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ABSTRACT Ship maneuvering toward a dock is a hot research topic in the field of autonomous ships. How
to realize autonomous low-speed maneuver to a designated location under environmental disturbances is
the fundamental problem at present. In addition, potential collisions with other nearby vessels and evasive
maneuvers that meet maritime regulations increase the complexity of maneuvering. This paper presents
an effective ship control strategy for collision-free maneuver toward a dock. In the strategy, a line-of-
sight (LOS) algorithm is utilized to steer the ship along a pre-planned path toward the dock. A collision
risk factor that takes ship’s maneuvering characteristics, ship domain and relative velocity into account is
designed for collision avoidance. Evasive maneuvers complying with the main rules of the international
collision avoidance regulations at sea can be achieved based on the risk factor. A ship bumper is constructed,
based on which the strategy can switch to either ‘‘path following’’ or ‘‘collision avoidance’’. Numerical
simulations for different encounter situations including head-on, starboard-crossing and overtaking under
wind perturbations are carried out. The results show the proposed strategy is able to keep the ship domain
free during maneuvering and steer the ship to the docking area in a safe and appropriate manner.

INDEX TERMS Ship maneuvering, risk factor, line-of-sight algorithm, collision avoidance, ship domain.

I. INTRODUCTION
With the rapid development of economic globalization,
the quantum of international trade continues to increase.
Maritime transportation as the main mode of freight trans-
portation accounts for about 70% of the total international
trade. Autonomous ships are considered the future of the
maritime industry for transportation, as it can realize cost-
effective shipping while ensuring ship safety. To achieve the
goal, however, there are many practical problems that need
to be solved at present. One of the most significant problems
is how to steer the autonomous ship to a dock in a safe and
efficient manner.

In fact, ship maneuvering in harbor areas under cer-
tain environmental conditions is a challenging manoeuvring
assignment for captains, since the environmental perturba-
tions, such as wind, wave and current, have a great impact
on ship hull. Furthermore, the limited work space, the
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positioning, and the heading requirements for harbor oper-
ations and the marine ships nearby constitute a complex
environment. During maneuvering to a dock, the captain
needs to know the ship’s current state and observe sur-
roundings in order to avoid grounding and collision with
obstacles, the dock and other ships nearby. To guarantee
effective collision-free operations, the International Regula-
tions for Prevent Collision at Sea (COLREGs) introduced by
the International Maritime Organization (IMO) [1] should
also be adopted. This regulation guides the captains how to
take actions in different encounter situations.

For an autonomous ship, taking advantage of its on-board
sensors, it is possible to perceive the environment and thus
realize collision-free maneuver in harbor areas. In this paper,
we design a line-of-sight (LOS) based ship control strategy
incorporated with COLREGs-compliant anti-collision mech-
anism for autonomous maneuver to a dock. The main contri-
butions of this paper can be summarized as follows:

1) Establish an LOS based controller for ship maneuvering
toward a dock.
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2) Construct ship bumper and propose a concept of colli-
sion risk factor that takes maneuverability, ship domain,
and relative velocity into account.

3) Design a risk based ship collision avoidance mechanism
complying with partial rules of the COLREGs.

The rest of the paper is organized as follow: Section II
is a brief overview of related work. In Section III, an LOS
based controller together with a ship collision avoidance
mechanism is introduced. Section IV presents the maneuver-
ing results of the approach for different encounter situations
under wind perturbation. Conclusions and future work are
given in Section V.

II. RELATED WORK
It has seen an increasing interest in developing robust control
system for ship maneuvering in the last decade. The sliding
mode control (SMC) [2], which is one of the most popular
nonlinear control methods, has been employed to design auto-
matic maneuvering system. For example, in 2013, Mizuno
et al. developed an SMC based ship maneuvering system
that is capable of steering a ship to a desired destination [3].
Later, they improved the system by applying optimal preview
SMC with an adaptation mechanism [4]. Yuan and Wu
proposed a terminal sliding mode fuzzy control method for
nonlinear ship autopilot systems. The results show it can
eliminate the chattering and make the systemmore robust [5].
Maki et al. converted the off-line automatic berthing problem
into a minimum-time optimization problem, and employed
covariance matrix adaption evolution strategy to resolve this
problem [6].

