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Abstract: Automatic berthing is at the top level of ship autonomy; it is unwise and hasty to hand over
the control initiative to the controller and the algorithm without the foundation of the maneuvering
model. The berthing maneuver model predicts the ship responses to the steerage and external
disturbances, and provides a foundation for the control algorithm. The modular MMG model is
widely adopted in ship maneuverability studies. However, there are two ambiguous questions on
berthing maneuver modeling: What are the similarities and differences between the conventional
MMG maneuvering model and automatic berthing maneuvering model? How can an accurate
automatic berthing maneuvering model be established? To answer these two questions, this paper
firstly performs bibliometric analysis on automatic berthing, to discover the hot issues and empha-
size the significance of maneuver modeling. It then demonstrates the similarities and differences
between the conventional MMG maneuvering model and the automatic berthing maneuvering
model. Furthermore, the berthing maneuver specifications and modeling procedures are explained in
terms of the hydrodynamic forces on the hull, four-quadrant propulsion and steerage performances,
external disturbances, and auxiliary devices. The conclusions of this work provide references for ship
berthing mathematical modeling, auxiliary device utilization, berthing aid system improvement, and
automatic berthing control studies.

Keywords: automatic berthing; maneuver modeling; bibliometric analysis; motion specifications;
hydrodynamic characteristics

1. Introduction
1.1. Background

According to statistics, 89%~96% of collision accidents [1] are caused by human error,
and nearly 70% of accidents are related to the bad ship skills of the operators in the port [2].
To reduce or even eliminate the collisions caused by human errors, the maritime sector is
moving rapidly towards autonomous shipping.

With the proposal of E-Navigation, the China Classification Society (CCS), Det Norske
Veritas (DNV), Germanischer Lloyd (GL), Lloyd’s Register of Shipping (LR), and other
authority institutions successively published corresponding regulations and standards
on autonomous ships. Regarded as the last-mile issue in ship operation, the berthing
maneuver is the most complicated and dangerous part of the mission, with comprehensive
consideration of restricted and busy waterways, off-design ship performances, and strong
external disturbances. In sum, automatic berthing is at the top level of autonomy [3–5].
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1.2. Application of Automatic Berthing

Shipping and technology institutions and enterprises in Asia and Europe have con-
ducted automatic berthing studies and experiments and made remarkable progress; the
applications of the automatic berthing systems are shown in Figures 1 and 2. Between
2018 and 2019, Mitsui E&S Shipbuilding Co., Ltd. (MES-S) (Tokyo, Japan), Mitsui O.S.K.
Lines, Ltd. (MOL) (Tokyo, Japan), Tokyo University of Marine Science and Technology
(TUMST), Akishima Laboratories (Mitsui Zosen), and MOL Ferry conducted a total of 54
auto berthing operations using a virtual pier in open water, with the training ship ‘Shioji
Maru’ [6]. And in 2022, the project team announced the success of an actual demonstration
test of their jointly developed auto berthing and un-berthing system, equipped on the
large-sized car ferry ‘Sunflower Shiretoko’ [7]. In 2022, MOL (Mitsui O.S.K. Lines, Ltd.)
completed the world’s first containership sea trial for unmanned docking and undocking,
with a 1870 DWT containership ‘Mikage’ [8]. In 2020, KASS (Korea Autonomous Surface
Ship) Project [9] brought together KRISO, KAIST, Korea Maritime and Ocean University,
and other institutions, to investigate autonomous ships and to release the study objective
on berthing aid systems and automatic berthing prototypes. In China, Navigation Brilliance
performed a series of autonomous ship tests, with the application of a berthing control
system on a training ship ‘ZhiTeng’ [10], and achieved assisted berthing and automatic
berthing on a 117 m 300 TEU container ship ‘ZhiFei’ [11].
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toko’ [7]. (b) KASS berthing aid system [9]. (c) Training ship ‘ZhiTeng’ [10]. (d) Container ship 
‘ZhiFei’ [11]. 

Figure 1. Application of the automatic berthing systems in Asia. (a) Car ferry ‘Sunflower Shire-
toko’ [7]. (b) KASS berthing aid system [9]. (c) Training ship ‘ZhiTeng’ [10]. (d) Container ship
‘ZhiFei’ [11].

In 2018, Rolls-Royce and Wartsilia successively announced their achievement with
the automatic berthing control system. Rolls-Royce and the Finnish state-owned ferry
operator Finferries [12] successfully demonstrated automatic berthing with a developed
autonomous navigation system, without any intervention from the crew, with a fully
autonomous 53.8 m double-ended car ferry ‘Falco’. Wartsilia [13] successfully carried out
a world-first autodocking test on an 83m-long ferry ‘Folgefonn’. The test covers the full
ship docking procedure, performs a gradual slowing of speed, and activates the line-up
and docking maneuver fully automatically until the ship is secured at the berth. In 2021,
Kongsberg and Yara [14] used the world’s first fully electric and autonomous container
ship ‘YARA Birkeland’, an 80 m 120TEU open-top container ship, preliminarily achieving
automatic berthing with the assistance of a Macgregor intelligent mooring system. In the
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same year, Volvo Penta [15] released their assisted docking system for boat docking, to
remove the dynamics of wind and current and to improve the control for maneuvering
in tight spaces: this is the first commercial application of an integrated berthing assistant
system. An overview of the automatic berthing applications is presented in Table 1.
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Table 1. Application of automatic berthing.

Name Type Date Affiliations Overview for Development

A
si

a

Shioji Maru Training ship
(49 m) 2018 MES-S, MOL,

TUMST, etc.
� Carrying out the tests using a virtual pier.

Sunflower
Shiretoko

Car ferry
(190 m) 2022 MOL Ferry

� Tests carried out on the service routes and an
actual pier.

Mikage Container ship
(95.4 m, 194TEU) 2022 MOL Ferry

� Calculating and visually displaying gaps
and angles.

/ System 2020 KASS � Berthing aid system.

ZhiTeng Training ship
(21 m) 2019

China waterborne
transport research

institute, etc.

� Intelligent situation awareness system;
� Autonomous navigation decision-making

system;
� Autonomous control system.

ZhiFei Container ship
(117 m, 300TEU) 2021

China waterborne
transport research

institute, etc.

� Three driving modes: manual driving, remote
control, and autonomous navigation;

� Independent route planning, intelligent collision
avoidance, automatic berthing,
and disembarking.
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Table 1. Cont.

Name Type Date Affiliations Overview for Development

Eu
ro

pe

Falco Car ferry
(53.8 m) 2018 Rolls-Royce � Real-time, detailed pictures of surroundings;

� 50 km remote control.

Folgefonn Ferry
(83 m) 2018 Wartsilia

� Hybrid propulsion;
� Automatic wireless charging;
� Automatic vacuum mooring;
� Automated docking.

YARA
Birkeland

Container ship
(117 m, 300TEU) 2021 Kongsberg and

Yara
� Fully electric container feeder;
� Remote and unmanned operations.

PENTA
Fully integrated
assisted docking

system
2021 Volvo Penta

� Dynamic variable compensating;
� Straight line movement without manual

compensation;
� Stop, slow maneuver functionality;
� Rotation around a fixed point;
� Micro repositioning and alignment and lateral

thrust for lateral docking;
� Human–machine interaction.

1.3. Contributions

The berthing maneuver in the harbor area is one of the key problems of ship manipu-
lation, as the course stability and helm response of the ship is rather different from that
in open-water conditions. This paper aims to explore the hot issues in automatic berthing
maneuver modeling, demonstrate the similarities and differences of the conventional ma-
neuvering modeling group (MMG) [16] model and the berthing maneuver MMG model,
and emphasize the significance of berthing maneuver modeling. The main contributions of
this paper are as follows:

(1) Conducts bibliometric and statistical analysis on existing automatic berthing research,
and extracts the hot issues of automatic berthing.

