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ADDRESSING PARAMETRIC UNCERTAINTIES IN
AUTONOMOUS CARGO SHIP HEADING CONTROL

SUMMARY

The progress of computer technology has had a profound influence on the
maritime sector, particularly in relation to ship autonomy. The incorporation of
computer-assisted systems for guidance, navigation, and control has emerged as a
promising approach to minimize the potential risks associated with human errors
during ship maneuvering. These errors have the potential to lead to disastrous
consequences such as collisions with obstacles, vessel damage, and endangering the
safety of passengers and cargo.

Several notable studies have explored ship control systems using different control
approaches and conducting simulation-based and real-time implementation tests.
These studies include adaptive path following control for accurate target tracking,
stabilization of heading angle using cascade control simulations and fuzzy logic-based
decision-making mechanisms, integration of sensor information to reduce accidents
on common ship routes, collision scenario analysis with fuzzy control-based
decision-making aligned with international maritime regulations, design and analysis
of planar autonomous position control using two independent propellers, rudder, speed,
and position control experiments on a catamaran prototype using a PID approach
enhanced by a Kalman Filter, and modeling and real-time control of unmanned surface
vehicles with accurate parameter identification. These studies have provided valuable
insights and advancements in ship control systems.

Extensive research has also been carried out to address the control of ships
with uncertain hydrodynamic coefficients, resulting in the exploration of various
approaches. One approach involves using a Multi-level Model Predictive Control
(MPC) method to regulate ship speed and calculate propulsion energy while
considering uncertainties. Another approach is adaptive control, which continuously
adjusts control inputs based on real-time measurements of ship behavior. Fuzzy
logic-based control is also utilized, incorporating fuzzy rules that account for
uncertainty in hydrodynamic coefficients to adapt the ship’s control inputs. Machine
learning techniques, like reinforcement learning, are employed to adjust control
inputs based on available data. Additionally, robust control techniques are developed
to ensure stable and predictable ship behavior even when faced with uncertain
hydrodynamic coefficients. These studies make valuable contributions to ship
motion control by addressing the challenges associated with uncertain hydrodynamic
coefficients and proposing effective control strategies.

This thesis aims to address two significant aspects in the field of ship control. First,
the development of a comprehensive ship motion model for the ship’s heading angle.
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Second, the effective handling of parametric uncertainty in ship hydrodynamics. The
research focuses on enhancing the understanding of ship behavior and designing
control strategies that can robustly handle uncertainties, ultimately improving the
performance, safety, and efficiency of ship operations.

The first objective of this thesis is to construct a control-oriented ship motion model
that accurately represents the ship’s heading angle dynamics. The model incorporates
both linear and nonlinear dynamics to account for the complexities of ship motion
under various operating conditions. To derive the linear model, certain assumptions are
made to simplify the typical six degrees of freedom (6DOF) equation of motion into
a three degrees of freedom (3DOF) equation. From a motion perspective, slow-speed
displacement vessels exhibit minimal heave, roll, and pitch motions. Therefore, the
variables Z, K, M, and their derivatives, along with the angular velocities w, p, ¢, can
be neglected. From a geometric perspective, conventional ships are symmetrical on the
xz-plane. As a result, it is assumed that the y-coordinate of the ship’s center of gravity
is zero yg = 0.

For the nonlinear model, a well-established 3DOF ship model provided by the
Manevering Modelling Group (MMGQ) is utilized. This model extends the previously
derived control-oriented ship equation of motion by incorporating the dynamics of
the ship’s propeller. By integrating the propeller dynamics into the model, a more
comprehensive understanding of the ship’s behavior and the interaction between its
motion and the propeller can be achieved. The derivations and explanations in this
subsection aim to provide valuable insights into the nonlinear ship equation of motion
with propeller dynamics, serving as a useful tool for ship motion control design and
optimization.

By establishing a reliable ship motion model, it becomes possible to design effective
control strategies for heading angle control. This aspect of the research involves
reviewing and analyzing existing studies on ship autopilot design, including control
methods such as adaptive path following controllers and cascade control simulations.
In order to validate the model’s accuracy, a turning circle test was conducted. This
validation process done by comparing the model’s predictions with experimental data
from previous studies. To ensure a reliable validation process, a 1/80 scale model
of the DTC Container ship was chosen for physical validation. The study’s results
convincingly demonstrate the model’s ability to accurately approximate the trajectory
with a fixed rudder angle of 6 = 35 degrees. Both the linear and nonlinear models
developed in this study exhibit a high level of agreement with the actual system,
comparable to the results obtained from other studies utilizing CFD and system-based
approaches.

The second objective of this thesis is to address the challenge of parametric
uncertainty in ship hydrodynamics, particularly focusing on the uncertainty associated
with hydrodynamic coefficients. Hydrodynamic coefficients play a crucial role in
understanding the interactions between the ship and the surrounding water. However,
these coefficients often exhibit variations due to various factors, such as environmental
conditions, vessel modifications, or manufacturing tolerances. The presence of such
uncertainty can significantly impact the performance and reliability of ship control
systems.
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To address this issue, optimization techniques such as Particle Swarm Optimization
(PSO) and Genetic Algorithms (GA) have been used to determine the optimal
coefficients that best match the ship’s motion. However, these methods can be slow,
particularly if a large number of samples are needed to represent the uncertainties
in the hydrodynamic coefficients. To answer this challenge, this thesis designed a
fast optimization algorithm to find a robust optimal controller for ship heading angle
control with a certain level of error in hydrodynamic coefficients that is difficult
to solve deterministically. The proposed optimization algorithm is referred to as
"Bisection Optimization via Blind Search". This methodology involves simulating
the model for a total of n samples, utilizing m randomly sampled controller parameters
K. The resulting cost value @ is recorded for each simulation. Subsequently, the
controller parameter K that produces the lowest @ value is selected. In the second
stage, a bisection-based optimization technique is employed to further refine the
chosen controller parameter K.

In this thesis, the uncertainty levels considered in this study are set at +20%,
representing the permissible deviations of parameters from their nominal values. To
mitigate the adverse effects of uncertainty, a simulation scenario is created where the
controller is tasked with adjusting the yaw angle y from O degrees to 40 degrees.
To evaluate the optimization performance, four different cost functions are employed:
Integral Absolute Error (IAE), Integral Squared Error (ISE), Integral Time Absolute
Error (ITAE), and Integral Time Squared Error (ITSE). However, the results indicate
that the optimal controller parameters obtained using these different cost functions
do not exhibit significant differences. Two types of controllers, namely proportional
(P) and proportional-derivative (PD) controllers, are investigated in this study. The
inclusion of the derivative term in the PD controller aims to mitigate oscillations
and overshoot in the system’s response, thereby improving stability and settling
time. However, the integral term is excluded from consideration due to the inherent
stability of the system and its expected slow response. The results demonstrate
that the proposed algorithm outperforms existing methods such as Particle Swarm
Optimization (PSO) in terms of both execution speed and task performance.

By achieving these 2 objectives, this thesis contributes to the field of ship control
by providing a comprehensive understanding of ship motion dynamics and offering
effective solutions for addressing parametric uncertainty in ship hydrodynamics. The
outcomes of this research can significantly impact various maritime applications,
including autonomous navigation, collision avoidance, and energy-efficient ship
operations. The developed ship motion model and the proposed optimization
approaches can be implemented in real-world scenarios, enabling improved control
strategies for ship heading angle control and enhancing the overall performance and
safety of ship operations.

In conclusion, this thesis combines the development of a control-oriented ship motion
model with the effective handling of parametric uncertainty in ship hydrodynamics.
The research contributes to the advancement of ship control by providing valuable
insights, methodologies, and tools that can be utilized in designing robust control
strategies for ship heading angle control under uncertain operating conditions. The
findings of this thesis have the potential to enhance the efficiency, safety, and
sustainability of ship operations, ultimately benefiting the maritime industry as a
whole.
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OTONOM KARGO GEMISI YON KONTROLUNDEKI
PARAMETRIK BELIRSIZLIKLERIN ELE ALINMASI

OZET

Bilgisayar teknolojisindeki ilerlemenin, Ozellikle gemi Ozerkligi ile ilgili olarak,
denizcilik sektorii iizerinde derin bir etkisi olmustur. Kilavuzluk, navigasyon ve
kontrol icin bilgisayar destekli sistemlerin dahil edilmesi, gemi manevrasi sirasinda
insan hatalariyla iligkili potansiyel riskleri en aza indirmek i¢in umut verici bir
yaklasim olarak ortaya ¢ikmistir. Bu hatalar, engellerle ¢arpisma, gemi hasari, yolcu
ve yiik giivenligini tehlikeye atma gibi feci sonuglara yol agma potansiyeline sahiptir.

