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SUMMARY

The course-keeping problem of a ship model in confined waterways is investigated by numerical simulations coupled with a
control algorithm in the present study. The URANS method is applied to simulate viscous flows around the ship, and the
overset mesh technique combined with the PD algorithm is adopted to realize the rudder action during course keeping. To
improve simulation efficiency, the body-force propeller is applied and a virtual bank method is developed to simplify the
modeling of bank effects. The results of free-running simulations indicate that the bank-induced yaw moment is the
dominant factor causing ship-bank collisions in confined waterways. Applying the controller in simulations, the ship
successfully achieves course keeping with either initial off-centerline deviation or heading angle. Furthermore, the simulated
flow field indicates that the ship deviates a small distance from the waterway centerline during course keeping to overcome
the additional sway force and yaw moment induced by propeller-rudder interaction.

NOMENCLATURE

B Breadth (m)

d Draft (m)

D Propeller diameter (m)

Fr Froude number based on ship length (-)
Fry Froude number based on water depth (-)
g Acceleration of gravity (m/s?)

h Water depth (m)

Ky Derivative gain (-)

K, Proportional gain (-)

Lyp Length between perpendiculars (m)
N Yaw moment (Nm)

Npank Bank yaw moment (Nm)

Niydro Hydrodynamic yaw moment (Nm)
r Yaw rate (rad/s)

u Surge velocity (m/s)

Uy Nominal speed (m/s)

v Sway velocity (m/s)

w Channel width (m)

X Surge force (N)

Y Sway force (N)

Yiank Bank sway force (N)

Yiyaro Hydrodynamic sway force (N)

B Drift angle (°)

0 Rudder angle (°)

n Off-centerline deviation (m)

o Initial off-centerline deviation (m)
A Scale ratio (-)

p Fluid density (kg/m?)

W Heading angle (°)

Wo Initial heading angle (°)
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1 INTRODUCTION

Ship maneuverability in confined waterways has garnered continuous attention. The increase in ship size causes reductions
in the under keel clearance (UKC) and the navigable waterway width, leading to more significant shallow-water and bank
effects. Under the influences of shallow-water and bank effects, a ship navigating in confined waterways experiences
additional sway force and yaw moment (Delefortrie, 2024a). These additional force and moment tend to push the ship off
its intended course, increasing the collision risks with the banks (Yuan, 2019). This issue becomes particularly pronounced
with the rapid development of large-scale ships. Consequently, ship steering and control become significantly more difficult.
A reliable autopilot control strategy for keeping ship course in confined waterways could effectively improve navigation
efficiency and safety. Therefore, investigations on ship maneuverability and control strategies are of critical importance.
So far, significant progress has been made in studying ship hydrodynamic performances in confined waterways with the
perspective of the quasi-steady assumption (the ship is fixed and water flows to the ship) or captive state (the ship moves
along a specified trajectory), by applying model tests (Norrbin, 1975; Vantorre et al., 2002; Vantorre et al., 2003; Lataire et
al., 2009; Van Zwijnsvoorde et al., 2022; Delefortrie, 2024a; Delefortrie, 2024b), potential flow theory (Yao and Zou, 2010;
Zhou et al., 2012; Yuan, 2016; Ren et al., 2020; Degrieck et al., 2021; Xu et al., 2024; Terziev et al., 2024), and viscous flow
methods (Zou, 2012; Zou and Larsson, 2013; Van Hoydonck et al., 2019; Liu et al., 2021; Lee, 2023; Terziev et al., 2024).
These studies focused on evaluating the hydrodynamic performance of ships in captive motions, without considering
motions in multiple freedoms or dynamic rudder action, which were inadequate for practical navigation applications.
Consequently, there is a pressing need for studies focusing on ship maneuvering and control under such conditions. The
most common approach is computational simulations based on mathematical models (i.e., ship motion equations). By
solving the ship motion equations, the motion parameters and ship trajectory at specified rudder angle and propeller speed
can be directly calculated. The key and premise of this approach are to establish an appropriate mathematical model.
Captive model tests are the most reliable approach to identify the hydrodynamic parameters in mathematical model. For
instance, Fujino (1968, 1970), Sano et al. (2012, 2014), and Yasukawa (2019) carried out captive model tests for different
ships and waterway configurations. The mathematical models were established based on the measured forces and moments
in the model tests, and then the corresponding maneuverability was investigated. However, such model tests require
specialized facilities, such as shallow-water towing tanks or facilities with “false” bottoms and banks, significantly increasing
their complexity and cost. Furthermore, these tests fail to provide detailed flow information, limiting their ability to analyze
the underlying mechanisms of shallow-water and bank effects on ship maneuverability and control performance. Although
the numerical methods can provide detailed flow mechanisms, the mathematical modeling based on numerically
determined hydrodynamic parameters from prescribed captive motions is still confronted with challenges in practical
applications.