(2) Demonstrates the similarities and differences between the conventional MMG model
and berthing maneuver MMG model.

(3) Summarizes the motion specifications and hydrodynamic performances of the berthing
maneuver, and provides proper mathematical expressions.

1.4. Outline

The outline of this paper is organized as follows: Section 1 introduces the technical
background and application status of automatic berthing, illustrating the contributions and
outline of the present paper. Section 2 performs bibliometric analysis on automatic berthing,
generalizes six main topics of automatic berthing study, and indicates the similarities and
differences of the conventional MMG model and the berthing maneuver MMG model.
Section 3 introduces the advantages and disadvantages of three common mathematical
modeling methods, and provides suggestions on the utilization of the berthing maneuver
modeling method. Section 4 concludes with four motion specifications and hydrodynamic
characteristics, and gives a specific mathematical modeling procedure. Conclusions and
perspectives on berthing maneuver modeling are provided in Section 5. The workflow of
this paper is illustrated in Figure 3.
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2. Bibliometric Analysis

Scientometric analysis [17,18] presents high-level insights into the research domain; the
field tendencies, important issues, study contents and methods can be readily visualized,
conveniently identified and interpreted. In this section, bibliometric analysis is conducted
to show the timeline and source distribution of automatic ship berthing within the collected
literature database. A global correlation analysis and research focus of each study subject
are discussed via research density in the following subsections.

2.1. Literature Search and Visualization

In the present work, the reference and citation database Web of Science (WoS), and
bibliometric software VOS-viewer are adopted to collect references, and analyze the impor-
tant issues and correlation of current references related to automatic berthing. The method
and process of a literature index [19] and visualization are as follows:

(1) The first step is to search the literature in the WoS database and the KCI-Korean
journal database, with the following index keywords in the theme, abstract, and
keywords: (“berthing*” OR “docking*”) AND (“ASV” OR “unmanned surface vessel”
OR “unmanned surface vehicle” OR “autonomous surface vessel” OR “autonomous
surface vehicle” OR “ship”) NOT (“underwater” OR “ROV” OR “UUV” OR “AUV”
OR “aircraft” OR “drone” OR “car” OR “truck” OR “launch” OR “recovery” OR “cell”
OR “actuator”);

(2) The second step is to go through the collected literature and remove the research that
is out of this work’s scope; 115 papers are retained;

(3) The third step is to supplement studies and papers that are the source of certain
research or cited in the selected papers but not included in the database; finally,
134 papers are added. With the literature collection and filter, a total of 249 articles
consistent with the research scope are collected.

(4) The fourth step is to extract the research objects, methods, contents, and publication
time from the titles, abstracts, and keyword section of the collected references, and
establish a bibliometric database.
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(5) The fifth step is to set up the threshold for the occurrence number in the extraction
database, and then plot the network illustration on automatic berthing studies and
density diagrams of the detailed research methods and techniques.

2.2. Global Analysis

The overall research objective dependency statistic and timeline distribution on the
automatic berthing study are illustrated in Figures 4 and 5. The global network contains
four highly correlated clusters, where the red band relates to the Berthing Maneuver, the
blue group is associated with Control Method, and the collections of green and yellow
knots are in connection with Mathematical Modeling and Safety Factors, respectively. To
some extent, the four aspects with strong relevance indicate that the docking operation
itself is a complicated maneuvering procedure and that the study of automatic berthing
is not isolated, but correlated with other research interests, such as study constraints
or objectives.
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In the database of this work, the earliest study [20] on automatic berthing could date
back to the late 1980s, followed by the work of Kouichi Shouji [21] and Hiroyuki Yamato [22].
As Takeo Koyama stated, the automatic berthing system is a knowledge-based system,
involving the production rules that are mostly acquired from the shipmasters, pilots, and
circumstance-dependent parameters. The subsequent works on automatic berthing adopt
the knowledge-based or expert-based framework as the study constraints.

Systematic studies on automatic berthing started in the 2000s, focusing on the hydro-
dynamic forces and ship motions in the berthing procedure. Then the control method and
system came into sight, followed by neural network and other intelligence algorithms, and
the low-speed low-frequency, and high-accuracy berthing control problem were realized
upon the simulation level. As test methods and measurement accuracy improved by leaps
and bounds, the maneuverability model on ship docking was introduced to describe the
non-linear ship motion responses and mechanism and to elevate the ship motion control
effectiveness. Up until now, multi-factor (trajectory, external disturbance, maneuvering
velocity error, and emission, etc.)-coupled motion control on self-berthing and multi-tug as-



J. Mar. Sci. Eng. 2023, 11, 1824 7 of 31

sistant berthing have been important issues, among which pilot, navigation, and trajectory
refer to the berthing plan, and velocity corresponds to the approaching angle and velocity
in the berthing maneuver. In addition, with the development of learning and identification
algorithms and data processing, the clusters of data are found to play an important role in
motion control and statistical analysis study.
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2.3. Correlation Analysis

In conclusion, the study keywords of automatic berthing are Risk Assessment, Schedul-
ing Optimization, Emission Supervision, Perception Utilization, Motion Control, and
Maneuverability Modeling. Scheduling optimization [23] and emission supervision are
studied to relieve the pressure on traffic flow, improve the operation efficiency of the harbor
area, and reduce air pollution. However, these two aspects make little contribution to
the automatic berthing technology, and hence are not discussed here. Detailed statistical
analyses of the other branches are conducted in the following parts.

2.3.1. Risk Assessment, Perception Utilization and Motion Control

Risk assessment extracts the manipulating principles and concerns of berthing opera-
tion, and quantifies the automatic control indices; it is the insurance for automatic berthing.
As illustrated in Figure 6a, the safety factor could be categorized by order of importance
into ‘ship skills’, ‘quay layouts’, ‘external disturbances’, ‘ship characteristics’, ‘traffic flow’,
and ‘port regulation’. Each aspect is interrelated and constrained. Ship skills, wall distance,
approaching angle, and lateral speed, are essential to determine the ship’s safety berthing
principles [24,25], which are affected by ship actuation level and external disturbances [26].
As for under-actuated ships, traditional large ships, or unexpected weather conditions, gen-
erally it is suggested or required that the ship berth with the assistance of tugs. Moreover,
the quay layouts of water depth, berth orientation, and position could also hold up the
berthing process.
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Perception utilization acts as a pilot in automatic berthing, supports berthing strategy
elaboration, environmental and state perception, and is the extra eye [27] and premise of
automatic berthing. As illustrated in Figure 6b, the perception element and acquisition
methods could be categorized by order of importance into ‘berth and obstacle perception’,
‘orientation and position perception’, ‘own-ship state perception’, ‘environmental percep-
tion’, and ‘target-ship perception’. Each aspect is indispensable. In correspondence with
safety berthing principles, approaching angle, lateral speed, and wall distance are the most
significant indices. Among these, the approaching angle, lateral speed, and other own-ship
states are monitored through DGPS (Differential Global Positioning System) and IMU
(inertial measurement unit), the berth and bollard location and target-ship detection are
determined by the camera [28], millimeter wave RADAR [29], and other position sensors,
while in severe weather conditions 3D LIDAR [30], ultrasonic sensor, solar-blind ultraviolet
and other measurement gages are employed to make up the deficiencies.

According to statistics, 70% of accidents are related to the bad ship skills of the drivers
in the port [2,31], and thus ship motion control is of vital importance to the berthing
operation. In the traditional berthing process, ship control is a complicated system with
multi-input sources and multi-output terminals. It requires the officers in charge to collect
and resolve massive data expressing the external conditions and own-ship states, the
shipmaster and pilot to make up a berthing plan and alternative plan, and the chief
officer and chief engineer to convert and supervise the instruction execution conditions of
the shipmaster.

