
Citation: Han, B.; Duan, Z.; Peng, Z.;

Chen, Y. A Ship Path Tracking Control

Method Using a Fuzzy Control

Integrated Line-of-Sight Guidance

Law. J. Mar. Sci. Eng. 2024, 12, 586.

https://doi.org/10.3390/

jmse12040586

Academic Editor: Mohamed

Benbouzid

Received: 8 March 2024

Revised: 24 March 2024

Accepted: 27 March 2024

Published: 29 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

A Ship Path Tracking Control Method Using a Fuzzy Control
Integrated Line-of-Sight Guidance Law
Bing Han 1,2, Zaiyu Duan 1,* , Zhouhua Peng 3 and Yuhang Chen 1,4

1 Shanghai Ship and Shipping Research Institute Co., Ltd., Shanghai 200135, China;
han.bing@coscoshipping.com (B.H.); chen.yuhang@coscoshipping.com (Y.C.)

2 College of Physics and Electronic Information Engineering, Minjiang University, Fuzhou 350108, China
3 College of Marine Electrical Engineering, Dalian Maritime University, Dalian 116026, China;

zhpeng@dlmu.edu.cn
4 Merchant Marine College, Shanghai Maritime University, Shanghai 201308, China
* Correspondence: duanzaiyu1999@outlook.com

Abstract: A fuzzy control improvement method is proposed with an integral line-of-sight (ILOS)
guidance principle to meet the needs of autonomous navigation and high-precision control of
ship trajectories. Firstly, a three-degree-of-freedom ship motion model was established with the
battery-powered container ship ZYHY LVSHUI 01 built by the COSCO Shipping Group. Secondly,
a ship path-following controller based on the ILOS algorithm was designed. To satisfy the time-
varying demand of the look-ahead distance parameters during the following process, especially
under different navigation conditions, fuzzy logic controllers were designed for different navigation
conditions to automatically adjust the look-ahead distance parameters. Thirdly, a controller was
applied that uses a five-state extended Kalman filter (EKF) to estimate the heading, speed, and
heading rate based on the ship’s motion model with the assistance of Global Navigation Satellite
System (GNSS) position measurements. This provides the necessary navigational information,
reduces the algorithm’s dependence on sensors, and improves its generalizability. Finally, path-
following experiments were carried out in the MATLAB experimental platform, and the results were
compared with different following algorithms. The simulation results showed that the new algorithm
has a better following performance, and it can maintain a smooth rudder angle output. The research
results provide a reference for the path-following control of ships.

Keywords: path following; ILOS guidance law; fuzzy control; extended Kalman filter

1. Introduction

With the fast-paced growth of the economy and trade, there has been a surge in de-
mand for freight transportation services. Waterborne transportation plays an indispensable
role in efficiently transporting goods due to its cost-effectiveness and large capacity [1].
Container ships and other large vessels, crucial for waterway transportation, are continu-
ously evolving towards digitization, autonomy, and intelligence to meet the ever-increasing
demand for trade [2]. Autonomous ship navigation technology represents a fundamental
feature of smart ships, and it also embodies the future direction of shipping technology [3].
Autonomous navigation technology needs to control the propulsion power unit according
to the current position of the ship so that the ship navigates along the predetermined route,
and ship path-following technology is critical to realizing this autonomous navigation of
the ship, meaning it has important research significance [4].

In recent studies, there have been several approaches taken to build a simulation
model for a real ship. Fossen [5] utilized a first-order model to represent the motion of the
vessel. The first-order model [6] simulates the ship’s course angle dynamics by mapping the
rudder angle to the course angle derived from the data of the ship’s maneuverability test.
Song [7] employed an integral-type Abkowitz model [8] to describe the ship’s motion. The
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Abkowitz model approximates ship hydrodynamics by considering the vessel as an entirety
and deriving third-order hydrodynamic derivatives from the Taylor expansion of motion
equations. Qu [9] used a ship motion model proposed by Fossen [10], which is represented
in the state space format and integrates hydrodynamic-component-based modeling with
control design models based on vectors and matrices. Sandeepkumar [11] used a ship
model of a KVlCC2 tanker. This modeling approach, proposed by the ship maneuvering
mathematical model group (MMG) in Japan [12], is characterized by modeling the hull,
propeller, and rudder separately and calculating their respective hydrodynamic forces.

