actual and desired values by using (B)-control scheme.

Fig[.8] (b) has already a horizontal displacement of 10 m, while it doesn’t reach in Fig[d.§]
(a). After t3, the average speed of the towing system controlled by scheme B is higher than
scheme A, so the time cost by scheme B is less than scheme A. From the character of the
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Table 4.3: Performance without disturbances.

Position error Heading error Time cost
Performance
(ep) (ey) 0]
(A)-control scheme 0.53% 0.10% T12's
(B)-control scheme 0.14% 0.20% 334 s

system position under the nine sampled times, Fig[4.8|(a) shows the average distribution due
to the constant velocity weight, while Figld.§] (b) is charactered dense in the beginning and
end, sparse in the middle phase. This results from that the adaptive velocity weights (.15))
decrease as the towing system approaches the destination, the speed of the system increases.
When the weights reach their terminal value they are constant, and the speed of the system
decrease.

The states of the ship and two tugs are illustrated in Fig[d.9]and[4.10] respectively. From
Fig[d.9] the velocities of the ship controlled by the two algorithms both converge to 0. The
difference is that the peak value of the velocities using (B)-control scheme last a longer
time, which makes the adaptive weights have a better time efficiency. From Fig[d.10] the
actual position and heading (solid line) of the two tugs match well with their online desired
values (dashed line), which reveals that the tug controllers also accomplish their tasks well.

Fig[.TT|shows the control input of the ship. Fig[d.TT|(a) illustrates the two towing angles
and two towing forces, which can be seen that the four values in both schemes are within
the limitation (£45° for towing angles and 3 N for towing forces). The change in towing
forces using the (B)-control scheme is earlier than (A). Fig (b) shows the change rate
of the four control inputs, they are all within the maximum values (between the two red
dashed line) as we set. Figld.T1|(c) is the resultant forces and moment, whose values in both
schemes converge to zero eventually.

The performance of the two algorithms can be seen in Table[d.3] using the following
indicators:

(1) Position error e, = |do —d(t)| /do;

(2) Heading error ey = f(\pg(t) —Vs,)/(Ws, — Vs, )

(3) Time cost ¢.

The time cost is defined such that the states of the ship should satisfy all the following
conditions: i) The distance from the current position to the desired position is less than half
length of the ship; ii) The difference between the actual and desired heading is less than
5 degrees; iii) The surge and sway velocities are less than 0.01 m/s, the yaw velocity is
less then 0.01 rad/s. It can be seen that under the similar performance of the position and
heading control, the (B)-control scheme outperforms much better for the time cost.

b}

4.4.2 Simulation with Disturbances

The wind speed in this simulation is V,, = 1 m/s, the direction is ,, = 45 degrees coming
from southwest. The towing process of the two algorithms are shown in Fig[d.12] Compared
to the (A)-control scheme, the (B)-control scheme shows better robustness. Due to the
disturbances, the (A)-control scheme makes the towing system steer toward the direction
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blue line) and (B)-control scheme (dotted, green line) algorithm: (a) Towing
angles and forces (red dashed line is the boundary); (b) Change rate of the
angles and forces (red dashed line is the boundary); (c) Resultant forces and
moment.
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of environmental effects (the combined direction of the wind and unknown effects). In this
configuration, the environmental forces affecting three vessels are the minimum (the force
areas above and under the waters are minimum). So the system keeps this configuration
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Table 4.4: Performance with disturbances.

Position error Heading error Time cost
Performance
(ep) (ey) 0
(A)-control scheme 2.14% 37.4% 800 s”
(B)-control scheme 0.21% 0.62% 406 s

* In the whole process, the difference between the current and the desired heading of the ship is more than
5 degrees, so the time cost is the maximum computation time (800 s).

to the end. The heading of the ship is finally around 55 degrees (see the evolution of y in
Fig[d.13|blue line).

Using the (B)-control scheme, the speed of the towing system is slower at the beginning
to stabilize the ship against the wind effect. It can be observed that until t; = 240 s, the ship
in Figl.17] (a) keeps ahead of that in Fig[d.12](b). After that, as the adaptive weights keep
reducing, the system speed is increasing. At tg = 406 s, the ship in Fig[4.12] (b) achieved
the goal. Under the disturbances, Fig (a) still shows the average position distribution,
while Fig .12] (b) is characterized as dense in the beginning and sparse in the end phase.
In the simulation without disturbance (Fig@] (b)), the values of the adaptive weights are
changed from [150 150 150]T to [50 50 50]T, which makes the velocity control focus on the
beginning and end phase. In the simulation with disturbance (Fig[.12](b)), the values of the
adaptive weights are changed from [300 300 300]T to [6.5 6.5 0.5]T, which means that the
velocity control is more concerned in the beginning phase, while the position and heading
(especially the heading) control is emphasized in the end phase.

Fig[d.13|shows that by using the (B)-control scheme, the position and heading of the ship
can reach their desired values and the linear velocities (¢ and v) converge to 0. The value of
angular velocity (r) has a jump at about 320 seconds and then starts to fluctuate. The reason
for such a change is that around 320 s, the position of the ship had already reached the
desired value but not for its heading. At this moment, the controller put more effort into the
heading control to make the ship have a large angular velocity. After achieving the desired
heading, the wind and other disturbances still exist. In this condition, however, the desired
heading is not a balanced state (the balanced state should be the heading in the end phase of
the (A)-control scheme, around 55 degrees). Thus, the towing system has to continuously
adjust to make the ship maintain its desired heading. Fig[f.14|shows that the actual position
and heading of the two tugs match well with their online desired values.

The figure of control inputs (Fig[d.13] (a)) shows that the changes of towing angle are
similar in both control schemes, the values of towing forces in the (B)-control scheme is
greater than the (A)-control scheme, which reflects that the (B)-control scheme makes more
effort to cope with the environmental disturbances. Despite this, the four control inputs in
the (B)-control scheme are within the limitation (the green dotted line in Fig[.T5|(a) and (b)
are all within the red dashed line). The value of the resultant forces and moment in Fig[.T5)
(c), especially the yaw moment, are not exactly zero in the end. The reason is the same as
mentioned to the ship angular velocity that the ship has to compensate for the environmental
effects to maintain the desired states, especially for the heading.

The performance of the two control schemes in the case of simulated disturbances is
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moment.
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Figure 4.16: Position, heading, and velocities of the ship (the second and third-row) under
the varying wind speed (the first row) disturbances using (B)-control scheme
algorithm.

shown in Table@ In this case, all the performance indexes in the (B)-control scheme
outperform the (A)-control scheme, especially for the heading control and time cost.

4.4.3 Simulations in Harsh Conditions

In this part, two sets of simulations are carried out to show the performance of the proposed
control scheme (B) under harsh conditions.

In the first simulation, wind speed is set to be varying. As shown in Figlf.16 the first
row is the wind speed varying from 1m/s to 2m/s. The second and third-row shows the
real-time ship states, which indicates that under the condition of varying wind speed, the
control scheme (B) can make sure that the ship achieves its desired position and heading.
The performance indexes: position error e, = 0.21%, heading error ey, = 1.65%, time cost
t=472s.

In the second simulation, wind speed is set to be the maximum value (2 m/s) at all
time. The performance of the (B)-control scheme with different wind directions is shown in
Table[d.3]

When the wind direction is 0° or 180°, the position and heading control shows the best
performance. Since the goal heading is vertical to the wind direction, the two tugs form the
arching (0°) or sagging (180°) configuration to make the ship against the lateral forces, and
this manipulation costs more time.

When the wind direction is 90° or 270°, the values of position and heading error are
slightly higher, but the time cost is the minimum. This is because the goal heading is
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parallel to the wind direction, and the force area is minimum. The two tugs only have to
maintain the ship velocity being zero at the goal position.

Table 4.5: Performance of the (B)-control scheme with simulator wind speed 2 m/s.

Final States of the Towing System

Wind Direction ep ey t
26
t i ! t
0° 0.14%  026%  670s 25
t t 1 t
24
38 40 42
26
30° 0.56%  455% 6185 5| A=
ML , , ,
38 40 42
26+
45° 0.62%  4.65% 5585 35—t =
24 7 7 7 /
38 40 42
26
s z e -
60° 048%  328%  513s 5 T —
s s - -
24
38 40 42
26
90° 0.14%  030% 493 s 25 | P
24 - - - -
38 40 42
26
180° 0.13%  0.13% 666 s »l L=
24 | | ] |
38 40 42
26+
270° 0.13%  0.68%  497s 5l e —
24 C - - -
38 40 42

*k . . .
Blue arrows show the wind disturbances, grey arrows show the unknown disturbances.

When the wind direction is 30° or 45° or 60°, it is more difficult to achieve the desired
position and heading (especially the heading). The disturbance effects, on one hand, force
the ship to move; on the other hand, they make the ship difficult to achieve the goal heading.
So it is hard to keep the ship steady (velocity zero) and turn the ship heading to the goal
direction. Despite the above difficulties, the results show that both position and heading
goals are achieved within tolerance.



4.5 Conclusions 75

Based on the above simulation results, the proposed control method shows the following
abilities. First, it can coordinate the two autonomous tugs to cooperatively manipulate a ship
to the desired position with the desired heading. Second, it can deal with the environmental
disturbances (mainly wind) even in harsh conditions. Third, it properly adjusts the ship
speed according to the current ship states making the towing process time-efficient. In a
real situation, once we obtain the information of the real-scaled vessel model, the proposed
control method can be used to coordinate the autonomous tugs to manipulate a ship to the
desired position with the desired heading under the environmental disturbances.

4.5 Conclusions

This chapter focuses on the application of the object manipulation system for ship towing
in port areas. It addresses the third research question Q3: How to increase the robustness of
the towing operation to handle the influence of environmental disturbances in port areas?

A multi-layer multi-agent control scheme is proposed to manipulate a ship to reach a de-
sired position with desired heading. The control scheme consists of a supervisory controller
in the higher layer and two tug controllers in the lower layer. The supervisory controller
computes the desired towing forces and angles by minimizing the cost function of position
and velocity errors. The weight coefficients of the position and velocity in the cost function
determine the performance of control. To guarantee that the towing system functions well
under environmental disturbances, an adaptive weight function is designed. By applying
this weight, the controller shows disturbance robustness, time efficiency and tracking per-
formance. The calculated towing angles by the supervisory controller are used to compute
the online reference trajectories for the autonomous tugs based on the kinematics of the ship
towing system. The tug controller, on one hand, provides the towing forces to move the ship;
on the other hand, it tracks the reference trajectory to reach the configuration determined by
the towing angle.

Simulation experiments illustrate the performance of the proposed control scheme. When
there are no disturbances, the proposed method shows more efficiency. When the motion of
the towing system is affected by the wind (mainly) and unknown disturbances, the proposed
method shows robustness guaranteeing that the ship is manipulated to a desired position
with desired heading and velocity, even in harsh conditions.

In the next chapter, the towing scenario changes to inland waterways and the research
focus becomes collision avoidance. Thus, how to adjust the cooperative control scheme to
fit a new operational scenario and research problem will be investigated in Chapter [3]






Chapter 5

COLREGS-compliant Collision
Avoidance of A Towing System in
Congested Water Traffic
Environments

This chapter addresses the fourth research question (Q4): “In what way can the multi-vessel
system avoid collisions with static and dynamic obstacles to improve the safety of towage
operations in inland waterways?”.

The organization of this chapter is as follows. Section 5.1 introduces the research back-
ground, defines the research scope, and presents the control objective in this chapter. Section
5.2 proposes a COLREGS-compliant waypoint altering mechanism for the towing system
to make the collision resolution comply with maritime regulations. Section 5.3 designs a
distributed model predictive control scheme to cooperate multiple tugboats manipulating a
large ship meanwhile avoiding obstacles. Section 5.4 shows the results of simulation ex-
periments of the proposed control scheme for dealing with obstacle situations, meanwhile
analyzing and explaining the results. Section 5.5 concludes the chapter.

Parts of this chapter have been published in [42ﬂ

5.1 Problem Statement

5.1.1 Research Background

As an essential requirement for autonomy, collision avoidance plays an important role in
autonomous vehicle systems, like Unmanned Aerial Vehicles (UAVs), Unmanned Ground
Vehicles (UGVs), and Autonomous Surface Vessels (ASVs), to ensure the safety of carrying
out missions [191]]. In the water traffic environment, all the vessels that take actions of

1Z. Du, R. R. Negenborn, and V. Reppa. COLREGS-compliant collision avoidance for physically coupled
multi-vessel systems with distributed MPC. Ocean Engineering, 260:111917, 2022.
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avoidance should comply with standards of global regulations called “The International
Regulations for Preventing Collisions at Sea”, shortly COLREGS [32]].

Although COLREGS have been designed to be followed by humans, they must be
obeyed during the operations of autonomous vessels in order to guarantee their lawfulness at
sea [24]). For a single ASV system, research works usually combine rules 13-17 (the specific
actions that the give-way vessel should take) with classical guidance or control methods to
make the ASV avoid obstacles. In [61} |88l [176], scholars propose a COLREG-compliant
model predictive control method for ship collision avoidance. Research works [187] and
[30] focus on path planning of ASVs and propose COLREG-compliant Rapidly-exploring
Random Tree (RRT) optimal planning strategy. In [3l], a Fuzzy-logic based conflict detec-
tion and resolution algorithm is proposed for situations of multiple ships, where the fuzzy
rules are defined in accordance with the COLREGs. Other research works use the methods
of Velocity Obstacle (VO) [74] and Artificial Potential Fields (APF) [108] combined with
COLREG rules to address collision avoidance problems for ASVs.

For a multi-ASV system, collision avoidance research focuses on the type of cyber-
connected system. Researchers usually arrange a specific formation to coordinate multi-
ple ASVs. The typical one is the triangle formation composed of three vessels [[70, [75].
The triangle formation can easily adopt the leader-follower cooperative control strategy that
maintains the vessel formation in premises of avoiding collision with islands and coast. For
more than three vessels, the reconfigurable formation can be applied [8} [137]. This type
of formation is often combined with a task-based (or behavior-based) cooperative control
strategy in which a collision-avoidance task is carried out by changing the formation. Alter-
natively, a line formation (or a vessel-train formation) is proposed to deal with the collisions
in a narrow waterway of port areas [26].

However, there is seldom research focusing on collision avoidance for a multi-vessel
towing system. Therefore, the goal of this chapter is the design of a distributed control
scheme capable of avoiding collisions for a physically interconnected multi-ASV system
performing a towing process, and the avoidance operation adheres to COLREGS.

5.1.2 Research Scope

For an ASYV, the most vital components are the Guidance, Navigation, Control (GNC) sys-
tems, which are generally constituted by onboard computers and software, responsible for
managing the entire ASV system [[105]]. On the other hand, the collision avoidance problem
consists of three components: motion prediction, conflict detection, and collision resolution
[75]. Combining the above two frameworks, the collision avoidance problem in the ASV
GNC systems can be expressed as shown in Fig[5.1}

It can be seen that the motion prediction module, which is to estimate the future tra-
jectories of the own ship and the obstacles, involves the navigation and guidance systems;
the conflict detection module, which is to check collision risk, belongs to the guidance sys-
tem; the collision resolution module, which is to determine the evasive solutions, involves
the control and guidance systems. Thus, considering the research subject of this thesis is
the control of a multi-vessel towing system, collision resolution is the focus of this chapter
while motion prediction and conflict detection are out of the research scope.
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Figure 5.1: collision avoidance problem in the ASV GNC systems.
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Figure 5.2: Control objectives of a multi-vessel towing system .
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Figure 5.3: Main systems for performing the towing process.

5.1.3 Control Objective

As shown in Fig[5.2] the towing system in this chapter is still composed of one manipu-
lated ship and two tugboats, where the ship is no power. The two autonomous tugs should
cooperatively transport the ship following the predefined waypoints from the origin to the
destination with the desired heading. In the process of waypoint following, the towing
system will come across dangerous areas (static obstacles) and other vessels (dynamic ob-
stacles). Thus, the distances from the towing system to the static and dynamic obstacles
should also be controlled to ensure the safety of the towing process.

5.2 COLREGS-Compliant Waypoint Altering Mechanism

As shown in Fig[5.3] there are three main systems in performing the towing process. Ac-
cording to the information of obstacles (N,(#)), the predefined waypoints (Mwy(7)), and
the current position of the ship (ng(¢)), the ship reference system provides the desired ship
position and heading (Ng4(¢)) to the control system. The control system uses the above data
and current states of the ship and two tugs ()(¢)) to calculate the control orders (U (¢)) that
coordinates the two tugs to manipulate the ship and avoid obstacles. The function of the
ship reference system, on one hand, is to provide the reference for the controller; on the
other hand, it is to make the towing system adhere to the COLREGS. Thus, a COLREGS-
compliant waypoint altering mechanism should be designed.

The COLREGS, which is made for a single vessel, include 41 rules divided into six
parts, where rules 13 — 17 in Part B (Steering and Sailing Rules) explicitly prescribe actions
that a vessel should take when encountering collision risk. Rules 13 to 15 provide definitions
and operations of the three situations that a vessel may encounter: Overtaking, head-on, and
crossing (as shown in Fig[5.4). Rule 16 describes the generic actions that the give-way
vessels should take, and Rule 17 indicates the actions that the stand-on vessels should take.

Considering the characteristics of the physically-connected multi-vessel system with
restricted maneuverability and relatively low speed, to make sure the towing system safe
we assume that the operations taken by the autonomous tugboat will not make the own ship
overtaking other target vessels (as a result, by default, Rule 13 is satisfied). So the collision
avoidance focuses on the head-on (Rule 14) and crossing (Rule 15) situations. Meanwhile,
we define a detection distance to the obstacle (explained next) to adjust the role of the
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Overtaking Head-on Crossing

Figure 5.4: Collision avoidance actions vessel should take according to the COLREGS
rules in three situations: the red one is the own-vessel (give-way vessel), the
black one is the target vessel (stand-on vessel).

towing system: when the obstacle further away than such a distance, the towing system
will have the role of “stand-on vessel” (Rule 17); otherwise, the risk is considered to be
unrelieved and the towing system as having the role of a “give-way vessel”, which has to
take avoidance action (Rule 16). The prescribed actions in Rules 14 and 15 indicate that the
give-way vessel should steer to the starboard side (right) so that each vessel passes on the
port side (left) of each other. However, for the ship in the towing system, its movements are
controlled by the two connected tugs. So the prescribed operations should be formulated in
a different way.

In maritime practice, a set of fixed waypoints are usually applied in the towing process
to guide it to its goal. If there are no dynamic obstacles, the system should follow this
predefined path to get to the destination; otherwise, the potential collisions will happen on
this path (as shown in Fig[5.5] (a)). In the presence of dynamic obstacles, these waypoints
can be used as an alternative way for the COLREGS-based prescribed operations. As shown
in Fig[5.5](b) and (c), when encountering obstacles, the operation of starboard steering can
be equivalently converted to a clockwise waypoint altering (the current goal waypoint Wy, is
altered by a new waypoint Wpn). The criteria for such a deviation from the nominal path is
determined by comparing the detection distance dp and obstacle distance dop(?), expressed
as:
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Figure 5.5: Ship reference scheme: (a) under normal condition; (b) under the head-on sit-
uation, (c) under the crossing situation.