Birka¢ onemli ¢aligma, farkli kontrol yaklagimlar: kullanan ve simiilasyona dayali ve
gercek zamanli uygulama testleri yiiriiten gemi kontrol sistemlerini arastirmistir. Bu
calismalar, dogru hedef takibi i¢in uyarlanabilir yol takip kontrolii, kademeli kontrol
simiilasyonlar1 ve bulanik mantik tabanli karar verme mekanizmalart kullanilarak
rota acgisiin stabilizasyonu, ortak gemi rotalarinda kazalar1 azaltmak icin sensor
bilgilerinin entegrasyonu, bulanik kontrol tabanli ¢arpisma senaryosu analizi icerir.
uluslararast denizcilik yonetmeliklerine uygun karar verme, iki bagimsiz pervane
kullanilarak diizlemsel otonom konum kontroliiniin tasarimi ve analizi, bir Kalman
Filtresi ile gelistirilmis bir PID yaklagimi kullanan bir katamaran prototipi iizerinde
diimen, hiz ve konum kontrolii deneyleri ve modelleme ve gercek zamanli dogru
parametre tanimlamasi ile insansiz yiizey araclarinin kontrolii. Bu ¢aligmalar, gemi
kontrol sistemlerinde degerli bilgiler ve ilerlemeler saglamistir.

Belirsiz hidrodinamik katsayilara sahip gemilerin kontroliinii ele almak icin kapsamli
arastirmalar da yapilmis ve bu da cesitli yaklasimlarin arastirilmasina yol agmustir.
Bir yaklasim, belirsizlikleri goz oniinde bulundurarak gemi hizimi diizenlemek ve
sevk enerjisini hesaplamak i¢cin Cok Seviyeli Model Predictive Control (MPC)
yontemini kullanmayi icerir. Diger bir yaklagim ise, gemi davranisinin gercek zamanh
Olctimlerine dayali olarak kontrol girdilerini siirekli olarak ayarlayan uyarlamali
kontroldiir. Geminin kontrol girdilerini uyarlamak icin hidrodinamik katsayilardaki
belirsizligi aciklayan bulamik kurallar1 iceren bulanik mantik tabanli kontrol de
kullanilir. Takviyeli 6grenme gibi makine dgrenimi teknikleri, mevcut verilere dayali
olarak kontrol girdilerini ayarlamak icin kullanilir. Ek olarak, belirsiz hidrodinamik
katsayilarla kars1 karsiya kalindiginda bile kararli ve ongoriilebilir gemi davranisi
saglamak icin saglam kontrol teknikleri gelistirilmistir. Bu calismalar, belirsiz
hidrodinamik katsayilarla ilgili zorluklar1 ele alarak ve etkili kontrol stratejileri
onererek gemi hareket kontroliine degerli katkilar saglar.

Bu tez, gemi kontrolii alanindaki iki 6nemli yonii ele almayr amaglamaktadir. Ilk
olarak, geminin pruva agis1 icin kapsamli bir gemi hareket modelinin gelistirilmesi.
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Ikincisi, gemi hidrodinamigindeki parametrik belirsizligin etkili bir sekilde ele
alinmasi. Arastirma, gemi davranisinin anlasilmasini gelistirmeye ve belirsizlikleri
saglam bir sekilde ele alabilecek kontrol stratejileri tasarlamaya, sonugta gemi
operasyonlarinin performansini, giivenligini ve verimliligini gelistirmeye odaklaniyor.

Bu tezin ilk amaci, geminin yon acisi dinamiklerini dogru bir sekilde temsil eden,
kontrol yonelimli bir gemi hareket modeli olusturmaktir. Model, cesitli ¢alisma
kosullar1 altinda gemi hareketinin karmagikli§in1 hesaba katmak icin hem dogrusal
hem de dogrusal olmayan dinamikleri birlestirir. Dogrusal modeli tiiretmek i¢in, tipik
6 Degrees of Freedom (6DOF) hareket denklemini 3 Degrees of Freedom (3DOF)
denklemine basitlestirmek i¢in belirli varsayimlar yapilir. Hareket perspektifinden
bakildiginda, yavas hizli yer degistiren gemiler minimum kaldirma, yalpalama ve
yunuslama hareketleri sergiler. Bu nedenle Z, K, M degiskenleri ve bunlarin tiirevleri,
acisal hizlar w, p, ¢ ile birlikte ihmal edilebilir. ~Geometrik bir perspektiften
bakildiginda, geleneksel gemiler xz diizleminde simetriktir. Sonug¢ olarak, geminin
agirlik merkezinin y-koordinatinin sifir yg = 0 oldugu varsayilir.

Dogrusal olmayan model i¢in, Manevering Modeling Group (MMG) tarafindan
saglanan kokli bir 3DOF gemi modeli kullanilmigti. ~ Bu model, geminin
pervanesinin dinamiklerini dahil ederek Onceden tiiretilen kontrol yonelimli gemi
hareket denklemini genisletir. Pervane dinamiklerini modele entegre ederek, geminin
davranigt ve hareketi ile pervane arasindaki etkilesim hakkinda daha kapsamli bir
anlayis elde edilebilir. Bu alt boliimdeki tiiretmeler ve aciklamalar, gemi hareket
kontrol tasarimi ve optimizasyonu i¢in yararl bir ara¢ olarak hizmet ederek pervane
dinamigi ile dogrusal olmayan gemi hareket denklemi hakkinda degerli bilgiler
saglamay1 amac¢lamaktadir.

Giivenilir bir gemi hareket modeli olusturarak, rota agis1 kontrolii i¢in etkili kontrol
stratejileri tasarlamak miimkiin hale gelir. Arastirmanin bu yonii, uyarlanabilir yol
takip kontrolorleri ve kademeli kontrol simiilasyonlar1 gibi kontrol yontemleri dahil
olmak iizere, gemi otopilot tasarimina iligkin mevcut ¢calismalarin gézden gegirilmesini
ve analiz edilmesini icerir. Modelin dogrulugunu dogrulamak i¢in bir doniis cemberi
testi yapilmistir. Bu dogrulama islemi, modelin tahminlerini onceki ¢alismalardan
elde edilen deneysel verilerle karsilastirarak yapilir. Giivenilir bir dogrulama siireci
saglamak i¢in, fiziksel dogrulama i¢cin DTC Konteyner gemisinin 1/80 olcekli bir
modeli secildi. Calismanin sonuglari, modelin & = 35 derecelik sabit bir diimen
acis1 ile yoriingeye dogru bir sekilde yaklasma yetenegini ikna edici bir sekilde
gostermektedir. Bu calismada gelistirilen hem dogrusal hem de dogrusal olmayan
modeller, CFD ve sistem tabanli yaklagimlar1 kullanan diger ¢alismalardan elde edilen
sonug¢larla karsilastirilabilir sekilde, gercek sistemle yiiksek diizeyde bir uyum sergiler.

Bu tezin ikinci amaci, Ozellikle hidrodinamik katsayilarla iligkili belirsizlige
odaklanarak, gemi hidrodinamigindeki parametrik belirsizligin zorlugunu ele almaktir.
Hidrodinamik katsayilar, gemi ve cevredeki su arasindaki etkilesimlerin anlasil-
masinda ¢ok onemli bir rol oynar. Bununla birlikte, bu katsayilar genellikle cevresel
kosullar, kap modifikasyonlar1 veya iiretim toleranslar1 gibi cesitli faktorlere bagh
olarak farkliliklar gosterir. Bu tiir bir belirsizligin varligi, gemi kontrol sistemlerinin
performansini ve giivenilirligini 6nemli dl¢iide etkileyebilir.

Bu sorunu ele almak i¢in, geminin hareketine en iyi uyan optimum katsayilar
belirlemek i¢in Particle Swarm Optimization (PSO) ve Genetic Algorithm (GA)
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gibi optimizasyon teknikleri kullanilmigtir. Bununla birlikte, 6zellikle hidrodinamik
katsayilardaki belirsizlikleri temsil etmek icin ¢ok sayida numuneye ihtiyac
duyuluyorsa, bu yontemler yavas olabilir. Bu zorluga cevap vermek icin bu tez,
hidrodinamik katsayilarda deterministik olarak coziilmesi zor olan belirli bir hata
diizeyine sahip gemi rota acis1 kontrolii i¢in saglam bir optimal kontrolér bulmak iizere
hizli bir optimizasyon algoritmasi tasarladi. Onerilen optimizasyon algoritmasina
"Bisection Optimization via Blind Search " adi verilir. Bu metodoloji, rastgele
orneklenen m denetleyici parametreleri K kullanilarak toplam n 6rnek i¢in modelin
simiile edilmesini icerir. Ortaya ¢ikan maliyet degeri m, her simiilasyon i¢in kaydedilir.
Ardindan, en diisik @ degerini iireten denetleyici parametresi K segilir. Ikinci
asamada, secilen denetleyici parametresi K’yi daha da hassaslagtirmak icin ikiye
bolmeye dayal1 bir optimizasyon teknigi kullanilir.