In contrast, direct simulations of maneuvering motions based on the Computational Fluid Dynamics (CFD) method tend to
be a viable alternative for this problem. CFD-based approaches address many limitations of model tests, eliminating the
need for extensive physical experiments (so-called free-running tests) and enabling the interpretation of detailed flow field
results. The CFD simulations provide deeper insights into hydrodynamic interactions and offer practical guidance for ship
navigation in confined waterways. Up to now, direct simulations have been successfully applied to ship maneuvering and
control in open water, shallow waters, and waves (Carrica et al., 2016; Wang et al., 2017; Kim et al., 2022; Kim et al., 2023),
demonstrating their satisfactory abilities. However, their applications to confined-water problems remain challenging due
to the complexities of simulating both the fully coupled hull-propeller-rudder system and the surrounding viscous flows
within these restricted environments.

Based on the above background, this paper employs CFD-based simulations coupled with control actions to address the
course-keeping problem of a ship in confined waterways. The objective is to improve the capability of CFD simulations for
providing in-depth analyses of hydrodynamic mechanism for a moving ship under bank effects in confined waterways, and
to offer control guidance coupled with the simulations for keeping ship course in such environments. To this end, the
unsteady Reynolds Averaged Navier-Stokes (URANS) method is utilized to simulate the viscous flows around the ship, and
the overset mesh technique is adopted to realize the dynamic rudder deflection during the control action. In addition, a
virtual bank treatment is developed to significantly simplify the inherent numerical complexity and to improve computing
efficiency while considering the bank effects on the ship motion. Two typical types of scenarios in confined waterways are
investigated: one is the ship navigating with an initial off-centerline deviation and the other is the ship navigating with an
initial heading angle, representing common scenarios in practical applications where external disturbances or improper
operations may influence the ship course.

2 STUDY OBJECT AND SIMULATION CONDITIONS

2.1 SHIP MODEL
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The benchmark ship model: KRISO Container Ship (KCS) is selected as the target ship for this study. The main particulars of
the hull, propeller, and rudder are presented in Table 1, and their geometries are illustrated in Figure 1. It should be noted
that the rudder stock is also ignored for simplification.

Table 1. Main particulars of hull, propeller and rudder
Parameter Symbol Unit Value
Scale ratio A - 1:52.667
Length between

Hull perpendiculars Lo m 4.367
Breadth B m 0.611

Draft d m 0.205

Diameter D m 0.15

Propeller Blade number - - 5

Hub ratio - - 0.227

Rotation direction - - right
rRudder Rudder area - m? 0.0415
Lateral area - m? 0.0196