{ Nsa(t) = Ngp, if dob(t) > dp
'ﬂsa(f) :nSm if dob(t) S dD (51)

doo(r) = min {ds; (1), 1 (1), do; (1) }

where M, and N, are the predefined and the new (updated) position references of waypoint
p, respectively. The parameter detection distance dp is determined by the range of sensors.
The terms dg;(t), di(t), and d5(t) are the distance from the obstacle j to the manipulated
ship, to the tug 1, and to the tug 2, respectively. Their values are calculated according to the
attributes of the obstacle: the static obstacle is treated as a circle, and the dynamic obstacle
is treated as an ellipse. As seen in Fig[5.6] for * represents the own vessel, the obstacle
distance is then expressed as:

d.i(0) P.O; for j is circle obstacle
RN P.Fj +P,Fjp for jis ellipse obstacle

P.0j=/(x. —x0;)? + (¥ —y0;)? (5-2)
P.Fji = \/(x —xpj1)? + (v« —yrj1)?
P.Fp = /(xi —xrp)*+ (y« —YFj2)?

where (x,y) is the coordinates of the own vessel, (xo;,y0;) is the coordinates of the static
obstacle, (xgj1,yrj1) and (xgj2,yFj2) are the coordinates of the two focuses for dynamic
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Figure 5.6: Distance of different obstacles

obstacle. Condition (5.I) implies that the risk of collision is defined considering all three
vessels as an interconnected system and the collision avoidance should be guaranteed by all
vessels.

The new waypoint is determined by an arc of the circle with center the last predefined
waypoint (p — 1) and radius the distance between p — 1 and p. The direction is clockwise
for the operations of starboard steering. The planar coordinates (x,,y,) of the new waypoint

can be computed as:
Xn | | Xp—1 ) Sin(e)
R R e R pete

Typ = —
Yp—1 Yp
where (x,_1,y,—1) is the coordinates of the last predefined waypoint; (x,,y,) are the co-
ordinates of the current predefined waypoint; r,, is the distance between the above two

waypoints; 0 is the altering angle (8 > 0° for clockwise rotation). The reference heading
angle of the new waypoint can be expressed as

(5.3)

2

Yo =V, +6, 5.4

where ¥, is the current predefined course along the waterway direction.

The parameter 6 should be chosen within a certain range to ensure the collision-free
motion of the ship towing system considering spatial limitation like the bank of waterway
during maneuvering. As shown in Fig[5.7] there is a maximum value for 6, which is calcu-
lated by [69]:

dy(t)
di(t)
where d| (¢) is the distance between two waypoints; da(2) is the distance from the predefined

path to the edge of the spatial boundaries. It can be seen that d(¢) and d,(¢) are time-
varying variables, because for different two waypoints, d; (¢) will be different; for different

Omax = arctan
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Figure 5.7: The maximum value of © considering spatial limitation.
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Figure 5.8: Centralized control diagram.

waterways, da(#) will be different. Thus, the value of 0 should satisfy: 0° < 6 < Op,x.

5.3 Design of Distributed Model Predictive Control

5.3.1 MPC-based Centralized Control Problem

The ship reference system is the first stage of collision resolution that focuses on complying
with COLREGS. Considering the physical-connection constraints reducing the effective-
ness of the steering operation and the low-speed conditions increasing the response time of
the action, the second stage of collision resolution is performed in the control system.

As shown in Fing;gI, at each time instant k, the MPC-based controller solves the follow-
ing optimization problems to get the control inputs of the ship (ts = {F},F>,04,0,}) and



5.3.1 MPC-based Centralized Control Problem 85

the two tugs (tTl = {‘ch us ‘chl/?TTlr}s TTZ = {‘cTlea TT2V7TT2I”}):

Hp
min Y Js(k+h|k)+J1(k+h| k) +Jo(k+h| k), (5.5)

Tt T

subjectto i) Ship and tugs dynamics;
if) Ship and tugs actuator saturation;

iii) System configuration restriction;

where Hp is the length of the prediction horizon; 4 is the ith time prediction step; Js( k + h| k),
Ji(k+h|k) and Jo(k+ h| k) are the prediction made at k about the cost function of the ship
and two tugs at k + h, respectively. The cost function of the three vessels is designed as:

1.0 = wre, (Klen. (k) 4 waV Ty (ROVap(k) wa Y (dej(0) —dgy) =
=1 '

en: (k) =n,p(k) —N.4(k),

where * can be S or i (i = 1,2), wyj, wix and w,s are the weight coefficients (positive
scalar); en, (k) € R? is the position error; M,4(k) € R? is the desired position vector. The
term M,p(k) € R and v,p(k) € R? are the predicted position and velocity; 7 is the number
of obstacles. The term d,j, is the safe distance between the vessel and obstacle j, whose
values are also calculated according to the attributes of the obstacle (see in Fig[5.6):

Loa +Rj+dso for j is circle obstacle
ja = 5.7

2(L+aj+dsg) for jis ellipse obstacle

where L,, is the length of the own-vessel; R; is the radius of the circle obstacle j; a; is
the length of the long axis of the ellipse obstacle j; dsg is the surplus distance (buffer) of
the obstacles. Note that the safe distance d.j, is smaller than the detection distance dp:
d, e < dp.

It can be seen from (5.6) that the cost contains three parts. The first part is the position
error, which is minimized to achieve path following. The second part is the velocity, whose
role is to reduce the speed of the three vessels to make the motion of the system smooth.
The third part is the distance error between the ship and the obstacles. It is a reciprocal
quadratic term meaning that the further the ship from the safety distance of the obstacle, the
less value of this term. This is the second stage of collision resolution ensuring that the ship
keeps away from the obstacles.

The ship and tugs dynamics (the first constraint) are represented by the prediction model,
calculated by discretizing the dynamic model with sampling time 7 (the subscript S stands
for the ship, i (i = 1,2) stands for the tugboat):
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Nsp(k+1) =Nsp(k) + 5" R(yis (1)) vs(1)de

vsp(k+1) = vsp(k )+fkk+1 T‘M‘ [—Cs(vs(t))vs(t) — Dsvs(t) (5-8)
—B(0 (1)) Fi (1) + B(o(1)) F: ()]dt,

Nip(k+ 1) = Mip(k) + [ R(wil0))vi(e)de

Vip(k+1) = Vip(k) + [ M7 [~ Ci(vi(0))vilt) — Divi(t) (.9

—|—B,'(l3,'(t)) l'(l‘) +‘ET,‘(I)]dl‘.

The actuator saturation (the second constraint) is given in @.13)), (#.14), and @.18)). The
configuration restriction (the third constraint) is to satisfy the configuration of the towing
system to keep the desired geometrical relationship between the ship and tugs, which can
be referred to Section ©.1.3]

5.3.2 ADMM-based distributed MPC Scheme

Although the centralized control scheme in Section 5.3.1 can solve the optimization prob-
lem, if the number of tugboats increases, the number of control inputs and constraints will
increase, and the structure inside the controller will also change. To improve the proposed
method applicably, it is necessary to divide such a large global optimization problem into
several small local optimization problems. Thus, a distributed control scheme is designed
by using the Alternating Direction Method of Multipliers (ADMM).

For our case, the MPC-based controller in Figcan be divided into three sub-controllers
according to their functions: Coordination controller, Tug 1 local controller, and Tug 2 local
controller. As seen in Fig@l, the coordination controller, located on the ship, uses the infor-
mation of ship desired position and heading N,(¢), obstacle position and heading N, (¢),
and the current states of the ship Ng(¢), Vs(¢) to compute the towing forces F;(¢) and the
desired tug trajectory reference M;4(¢) which is a function of towing angles a;(¢). The tug
local controller, located on the tug, uses the calculated towing force, tug trajectory reference,
and the current states of tugs M;(¢), v;(¢) to first calculate the predicted position N;p(¢), and
share this information with the coordination controller to reach a consensus between the
predicted position and the tug reference trajectory (M;p(#) = M;4(?)). Then, the coordination
controller updates the towing forces and angles. When the consensus is achieved, the tug
local controller outputs the thruster forces and moment Tr;(¢) to the tug system.

Based on the above analysis, the augmented lagrangian form for our problem at time
instant k can be formulated as:

Ly (ts(k),ri(k), Ai(k)) = Js(Ts(k)) +

e

I
-

(e (eri0)) + AT 6 e () — Mg ()]
+(p/2) Inp(k) ~Ma(K)]3)

(5.10)

1

where A;(k) is the Lagrange multiplier or dual variable, and p is the penalty parameter.
Variable M,;4(k) is a function of the towing angle (a;(k)) and the ship predicted heading
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Figure 5.9: System control diagram.

(ysp(k)). The variable o (k) is a part of the Tg(k), and ysp(k) can be calculated by ship
dynamics (5.8). Thus, N;4(k) can be expressed as a function of Ts(k):

Nia(k) = fi(ts(k)). (5.11)
Similarly, 0, (k) can be calculated by tug dynamics (5.9), so it is a function of Tr; (k):

Nip(k) = gi(Tri(k)). (5.12)
Based on (3.10), (3.11)), and (5.12)), the ADMM form of the iterations are formulated as:

0 = argmin (i (sr(1) + 3471 0 [ eri00) ~ (551 0)]

wri(k) (5.13)
+0/2) aCent) - (a5 )|
2
t3(k) := argmin (Jg(ts(k)) Z( A )T (s (K))
Ts(k) i=1 (5.14)
#1072 st 00) - s(ast)|[) ).
K00 =2 )i (84 (25, (0) = fi(55(00) ), (5.15)

where s is the iteration with s € {1,2,--- S}, S is the maximum iteration; -* stands for the
corresponding variable at the sth iteration.
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Algorithm 5.1 - ADMM-based Distributed Control

Input: Obstacle position 1 (7);
Desired ship position Ngy(?);
Current ship position and velocity Ng(¢), Vs(?);
Current tug position and velocity N;(¢), vi(z).

Fors=1:§

Step 1: At the lower level, each tug local controller calculates the thruster forces and
moment of the tug t},(k) according to , and sends the results to the coordination
controller;

Step 2: At the higher level, the coordination controller computes the manipulation
forces and moment for the ship 15(k) according to ;

Step 3: In both tug and coordination controllers, update the Lagrange multiplier A{ (k)
according to (5.13);

Step 4: In coordination controller, update the primal €, ;(k) and dual &, ;(k) toler-
ances according to , and checks the primal R); ;(k) and dual Ry, ;(k) residuals
whether they meet the termination criteria according to (5.16);

Step 5: If is not satisfied, then repeat the above steps; otherwise, jump out of the

iteration.
End

Output: Thruster forces and moment of the tug ©5,(k);
Manipulation forces and moment for the ship (k).

The termination criterion for the iterations is provided according to the following con-
ditions:

R 0], = [ £i(x5000) = £i(557 )|, < s (0

and Ry, ; are the primal and dual residual at iteration s; &, ; > 0 and &3, ; >0

pe0) |, = [Jg0(e5:00) — Ai(m5 1) |, < e ).

(5.16)

S

where Ry ; ;
are feasibility tolerances, determined by

s () = /e + e max { [, (27,(0)) |,
1(=50)]), }- (5.17)

€uai (£) = /€™ + €A1 ()

where n; is the size of the variable T7; €s > 0 and €™ > 0 are the absolute and relative
tolerance, respectively.

Overall, the ADMM-based distributed control scheme for a physically interconnected
multi-ASV system performing a ship towing process is summarized in the Algorithm
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Table 5.1: Parameters of the control system.

Altering angle 0=15°

Sampling time T;=1s

Prediction horizon Hp=3

Weight coefficient in cost function Jg ws1 =1, wsp =75, wgz =1
Weight coefficient in cost function J; wi=lLwp=6wz=1(G0=1,2)
Absolute and relative tolerance in ADMM €2 —0.001, €' = 0.001
Maximum value of towing angles O max = 30°, Opmax = 30°
Maximum value of towing forces Fimax = 3N, Fomax = 3N
Maximum rate of the change of towing angles 0 =5°/s, Oy =5°/s
Maximum rate of the change of towing forces F1 =0.3N/s, F, =0.3N/s

Table 5.2: Position' and heading® of the predefined waypoint.

Nw,, = [-6.3 14 101.3]" Nw,, = [~7.7 21 101.3]"
Ny, = [-9-1 28 101.3]" Nw,, = [~10.7 36 101.3]T
TNw,s = [—15 40 180]" Nw,, = [~22 40 180]T
Nw,, = [~29 40 180]" Ty, = [~36 40 180]T

! The unit is the meter.
2 The heading of the waypoint is defined along the direction of the waterway, and the unit is
the degree.

5.4 Simulations and Results Discussion

5.4.1 Simulation Setup

The models of “CyberShip II”” and “TitoNeri” are still used as the manipulated ship and two
tugboats, respectively (parameters are shown in Table[3.2). The parameters of the control
system are given in Table[5.1]

The objective is to cooperatively control two autonomous tugboats that safely manip-
ulate the ship from the origin (My,, = [-4.9 7 101.3°]T) to the destination (Ny,, =
[—43 40 180°]T). Between the origin and destination, there are eight predefined waypoints
(the values are shown in Table@), which should be followed when there are no obstacles.
There are three static obstacles (a,b,c) and three dynamic obstacles (A,B,C) during the
towing process, whose information is shown in Table[5.3]
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Table 5.3: Information of the obstacles.

Length Width Course Speed Position

Obstacle (m) (m) (degree)  (m/s) (initial)

Static a 1 1 - 0 (-10,15)

Static b 1 1 - 0 (-12,25)

Static ¢ 1 1 - 0 (-14,35)

Dynamic A 1.48 0.48 0 0.07 (-19,21)
Dynamic B 1.48 0.48 0 0.07 (-22,40.75)
Dynamic C 1.48 0.48 0 0.07 (-38,40.5)

5.4.2 Results and Discussion

(1) Ship Towing Process

The towing process is shown in Fig[5.10] which is represented by ten sampled states
of the towing system. From t; = 0s to t = 100 s, the control objective is path following.
The two tugs manipulate the ship from the origin (Wpg) to the first waypoint (Wp;). From
to = 100 s to t3 = 190 s, the system encounters the first avoidance scenario, crossing. In this
case, the towing system has to avoid the first moving vessel and stay away from the danger-
ous area a. The trajectories indicate that the system executes starboard (right) side steering
operation to bypass the moving vessel (satisfy the COLREGS), and all the trajectories did
not cross over the dangerous area a. After avoiding the moving vessel, the system returns to
the predefined path to continue to follow the rest of the waypoints, whose process is from
t3 =190 s to t4 = 300 s. From the trajectories, it is clear that the three vessels stay away
from the dangerous area b and return to the third waypoint (Wp3).

From t4 =300 s to ts =405 s, the towing system follows the predefined path to the
forth waypoint (Wp4). From t5 =405 s to ts =495 s, the towing system performs a star-
board steering operation and comes across two obstacles, facing the avoidance scenario that
contains both crossing and head-on. The trajectories show that the towing system carries
out a heavy starboard steering to make the three vessels avoid the second moving obstacle,
which makes the trajectory of the ship biases to the right-hand side of the fifth waypoint
(Wps), satisfying the COLREGS. Besides, all three vessels stay away from the dangerous
areas c in the steering process, reflecting that the control scheme can make sure the towing
system navigate in such a narrow waterway condition.

From tg =485 s to t; = 590 s, the towing system again returns to the planned path to
follow the sixth waypoint Wpg. From t; =590 s to tg = 690 s, the system encounters the
third avoidance scenario. The course of the third moving obstacle is right toward the seventh
waypoint (Wp7), so this is the head-on scenario. The steering trajectories are illustrated
that the towing system takes actions of starboard steering to pass on the port side of the
third moving obstacle (satisfy the COLREGS). The period from tg =690 s to tg =785's
is the third returning process, aiming at the eighth waypoint (Wpg). The last period from
tg =785 s to tjo =969 s is the stabilizing process that the two tugs stop the ship at the
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destination (Wpp) with desired heading.

Fig[5.10] shows that the proposed cooperative control algorithm can make the two au-
tonomous tugs manipulate a ship to the destination with the desired heading without collid-
ing the static and dynamic obstacles.

(2) Avoidance Scheme Comparison

—: Ship :Tugl [E=—:Tug2 [=:Othervessel ! ):Restricted area

(@) (b) (©

Figure 5.11: Three collision resolution schemes are applied to deal with avoidance scenario
1 (crossing) during t; =100 s to t3 =190 s (t,5 = 135s): (a) Scheme I; (b)
Scheme II; (c) Scheme III.

—: Ship :Tugl [=—:Tug2 = :Other vessel ':) : Restricted area

t5 t6
t 5.5

T ‘ \
Figure 5.12: Three collision resolution schemes are applied to deal with avoidance sce-

nario 2 (crossing & heading) during ts =405 s to t¢ =495 s (t55 =435 s):
(a) Scheme I; (b) Scheme II; (c) Scheme III.

(b) (©

In order to show the necessity of the two stages of obstacle avoidance, three different
collision resolution schemes are compared: Scheme I is the proposed scheme, combing the
waypoint altering system (stage 1) and the distance cost function (stage 2); Scheme II is
the one that only uses the waypoint altering system (stage 1); Scheme III is the one that
only uses the distance cost function (stage 2). The collision resolution process of the three
schemes applied to deal with the three different scenarios in Fig[5.10]is shown in Fig[5.11]-
Fig513]

For scenario 1 (Fig[5.11),scheme III makes the towing system steer the port side to
avoid the obstacle, this operation violates the COLREGS rules. Scheme I and II comply
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Figure 5.13: Three collision resolution schemes are applied to deal with avoidance scenario
3 (heading) during t7 =590 s to tg =690 s (t7;5 =640 5s): (a) Scheme I; (b)
Scheme II; (c) Scheme III.

with the rules making the towing system take action of starboard steering, while the scheme
I has greater steering during t; 5 = 135 s and t3 = 190 s to make sure the towing system
stays away from the obstacle. For scenario 2 (Fig[5.12)) and scenario 3 (Fig[5.13), the three
schemes have similar collision resolutions that successfully bypass the obstacle and comply
with the COLREGS rules. Compared to the other two schemes, the response time of the
collision resolution in scheme III is longer, which makes the distance between the vessels in
the towing system and the obstacles smaller at the beginning. To verify this, the performance
indicator about the minimum distance between the three vessels in the towing system and
the obstacles are proposed and calculated as follows:

D.j=min d.;/Log (5.18)

where d, is calculated by @; Loas 18 the length of the vessel. Note that i) @]) normal-
izes the minimum distance by eliminating the effect of the length of the vessel; i7) the larger
the D, the safer the vessel.

The normalized minimum distance between the vessels in the towing system and the
obstacles by using three avoidance schemes in three scenarios are shown in Table[5.4] In
scenario 1, as the greater steering observed in Fig[5.T1] (a), the values for three vessels by
using scheme I are larger than scheme II. The COLREGS-violated steering in scheme III
makes the value of tug 1 (Dop,1) a little larger than that in the scheme I, but the other two
values are smaller (even than scheme II). In scenario 2, the results in schemes I and II are
similar, larger than scheme III. In scenario 3, the superiority in scheme I is more obvious,
and the result in scheme I1I is still the worst because of the longer response time.

Overall, the collision resolution scheme II has the largest normalized minimum distance
between the vessels and obstacles in all three scenarios, revealing that the proposed con-
trol scheme is the safest in dealing with obstacles, and combining two collision resolution
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Table 5.4: Normalized minimum distance between the vessels in the towing system
and the obstacles.