Besides SMC, the nonlinear algorithm is another solution
to ship maneuvering for docking. It requires higher com-
putational resources to obtain a optimal maneuver path [7].
Nevertheless, taking advantages of graphics processing units,
nonlinear algorithm can be executed in parallel, which makes
it possible to achieve optimal control in real time [8].
In 2015, Mizuno et al. proposed a quasi real-time opti-
mal auto-berthing control scheme that contains a multiple
shooting algorithm for path generation and a model pre-
dictive controller for path following under constant wind
disturbance [9].

The first automatic ship berthing system based on arti-
ficial neural networks (ANN) was investigated in 1990 by
Yamato [10]. In 2001, Im and Hasegawa presented a parallel
neural network based controller to adjust ship thruster shaft
speed and rudder angle [11]. The developed controller could
work under slight influences of wind and current, but will
fail in harsh environment. Inspired by [11], Similar work has
been done by Nguyen and Jung by using adaptive neural
networks [12]. Ahmed et al. first tried to use the concept
of virtual windows to ensure the consistency of training
data, and established automatic ship berthing system based
on ANN [13], [14]. Shuai et al. developed an ANN with
parallel structure for ship berthing [15]. The ANN-based
controller shows good performance even under dynamic

wind conditions. There are also researches that directly utilize
real ship maneuvering data obtained from successful berths,
to train ANN-based controllers [16], [17]. Nevertheless, these
methods are not applicable to general docking operation, as it
is difficult to collect enough ship berthing data under different
environmental conditions for training.

Collision avoidance is of great importance for ships in
close-range encounters. Efforts have been made to realize
collision-free maneuver for years [18], [19]. For example,
Shen et al. proposed a deep reinforcement learning based
collision avoidance method for multiple ships in restricted
waters [20]. They applied a ship bumper (i.e., the extension
of the bow and the stern parts of a ship along the semi-major
axis and the semi-minor axis) to assess the risk of collision,
based on which they further designed a safe coefficient to
switch between ‘‘normal mode’’ and ‘‘collision avoidance
mode’’ for ship navigation. Johansen et al. introduced a
model predictive control based collision avoidance system
for ships [21]. They designed a cost function involving the
predicted trajectories, collision hazards, and compliance with
the rules in COLREGs, to optimize collision-free maneuvers.
Lee et al. proposed a multi-ship collision avoidance and
path generating algorithm based on the velocity potential
functions [22]. The ship can achieve the collision evasive
maneuver according to the vector field of vortex potential
and the track-keepingmaneuver in accordancewith the vector
field of dipole potential.

III. DESIGN OF SHIP CONTROL STRATEGY
The objective of this research is to design an effective ship
control strategy to achieve collision-free maneuver for a ship
steering toward a dock. This section describes what the prob-
lem of ship maneuvering for docking is, and how we design
the control strategy to address it.

A. PROBLEM STATEMENT AND PROPOSED SOLUTION
In practice, the docking process can be divided into two
phases: a ballistic phase and a side-push phase. In this paper,
we focus on the first phase and try to solve the problem
of collision-free maneuver of a ship starting at a distance
15∼18 times of the ship length away from the docking area.
As mentioned in Section I, sailing a ship toward a dock needs
to take the environmental effects, the surrounding marine
traffic, and the rules of COLREGs into account. Taking the
ferries sailing between Hareid-Sulesund in Norway as an
example: there are at least 3 shuttle ferry connections in the
region. Moreover, there are usually 3∼5 large cruise vessels
passing the ferry docking facilities on a normal day during
summer. The task requires the ferry not only to avoid collision
with the ships nearby, but also to decelerate and eventually
stop at a desired docking area. Fig. 1 shows such a schematic
scenario. Two coordinate systems are used, i.e., the north-up
coordinate system {o} = (xo, yo), and the body coordinate
system {b} = (xb, yb). The symbols appeared in Fig. 1 is
illustrated Table 1.
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FIGURE 1. Scenario of ship maneuvering to a dock.