Figure 1. KCS model geometry

2.2 COORDINATE SYSTEMS

Two right-handed coordinate systems are adopted to describe the ship location and motion parameters, as shown in Figure
2. The first one is the earth-fixed coordinate system 0g-xoy020, Where the o0o-xoyo plane is placed on the undisturbed water
surface, the xp-axis is along the waterway centerline, and the zp-axis points vertically downward. The other one is the ship-
fixed coordinate system o-xyz. Its origin is set at the midship, the x-axis and the y-axis point toward the bow and the
starboard, respectively. The position and direction of the target ship are described by the midship coordinates (xo, yo) in 0o-
XoYoZoand the heading angle ¢ (angle between xp and x axes). The positive heading angle ¢ and rudder angle 6 are illustrated
in Figure 2. In addition, force components: X (surge force), Y (sway force), N (yaw moment) and velocity components: u
(surge velocity), v (sway velocity), r (yaw rate) are defined in o-xyz. The off-centerline deviation n is the distance between
the midship and the centerline (n=y, ). The ship location is also presented in nondimensional form:

’ !
Xo=Xo /L, "=y, /L, (1)

W'=W|L, =065 % 5 = N centerline.
(W /B = 4.064) Xo A

0 (//

/ x
Yo Va4
Figure 2. Definition of coordinate systems

2.3 SIMULATION CONDITIONS

The course-keeping performance of the target ship in the waterway is numerically investigated in this paper. The waterway
cross-section is rectangular with a water depth h = 0.41m (h/d = 2.0) and a width W = 2.483m (W' = W/L,, = 0.651, W/B =
4.064). The blockage factor is defined as the ratio of the midship-sectional area below the water surface to the cross-
sectional area of the waterway. The value is 0.122 in the present study, corresponding to a moderate confined-water
condition. Two types of scenarios in confined waterways are investigated: one is the ship navigating with an initial off-
centerline deviation n, =+0.127 (Casel), and the other is the ship navigating with an initial heading angle ¢, =+2° (Case2),

as shown in Table 2 and Figure 3. In the simulations, the target ship starts to move in the straight-ahead motion and is free
to surge, sway and yaw (three degrees of freedom). The propeller revolution rate is fixed at 330 RPM according to the self-
propulsion point in model tests (Delefortrie et al., 2012), corresponding to the nominal ship speed Uy =0.62 m/s. The Froude
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number based on ship length Fr=U0/, /ngp is 0.095, while the Froude number based on water depth Fr, =U0/«/gh is
0.309.

Table 2. Simulation conditions
Case No. n ¢, (°) h/d w'
Initial off-centerline Casel-1 0.127 0
deviation Casel-2 -0.127 0 20 0.651
Initial heading angle Casel-1 0 2
Case2-2 0 -2

S S cemterline L =00~ . centerline.
[ BN l 7, =0.127
| o / X
Yo
(a) Casel-1(n; =0.127) (b) Case2-1 (), =2°)
Figure 3. Diagram of simulation conditions

3 NUMERICAL METHODS AND SETTINGS

3.1 GOVERNING EQUATIONS

The viscous flow around the ship is assumed to be incompressible. The time-averaged continuity equation and unsteady
RANS equations are adopted as the governing equations:

au, _

—=0

OX; 5
ou, 0 __ 1p 10 /(- — )
—‘+—(u,uj)=———+——(oj, —pu,.uj)+f,

ot ox; pox, pox

where u,,, p and 0, denote the time-averaged velocity, pressure and stress tensor components (/, j=1, 2, 3); f;is the body

force, which is regarded as a constant term; —pfu; represents the Reynolds stresses. In this study, the SST k-w turbulence

model (Menter, 1993) is applied to close the governing equations. Simulations are conducted by the STAR-CCM+ software.

3.2 VIRTUAL BANK METHOD

The strategy for free-running simulations of ship maneuvering motion under rudder actions in confined waterways differs
significantly from those in open waters, as illustrated in Figure 4. Due to relative motions between the ship and the bank,
the narrow waterway with physical bank walls (no-slip walls) in close proximity to the ship must be accurately modeled to
mimic the real-world scenario of a ship navigating a confined waterway. It is flexible to apply the dynamic overset mesh
technique to handle the complex relative motions between ship and bank. Furthermore, appropriate mesh refinements
along the ship trajectory are essential to ensure interpolation accuracy between the background and overset domains
(zheng et al., 2023). These constraints significantly increase computational complexity and cost. To address these challenges,
the present study adopts a simplification that effectively reflects the confined-waterway effects while reducing
computational costs.