In the study of path-following control, several researchers have suggested viable con-
trol strategies and addressed the related issues to different extents. Guo Jie [13] developed
an Active Disturbance Rejection Controller by using the Fast Non-singular Terminal Sliding
Mode. A simulation test was conducted with Dalian Maritime University’s “Yulong” ship
as the subject, which revealed that the controller could efficiently and accurately follow
both straight and curved paths. In [14], a control law for tracking the trajectory of underac-
tuated ships was developed by integrating the output redefinition method, an extended
state observer (ESO), and the dynamic inversion control method. The design accounts for
uncertainties in dynamics, external disturbances of unknown time-varying nature, and
unavailable ship velocities. Ren [15] developed a time-scale decomposition method to
solve the RRS control issue in path following. The resulting path-following performance
is more stable and smoother. Zhu Kang [16] incorporated a deep reinforcement learning
method into the LOS algorithm to suit complex control surroundings. They tested this
approach using a 7 m KVLCC2 ship model, achieving a commendable tracking effect even
for variable trajectories. Ghommam [17] developed a fuzzy-adaptive observer to estimate
the state by solely utilizing the USVs’ global position information and local measurement
of the orientation angle. Le [18] integrated the Antenna Mutation Beetle Swarm Prediction
Learning Algorithm into the line of sight (LOS) algorithm to address the ship parameter
uncertainty issue. The algorithm’s efficacy was verified through a simulation using a con-
tainer ship as the test object. Renxiang Bu [19] combined a radial basis neural network with
sliding mode control to accurately approximate the total unknown term and achieve precise
trajectory tracking control in the presence of wind and wave currents. Huang [20] proposed
an observer using internal model control (IMC), to rapidly estimate the sideslip angle in the
line-of-sight guidance law, and demonstrated the efficacy of the proposed sideslip angle
observer in enhancing the path-following accuracy. Xunwen Liu [21] introduced adaptive
neural network and event-triggered control technology to reduce the physical damage
of actuators. In recent years, linearized ship models have often been used in studies of
ship path following, but actual ships have strong model and disturbance uncertainties [22],
meaning that these models do not accurately reflect actual ship navigation. Meanwhile,
some control algorithms are designed with idealized control inputs, which assume that
theoretical values are equivalent to the real control inputs of the ship. The ship’s maneu-
verability will be influenced by physical constraints, including limitations on the ship’s
rudder angle and propeller rotation speed during the voyage. Exceeding the working range
limit or producing frequent jerks during maneuvering can result in significant physical
damage to the ship’s control mechanism. However, this approach does not align with actual
engineering practice. Most researchers have focused on improving the anti-disturbance
capability of an algorithm, but they have neglected the influence of the ship’s maneuvering
characteristics on the tracking performance under different sailing conditions. For instance,
if a ship navigates along a curvilinear or twisting course, an algorithm that functions
effectively on a straight trajectory will face issues such as intensified overshooting and
biased oscillations, resulting in dreadful tracking performance.

In this paper, an integral line-of-sight navigation method with fuzzy control of the
forward-looking distance is proposed to achieve precise path tracking in various sailing
conditions. A 700 twenty-foot equivalent unit (TEU) container ship ZYHY LVSHUI 01 that
operates on battery power, constructed by the COSCO Shipping Group, is chosen as the
control object. Ultimately, simulation and experimental results demonstrate that the motion
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controller designed for the 700 TEU container ship effectively achieves path-following
objectives under various conditions.

The main contributions and the key features of this paper are summarized as follows.
Using line-of-sight (LOS) navigation and fuzzy controllers, a ship motion controller is

designed based on the ILOS guidance method with fuzzy control of the variable forward-
looking distance. Fuzzy controllers designed for different navigational conditions can
improve the performance of the algorithm by correcting the forward-looking distance
parameter of the algorithm.