FIGURE 2. The own ship’s encounter regions and its maneuvers according to
rules 13-15 in COLREGs.

TABLE 1. Notation for ship maneuvering.

Inspired by [14], we apply the concept of an imaginary
line to ensure a safe and appropriate maneuver to the dock.
The imaginary line, as shown in Fig. 1, is an empirical
path often used by captains to direct their ships toward the
dock. In general, the path has an angle about 20◦ ∼ 40◦ to
the dock, and its length can be 15 to 18 times of the ship
length. The dockingmaneuver problem can thus be simplified
as a path following problem, and be solved using tracking
algorithms.

Collision avoidance in close-range encounters is another
problem that needs to be solve in this study. To distinguish all
encountered ships, here the direct controlled ship is defined

as the own ship, whereas other involved ships are considered
as the target ships. Two assumptions are made to reduce
the difficulty of the task: (1) all ships in encounters are
identical power-driven ships, and (2) each ship can observe its
status, such as position, heading and velocity, and the status
of surrounding ships through the on-board sensor system.
Followed the works from [23], [24], the region of the own
ship is divided into four encounter regions according to the
position of the target ship, as shown in Fig. 2 (a). A ship
in an encounter can act to either ‘‘give way’’ or ‘‘stand
on’’. We take the main rules in COLREGs (rules 13-15)
as reference to create actions for the own ship, as shown
in Fig. 2 (b). The own ship has to take give-way actions in
head-on, starboard-crossing and overtaking encounters, and
keep the speed and the course in port-crossing encounter. This
paper mainly focuses on the evasive maneuvers in head-on,
starboard-crossing and overtaking encounters.

Based on the assumptions and the main focus of the paper,
a ship control strategy for this maneuvering task is proposed,
as shown in Fig. 3. The strategy consists of two closed loops:
one is used to take actions according to the main rules in
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FIGURE 3. Diagram of ship control strategy for maneuvering to a dock.

COLREGs for collision avoidance; the other is responsible
for path following toward the dock. The two loops can be
switched back and forth, depending on whether the ship
bumper of the own ship (see details in Section III-D2) is
invaded or not (the condition is equivalent to frisk >0, which
will be introduced in Section III-D3). Both loops generate a
pair of reference signals, i.e., the desired heading angle ψd
and the desired thruster shaft speed nd for autopilot. These
signals are further processed to create control commands,
i.e., the rudder angle command δc and the shaft speed com-
mand nc, for ship motion generation.

B. SHIP MOTION MODELING
Ship motions in a horizontal plane, including surge, sway
and yaw, have dynamics resulting from the propulsion system
and environmental perturbations. In order to simulate a ship’s
motion in response to the control commands and environ-
mental effects, the standard three degrees of freedom ship
dynamicsmodel that ignores the roll, pitch and heavemotions
are used [25]:

η̇ = R(ψ)ν

M ν̇ + C(ν)ν + D(ν)ν = τc + τw (1)

where η = [x, y, ψ]> includes ship position and heading
in {o}; ν = [u, v, r]> represents ship velocities in {b};
R(ψ) stands for rotation matrix; M is the ship inertia matrix;
C(ν) and D(ν) are Coriolis and damping matrix, respec-
tively; τc denotes the commanded forces and moment in
{o}, consisting of the forces and moment from propellers
τP = [XP,YP,NP]> and rudders τR = [XR,YR,NR]>; τw =
[XW ,YW ,NW ]> is the forces and moment in {o} caused by
wind disturbance.