The automatic berthing process [32] is described as the following: move the ship with
low speed from pose A in the proximity of the harbor to pose B lying right next to it, while
simultaneously avoiding all static and dynamic obstacles. The hidden scientific control
problems are to position the target ship to the final pose B with real-time feedback of the
perception elements (wall distance, lateral speed, and approaching angle) in the restricted
water area and with strong environmental disturbances [33]. In the berthing process,
path planning [34,35], trajectory tracking [36,37], stabilization and robustness control are
essential control targets. Furthermore, with regard to multi-tug-assistance berthing control,
it is necessary to exert constant control on the thrust allocation induced by the assistant
tugboats, and to monitor the status of the target ship [38–40]. Whether for the self-berthing
or tug-assisted berthing, wall distance, approaching angle, ship speed, and yaw rate are
the control indices. Accordingly, ship berthing control is a low-speed low-frequency, and
high-accuracy berthing control problem.

The density of motion control methods is illustrated in Figure 6c: model predictive
control [41], fuzzy logic control [42], adaptive control [43], sliding mode control [44], opti-
mal control [45], and artificial neural network-based control [46,47] are the most common
and proven control technologies. Most of the above control methods are only effective on
a specified scene, and once the external conditions change the parameters of the control
system are ineffective. To resolve such deficiencies, artificial neural networks and other
learning algorithms [48,49] are adopted. However, the learning algorithms and intelligent
algorithms are fed on massive data, which represents a high cost; moreover, once the
imported berthing condition is not involved in the training database, the system makes
incorrect decisions, even breaking down. Furthermore, it is reported that most marine
accidents are caused by ship–ship collision and ship–shore collision [50]. In order to reduce
the risk of collision accidents, a collision avoidance algorithm [51] is embedded into the
control system to determine and implement the required safety margin distance between
the moored ships, moving ships, and the obstacles, which increases the system load to
some extent. Thus, it is essential to improve the robustness of the control system.

2.3.2. Maneuverability Modeling

The ship maneuvering model is grounded in the mechanical characteristics, in order
to denote ship responses under different internal and external inputs, and is the foundation
of the automatic berthing control system. There exist two main effects and applications:
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one is to predict the maneuvering characteristics and help ship designers and operators
know about the handling performance and the other is to provide a kinematic and dynamic
foundation for the control system. As illustrated in Figure 7, the modeling methods could be
categorized by intention into the ‘mechanism model’ and ‘control model’. The ‘mechanism
model’ involves the Abkowitz model and MMG model. In the Abkowitz model [52], the
ship is considered as a whole, and the hydrodynamic forces acting on the system are
expressed as the function of ship motion, rudder steerage, and external disturbances, while
the MMG model [16] treats the ship as an organism composed of a ship hull, propeller,
rudder, bow thruster, wind, wave, and current. Additionally, auxiliary devices like tugs,
cables, anchors, and waterway constraints like shallow-water effect, bank effect, and ship–
ship interaction could also be represented in the MMG model. The ‘control model’ treats
the ship as a multiple-input and multiple-output (MIMO) system, mainly containing the
dynamic model, Nomoto model, and model-free model. The dynamic model [53] solves
ship motion control issues with matrix formation obtained from the rigid-body kinetics.
The Nomoto model [54], the so-called ship response model, is introduced to indicate the
relationship between ship turning ability and rudder steerage, and is commonly adopted
in automated rudder exploitation. And the model-free model [55,56] is a new form of
resolving ship motion control in the black box model.
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In the Abkowitz model, the ship hull, propeller, rudder and external disturbances
are treated as a whole: the number of hydrodynamic derivatives exceeds 60, the physical
meaning of some remains unclear, and it takes a lot more captive model tests to obtain the
hydrodynamic derivatives. With regard to the dynamic model and the Nomoto model, the
whole ship is considered as a MIMO control system. These methods are widely used in ship
motion control; however, the hydrodynamic performance is eliminated to a certain extent.
In comparison, the modular MMG model independently describes the hydrodynamic
forces on the ship hull, propeller, thruster, rudder, and external conditions, with few
interaction coefficients forging a bond with each other. Moreover, each coefficient has a
distinct physical meaning, and could be obtained with fewer captive model tests.

In practice, small ships and actuated or over-actuated ships usually perform self-
berthing. Large ships often berth with the assistance of tugs, and, when conditions permit,
could also conduct independent berthing. Normally, the control actuators such as the
propeller and rudder are designed for relatively high speed (design speed, economic
speed, or constant speed). However, during the berthing process the ship undergoes much
more complicated external conditions, such as extreme low speed, high drifting, propeller
reversal, shallow-water effect, bank effect, and heavy traffic flow, which eventually lead
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to distinct changes in the hydrodynamic forces acting on the ship hull, propeller thrust,
and rudder steerage force. It is of great practical significance to study the hydrodynamic
and maneuvering characteristics of the berthing maneuver. Considering the model form,
influencing factors, and manipulating features, the MMG model now is utilized in berthing
maneuvering modeling, and will be discussed in detail in the following sections.

2.4. Discussion of MMG Model

Some studies [57–61] on ship berthing control adopt the conventional MMG mathe-
matical model framework as the foundation of the control algorithm. In these research
studies, a number of assumptions are proposed [16]:

� Hydrodynamic forces acting on the ship are treated quasi-steadily.
� The lateral velocity component is small compared with the longitudinal

velocity component.

Automatic berthing control studies [62–66] considering the berthing maneuver charac-
teristics have shown satisfactory results in comparison of model tests. In these research
studies, the berthing maneuver specifications are discussed:

� Hydrodynamic forces acting on the ship have strong non-linearity; the ship lon-
gitudinal velocity is small, and is of the same order as the lateral velocity and
yaw moment.

� Thrust and steerage forces have four-quadrant characteristics.
� The ship is vulnerable to external disturbances.
� Ship motion is assisted by auxiliary devices like side thrusters, tugs, cables,

and anchors.

In sum, automatic berthing simulation results based on both methods are acceptable.
However, there exist two ambiguous questions on the maneuver modeling framework for
the berthing maneuver motion control:

(1) What are the similarities and differences between the conventional MMG maneuver-
ing model and the automatic berthing maneuvering model?

(2) How can an accurate automatic berthing maneuvering model be established?

To answer the first question, the similarities and differences between the conventional
MMG model and the berthing maneuver model are summarized in Table 2. With regard
to the modeling methods, uniform methods (including the data-based method, system-
based method, and CFD-based method) are adopted to obtain the ship hydrodynamic
performances for both the conventional model and the berthing maneuver model. The
main differences are found in the hull motion characteristics, propulsion and steerage
device performances, external disturbances, and auxiliary devices. In the conventional
MMG model a moderate speed is concerned, the hydrodynamic forces are treated as linear,
and the should be smaller than 20 degrees; the resultant inflow angle to the thruster and
drift-angle rudder is small, and the ship motion is relatively insensitive to the external
disturbances. However, in the berthing maneuver process [67,68] the ship undergoes
conditions like low advance speed, large drifting, four-quadrant thrust and low rudder
effect, and the ship is vulnerable and sensitive to external disturbances.

In brief, there exist distinct differences between the conventional moderate speed
MMG model and the berthing maneuver MMG model, and it is essential to build a
proper and accurate maneuvering model for automatic ship berthing. The kind of ef-
fects the differences lead to and how to establish an accurate model will be answered in the
following sections.
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Table 2. Comparison between conventional MMG model and berthing maneuver model.