Scheme Scenario 1 Scena.rio 2 Scenario 3 COLREGS
(Crossing) (Crossing & (Head-on) Compliance
Head-on)

Dg =2.45 Dg; =2.65 Dg3 =1.43 Scenariol v
1 Dy =4.31 D, =3.97 D3 =1.70 Scenario2 V'
D21 =1.53 D22 =241 D23 =1.73 Scenario 3 v
Dg; =2.30 Dg, =2.62 Ds3 =1.23 Scenario 1 v
11 Dy =4.17 Dy, =3.95 D3 =1.50 Scenario2 v/
Dy =1.36 Dy =2.34 Dy3 =1.45 Scenario3 v/
Dg; =1.93 Dgy =2.19 Ds3 =1.13 Scenario 1 X
TI1 D =4.40 D, =3.54 D3 =1.30 Scenario2 Vv
Dy =144 Dy =1.78 Dy3; =1.67 Scenario3 Vv

stages (the waypoint altering system and the distance cost function) is rational. The total
computation time of the proposed method is 2147 s (the whole simulation time is 1000 s).
For each collision avoidance scenario, the average computation time is the same. Thus, for
every one-second simulation process, the proposed method spends 2 seconds to calculate
the desired control inputs. The reason for this computation time is that the model of the
towing system is nonlinear, while the iterations of the ADMM in this paper are ten to thirty.
So the repeating nonlinear computation requires a lot of time.

(3) Control Architecture Comparison

In this subsection, we compare the results of the centralized and distributed control
architecture applied under the above simulation conditions. The time-varying states of the
ship and two tugs using the two control architectures are shown in Fig[5.14] It can be seen
from the first row of the figure that in both architectures the ship achieves its desired position
and heading eventually, and the varying of the values in each state are similar.

The differences are shown in the velocity of the second row. For the ship surge velocity
(in red bold line in u), the changes in two architectures show similar results: Saw-shape
undulations. The nine ”sawtooths” indicate the process of waypoint following (eight way-
points and a destination point). The reason for forming the “sawtooth” is the changes of
position error. In each waypoint following process, the value of ship position error is max-
imum at the beginning, dominating in (5.6). The coordination controller at the moment
focuses on reducing this error and then increases the ship surge speed to a large value.
As the ship approaches the waypoint, the position error becomes small, the proportion of
velocity part increases. The objective of the coordination controller gradually switches to
velocities, the ship surge speed starts decreasing.

However, the changes in the two tugs’ surge velocity (green and blue dashed line) in
the two architectures are much different. In Fig[5.14] (a), these results show much more
fluctuation compared to the ship; but in Fig[@] (b), these results are similar to the ship.
This can be explained by the fact that the centralized control method is to solve a large
global optimization problem concerning all the vessels, so the change of surge velocity of
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Figure 5.15: Towing angles and forces: (a) The distributed control architecture; (b) The

centralized control architecture.

the tugs will be consistent with the ship as much as possible; while the distributed control
method is to separately solve the local optimization problems for each vessel, leading to
different surge of the tugs and ship. As the power of the ship is provided by the tugs, the
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Figure 5.16: Change rate of the towing angles and forces: (a) The distributed control ar-

chitecture; (b) The centralized control architecture.

surge velocity of the tugs have more frequent changes in the distributed control. The values
of the sway (v) and yaw (r) velocity show large changes during the collision resolution
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operations in both control architectures, but the magnitude and frequency of the changes in
the distributed control are larger than that of the centralized.

Table 5.5: Avoidance performance of the distributed and centralized control.

Normalized minimum distance to the obstacles

Control

Architecture Scenario 1 Scenario 2 Scenario 3

(Crossing) (Crossing & Head-on) (Head-on)

Dg; =2.45 Dg; =2.65 Dg3; =1.43

Distributed Dy =431 Dy =397 Dy3 =1.70
Dy =1.53 Dy =2.41 Dy; =1.73
Dopys =2.79 Dapys =2.20 Dpys = 1.59
Centralized Dob,;1 =5.25 Dop,1 =3.08 Doby1 =2.12
Dyp,2 = 1.74 Dypyr =1.92 Dqgpy2 = 1.73

Table 5.6: Control performance of the distributed and centralized control.

Control Settling Maximum Towline Elongation Error
Architecture Time Towline 1 Towline 2
Distributed T =968 s el = 3.79% €l = 6.33%
Centralized T=0985s el = -15% Loy = 3-32%

The towing angles and forces are shown in Fig[5.15] and their change rate are shown in
Fig[5.16] It is observed that the values of all the variables are within the boundary in both
architectures, which satisfies the saturation constraints. For the two towing angles, i) their
magnitude and change rate in distributed control is larger than that in centralized control; i7)
the values of the forward angle (i) is larger than the after angle (ot;). The reason for the
first observation is that the motion of tugs is consistent with the ship as much as possible
in centralized control making the magnitude and change of the towing angle small. The
second observation results from the different functions of the two tugs. The forward tug
is to change the ship heading and increase the speed, the after tug is to stabilize the ship
and reduce the speed. So the forward towing angle has larger change. For the two towing
forces, the duration of maximum value and the frequency of change in distributed control
is larger than that in centralized control, because compared to global optimization problem
each separated local optimization problem makes each controller focus more on its own
control objective, which results in the continuous high value of the control inputs.

The avoidance performance of the two control architectures is quantified and compared
in Table[5.5] The normalized minimum distance between the vessels in the towing system
and the obstacles using the centralized control method is larger than those using distributed
control in scenarios 1 (crossing) and 3 (head-on). While in the more complex scenario 2
(crossing & head-on), the corresponding values using centralized control are smaller than
those using distributed control. This indicates that the distributed control is better to deal
with complex collision resolution problems.

The control performance is characterized by settling time and maximum towline elon-
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Figure 5.17: Trajectory of the manipulated ship by two control architectures.

gation error. The settling time is defined that the states of the ship satisfy the following
conditions:

(1) The distance from the current position to the desired position is less than half length
of the ship;

(i1) The difference between the actual and desired heading is less than 3 degrees;

(iii) The surge and sway velocities are less than 0.01 m/s, the yaw velocity is less then
0.01 rad/s.

The towline elongation error is calculated by:

_ max {leli(k)} — liowi

liowi

ltowi ’
where /g); is the distance from the towing point of the tug i to the towing point of the ship;
liowi are the desired elongation of the towline i.

As seen in Table[5.6] the settling time applying the centralized control is a bit larger
than the settling time of distributed control, but the maximum towline elongation error by
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centralized control is smaller than distributed one. The difference in settling time may come
from the different total travelling distance of the manipulated ship: 63.57 m for the cen-
tralized, 62.69 m for the distributed. The ship trajectory of the two control architectures
are shown in Fig[5.17] It can be seen that the extra travelling parts happen in the avoid-
ance process. Because of the lower tug maneuverability in centralized control, the collision
resolution and waypoint returning operations are time-consuming. On the other hand, the
better maneuverability of the tugs by distributed control makes the towing angles and forces
more frequently changing, resulting in the larger value of the maximum towline elongation
error. This indicator revels the smoothness of the towing process, but it can be seen that the
difference of this indicator between the two control architectures is not much.

Overall, although there are some detailed differences (the tugs states, towing angles and
forces) between the distributed and centralized control, the control objective achievements,
the control constraints satisfaction, and the collision resolution and control performance are
similar. For the settling time and total travelling distance, the distributed control outper-
forms. This reveals that in our application, the results of the distributed local optimization
problem are quite close to the results of the centralized global optimization problem.

5.5 Conclusions

This chapter addresses the fourth research question Q4: In what way can the multi-vessel
system avoid collisions with static and dynamic obstacles to improve the safety of towage
operations in inland waterways?

A COLREGS compliant ADMM-based MPC approach is proposed to coordinate multi-
ple autonomous vessels, dealing with obstacle avoidance in the towing process in restricted
waters. A distributed model predictive control strategy was designed to decouple a large
global optimization problem into three sub-optimization problems. The coordination MPC
controller uses ship reference determined by the COLREGS compliant waypoint altering
system to optimize the towing forces and angles for the ship waypoint following and obsta-
cle avoidance. The tug local MPC controller on the tugboat utilizes the computed towing
force and the tug reference calculated by the tug-ship configuration system to optimize the
thruster forces and moment for the tug online trajectory tracking and obstacle avoidance.
The consensus problem between the ship and tugs is solved by using the ADMM algorithm
to find the optimal Lagrange multipliers (dual variables) to achieve the distributed control
architecture.

Simulation experiments indicate that the proposed distributed control approach can avoid
static and dynamic obstacles in restricted waterways for a physically interconnected multi-
vessel system in the towing process, making the collision avoidance COLREGS compliant.

In the next chapter, the towing scenario remains the inland waterways but the control
objective grows. To improve the quality of towing process and increase the safety of inland
water transportation, the speed of the towing system is taken into account. Thus, how to
handle the multiple control objectives will be investigated in Chapter|[6]



Chapter 6

Speed Regulation-based
Multi-Objective Control for A
Ship-Towing System

Chapters[d] and [5] focus on designing a control scheme for a ship-towing system to achieve
a specific goal, such as robustness against environmental disturbances and collision avoid-
ance. However, the speed of the towing process was not considered in the control. In fact,
speed is important for the towing system because it affects the quality of the towing process
such as the smoothness of the trajectory and the efficiency of towing operation. The regula-
tion of speed makes the number of control objectives increase, thus, this chapter addresses
the fifth research question (QS): “How to improve the quality of the manipulation process
and achieve multiple control objectives as much as possible for a ship-towing system?”.

This chapter is organized in five sections. Section 6.1 introduces the background, con-
trolled towing system, and control objectives of the problem. Section 6.2 focuses on de-
signing the multi-objective control scheme to regulate the position, heading, and speed of
the manipulated ship and the distance from the towing system to the obstacles. Section 6.3
defines a set of key performance indicators for evaluating to what extent each control ob-
jective is achieved. Section 6.4 illustrates the results of simulation experiments to show the
performance of the proposed control scheme for achieving the multiple control objectives.
Section 6.5 concludes the chapter.

Parts of this chapter have been published in [45

6.1 Problem Statement

6.1.1 Research Background

Maritime transportation applications always involve many control objectives, like waypoint
(position) following, heading adjusting, and speed tracking. In some cases, the distance

1Z. Du, R. R. Negenborn, and V. Reppa. Multi-objective cooperative control for a ship-towing system in
congested water traffic environments. Submitted to a journal, 2022.
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is also controlled to resolve collisions. Different from the other three objectives which
are directly related to specific missions, speed control focuses on improving the motion by
smoothing the trajectory. There is limited research working on this control objective, mostly
focusing on the single vessel system.

For the speed control of a single vessel system, the main research goal is to regulate the
surge speed to a constant value. In [96], scholars propose a backstepping-based adaptive
speed controller to maintain a reference speed; in [128]], an adaptive and predictive con-
troller is designed to regulate the autonomous vessel’s surge speed as a fixed value under
the unknown model parameters of surge dynamics. Some research works have investigated
both the speed and heading control of the ASV to regulate surge speed and heading angle to
make these two state variables reach the corresponding reference values [93L1106} 107, [159].

For the cyber-connected multi-vessel systems, the research goal is usually to coordi-
nate the multiple ASVs for maintaining a specific formation, namely formation control.
The control objectives of the ASVs in the formation system are mainly the position and
heading. Authors in [29, [147, [175] use the leader-follower strategy to make a swarm of
ASVs follow the trajectory of a (virtual) leader vessel. The desired relative position and
heading between the leader and followers are the control objectives of each vessel. For the
physically-connected multi-vessel system, the control objectives of dealing with the float-
ing object manipulation problem are also focus on position and heading according to the
literature review in Section 2.3

As a typical application of the physically-connected multi-vessel systems, ship-towing
transportation is an important but also hazardous and challenging task. In practice, before
carrying out the towing operations, speed recommendations (by Shipowner [173]] and DNV
classification society [[65]]) are given to deal with emergencies, like bad weather and sudden
changes in water depth. From the viewpoint of collision avoidance, all the vessels that take
actions of avoidance should comply with the COLREGS. In this regulation, rules 13-17
are usually considered by scholars, but rule 6, which requests a safe speed for every vessel
to take proper and effective action for avoiding collisions, is often ignored. Thus, it is
necessary to take into consideration the speed control for a ship-towing system.

6.1.2 Towing system and Control Objective

The towing system concerned in this chapter still consists of three vessels: two ASVs are the
tugboats located at the fore and aft of the manipulated ship, and the ship is connected with
the two tugboats by towing line (as shown in Fig[6.I). Thus, the kinematics and kinetics
model of the towing system is the same as in Chaptersfd]and[5]and they are not illustrated in
detail here.

What should be noticed is that because the model of vessels adopted in this thesis is
the vectorial representation, it is easy to see from the mass and damping matrices that the
3 DoF model decomposes the motion of a vessel into forwarding and steering parts. The
forwarding part refers to the surge motion, which means the motion along the x-axis in the
vessel body-fixed reference frame; the steering part is the combination of the sway and yaw
motion, which means the motion along the y-axis and the rotation along the z-axis in the
vessel body-fixed reference frame. So the speed regulation (control) in this chapter refers to
regulating the magnitude of the surge velocity.

Therefore, the problem in this chapter can be described in Fig[6.2] The two autonomous
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Figure 6.2: Problem statement and control objectives.

tugboats (the green vessel Tug 1 and the blue vessel Tug 2) should manipulate the unpow-
ered ship (the red vessel) to the destination (Wpp). In the whole manipulation process, the
ship-towing system has to accomplish four tasks: waypoints following, speed-profile track-
ing, collision avoidance, and set-point positioning. The task of waypoints following requires
position and heading control, the speed-profile tracking is speed control, and the collision
avoidance can be transformed to distance control. The above three tasks may be performed
simultaneously. The task of set-point positioning needs to fix the ship to a desired position
and heading with zero speed, so it involves position, heading, and speed control.
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6.2 Multi-Objective Control Scheme

The basic idea of the multi-objective cooperative control scheme is to design controllers
with different objectives distributed in two control layers.

”ob (t)

!

Ship Reference
System

']Sd(t)"de(t)

Supervisory
Ug 0) Controller U (t)
F N r N A
F,p(2) Fyp (1)
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Figure 6.3: System control diagram.

As shown in Fig[6.3] in the higher-layer, according to the desired position, heading
Nsq(t) and speed Vsq(t) of the ship output from the ship reference system, the obstacle
information M, (¢), and the current states of the ship Ng(z), Vs(), the supervisory controller
(located on the ship) carries out the tasks of waypoints following, speed profile tracking,
and collision resolution for the transported ship. Meanwhile, it outputs the predicted ship
surge speed ugp(t), the predicted towing forces Fip(t), and the desired tug trajectory M;q(¢)
(which is a function of the predicted towing angles oup(?)).

The tug controller (located on the tugs) uses this data, the obstacle information, and the
current states of tugs 1;(¢), v;(¢) to perform the tasks of trajectory and surge speed track-
ing, and collision resolution. In order to reach a consensus between the lower-layer and
higher-layer control, the tug controller first outputs the predicted tug position and heading
M,p(t) and shares them with the supervisory controller. Then, both higher and lower layer
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Figure 6.4: Structure of the ship reference system.

controllers update the corresponding data to make the predicted tug position and heading
approach to the desired tug trajectory as much as possible (N,;p(f) — N;4(¢)). When the con-
sensus is achieved, the tug controller outputs the thruster forces and moment Tr7;(¢) to the
tug system. Based on the calculated thruster propulsion, the two autonomous tugs coopera-
tively provide manipulating forces and moment (Ts; (¢), Ts2(¢)) to make the ship achieve its
multiple objectives.

6.2.1 Ship Reference System

The ship reference system is to provide the reference position, heading, and speed of the ma-
nipulated ship. The inside structure is shown in Fig[6.4] It can be seen that the references are
determined by comparing between the detection distance dp and obstacle distance doy(?),
expressed as:

{ Nsa(t) =M, Vsa(t) =V,  if don(t) > dp
Nsa(t) =My, Vsa(t) =V  ifdob(t) <dp 6.1)
don (1) :min{dsj(t),dlj(t),dzj(t)},

where 1M, and v), are the predefined position and velocity references of waypoint p; M,
and v, are the new (updated) position and velocity references; ds;(t), d1 (), and da(t) are
the distances from the obstacle j to the manipulated ship, to the tug 1, and to the tug 2,
respectively. Such a definition of the obstacle distance dob(#) in (6.1) is the reason that the
three vessels in the towing system are indivisible systems, the risk from the obstacles should
be alert by the closest vessel.

The new reference M, is calculated based on the COLREGS rules 13-17. The rules
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explicitly prescribe the single vessel operation of starboard steering for dealing with the
potential collisions. While for the multiple vessels in the towing system, the above opera-
tions can be equivalently converted to taking advantage of the waypoint clockwise altering
to calculate the new position and heading, expressed as:

Xn Xp1 sin(0)
M= | | =|Ypt | +ruwp | sin(d)
Vo Ve 0/rwp 6.2)

where x,_1 and y,_; are the coordinates of the last waypoint p — 1; x, and y, are the
coordinates of the current waypoint p; ry,, is the distance between the above two waypoints;
Vs, is the current predefined heading along the waterway direction; 0 is the altering angle,
satisfying 6 > 0° for clockwise rotation.

The new reference Vg, is updated according to the COLREGS Rule 6. This rule suggests
a safe speed for every vessel to make sure it can take proper and effective action to avoid
collisions. Although Rule 8 points out that altering only the course may be the most effective
action to avoid a close-quarters situation with sufficient sea room, this is in the case of a
single vessel. For a physical-connected multi-vessel system, a safe speed can guarantee
more response time for such a motion-restricted system taking actions of avoidance. Thus,
the updated speed profile is defined as:

Up ay up
Vo= |wm|= 1 vy |, (6.3)
Tn 1 p

where up, v, and r, are the current surge, sway and yaw speed profiles, respectively; a,
is the speed reduction coefficient and 0 < a,, < 1. From (6.3), the speed profile update
is to slow down the surge speed. The value of g, is determined by the relative position,
course, and velocity between the ship and obstacles, which belongs to the research of the
risk assessment and is out of the scope in this thesis.

6.2.2 Supervisory and Tug Controller

The supervisory controller is to make the ship follow waypoints, track speed profile, and
resolve collision. Since the MPC strategy is adopted here, the core is the optimizer, solving
the following optimization problem:

Hp
min Y Js(k+h|k), 6.4)
R

subject to i) Ship dynamics given by (5.3)),
if) Actuator saturation given by (4.13) — (4.14)),
iii) Configuration restriction given by (3.11)), (4.4)), ,
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where Hp is the length of the prediction horizon; k is the current time instant; % is the hth
time prediction step; Js( k + h| k) are the prediction made at k about the cost function of the
ship at k4 h. The performance function Js is designed as:

Js(k) = eq (k)W s1Ps(k)eng (k) + ey, (k)W saev (k) + Ws3 ,)nil (dsj(k) —ds;,) >, (6.5)
-

where ey (k) € R3 and ey (k) € R? are the position and velocity error of the ship; 7 is
the number of obstacles; ds;, is the safe distance between the ship and obstacle j (ds;, <
dp); Wi, Wy and Wss are the weight coefficients, Wg; = diag(ws, wsy wsy) and Wy =
diag(wsy, wsy, ws,) are the positive diagonal matrices, W3 is the positive scalar; Pg(k) is the
ship weight factor.