In this paper, a three-degree-of-freedom ship motion model is developed using the
sailing data of container ship ZYHY LVSHUI 01. Furthermore, the extended Kalman filter
algorithm is developed to accurately estimate speed, heading, and other states utilizing the
ship’s GNSS position information. This can enhance the general applicability of the control
algorithm and decrease its reliance on costly sensors.

The rest of this paper is organized as follows: Section 2 introduces the ship motion
model. Section 3 presents the design of the control system, including the introduction of the
ILOS navigation method and its improvement. Section 4 illustrates the control algorithm’s
effectiveness through simulation experiments. Finally, Section 5 presents the conclusion
and future work.

2. Preliminaries and Problem Statement

In this paper, a three-degree-of-freedom (DOF) mathematical model for ship ma-
neuvering is presented, which incorporates surge, sway, and heave, based on the pa-
rameters of a 700 TEU container ship ZYHY LVSHUI 01. The 700 TEU container ship is
equipped with twin engines, twin propellers, and twin rudders. See Table 1 for details of the
ship parameters.

Table 1. Ship parameters.

Parameters Values

Length 119.8 m
Draught 5.5 m

Displacement 12,600,000 kg
Rudder Area 13.02 m2

Diameter of Propeller 2.8 m
Breadth 23.6 m

Block Coefficient 0.835
Molded Depth 9 m

Aspect Ratio of Rudder 1.355
Propulsion Power 900 kW

The equation for the ship model can be expressed as
.
x = ucosφ + vsinφ
.
y = usinφ + vcosφ
.
φ = r

(m + mx)
.
u−

(
m + my

)
vr = XH + XP + XR + XW + XC(

m + my
) .
v− (m + mx)ur = YH + YP + YR + YW + YC

(Izz + Jzz)
.
r = NH + NP + NR + NW + NC

T
.
δ = Kδc − δ

(1)

where ( x, y) are the position coordinates of the ship, φ is the heading angle, m is the ship’s
mass, mx, my is the added mass component along the respective direction, Izz is the moment
of inertia, Jzz represents the added moment of inertia, X, Y, and N are the external sway,
surge forces, and yaw moments acting on the ship in the body reference frame, and the
subscripts H, P, R, W, and C denote the forces and moments of the hull, oars, rudder, wind,
and currents applied to the ship, respectively. The kinetic parameters in the equations
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above were calculated utilizing the empirical formulas supplied in [23]. The forces and
moments on the hull are

XH = X(u) + Xvvv2 + Xνrνr + Xrrr2

YH = Yνν + Yrr + Y|ν|ν|ν|ν + Y|ν|r|ν|r + Y|r|r|r|r
NH = Nνν + Nrr + N|ν|ν|ν|ν + Nννrν

2r + Nνrrνr2
(2)

Table 2 shows the hydrodynamic coefficients calculated with empirical equations.

Table 2. Hydrodynamic coefficients.

Parameters Values Parameters Values

Xvv −0.0519 Y|r|r −0.0126
Xνr −1.3107 × 106 Nν −0.0737
Xrr −0.065 Nr −0.0443
Yν −0.3509 N|ν|ν −0.0112
Yr −0.0399 Nννr −0.2879

Y|ν|ν −0.1937 Nνrr −0.0562
Y|ν|r −0.3299

In this paper, we maintain a constant value for the propeller speed while controlling
the ship through the manipulation of the rudder. The rudder characteristics are represented
using a first-order system [24]. The recommended rudder angle is indicated by δc, while the
current rudder angle is δ. K and T represent the control gain and time constant, respectively.
The maximum rudder angle is restricted to δ ≤ ±35◦. The forces and moments generated
by the rudder are as follows: 

XR = (1− tR)FNsinδ
YR = (1 + aH)FNcosδ
NR = (xR + aHxH)FNcosδ

(3)

where FN is the rudder positive pressure and the rudder parameters are as displayed in
Table 3.

Table 3. Rudder parameters.