Bu tezde, bu calismada ele alinan belirsizlik seviyeleri, parametrelerin nominal
degerlerinden izin verilen sapmalarimi temsil eden +20% olarak belirlenmistir.
Belirsizligin olumsuz etkilerini azaltmak icin, kontroloriin sapma agisim ¥ 0
dereceden 40 dereceye ayarlamakla gorevlendirildigi bir simiilasyon senaryosu
olusturulur. Optimizasyon performansini degerlendirmek icin dort farkli maliyet
fonksiyonu kullanilir: Integral Absolute Error (IAE), Integral Squared Error (ISE),
Integral Time Absolute Error ITAE), ve Integral Time Squared Error (ITSE). Ancak
sonuglar, bu farkli maliyet fonksiyonlar1 kullanilarak elde edilen optimal denetleyici
parametrelerinin onemli farkliliklar gostermedigini gostermektedir. Bu calismada
Proportional (P) ve Proportional-Derivative (PD) olmak iizere iki tip kontrolor
incelenmigtir. Tiirev teriminin PD kontroloriine dahil edilmesi, sistemin tepkisindeki
salimimlar1 ve agmalar1 azaltmay1 ve boylece kararlilig1 ve oturma siiresini iyilestirmeyi
amaglar. Bununla birlikte, sistemin dogal kararliligi ve beklenen yavas tepkisi
nedeniyle integral terimi dikkate alinmaz. Sonuglar, Onerilen algoritmanin hem
yliriitme hiz1 hem de gorev performansi agisindan PSO gibi mevcut yontemlerden daha
1yi performans gosterdigini gostermektedir.

Bu 2 hedefe ulasarak, bu tez, gemi hareket dinamikleri hakkinda kapsamli bir anlayis
saglayarak ve gemi hidrodinamigindeki parametrik belirsizligi ele almak icin etkili
coziimler sunarak gemi kontrolii alanina katkida bulunur. Bu aragtirmanin sonuglari,
otonom navigasyon, carpismadan kacinma ve enerji tasarruflu gemi operasyonlari
dahil olmak iizere cesitli denizcilik uygulamalarint 6nemli Olgiide etkileyebilir.
Geligtirilen gemi hareket modeli ve Onerilen optimizasyon yaklasimlari, gercek
diinya senaryolarinda uygulanarak gemi rota agis1 kontrolii i¢cin gelistirilmis kontrol
stratejileri saglar ve gemi operasyonlarinin genel performansini ve giivenligini artirir.

Sonug olarak, bu tez, gemi hidrodinamigindeki parametrik belirsizligin etkili bir
sekilde ele alinmasi ile kontrol odakli bir gemi hareket modelinin gelistirilmesini
birlestirir. Arastirma, belirsiz ¢calisma kosullar1 altinda gemi yon agis1 kontrolii i¢in
saglam kontrol stratejileri tasarlamada kullanilabilecek degerli i¢goriiler, metodolojiler
ve araglar saglayarak gemi kontroliiniin ilerlemesine katkida bulunur. Bu tezin
bulgulari, gemi operasyonlarinin verimliligini, giivenligini ve siirdiiriilebilirligini
artirma potansiyeline sahiptir ve sonugcta bir biitiin olarak denizcilik endiistrisine fayda
saglar.
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1. INTRODUCTION

The advancements in computer technology have significantly impacted the maritime
industry, particularly in the area of ship autonomy. The integration of
computer-assisted guidance, navigation, and control systems come out to be an
effective approach in order to mitigate the risk of human errors during ship
maneuvering [1]. Potential disaster from human error during maneuver are collisions
with obstacles, damage to the ship, and pose risks to the safety of passengers and

cargo [2].

Several notable studies, specifically to ship control systems, are done by utilizing
various control approaches and conducting both simulation-based and real-time
implementation tests. Zhang et al. [3] proposed an adaptive path following controller
that enables a ship model to accurately track specified target points. Ahmed and
Hasegawa [4] investigated the stabilization of the heading angle in a ship model
with three degrees-of-freedom (DOF) using a cascade control simulation approach.
The study incorporates fuzzy logic-based decision-making mechanisms to update
controller coefficients, ensuring stability during maneuvering between waypoints.
Sandler et al. [5] have focused on reducing accidents on frequently used ship routes
by integrating information from various sensors on different ship types. Moreover,
Perera [6] has explored ship collision scenarios under different external factors,
employing a decision-making method based on fuzzy control principles aligned with
international maritime regulations. Reyhanoglu [7] has conducted in-depth research on
the design and mathematical analysis of planar autonomous position control using two
independent propellers. Additionally, Caccia et al. [8] have carried out rudder, speed,
and position control experiments on a catamaran prototype using compass and GPS
information, with control based on a proportional-integral-derivative (PID) approach
enhanced by the implementation of a Kalman Filter. Sonnenburg and Woolsey [9] have
focused on modeling an unmanned surface vehicle, accurately identifying real system

parameters and controlling it in real time.



The control of ships with uncertain hydrodynamic coefficients has also been a subject
of significant researches. Several approaches have been explored to address this
challenge. Haseltalab et al. [10] proposed a Multi-level Model Predictive Control
(MPC) method to control ship speed and calculate propulsion energy in the presence
of uncertainties. Lu et al. [11] pursued an adaptive control approach, continuously
adjusting control inputs based on real-time measurements of ship behavior. Chen and
Tan [12] utilized fuzzy logic-based control, incorporating fuzzy rules that consider
uncertainty in hydrodynamic coefficients to adjust the ship’s control inputs. Machine
learning-based techniques have also been employed, such as the reinforcement
learning method proposed by Zhang et al. [13], which adjusts control inputs based on
available data. Furthermore, robust control techniques have been developed to ensure
stable and predictable ship behavior despite uncertain hydrodynamic coefficients, as
demonstrated by Ye et al. [14]. These studies collectively contribute to the body of
knowledge in ship motion control by addressing the challenges posed by uncertain

hydrodynamic coefficients and proposing effective control strategies.

1.1 Aim and Purpose of Thesis

The purpose of this thesis is two-fold. Firstly, it aims to develop a comprehensive
and control-oriented ship motion model for the ship’s heading angle. This involves the
modeling of both linear and nonlinear dynamics to accurately represent the behavior of
the ship’s heading angle under various operating conditions. By constructing a reliable
ship motion model, this research intends to facilitate the design and implementation of

effective control strategies for ship heading angle control.

Secondly, this thesis seeks to address the challenge of parametric uncertainty,
particularly focusing on the uncertainties associated with hydrodynamic coefficients.
Accuracy of hydrodynamic coefficients play a crucial role in characterizing the
complex interactions between the ship and the surrounding water. However, these
coefficients often exhibit variations due to factors such as environmental conditions,
vessel modifications, or manufacturing tolerances. The presence of such uncertainty
can significantly affect the performance and reliability of ship control systems. Hence,

this research aims design a controller through optimization approaches that effectively



account for parametric uncertainty in ship hydrodynamics. This enable the design of

control strategies that are robust against these uncertainties.

By achieving these objectives, this thesis aims to contribute to the field of ship control
by providing valuable insights into the modeling and control of ship motion and also
offering effective solutions to mitigate the impact of parametric uncertainty in ship
hydrodynamics. Ultimately, the outcomes of this research endeavor aim to enhance the

performance, safety, and efficiency of ship operations in various maritime applications.

1.2 Outline of Thesis

The thesis is structured into several chapters to ensure a systematic and comprehensive
study of ship motion control. Chapter 2 serves as an introduction of of autonomous
ships, their components, and recent developments in the field. In Chapter 3,
the focus shifts to the modeling of ship motion, encompassing both linear and
nonlinear approaches. These models are rigorously validated using the Turning Circle
test, allowing for a meticulous comparison with existing studies and experimental
results from real systems. Building upon this foundation, Chapter 4 delves into
the explanation and implementation of a PID-based controller for ship heading
tracking. Through a detailed examination of proportional, proportional-derivative, and
proportional-integral-derivative (PID) controllers, the suitability of each approach for
ship motion control applications is assessed. Moving forward, Chapter 5 confronts
the complex challenge of addressing uncertainty in ship hydrodynamics. The problem
formulation is presented, accompanied by a proposed method for managing parametric
uncertainty. The effectiveness of this method is thoroughly evaluated through a series
of meticulously designed test cases, thereby demonstrating its ability to effectively
handle uncertainty and enhance ship motion control. Ultimately, Chapter 6 provides
a cohesive conclusion, summarizing the key findings and contributions of the thesis.
It highlights the main insights gained throughout the study and discusses potential

avenues for future research and improvement in the field of ship motion control.






2. OVERVIEW OF SHIP MOTION

2.1 Ship Motions in General

Ship motions are essential aspects of understanding its behavior at sea. These motions
can be categorized into rotational and translational motions, each associated with
specific axes and effects. This subchapter provides an overview motions experienced

by ships.

Figure 2.1 : Ship motion: axes, rotational, and translational.

The rotational motions of a ship occur around the longitudinal, transverse, and vertical
axes. The longitudinal axis, also known as the X axis, runs from bow to stern and is
associated with the roll motion [15]. Roll refers to the tilting rotation of the vessel
around its longitudinal axis [16]. Roll can be intentional or unintentional, caused by
factors such as wind pressure, turning, or shifting cargo. The transverse axis, denoted
as the Y axis, extends from side to side and corresponds to the pitch motion. Pitch
involves the up-and-down rotation of the vessel around its transverse axis [17]. Trim
or out of trim describes any deviation from the normal pitch position. The vertical axis,
known as the Z axis, represents the yaw motion. Yaw refers to the turning rotation of
the vessel around its vertical axis. Deviations from the normal yaw position affect the

heading of the boat [18].

In addition to rotational motions, ships also experience translational movements.