The performance function (6.5) contains three parts: the position error is minimized to
achieve waypoints following, the velocity error is minimized to track the speed profile, the
reciprocal distance error is minimized to keep away from the obstacles. In the process of
waypoint following, the value of position error at the beginning is maximum, the controller
focuses on approaching the waypoint and increases the ship’s speed. As the value of position
error reduces, the velocity part is gradually dominant in the performance function, the speed
profile tracking then starts to perform. Thus, the ship weight factor Pg(k) is designed to
normalize the order of magnitude between the position and velocity errors, and to reduce
the sensitivity of the controller to the waypoint distance, expressed as a diagonal matrix:

1/(dp(t) + dnon)
Ps(r) = 1/(dp(t) —I—dnon)
1 (6.6)

dp(t) =\ (xs(6) =)+ (ys(6) =),

where d, (1) is the distance from current position of the ship (xs(t),ys(¢)) to the current
position of the waypoint p (xp,y,); dnon is a small positive real number, which is to prevent
the denominator in (6.6)) is zero when the current position of the ship is exactly located on
the current waypoint (d, () = 0).

The tug controller is to make the tugs track their trajectories, track the predicted ship
surge speed, and resolve collisions, and the optimization problem is expressed as:

Hp
min h;],-(k+h|k), (6.7)
subject to i) Dynamics of tug i given by ,

ii) Actuator saturation of tug i given by ,

iii) Configuration restriction given by (3.11)), ([#.4), (4.3),

where the performance function J; is designed as:

Ji(k) = e} (k)W ireq, (k) + e}, (k)W izey, (k) + Wi fl (dij(k) —diyy) > (6.8)
=
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where ey, (k) € R? and ey, (k) € R? are the position and velocity error of the tug i; d., is the
safe distance between the tug i and obstacle j; W;;, W and W;3 are the weight coefficients:
W = diag(wix wiy wiy) and W, = diag(w;, wj, w;,) are the positive diagonal matrices, W;3
is the positive scalar.

The vessel dynamics (the first constraint) and actuator saturation (the second constraint)
in (6.4) and (6.7) are the same as in Chapter[5] so they are not illustrated in detail here.
The configuration restriction (the third constraint) is to make sure two tugboats successfully
track the desired trajectories calculated by the supervisory controller. In other words, this
constraint is to reach the consensus between the supervisory controller and two tug con-
trollers to achieve the distributed control architecture. This part is illustrated in the next
subsection.

6.2.3 Distributed Control Architecture

The distributed control architecture is achieved by satisfying the configuration restriction of
the towing system, namely the first part in (6.8):

en; (k) =M;p(k) —nq(k), (6.9)

where N,;p(k) € R? and M;4(k) € R? are the predicted and desired position vector of the
tug i. The term M;p(k) is calculated by tug dynamics, which is a function of Tr; (M;p(k) =
gi(t7i(k))); Miq(k) is calculated by the predicted ship position Ngp, which is a function of
Ts(k) Mia(k) = fi(Ts(k)))-

Then, the performance function J; in is decoupled into two components:

Ji(k) = Jri(k) 4+ Jci(k)
Tri(k) = e ()W izey, (k) + Wa il (dij k) — disare) (6.10)
=

T
Jei(k) = (gi (tri(k)) —fi(Ts(k))) Wi (gi (Tri(k)) —fi(Ts(k))>

where Jr;(k) is the performance function of the tug i without the system configuration,
Jci(k) is the performance function of the tug i with only the system configuration.

Thus, the augmented Lagrangian form for our problem by using ADMM at time instant
k can be formulated as:

23,(k) := argmin (JT,- (eri() + X7 0" [ (e () — fi (55 ()]

(k) ) 6.11)
+o/2 s er0) - 555 W),
2
T§(k) := argmin (JS (Ts(k)) + (_}Vl}‘*l )" f; (ts(k))
T5(k) = (6.12)

+(p/2) i

8i(thi(k)) — fi(zs(k)) Hz))
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M) 1= A7 () + i (g1 (,(K)) — f(x5(6)) ), 6.13)

where A;(k) is the Lagrange multiplier; p is the penalty parameter; s is the iteration with
s€{l1,2,--- 8}, S is the maximum iteration; -* stands for the corresponding variable at the
sth iteration.

The termination criterion is defined by the primal (R};,) and dual (Ry,, ;) residual,
which can be referred to in Chapter[5] Since the optimization problem in (6.11) — (6.13)
is complex, to increase the speed of convergence, the penalty parameter p; is designed

according to the comparison of the primal and dual residuals:

Re ()|, > 10)

min{2p; ! pimac} i) Ry )],

PE=\ max{p™ /2 pimn} if

R‘fm,i(k)Hz < 10‘ Rfmal,,.(k)Hz (6.14)

pi! otherwise

where pimax and Pimin are the maximum and minimum values of the penalty parameter.
Therefore, the distributed cooperative control scheme for a ship towing system is sum-
marized in the Algorithm[6.1]chart.

Algorithm 6.1 - Distributed Cooperative Control Scheme

Input: Obstacle position N (2);
Ship reference position and velocity N, (), Vs,(?);
Current ship position and velocity N(¢), Vs(¢);
Current tug position and velocity M;(¢), v;(t).

Step 1: Compute the desired position Ng,(#) and velocity Vsq(¢) of the ship for collision
free by (6.1) - (6.3).

Fors=1:§

Step 2: Calculate the thruster forces and moment of the tug 7, (k) in each tug local
controller according to (6.1T). Then send the results to the supervisory controller.

Step 3: Calculate the manipulation forces and moment for the ship t§(k) in the super-
visory controller according to (6.12).

Step 4: Update the Lagrange multiplier A{ (k) based on the results from Step 2 and Step
3 according to (6.13).

Step 5: check the termination criterion by primal Ry; ;(k) and dual Ry, ;(k) residu-
als: if the termination criterion is not satisfied, then updated the penalty parameter p}

according to (6.14) and return to Step 2; otherwise, jump out of the iteration.
End

Output: Thruster forces and moment of the tug ©;(k);
Manipulation forces and moment for the ship (k).
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6.3 Key Performance Indicator

Since there are multiple objectives for the designed controllers, it is necessary to define the
following key performance indicators (KPIs) for checking to what extent these goals are
achieved.

* Ship Waypoints Following.

This performance is reflected by the minimum error percentage of distance from the
position of the ship to each waypoint p (p € {1,2,...N}, N is the number of way-
points), expressed as:

min{\/(xg(k) —xp)2 + (ys(k) —)’p)z}

\/(x,,,l _xp)z +(p—1 _YP)Z

where (x,—1,y,—1) is the last waypoint coordinates and (xo,yo) stands for the origin
coordinates (when p = 1). The smaller ep,, indicates better following performance
between waypoint p — 1 and p.

epp = , (6.15)

» Ship Heading Adjusting

At each waypoint, there is the desired heading to guide the ship sailing along the wa-
terway. When encountering obstacles, the tugboats should manipulate the ship tak-
ing avoidance operations for safety while the desired heading becomes unimportant.
Thus, different from the first indicator, what we are concerned about is the heading of
the ship at the destination, so the KPI is expressed as:

ey = |Ys(kp) — Wsay |, (6.16)

where gq, is the desired ship heading at the destination; kp is the settling time
satisfying:
dSD < 0.25L,4s; Ys < 1°; ug < 0.01 m/s;

vs <0.01 m/s; rs < 0.001 rad/s.

where dg,, is the distance between the ship and the destination; L, is the length of
the ship.

The smaller value of the ey, shows the better performance of the heading adjusting.

 Ship Speed Profile Tracking

As the speed profile is time-varying, this KPI is calculated by the root-mean-square
error (RMSE), which is expressed as:

o _ 2
eu= \/ L (”S(];)N usilb)) (6.17)
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where the smaller value of the ¢, illustrates better performance of speed profile track-
ing.

» Consensus reaching

The performance of the consensus reaching can be indicated by the maximum error
percentage of the towline elongation. If the elongation keeps its desired value, the
consensus between the higher layer and lower layer control is well achieved. Accord-
ing to Chapter[5] the maximum error of the towline is expressed as:

_|(max {leli(k)} — Lowi

towi

€y

, (6.18)

ltowi

where [g); is the distance from the towing point of the tug i to the towing point of the
ship. The smaller the ¢, is, the better this performance of consensus reaching is.

 Ship and Tugs Collision Resolution

The performance of the collision resolution is mentioned in Chapter[5| which is re-
flected by the normalized minimum distance between the three vessels and the obsta-
cles, expressed as:

D*j = min d*j/Loa* (619)

where L, is the length of the vessel. The larger of D, shows the better performance.

These KPIs will be used in the next section to see the performance of the proposed
control scheme.

6.4 Simulations and Results Discussion

Simulation results are presented in this section to show the performance of the proposed
control method applied to small scale vessels. Simulation experiments are carried out using
Matlab 2018b. The model of the two tugs are represented by the “TiroNeri”, while the ship
is represented by the “CyberShip II”. The parameters of the vessel model and the towing
system can be found in [41]], the parameters of the control system are given in Table[6.1] and
the simulation settings are shown in Table[6.2)

To highlight the importance of speed control for the towing process, we compare two
scenarios, I and II. In scenario I, no speed profile is provided, the control objectives are
the ship waypoint following, the ship heading adjusting and the towing system collision
resolution. In scenario II, the proposed cooperative control scheme is used to manipulate
the ship.

Fig[6.3]and[6.6]show the towing process of the two scenarios. In general, the trajectories
in scenario II are smoother than those in scenario I, especially in the steering process (stage
Wp1 — Wp2 and stage W3 — W4). In the first case of collision avoidance (detailed trajec-
tories are shown in the top box), the static obstacle is successfully bypassed by the towing
system in both scenarios. In the second case (detailed trajectories are shown in the bottom
box), the towing system takes actions of starboard-side steering to avoid the dynamic ob-
stacle in both scenarios, which complies with COLERGS rules. But we can infer from the
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Table 6.1: Parameters of the control system.

Altering angle 6=10°
Speed reduction coefficient a,=2/3
Prediction horizon Hp=3

Weight coefficients of Jg

Ws1 =diag(1 1 1)
W2 = diag(200 20 20)
Wss =1

Wi =diag(1 1 1)

Weight coefficient of J; Wi =diag(2 2 2)
W3 =0.1
Maximum towing angles Ol max = 45°
Maximum towing forces Fimax = 3N
Maximum change rate of towing angle 0, =5°/s
Maximum change rate of towing forces F| =0.3N/s
Maximum value of tug thruster forces Timax = [SN 5N 2.5Nm|T
Absolute tolerance in ADMM €2bs = 0.001
Relative tolerance in ADMM el = 0.001
Minimum penalty parameter in ADMM Pimin = 1
Maximum penalty parameter in ADMM Pimax = 100

Table 6.2: Simulation settings.

Initial states of the ship!

Wpo: g0 = [-15 —30 0]T

vso=1[0 0 0]T
Wop: g, = [25 30 0]T
. -1 p St
Final States of the ship v =[0 0 0T

Waypoints!

Wori Ny =[—15 —15 0T Wpimp =10 0 80]"
Wpa: 3 = [20 4 80]" Wpa: Ny = [25 17 0]T

Speed profile?

Wpo = Wpo: Vg = [0.15 0 0]T
W2 = Wpp: Var =[0.09 0 0]T

Static Obstacle

Shape: Circle;  Radius: 1.5m;  Position: (0, —4)

Dynamic Obstacle

Shape: Ellipse;  Semi-major axes: 0.6m;
semi-minor axes: 0.15m;  Initial position: (57,20);
Course: 260°;  Speed: 0.1m/s

! The units of the first two elements are the meter, the unit of the last element is the degree.
2 The units of the first two elements are the meter per second, the unit of the last element is the degree

per second.
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Figure 6.5: Towing process in Scenario 1.

trajectories that the towing system in scenario II has fewer fluctuations in the avoidance pro-
cess. Comparing the time of arriving at each waypoint, scenario II has better efficiency than
scenario I. Thus, although the two scenarios succeed to manipulate the ship to the desired
states, scenario II (the proposed control scheme) shows better motion quality (smoother
trajectories) and time efficiency.

The time-varying error of the ship position and the ship heading are shown in Fig
In Fig[6.7)(a), there are five curves for each scenario standing for the five times of waypoint
following. At the end of each curve, the percentage error closes to zero, especially after
the fifth blue dotted curve (the destination-point following task in Scenario II) reaches the
red dashed line, its value is stable at zero. Fig@ (b) shows that in both scenarios the
ship achieves the desired heading, but the changes in Scenario I have more oscillations than
Scenario II.
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Figure 6.6: Towing process in Scenario I1.

The time-varying linear velocities of the ship are shown in Fig[6.8] The ship in Scenario
II tracks the predefined surge profile from 0.15 m/s decreasing to 0.09 m/s and finally fixing
at 0 m/s (Fig[6.8](a)). It is noticed that in the second collision avoidance case when the surge
speed profile is updated (decreased from 0.09 m/s to 0.06 m/s), the ship still successfully
tracks the new desired speed (around 530-620s). However, in Scenario I, the ship surge
velocity shows five jagged shape changes. These “jags” come from the decreasing of the
position errors in each waypoint following, which motivates the surge speed to vary from
the highest to the lowest. When the towing system performs the steering operations, the
ship sway velocity adjusts to high values in both scenarios (Fig[6.8] (b)), but the oscillation
in Scenario II is much smaller than Scenario I. Thus, there are frequent fluctuations of the
trajectories for scenario I in Fig[6.3]

Fig[6.9] shows the time-varying distance from the towing point of the two tugs to the
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Figure 6.7: Performance of the waypoint following and heading adjusting: (a) Error of the
ship position; (b) Temporal evolution of the ship heading. The red dashed line

is the desired value, the black solid curve stands for Scenario I, the blue dotted
curve stands for Scenario I1.
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Figure 6.8: Time-varying linear velocities of the ship: (a) Surge velocity; (b) Sway velocity.
The red dashed line is the final desired value, the black solid curve stands for
Scenario I, the blue dotted curve stands for Scenario II.



116 6 Speed Regulation-based Multi-Objective Control for A Ship-Towing System
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Figure 6.9: Time-varying distance from the towing point of the tug to the towing point of
the ship: (a) Distance from the bow of the tug 1 to the stern of the ship; (b)
Distance from the stern of the tug 3 to the bow of the ship. The red dashed line
is the desired value, the black solid curve stands for Scenario I, the blue dotted
curve stands for Scenario I1.

towing point of the ship. The magnitude of the distance in Scenario I has large fluctuations
at each waypoint changing, while in Scenario II, the distance change is always within a
small range around the desired towline elongation (1 m).

Table 6.3: Control performance of the first three KPIs

Simulation Waypoint Heading Speed Profile
Group Following Adjusting Tracking
ep1 = 1.15% epy =3.04%
Scenario I ep3 =2.69% epy =0.64% ey =0.22° —
eps = 0.79%
epr = 0.41% epy = 2.09%
Scenario 11 ep3 =0.31% epy =3.18% ey = 0.39° e, =0.015
eps =0.57%

Fig[6.10]and[6.TT]show the normalized distance from the vessels in the towing system to
the obstacles. From the static obstacle distance (Fig@, the duration of the close distance
between the three vessels and the obstacle in Scenario I is longer; from the dynamic obstacle
distance (Fig[6.1T), the minimum distance from the ship and tug 1 to the obstacle is larger
than Scenario II.

The time varying control inputs of the ship (towing angles and forces) and their change
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Figure 6.10: Normalized distance from the vessels to the static obstacle: (a) Scenario I; (b)
Scenario II. The red solid line is the ship, the green dashed line is the tug I,
the blue dotted line is the tug 2.
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690

Figure 6.11: Normalized distance from the vessels to the dynamic obstacle: (a) Scenario I;
(b) Scenario II. The red solid line is the ship, the green dashed line is the tug
1, the blue dotted line is the tug 2.
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Figure 6.12: Towing angles and forces: the red dashed line is the boundary given in the
constraints; the black solid line stands for Scenario I, the blue dotted line
stands for Scenario II.

rates are shown in Fig[6.12]and Fig[6.13] respectively. It can be seen that the values of these
variables are within the boundary in both scenarios, which satisfies the actuator saturation
constraints. For the towing angles, the values of magnitude and the change rates in scenario
IT are smaller than those in scenario I. For the towing forces, the change rates and the final
stage oscillations in scenario II are smaller than those in scenario 1.

The control performances quantified judged by the five KPIs defined in subsection [6.3]
are shown in Table[6.3]and [6.4] we can infer that:

1.

Each distance error in Scenario II is smaller than I, except the eps. The reason may
come from the larger steering areas of avoiding the dynamic obstacle, meaning that
the towing system in Scenario II requires more space for navigation safety.

. The heading error in both scenarios is quite small, so they have good performance in
ship heading adjusting.

. The RMSE of the surge speed in Scenario II is small, indicating the objective of the
ship speed profile tracking is well achieved.
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Figure 6.13: Change rate of the towing angles and forces: the red dashed line is the bound-
ary given in the constraints, the black solid line stands for Scenario I, the blue
dotted line stands for Scenario II.

4. The error of the towline elongation in Scenario II is one-fifth of that in Scenario I, so
the performance of consensus reaching in Scenario II is much better.

5. The minimum normalized distances from the three vessels to the obstacles in Scenario
II are larger than Scenario I, indicating that the towing process in Scenario II is safer.

Therefore, from the above results, the proposed control scheme succeeds multiple con-
trol objectives and shows better motion quality and time efficiency.

6.5 Conclusions

This chapter focuses on the speed regulation-based multi-objective control for a ship towing
system. It addresses the fifth research question QS: How to improve the quality of the
manipulation process and achieve multiple control objectives as much as possible for a
ship-towing system?

An ADMM-based multi-layer MPC approach with speed regulation is proposed to coor-
dinate autonomous tugboats for manipulating a large ship to follow the waypoints, adjust the
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Table 6.4: Control performance of the last two KPIs

Simulation Consensus Collision Resolution
Group Reaching Static Obstacle Dynamic Obstacle

Dg =236 Ds =273
Scenario I €l = 19:35% D; =2.64 Dy =4.11
Clonr = 20-93% Dy =272 Dy =2.82
D =248 Ds=3.10
Scenario II Clows = 3.35% Dy =3.55 Dy =4.97
Clony = 4-19% Dy =2.90 D, =2.89

heading, track the speed profile, and resolve collisions in congested water traffic environ-
ments. Such a complex multi-objective control problem is solved by the design of different
controllers distributed in two layers. In the higher layer, the supervisory controller calcu-
lates the predicted towing forces and angles for the ship objectives of waypoint following,
speed profile tracking, and collision resolution. The tug controller in the lower layer com-
putes the thruster forces and moment for the tug system for the tug objectives of trajectory,
surge speed tracking and collision resolution. The consensus between the lower-level and
higher-level control is achieved by using the ADMM method through the iterations to make
the predicted tug position and heading output by the tug controller approach to the desired
tug trajectory output by the supervisory controller as much as possible.

To check to what extent these multiple objectives are achieved, we define several KPIs
for the tasks of ship waypoint following, ship heading adjusting, ship speed profile tracking,
consensus reaching, and ship & tugboats collision avoidance. Simulation experiments indi-
cate that the proposed control scheme coordinates multiple autonomous tugboats to trans-
port a floating object smoothly and effectively and succeeds in multiple control objectives,
in the meantime, the avoidance operation complies with COLREGS rules.

In the next chapter, the towing scenario changes to open sea, the floating object becomes
an offshore platform, and the research focus transfers to the vessel role. Thus, how to
coordinate different roles for multiple tugboats to adaptive different waypoint goals will be
investigated in Chapter [7]



Chapter 7

Dynamic Coordination of
Multiple Vessels for Platform
Transportation under
Disturbances

Chapters] to [6] focus on the different towing applications of manipulating a large ship by
two autonomous tugboats. When the number of tugboats is more than two, the towing
manipulation system becomes an over-actuated system, so the role of each tugboat can
be flexible and the cooperation between tugboats can be more intelligent. This chapter
addresses the sixth research question (Q6): “In what way can we increase the flexibility
and efficiency of the cooperation of multiple vessels for an offshore platform transportation
system of the open sea?”