Indices Conventional MMG Model MMG Berthing Maneuver Model

Si
m

ila
ri

ti
es

Modeling methods
Data-based

System-based
CFD-based

Data-based
System-based

CFD-based

D
iff

er
en

ce
s

Hull

Ship speed 0.1 < Fr < 0.3 Fr < 0.1

Drifting |β| = [0, 20◦]
|r’| = [0, 0.6]

|β| = [0, 180◦]
|r’| > 0.6Rotation rate

Propulsion,
Steerage devices

Thruster First-quadrant inflow angle Four-quadrant inflow angle

Rudder Small resultant inflow angle
High rudder effect

Large resultant inflow angle
Low rudder effect

External disturbance Insensitive Vulnerable and sensitive

Auxiliary devices None Side thruster, tug, and cable

2.5. Remarks

Taken together, automatic berthing is a coordination of perception utilization, motion
control, and mathematical modeling technologies. Perception is the premise, motion control
is the key, and the maneuverability model is the foundation. A precise mathematical model
is required to make clear ship responses to the internal operations and external disturbances.
The modular MMG mathematical model is now widely adopted in the study of maneuver
modeling, due to its accessible hydrodynamic forces, clear physical meaning, and explicit
and flexible structure. In light of the maneuver specifications, a comparison between
the traditional model and the berthing maneuver MMG model is performed, and the
traditional MMG model is found to differ from the traditional model in the hydrodynamic
forces on the hull, propulsion and steerage devices, external disturbances, and auxiliary
devices. As for the automatic berthing, it is essential to establish a berthing maneuver
mathematical model.

3. Berthing Modeling Methods
3.1. Mathematical Modeling Methods

Grounded in the mechanical characteristics, the ship maneuvering mathematical
model denotes ship responses under different internal and external inputs, and is the
foundation of the automatic berthing control system. There exist two main functions, one
being to assess and predict ship maneuverability, helping ship designers and operators
to know about the handling performances, and the other to provide the kinematic and
dynamic foundation for the control system. Based on the experience of the 25th ITTC
maneuvering committee [69] and insights obtained from the SIMMAN 2008 workshop,
the maneuvering prediction methods are organized into three main parts, the data-based
method, the system-based method, and the CFD-based method. The overview of the
maneuverability prediction methods is shown in Figure 8.

3.2. Data-Based Methods

The data-based method covers the experimental method and empirical method:

(1) The experimental method mainly contains full/model-scale free-running tests, and
captive model tests. The former method establishes a database involving the ship
maneuverability indices of advance, transfer, overshoot, track reach, etc., to charac-
terize the turning, yaw-checking, and stopping abilities, and to evaluate the ship’s
inherent dynamic and course-keeping stabilities (shown in Figure 9a). Meanwhile,
the captive model tests measure the hydrodynamic performance of ships to indicate
the ship response under various external conditions.
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(2) The empirical method makes a quick estimation of the resistance [70] and hydrody-
namic derivatives [71,72] of a target ship. This method conducts regression analysis
on massive captive model test results of ships within a hull-type set; the hydrody-
namic derivatives are expressed as functions of the ship’s main dimensions, and form
parameters (shown in Figure 9b).
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The data-based method predicts the resistance and maneuverability of ships with
flexibility. However, there exist some defects: the full-scale trails and model-scale tests
normally come with a high cost; the database and the regression formulas rely heavily on
the ship-type spectrum, and once the studied ship is not involved in the spectrum, or shows
obvious differences in the hull profiles, this method cannot predict the maneuverability
with certain precession. Additionally, the accuracy of this method is also influenced by
scale effects.

3.3. System-Based Methods

The system-based method, also known as the system identification (SI) method, mainly
includes the grey box model and black box model. It is a control strategy that establishes a
mathematical model equivalent to the measuring system based on the system’s input and
output data [74]:

(1) The grey box model sets a prior model structure [75]; some identification algo-
rithms, such as maximum likelihood (ML) [76], Kalman filtering (KF) [77], the least
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squares method (LS) [78] or the improved algorithm are used to identify the experi-
ment/simulation parameters like ship speed, yaw rate, propeller revolution, rudder
angle, and trajectories. The maneuverability of the target ship is then obtained (shown
in Figure 10a). However, these methods have some inherent disadvantages: the
accuracy is sensitive to signal noise and initial estimations, and simultaneous drift is
another critical issue.

(2) To cope with these defects, the black box model is proposed. No prior information is
needed other than the datasets to gain the mapping relationship between system input
variables and output variables [79] (shown in Figure 10b). Machine learning and deep
learning techniques have been successfully applied as tools to establish the identified
model, for example, the least-squares support-vector machine (LS-SVM) [80], the fully
connected neural network [81], the deep neural network [55,82], etc.
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Figure 10. System-based methods.

In general, the system identification method is a data-driven modeling method, uti-
lizing the training data collected from simulation results, free-running model tests or
full-scale trials. The accuracy is highly dependent on the training data, and the qualified
and continuous-excitation input signal ensures better identification performance and gener-
alization ability. However, once the training data are insufficient, or the excitation is weak,
the accuracy and efficiency of identification reduces dramatically. Moreover, the specialty
of the SI method in coping with the collected data indicates that this method could not
predict the ship maneuverability at the design stage or in unknown conditions, but that it
could improve the mechanical model accuracy. As for ship berthing maneuver modeling,
an integrated SI-CFD method could be utilized to optimize the mechanical model accuracy
and to provide a basis for the control algorithm.

3.4. CFD-Based Methods

The CFD-based method is the mapping of physical captive model tests and maneuver-
ing model tests. The hydrodynamic forces are solved with the potential flow method or
viscous flow method, and the method itself consists of virtual captive model tests, direct
simulation, and the integrated method:

(1) The virtual captive model tests method conducts specific maneuvering test simula-
tions based on the maneuvering model [83,84] of the target ship, the hydrodynamic
characteristics of which are obtained via the CFD method (shown in Figure 11a,
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where upper left is the dimensionless longitudinal force X’, upper right the propeller
thrust coefficient KT, torque coefficient KQ, and thrust efficiency η0, lower left the
comparisons of the turning maneuver trajectory, and lower right the comparisons
of the heading angle ψ and rudder angle δ time histories). Moreover, the propeller–
rudder interaction, ship–ship interaction, ship–bank interaction, shallow-water effects,
and detailed ship amplitudes and flow field development could also be obtained.
This is the most effective, economical, and widely used method for studying the
maneuverability of a ship.

(2) The direct simulation method indicates that the maneuvering model tests are per-
formed with the CFD method directly (shown in Figure 11b, where the upper part is
the turning maneuver, and lower part the zig-zag maneuver). This method can assess
the maneuverability of a ship under various external conditions and working condi-
tions (calm water, regular and irregular waves, constraint water, wind, propeller rever-
sal, etc.), and observe the response of the target ship to rudder/propeller operations.
However, this method demands longer research periods and stronger computing
power, and it is not the best option for the maneuverability study
at present.

(3) In consideration of the research requirements, efficiency, and rapidity, a hybrid method
that integrates the empirical method and CFD method is constructed, based on the
study experience and solid foundation [85–87]. The hydrodynamic performances of
the ship hull, propeller, and rudder are obtained from the CFD method, and the hull–
propeller–rudder interaction factors are solved by empirical methods. The accuracy of
this method is affected by the ship-type diversity involved in the empirical formula.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 16 of 32 
 

 

the maneuverability of a ship under various external conditions and working condi-
tions (calm water, regular and irregular waves, constraint water, wind, propeller re-
versal, etc.), and observe the response of the target ship to rudder/propeller opera-
tions. However, this method demands longer research periods and stronger compu-
ting power, and it is not the best option for the maneuverability study at present. 

(3) In consideration of the research requirements, efficiency, and rapidity, a hybrid 
method that integrates the empirical method and CFD method is constructed, based 
on the study experience and solid foundation [85–87]. The hydrodynamic perfor-
mances of the ship hull, propeller, and rudder are obtained from the CFD method, 
and the hull–propeller–rudder interaction factors are solved by empirical methods. 
The accuracy of this method is affected by the ship-type diversity involved in the 
empirical formula. 