In this study, a thruster-rudder model is used for steering
the ship [26]. As the thruster mainly produces longitudinal

force, its hydrodynamic model can be written as:

Xp = (1− tP)T

YP = 0

NP = 0 (2)

where tP is a coefficient; T is the nominal thrust, which is
expressed as:

T = ρn2D4
pkT (3)

where ρ is water density; n is thruster shaft speed (rpm);Dp is
diameter of the propeller; and kT is the thrust coefficient. The
hydrodynamic forces and moment generated by the rudder
can be calculated by:

XR = −(1− tR)FN sin δ

YR = −(1+ aH )FN cos δ

NR = −(xR + aHxH )FN cos δ (4)

where tR and aH are constant coefficients; xR and xH are the
distances from the rudder and the propeller to the ship’s center
of gravity, respectively; FN is the rudder pressure; δ denotes
the rudder angle.

The wind disturbance is considered here, as it has a sig-
nificant effect on ship motion. The wind forces and moment
acting on the ship can be estimated as [27]:

XW =
1
2
CXρaV 2

r AF

YW =
1
2
CYρaV 2

r AL

NW =
1
2
CNρaV 2

r ALL (5)

The corresponding physical meaning of each symbol is listed
in Table 2.

TABLE 2. Parameters of wind force model.

C. PATH FOLLOWING METHOD
As mentioned in Section III-A, it is practical that the ship
approaches the dock area with a certain angle, along with an
imaginary line. To ensure the ship can follow the pre-planned
path, the LOS algorithm with acceptance circle option is
applied, as shown in Fig. 4. Suppose the ship position (x, y)
and its velocityU are given, the distance error e, i.e., (the nor-
mal distance to the planned path) can be calculated. By defin-
ing a circle with a radius R = αe (α > 1), we can obtain the
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FIGURE 4. Schematic representation of LOS algorithm with acceptance
circle option.

position (xi, yi) of the intersection point Q between the circle
and the path (choose the point closer to the destination) by
solving the following equations:

(xi − x)2 + (yi − y)2 = R2

xi − xp
yi − yp

= k (6)

where (xP, yP) is the position of the way point P on the
planned path; k is a constant representing the slope of the
planned path. After that, a desired heading angle can thus be
obtained:

ψd = arctan(
xi − x
yi − y

) (7)

For thruster shaft speed, it is designed as a piece-wise
function to ensure the ship approach the dock in a safe way:

nd =


nr L ≤ d0
anr L/2 ≤ d0 < L
bnr L/4 ≤ d0 < L/2
cnr d0 < L/4

(8)

where a, b, c are constant parameters; nr is a constant shaft
speed; d0 represents the distance between the ship and the
center of the docking area.

D. COLLISION AVOIDANCE MECHANISM
This section proposes a concept of risk factor representing
the degree of danger for ship collision avoidance. It takes the
ship’s maneuvering characteristics, ship domain and relative
speed between encountered ships into account. Based on the
risk factor, evasive actions complying with rule 13-15 in
COLREGs can be generated.

1) SHIP’s MAXIMUM ADVANCE
Inspired by [28], ship’s maneuvering characteristics should
be considered when designing the collision avoidance mech-
anism. A maneuvering characteristic can be evaluated by
changing or keeping a predefined course and speed of the
ship. In this study, we apply the turning circle approach
to evaluate how well the steering machine performs under
course-changing maneuvers [25], [29].

FIGURE 5. Turning circle maneuver using a constant rudder angle
(δ = −15◦) at t = 150s.

Turning circle is generally used to obtain a ship’s max-
imum advance and steady turning radius. Fig. 5 shows an
example of the turning circle maneuver using the test ship
from Section IV. The ship sails forward from still with a zero
rudder angle. A constant rudder angle (δ = −15◦) is applied
at t = 150 s, resulting in a maximum advance of Maxad =
227m and a steady turning with a radius Rturning = 156m.
We apply Maxad to ship bumper construction. For details,
please refer to Section III-D2.

2) SHIP BUMPER CONSTRUCTION
This section introduces how to build a ship bumper for col-
lision avoidance. An ship bumper is an expansion of ship
domain, which servers as a decision maker for switching
between ‘‘path following’’ and ‘‘collision avoidance’’ in this
study.

FIGURE 6. Wang’s ship domain model and its division for ship bumper
construction.