This chapter is organized as follows. Section 7.1 gives the platform manipulation system
model and the control objectives of the problem. Section 7.2 describes the design of the
dynamic coordination decision mechanism to adaptively adjust the role of each tugboat
according to the current waypoint. Section 7.3 proposes a distributed coordination control
scheme based on Section 7.2 for four autonomous tugboats to transport an offshore platform
under ocean disturbances. Section 7.4 presents the results of simulation experiments to
compare the performance of the proposed control scheme to that of the fixed role control
scheme. Section 7.5 concludes the chapter.

Parts of this chapter have been published in [46

1Z. Du, R. R. Negenborn, and V. Reppa. Dynamic coordination of multiple vessels for offshore platform
transportation under ocean environmental disturbances. Submitted to a journal, 2022.
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Figure 7.1: Configurations of the platform-towing system.

7.1 Problem Statement

7.1.1 Towing System and Control Objective

The towing system in this chapter consists of one unpowered offshore platform and four
tugboats as shown in Fig[7.1] In the process of platform transportation, the four tugboats are
divided into two identities: role A and B are leading tugboats, whose role is to accelerate the
speed and adjust the heading of the platform; role C and D are following tugboats, whose
role is to slow down the speed and stabilize the heading of the platform. For convenient
switching roles, the towing point on the tugboat is located at the center of gravity.

The control objective is to move the platform from the origin to the destination. Because
the cross-section of the maritime platform is usually a rectangle or a circle, its heading is
not necessary to care about. In the manipulation process, the four tugboats have to manip-
ulate the platform following a set of waypoints that compose a steering path, meanwhile,
the towing system should be against the influence of ocean disturbances, including winds,
waves, and currents.
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Figure 7.2: Force diagram of the offshore platform.

7.1.2 Dynamics Model of the Platform and Four Tugboats

The motion of the platform and tugboats is formulated by the 3-DoF hydrodynamic model,
expressed as

M. (1) = R(y. (1) v (1)

M*V*(t) +C, (V*(Z‘))V*(l‘) +D*V*(t) = Ts (t) +T*wind(t) +t*wave(t)7 b

where * stands for O (offshore platform) or I (tugboat, I € {A,B,C,D}); T.(t) € R? is the
controllable input; Tuwing () € R3 and Tiwave () € R3 are the wind and wave forces.

Fig[7.2] shows the force diagram of the offshore platform. The controllable inputs de-
noted by To(¢) are the forces from the towing lines applied by four tugs, expressed as:

To(t) =To, (1) +Tog (1) +Toc (1) +To, ()
= Bo, (0 (7)) Fa(r) + Boy (0B (1)) Fa (1) + (7.2)
Bo. (0 (1)) Fe(t) 4+ Boy, (o (1)) Fo (1),

where Fa(t),Fg(t),Fc(t),Fp(r) are the towing forces; oua(r),ap(t),ac(t),ap () are the
towing angles, whose range is defined clockwise from 0 to 90° (the grey areas in Fig[7.2).
This setting restrains the operational range of each tugboat to prevent collisions with each
other. The term By, € R? is the platform configuration matrix which is a function of oy (t):

sin(oa (7))
Bo, = —cos(oa(t)) , (7.3)
0.5Lsin(owa (1)) — 0.5W cos(aa (2))
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Figure 7.3: Force diagram of the tugs: (a) Type I: Tug A and B; (b) Type II: Tug C and D.

cos(o (1))
Bo, = sin(owg (7)) ; (7.4
L 0.5Wsin(ag(t)) —0.5Lcos(ag(t)) |

—sin(ac(t))
Bo. = cos(oc(t)) , (7.5)
L 0.5Lsin(oc()) —0.5W cos(ac(t)) |

—cos(ap(?))
Bo, = —sin(op(t)) , (7.6)
| 0.5Wsin(ap(¢)) —0.5Lcos(op(r)) |

where L and W are the length and width of the platform.

Fig shows the force diagram of the tugs. The controllable inputs denoted by T;(¢)
are the resultant forces by the thruster forces (omnidirectional forces generated by azimuth
thrusters) and the towline reaction forces.

For tugboats with role A and B, the effects from the towline are the drag forces (as seen
in Fig[7.3] (a)), the controllable inputs are expressed as:

T(t) =17, (t) — Br (Bi(1)) F(t)  (I=A,B), (7.7)

for tugboats with role C and D, the effects from the towline are the propulsive forces (as
seen in Fig[7.3] (b)), the controllable inputs are expressed as:

T (t) =5 (t) + Br (Bi(1)) Fi(t) (I=C,D), (7.8)

where 7, (t) = [tr, () Tz, () T73,(t)]T € R? is the thruster forces of the tug I; By € R3 is
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the tug configuration matrix, which is a function of the tug angle B, (z):

cos (Bs(1))
Br = | sin(B(r)) (I=A,B,C,D). (1.9)
0

7.1.3 Kinematic Model of the Platform Transportation System

As shown in Fig[7.4] each role corresponds to a specific reference trajectory of the tugboat,
which is calculated through the desired kinematics configuration of the towing system.

Figure 7.4: Force diagram of the offshore platform.

For the leading tugs A and B, the key to coupling the motion of the platform and the
tugboats are the following angles:
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Y = arctan

Balr) = 90° —Y— V()
8u(1) =y~ olt),

(7.10)

where vy is the platform configuration angle; 84 (f) and Og(¢) are the linking angles of tug
A and B; o (7) is the heading of the platform. The reference position and heading of the
tugboats then are expressed as:

Wad(t) = aa(t) +Wo(r) —90°
xad( ) :xo(t)+Locos (SA(Z‘)) ~+ Liow COS (WAd(t)) (7.11)
yad(t) =yo(t) — Losin (SA(I)) ~+ Liow SIn (\PAd(l‘)),

Va(?) = om(t) +Wolt)
xpa(t) = x0(t) — Losin (8 (1)) + Liow cos (Waa(t)) (7.12)
ya(t) = yo(t)-l—LoCOS( B(t ))—l—LtowSln (\]IBd(l‘)),

where (xp,y0) is the position of the platform; Loy is the desired length of the towline (all
the towlines are assumed the same value); Lo is the distance from the centre of gravity of
the platform to its towing point, which is calculated by:

Lo= \/(O.SL)2 +(0.5W)%. (7.13)

For the following tugs C and D, the key angles are calculated by:

dc(r) =90° —y—vo(t)
80(1) =Y olt), (719

where d¢(¢) and dp(r) are the linking angles of tug C and D. The reference position and
heading of the tugboats then are expressed as:

Yea(t) = oc(t) +Wo(r) —90°
xca(t) = xo(t) = Lo cos (8c(t)) — Liowcos (Wea(t)) (7.15)
yea(t) = yo(t) + Losin (8¢ (1)) — Liow sin (Wea(t)),

Wpa(t) = ap(t) +Wol(t)
xpa(t) = xo(t) + Losin (8p(t)) — Liow cos (Wpa(t)) (7.16)
de(l) = yo(t) — Lpcos (8]3 (t)) — Liow Sin (\l!Dd(t)) .

Besides, it can be seen in Fig[7.4|that the tug angle B;(r) in (7.9) is solved by the towing
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angle, tugboat heading, and platform heading:

Ba(t) = aa(t) +Wo(r) —90° —wa(r)

B(t) = as(t) +yo(t) —ws() (7.17)
Be(r) = ac(t) +Wo(t) —90° —yc(t)

Bo(t) = ap(t) +Wo(?) —yp(t)

7.1.4 Effects of Ocean Disturbances

As mentioned in Chapter[4] the effects of wind are expressed as:

X —xCo8(YVrw (1)) Apw
Tswind (t) = Epavrzw(t) CySiIl('er (t))ALW ) (7.18)
CnSIN(2Y40 () )ALwLoa

where p, is the air density; cx, ¢, and ¢, are the wind coefficients for horizontal plane
motions; A, and Ay,, are the transverse and lateral projected area of vessel above the water,
respectively; Ly, is the overall length of vessel; V., (¢) and ¥y, (¢) are the relative wind speed
and the wind angle of attack relative to the vessel bow, respectively.

The effects of wave disturbances on a vessel can be modelled by simplifying the wave
excitation forces [64} 81} [133]]:

v, | Keax (1) Agcos(0gf +€4x)
Towave (1) = Y| Kugy (1) | Agcos(ogt+ey) |, (7.19)
4=1 Ko (1) Agcos(@yf +€4n)

where ¢ is the gth wave component; N, is the total number of harmonic components; A, is
the wave amplitude; ®, is the wave frequency; €,x, €,y and g,y are the random phase angles;
Kiqgx (1), Kigy (1) and K,4n (¢) are the tunable parameters related to the wave encounter angle
X+¢(t) and wave frequency ®, [92]. To simplify the model, the tunable gains are modelled
as follows

Kigx (1) = kigx - €08 (¥q(t))
Kiqy (t) = kugy -sin (Xug (1))
Kign (1) = kugn - sin (g (7))

Xoeq (1) = Bgw — W (1)

where kyqx, k.qv and kv are the constant parameters; B, is the incident wave angle of the
qth wave component.

(7.20)
(
)=
The effects of irrotational current disturbances on a vessel reflect on the vessel kinetics

in [56]:

M.V (1) 4+ Co (Vir (1)) Vir (1) + DoV (1) = T (1) + Tawing (1) + Towave (1), (7.21)



7 Dynamic Coordination of Multiple Vessels for Platform Transportation under
128 Disturbances

where v,.(¢) is the relative velocity, calculated by:

V*r(t> :V*(t) *vc(t)a (7.22)

where V.(t) is the current velocity in the body-fixed frame:

L‘C(t> Ve cos (BC_\V*(t))
V()= | ve(®) | = | Vesin(Be—wi(r)) |, (7.23)
0 0

where V, is the current speed; 3. is the sideslip angle. Thus, the derivative of V,,(¢) in (7.21)
is expressed as:

Vesin (Be — (1)) -7 (1)
Vor(t) = Vi (t) — | —Vicos(Be— (1)) -r(t) |- (7.24)
0

7.2 Dynamic Coordination Decision Mechanism

The mechanism of the dynamic coordination decision is based on the relative position be-
tween the platform and the current waypoint. As shown in Fig[7.5] when the angle 6, from
the heading of the platform to the direction of the current waypoint is within a certain value
and the waypoint is at the front of the platform, (Fi g(a)), the front tugboats (D and @
are assigned as the leading tugs (A and B), the behind tugboats 3) and (@ are assigned as
the following tugs (C and D); when the angle 0 is over the certain value and the waypoint
is at the direction of the right side of the platform (Fig (b)), the right-side tugboats @
and Q@ are appointed as the leader tugs (A and B), the left-side tugboats @ and (D are
appointed as the follower tugs (C and D).

The calculation of the angle from the heading of the platform to the direction of the
waypoint is expressed as:

i) o))
Sole) = arct <yWP<j>—yo<r>> Wolt) (729

where (xo(2),y0(t)) are the coordinates of the platform.

There are four role combinations according to the different relative position angle 6o,
and the range for each combination is 90°. The different role combinations are shown in
Fig[7.6] Therefore, the decision mechanism of the dynamic coordination for four tugboats
is provided in Algorithm|7.1

7.3 Distributed Coordination Control Design

The control diagram is shown in Fig[7.7} Based on dynamic coordination decision mech-
anism, the waypoint set W, and the current position vector of the platform m(z), the dy-
namic coordination & waypoint decision system calculates the desired position of the plat-
form My and the role of each tugboat g(i,t), (i € {1,2,3,4}). The supervisory controller
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Figure 7.5: Alternating roles between tugboats.

Algorithm 7.1 Dynamic Coordination Decision Mechanism

Acquire coordinates of the current waypoint j (xwp(Jj),Ywp(/j)) and the current position
and heading of the platform xo(2),yo(t), Wo(?);
if ywp(j) == yo(t) && xwp(j) > x0(t) then
Assign: role B to g(1,#); role C to g(2,¢); role D to g(3,¢); role A to g(4,1);
else if yup (/) == yo(r) && xwp(j) <=x0(t) then
Assign: role D to g(1,¢); role A to g(2,¢); role B to g(3,2); role C to g(4,7);
else
Calculate 6 (¢) according to
if —45° <=00(r) < 45° then
Assign: role A to g(1,1); role B to g(2,7); role C to g(3,7); role D to g(4,7);
else if 45° <= 0¢(¢) < 135° then
Assign: role B to g(1,); role C to g(2,¢); role D to g(3,t); role A to g(4,1);
else if 135° <=0, (r) < 180° && —180° <= (r) < —135° then
Assign: role C to g(1,#); role D to g(2,7); role A to g(3,¢); role B to g(4,1);
else—135° <=0¢(t) < —45°
Assign: role D to g(1,¢); role A to g(2,¢); role B to g(3,2); role C to g(4,¢);
end if
end if
Send g(i,t) to the Control Allocation System
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Figure 7.6: Four role combinations of the tugboats. The number within the circle indicates
the tugboat with an assigned role (A, B, C or D). The green color indicates the
leading tugs and the blue color the following tugs.

uses the calculated My, g(i,¢), and the data of the platform 1 (¢), Vo(¢) to compute the
desired position of the tugboats 1;4(#). According to the information of M;4(7) and the cur-
rent tug position M;(¢) and velocity v;(¢), the tug controller computes the thruster forces
T7;(t) and predicted position (x;p(¢),yp(t)) for each tug. The data (x;p(¢),yp(f)) is sent
back to the supervisory controller to compare with the tug desired position to reach a con-
sensus between the supervisory controller and each tug controller. When the consensus is
achieved, the tug controller sends T7;() to the tug system under the environmental distur-
bances Tiwind(f), Tiwave(f), Vic(f). Finally, each tugboat outputs the towing forces 1o, (r)
according to the system configuration to the offshore platform system under the environ-
mental disturbances Towind (?), Towave (f), Vo (t) for executing transportation missions.

According to the above analysis, there are two types of controllers: the supervisory
controller aims to allocate the control inputs of the platform To(¢) to the four tugboats by
calculating the corresponding towing angles and forces; the tug controller calculates the
thrust forces and moment for the tugboats T;(¢) to provide the towing forces and track the
tug’s reference trajectories. Considering the offshore platform transportation towing system
characterized by multiple control inputs, multiple control constraints, and highly heteroge-
neous, the model predictive control (MPC) method is used to achieve control allocation and
trajectory tracking.

For the offshore platform, the MPC-based supervisory controller solves the following
optimization problem:

Hp
min Y Jo(k-+h|k), (7.26)
o 3
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Figure 7.7: Control diagram for the offshore platform towing system.

subject to ) Platform dynamics given by (7.1)) — (7.6);
if) Actuator saturation given by (4.13) — (4.14]
iii) System configuration restriction given by ((7.10) — (7.16]);

where Hp is the length of the prediction horizon; k is the current time instant; 4 is the ith
time prediction step; Jo(k + h| k) are the prediction made at k about the cost function of the
ship at k+ h.

The control objectives of the offshore platform are to track the waypoint and steady the
heading, so the cost function at time instant k is designed as:

Jo(k) = wpep (k)ep (k) +wnyg, (k) +wyV g, (k)Vop k), (7.27)

where wp, wy and wy are the weight coefficients of the platform (positive scalar); ep(k)ER2
is the position error expressed as:

eP(k) = [xOP (k) Yop (k)}T - [pr(j) ywp(j)]Tv (7.28)

where xo, (k), yo, (k) are the predicted position coordinates; Yo, (k) is the predicted head-
ing, which is to prevent the heading of the platform from oscillating frequently during the
towing process; Vo, (k) €R3 is the predicted velocity vector.
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The predicted states Vop (k), xop(k), yop(k) and Yo, (k) in (7.27) and (7.28) satisfy the
platform dynamics (the first constraint), calculated by the discretization of the equations

(7.1) - (7.6). The actuator saturation (the second constraint) stemming from the physical
laws and maritime practice [68]] are given in (4.13) and {@.14).

For the ith (i = 1,2,3,4) tugboat, the MPC-based tug controller is to solve the following
optimization problem:

Hp
min Ji(k+hlk), (7.29)
1

7 he
subject to i) Tugboat dynamics given by (7.1)) and (7.7) — (7.9);
ii) Actuator saturation given by (4.18)) and ([7.32));
iif) System configuration restriction given by (7.10) — (7.16));

where the cost function is designed as:

Ji(k) = wiep; (k)eni(k) + wnVi, (k)vip (k), (7.30)

where wy and wyy are the weight coefficients of the tugboat (positive scalar); v, (k)€R3 is
the predicted velocity vector; eni(k)eR3 is the position and heading error of the tugboat i,
expressed as:

eni(k) =M (k) —Mq(k), (7.31)

where N ip(k)6R3 and M4 (k)ER? are the predicted and desired trajectory of the tugboat i,
respectively.

The predicted states V;p(k), N, (k) in and satisfy the tugboat dynamics (the
first constraint), calculated by the discretization of the equations and - ([79).
Besides the tug actuator saturation given in (#.18), the change rate of the thruster forces and
moment should also be restrained:

[Tri (k)| < Tri, (7.32)

where T7; is the maximum change rate of the thruster forces and moment.

The system configuration restriction (the third constraint) in and are used to
reach the consensus between the supervisory controller and the tug controllers for achieving
the distributed control architecture by using the Alternating Direction Method of Multipliers
(ADMM). For our case, the key is to make the desired tug trajectory (n,4(k) output by the
supervisory controller) and the predicted tug trajectory (1, (k) output by the tug controllers)
equal as much as possible.

Because there exists tug angles B;(¢), (i =1,2,3,4), the desired tug heading will not be
achieved immediately by the tug controller, especially in the process of role changing. Thus,
the desired tug position is the key element for reaching a consensus other than the desired
tug heading. Based on the above analysis, the tugboat cost function except the position
consensus part is revised from to:

J1i(k) = winied (k) + wirv (k)Vip (k), (7.33)
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where wiy is the weight coefficients for the tugboat heading (positive scalar); ey;(k) =
Vip (k) — Wia(k) is the heading error of the tugboat i. Then the augmented lagrangian form
of the adaptive functional role offshore platform transportation problem at time instant k is
formulated as:

4
Ly (%o(k),%,(k), M (K)) = Jo (v (k) + Y (ri (e, (K))+
i=1

AT [Py (0) — Piak)]+ (01/2) [Py (8) — P ).

(7.34)

where A;(k) is the Lagrange multiplier or dual variable, and p; is the penalty parameter;
pip(k) = [xip(k) yip(k)]" and py4(k) = [xia(k) yia(k)]" are the predicted and desired tug
position. According to (7.11)), (7.12), (7.15)), (7.16), p;q(k) is a function of the towing angle
@;(k) and the predicted platform position vector N, (k); (k) is a part of the To(k), N, (k)
can be calculated by To (k) through the platform dynamics. Thus, p;y(k) can be expressed
as a function of To(k): pia(k) = fi(To(k)). Similarly, Pip(k) can be calculated by T7; (k)
through the tug dynamics, so p;,(k) = g;(Tz; (k)).

Therefore, the iteration procedure of the ADMM at time instant & is then formulated as
follows:

75, (k) := argmin (Jn (T, (k) + A ()T [gi (e (k) —fi(75 ()]

r, (k)

(7.35)
o/ (e @) 55 W) ).
T, (k) := argmin (]0 To(k —|—Z( A 7 (To(k))
“o() (7.36)

+pi/2)|

8i(T}: (k) — fi(To(k H ))

M) =200+ pa(1(75,(6) — £i (5 (8)) ), (7.37)
where s is the iteration, -* stands for the corresponding variable at the sth iteration.