Surge, which occurs along the longitudinal axis X, is a linear front-to-back or



bow-to-stern motion [19]. It is influenced by the sea conditions as well as
propulsion system accelerations. Sway, on the other hand, is a linear side-to-side or
port-to-starboard motion associated with the transverse axis Y. It can be generated
by water and wind forces acting on the hull, lateral wave motion, or the ship’s own
propulsion [20]. Sway can also be induced indirectly by the ship’s inertia during
turning maneuvers, resulting in a lateral drift from the vessel’s intended course. Heave
represents the linear vertical motion of the ship, involving upward and downward

displacements [21].

2.2 Evaluation of Ship Motion

In the field of marine engineering, ship motion evaluation is a hydrodynamic test
conducted to evaluate ship new design or refine existing ship designs for improved
performance at sea. These tests take place in a dedicated facility known as a ship model
basin or towing tank. Various types of tests are carried out, including straight line
tests, rotating-arm technique tests, and planar motion mechanism tests, which provide

valuable insights into a ship’s behavior.

2.2.1 Straight line test

Figure 2.2 shows a straight line test [22]. During the test, ship model is towed along
a straight path in the towing tank at a constant velocity, corresponding to a specific
Froude number for the ship [23]. The model is subjected to different angles of attack,
and a dynamometer measures the forces ¥ and moments N experienced by the model
at each angle. By analyzing these measurements, the velocity-dependent derivatives
(Y, and N,) of the ship can be determined [24]. These dimensional ship values are
obtained by multiplying the non-dimensional derivatives by appropriate combinations

of ship length, speed, and water density.



Figure 2.2 : Straight line test conducted by Davidson Laboratory.

2.2.2 Rotating-arm technique

The rotating-arm technique, as shown in Figure 2.3, involves a specialized towing tank
apparatus called a rotating-arm facility [25]. In this setup, the ship model is fixed to
the end of a radial arm and rotated about a vertical axis within the tank [26]. As the
model revolves, it experiences an imposed angular velocity (yaw rate). By measuring
the forces ¥ and moments N acting on the model, the rotary derivatives (¥, and N,)
can be determined. Additionally, cross-plotting the values of ¥, and N, obtained at

different radii enables the calculation of Y, and N, at the center » = 0 of rotation [27].

Figure 2.3 : Rotating-Arm test conducted at Krylov State Research Centre.

2.2.3 Planar motion mechanism (PMM)

Figure 2.4 illustrates the Planar motion mechanism (PMM) test [28]. This test is an
alternative to the rotating arm test, particularly useful in longer and narrower towing
tanks. It measures velocity-dependent derivatives (Y, and N, ), rotary derivatives (Y,

and N,), as well as acceleration derivatives (¥, and N)) [28]. The PMM consists of
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two oscillators—one producing transverse oscillations at the bow and the other at the
stern [29]. As the model moves down the towing tank at a constant velocity along the

centerline, these oscillations provide valuable data on the ship’s characteristics.

Figure 2.4 : Planar Motion Mechanism test.

2.3 Seakeeping Factors

Seakeeping performance, which refers to how a ship responds to the surrounding
waves, is influenced by several factors that play a crucial role in determining its
behavior at sea. These factors need to be carefully considered and understood to
assess and optimize a ship’s seakeeping capabilities. One significant factor is the size
of the ship. Generally, larger vessels tend to experience lower motions compared to
smaller ones due to the relatively smaller size of the waves they encounter [30]. The
displacement, or weight, of a ship also plays a role [31]. Heavier ships typically have
lower motions than lighter ones since greater mass results in lower accelerations when

subjected to the same wave energy.

Stability is another critical factor affecting seakeeping [32]. A ship’s stability
determines how closely it follows the wave profile. More stable ships tend to track
the waves more accurately, resulting in higher accelerations but lower amplitudes of
motion. Additionally, the freeboard of a vessel, which is the vertical distance between
the waterline and the main deck, influences its seakeeping performance [33]. Ships
with greater freeboard are less likely to immerse their decks in waves, which is an
important criterion for various types of vessels. Human factors also play a significant

role in seakeeping, especially in smaller vessels [34].



3. CONTROL-ORIENTED CARGO SHIP MOTION MODEL

The development of effective control strategies is crucial for ensuring safe and efficient
ship operations. In order to obtain such effective controller, a reliable so called
"control-oriented" ship motion model that captures the dynamic behavior of cargo
ships is essential. This chapter presents a comprehensive discussion on the designing a
control-oriented cargo ship motion model. The model aims to provide a mathematical
representation of the ship’s motion that enables accurate analysis and implementation

of control strategies which can led to a better performance.

The cargo ship motion model discussed in this chapter focuses on capturing the key
dynamics in 3DOF (degrees of freedom) that are relevant for control purposes. The
motion model allows for the analysis of the ship’s behavior in terms of surge, sway,
and yaw of the ship. These motions, as mentioned in the previous chapter, can provide
valuable insights into the ship’s response to control inputs and external disturbances.
Within this chapter, an overview of cargo ship hydrodynamics and the principles
governing ship motion will also be provided. The subsequent discussion will delve into
the details of the control-oriented modifications made to the ship equation of motion

to tailor it specifically for control strategies and optimization approaches.

The control-oriented cargo ship motion model is essential to facilitate the development
and evaluation of various control strategies and optimization approaches, as further
discussed in subsequent chapters. By understanding and utilizing this motion model,
researchers and engineers can explore advanced control techniques and optimize the
ship’s performance. Through this chapter, a solid foundation will be established for
the subsequent discussions on control strategies and optimization approaches in cargo

ship motion control.



3.1 Linear Motion Model

Linear ship equation of motion is a fundamental in ship hydrodynamics and motion
control model. It provides a simplified representation of a ship’s motion by considering
its surge, sway, and yaw degrees of freedom. This subchapter aims to provide a
comprehensive understanding of the 3 Degree-of-Freedom (DOF) linear ship equation

of motion and its significance in ship motion control.

The linearized ship motion kinematics and dynamics model is derived the following

6-DOF Equations. The equations of motion [35]:

mlii—rv+wq—xg (¢ +7r) +y6 (pg— ) + 26 (pr+4) =X (3.1a)
m[y—wp +ur—yc (r* + p*) +26 (gr — p) +x6 (qp+ )] =Y (3.1b)
mho —uq+vp—z6 (P> +4%) +x6 (rp— §) +yg (rg+ p)| =Z (3.1c)

as force equations, and
Lp+ (I, — L) gr+mlyc(W—ug+vp) —zg (v —wp+ ur)| = K (3.2a)
L+ (I — L) rp+mzg (it —vr +wq) —xg (W —ug+ vp)| =M (3.2b)
Li+ (I, — L) pg+mxg (v —wp~+ur) —yc (it —vr+ wq)] = N (3.2¢)

as moment equations, where u, v, w are surge, sway and heave velocities; p, g, r are roll,
pitch, and yaw rates; xg,yg,zG are x,y,z coordinates of the center of gravity; m and 1
are mass and moment of inertia; X,Y,Z are forces to generate surge, sway and heave
motions; and K, M, N are moments to generate roll, pitch and yaw motions. Equations
(3.1) represents the translational motions of the ship while (3.2) are for rotational
motions. Notably, the variables u,v,w, p,q,r are in the body-fixed frame, while x,y, z

are in the global North-East-Down (NED) frame, necessitating frame transformation.

From the motion perspective, slow-speed displacement vessels do not have significant
heave, roll and pitch motions. Thus, Z, K, M and w, p, g along with their derivatives can
be neglected [36]. From the geometric perspective, conventional ships are symmetrical
on the xz plane. Therefore, it can be assumed that the y-coordinate of the center of
gravity is equal to zero, yg = 0. Using these assumptions, (3.1a) - (3.2c) simplified to

3 DOF as follows:

10



m(b’t—rv—xcrz) =X (3.3a)
m(v+r—+xgF) = (3.3b)

Y
Li+mxg(v+r)=N (3.3¢)

Now that the assumptions of the model are defined, the nonlinearities in (3.3) need
to be addressed. There are two nonlinear terms rv and 2. These two terms can be
neglected because both r and v are small numbers so the multiplication of both of them

can be approximated to 0. The resulting equations are as follows:

mi =X (3.4a)
my+r+xgi] =Y (3.4b)
Li+mxg(v+r)=N (3.4c)

Notice that all of the terms on the left-hand side are defined but the ones on the
right-hand side are not. In order to have (3.4) written purely in terms of the state
variables u, v, r,u, v, 7 and input variable 6, where 6 denotes the rudder angle, the terms
X,Y,N are expressed in terms of these state and input variables using Taylor’s Series
Expansion. The number of hydrodynamic coefficients in a generic Taylor’s Series
Expansion depends on the order of nonlinearity to be considered [3,5]. We use a
linearized model in this study; therefore, we only consider the first-order terms. Hence

we have:

X =~ Xyu+ Xu+ Xy + Xov + X7 + X, r + X560 (3.5a)
Y =~ Y+ Yu+Yyv+Y,v+Yii+Yr+Ys0 (3.5b)
N =~ N+ Nyu+ Nyv + Ny + Nii+ Nyr + N6 (3.5¢)

Some of the coefficients stated in (3.5) are not significantly affecting the ship during
maneuver. Therefore, they can be neglected reducing the force and moment equations

as follows:

X =~ Xyu+ X,u+ +X506 (3.6a)
Y =Yyw+Y,v+Yir+Yr+Ys0 (3.6b)

N =~ Nv~\>+va—|—Nr~i’—i—Nrr—|—N55 (360)
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When we substitute (3.6) into (3.4) respectively, and then move all the added mass
relates terms to the left-hand side, the equations of motion for the ship are obtained as

follows:

(m—X;)u=X,u+Xsb (3.7a)
(m—=Yy)v+ (mxg—Y:) i = (Y, —m)v+ (Y, —mU) r+Ys6 (3.7b)
(mxg — Ny) v+ (I, — Ni) i = Nyv+ (N, —mxgU ) r + Ng 6 (3.7¢)

The thrust generated by a propeller considered to be equal to K7/J?, where Kr
denotes propeller thrust open water characteristic and J is propeller advanced ratio,
as explained in [37,38]. The propeller model considers only the thrust force generated
by the propeller. Side forces and moments are completely ignored [39]. The propeller
thrust force Xp is added to the the right-hand side of surge equation (3.7a). The new

ship surge motion equation becomes:
(m—Xy)u=X,u+Xs6+ Xp (3.8)
The surge force due to the thrust generated by the propeller is given by the equation:
Xp=1-1p)T, (3.9

Where tp is the thrust deduction factor and 7, is the propeller thrust. The details of
propeller modeling can be found in [40]; however, the equations used in this propeller

model are summarized in Table 1 for the completeness of this study.

Table 3.1 : Equations required to calculate the hydrodynamic force of the propeller.

Definition Equation
Thrust of propeller T, = pn%D‘},KT
Thrust coefficient Kr =ko+kiJp+ k2J1%
Propeller advance ratio Jp =up/npDp
Inflow velocity to propeller up=u(l—wp)
Wake fraction of propeller  wp = wpgexp(—4f37)
Geometrical inflow angle Bp =B —xpr’
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3.2 Nonlinear Motion Model

This subsection focuses on the derivation and analysis of the Maneuver Modeling
Group (MMG) model [40], a well-established 3DOF nonlinear ship equation of
motion. The MMG model extends the previously derived control-oriented ship
equation of motion by incorporating the dynamics of the ship propeller. By integrating
the propeller dynamics into the model, a more comprehensive understanding of the
ship’s behavior and the interaction between its motion and the propeller can be
obtained. The derivations and explanations presented in this subsection aim to provide
insights into the nonlinear ship equation of motion with propeller dynamics, which

serves as a valuable tool for ship motion control design and optimization.

The derivation process for transitioning from a 6-DOF to a 3-DOF nonlinear ship
equation is initially similar to that of the linear equation, as discussed in the preceding
subsection. A key point of difference occurs from (3.3). At this juncture, each
component—namely, the surge force X, sway force Y, and yaw moment N—is

formulated as follows:

X=Xyg+Xr+Xp (3.10a)
Y=Yy+Yr (3.10b)
N = Ny + Ng (3.10¢)

The use of subscripts H, R, and P signifies the hydrodynamic forces and moment

generated by main parts of the ship, namely the hull, rudder, and propeller.

3.2.1 Forces and moment acting on the hull

The forces and moment exerted on the ship hull, denoted as Xy, Yy, and Ny, can be

represented by the following polynomial expressions:

Xy (v, 1) = =Ry + X\ V24 X!V 4+ X! PP X v (3.11a)

2%%%

Yi(V i) =YV 4 Y+ Y VB 4 Yv/wvﬁr/ + lerrv:nrl2 +v, "3 (3.11b)

vy

Ny (V. ,r1) = NV +Npr1+ N, V3 + Névrvﬁr/ + Nérrv:ﬂrlz +N 3 (3.11c¢)
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where all of the subscripted X/, Y7/, and N/ variables on the right-hand side
are the hydrodynamics derivative on maneuvering. The prime accents denote
nondimensionalized unit. Nondimensionalizing the units in ship hydrodynamics is
essential to simplify and generalize the analysis of ship behavior across different
scales and conditions. By removing the influence of specific units, we can express
relationships and parameters in dimensionless form, allowing for more universal
comparisons and generalizations [41]. This approach enables researchers and
engineers to develop standardized models and design principles that can be applied to
various ship sizes, speeds, and environmental conditions. Forces and moment acting

on the hull can be nondimensionalized as follows:

_ PLppdUX}y (v, 1)

5 (3.12a)
L,,dU%Y! (V. rt

yy = Poer ZH(V'"’r) (3.12b)
L2, dU>NL, (V. . rt

NH: p PP 2H(vm7r) (3.12(:)

3.2.2 Force acting on propeller

A cargo ship propeller is a crucial component of marine propulsion systems used in
large merchant vessels designed for transporting goods. It is a rotating device that
converts the mechanical power generated by the ship’s engine into thrust, propelling
the vessel through the water. The MMG model considers the propeller’s effect only on
the surge motion of the ship which outlined in equation (3.10). The generated a surge
force Xp influences the forward or backward motion of the vessel. The calculation of

Xp is determined according to the following equation:
Xp=(1—1tp)T (3.13)
In order to simplify the analysis, the MMG model assumes that the thrust deduction

factor #p to remain constant for a given propeller load. The propeller thrust 7' can be

calculated as follows:

T = pn;DpKr(Jp) (3.14)

Here, T is determined by several factors. These factors include the propeller revolution

rate np, the propeller diameter Dp, and the propeller thrust open water characteristic
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K7. In MMG model, K7 is approximated in term of Propeller advanced ratio Jp which

expressed set of following equations:

Kr(Jp) = koJ3 + ki Jp + ko (3.15)

The coefficients kg, kj, and k, represent the parameters associated with Kr. The

calculation of Jp model is carried out as follows:

up
Jp=
I’lPDp

(3.16)

The inflow velocity to the propeller up, is determined based on the following

calculation equation:

up=u(l—wp) (3.17)

where the wake coefficient at the propeller position during maneuvering motions wp,

is determined as follows:

wp = wpoexp(—43) (3.18)

In (3.18), wpy denotes ship’s wake coefficient at propeller position in straight moving
while Bp denote geometrical inflow angle to propeller in maneuvering motions which

can be expressed as:

Bp =B —xpr (3.19)

Here, Bp computed by subtracting the hull drift angle at mid-ship 8 with multiplication
of nondimensionalized longitudinal coordinate of propeller position xj and the yaw

rate r of the cargo ship.

3.2.3 Forces and moment acting on rudder

As shown in (3.10), the rudder of the ship contributes to the generation of forces and
yaw moment. To determine the forces and yaw moment generated by the ship’s rudder,

the following calculations can be employed:

Xgp = —(1 —tR)FN sin 0 (3.20a)
Yp = —(1+ag)Fycosd (3.20b)
NR = —(XR — aHxH)FN cos 0 (3.200)
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here, the rudder normal force Fy, is considered, while the tangential force is neglected.
The coefficients tg, ag, and xy are used to account for the hydrodynamic interaction
between the ship hull and rudder [42]. The tg coefficient, known as the steering
resistance deduction factor, quantifies the deduction in rudder resistance relative to
Fysind, where d represents the longitudinal component of Fy. It also includes the
increase in propeller thrust induced by steering, resulting from the elevation of the
nominal wake at the propeller position [43]. The ay coefficient represents the factor by
which the lateral force acting on the ship hull due to steering increases in comparison
to the lateral component of Fycosd. Empirical observations from tank tests have
shown that ay typically ranges from 0.3 to 0.4 [40]. The xy coefficient represents
the longitudinal location at which an additional lateral force component acts, and it
has been measured to be approximately —0.45 multiplied with the length of the ship
L), indicating that the force acts on the stern part of the hull. Fjy can be calculated as

follows:
 PARUR fosinog

Fy >

(3.21)

where the resulting rudder inflow velocity Ug and the angle ag can be mathematically

expressed as following set of equations:

Ur = \/uz+ v (3.22a)

ORp ~ 0 — (VR/MR) (3.22b)

In equation (3.22), the variables ug and vg represent the longitudinal and lateral inflow
velocity components to the rudder, respectively. These variables can be determined

through the following calculations:

2
ugr = €u(l —wp) n{1+1<< 1+8]§T—1)}+(1+n) (3.23a)

wJp

vr = UYrPr (3.23b)

where € which represents the ratio of wake fraction at the propeller position wp to
the wake fraction at the rudder positions wg. Another parameter is 11 which denotes
the ratio of the propeller diameter Dp to the rudder span Hr. Additionally, x is an
experimental constant used to express ug, the inflow velocity at the rudder. The ship’s

speed U is the resultant of its longitudinal velocity u and sway velocity v, calculated
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as Vu?+v2. The variables y; and Pg represent the flow straightening coefficient and

effective inflow angle to the rudder in maneuvering motions, respectively.

1 _
== Xi (3.242)
Br =P — lzr’ (3.24b)

Here, [, is nondimensionalized the cargo ship’s effective longitudinal coordinate of

rudder position.