The concept of ship domain has been widely applied to
marine traffic engineering for years [30], [31]. Here, we adopt
Wang’s method for ship domain construction [32]. This
method is reliable and flexible since it takes manoeuvring
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capability, speeds and courses into account. Fig. 6(a) is the
schematic diagram of the domain. The ship domain consists
of four quarter ellipses determined by the following four
radii:

Rfore = (1+ 1.34
√
k2ad + (kdt/2)2)L

Raft = (1+ 0.67
√
k2ad + (kdt/2)2)L

Rstarb = (0.2+ kdt )L

Rport = (0.2+ 0.75kdt )L (9)

where L is ship length; kad and kdt represent gains and can be
calculated as follows [32]:

kad = 100.3591lgU+0.0952

kdt = 100.5441lgU−0.0795

U =
√
(u2 + v2) (10)

where u and v stand for the surge speed and the sway speed
of the ship, respectively.

Once the ship domain is built, we divide it into 36 parts,
as shown in Fig. 6(b). The purpose is to obtain a vector of
distances dsafe from center of the ship to the outline of the ship
domain. A ship bumper can thus be obtained by incorporating
the maximum advance from Section III-D1 into the distance
vector:

d = dsafe(i)+Maxad i ∈ {1, 2, ...36} (11)

As the ship’s turning capability is considered, the ship
bumper can ensure there are enough space and time for the
own ship to take actions and keep the ship domain free.

3) COLLISION RISK FACTOR AND
CORRESPONDING ACTIONS
According to Fig. 2 (a), ship encounter type can be identified
based on the relative direction and the position between the
own ship and the target ship. For the port-crossing situation,
a risk factor is designed as frisk = 0, which can make the
own ship act as a stand-on vessel to keep its course and
speed; whereas for other encounter situations, considering
both distance and velocity are important for collision avoid-
ance, we design the risk factor by combing the ship bumper
with the relative velocity in encounter:

frisk =f1(dt )× f2(Vrelative) (12)

where f1(·) and f2(·) are functions of distance dt and relative
velocity Vrelative between the own ship and the target ship,
respectively. The first part of the risk factor f1(dt ) can be
computed by:

f1(dt ) =
{
1− dt

d , dt < d
0, dt ≥ d

(13)

where dt is the distance between the own ship and the target
ship; d is the ship bumper distance. The second part of the
risk factor f2(Vrelative) is defined as:

f2(Vrelative) = tanh(Vrelative) (14)

According to the risk factor, the desired heading angle ψd
and thruster shaft speed nd are set as follow:

ψd = ψ0 + g(frisk ) (15)

nd = n0 + h(frisk ) (16)

where ψ0 and n0 represent the heading angle and thruster
shaft speed at the moment when the ship entering ‘‘colli-
sion avoidance’’ mode, respectively; g(frisk ) and h(frisk ) are
the compensation functions of heading angle and thruster
shaft speed, respectively (The implementation please refer to
Section IV). The desiredψd and nd are further converted into
control commands to the own ship by using a PID controller
and a linear function, respectively:

nc = purelin(nd )

δc = kp(ψ − ψd )+ ki

∫
(ψ − ψd )dt + kd r (17)

where nc and δc stand for commands of thruster shaft speed
and rudder angle; kp, ki and kd are coefficients of the PID
controller, respectively.

From (12)-(14), it is evident that frisk > 0 corresponds
to the condition that an invasion of the ship bumper occurs.
Therefore, we conclude the risk factor plays the same role
as the ship bumper in switching between ‘‘path following’’
and ‘‘collision avoidance’’. Furthermore, Eq. (15) and (16)
indicate different frisk could generate different collision eva-
sive maneuvers, depending on the implementation of the
compensation functions g(·) and h(·). In principle, these com-
pensation functions should be designed to ensure that higher
value of frisk results in more rapid evasive behaviour of the
vessel. The total evasion time depends on frisk . Only when
frisk reduces to zero will the ship stop ‘‘collision avoidance’’
and switch to ‘‘path following’’.