The termination criterion is provided based on the following residuals:

[Rai00], = [l (x5:00) = (e 00) |, < st
(7.38)
i )|, = || (5500) = £i(€57 (1) | < bW,

where R} ; and Ry, ; are the primal and dual residual at iteration s; €}

are the feasibility tolerances, determined by

€y (k) = /e +
Erelmax{Hgi(T'},-(k)) |27 fi("’so(k))Hz}7 (7.39)

8(Siual,i(k) = \/,ngabs + 8rel||k§(k)’|2,

pri,i >0and Sdualz >0
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Algorithm 7.2 - Consensus Iteration for Distributed Control

Input: Current platform position and velocity N, (k), Vo (k);
Current tug position and velocity M;(k), v;(k);
Desired platform position Mg;

Functional role of the tugs g(i,?).

Step 1: Receive g(i,t) from the Dynamic Coordination Decision System;
for i=1to 4 do
if g(i,1) is assigned as role A then

Pip and yjq in is calculated using (7-TT);
else if g(i,7) is assigned as role B then

Pip and Yjq in is calculated using ;
else if g(i,7) is assigned as role C then

Pip and Yiq in (7.34) is calculated using lb

else
Pip and yjq in (7.34) is calculated using ;

end if
end for
for i=1to S do

Step 2: Calculate the thruster forces and moment of the tug ‘E‘Tl (k) in each tug
controller according to (7.35)), and send the results to the supervisory controller.

Step 3: Calculate the manipulation forces and moment for the ship T, (k) in the
supervisory controller according to (7.36).

Step 4: Update the Lagrange multiplier Af(k) based on the results from Step 2 and
Step 3 according to (7.37).

Step 5: Update the primal €}; ;(k) and dual &, ;(k) tolerances according to (7.39),
then check the primal R ; ;(k) and dual R, ; (k) residuals to see whether they meet the
termination criteria according to (7.38));

Step 6: If (7.38) is not satisfied, then update the penalty parameter p; according to
(7.40) and return to Step 2; otherwise, jump out of the iteration.

end for

Output: Thruster forces and moment of the tug 7. (k);
Manipulation forces and moment for the platform 7, (k).

where n; is the size of the variable Tr; €s > 0 and €™ > 0 are the absolute and relative
tolerance, respectively.

The penalty parameter p; is usually designed to be variable according to the comparison
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Table 7.1: Data of the towing system.

Size of the platform W=12m L=16m
Size of the tugboat w;i=0.25m,/; =0.6 m
Desired length of the towing line Liowi=1.5m
Maximum towing angle Olimax = 90°
Minimum towing angle O pin = 0°
Maximum towing force Fimax =03 N
Maximum thruster forces and moment Timax = 2N 2N INm|T
Maximum change rate of the towing angle 0, =5°/s
Maximum change rate of the towing force F;=0.02N/s
Maximum change rate of the thruster forces & moment T, =[IN/s IN/s 0.5Nm/s|T

of the primal and dual residuals to increase the speed of convergence:

B 0], > 10

min{2p} ", Pimax}  if ’ Rfiual,i(k)H2

pi = maX{p?_l/za Pimin}  if ”Raualvi(k)‘IZ ~ 10‘

Rl 740

pi! otherwise
where pimax and Pimin are the maximum and minimum values of the penalty parameter.
Therefore, the distributed control scheme is summarized in Algorithm[7.2}

7.4 Simulation Experiments and Results Discussion

Simulation results are presented in this section to show the performance of the proposed
dynamic coordination scheme applied to an offshore platform towing system of small-scale
lab vessels.

7.4.1 Simulation Setup

The parameters of the towing system in this chapter are set as shown in Table[7.1] where
the data of the four tugboats are the same. The dynamic model terms (e.g. hydrodynamic
coefficients) of the platform and the tugboats can be found in [67] and [28]] respectively.
The environmental disturbances are set as shown in Table@, consisting of winds, waves
and currents, where the effects of the waves are coupled by two wave components. The
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Table 7.2: Data of environmental disturbances.

Wind velocity

V,y =0.2 m/s

Wind direction

0°, from the North

Current velocity

Ve =0.05 m/s

Current direction

180°, to the South

Number of wave component

N=2

Wave frequency

®; =0.5rad/s, ®, =0.1rad/s

Incident wave angle

Blw =0°, BZW =0°

Wave amplitude

A1 =005m,A, =0.1m

Wave phase angle

gix =7/3, &y =n/6, gn=n/9;

&x =n/4, ey =mn/8, en=mn/12

Wave constant gainsl

ksix =0.1, ksiy =0.1, ksinv =0;
leX = 0.02, ley = 0.02, leN = 0;
kSQX = 0.25, kszy = 0.25, kSZN = 0;
krox =0.05, kray =0.05, kroy =0

The values of the wave constant gains are related to the force Response Amplitude Operator (RAO)

[56]], and different dimensions of the marine craft have different gains. Since the dimension of the
platform is much larger than tugboats, the value of the platform gains kg, is much larger than that of

the tugboats kr, for the gth wave component.

Table 7.3: Parameters of the control system.

Prediction horizon

Hp=3

Weight coefficients of Jo

wp =1, wyg = 100, wy = 20

Weight coefficient of Jr; wig =025, wyp =2
Absolute tolerance €255 = 0.001
Relative tolerance gl =0.001
Minimum penalty parameter Pimin = 1

Maximum penalty parameter

Pimax = 100
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information of the control system is shown in Table[7.3] including the parameters of the
ADMM strategy.

Two simulation scenarios are defined with the same towing system parameters, environ-
mental disturbances parameters, control system parameters, and control objectives, except
for the mechanism of the functional role for tugboats: the tugboats in Scenario I have a fixed
functional role control, while in Scenario II the proposed dynamic coordination scheme is
applied.

7.4.2 Results and Discussion

Fig[7.8] and Fig[7.9] show the towing process under environmental disturbances, where fig-
ures (a) and (b) are the effects of the winds, waves, and currents in two scenarios; figures
(c) and (d) are the five time-sampled typical states of the towing system in two scenarios.
From t; =0 s to t = 60 s, the trajectories of the platform and four tugs in two scenarios are
the same (straight path), also affected by the same environmental disturbances.

From t; = 60 s to t3 = 120 s the waypoint changes, the four tugboats keep their previ-
ous configurations and slowly move the platform in Scenario I; while in Scenario II, tug 1
changes its role from leading to following, tug 3 changes its role from following to leading,
meanwhile the four tugboats dynamically coordinate themselves to move the platform to-
ward to the destination. The process of the functional role changes for the tugs is shown in
Fig[7.10]

From t3 = 120 s to t4 = 165 s, the four tugboats in Scenario I still slowly transport the
platform with the same configurations, but tug 2 and tug 3 as the tugs of Type I in Sce-
nario II continue adjusting to make an all-out effort toward to the destination. Finally from
t4 = 165 s to ts = 400 s, the platform in Scenario II is successfully transported to the desti-
nation, the same mission in Scenario I is not finished yet.

After t, = 60 s, the effects of environmental disturbances in the two scenarios are also
different. For the platform, since its heading has not many changes in Scenario I, the en-
vironmental effects mainly work on the x-axis direction in the body-fixed frame; but the
platform heading in Scenario II is changed, so there are environmental effects on the y-axis
direction. The differences are more explicitly reflected in the four tugs whose environmen-
tal influence in Scenario II is much more changed than Scenario I because of the functional
role adjustment.

The time-varying position and linear velocity of the platform and four tugs are shown
in Fig[7.11] It can be seen that around 200 s, the position of the platform in Scenario II has
already achieved the desired value, while the platform in Scenario I has not reached the des-
tination yet even at the 400 s. The value of surge velocity of the platform in both scenarios
has a similar varying but as to the tugs, except the phase of the functional role adjustment,
the magnitude of the surge velocity changes in Scenario II is smaller than Scenario I. The
sway velocities of the platform and tugs are much different in the two scenarios. Due to the
functional role adjustment, there are great sway motions for tugs, which makes the sway
velocity of the platform have a large increase after t; = 60 s. This explains the reason for
enhanced efficiency of the towing process in Scenario II.

Fig[7.12]shows the time-varying values of the towline elongation. Compared to Scenario
I, the changes of the towline elongation in Scenario II are much smaller, reflecting a bet-
ter consensus achievement between the supervisory and tug controller in Scenario II. The



7 Dynamic Coordination of Multiple Vessels for Platform Transportation under
138 Disturbances

— Tugl —.= Tug2
- =- Tug3 Tug 4

—— Platform

0.05 0.05

Cc

u_(m/s)
Ve (m/s)

-0.05 -0.05

_ 003
= z
5 > e T e P T i P57
58} 58]
= o5
-0.03
0 100 200 300 400 0 100 200 300 400
t(s) t(s)
(@)
18 -
16 F Cf é
14
t3 = 120 S oA Role B
12 Role A RoleB- "~ .7 ° *
Role A i Role B
. 4= | t,=400s
10 77
Role A o I ad
A NB - / ) kRule ©
~ 8 ¢ [ /
é t2 = 60 S : / Role Role’(‘
) 6 1 C
' | l&Role C
o
o
P
I
ffshore Platft
Ro]eAA : ARO]CB D Offshore Platform
| = Tugl B Tug2
t,=0s 4 Tug3 B Tug4
x  Origin x  Destination
' ARO]C ©
Waypoint
| |
0 5 10 15

X (m)

(b)

Figure 7.8: Towing processes under environmental disturbances in Scenario I: (a) Current
velocities (uc, v¢) and wind & wave resultant forces (Fgx, Fgy) on x and y axis
in the body-fixed frame of Scenario I; (b) Towing process.
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Figure 7.9: Towing processes under environmental disturbances in Scenario Il: (a) Current
velocities (uc, v¢) and wind & wave resultant forces (Fgx, Fgy) on x and y axis
in the body-fixed frame of Scenario II; (b) Towing process.
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Figure 7.10: Process of the functional role changes for the tugs.

Table 7.4: Control performance of the two scenarios.

Scenario Settling Time Towline Elongation Error
I > 400 s elmwl = 1121%» ellowz - 2532%,
Clows = 13.94%, e}, =16.42%
I 212’ €l =5-99%, ey, =5.01%,
el =450%, e, ., =5.83%

control performance of the two scenarios, characterized by settling time and maximum tow-
line elongation error, is quantified and compared in Table[7.4] The settling time is defined
that the states of the ship satisfy the following conditions: i) the distance from the current
position to the desired position is less than half length of the ship; ii) the surge and sway
velocities are less than 0.01 m/s. The towline elongation error is calculated by (6.18). From
Table[7.4] it is clear that the control performance in Scenario II is better.

The temporal evolution of the towing angles, towing forces, and their change rate in
Scenario II are shown in Fig[7.13]and Fig[7.14] In Fig[7.13} the four towing angels and their
change rates satisfy the saturation constraints, and because of the tugboat role adjustment,
the magnitude of the towing angle change is large. From Fig[7.14] during the time of O s to
60 s, since tug 1 & 2 are the leading roles and tug 3 & 4 are the following roles, the values
of F1 and F; keep increasing and F3 and F; remain around zero; during the time of 60 s to
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Figure 7.11: Time-varying of the position and linear velocity of the platform and four tugs:
(a) Scenario I; (b) Scenario I1.
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Figure 7.12: Time-varying of the towline elongation.

200 s, the tugboat role adjustment makes tug 2 & 3 be the leading roles and tug 1 & 4 be
the following roles, so the values of F; and F; reduce to zero and F3 and Fj increase to their
maximum value. After 200 s, since environmental disturbances do not vanish, the towing
forces are always existing against environmental forces to reach a dynamic balance for the
towing system.

7.5 Conclusions

This chapter focuses on the dynamic coordination control of multiple autonomous tugboats
for an offshore platform transportation system. It addresses the sixth research question Q6:
In what way can we increase the flexibility and efficiency of the cooperation of multiple
vessels for an offshore platform transportation system of the open sea?

A distributed coordination control scheme is proposed for a multi-vessel towing sys-
tem to transport an offshore platform under environmental disturbances. The core of the
proposed control scheme includes the dynamic coordination decision mechanism, the con-
troller design, and the distributed control architecture design. The decision mechanism is
based on the relative position between the platform and the current waypoint. According
to this relative position, there are four sets of role combinations presented to assign the
type of each tugboat. The controllers are designed based on the MPC strategy with different
cost functions: for the supervisory controller, the cost function consists of the position error,
heading, and velocity of the platform; for the tug controller, its cost function components are
the heading error and velocity of the tugboats. The distributed control architecture is built
based on the ADMM strategy that is to design an augmented Lagrangian function for reach-
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ing a consensus between the desired tug position output from the supervisory controller and
the predicted tug position output from the tug controller.

Comparison simulation experiments indicate that the proposed control scheme has a
better consensus achievement for the distributed control architecture accomplishment and
is more efficient for offshore platform transportation under environmental disturbances.






Chapter 8

Conclusions and Future Research

In this thesis, we investigate the cooperative control of an autonomous multi-vessel system
for floating object manipulation through physical interconnections. From the summarized
four maritime object manipulation ways, towing manipulation is selected as the research
foundation to establish the system model and control framework. Various operational appli-
cation scenarios and control attributes were considered and studied to show the performance
of the proposed control scheme.

This last chapter concludes the thesis. Firstly the answers to research questions in Chap-
ter[I] are provided and given in Section 8.1. Subsequently, potential directions for future
research are recommended in Section 8.2.

8.1 Conclusions

The six key sub-research questions and the main research question presented in Chapter][T]
are answered in this section. These answers conclude the work and contributions of this
thesis. Meanwhile, we hope these answers may provide some inspiration for the research
community in investigating the floating object manipulation problem by physically con-
nected multi-vessel systems.

8.1.1 Key Sub-Research Questions

1. What are the characteristics and concrete research gaps of the physically connected
multi-vessel system?

Chapter[2]reviewed the existing research works on floating object manipulation, whose
research object is the physically connected multi-vessel system. Inspired by the three
typical manipulations of the object manipulation problem in the field of multi-robot
systems, four maritime object manipulation ways are summarized, namely attaching,
caging, pushing, and towing. Attaching is a manipulation with tight connections and
the capability of fully controlling a floating object, but the design of connection de-
vice and planning of the vessel trajectory are the two issues that have to be solved.
Caging is a manipulation for coping with the specific problem of oil spill skimming
and cleaning. There is no direct contact between the object and vessels, so there is no
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collision avoidance problem. But the model of the floating boom is required to estab-
lish. Pushing is a manipulation that is easy to implement, and gives the object more
degrees of freedom. However, the limited maneuverability of the object restrains its
application scenarios and increases the manipulation risk under the disturbance en-
vironments. Towing is a manipulation for transportation of a large marine structure,
such as a container ship or an offshore platform. It requires certain distances between
the object and vessels to ensure manipulation safety. The manipulated object has
more degrees of freedom than attaching and better maneuverability than caging and
pushing. But the model of the towing manipulation system is challenging.

In addition, several important control attributes are analyzed to find the research gaps.
Regrading control objectives, the majority of research works emphasize the position
and heading control of the floating object, while the control objective of velocity is
a lack of concern. With respect to the control architecture, except for the attach-
ing manipulation, more than half of the works in the other three manipulation ways
use centralized control. Considering collision avoidance, few papers focus on the
avoidance problem of external static and dynamic obstacles. Under disturbances con-
sideration, except for the towing manipulation, the majority of the works in the other
three manipulation ways do not address this issue. Taking into account role of each
tugboat, the vessels in the manipulation of attaching, caging, and pushing have their
specific fixed roles. As to the manipulation of towing, the vessels in the manipulation
system have more situations of roles, and the role of the vessel can even be switched.

Overall, towing manipulation has the advantage of better ensuring system safety,
floating object maneuverability, and operational scenarios flexibility, which is se-
lected as the preferred manipulation way in this thesis. The research problems in
this manipulation are summarized as: (1) rigorous towing system model and design
of the distributed control architecture; (2) robustness of the towing manipulation sys-
tem under environmental disturbances; (3) collision avoidance of the external static
and dynamic obstacles; (4) velocity control of the floating object; (5) flexible vessel
role strategy of the multi-vessel towing system.

How to establish the dynamics model of the physically connected multi-vessel system,
and the control framework?

Chapter[3| focused on the system modelling and the control framework establishing
the foundation of this work. First, the 3 DOF vectorial representation model is used
to describe the motion of a vessel, including its kinematics and kinetics. Besides,
the physical and hydrodynamic information of three small-scale lab vessels, Cyber-
Ship II, TitoNeri, and Delfia, is utilized for simulation experiments of the case study.
Then, based on the conclusion of Chapter[2] and several reasonable assumptions re-
lated to system modelling, control design, and application scenarios, a generic model
of the towing system is built. For the manipulated floating object, the towing angles
and forces are the control inputs; for each powerful tugboat, the thruster forces and
moment are its control inputs. The interconnections between the floating object and
tugboats are the towing angles and forces, where the angles affect the kinematics and
the forces affect the kinetics.

Considering that the floating object manipulation system is characterized by multiple
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control inputs, multiple control constraints, and limited maneuverability, the model
predictive control (MPC) strategy is adopted to achieve the desired objectives. For
the control architecture, the advantages of lower computation time, scalable applica-
tion scenarios, and tolerance to failures motivate the distributed control architecture
applied to decouple the large optimization problem. Thus, the distributed MPC is
the main approach in this thesis, and it is achieved by using the alternating direction
method of multipliers (ADMM) to satisfy the interconnecting constraints between the
floating object and each tugboat.

. How to increase the robustness of the towing operation to handle the influence of

environmental disturbances in port areas?

In Chapter[] a multi-layer multi-agent control scheme is proposed for two autonomous
tugboats to manipulate a ship to reach the desired position and heading under envi-
ronmental disturbances in port areas. The control scheme consists of a supervisory
controller in the higher layer and two tug controllers in the lower layer. The supervi-
sory controller computes the desired towing forces and angles by minimizing the cost
function of position and heading errors and velocity, where the weight coefficients
determine the performance of the control. To guarantee that the towing system func-
tions well under environmental disturbances in port area, an adaptive weight function
is designed according to the real-time position error and wind velocity. By applying
this weight, the controller shows disturbance robustness, time efficiency, and tracking
performance. The calculated towing angles by the supervisory controller are used
to compute the online reference trajectories for the autonomous tugs based on the
kinematics of the ship towing system. The tug controller, on one hand, provides the
towing forces to move the ship; on the other hand, it tracks the reference trajectory to
reach the configuration determined by the towing angle.

Simulation experiments illustrate the outperformance of the proposed control scheme.
When there are no disturbances, the proposed method shows much more efficiency
with the settling time being reduced by 50%. When the motion of the towing system
is affected by environmental disturbances in port, the proposed method shows better
robustness especially in guaranteeing the heading of the ship to the desired value.
Moreover, in harsh conditions, the proposed method can still manipulate the ship to
achieve the control objective.

. In what way can the multi-vessel system avoid collisions with static and dynamic

obstacles to improve the safety of towage operations in inland waterways?