Parameters Values

tR 0.1844
aH 0.8788
xR 60
xH −0.4835

Then, the disturbance force on the hull is divided into two parts, wind and current,
and is calculated using empirical equations. The equations below are used to calculate the
disturbance forces and moments generated by the wind and the current on the hull.XW

YW
NW

 =
1
2
ρaV2

w

 CX(θw)AFw
CY(θw)ALw

CN(θw)AFwL

 (4)

XC
YC
NC

 =
1
2
ρLdV2

C

 CX(θC)
CY(θC)

CN(θC)L

 (5)

where Vw, Vc is the relative speed of wind and current, θw, θc is the relative angle of wind
and current, ρa,ρ is the density of air and water, L is the length of the ship, d is the draft of
the ship, AFw and ALw are the wind areas of the front and side of the hull, respectively, and
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CX(θw), CY(θw), CN(θw) and CX(θC), CY(θC), CN(θC) are the wind force and current force
coefficient, generally obtained from ship testing results.

The objective of this article is to design an LOS-based path-following control scheme
for the target ship that enables it to travel the desired path with high accuracy, regardless
of model uncertainty and unknown environmental disturbances.

3. Control System Design

The basic block diagram of the control system is shown in Figure 1. The ship features
a GNSS, which obtains the ship’s current location in real-time and estimates its condition
through an extended Kalman filter. The ship’s desired heading is calculated by ILOS with
a fuzzy controller. This calculation is based on both pre-set path points and the real-time
ship position. Then, the PD controller is utilized to control the rudder rotation, such that
the ship can be guided to follow the pre-set path point.
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3.1. ILOS Guidance Method

A commonly utilized algorithm for following a path is the line-of-sight (LOS) algo-
rithm. In Figure 2, we indicate some primary variables utilized in the ILOS algorithm.
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The straight line between points Pk−1(xk−1, yk−1) and Pk(xk, yk) is the line path to
be followed. P(x, y) represents the ship’s current location while P0(x0, y0) is the point
where the ship’s location intersects the path. Then, the direction angle of the path can be
calculated using

α = atan2
(

yk − yk−1
xk − xk−1

)
(6)

Following this, we could compute the along-track and cross-track errors (ye, xe)
by using {

ye = −(x− xk)sin α + (y− yk)cos α
xe = (x− xk)cos α + (y− yk)sin α

(7)

When the along-track distance xe is less than R, the LOS algorithm goes to the next
waypoint. In the traditional LOS algorithm [10], the desired heading χ is calculated
based on

χ = α− atan2
(ye

∆

)
(8)

where ∆ is the looking-ahead distance. However, conventional LOS guidance is not
equipped to manage an environmental disturbance, such as wind or current. Accord-
ingly, Borhaug [25] proposed the ILOS algorithm:

χ = α− atan2
(

ye+κyeint
∆

)
.
yeint =

∆ye

∆2+(ye+κyint)
2

(9)

where κ > 0 is a designed integral gain. In [26], a different version of the integral LOS
algorithm is proposed as follows:

χ = α− atan2
(

ye+κyeint
∆

)
.
yeint =

Uye√
∆2+(ye+κyint)

2

(10)

where U is the absolute speed. From Figure 2 with Equations (9) and (10), the integral term
indicates that the desired heading angle will be a non-zero constant when ye = 0. This
enables the use of a portion of the ship’s forward speed to counteract the effects of the flow
disturbance. Algorithm 1 provides the pseudo-code for the LOS/ILOS algorithm.

Algorithm 1: LOS/ILOS

Inputs: ship location (x, y); waypoint (wp.x,wp.y)
Output: desired heading angle χ

1. k ← 1 (initialization); set R; set LOS/ILOS parameter ∆, κ

2. Initialization starting point (xk, yk)← (wp.x(k), wp.y(k)), and end point
(xk_next, yk_next)← (wp.x(k + 1), wp.y(k + 1))

3. Compute the path angle α

4. Compute the along-track and cross-track errors (x_e, y_e)
5. If x_e < R_switch, then k=k+1, end
6. Compute the desired heading angle χ

If the ship’s position is far from the intended path, the accumulation of error can
easily lead to integration saturation and result in overshoot. Therefore, this study employs
a combination of the ILOS and LOS navigation methods [27], as illustrated in Figure 3.
If ye < Lpp, the controller employs the ILOS navigation method, and if ye ≥ Lpp, the
controller shall utilize the LOS navigation method.
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3.2. Fuzzy-Rule-Based Lookahead Distance Selection Method