IV. EXPERIMENT
In this section, a number of numerical simulations are
carried out to validate the proposed strategy. In order to
reduce the fluctuations of commands for rudder angle and
thruster shaft speed, fuzzy theory is employed to design
g(·) and h(·):

g(frisk ) =



0◦ 0.0 = frisk
10◦ 0.0 < frisk ≤ 0.2
20◦ 0.2 < frisk ≤ 0.4
40◦ 0.4 < frisk ≤ 0.6
60◦ 0.6 < frisk ≤ 0.8
90◦ 0.8 < frisk

(18)

h(frisk ) = −frisk × n0 (19)

Table 3 lists the own ship’s initial and final states. The
slope of the virtual straight line is k = 0.48. Some constant
parameters are defined as follow: L = 93 m, AF = 400 m2,
AL = 950 m2, ρa = 1.224 kg/m3, and nr = 200 rpm. The
simulation time step is set to 1 s. The PID controller are set to
kp = 20, ki = 0, kd = 2. Besides, the parameters in Eq. (8)
are set to a = 0.75, b = 0.5, and c = 0. In addition, dynamic
wind influence is considered in the experiment.
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FIGURE 7. Ship maneuvering toward the dock without wind influence.

TABLE 3. Initial and final states of the own ship.

A. SHIP MANEUVERING WITHOUT WIND INFLUENCE
The proposed control strategy is verified under three
encounter situations: head-on, starboard-crossing and

overtaking, without any wind influence. In the head-on case,
each ship sails in an opposite direction along the pre-planned
path at a different constant speed. Fig. 7 (a) shows the numeri-
cal result. It contains the wholemaneuvering process from the
start time t0 when the own ship following the planned path to
the final time t2 when it approaches the vicinity of the berth.
Both ships have made appropriate actions according to the
rules in COLREGs to achieve port-to-port passing maneuver
with a max risk factor frisk = 0.57 (corresponding to the
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situation at time t1). The surge speed and the rudder angle
of the own ship are shown in the top panel of Fig. 7 (d)
and Fig. 7 (e), respectively. The results indicate that the own
ship simultaneously adjusts its shaft speed and rudder angle
to avoid collision with the target ship from approximately
200 s to 800 s. Here we omit the sway speed and the yaw
rate since they are always in a range close to zero, i.e., |v|<
0.23 m/s and |r| < 0.022 rad/s, respectively (They are
also ignored in the rest of the experiment due to the slight
effect on maneuvering.). The top panel of Fig. 7 (f) depicts
the changes of the risk factor. It increases from 200 s to the
peak 0.57, and gradually decreases to zero in the following
300 seconds.

Simulation with single obstacle starboard-crossing case is
shown in Fig. 7 (b), from the start time t0 until the own ship
reaches the dock at time t2. In this case, the target ship acts
as a stand-on ship. The own ship takes starboard-crossing
action as a give-way ship to avoid collision by adjusting its
rudder angle and thruster shaft speed. The middle panel of
Fig. 7 (d) and (e) show that the own ship reduces its surge
speed by half and alters its rudder angle accordingly, resulting
in a smooth turning to the right. The middle panel of Fig. 7 (f)
illustrates how the risk factor changes over time. The peak
value frisk = 0.48 corresponds to the situation at time t1
in Fig. 7 (b).

Fig. 7 (c) is the numerical result for the overtaking case.
The target ship is a stand-on ship this time. The own ship
changes its course in a good time and passes the target ship on
the starboard side. After that, it steers back to the imaginary
line until it approaches the dock. The corresponding surge
velocity and rudder angle in Fig. 7 (d) and (e) show that the
own ship keeps its speed during the overtaking process; only
alters the rudder angle accordingly to achieve the overtaking.
The corresponding risk factor, as shown in the bottom panel
of Fig. 7 (f), increases as the own ship gets closer to the target
ship, reaches the peak frisk = 0.62 at time t1, and decreases
to zero after the overtaking is complete.