In Chapter[5] a COLREGS compliant (Rules 13-17) ADMM-based MPC approach is
proposed to coordinate multiple autonomous tugboats, dealing with obstacle avoid-
ance in the towing process in restricted waters. The main idea of the approach is
to design a distributed model predictive control strategy to decouple a large global
optimization control problem into three sub-optimization control problems. The co-
ordinator MPC controller uses ship reference determined by the COLREGS-complied
(Rules 13-17) waypoint altering system to optimize the towing forces and angles to
make the ship follow the waypoints and avoid obstacles, where the cost function con-
sists of position error, heading error, velocity, and distance error to the obstacles. The
tug local MPC controller on the tugboat utilizes the computed towing force and the
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tug reference calculated by the tug-ship configuration system to optimize the thruster
forces and moment for tug online trajectory tracking and obstacle avoidance. The con-
sensus problem between the ship and tugs is solved by using the ADMM algorithm
to find the optimal Lagrange multipliers (dual variables) to achieve the distributed
control architecture.

Simulation experiments indicate that the proposed distributed control approach can
avoid static and dynamic obstacles in restricted waterways for a physically intercon-
nected multi-vessel system in the towing process, making the collision avoidance
COLREGS compliant (Rules 13-17). In addition, the control performance of the pro-
posed distributed local optimization resolution is quite close to that of the centralized
global optimization resolution, revealing that the proposed distributed control scheme
is feasible.

. How to improve the quality of the manipulation process and achieve multiple control

objectives as much as possible for a ship-towing system?

In Chapter[f] an ADMM-based multi-layer MPC approach with speed regulation is
proposed to coordinate autonomous tugboats for manipulating a large ship to follow
the waypoints, adjust the heading, track the speed profile, and resolve collisions in
congested water traffic environments. To improve the quality of the manipulation
process and increase the safety of collision avoidance, speed regulation is necessary.
So the control problem becomes multi-objective aiming at waypoint following, head-
ing adjusting, speed profile tracking, and collisions resolving. Such a complex multi-
objective control problem is solved by the design of different controllers distributed
in two layers. In the higher layer, the supervisory controller on the one hand cal-
culates the predicted towing forces and angles for the ship objectives of waypoint
following, speed profile tracking, and collision resolution, where a ship weight factor
is designed to normalize the order of magnitude between the position and velocity
error and reduce the sensitivity of the controller to the waypoint. On the other hand,
it outputs the predicted ship surge speed and the desired tug trajectory for the lower
controllers. The tug controller in the lower layer computes the thruster forces and
moment of the tug system for the tug objectives of trajectory and surge speed track-
ing and collision resolution. The consensus between the lower-level and higher-level
control is achieved by using the ADMM method. Through the iterations, it makes
the predicted tug position and heading output by the tug controller approach to the
desired tug trajectory output by the supervisory controller as much as possible.

Simulation experiments indicate that the proposed control scheme coordinates mul-
tiple autonomous tugboats to transport a floating object smoothly and effectively.
Compared to no speed regulation control, the proposed scheme has a similar per-
formance in waypoint following and heading adjusting, the out-performance in con-
sensus reaching and speed profile tracking. In the meantime, the towing process of
the proposed scheme is safer for collision avoidance.

. In what way can we increase the flexibility and efficiency of the cooperation of multi-

ple vessels for an offshore platform transportation system of the open sea?

In Chapter(7] a distributed coordination control scheme is proposed for a multi-vessel
towing system to transport an offshore platform under environmental disturbances.
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The main parts of the proposed control scheme are the dynamic coordination deci-
sion mechanism, the controller design, and the distributed control architecture design.
The decision mechanism is based on the relative position between the platform and
the current waypoint. According to this relative position, there are four sets of role
combinations presented to assign the type of each tugboat. The controllers are de-
signed based on the MPC strategy with different cost functions: for the supervisory
controller, the cost function consists of the position error, heading, and velocity of
the platform; for the tug controller, its cost function components are the heading error
and velocity of the tugboats. The distributed control architecture is built based on
the ADMM strategy that is to design an augmented Lagrangian function for reaching
a consensus between the desired tug position output from the supervisory controller
and the predicted tug position output from the tug controller. Because the desired tug
heading is not achieved immediately, especially in the process of role changing, the
tug heading is not selected as the key element for reaching the consensus.

The results from simulation experiments show that compared to the fixed tugboat
role control, under environmental disturbances of winds, waves, and currents, the
proposed flexible tugboat role scheme is much more efficient with the settling time
being reduced by more than 50%. Furthermore, the proposed scheme has a better
consensus achievement for the distributed control architecture accomplishment with
the towing elongation error reduced to one-half to one-fifth.

The control attributes of the large floating object towing manipulation application that
has been addressed in each chapter of this thesis are shown in Table[8.1]

8.1.2 Main research question

The main research question is: How to design a scalable and cooperative control scheme
Jfor multiple ASVs to manipulate a floating object through physical interconnections?

To manipulate a large floating object through physical interconnections, the manipula-
tion way, system model, and control framework are required to be determined first. Consid-
ering the system safety, object controllability, and application flexibility, towing maneuvra-
bility is selected for the research focus. For system modeling, the towing angles and forces
are used as the interconnections between the floating object and tugboats to describe the
motion of the system. Based on such a system of multiple control inputs, multiple control
constraints, and limited maneuverability, the control framework is established by distributed
optimization-based control strategy. Then, considering different scenarios, concrete coop-
erative control schemes can be proposed. In port areas, a robust control scheme is designed
for two autonomous tugboats to manipulate a ship under environmental disturbances. In
inland waterways, a COLREGS compliant ADMM-based MPC approach is proposed for
autonomous tugboats to avoid obstacles while maneuvering the large ship. To improve the
quality of the towing process, a distributed control scheme with speed regulation is proposed
to manipulate a ship to achieve multiple control objectives. In offshore waters, a dynamic
coordination control scheme is proposed for a multi-vessel towing system to transport an
offshore platform under the wind, wave, and current influence.



Table 8.1: Control attributes of the large floating object towing manipulation application that has been addressed in each chapter of this thesis.

Attribute Application Control Control Collision Disturbance Role of
Chapter Scenario Objectives Architecture Avoidance Consideration each Tugboat
Chapter Port areas POSI{{OH; Distributed Internal Winds; Leadnllg role x1
Heading. Unknown. Following role x 1
sl Internal; .
Chapter Inland Posﬁ{on, Distributed Static Obstacles: ) Leadn.lg role x 1
waterways Heading. . ’ Following role x 1
Dynamic Obstacles.
Position; Internal; .
Inland i L ’ Leading role x 1
Chapter|§| Heading; Distributed Static Obstacles; - ne
waterways . . Following role x1
Velocity. Dynamic Obstacles.
Offshore - L Winds; .
Chapter Position Distributed Internal Waves: Flexible role x4
waters C rrent,s
u .
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8.2 Future research

Since the research on floating object manipulation by autonomous multi-vessel systems has
just started, there exist significant challenges for the implementation in real applications.
These challenges are also the potential future directions to further the existing research
works for better feasibility and applicability.

1.

2.

Precise Manipulation System Model

Scholars usually simplify the manipulation system model to make the floating object
manipulation problem simple. This simplification is good for finding a control so-
lution quickly and reducing the computation time. But for validating the proposed
solution to the real system in practice, it is necessary to establish a relative precise
manipulation system model.

For the towing manipulation way, the key to the system modelling is the intercon-
nection between the tugboat and the floating object, namely, the towline. In most
cases, the towline is treated as a massless cable transferring the towing forces from
the tugboat to the floating object [ 140-45. 48, 162, 163, [71, 181} |98 [186]. To simu-
late the real towing operations, some scholars use the catenary model to calculate the
towline tension and resistance in the horizontal direction [76, (161} 182, 183, 192]]. In
these research works, the simulated manipulation system is usually composed of real
tugboats and a floating platform so that the mass of the towline can not be omitted.
Thus, for different scales of scenario, the towing manipulation system model should
be changed to adjust to different situations.

Multi-DOF Motion Control

The majority of the works in floating object manipulation focus on the 3-DOF planar
motion control. However, in the real marine environment, the winds, waves, and
currents will cause the manipulation system in vertical movement. Therefore, apart
from the surge, sway, and yaw, the motion of pitch, roll, and heave should also be
concerned.

The additional DOF that should be considered in towing manipulation way is the pitch
and heave, as shown in Fig[8.1] The height difference between the tugboat and the
floating object makes the towing force from the tugboat to the object decompose into
two components. The component force along the x-axis makes the floating object
move in the forward direction (surge motion), and the component force along the
z-axis makes the floating object move in the vertical direction (heave motion). In
addition, both x-axis and z-axis component forces generate torques with respect to the
y-axis (pitch motion). Under the environmental disturbances (especially the waves),
the motion of heave and pitch will be more obvious.

. Proper Choice of Sampling Rate and Horizon Time

For the control method of MPC, the choice of sampling rate and horizon time is
crucial for the implementation and the efficiency of the controller.

In the process of implementation, the continuous-time vessel dynamics formulation
has to be discretized and to be solved on a digital computer, the continuous-time con-
straints should then be replaced with a finite number of equality constraints between
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Pitch

Heave

Figure 8.1: Additional DOF that should be considered in towing manipulation ways (the
black vessel stands for the floating object, the blue vessel is the tugboat).

the samples. So the original problem becomes a very large numerical optimization
problem that impacts the computation time [179]. Thus, the proper choice of sam-
pling rate and horizon time is worthy of research for MPC implementations.

4. Lower-layer Control for the Tugboats and the Floating Object

The controller design in this thesis focuses on the higher-layer system, which means
the computed control inputs are forces and moments. In practice, the real executable
control inputs are the variables related to the lower-layer mechanical system.

For the floating object, the lower-layer control refers to winch control [157] which is
to regulate the towing force on the towline. The lower-layer controller should regulate
the winch to provide the actual tension on the towline close to the expected towing
force as much as possible.

For the tugboats, the lower-layer control refers to propeller control [67]. As men-
tioned in Section 3.3, most of the applied tugboats are Azimuth Stern Drive (ASD)
tugs, which means the real executable control variables are the rotation speed (or rev-
olutions per minute (rpm)) and the angle of the propeller. The lower-layer controller
should regulate the above two variables to achieve the desired thruster forces and
moments.

5. Observer Design and Fault Diagnosis

The state information output from sensors is important for designing the coopera-
tive control strategy for the floating object manipulation system, which involves two
aspects of problems.

The first is the observer design. The observer is necessary to estimate this important
information. The basic information for the manipulation system is the state of mo-
tion containing position, heading, and velocity. Besides, for the towing manipulation
system, the other necessary information is the towing angle and force. These two
variables are the control inputs of the floating object. The desired states of the float-
ing object are reached by controlling the towing force and angle. Thus, two observers
should be designed onboard each tugboat to measure and estimate the towing force
by the winch and the towing angle from the tugboat to the floating object.
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The second is fault diagnosis. Fault diagnosis consists of fault detection and fault
isolation [142]. Fault detection is to judge the presence of faults and estimate their
occurrence time, fault isolation deals with finding the location of the fault and deter-
mining the type of fault. These two parts are significant to increase the robustness of
the control.

6. Collision Avoidance in Complex Situation

The number of research works focusing on collision avoidance of external obstacles
is limited. However, the research on collision avoidance is important for ensuring
the safety of the floating manipulation system, it is also the premise to implement
other tasks. Thus, collision avoidance of the manipulation system should be studied
in-depth, even for some complex situations.

For a towing system, the research works on collision avoidance of external obstacles
is more than other manipulation ways [19} 20} 42} 144, 45]]. But due to the restricted
maneuverability and the redundant structure of the towline-connected multi-vessel
system, the challenge lies in the long response time of the avoiding operation and
the limited collision avoidance space, especially in the narrow waterways. Thus, in
what way a towing manipulation system can quickly and efficiently take actions to
eliminate collision risk is a worthwhile research direction. Besides, in a busy water
traffic environment, there is a situation of multiple target vessels (dynamic obstacles).
How to avoid multiple dynamic obstacles simultaneously is another challenging but
also worthwhile research problem.

7. Coordination control for tugboat replacement and increment

In some cases, the floating object may be heavier and larger than expected that the
working tugboats are not enough; or in other cases, a part of the tugboats in the
manipulation system may be faulty and out of work. If the above situation happens,
adding or replacing some tugboats is necessary to make sure the manipulation task
carrying on smoothly.

It is rare for a towing manipulation system to replace or increase tugboats. Besides the
tugboat fault, a possible situation may come from the sudden bad weather during the
towing process. In this case, the original tugboats may have no ability to fully control
the floating object with the harsh winds, waves, and currents. Thus, at this moment
it is necessary to dispatch additional tugboats to help the manipulation system on the
verge of getting out of control.

8. Hybrid Floating Object Manipulation

Different floating object manipulation ways can cooperate to take advantage of their
strengths. For the way of attaching, the fully controllable characteristic of the manip-
ulation system will not take advantage of other ways to help. For the way of caging,
the limited floating object and application scenarios result in that other ways are dif-
ficult to join in. Thus, the hybrid manipulation can only happen between pushing and
towing ways.

A typical scenario is shown in Fig[8.2] In the operation of berthing near the pier, the
towing manipulation can control the floating object to reach the goal position in the



156

8 Conclusions and Future Research

2

Pier

Figure 8.2: Hybrid object manipulation with towing and pushing.

lateral direction. (tugboat 1 and 4 in Fig[8:2). To make the floating object close to the
pier in the longitudinal direction, other tugboats are usually required for providing
pushing manipulation from the outside to the inside of the pier (tugboat 2 and 3 in
Fig[8:2). Meanwhile, the tugboats in the towing manipulation should also control the
speed of the floating object for preventing it from colliding with the pier. Thus, the
coordination of towing and pushing is required to cooperate tacitly to accomplish the
hybrid manipulation task.
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Glossary

Conventions

The following conventions are used in this thesis for notation and symbols:
* A character typeset in boldface, e.g., M, represents a matrix or a column vector.
« A capital case character typeset in calligraphics , e.g., W represents a set.

* A subscript case character represents a particular element in a set, e.g., F; represents
the i-th element from set F.

* A superscript T e.g., xT represents that a transpose is taking place.
* A bar over a variable, e.g., F represents the change rate of F.

* Subscripts max and min of a variable, e.g., Fnax and Fiyi, represent the maximum and
minimum value of F, respectively.

* A superscript s of a variable, e.g., x* represents the variable at the iteration s.

* A variable followed by (k+1|k), i.e., A(k+1|k) indicates the prediction of the variable
at time step k +/ made at time step k.

List of symbols and notations

Below follows a list of the most frequently used symbols and notations in this thesis.

a'"er parameter of penalty for increasing

adeer parameter of penalty for decreasing

aj length of the long axis of the ellipse obstacle j

ay speed reduction coefficient

ax, ay, ay disturbance constants in the unknown disturbances

A cross-sectional area of the stream

Arpw, Arw transverse and lateral projected area of vessel above the water,
respectively

Arp,ALD transverse and lateral projected area of vessel under the water,
respectively
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B,

By, or By,
By;

Br

Bry;

Cx,Cy;Cn

Cc

evs

wave amplitude of the gth wave component

configuration matrix of the floating object with respect to tugboat
i

configuration matrix of the offshore platform with respect to
tugboat i, (i =1,2,3,...) or tugrole I, (I = A,B,C,...)
configuration matrix of the manipulated ship with respect to
tugboat i

configuration matrix of the tugboats in the offshore platform
towing system

configuration matrix of the tugboat i

wind coefficients for horizontal plane motion
Coriolis-Centripetal matrix

rigid-body part of the Coriolis-Centripetal matrix
added-mass part of the Coriolis-Centripetal matrix

distance between the vessel and obstacle j

safe distance between the vessel and obstacle j

distance from the origin to the destination

distance between two waypoints

distance from the predefined path to the edge of the spatial
boundaries

detection distance

small positive value for preventing the denominator from zero
obstacle distance

distance from current position of the vessel to the current
waypoint p

surplus distance (buffer) of the obstacles

distance between the ship and the destination

normalized minimum distance to the obstacle j

damping matrix

linear part of the damping matrix

non-linear part of the damping matrix

position error of the tug i

velocity error of the tug i

towline elongation error of the tug i

position distance error

position distance error to the waypoint p

(surge) speed error

heading error

position vector (without heading) error

position vector (with heading) error vector of the manipulated ship
velocity vector error of the manipulated ship



Glossary

175

E
E;

fi
fro
Fior F;

F;
E’mim E’max

F

1

J Central
Jro
Jei

Ji

Jo

Js

Jti

k

kp
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kx ky, ky

ko, k1, ko, k;

kgxs qy gy

Kax (1), Kqv (1), Kgn (1)

leli
[;

ltowi

Young’s modulus of the towline
angle vector of tug i related to the object’s heading and the towing
angle

function of dynamics for the tug i

function of dynamics for the floating object

towing force through the towline from the tugboat i, (i = 1,2, ...)
ortugrole I,(I=A,B,C,...)

maximum change rate of towing force for the towline from the
tugboat i

minimum and maximum value of towing force for the towline
from the tugboat i

force applied through a controlled winch onboard the tugboat i to
the towline

angle vector of tugboat i related to the object’s heading and
configuration center angle

function of the towing system kinematics with respect to tug i
index function of the role of tugboat i

time prediction step
horizontal distance between the two ends of the towline
length of the prediction horizon

cost function in the centralized control architecture

cost function of the floating object

cost function of the tug i with only the system configuration
cost function of the tug i

cost function of the manipulated platform

cost function of the manipulated ship

cost function of the tug i without the system configuration

discrete time step

settling time

scaling factor of length

unknown disturbance gain

positive parameters in weight coefficient
constant parameters of the gth wave component
tunable parameters of the gth wave component

actual towline elongation of the tug i

distance from the center of gravity of the floating object to the
towing point

desired length of the towline that guarantees the action of the
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restoring force and the collision avoidance between the object
and tugboat i

Iri distance from the center of gravity of the tugboat to the tugboat i
towing point

L length of the manipulated platform

Lo distance from the centre of gravity of the platform to its towing point

Lo overall length of the vessel

L, Lagrangian form of the problem

Lg length of the towline

M mass (inertia) matrix

Mpgp rigid-body part of the mass (inertia) matrix

My added-mass part of the mass (inertia) matrix

n number of tugs
ng size of the variable

N number of waypoints

N,y total number of harmonic components

Py weight factor of the manipulated ship

Pid desired position vector (without heading) of the tugboat i
Pip predicted position vector (without heading) of the tugboat i
r yaw velocity

Twp distance between the above two waypoints

R rotation matrix from the body frame to the world frame

R; radius of the circle obstacle j

Runathrmpri i primal residual of the control agent i

Rynathrmdual i dual residual of the control agent i

S iteration

maximum iteration

T component of the towline tension in the horizontal plane

T sampling time

u surge velocity

Uy component of wind speed in the x direction (in world NED frame)
Upyy relative wind speed in the x direction (in body frame)

U control input vector of the manipulation system

Uro control input vector of the floating object

U; control input vector of the tug i

Uro constraints of the control input saturation for the floating object

U; constraints of the control input saturation for the tug i
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< <
=

==z

=
=

Wil, Wi2, Wi3
Wi, WII

WIH

Ws1,Ws2, Ws3
Wp, WH, Wy
w

Wi ,Wip, Wi

Ws1,Ws, W3

(x, y)
(X*, y*)

(Xid, Yia) or (X, Y1d)

Xn, ))n)
-x07y0)
xOp;yOP)
Ojs ij)
deJSd)

)