The performance of the ILOS algorithm can be enhanced by modifying the parameter
for lookahead distance. A shorter lookahead distance typically leads to more aggressive
steering and faster attainment of the desired path, but it may also cause unwanted oscil-
lations around it. Conversely, a longer lookahead distance results in smoother steering
that prevents such oscillations but has the disadvantage of slower convergence to the path.
The fuzzy controller is designed to dynamically adjust the forward-looking distance of the
ILOS navigation method by using fuzzy rules based on the deviation e and the difference in
the deviation ∆e. The process of formulating the mapping from a given input to an output
using fuzzy logic is known as the fuzzy inference system (FIS). The fuzzy inference system
type utilized in this paper is the “Sugeno Fuzzy Inference System” [28]. The first step is to
define the inputs and outputs of the system and determine the degree to which they belong
to each corresponding fuzzy set using Gaussian membership functions. In this paper, the
inputs to the system include the deviation e = [−50, 50] and the difference in the deviation
de = [−0.3, 0.3], while the output is the look-ahead distance ∆ = [100, 300]. Then, in the
second step, the center-of-area approach, also known as the center-of-gravity method, is
the most widely used defuzzification procedure in fuzzy logic control. Essentially, it is

u =
∑N

i=1 wizi

∑N
i=1 wi

(11)

where N is the number of quantization levels of the output, zi is the value of the output at
quantization level, and wi represents its membership value in the output fuzzy set. The
final step is to define fuzzy rules for different navigational conditions.

Overall, when the ship moves away, we decrease the forward-looking distance to
accelerate steering. Conversely, when the ship moves closer, we increase the forward-
looking distance to minimize overshooting. In the line condition, the target ship follows a
predetermined path on a straight course from a distant position, and the fuzzy controller
determines the motion trend of the ship using the deviation e and the difference in the
deviation de. If both the deviation e and the difference in the deviation de are positive, it
indicates that the ship is moving away from the reference path. In this case, even if e is
small, the look-ahead distance ∆ needs to be reduced. Conversely, if the deviation e and the
difference in the deviation de are in opposite directions, it means that the ship is close to
the reference path. Therefore, the value of L needs to be increased appropriately to prevent
overshooting. The resulting fuzzy rule table for the line condition is shown in Table 4.

Table 5 shows the design of fuzzy rules for curvilinear conditions, which follows the
same logic as that of line conditions. In curvilinear conditions, a ship will make multiple
turns. The curvature of the route and the disturbance of the flow will cause a larger
deviation. To decrease steering bias, the ship’s lookahead distance should be reduced even
more, prompting the ship to steer more assertively and ultimately reducing steering bias.
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Table 4. Components of fuzzy rules for the line condition.

de
e

NB NM NS ZO PS PM PB

NB PVS PS PS PM PB PM PVS
NS PVS PS PM PB PM PS PVS
ZO PVS PM PS PB PM PS PVS
PS PVS PS PM PB PM PS PVS
PB PVS PM PB PM PS PVS PVS

Table 5. Components of fuzzy rules for the curvilinear condition.

de
e

NB NM NS ZO PS PM PB

NB PVS PVS PVS PS PVS PVS PVS
NS PVS PS PM PM PM PS PVS
ZO PVS PM PS PB PM PS PVS
PS PVS PS PM PM PM PS PVS
PB PVS PVS PVS PS PVS PVS PVS

In a turning condition, the ship’s heading angle is constantly adjusted, resulting in
changing environmental disturbances and deviations that make it difficult for the error to
converge to zero. To counter the effects of environmental disturbances, the change in the
difference in the deviation de determines the magnitude of the disturbances and adjusts the
lookahead distance dynamically. The ultimate components of the fuzzy rules are shown
in Table 6.