  
(a)  (b)  

Figure 11. CFD-based methods. (a) Conventional CFD simulation [87]. (b) Direct CFD simulation 
[88]. 

3.5. Remarks 
The berthing maneuver modeling methods include data-based, system-based and 

CFD-base methods (shown in Table 3). Although the data-based methods are the true re-
flection of navigation practice, an enormous amount of time and money are injected into 
experiment design and data collection. The system-based methods are very much data-
dependent; however, in the berthing process, the ship hydrodynamic forces, propeller 
thrust, and rudder steerage force are strongly non-linear and vulnerable to external dis-
turbances, so that it is hard to obtain valid data. Moreover, the physical meaning is unclear 
and the model structure is unknown in the black box model. The CFD method could in-
tentionally control and change the study circumstances and the output hydrodynamic 
forces with acceptable accuracy. Hence, the CFD-based method could be used to establish 
the berthing maneuvering model. Under certain circumstances, a hybrid method inte-
grates the empirical method, and the CFD method is introduced to further improve the 
calculation efficiency. 

Table 3. Specifications of various maneuverability prediction methods. 

 Prediction Methods Advantages Disadvantages 

D
at

a-
ba

se
d 

Full/model-scale  
free-running tests 

 Reflection of reality 
 Solid and repeatable 
 Custom external conditions 

 Large basin 
 Physical insight loss 
 High cost 

Captive model tests 

 High accuracy 
 Solid and repeatable 
 Physical insights 
 Custom external conditions 

 Massive tests 
 High sensor precision 
 High cost 

Figure 11. CFD-based methods. (a) Conventional CFD simulation [87]. (b) Direct CFD simula-
tion [88].

3.5. Remarks

The berthing maneuver modeling methods include data-based, system-based and CFD-
base methods (shown in Table 3). Although the data-based methods are the true reflection
of navigation practice, an enormous amount of time and money are injected into experiment
design and data collection. The system-based methods are very much data-dependent;
however, in the berthing process, the ship hydrodynamic forces, propeller thrust, and
rudder steerage force are strongly non-linear and vulnerable to external disturbances, so
that it is hard to obtain valid data. Moreover, the physical meaning is unclear and the
model structure is unknown in the black box model. The CFD method could intentionally
control and change the study circumstances and the output hydrodynamic forces with
acceptable accuracy. Hence, the CFD-based method could be used to establish the berthing
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maneuvering model. Under certain circumstances, a hybrid method integrates the empirical
method, and the CFD method is introduced to further improve the calculation efficiency.

Table 3. Specifications of various maneuverability prediction methods.

Prediction Methods Advantages Disadvantages

D
at

a-
ba

se
d

Full/model-scale
free-running tests

� Reflection of reality
� Solid and repeatable
� Custom external conditions

� Large basin
� Physical insight loss
� High cost

Captive model tests

� High accuracy
� Solid and repeatable
� Physical insights
� Custom external conditions

� Massive tests
� High sensor precision
� High cost

Empirical methods
� Quick prediction
� High adaptability
� Low cost

� Insufficient for uncovered hull forms
� Physical insight loss
� Reliance on mathematical model type

Sy
st

em
-b

as
ed Grey box

� Full/model-scale model
� Adaptable to various model types
� Low cost

� Reliance on an algorithm and data
accuracy

� Susceptible to noise and external
disturbance

Black box
� Full/model-scale model
� Model-free
� Low cost

C
FD

-b
as

ed

Virtual captive model tests � Full/model-scale model
� Physical insight
� Sufficient accuracy
� Custom external conditions

� Reliance on simulation solver and
algorithm accuracy

� Requirement of high grid density and
computing powerDirect simulation

Integrated method
� Quick prediction
� Sufficient accuracy
� Low cost

� Reliance on existing database and
algorithm accuracy

� High computing power

4. Berthing Maneuver Modeling

In the berthing process, ship motion is determined by the hydrodynamic forces acting
on the ship hull, thrust force induced by the propeller and thruster, steerage force generated
by the rudder, external forces like water-cushion effects, wind, and current, and additional
forces provided by auxiliary devices like the side thruster, tugs, and cables. In conclusion,
the forces could be classified into four hydrodynamic features, within which the most
important factors are as follows:

(1) Low-speed effect, large drifting and yaw rate. Compared with the service speed,
in the berthing process the longitudinal velocity is very low, the lateral speed and
yaw rate are of the same magnitude, the hydrodynamic forces and moments acting
on the ship hull present strong non-linearity, and the ship motion covers the full
drifting conditions.

(2) Four-quadrant propulsion and steerage. Ships in berthing operation need to operate the
main engine frequently to adjust the ship amplitude and maintain the rudder steerage.
Under such circumstances, the propeller and rudder work in four-quadrant conditions,
and their performances are explicitly different from the designed capabilities.

(3) External disturbances. Under berthing maneuver, thrust due to the propeller cannot
counteract the disturbances induced by external environments. To maintain the
steerage of the ship, the external disturbances, including the water-cushion effect
(shallow-water effect, bank effect, ship–ship interaction), wind, and current, should
be considered.
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(4) Auxiliary-device-induced forces. Due to the small velocity and low propeller revolu-
tion, the rudder is affected by the wake, and the crabbing motion and turning motion
of the ship usually count on the assistance of auxiliary devices like side thrusters, tugs,
and anchors.

4.1. Hydrodynamic Forces Acting on the Hull
4.1.1. Ship Speed

In accordance with the ship maneuvering velocity, surface ship motions could be
divided into three categories: low-speed motion, moderate-speed motion, and high-speed
motion [89]. In consideration of ship safety, marine structure safety, and personnel safety,
whether in the wharf design guidelines, or the measured actual operation, the berthing
ships are asked to impact with the dock at a low or extremely low speed and with a parallel
attitude. Namely, the ship berthing maneuver is a typical variable-speed period, ranging
from service speed to low speed, and covering harbor entry to ship docking.

Apart for the speed variation, there exist multiple factors affecting the ship’s maneuver-
ability in the berthing process. For instance, ship dimension and displacement determine
the difficulty of changing/maintaining kinetic states; restricting waters would raise the
squat effect, bank effect, and bank-cushion effect; winds and tidal currents could lead to
drifting and shifting of a ship; and under the assistance of tugs, ship maneuverability could
be greatly improved. To better understand the motion response of ships under different
steerage and internal and external conditions, it is important to perform further studies to
reveal the hydrodynamic mechanism and to characterize the maneuvering indices.

4.1.2. Drifting and Rotation Rate

In the berthing process, ships undergo larger drifting (|β| = [0, 180◦]) and greater
turning angular velocity (|r’| > 0.6); the ship longitudinal velocity component is of the
same dimension as the lateral component velocity and yaw rate, or even far smaller. Thus,
concerns about the hydrodynamic forces move from the friction-dominant longitudinal
force to the pressure-dominant lateral force and yaw moment. Under such states, the
hydrodynamic forces present strong non-linearity, and the traditional linear mathematical
model cannot describe the hydrodynamic forces and moments accurately.

Within the framework of the modular mathematical model, three resolutions are
introduced to express the hydrodynamic forces acting on the ship hull:

(1) The piecewise model [89] involving the small drifting model, moderate drifting model,
and large drifting model. It should be noted that the moderate drifting model is the
interpolation of the small drifting model and the large drifting model.

(2) The unified model [68,90], based on the cross-flow drag theory, to express the ocean
and harbor-area maneuvering.

(3) The table model [91,92], with direct application of the hydrodynamic forces.