Figure 4. Numerical simulation strategy for confined waterways
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A virtual bank method is developed in the present study to simplify the physical wall modeling while still accounting for the
bank effects, as shown in Figure 5. In this method, the ship motion in open water with limited water depth is directly
simulated, while the additional forces and moments caused by the side bank are directly imposed on the ship in the
simulation by formulating the bank effects based on hydrodynamic parameters, without modeling the real bank walls in the
simulations. The formulas describe the functional correlation between the bank-induced sway force, yaw moment, and
relevant hydrodynamic parameters, which may affect the ship course-keeping motions. This treatment effectively addresses
the inherent limitations in traditional numerical simulation strategies for confined-water problems. According to the
mathematical model of a ship navigating in confined waterways (Sano et al., 2014), the sway force Y,,, and yaw moment

N, induced by the bank can be expressed by the following formulas:

6nn nnn n

Vyarie =0.50L,,dU; (V' + Yy 80+ Yy, 80 +Y) 0+, .n"5)

(3)
Nyoni = 0.5pL2 dU2 (Nn’n’ +Nj, 81+ N, 807 +N! 1" +N,;n5r]'25)

where p denotes fluid density, and 68 is the drift angle. In this paper, the hydrodynamic derivatives in Eq. (3) are obtained by

regressing the Froude number Fr using the experimental results (Sano et al., 2014). As a result, the resultant sway force Y

and yaw moment N acting on the ship can be expressed as follows:

Y = Yhydra + Ybank
N=N, . _+N

hydro bank

(4)

where Y, and N

o denote the hydrodynamic sway force and yaw moment respectively in shallow- and open-water

hydro
simulations without the impacts by the side bank.

Computational domain boundary:
Velocity inlet/pressure outlet

Figure 5. Schematic diagram of virtual bank method

3.3  CONTROL ALGORITHM

The course keeping in simulations is achieved by maintaining the heading angle ¢ close to zero under rudder actions. The
rudder is controlled by a Proportional-Derivative (PD) algorithm with the following control mechanism:

6=—K,p—K,r (5)
where K, and Ky represent proportional and derivative gains, respectively. Both gains are determined through a systematic
tuning process, guided by the objective of achieving stable and satisfactory control performance for the course-keeping
purpose in the confined waterway. During the tuning process, the proportional gain K, is first adjusted to achieve a
reasonable response speed of the ship, then the derivative gain Ky is applied to improve stability and reduce oscillations in
the ship motion. The final set of gains is selected based on a balance between response speed and robustness under the
studied conditions. Based on the tuning process, both are set to 10.

3.4  BODY-FORCE PROPELLER MODEL

Since modeling the actual propeller rotation in numerical simulations requires extremely small time steps and highly refined
mesh discretization (Deng et al., 2022), it becomes computationally expensive, especially for course-keeping simulations
involving rudder actions. Therefore, in the present study, the propeller is modeled using the body-force method (Sgrensen,
2022), as its performance and accuracy for simulating ship maneuvering motions have been validated by Aram and Mucha
(2023) and Mucha et al. (2023). This approach does not model the geometry and rotation of the propeller blades. Instead,
the propeller effects are represented by introducing body forces into the momentum conservation equations. The propeller
thrust and torque are derived from open-water propeller performance curves, which provide the thrust coefficient (K7) and
torque coefficient (Kq) as functions of the advance ratio (J). By distributing these forces over the region where the propeller
operates, the body-force method efficiently captures the propeller impact on the flow field while significantly reducing
computational costs.
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3.5 COMPUTATIONAL DOMAIN