3.3 Model Validation

Before implementing and testing any controller designed, it is crucial to verify the
accuracy of the model by comparing it with experimental results from previous studies.
The validation process utilizes the results presented in [38] to assess the developed ship
dynamics model. Specifically, the ship’s attitude during starboard side turning with a
constant rudder angle of & = 35 degrees is plotted, along with the xy-coordinates of
the ship’s location. To ensure a robust validation procedure, the DTC Container ship
at a 1/80 model scale is selected as the physical ship for validation, as documented in
[44]. This ship is commonly used for comprehensive documentation and standardized
simulation parameters, facilitating the comparison and validation of results across
different simulation tools and methodologies [45]. The geometric properties of the
ship, hydrodynamic coefficients, and rudder parameters used in the simulations are

detailed in Appendix A.

Figure 3.1 illustrates a comparison between the obtained turning circle test results
and other experimental and numerical findings from published literature, specifically
references [38] and [39]. The presented results are nondimensional, enabling
standardized comparisons of trajectory data across multiple studies [46]. The objective
of this figure is to demonstrate the accuracy of the trajectory approximation for a
constant rudder angle of 6 = 35 degrees withconstant propeller speed np = 11.89
revolution/s. The actual ship trajectory, represented by the black line, is obtained from
experimental measurements conducted on the real system. Notably, both the linear and
nonlinear models developed in this study demonstrate a satisfactory level of agreement
with the actual system, comparable to the CFD and system based results obtained from

other study.
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Figure 3.1 : Comparison of turning circle test results vs. Experimental (Top), vs. CFD
(Middle), vs. System-based (Bottom) at a rudder angle of 35 degrees.
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4. HEADING CONTROL WITH PARAMETRIC UNCERTAINTIES

Numerous studies have been conducted in the field of ship control, specifically
focusing on managing uncertainties associated with hydrodynamic coefficients.
Various approaches have been explored, including predictive methods like Multi-level
Model Predictive Control (MPC), adaptive control techniques, fuzzy logic-based
control, machine learning-based approaches such as reinforcement learning, and robust

control methods.

The focus of this chapter is to implement a robust controller to address the
aforementioned problem. Robust controllers utilize mathematical models that consider
uncertain parameters to ensure stable and accurate ship operation under different
conditions. However, finding a suitable robust controller using deterministic methods
can be challenging, given the complexity of the optimization problem. The commonly
used ship motion model provided by MMG, for example, has 17 coefficients for the
hull’s hydrodynamic coefficient alone, making the optimization problem complex and

large.

4.1 Robust Syntheses to Typical Optimization Problem

Consider hydrodynamic forces acting on ship hull provided by MMG [40]:

Xy — PLppdU> Xy (viy: 1)

: (4.1a)
L,pdUYf (v, 11

YH:P PP ZH(Vm’r) (4.1b)
L2 27! / /

NH: P pde ;VH(vmﬂr) (410)

X ,Yn and Ny are surge force, sway force and moment acting on the ship hull while
prime accents denote nondimensionalized forces that can be expressed polynomial

functions:
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Xpy (V) r1) = —Rj + XV/vvﬁ + X!V + Xr'rr'2 +x! v (4.2a)

vwvyv'm

Y (v rt) =YV, Yt + Y. v+ levrv;%r/ + Yv/rrv;ﬂr/2 +Y, " (4.2b)

rrr

Ny (V. 1) =NV 4+ Ngrt+N! V3 +Néwvﬁr/ —{—Nérrv:nrlz +N " (4.2¢)
Where all of the subscripted X,Y, and N variables on the right-hand side are the
hydrodynamics derivative on maneuvering which can be denoted as ©¥. With 17
parameters being considered in controlling a ship’s hull, determining the optimal
controller parameter through deterministic methods involves complex mathematical
calculations [47]. In such cases, meta-heuristic optimization approaches such as
Particle Swarm Optimization (PSO) and Genetic Algorithm (GA) are commonly used
[48]. One approach to solving this problem is to define a desired cost @, and search
for a k value that results in a cost ® less than the desired cost [49]. To accomplish this,

we can frame the optimization problem as follows:
w; > 0, k) 4.3)

Here, the cost @ given hydrodynamics coefficient ¥ and controller parameters k has
to be less then desired cost ;. However, due to the fact that ¥ are generally comes
with some degree of error, the optimal parameter kK might not work as good as the
simulated result [50]. This error generally caused by difficulties on setting up a proper
experimental condition considering the nature of the sea is very dynamically uncertain
[51]. Let us define parameter ¥ from experimental result as the nominal parameter ¥

which is the subset of ® which can be expressed as follows:
O2vvc[d , 080 <<t (4.4)

To be able to have a controller that can also compensate these uncertainties, controller
obtained from (4.4) will not be sufficient. Instead, we need to have a robust synthesis

to the equation. This can be expressed as follows:
w; > {o(%,k) V0 cB} 4.5)

Typically, optimization problem from (4.4) solved by using meta-heuristic optimiza-
tion algorithm [52] due to the complexity of the MMG model. This optimization

algorithm is commonly used to find optimal solutions for complex problems
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where traditional optimization methods are not effective [53]. While metaheuristic
optimization such as Genetic Algorithm (GA) and Particle Swarm Optimization (PSO)
have been shown to be effective at solving optimization problems without uncertainties
being introduced, they can be computationally expensive, particularly when dealing
with a large number of uncertain parameters. Figure 4.1 illustrates how PSO or GA

would work given uncertainties problem:

Initial particle p position i-th particle p position
9]
- 9 Cap .
g 1A /->| 1st iteration (94) | | i-th iteration (9)
3 192‘\.,| 1st iteration (8,) | - | i-th iteration (3
I st iteration (9,) i-th iteration (J,) L+ Optimal k
= 19 8 3
3 RN — ——
N \PI 1st iteration (9,) | - | i-th iteration (9;,)

|-
Ll
Number of iterations 7

Figure 4.1 : Particle or Population Based Optimization for Multi-sample Problem.

For every sample of the model ¥, the motion model is simulated with p number of
particles for i iterations. Meaning, the number of motion model together with the

control algorithm being simulated @ can be expressed as follow:

Opso/Ga = N-D-Ipso/GA (4.6)

As we increase the number of samples ¥ set of [, 9], number of particles p,
and iteration ipgp/G4 to be dense enough in order to obtain desired accuracy [54],
we significantly increase the number of models being simulated which corresponds
to amount of time needed to perform the optimization process. Assume that the time
taken for finding an optimal & to satisfy (4.4) is 20 hours. Then for 10,000 samples ¥
set of ®, we are expecting 200,000 hours or approximately 25 years to solve problem
from (4.5) with the same optimization algorithm. Here we learn that the existence of
solution in this case is necessary but not sufficient considering the time taken to run
the simulation is also an important factor. The solution of this problem requires both

good result of k as well as reasonable time to run the optimization simulation.
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4.2 Bisection Optimization via Blind Search

In this subchapter, an approach for optimizing the problem introduced in previous
subchapter, which is the Bisection Optimization via Blind Search is presented. Unlike
metaheuristic optimization solver discussed in the previous subchapter, this method
works faster due to the fact it does not have the particle or population-based iteration
during the optimization. The proposed method, on the other hand, does not rely with
the number of particles or population. Bisection Optimization via Blind Search is a
two-step optimization algorithm that utilizes a blind search technique in the first stage,
followed by a refinement process using the bisection method to obtain the optimal

controller. The steps involved in this method described in Figure 4.2.

E t —
frorcost@ Bisection
J‘ Wiy | Wy [ @ [\ .::. \
]
o
2 O el Bl I il RN, R
- 2 —> . .
5| ( < }—» Optimal k
é _‘9n . . . .
=
o
= \, Wn1 | Wn2 .. Wpm J &> j
y
f\ 4\ A
( ﬁ
ki ky ... kn i number of iteration

m number of k samples

Figure 4.2 : Bisection Optimization via Blind Search for Multi-sample Problem.

In this approach, the model is simulated for n samples, using m sampled controller
parameters k, and saving the resulting cost value @. The controller parameter k, that
yields the lowest value of @ is then refined in the second stage using a bisection-based
optimization method. The number of simulations of the motion model and control

algorithm need to be completed, denoted by @, can be expressed as follows:
Opp = n(m + iBB) “4.7)

Here we can see that the number iteration of bisection method ipp being added to
number of k samples m compared to ipsp/G4 Which effects the number of models
being simulated @ multiplicatively. Therefore, the algorithm being proposed can

significantly reduce the optimization time needed.
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4.2.1 Methods of sampling

As mentioned in the problem formulation, the hydrodynamics coefficients are the
uncertain parameter in this study. A Gaussian distribution employed for random
generation to account for uncertainties in the model. The reason for choosing this
distribution is to treat the hydrodynamics coefficient obtained from experimental
results as a valid reference for the model uncertainties. As explained previously, the

uncertainty range is defined as:
O <D< BT (4.8)

Where the mean of the distribution will be based on the nominal sample ¥, while the
standard deviation of the distribution will determine the level of error associated with
the hydrodynamics coefficient. The distribution of model uncertainties and the impact

of standard deviation on its shape are visually illustrated in Figure 4.3.

o = Standard Deviation

;
|
|
| |
[ a—

| |
| | L

L

Larger standard deviation Smaller standard deviation

Figure 4.3 : Gaussian-based sampling of model uncertainties.