The small-drift-angle model [93] is expressed as:
XH = R0 + Xvvv2 + Xvrvr + Xrrr2

YH = Yvv + Yrr + Y|v|v|v|v + Y|v|r|v|r + Y|r|r|r|r
NH = Nvv + Nrr + N|v|v|v|v + Nvvrv2r + Nvrrvr2

, (1)

where XH and YH are the hydrodynamic forces, and NH is the hydrodynamic moment
acting on the ship hull, R0 is the resistance under the straight moving condition, v
the lateral component of ship velocity, r the yaw rate, and Xvv, Yr, Nvvr, et al. the
hydrodynamic derivatives.

Based on cross-flow drag theory, the large-drift-angle model [94] is expressed as:
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
XH = XH(r = 0) + Xvrvr + Xrrr2

YH = YH(r = 0) + Yr|u|r + 1
2 ρdCd

{
Lv|v| −

∫ L/2
−L/2 |v + CrYxr|(v + CrYxr)dx

}
NH = NH(r = 0) + Nr|u|r− 1

2 ρLdCd

{
Lv|v| −

∫ L/2
−L/2 |v + CrN xr|(v + CrN xr)xdx

} , (2)

where XH(r = 0), YH(r = 0), NH(r = 0) represent the hydrodynamic derivatives related to
the lateral speed, u is the longitudinal speed, v the lateral speed, r the yaw rate, Cd the
cross-flow resistance coefficient with drift angle β = 90◦, CrY and CrN the correction factor,
L the ship length, d the ship draft, and x the longitudinal distance from the mid-ship point.

Based on cross-flow drag theory, the unified model [68] is defined as:
XH = 1

2 ρLd
{[

X
′
0(F) + (X

′
0(A) − X

′
0(F))(|β|/π)

]
uU +

(
(m
′
y + X

′
vr)Lvr

)}
YH = 1

2 ρLd
[
Y
′
vv|u|+ (Y

′
r −m

′
x)Lru− (Cd

L )
∫ L/2
−L/2 |v + CrYxr|(v + CrYxr) · dx

]
NH = 1

2 ρL2d
[

N
′
vvu + N

′
r Lr|u| − (Cd

L2 )
∫ L/2
−L/2 |v + CrN xr|(v + CrN xr)x · dx

] , (3)

where X’
0(F) and X’

0(A) are the straight forward and astern resistance coefficients, and mx
and my are the added masses of x and y axis directions, respectively.

And the table model [91] is defined as:
XH = 1

2 ρLd
{[

U2 + (Lr)2
]
CHX(β, αr)−U2R

′
0 cos β

}
YH = 1

2 ρLd
[
U2 + (Lr)2

]
CHY(β, αr)

NH = 1
2 ρL2d

[
U2 + (Lr)2

]
CHN(β, αr)

, (4)

CHX, CHY, and CHN are the hydrodynamic force coefficients represented as functions
of the ship drift angle β and the yaw rate angle αr, β = tan−1(-v/u), αr = tan−1(rL/U). The
hydrodynamic forces XH, YH and NH are non-dimensionalized by 0.5ρLd[U2 + (Lr)2] and
0.5ρL2d[U2 + (Lr)2].

4.2. Propulsion and Steerage Devices

The propeller and rudder are the key elements in ship maneuvering [95]. In the
berthing process, the main engine and rudder are frequently operated to achieve the
turning, braking, and reversing of the ship. Under such operations, the propeller and
rudder work with off-design conditions. With respect to the safety and efficiency concerns
of ship docking/undocking, it is important to fully understand the performances of the
propeller and rudder. The off-design performance refers to the propeller and rudder
characteristics under the following telegraph conditions: ahead ship ahead, ahead ship
astern, astern ship astern, and astern ship ahead. The four-quadrant performance is implied
by the relationship between thrust and inflow angle (KT-βp), or the thrust and propeller
hydrodynamic pitch angle (KT-θp); the diagrams of the four-quadrant propulsion and
steerage are summarized in Figure 12, and the correspondence of ship velocity U and
propeller resolution np is shown in Table 4:
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Table 4. Correspondence of U and np to four-quadrant motion and θp.

Motion Quadrant θp U np

ahead ship ahead telegraph I 0–90◦ ahead normal
ahead ship astern telegraph II 90◦–180◦ ahead reverse
astern ship astern telegraph III −180◦–−90◦ astern reverse
astern ship ahead telegraph IV −90◦–0 astern normal

At present, the modeling of the four-quadrant propeller and rudder is mature and
practical, the expression of the four-quadrant propeller mainly relies on the findings of
Van Lammeren [97], and the rudder force is depicted by the work of Yoshimura [98] and
Yasukawa [96]. The four-quadrant propeller performance [97] could be expressed as:

XP = (ρ/2)SPV2
r
[(

1− tp
)
KT(θP)CT(θP)

]
XP = (ρ/2)SPV2

r CPY(θP)
NP = (ρ/2)SPV2

r CPN(θP)
(5)

where Xp, Yp, Np are the thrust force on the longitudinal, lateral and yaw directions,
respectively, Sp is the area of propeller span, Vr the resultant inflow velocity to the propeller,
KT the thrust coefficient, CT the effect thrust coefficient, θp the propeller pitch angle, and
CPY and CPN are the lateral force and torque moment coefficient, respectively. And the
propeller pitch angle and resultant inflow velocity to the propeller is defined as: θP = tan−1( VA

0.7πnpDp
)

Vr =
√

V2
A + (0.7πnpDp)

2 , (6)

where VA is the inflow velocity, np the propeller revolution, and Dp the propeller diameter.
The rudder forces [16] on the longitudinal, lateral and yaw directions XR, YR, and NR

are expressed as: 
XR = −(1− tR)FN sin δ
YR = −(1 + aH)FN cos δ
NR = −(xR + aHxH)FN cos δ
FN = (1/2)ρARU2

R fα sin αR

, (7)

where FN is the rudder normal force, tR the rudder deduction factor, δ the rudder angle,
αH the rudder force increase factor, xR the longitudinal coordinate of rudder position, xH
the longitudinal coordinate of the acting point of the additional lateral force, AR the profile
area of the rudder, UR the resultant inflow velocity to the rudder, fα the rudder lift gradient
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coefficient, and αR the effective inflow angle to the rudder. Under small drifting conditions,
the longitudinal inflow velocity component uR to the rudder is expressed as:

uR = εu(1− wP)

√√√√η

{
1 + κ(

√
1 +

8KF

π J2
P
− 1)

}2

+ (1− η), (8)

where JP is the advance ratio. Under large drifting conditions [96], the longitudinal inflow
velocity component to the rudder is expressed as:

uR =


u∗∗R u = 0
u∗R u 6= 0, (u∗∗R − u∗R)sgn(u) < 0,
u∗∗R u 6= 0, (u∗∗R − u∗R)sgn(u) > 0

(9)


u∗∗R = 0.7πnpDpCUR

u∗R = upε

{
ηκ

(
sgn(u)

√
1 + 8KT

π J2
p
− 1
)
+ 1
}

, (10)

where ε is the ratio of wake fraction at propeller and rudder positions, u the ship longitu-
dinal velocity component, ωp the rudder wake fraction ratio, η the propeller-diameter-to-
rudder-span ratio, κ and CUR are experimental constants, and up is the longitudinal inflow
velocity component to the propeller.

The essential issues in the four-quadrant performance are the inflow angle and rela-
tive position of the propeller and rudder. For instance, in straight-ahead conditions, the
propeller is affected by the ship hull wake, and the rudder is affected by the hull wake and
propeller slipstream. In maneuvering conditions, the propeller thrust is impacted by the
hull wake and current, while the rudder steerage force is impacted by the superposition
of hull wake, propeller slipstream, and current. In reverse navigation, the propeller and
rudder are only influenced by the current flow, but the induced forces meet a decrease due
to the relative position of the ship.