The computational domain is illustrated in Figure 6. The overset mesh technique is utilized to simulate the relative motion
between the hull and rudder. Consequently, there are two domains in the simulations: a background domain and an overset
domain for the rudder. The distances between the boundaries of the background domain and the ship are sufficient to
ensure that these boundaries do not disturb the flow around the ship. In the simulations, the ship is moving forward at a
self-propulsion state by the body-force propeller model. The boundary conditions are set as: bottom plane, hull and rudder
surfaces are specified as the no-slip walls, while the other boundaries of the background domain are set as the pressure
outlet. The overset domain closely envelops the rudder and rotates with it during the simulation, as shown in Figure 6(b).

Pressure outlet

~ N\ Pressure outlet

| ‘
<4
Body-force model

Rudder overset domain

No-slip wall

Pressure outlet

(a) Background domain (b) Rudder overset domain
Figure 6. Computational domain

3.6 MESH DISCRETIZATION

The trimmed mesh and prism layer mesh are applied to discretize the computational domain, and an illustration of the mesh
distribution is shown in Figure 7. The prism layer mesh is used to generate orthogonal prismatic cells next to the hull and
rudder surfaces. For these complex simulations involving rudder rotation and propeller propulsion, mesh refinements for
these critical regions are employed to more precisely capture the details in the flow field, as shown in Figures 7(b)—(d). As a
result, a total of 2.75 million mesh cells (2.63 million for the background domain and 0.13 million for the overset domain)
are generated for the simulation. Given the more frequent rudder deflections during the initial navigation phase in confined
waterways, the time step is set to 0.01 s for the first 100 s simulation and adjusted to 0.02 s thereafter.

(a) global view
1 I

(b) local side view (c) local bottom view (d) local stern view
Figure 7. Mesh distributions
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4  SIMULATION RESULTS

4.1 UNCONTROLLED CONDITIONS

Two scenarios with a total of four cases under both uncontrolled and controlled conditions are simulated for comparison.
First, in order to demonstrate the feasibility of the applied virtual bank method and highlight the significance of the
controller for ship navigation in confined waterways, Figure 8 shows the ship trajectory under the uncontrolled condition
until it collides with the bank. The figure includes a set of simplified ship profiles indicating its position and orientation at
several snapshots in time (red lines). The results indicate that even minimal initial disturbances (an initial off-centerline
deviation or an initial heading angle) will lead to ship collisions with the waterway bank. Furthermore, the simulations reveal
that all collisions occur in less than 40 s, implying that a ship navigating in confined waterways under the uncontrolled
condition will be apt to collide with the bank walls. The results confirm that the virtual bank method effectively models the
bank effects that cause the ship to deviate from its intended course. It is also observed that the time to collision with the
starboard bank is significantly shorter than that with the port bank with the same amount of initial disturbance or deviation.
It may be attributed to the right-handed propeller, which generates the wake flow interacting with the rudder. Overall,
these findings emphasize the necessity of applying a ship controller for maintaining course-keeping in confined waterways.

-1.24 —1.24
,«71 —— Ship Trajectory Tds . 1
e . E L
1 1 Ship Trajectory
o2t 2 4 6 8 10 12 14 124 3 4 6 3 10 12
xo (m) X, (m)
(a) Casel-1: n; =0.127 (b) Casel-2: n, =-0.127
-1.24
7] 4 . .
- —— Ship Trajectory
R e e = 1S A
=~
1 4
1.24 T T T T T T T T v v v r
2 4 6 8 10 12 14 16 18 20 22 24
xo (m)
(c) Case2-1: ¢, =2°
-1.24
71 4 . .
. —— Ship Trajectory
Ey
=1
=
1 4
1.24