Table 6. Components of fuzzy rules for the turning condition.

de
e

NB NM NS ZO PS PM PB

NB PVS PVS PS PS PB PM PVS
NS PVS PS PM PM PM PS PVS
ZO PVS PS PS PB PS PS PVS
PS PVS PS PM PM PM PS PVS
PB PVS PM PB PS PS PVS PVS

3.3. Extended Kalman Filter

Researchers sometimes assume that the ship navigation subsystem is available as the
perception system, and that the ship control system can access the necessary information
directly. To obtain precise navigational information, such as speed and course, ships
require costly sensory equipment. So, to improve the generalizability of control algorithms
and eliminate the need for sensing equipment, it is necessary to accurately estimate the
information required for control. To achieve a precise estimation of variables such as
speed and direction and enhance the robustness of the algorithm, in this study, a five-state
extended Kalman filter algorithm [29] is employed to estimate the ship’s speed, course
angle, and other variables utilizing positional data from the GNSS. The dynamics of a ship
following a path can be modeled by using a combination of the CV and CA models [30,31]
according to 

.
xn

= Ucos(χ)
.
yn

= Usin(χ)
.

U = −α1U + ω1.
χ = ωχ.
ωχ = −α2ωχ + ω2

(12)
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where (xn, yn) is the north-east position of a ship, ω1 and ω2 are Gaussian white-noise
processes, and two constants (α1,α2) from the Singer model [32] have been incorporated
into the model so that U and ωχ converge to zero during stationkeeping [33]. The discrete
form of the equation is 

xn[k + 1] = xn[k] + hU[k]sin(χ[k])
yn[k + 1] = yn[k] + hU[k]sin(χ[k])
U[k + 1] = (1− hα1)U[k] + hω1[k]
χ[k + 1] = χ[k] + hω1[k]
ωχ[k + 1] = (1− hα2)ωχ[k] + hω2[k]

(13)

where h is the sampling time. Then, the GNSS measurement equations are{
y1 = xn + ε1
y2 = yn + ε2

(14)

where ε1 and ε2 are Gaussian white-noise measurement noise. The discrete-time forms are{
y1[k] = xn[k] + ε1[k]
y2[k] = yn[k] + ε2[k]

(15)

The discrete-time state–space model becomes

x[k + 1] =Adx[k] + Edω[k]
y[k] =Cdx[k] + ε[k]

(16)

where x = [xn, yn, U, χ, ωχ]
T , y = [xn, yn]T , ω = [ω1, ω2]

T , and

Ad =


1 0 cos(χ̂)h −hÛ[k]sin(χ̂) 0
0 1 sin(χ̂)h hÛ[k]cos(χ̂) 0
0 0 1− hα1 0 0
0 0 0 1 h
0 0 0 0 1− hα2



Ed =


0 0
0 0
h 0
0 0
0 h

, Cd =

[
1 0 0 0 0
0 1 0 0 0

] (17)

Extended Kalman filter algorithms based on motion models then become [33]
Initial values:

x̂−[0] = x0

P̂
−
[0] = E

[(
x[0]− x̂−[0]

)(
x[0]− x̂−[0]

)T
]
= P0

(18)

Kalman filter gain:

K[k] = P̂
−
[k]CT

d [k]
(

Cd[k]P̂
−
[k]CT

d [k] + Rd[ k])
−1 (19)

Corrector:

x̂[k] = x̂−[k] + K[k]
(
y[k]− h

(
x̂−[k]

))
P̂[k] = (I−K[k]Cd[k])P̂

−
[k](I−K[k]Cd[k])

T + K[k]Rd[k]KT[k]
(20)

Predictor:
x̂−[k + 1] = Adx̂[k] + Bdu[k]

P̂
−
[k + 1] = AdP̂[k]AT

d + EdQd[k]E
T
d

(21)
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where h
(
x̂−[k]

)
= Cd[k]x̂

−[k], and where Qd[k]and Rd[k] are the process covariance and
measurement matrices, respectively.

4. Simulations

In this section, the 700ETU motion model is used as the test object to verify the
effectiveness of the modified ILOS algorithm. The motion mathematical model’s dynamic
parameters are extensively outlined in Section 2. The ship motion model and Kalman
filter estimation algorithm were tested using the Zig-Zag and turning tests. Simulation
tests were also performed using the traditional LOS algorithm, Borhaug’s ILOS algorithm,
Lekkas’ ILOS algorithm, and the modified ILOS algorithm, respectively, to demonstrate the
advantages of the modified ILOS algorithm. The test algorithms utilized the PD controller
for heading control, while the other three control algorithms used a fixed lookahead
distance parameter, which was set to twice the length of the ship.