In practice, it is very hard for a ship to achieve self-berthing only with the adoption of
an internal combustion engine and bow thrusters. Thus, to improve the thrust efficiency
and ship maneuverability, several new types of propulsion systems are introduced, and
the comparisons of the common propulsion systems are listed in Table 5. With the inves-
tigation [27] of ship masters, pilots, and port managers, the three combined propulsion
systems are considered the most effective methods for self-berthing: an all-electric ship
with azimuth thrusters, a ship with conventional propelling system and jet thrusters, and
a ship with jet propulsion and thrusters. The mathematical descriptions [99–102] of such
propulsion systems differ from the traditional propeller–rudder system, and further studies
are needed to reveal the thrust performances. All things considered, precise expression
of the propeller thrust and the hull–propeller–rudder interaction factors are essential for
accurate maneuverability prediction.

4.3. External Disturbance

In the ship berthing process, the external disturbances mainly refer to the water-
cushion effect (shallow-water effect, bank effect, and ship–ship interaction) (shown in
Figure 13), wind, and current. All these phenomena could be attributed to the pressure
distribution variation upon the ship hull, and finally lead to changes in ship resistance
and attitude. The water-cushion effects occur in confined waters [103], the flow velocity
difference is observed between the bow and stern section, or between the port side and
starboard side, and the asymmetric flow causes pressure difference on a ship and makes
additional resistance and amplitude variation. With regard to the wind, it acts on the
superstructure of the ship, as the larger the windward area, the stronger the wind effect.
And the current normally influences the resultant inflow velocity and angle to the thruster
and rudder.
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Table 5. Overview of propulsion systems.

Propulsion Advantages Disadvantages

Conventional propulsion
� Inexpensive fuel
� Low-cost installation
� Long-lasting

� Heavy
� Valuable space
� Pollutant

Azimuth electric diesel

� Effective design
� Reduced noise and vibration
� Redundancy
� Efficiency
� Maneuverability

� Very Expensive
� Difficult maintenance
� High-quality distributing network
� Significant safety level

Mechanically azimuth thruster
� Maneuverability
� Hardly needs tugs
� No need for rudders

� Gearbox needed
� Expensive
� Less efficient than conventional propulsion

Stern-bow thrusters
� Assistance with ship turning
� Docking without tugs

� Only effective under 3 knots of sailing speed
� Resistance increase

Water-jet propulsion

� Maneuverability
� Improved shallow water

operation
� Reduced noise

� Expensive
� Less efficient than a propeller at low speed
� Risk of intake grill clog.

Water-jet thrusters
� Smaller hull penetration
� More efficient than bow

thrusters at advancing
� In need of powerful pumps
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4.3.1. Shallow-Water Effect

In the harbor area, the water depth is relatively shallower, and the ship may be affected
by the shallow-water effect. The shallow-water effect brings ship squat and trim and is
affected by the under-keel clearance, ship speed, and seabed topography. It is commonly
accepted that the shallow-water effect emerges when the water-depth-to-draft ratio (h/T)
is smaller than 4; PIANC [105] made an arbitrary distinction among deep (h/T > 3.0 or
UKC > 200%), medium deep (1.5 < h/T < 3.0), shallow (1.2 < h/T < 1.5), and very shallow
water (h/T < 1.2). Moreover, to indicate the gravity influence on fluid motion or the
characteristics of the wave-making resistance in shallow water, the Froude depth number
Frh is induced [106]: Frh < 1 is called a subcritical flow, Frh ≈ 1 is denoted as a critical flow,
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and Frh > 1 is characterized as a supercritical flow. Generally, the shallower the water
depth, the greater the shallow-water effect, namely the added resistance, ship squat, and
trim amplitude increase with the decrease in water depth [104,107–110]. The decrease in
water depth boosts the damping moment on the ship hull and leads to smaller turning
angular velocity and drift angles, and in turn, the relatively small drift angle reduces
the ship’s turning rate. Accordingly, the hull–propeller–rudder interaction factors are
significantly affected [94,111] with the reduction in water depth; the thrust reduction factor
tp [112], effective wake coefficient ωp [113], and rudder force increase factor αH present
an increasing tendency, the acting point of the rudder-induced additional lateral force
(xH) moves towards the bow slightly, and the flow straightening coefficient γR drops by a
specific point and reverses to growth [112], namely, follows the cubic parabola trend. As
for the steering resistance deduction factor tR [112], it is assumed to be constant, like the
deep-water conditions. As a result, in shallow-water maneuvering conditions, ships obtain
better sailing and heading stability, and worse turning ability.

4.3.2. Bank Effect

The ship berthing maneuver is the process of approaching and stopping near the
quay wall, and the ship is influenced by the bank effect under such conditions. The bank
effect arouses the bow cushion, bank suction, and heel, and is affected by ship–bank
distance, ship speed, water depth, propeller action, and bank geometry [114]. Most of these
parameters and their influence on bank effects are not independent of each other. Generally,
no significant bank influence is observed when the bank proximity distance is greater than
three times the ship breadth [115]; within the ship-to-bank distance spectrum of [0.25B, B],
the bank effects are most significant, and the interaction effects increase dramatically as the
lateral distance decreases [116]. Lataire [117] conducted over 10,000 captive model tests
to investigate the influence of bank characteristics on ship–bank interaction: for instance,
the distance of significant influence of a ship to a vertical piercing bank is introduced
as a function of ship breadth and Froude depth number, and the lateral force and yaw
moment induced by the submerged slop bank is expressed as an exponential function of
that induced by the surface piercing bank [118]. In brief, the closer the ship–bank distance,
the faster the ship speed, and the shallower the water depth, the severer the bank effects.
Furthermore, under extreme shallow-water conditions (1.1 < h/T < 1.25), the bank repulsion
effect is observed on the bare hull; however, due to the propeller revolution, the bank
repulsion changes into bank attraction. With regard to the hydrodynamic derivatives, it is
found to make a relatively small difference, compared to shallow-water conditions [119].
Hence, for safe navigation of self-berthing ships, it is necessary to maintain larger rudder
angles than in the conventional operation [120] and to take the helm to direct the bow
towards the closet bank, to compensate for the bank-induced yaw moment [104].

4.3.3. Ship–Ship Interaction

The ship–ship interaction induces ship attraction, repulsion, and heel, and is affected
by ship status (overtaking, head-on, parallel, and moored-passing), ship–ship distance, ship
speed, water depth, and ship dimension and profile, and by secondary influences from the
propeller and rudder [121]. The hydrodynamic interactions vanish when the longitudinal
distance between adjacent ships is larger than twice the ship length [122]. Generally, for
safety berthing concerns, such a close interval is not supposed to be allowed or observed
in the self-berthing process. As for the tug-assistant berthing, with over four times the
scale, tugs would not exert any significant influence on the own-ship either. Consequently,
the ship–ship interaction could be ignored in the studies on ship berthing, hydrodynamic
performance and maneuverability modeling.