xo (m)
(d) Case2-2: ¢, =—-2°

Figure 8. Ship trajectory under the uncontrolled condition

To further analyze the mechanism of bank effects, taking Casel-2 and Case2-2 as examples, the nondimensional off-
centerline deviation n, heading angle ¢, sway force Y, yaw moment N, and velocity components u, v, r are shown in Figure
9. For Casel-2, although the ship is initially closer to the portside bank, the consistent impact of the bank effects causes the
bow to be attracted to the bank on the other side. From the perspective of forces and moments acting on the ship, the
resultant sway force Y repels the ship toward the starboard bank throughout most of the motion in the waterway.
Meanwhile, the variation of the resultant yaw moment N is more complex, exhibiting a pattern of bow attraction, repulsion,
and then attraction to the starboard bank. Regarding the sway force, positive values indicate a motion tendency of the ship
toward the bank wall on the starboard side, while negative values signify a tendency toward the wall on the port side. The
initial off-centerline deviation generates a bank-induced sway force Ypan«. During the navigation process, Ypank consistently
attracts the ship toward the closer bank wall. However, since the magnitude of Yiar is larger than that of Yuank, it is
demonstrated that Y4 attracting the ship to the starboard side is more dominant.

For the yaw moment, positive values indicate that the ship turns the bow toward the wall on the starboard side, while
negative values mean that the ship turns the bow toward the wall on the port side. The direction of Nyank is opposite to that
of Nhyaro nearly all the time, but Np.nk with a greater magnitude has a more pronounced effect than Npyqr, during the motion.
The variation of Npgn is more complex: firstly, it is imposed on the ship from the beginning of the motion and consistently
exists until the ship passes through the centerline (0 < x; <1.887 ). At this phase, Npan« tends to repel the bow away from

the closer bank on the port side, hence the yaw rate r and the heading angle ¢y continuously increase. After the ship crosses
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the centerline ( x; >1.887 ), Nsank turns positive and then negative, inducing a bow repulsion-attraction trend. Consequently,
the yaw rate r first increases and then decreases, while the heading angle 1 continues to increase due to the consistently
positive r. Along with the large heading angle, the ship forward motion ultimately leads to a collision with the bank.

For Case2-2 with an initial heading angle ¢, =—-2°, as shown in Figure 9(b), it can be similarly observed that the Yp,ar and
Npank With greater magnitudes are more dominant during the navigation process. The former attracts the ship toward the
starboard bank consistently, while the latter firstly tends to turn the bow toward the starboard bank before the ship crosses
the centerline (0 < x; <2.528 ), and then changes its direction after crossing the centerline ( x, >2.528 ). Consequently, the
yaw rate r firstly increases and then decreases correspondingly. Due to the constantly positive value of r, the heading angle

Y is consistently increasing throughout this process. With the continuous propulsion, the ship ultimately collides with the
starboard bank.
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Figure 9. Simulation results under the uncontrolled condition

4.2 CONTROLLED CONDITIONS

The results in Section 4.1 highlight the significance of the rudder controller for course keeping when the ship moves in
confined waterways. In this section, the simulations for the same scenarios but under the controlled condition are
conducted to illustrate the effectiveness of the controller formulated by Eq. (5). The actual trajectories for the four cases
are presented in Figure 10, with yo magnified 10 times for clarity. It can be observed that after approximately 160 s the
trajectories stabilize into quasi-linear paths, indicating successful course-keeping performances. This confirms the
effectiveness of the applied control algorithm for course-keeping. In particular, it is interesting to note that in all cases the
controlled ship course deviates by approximately 0.2 m from the centerline, since the zero heading angle is selected as the
control goal, not the zero deviation from the waterway centerline.
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Figure 10.  Ship trajectory under the controlled condition