The number of samples required to obtain a reliable estimate of real-world scenarios
will be determined using a function introduced by Lyonett and Toscano [55], which is
expressed as follows:

In(1—a)

The minimum number of samples required for a reliable estimate is denoted as n,
with a and b being parameters that determine the level of confidence in the sampling
method. The value of a and b ranges from O to 1, with a larger value of a resulting in a

greater number of samples needed, and a larger value of b requiring fewer samples.

In contrast to the sampling of model uncertainties, the controller parameters k are
randomly generated using a uniform distribution, as there is no prior information about

the optimal controller [56]. The process involves specifying the search interval and the
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required number of samples. The value of n obtained from (4.9) is used to determine

the number of k samples.

4.2.2 Performance criterion

The evaluation of a controller’s performance during the optimization process
conducted through the use of a cost function. Four distinct types of error-based cost
functions J are considered, namely: Integral of Absolute Error (IAE); Integral of
Squared Error (ISE); Integral of Time multiplied Absolute Error (ITAE); and Integral
of Time multiplied Squared Error (ITSE). Table 4.1 shows mathematical expressions

and descriptions of all mentioned functions.

Table 4.1 : Cost functions and their respective equations.

Cost Function Equation
IAE JiaE = f|€|dl‘
ISE Jise = fezdt
ITAE JiTaE = fl|€|dl
ITSE Jirse = [tedt

IAE measures the steady-state error of a control system by minimizing the integral
of the absolute error over time [57, 58]. Similarly, ISE minimizes the integral of
the squared error over time, making it suitable for evaluating the steady-state error
of a control system [57-59]. ITAE, on the other hand, is designed to minimize the
integral of the absolute error over time while prioritizing fast and accurate response
times [57]. This cost function is commonly used in systems that require quick and
precise responses [57,60]. Finally, ITSE computes the integral of the absolute error
over time, making it suitable for systems that require fast and accurate response times

but may be more sensitive to overshoot or oscillation [56, 58, 59].

4.3 Autonomous Cargo Ship Heading Control Strategies

The domain of autonomous cargo ship heading control is a critical aspect of
ensuring accurate navigation and efficient course following. With the rise of
autonomous vessels, achieving precise and robust heading control has become an

essential objective. This chapter provides an in-depth analysis of PID-based control
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strategies employed in autonomous cargo ship heading control, with constant propeller

revolution speed.

By virtue of its simplicity, versatility, and robustness, the PID-based controller
emerges as an optimal choice for autonomous cargo ship heading angle control
in real-time scenarios. Notably, its efficacy stems from the capacity to finely
tune control parameters, ensuring desired performance characteristics encompassing
stability, responsiveness, and steady-state accuracy. Leveraging the PID controller,
autonomous cargo ships can attain and sustain precise heading angles, culminating
in improved navigation accuracy, efficient route planning, and heightened overall
operational efficiency, thereby bolstering the viability and advancement of autonomous

maritime transportation.

4.3.1 P controller

The proportional (P) controller can be considered as the most elementary variant
among the PID-based controller family. Figure 4.4 depicts a diagrammatic illustration
outlining the operational scheme of the P controller for cargo ship’s heading tracking

control.

SHIP MOTION Yeur
MODEL

Figure 4.4 : Block Diagram of control system with P controller.

This operational scheme entails the calculation of the disparity between the reference
heading angle y,.r, and the present heading angle y,,,. Subsequently, this error is
multiplied by the proportional gain coefficient kp [61]. This sequence of input signal

0 calculation can be mathematically represented by the following equation:

0= kP(lI/ref - l,l/cur) (4'10)

4.3.2 PD controller

The Proportional-Derivative (PD) controller surpasses the Proportional (P) controller
as an optimal choice for ship heading tracking control, primarily due to its capacity

to mitigate oscillations and improve overall system performance [62]. Unlike the
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P controller that solely considers the current heading angle error, the PD controller
incorporates both the error e(¢) and the rate of change of the heading angle y. This
concise introduction highlights the superior attributes of the PD controller in ship
heading control, emphasizing its ability to effectively reduce oscillations and enhance
tracking precision. Figure 2 visually depicts the operational mechanism of the PD

controller, further elucidating its role in ship heading tracking control.

1pref + | a
;? ey | ac®

Figure 4.5 : Block Diagram of control system with PD controller.
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The computation process for the PD controller in a discrete system, as depicted in

Figure 4.5, can be mathematically expressed as follows:

d
o :kP(lVref_llfcur)‘f'kDE(llfref—llfcur) (4.11)

Here the computation of the rudder angle & in the PD controller involves the
summation of two terms. The first term is obtained by multiplying kp with the error
e(t). The second term is obtained by multiplying the derivative term of the controller

kp with the derivation of e(z) with respect to time.
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Figure 4.6 : Block Diagram of control system with PID controller.
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4.3.3 PID controller

While the P or PD controller adjusts the control variable based on the current error or
the error and its rate of change, respectively, the Proportional-Integral-Derivative (PID)
controller incorporates an additional integral control component to address steady-state
errors. By integrating the historical error over time, the PID controller improves
accuracy and stability, making it a versatile and essential control algorithm in various
applications [63]. Figure 4.6 illustrates the working principle of a PID controller in

controlling the ship’s heading angle.

The relationship between the integral term and the other components in the

determination of & is defined as follows:

t

d
5:kP(Wref_chur)‘f‘kDE(Wref_Wcur>+kl/ e(t)dt (412)

fo

where PID control introduces an additional integral term k7 in the computation of the
control variable 8. This term are multiplication of k; and the integration of e(z) over

time.

In this study, the consideration of a Proportional-Integral (PI) controller was omitted
due to the specific requirements of ship motion control applications. While the
integral term in the PID controller aims to eliminate steady-state error, it is not the
primary focus in ship motion control. The main objectives in this context are efficient
point-to-point movement, which can be addressed by the proportional term kp, and
ensuring comfort and safety by reducing oscillations, which can be handled by kp.
Thus, it was determined that studying the PI controller is unnecessary for ship motion

applications, given the specific goals and priorities of this domain.

4.4 Optimization Parameters and Results

A simulation scenario created where the controller is given a task of changing the yaw
angle y, from O degree to 40 degree. To evaluate the effectiveness of the controller,
the study introduced varying levels of uncertainty to assess its ability at maintaining
stability with tolerable variations in the system parameters. In this thesis, the levels of
uncertainty considered to be £20% which represent the extent to which the parameters

can deviate from their nominal values.

27



1/80 DTC Ship

Optimal
Ref. Robust —

Controller o Il =0 NN L

a

L4

v
<

Measured Heading ¥

Figure 4.7 : Heading angle y control optimization.

Figure 4.7 illustrates the scenario for the optimization. The output Optimal Robust
Controller block is rudder angle 6 which has angle saturation max. 35 degree and
turning rate saturation of max. 10 degrees/second. The ship has initial surge speed

1.179 m/s and the propeller speed is 5 revolutions/second.

4.4.1 Initialization of optimization process

In this study, two types of controllers were investigated, namely proportional (P) and
proportional-derivative (PD) controllers. The justification of derivative term inclusion
is to damp out oscillations or overshoot in the system’s response which can improve
the stability and settling time [53]. On the other hand, the integral term considered to

be excluded due to the system’s inherent stability [57] and expected slow response.

Table 4.2 : Bisection Optimization via Blind Search Properties.

Optimization Parameters

S1,8B 0
SZ,BB 100
d 5
m 10,000
a 0.995
b 0.005

Optimization parameters can be seen in Table 4.2 where 10,000 controller parameter
k is sampled with lower search bound S; = 0 and upper interval bound S, = 100. The
initial bisection interval d = 5 and we obtain number of uncertainties sample n = 1058

which determined from parameter a and b as shown in (4.9).
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4.4.2 Optimization results

The simulation was run on a computer with an Intel Core i7-9750H, 20GB of RAM, an
NVIDIA Quadro T1000 graphics card and the simulation software used is MATLAB

R2022b. The total elapsed time for each optimization is approximately 15 hours.

Table 4.3 : Optimization Results.

Cost P controller PD Controller
Function kp Cost kp kp Cost
IAE 2770 7632.63 1.83 10.30 6684.96
ISE 251 3365.27 1.45 11.01 2709.62
ITAE 281 69776.19 1.84 10.31 47857.26
ITSE 2.62 15128.92 1.80 10.27 12229.44

Both P and PD-controller has same amount of controller parameter being sampled .
The only difference is PD controller has pairs of k = [kp,kp|, instead of only kp. The
results are listed in Table 4.3. All error criterion provides practically the same result
although the decimals are varied. Cost functions which employ a time multiplicative
factor (ITAE and ITSE) demonstrate a slightly larger kp value compared to IAE and
ISE. Nevertheless, the main insight from the table is it can be seen that PD-controller
outperformed the P controller, as lower cost associated with the former. It should be
noted that the comparison of costs between different error criterion is not meaningful,
since each of them employs a different equation to calculate the error.
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Figure 4.8 : System responses with P and PD-controller via IAE.

29



In order to visualize the result from Table 4.3, optimum controller obtained via IAE
selected arbitrarily to be plotted in Figure 4.8. Darker lines represent the system
response in the ideal condition where there are no hydrodynamic coefficients error
while the lighter colored regions are actually a group of densely stacked lines that
represents the system response with 1058 random gaussian variation of hydrodynamic
coefficient with 20% level of uncertainty. It can be observed that adding derivative term
into controller gives a damping effect on the system’s response that reduce overshoot

and oscillations, resulting in a faster settling time.