4.3.4. Wind and Current

The external disturbances in the berthing period mainly refer to the wind and current
effects. As shown in Figure 14, ship floating is observed along the wind or current-flow
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direction. The wind acts upon the ship’s superstructure, and the wind load influence
on ship maneuverability becomes much more apparent when the ship’s speed is lower
than the wind speed. Wind forces the ship to drift off course and decreases ship stability.
Knowing the wind load characteristics could help avoid collisions from happening and
improve the feasibility under certain conditions. Refs. [123–125] summarize the wind effect
on ship maneuverability as a function of ship speed, wind speed, wind direction, and
windward area; such a functional relation could be utilized to estimate the wind damping
force. Moreover, the wind has a significant effect on ship speed loss under the scope of
head-to-beam wind direction, and, compared with this, ship stability gradually degrades
within the range from beam wind to quartering wind [126–128]. Furthermore, with the
increase in wind velocity, the rudder becomes less effective [129]. The wind effect on the
ship hull could be expressed as:

Xwind = 0.5ρAoU2
r Cwx(αr)

Ywind = 0.5ρAlU2
r Cwy(αr)

Nwind = 0.5ρAl LoaU2
r Cwn(αr)

, (11)

where Ao is the orthographic projection area above the waterline, Al the lateral projection
area above the waterline, Ur the relative wind speed, Cwx, and Cwy are the wind pressure
force coefficients on the x and y axes, Cwn is the wind pressure moment coefficient around
the z axis, and αr is the relative wind angle.
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Affected by the wind, wave, tide, seabed topography, and obstacles, currents behave
non-uniformly in both the horizontal and vertical direction. However, studies such as [131]
indicated that it is acceptable to concern the horizontal current flow, due to the uncertainty
of which it is hard to directly express the complex and random current flow; hence, present
works are performed on the uniform and steady current. The current flow mainly affects
the flow around the ship, and it is essential to contain the current effect for small ships,
as its impact on speed over the ground outweighs the wind effect [132]. The modeling
of steady current is relatively simple: the ship speed U over ground is resolved into the
current velocity Uc and the ship speed U0 relative to the current, and the hydrodynamic
characteristics and the interactions among the hull, propeller, and propeller are solved
based on the ship’s speed relative to the current. The ship’s longitudinal and lateral speed
relative to the current are expressed as:{

ur = u− uc = u−Uc cos(ψc − ψ)
vr = v− vc = v−Uc sin(ψc − ψ)

, (12)

where, ur and vr are the ship’s longitudinal and lateral speed relative to the current, u and v
are the ship’s longitudinal and lateral speed relative to the ground, uc and vc are the current
speed, ψ is the heading angle, and ψc is the current angle.
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4.4. Auxiliary Devices

The berthing process requires the ship to maintain a low or extremely low speed, and
under such working conditions a larger rudder steerage is utilized to rectify the heading
deviation and keep the course; otherwise, the ship would lose its rudder effects. Resolution
is carried out with the introduction of auxiliary devices such as side thrusters, tugs, and
anchors. The diagram is shown in Figure 15.
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4.4.1. Side Thruster

The side thruster, especially the bow thruster, is used to provide lateral force and
yaw moment for slewing motions. Normally, for best-turning effects, bow thrusters are
assembled as far forward as possible or under the bottom of the keel. Studies [136,137]
indicated that a ship’s forward speed has a great influence on the effectiveness of the bow
thruster, and that the generated force decreases remarkably with the increase in ship speed.
As for the lateral force induced by the bow thruster, the drifting effect of the ship hull
should be considered when the drift angle is over 10◦, while the yaw moment seems to be
immune to the ship’s drifting.

4.4.2. Tug Assistance

In the berthing process, whether it is for ships with small displacement, or ships
with larger dimensions, the essential indices for ship berthing are the same, namely the
approaching angle, lateral speed, and wall distance. Tugs are utilized to release the berthing
risk and improve efficiency. Based on the survey of 15 ports in China, 120 m of the ship
length is normally regarded as a boundary for tug usage [138], and it is acceptable for ships
with shorter ship lengths to conduct self-berthing. As for ships with greater dimensions,
it is mandatory to change direction, turn around, pull up, and parallel berth with the
assistance of tugboats [139]. However, when it comes to liquid cargo ships, engineering
ships, ships with damage, extreme weather, and other conditions, ships are obliged to berth
with tugs.

Tugs assist the target ship in a direct (pushing) or indirect (towing) way, to lead the
ship to the quay/berthing place, and maintain proper speed and attitude. There are two
methods expressing the tug direct tug pushing in berthing maneuver modeling: one treats
the tug-induced force as an azimuth external force, and the motion and specifications
of the tug itself are eliminated. The other takes the pusher–barge system for reference
and regards the pusher and the barge as integral. Yang [140,141] simplified the tug as a
force and obtained acceptable accuracy on berthing operation mathematical modeling and
harbor area navigation simulations. Series studies [134,142–144] were carried out on an
inland pusher–barge-system maneuvering modeling, which analyzed the effects of barge
ship formation, the profile, numbers, and pusher locations on the system, discussed the
resistance variation and thrust efficiency, and established the mathematical model to predict
the turning and course keeping ability of the system. In conclusion, the modeling method
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of the pusher–barge system is similar to the individual ship, and this method could be
expanded to the modeling study on tug-pushing modeling in the berthing process.

The modeling of indirect towing via cables is complicated. The tug-towed sys-
tem involves three closely related parts, the tug, the towed ship, and the cable line,
which are connected to each other. From the point of view of mathematical modeling,
researchers [126,135,145–148] conducted massive work on the force characteristics of the
system and the individuals in linear and non-linear conditions, indicating that the focuses
of the system are the cable length, towing point locations, cable angles, and cable status.
Considering that the slack towing line evokes impulse forces, which adds risk to the towing
operation, it is suggested that the cables are kept under strain.

The anchor functions through the cables, and the resolution is similar to the tug-towed
system.

4.5. Remarks

As the ship conducts self-berthing or berthing with tug assistance, the force char-
acteristics are completely different from the traditional maneuvers. The hydrodynamic
performance, four-quadrant propulsion and steerage devices, external disturbances, and
auxiliary devices, are the four main aspects. The hydrodynamic performance indicates the
hydrodynamic forces acting on the hull under low-speed, high-drifting and high-yaw-rate
conditions, and the cross-flow drag is the main concern. The four-quadrant propulsion
and steerage performances focus on the propeller thrust and rudder steerage force under
arbitrary resultant inflow angles. Ships in the berthing process are sensitive to external
disturbances, especially the shallow-water and bank effects caused by the water-cushion
effect, wind pressure provoked by the wind, and flow speed variation induced by the tidal
current. Hydrodynamic forces, four-quadrant propulsion and steerage devices are essential
to the berthing maneuver modeling; the external disturbances and auxiliary devices are
supplementary to the model’s scope and accuracy.

5. Conclusions

An autonomous ship is encouraged by the increasing shipping demand and tech-
nology, and automatic berthing control is at the top level of ship autonomy, due to the
complicated and dangerous low-speed operation. A precise berthing maneuver model is
the foundation for the automatic control system, providing a reference for the utilization of
auxiliary devices and offering the responses of the ship’s motion within the berthing aid
system to the steerage operation and external disturbances.

In the present work, a bibliometric study on automatic ship berthing is performed to
search for the important issues, and six specific study fields are obtained: risk assessment,
perception utilization, motion control, maneuverability modeling, scheduling optimization,
and emission supervision. With regard to automatic berthing, risk assessment is the
guarantee, perception utilization is the premise, motion control is the key, and maneuver
modeling is the foundation.

The modular MMG mathematical model is found to better describe ship motion and
responses to internal operation and external disturbances. Both conventional MMG and
berthing maneuver MMG models are adopted in the automatic berthing control studies. To
make clear the similarities and differences, the following difficult questions are discussed:

(1) What are the similarities and differences between the conventional MMG maneuver-
ing model and the automatic berthing maneuvering model?

(2) How can an accurate automatic berthing maneuvering model be established?

Uniform mathematical modeling methods (data-based, system-based, and CFD-based
methods) could be used to establish the conventional MMG model and the berthing
maneuver MMG model. Moreover, four specified characteristics of berthing maneuver are
concluded to exist: low-speed-, high-drifting- and high-yaw-rate-induced hydrodynamic
forces, the arbitrary resultant inflow angle causing four-quadrant thrust and steerage
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performances, external disturbances provoked by the water-cushion effects, wind, and tidal
currents, and the additional forces provided by auxiliary devices.

With the aim of practical use, future work is put on the agenda for establishing the
mathematical model expressing the berthing maneuver and comparing and validating
the applicability and accuracy of the conventional MMG model and berthing maneuver
MMG model.
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