Similar to Section 4.1, the nondimensional location, heading angle ¢, rudder angle 8, sway force Y, yaw moment N, and
velocity components u, v, r for Casel-2 and Case2-2 are shown in Figure 11. The time histories of the heading angle ¥
demonstrate that the applied controller effectively guides the heading angle to approach zero and maintain this target
course in both cases. From the time histories of the rudder angle §, significant rudder deflection is observed during the initial
phases of both cases to control the heading angle. It is noteworthy that after the ship motion tends to be stable with zero
heading angle, the ship experiences two pairs of stable sway forces (Yaygro and Ypank) and yaw moments (Nnyaro and Npank),
which have nearly equal magnitudes but opposite directions. As a result, the resultant sway force Y and yaw moment N are
close to zero. The stable bank sway force Yponk and yaw moment Nyani are attributed to the constant off-centerline deviation
n' =~ 0.046, while the inherent hydrodynamic sway force Ypyaro and moment Npyaro 0N the ship in straight-ahead motions are
likely induced by the asymmetrical flow field generated by the propeller rotation, and propeller-induced flows are interacted
with the rudder.

To confirm it, Figure 12 exhibits the streamlines around the rudder and the pressure distributions on the surface during the
course-keeping process. It illustrates that the rotating propeller generates a circumferential flow downstream passing the
rudder. This asymmetric flow between the port and starboard sides of the rudder leads to an imbalance in the pressure
distributions, producing a lateral force on the rudder. Consequently, the ship experiences additional sway force Yh,ar, and
yaw moment Nparo in straight-ahead motions even without a rudder angle. Finally, the ship is forced to slightly deviate from
the centerline to allow the bank force Yiank and moment Npank to counterbalance the additional hydrodynamic sway force
Yhyaro and yaw moment Naydro.
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Figure 12. Flow field results in the course-keeping process

5  CONCLUSIONS

In order to provide an in-depth analysis of the bank-effect mechanism and its influences on a moving ship in confined
waterways, particularly to offer practical control guidance for ship operations in such environments, this study employs the
coupled CFD method and control algorithm to investigate the course-keeping problem by direct simulations. The unsteady
Reynolds Averaged Navier-Stokes (URANS) method is applied to simulate the viscous flows around the ship, and the overset
mesh technique combined with the PD algorithm is adopted to realize the dynamic rudder deflection during course keeping.
To address the challenges in traditional free-running simulations, this study develops a virtual bank method to simplify the
modeling of bank wall effects with appropriate effectiveness. In this approach, the bank-induced forces and moments are
directly imposed on the ship through formulas in terms of hydrodynamic parameters, and are added to the open-water
simulations as external forces and moments.

Based on the developed method, two types of scenarios of a KCS model moving in confined waterways are investigated:
one is the ship navigating with an initial off-centerline displacement, and the other is the ship navigating with an initial
heading angle. Free-running simulations of the ship in a confined waterway are performed, where the rudder is controlled
to maintain the zero heading angle. The predicted ship trajectories demonstrate that, the ship without the controller
gradually deviates from the desired course and ultimately collides with the waterway bank in both scenarios. In contrast,
the simulation results under the controlled condition show that the ship successfully achieves course-keeping in the same
scenarios. However, the ship trajectory under control actions deviates approximately 0.2 m from the centerline, attributed
to the selected course-keeping goal with zero heading angle only. The flow field analyses further reveal that this deviation
is also caused by the asymmetrical flow field around the rudder, generated by the propeller rotation. The asymmetrical flow
induces additional hydrodynamic sway forces and yaw moments, forcing the ship to deviate from the centerline slightly.
This deviation allows the bank-induced forces and moments to counterbalance the additional hydrodynamic impacts,
enabling the ship to maintain the target course.

In this paper, a moderate confined-water condition (h/d = 2.0 and Fr, = 0.309) is selected to assess the feasibility of the
developed method. In the future, more challenging conditions, such as smaller under-keel clearance, narrower waterways,
or higher ship speeds, will be investigated to provide a more comprehensive evaluation of the robustness and applicability
of the method. In addition to the course keeping without variation of heading angle by the developed method, the path
following along a predetermined course to keep a distance from the bank for safe navigation in the practical application will
be considered in the future study as well.
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