B. SHIP MANEUVERING UNDER WIND INFLUENCE
There are mainly two challenges in the maneuvering process:
one is the interference with the target ships; the another is
environmental effects, especially the effect from the wind.
Here, we add dynamic wind disturbance to further verify
the effectiveness of the proposed control strategy. The wind
speed is set Vw = 6 m/s, and its direction βw is changed
randomly during the maneuvering. Considering the wind
direction cannot change dramatically in a short period of time,
we assume that it changes every 100 seconds within a range
of [−20◦, 20◦], as depicted in Fig. 8.
Fig. 9 (a) illustrates the simulation results for the head-

on case. Initially, the own ship follows the imaginary line,
whereas the target ship sails from the opposite direction at
time t0. Then the two ships switch to ‘‘collision avoidance’’
mode when their risk factor values become greater than zero.
By adjusting the rudder angle and thruster shaft speed, each
ship succeeds to pass from the port side of the other ship

FIGURE 8. Randomly generated wind direction in the three encounter
situations.

(see the situation at time t1 for example). This is compliant
with the main rules of COLREGs. After the risk factor falling
back to zero, as shown in the top panel of Fig. 9 (f), the own
ship enters the ‘‘path following’’ model again. Due to the
wind perturbation, it cannot completely follow the imaginary
line. Nevertheless, the own shipmanages to reach the docking
area at time t2.
The experimental result for single obstacle starboard-

crossing situation under dynamic wind disturbance is shown
in Fig. 9 (b). It is noted that the result is similar to that
of the crossing case without wind influence: the own ship
makes a detour from the aft side of the target ship with the
maximum risk factor frisk = 0.51. In addition, there are also
similarities in terms of surge speed, rudder angle, and risk
factor, as shown in the middle panels of Fig. 9 (e)-(f). But
compared to the total maneuver time of the starboard-crossing
case in Section IV-A, the maneuver takes about 100 seconds
more to complete the task, due to wind perturbation.

Fig. 9 (c) illustrates the result of the overtaking case under
wind effect. Again, the trajectory of the own ship is similar
to the trajectory of the corresponding case in Fig. 7 (c).
The trend of surge speed, rudder angle, risk factor, and even
the total maneuver time, as shown in the bottom panels of
Fig. 9 (d), (e) and (f) are close to those in the corresponding
panels of Fig. 7 (d)-(f).

There are also some differences compared to the overtak-
ing case in Section IV-A. For example, the target ship is
off the course slightly due to the wind effect, which results
in a higher peak of risk factor frisk = 0.68 during the
maneuver. Furthermore, both the surge speed and the rudder
angle of the own ship are non-zero when the ship reaches the
dock, which indicates an inferior performance compared to
the corresponding case in Section IV-A. The main reason is
that the wind, especially the lateral wind, has a great influence
on ship course.

C. EFFECT OF RISK FACTOR
In order to verify the effect of the risk factor, here we compare
two strategies: the first one is the proposed strategy; the
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FIGURE 9. Ship maneuvering toward the dock under wind influence.

another one is a simplified strategy that it does not use the risk
factor but steers the ship to the right directly when any target
ships invade the ship bumper of the own ship (i.e., the variable
d in Eq. (11).

Fig. 10 (a), (b) and (c) depicts the ships’ trajectories using
the two strategies in three different encounter situations.
It is noted that the trajectory from the proposed method is

smoother and closer to the planned imaginary path in each
situation; the corresponding path length is shorter than that
of the simplified strategy, as illustrated in the third col-
umn of Table 4. Furthermore, from the last three columns
of Table 4, although a relatively longer computation time
for the proposed method is needed in each encounter case,
the curvature of the trajectory generated by the proposed
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FIGURE 10. Comparison of two strategies with and without risk factor.

method is smaller than that of the simplified strategy. This
implies the proposed strategy takes more about ship stability
into consideration. In Fig. 10 (d), it is worth noting that
the proposed strategy slows down the own ship when tak-
ing anti-collision actions; whereas the other strategy keeps
the sailing speed, resulting in a shorter maneuver time to

the dock. The changes of rudder angles from Fig. 10 (e)
reveal that the rudder angle by the simplified strategy is
more prone to fluctuations, especially when encounters occur.
From the above comparison, it is evident to see that the
risk factor plays a key role in generating anti-collision
actions.