4.4.3 Computational Efficiency Comparison

The computational efficiency of the proposed optimization method is compared with
the conventional PSO algorithm in terms of the execution time needed to achieve
the optimal solution within a desired tolerance. As discussed previously, conducting
PSO optimization for the entire range of sampled uncertainty variation (n = 1058) is
impractical. Therefore, in this simulation, the focus is only on the nominal value. The

PSO optimization parameters are provided in Table 4.4.

Table 4.4 : Particle Swarm Optimization Properties.

Optimization Parameters

S1,pso 0
$2.pso 100
N 100
Stopping Criterion If 8kp,8kp < 0.01
Cost Function IAE

here, a swarm size of N = 100 employed and the stopping criterion selected based
on the requirement of considering only 2 decimal places, as shown in Table 4.4.
The simulation was conducted only for PD controller, as P controller did not yield
satisfactory results in the previous section. Again, IAE arbitrarily selected for error
criterion as the other three cost functions provide relatively similar results. After 7

iterations which took approximately 19 minutes, kp = 4.17 and kp = 9.35 obtained.

The obtained controller parameters obtained via PSO algorithm are tested in a same
simulation scenario introduced previously. and the system’s responses are compared
in Figure 4.9. The simulation results demonstrate that in conditions of ideal situations

(0%) or low uncertainty (5%), PD-controller from PSO algorithm arguably provides
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Figure 4.9 : System responses with P/PD-controller from proposed method and
PD-controller from PSO for 0%, 5%, and 20% level of uncertainties.

the best performance for ship motion control. Although some small overshoot is
observed, the settling time is quicker compared to other methods. However, as the
level of uncertainty increases to 20%, undesired behavior starts to appear. For certain
combinations of parameter variations, the system response yields 25% overshoot,
which is not desirable in ship motion control. In contrast, the PD-controller obtained
from Bisection Optimization via Blind Search shows a more stable response and
quicker overall settling time in higher uncertainty conditions. This can be attributed to
the fact that the PD-controller via our proposed method considers all possible model
parameter variations (n = 1058) while the PSO algorithm does not. If all model
samples were to be considered in PSO algorithm, the simulation time required would
be approximately become 19 minutes multiplied 1058 samples which resulting the
total of 22218 minutes, or around 14 days. This shows that the proposed method is 22

times faster.
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4.5 Test Cases

In this section, additional tests conducted to further enhance our comprehension of
how well the controllers perform. These tests involved three different scenarios:
Step, M-Turn, and Doublet maneuver test. The ship provided with a set of position
coordinates in the form of x and y references. The reference coordinates which used
the ship’s length L as a reference point are listed in Table 4.5. We varied the locations

to see if the control system could handle different scenarios effectively.

Table 4.5 : x and y coordinate references.

Step M-Turn Doublet
x(L) y(L) x(L) y(L) x(L) y(L)
0 0 0 0 0 0
1 0 1 1 1 0
3 1 2 -1 1 1
3 1 3 1 2 1
— — 4 0 2 -1
— — — 3 -1
— — — — 3 0
— — — — 4 0

The ship’s ability to reach each point is the main objective in this test cases, rather than
the specific angle at which it arrives or which path it should follow. Fig. 4.10 illustrates

the control loop for these test cases, which outlines the steps involved in the process.

1/80 DTC Ship _
xy ref. Optimal 2= > X
Initial xy S0 '

Robust

Controller L
A 4 4 bRt s

v

v

Measured x

Measured y
Measured

Figure 4.10 : Waypoint control of 1/80 DTC Ship.

It is apparent that the system references are given in xy—coordinates, whereas the

input of the system requires heading angle as a reference. Hence, a transformation
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is necessary to convert the input reference from xy—coordinates to a heading angle

reference. This can be formulated as follow [64]:

yref_ymeas) (413)

Yoy = arctan2 (
Xref — Xmeas

where x,.r and y,s are x and y coordinates reference respectively while xpeqs and

Ymeas are measured coordinates at current time step. The process of feeding input to

the controller is done incrementally, one reference point at a time where the ship must

be within 50 cm of the current reference point before the next reference point can be

tracked.
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Figure 4.11 : Ship maneuver test cases for 20% uncertainty level.

Figure 4.11 compares the paths taken by a 1/80 DTC ship controlled by PD-controllers
obtained using Bisection Optimization via Blind Search and the Particle Swarm
Optimization algorithm. The controller obtained by our proposed method is capable
of tracking all of the given reference waypoints. In contrast, the controller obtained
from PSO algorithm, which is designed only for nominal parameter values, encounters

difficulty when uncertainty introduced.
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5. CONCLUSION

This thesis has explored control strategies and optimization approaches to effectively
address the presence of parametric uncertainty in ship hydrodynamics for autonomous
cargo ships. The research objective was to develop control-oriented models and
methodologies that enhance the maneuverability and performance of cargo ships under

uncertain hydrodynamic parameters.

Validation of the proposed approach through turning circle tests has provided
promising results. Comparisons with other experimental and numerical studies have
showcased the capability of the developed models, both linear and nonlinear, to
approximate the actual ship trajectory. The level of agreement observed, comparable
to computational fluid dynamics (CFD) results, confirms the practicality and accuracy

of the proposed control strategies and optimization approaches.

The control strategies developed in this research have focused on
proportional-derivative (PD) control methods. Considering the nature of ship
dynamics and the desired objectives, it was determined that integral control
parameters do not play a significant role in ship control. The emphasis was placed on
reducing steady-state error and minimizing oscillatory motions for improved comfort
and stability. Therefore, the PD control approach was deemed suitable for achieving

the desired ship control performance.

To address the parametric uncertainty, a novel optimization technique called "Bisection
Method via Blind Search" was proposed. This technique aims to optimize the control
inputs in the presence of uncertain parameters, effectively improving the robustness
and adaptability of the control system. By systematically exploring the parameter
space through a blind search approach, the optimization process can converge to a
suitable control solution that mitigates the impact of parametric uncertainty on ship

hydrodynamics.
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The implications of this research extend to the field of autonomous shipping, where
precise and reliable ship control is essential. The developed control strategy, based
on PD control, offers a practical and efficient approach for autonomous cargo ships to
navigate, maneuver, and maintain desired trajectories. The integration of the proposed
optimization technique further enhances the adaptability and robustness of the control

system, ensuring safe and efficient operations in diverse maritime environments.

In acknowledging the limitations of this study, it is important to note that the control
strategies developed in this research do not explicitly consider disturbances during
the control phase, such as wave and wind disturbances. These external factors
can significantly impact the performance and stability of autonomous cargo ships.
Therefore, a potential avenue for future work would be to incorporate control-oriented
wave and wind disturbance models to enhance the effectiveness of the proposed
control strategies presented in this thesis. By accounting for these disturbances, the
control system can be further optimized to ensure robust and reliable ship control
under varying environmental conditions. Addressing the influence of disturbances will
contribute to a more comprehensive and realistic control framework for autonomous

cargo ships, enhancing their operational capabilities in real-world scenarios.

Looking ahead, future research opportunities lie in the exploration of advanced control
algorithms, such as model predictive control (MPC), adaptive control, or fuzzy logic
control, to further improve the ship’s maneuverability and response in dynamic
conditions. Additionally, the optimization techniques can be expanded to consider
more complex uncertainties and constraints, allowing for even more optimized ship

control strategies.

In conclusion, this thesis has successfully developed and evaluated control strategies
for addressing parametric uncertainty in ship hydrodynamics. The utilization of PD
control and the proposed "Bisection Method via Blind Search" optimization technique
has demonstrated their effectiveness in achieving precise and stable ship control. The
research outcomes contribute to the advancement of autonomous cargo ship control,

paving the way for safe, efficient, and reliable autonomous shipping operations.
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APPENDIX A

Table A.1 : 1/80 DTC Ship Geometric Properties.

Geometric Properties

L 7
m 3.27
L, 0.2044
XG 0.011

Table A.2 : 1/80 DTC Hull Hydrodynamics Coefficients.

Hull Hydrodynamics Coefficients

Ro -0.033 Y, -0.3579 N, -0.0698
Xy -0.0491 Y. 0.127 N, -0.0435
p. € -0.1201 S -0.2509 Ny, -0.0588
Xyr -0.0509 Yovr 0.1352 Nyyr -0.0367
Xypy 0 Yorr 0 Nypr -0.0367
— — Y 0 Nyrr -0.0367

Table A.3 : 1/80 DTC Propeller Hydrodynamic Coefficients.

Propeller Hydrodynamic Coefficients

ko -0.1060 Wpo 0.35
ky -0.3246 C 0
k> 04594  C(B>0) 1.6
tp 0.22 Cz(ﬁ < 0) 1.1
Dp 2.6 — —

Table A.4 : 1/80 DTC Rudder Hydrodynamic Coefficients.

Rudder Hydrodynamic Coefficients

IR 0 ag 0.312
XR -16 ag -0.0655
fa 2.747 (B > 0) 0.640
Ug 0.5 YR(B <0) 0.395
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