=

=
%3
)
<
1%
S

P

FO

PR PR P B

o or O

o

Olimins Ol max

Be

XFj1,YFj1)s (XFj2,YF j2)

sway velocity

component of wind speed in the y direction (in world NED frame)
relative wind speed in the y direction (in body frame)

water current speed

wind speed

relative wind speed

weight coefficient elements for the tug i

weight coefficients of the tugboats in the offshore platform
towing system

weight coefficients for the tugboat heading in the offshore
platform towing system

weight coefficients for the manipulated ship

weight coefficients of the platform

width of the manipulated platform

weight matrices for the tug i

weight matrices for the manipulated ship

position coordinates

position coordinates of the own vessel

desired position coordinates of the tugboat i, (i = 1,2,3,...) or tug
role I, (I =A,B,C,...)

coordinates of the two focuses for dynamic obstacle
position coordinates of the new waypoint

position coordinates of the platform

predicted position coordinates of the platform
position coordinates of the static obstacle

desired position coordinates of the manipulated ship
initial position coordinates of the manipulated ship
position coordinates of the waypoint p

state vector of the floating object

state vector of the tug i

constraints of the floating object dynamics
constraints of the tug i dynamics

towing angle through the towline from the tugboat i, (i = 1,2,...)
ortugrole I, (I = A,B,C,...)

maximum change rate of towing angle for the towline from the
tugboat i

minimum and maximum value of towing angle for the towline
from the tugboat i

sideslip angle with respect to the water current
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Bi or B

Byw
P

Yi
Yr w
1

eabs
Srel

Epri
€dual
8qX P 8qy, EqN

n
MNro
n;
Nic
Niq
N;p
MNob
No
Nod
MNs
Nsc
MNsa
nSn
Nsp
Mw,

6

emax

0o

Ai

v

tug angle of the tugboat i, (i = 1,2,...) or tug role /,
(I=A,B,C,...)

incident wave angle of the gth wave component
wind direction

platform configuration angle

angle between the heading of the object and the direction from the
center of gravity of the object to the towing point

wind angle of attack

linking angles of tug role 7, (I = A,B,C,...)

absolute tolerance

relative tolerance

primal feasibility tolerance

dual feasibility tolerance

random phase angles of the gth wave component

position vector in the world frame (North-East-Down)
position vector of the floating object

position vector of the tug i

calculated position vector of the tug i

desired position vector of the tug i

predicted position vector of the tug i

position vector of the obstacle

position vector of the manipulated platform

desired position vector of the manipulated platform
position vector of the manipulated ship

calculated position vector of the manipulated ship
desired position vector of the manipulated ship
new position vector of the manipulated ship
predicted position vector of the manipulated ship
position vector of the predefined waypoint

altering angle
maximum altering angle
angle from the heading of the platform to the direction of the waypoint

Lagrange multiplier with respect to tug i
parameter of penalty for determining whether to update

velocity vector in the body-fixed frame
water current velocity vector in the body-fixed frame
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VFo velocity vector of the floating object

V; velocity vector of the tug i

Vic calculated velocity vector of the tug i

Vid desired velocity vector of the tug i

Vip predicted velocity vector of the tug i

Vo velocity vector of the manipulated platform

Vop predicted velocity vector of the manipulated platform

v, relative velocity vector in the water current environment

Vs velocity vector of the manipulated ship

Vsc calculated velocity vector of the manipulated ship

Vsd desired velocity vector of the manipulated ship

Vsn new velocity vector of the manipulated ship

Vsp predicted velocity vector of the manipulated ship

pi penalty parameter with respect to tug i

Pa air density

T controllable input vector

Tdrag drag forces vector

e environmental disturbances vector

TFi forces and moment to compensate for the reaction of towing force
by the tugboat i

TFO controllable input of the floating object

Ttoi towing forces and moment by tug i

T, 0r 1/ controllable input of the tugboat i, (i = 1,2,...) or tug role I,
(I=A,B,C,...)

Timax maximum value of the controllable input of the tugboat i

10 controllable input of the manipulated offshore platform

Ts controllable input of the manipulated ship

Tri Or Try forces and moment provided by the actuator of the tugboat i,
(i=1,2,...)ortugrole I,(I=A,B,C,...)

Tri maximum change rate of the thruster forces and moment of the
tugboat i

Tunknown unknown effect of the environmental disturbances

Twave wave effect of the environmental disturbances

Twind wind effect of the environmental disturbances

x(t) state vector of the manipulation system

y o) wave encounter angle of the gth wave component

y(r) heading of a vessel

Yq Or Ypq desired heading of the tugboat i, (i = 1,2, ...) or tug role /,
(I=A,B,C,...)

VYo heading of the manipulated platform

Yop

predicted heading of the manipulated platform
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Vs heading of the manipulated ship

Ysd desired heading of the manipulated ship

Wn course of the new waypoint

Y course of the waypoint p

Ysdy desired ship heading at the destination

Vso initial heading of the manipulated ship

0] weight of the towline per unit length

Wy wave frequency of the gth wave component

List of abbreviations

The following abbreviations are used in this thesis:

ADMM
APF
ASD
ASV
CA
COLREGS
DOF
GNC
GPS
IMO
IMU
KPI
MASS
MPC
MRS
MSC
PID
RAO
RRT
VO

Alternating Direction Method of Multipliers
Artificial Potential Fields

Azimuth Stern Drive

Autonomous Surface Vessel (Vehicle)
Collision Avoidance

Convention on the International Regulations for Preventing Collisions at Sea
Degrees Of Freedom

Guidance, Navigation, Control

Global Positioning System

International Maritime Organization
Inertial Measurement Unit

Key Performance Indicator

Maritime Autonomous Surface Ship

Model Predictive Control

Multi-Robot System

Maritime Safety Committee
Proportional-Integral-Derivative

Response Amplitude Operators
Rapidly-exploring Random Tree

Velocity Obstacle
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Samenvatting

Dit proefschrift biedt een reeks codperatieve controleschema’s voor autonome systemen
met meerdere vaartuigen om een drijvend object te manipuleren via fysieke verbindingen in
onshore (binnenwateren en havens) en offshore-gebieden.

Dankzij de volwassenheid en populariteit van de voortschrijdende technologieén op het
gebied van informatie, communicatie, sensoren, automatische besturing en computationele
intelligentie, hebben we gezien dat de toepassingsscenario’s van de autonome schepen ge-
leidelijk zijn uitgebreid van fundamenteel onderzoek naar civiel en commercieel gebruik.
Om ervoor te zorgen dat het regelgevingskader voor autonome schepen gelijke tred houdt
met de technologische ontwikkelingen, is de Internationale Maritieme Organisatie (IMO)
de afgelopen jaren begonnen om de kwestie van autonome schepen op te nemen in haar
sessies.

Maritieme operaties zijn complexer geworden en hun schaal wordt groter, waardoor
de inzet van systemen met meerdere vaartuigen nodig is. In de afgelopen decennia is de
formatiecontrole van meerdere schepen onderzocht en er zijn verschillende volwassen con-
trolemethoden voorgesteld om verschillende typische missies het hoofd te bieden. Er is
echter een gebrek aan onderzoek gericht op manipulatie van drijvende objecten door meer-
dere autonome schepen via fysieke onderlinge verbindingen. De onderzoeksvraag van dit
proefschrift is dus: Hoe ontwerp je een schaalbaar besturingsschema voor meerdere ASV'’s
om een zwevend object te manipuleren via fysieke onderlinge verbindingen?

Door de analyse van vier typische manipulatiemethoden op maritiem gebied, is in dit
proefschrift de sleepweg geselecteerd als het fysieke basismanipulatiemodel, dat voordelen
heeft in een goede manoeuvreerbaarheid van het drijvende object, een betere veiligheid van
het manipulatiesysteem en meer flexibiliteit van de operationele scenario’s. Het dynamische
model van het sleepsysteem is gebouwd met behulp van de 3 DOF vectoriéle representa-
tie, waarbij de sleepkrachten en sleephoeken de kinetische en kinematische verbindingen
zijn tussen respectievelijk het drijvende object en de sleepboten. Rekening houdend met de
meervoudige controle-ingangen, meervoudige controlebeperkingen en beperkte manoeu-
vreerbaarheid van het sleepsysteem, is de model voorspellende controle (MPC) strategie
de onderzoeksbenadering in dit proefschrift. Om de gedistribueerde besturingsarchitec-
tuur te bereiken, wordt bovendien de alternerende richtingsmethode van vermenigvuldigers
(ADMM) gebruikt.

In dit proefschrift wordt de voorgestelde methode gebruikt in drie verschillende opera-
tionele omgevingen, havengebieden, binnenwateren en open zee voor het manipuleren van
drijvende objecten.
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Cooperatieve controle voor scheepsmanipulatie in havengebieden

In havengebieden wordt een meerlagig controleschema met meerdere agenten voorge-
steld om een schip te manipuleren om een gewenste positie met de gewenste koers te be-
reiken. Het besturingsschema bestaat uit een toezichthoudende controller en twee sleep-
bootcontrollers in twee verschillende lagen. De toezichthoudende controller berekent de
controle-ingangen door het optimalisatieprobleem van positie, koers en snelheid op te los-
sen. Om te garanderen dat het treksysteem goed functioneert onder omgevingsinvloeden
(voornamelijk wind), is een adaptieve gewichtsfunctie ontworpen. De sleepbootcontroller
zorgt enerzijds voor de sleepkrachten om het schip te verplaatsen; aan de andere kant volgt
het het referentietraject van de sleepboot berekend door de toezichthoudende controller. De
resultaten illustreren dat, voor het geval er geen verstoringen zijn, de voorgestelde methode
meer efficiéntie vertoont, waarbij de insteltijd met 50% wordt verminderd; voor onder de
wind (voornamelijk) en onbekende verstoringen, toont de voorgestelde methode een betere
robuustheid bij het bereiken van de gewenste koers van het schip, zelfs in barre omstandig-
heden.

Cooperatieve controle voor scheepsmanipulatie op de binnenwateren

In de binnenwateren wordt een COLREGS (Regels 13-17) conforme ADMM-gebaseerde
MPC-benadering voorgesteld om het vermijden van obstakels voor een scheepssleepsys-
teem aan te pakken. De voorgestelde regelaanpak is gebaseerd op het ontkoppelen van
een groot globaal optimalisatieprobleem in drie kleine optimalisatieproblemen. De proble-
men van het volgen van waypoints van het schip en het vermijden van obstakels worden
aangepakt door de codrdinerende MPC-controller en het COLREGS-conforme waypoint-
wijzigingssysteem. De problemen van het volgen van het traject van de sleepboot en het
vermijden van obstakels worden aangepakt door de lokale MPC-controller van de sleep-
boot. Het probleem van het bereiken van gedistribueerde architectuur wordt opgelost door
het ADMM-algoritme te gebruiken om de optimale Lagrange-multipliers te vinden. De re-
sultaten geven aan dat de voorgestelde aanpak statische en dynamische obstakels in beperkte
waterwegen kan vermijden voor een sleepsysteem voor schepen, waardoor het vermijden
van aanvaringen COLREGS in overeenstemming is (Regels 13-17). De voorgestelde gedis-
tribueerde besturingsarchitectuur is haalbaar waarvan de optimalisatieoplossingen vrij dicht
bij die van de globale optimalisatie liggen.

Om de kwaliteit van het manipulatieproces te verbeteren en de veiligheid van het ver-
mijden van botsingen te vergroten, wordt bovendien een op ADMM gebaseerde meer-
laagse MPC-benadering met snelheidsregeling voorgesteld. Het controleprobleem wordt
dan multi-objectief, gericht op het volgen van waypoints, het aanpassen van de koers, het
volgen van snelheidsprofielen en het oplossen van botsingen. Om de orde van grootte tussen
de positie- en snelheidsfout te normaliseren en de gevoeligheid van de controller voor het
waypoint te verminderen, is een scheepsgewichtsfactor ontworpen in de toezichthoudende
controller voor het schip. Overeenkomstig wordt in de sleepbootcontroller de voorspelde
scheepssnelheid toegevoegd als een ander controledoel voor de sleepboot. Om te controle-
ren in hoeverre deze meerdere doelstellingen zijn bereikt, zijn vijf KPI’s gedefinieerd voor
het volgen van waypoints, het aanpassen van de koers, het volgen van snelheidsprofielen,
het bereiken van consensus en het vermijden van botsingen. De resultaten geven aan dat
in vergelijking met geen snelheidsregeling, het voorgestelde controleschema beter presteert
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voor het bereiken van consensus, het volgen van snelheidsprofielen en het vermijden van
botsingen.

Cooperatieve controle voor offshore platformmanipulatie in open zee

Op open zee wordt een gedistribueerd codrdinatiecontroleschema voorgesteld voor een
sleepsysteem met meerdere schepen om een offshore-platform te vervoeren onder om-
gevingsverstoringen. De kern van het voorgestelde besturingsschema is het dynamische
coordinatiebeslissingsmechanisme, het controllerontwerp en het ontwerp van de gedistri-
bueerde besturingsarchitectuur. Het beslissingsmechanisme is gebaseerd op de relatieve
positie tussen het platform en het huidige waypoint. De controllers zijn ontworpen op basis
van de MPC-strategie met verschillende kostenfuncties voor het offshore platform en vier
sleepboten. De gedistribueerde besturingsarchitectuur is gebouwd op basis van de ADMM-
strategie. Aangezien de gewenste koers van de sleepboot niet onmiddellijk wordt bereikt,
vooral in het proces van rolwisseling, is het belangrijkste element voor het bereiken van de
consensus de gewenste en voorspelde positie van de sleepboot. De resultaten laten zien dat
het voorgestelde schema efficiénter is (de insteltijd is met meer dan 50% verminderd) en
een betere consensus heeft (de sleeprekfout is teruggebracht tot de helft tot een vijfde).

Over het algemeen maken de voorgestelde controleschema’s in dit proefschrift de sa-
menwerking mogelijk van meerdere autonome sleepboten om een groot drijvend object in
havengebieden, binnenwateren en open zee te manipuleren. Tijdens het slepen kan het mani-
pulatiesysteem omgaan met omgevingsstoringen, botsingen voorkomen, de objectsnelheid
regelen en de rollen van sleepboten dynamisch codrdineren. Daarom verbetert dit onder-
zoek de veiligheid en efficiéntie van de sleepmanipulatie en is het een belangrijke stap in de
richting van “smart shipping”.






Summary

This thesis provides a set of cooperative control schemes for autonomous multi-vessel sys-
tems to manipulate a floating object through physical interconnections in onshore (inland
waterways and ports) and offshore areas.

Thanks to the maturity and popularity of the advancing technologies in information,
communication, sensors, automatic control, and computational intelligence, we have seen
the application scenarios of the autonomous vessels being gradually extended from funda-
mental research to civil and commercial uses. In recent years, to ensure that the regulatory
framework for autonomous vessels keeps pace with technological developments, the Inter-
national Maritime Organization (IMO) has started to include the autonomous vessels issue
in its sessions.

Maritime operations have become more complex and their scale is getting larger, re-
quiring the involvement of multi-vessel systems. In recent decades, the formation control
of multiple vessels has been investigated and several mature control methods are proposed
to cope with different typical missions. However, there is a lack of research focusing on
floating object manipulation by multiple autonomous vessels through physical interconnec-
tions. Thus, the research question of this thesis is How fo design a scalable control scheme
Sfor multiple ASVs to manipulate a floating object through physical interconnections?

Through the analysis of four typical manipulation ways in the maritime field, the towing
way is selected in this thesis as the basic physical manipulation model, which has advanta-
ges in good maneuverability of the floating object, better safety of the manipulation system,
and more flexibility of the operational scenarios. The dynamic model of the towing system
is built by using the 3 DOF vectorial representation, where the towing forces and towing
angles are the kinetic and kinematic interconnections between the floating object and tug-
boats, respectively. Considering the multiple control inputs, multiple control constraints,
and limited maneuverability of the towing system, the model predictive control (MPC) stra-
tegy is the research approach in this thesis. Furthermore, to achieve the distributed control
architecture, the alternating direction method of multipliers (ADMM) is used.

In this thesis, the proposed method is used in three different operational environments,
port areas, inland waterways, and open sea for floating object manipulation.

Cooperative control for ship manipulation in port areas

In port areas, a multi-layer multi-agent control scheme is proposed to manipulate a ship
to reach a desired position with desired heading. The control scheme consists of a supervi-
sory controller and two tug controllers in two different layers. The supervisory controller
computes the control inputs by solving the optimization problem of position, heading, and
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velocity. To guarantee that the towing system functions well under environmental distur-
bances (mainly wind), an adaptive weight function is designed. The tug controller, on the
one hand, provides the towing forces to move the ship; on the other hand, it tracks the re-
ference trajectory of the tugboat computed by the supervisory controller. Results illustrate
that, for the case of no disturbances, the proposed method shows more efficiency with the
settling time being reduced by 50%; for the case of under the wind (mainly) and unknown
disturbances, the proposed method shows better robustness in achieving the desired heading
of the ship, even in harsh conditions.

Cooperative control for ship manipulation in inland waterways

In inland waterways, a COLREGS (Rules 13-17) compliant ADMM-based MPC appro-
ach is proposed to deal with obstacle avoidance for a ship towing system. The proposed
control approach is based on decoupling a large global optimization problem into three
small optimization problems. The problems of the ship waypoint following and obstacle
avoidance are addressed by the coordination MPC controller and the COLREGS compliant
waypoint altering system. The problems of the tug trajectory tracking and obstacle avoi-
dance are addressed by the tug local MPC controller. The problem of distributed architecture
achieving is solved by using the ADMM algorithm to find the optimal Lagrange multipliers.
Results indicate that the proposed approach can avoid static and dynamic obstacles in re-
stricted waterways for a ship-towing system, making the collision avoidance COLREGS
compliant (Rules 13-17). The proposed distributed control architecture is feasible whose
optimization solutions are quite close to that of the global optimization.

Moreover, to improve the quality of the manipulation process and increase the safety
of collision avoidance, an ADMM-based multi-layer MPC approach with speed regulation
is proposed. The control problem then becomes multi-objective aiming at waypoint follo-
wing, heading adjusting, speed profile tracking, and collisions resolving. To normalize the
order of magnitude between the position and velocity error and reduce the sensitivity of
the controller to the waypoint, a ship weight factor is designed in the supervisory control-
ler for the ship. Corresponding, in the tug controller, the predicted ship speed is added as
another control objective for the tugboat. To check the extent of these multiple objectives
achieved, five KPIs are defined for waypoint following, heading adjusting, speed profile
tracking, consensus reaching, and collision avoidance. Results indicate that compared to no
speed regulation control, the proposed control scheme outperforms for consensus reaching,
speed profile tracking, and collision avoidance distance.

Cooperative control for offshore platform manipulation at open sea

In open sea, a distributed coordination control scheme is proposed for a multi-vessel to-
wing system to transport an offshore platform under environmental disturbances. The core
of the proposed control scheme is the dynamic coordination decision mechanism, the con-
troller design, and the distributed control architecture design. The decision mechanism is
based on the relative position between the platform and the current waypoint. The control-
lers are designed based on the MPC strategy with different cost functions for the offshore
platform and four tugboats. The distributed control architecture is built based on the ADMM
strategy. Considering the desired tug heading is not achieved immediately, especially in the
process of role changing, the key element for reaching the consensus is the desired and the
predicted tug position. The results show that the proposed scheme is more efficient (the
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settling time is reduced by more than 50%) and has a better consensus achievement (the
towing elongation error is reduced to one-half to one-fifth).

Overall, the proposed control schemes in this thesis enable the cooperation of multiple
autonomous tugboats to manipulate a large floating object in port areas, inland waterways,
and open sea. In the process of towing, the manipulation system can deal with environmen-
tal disturbances, avoid collisions, regulate object speed, and dynamically coordinate the
roles of tugboats. Therefore, this research improves the safety and efficiency of the towing
manipulation and is a significant step toward “smart shipping”.
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