VOLUME 8, 2020 110149



Y. Shuai et al.: Effective Ship Control Strategy for Collision-Free Maneuver Toward a Dock

TABLE 4. Comparison with the strategy without risk factor.

FIGURE 11. Ship maneuvering toward the dock under multi-ship
encounter situation.

D. DISCUSSION
The experimental results show that the own ship can not only
avoid the obstacle ships safely, but also reach the docking area
accurately according to the commands from the proposed
control strategy. In fact, the proposed strategy can also deal
with port-crossing encounter. In such a situation, the own ship
will act as a stand-on vessel and keep its course and speed. Of
course, the strategy inevitably has some shortcomings. For
example, the strategy is designed to generate path with small
curvature, not only taking into account ship stability, but also
avoiding saturation of rudder angle. This may result in slow
alteration of ship course. Nevertheless, the bumper distance

from Eq. (11) guarantees that the own ship can take action
in good time. An example is the head-on encounter in Fig. 7.
Although there is a deceleration from about t≈300 s caused
by Eq. (15) and (19), the advance distance introduced to the
collision avoidance mechanism enables the own ship to react
as early as the target ship enters the bumper area. Therefore,
even though the own ship decelerates slightly for the head-
on situation in Fig. 7, it makes a clear course alteration that
is readily apparent to the target ship. Another deficiency is
that the control results under dynamic wind condition are not
as good as these under no wind condition. The main reason
may be that the low-speed maneuver when the ship is close
to the dock reduces its maneuverability; the wind disturbance
in such a situation can result in an inferior maneuvering
performance.

Although this paper mainly focuses on the maneuvering
strategywith single encounter, it is possible to extent the strat-
egy to deal with more complicated scenarios, e.g., to interact
with multiple COLREGs-compliant target ships. Here we
give an example of ship maneuvering toward a dock under
multi-ship crossing encounter situation. Assume there are two
target ships coming across the own ship who is approaching
the dock, as shown Fig. 11 (a). Each ship acts as a give-
way vessel and keeps outside of the ship domain of other
ships. The result shows the three ships take actions that
are compliant with COLREGs. After the evasive maneuver,
the own ship is steered back to the planned path and reaches
the port successfully. Fig. 11 (b) illustrates that the three
ships have a similar trend of risk factor. It reveals that if the
control strategy is applied to all the involved ships, the values
of the risk factor will be distributed equally to each ship,
to minimize the risk of the whole encounter system.

V. CONCLUSION
In this paper, an effective ship control strategy for collision-
free maneuver toward a dock is proposed. Considering the
challenges in the maneuvering problem, we not only inte-
grate the LOS and PID methods, but also make necessary
improvements for these specific encounter situations, such
as integrating the maximum advance, constructing the ship
bumper and designing the fuzzy control rules. More specifi-
cally, the strategy consists of a path following method and a
collision avoidance mechanism. The path following method
is developed to steer the ship along a planned docking path
by using the LOS algorithm. A risk factor is designed for
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the collision avoidance mechanism. It servers as a decision
maker that help the ship to take actions complying with
rules 13-15 of COLREGs. The ship can either follows the
planned path or performs anti-collision maneuver, depending
on whether a defined ship bumper has been invaded. Through
numerical simulation, the proposed strategy is verified effec-
tive in sailing the ship to the dock in various encounters under
wind disturbance.

Based on the current work and the discussion from
Section IV-D, future work will focus on: (1) combining the
‘‘path following’’ mode and the ‘‘collision avoidance’’ mech-
anism in an efficient way to compensate more types of envi-
ronmental effects, such as wave and current; (2) refining the
collision avoidance mechanism to improve the speed control
of the ship and make the corresponding evasive behavior be
compliant with most rules in COLREGs; and (3) evaluating
the work in waterway scenarios containing both static and
dynamic obstacles in a professional maritime transportation
simulator.
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