4.1. Test Simulation Model

In this section of our work, the Zig-Zag test and turning test were conducted to verify
the maneuverability and applicability of the 700 TEU container ship simulation model. In
addition, the extended Kalman filter from Section 3 was used for parameter estimation
during the test.

First, the 20◦/20◦ Zig-Zag test procedure involves the following steps: (1) Initially,
the container ship is sailing at a speed of 12 n mile/h (about 6 m/s). After approaching
steadily, it rapidly steers 20◦ to starboard and maintains the rudder angle. (2) When the
ship’s heading is 20◦ off the initial course, the rudder is rapidly turned to the port side at
20◦ and maintained. (3) Finally, this process is repeated until the end of the test. In Figure 4,
the test results show that the first overshoot angle is about 4.5◦ which is in accordance with
the maneuvering standards. This also confirms that the EKF can estimate the speed and
course angle with great precision during the Zig-Zag test.
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Figure 4. The Zig-Zag simulation test: (a) speed estimate; (b) ship’s trajectory; (c) course estimate.

For the turning test, the process begins with the ship maintaining a constant speed of
12 n mile/h (about 6 m/s). Next, the rudder is turned to the maximum right angle of 35◦

and remains in this position until the ship completes a full turning circle beyond 360◦.
Figure 5 shows that in the turning test, the ship’s advance distance (Ad) at 90◦ is

approximately 323 m, and the tactical diameter distance (DT) at 180◦ is 616 m. It is
important to note that the Ad of the turning circle is less than three times the Lpp (length of
perpendicular) of the ship, which is about 120 m; and the DT of the turning circle is about
six times the Lpp. During the turning test, the EKF obtains accurate estimates of the speed
and the course angle.
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Figure 5. The turning simulation test: (a) speed estimate; (b) ship’s trajectory; (c) course estimate.

From the results of the tests above, it can be concluded that the vessel has good
maneuverability, while the performance of the EKF is generally acceptable for engineer-
ing application.

4.2. Line Path-following Test

In the line path-following test, the desired path begins at the coordinates (1500, 0) and
concludes at (1500, 9000). The ship’s initial position is (0, 0) and it is heading east. The
ship’s speed is set at 10 n mile/h, while the wind speed is 1.5 m/s with a wind angle of 45◦,
and the current speed is 2.2 m/s with a current angle of 45◦. The simulation results using
the modified ILOS algorithm are illustrated by the red line in Figure 6. Figure 6a,b show
that the ship under the modified ILOS algorithm can follow the reference path with satis-
factory control performance. The algorithm’s final following error is 1 m, with only 5 m of
overshoot during the following process. In Figure 6c,d, the controlled ship displays a more
reasonable and smooth change in rudder angle and speed. Moreover, the simulation results
under the other three algorithms are also shown in Figure 6. Figure 6b illustrates that the
traditional LOS algorithm is susceptible to environmental disturbances, resulting in a fixed
error of approximately 15 m that cannot be eliminated. Meanwhile, the rest of the ILOS
algorithms offset the influence of the environmental interference, and the final convergence
error reaches within 1 m. However, the two ILOS algorithms produce overshoots of 117 m
and 22 m under the influence of the fixed lookahead parameters and the integral term,
respectively. Then, Figure 6c,d show that the control inputs of the other algorithms for
the rudder angle have reached the maximum limit of the rudder, resulting in a significant
reduction in speed. Consequently, the simulation comparison results indicate that the pro-
posed algorithm can achieve a satisfactory following performance. Moreover, it maintains a
reasonable rudder angle and speed. Table 7 compares the performance metrics of different
algorithms, including the overshooting, the final following error, and the time required for
the error to converge. The modified algorithm has improved convergence speed, reduced
tracking error, and significantly decreased overshooting during the convergence process.

Table 7. Comparison of line path-following performance.

Overshooting/m Errors/m Time/s

LOS none 15 300
Borhaug’s ILOS 117 1 190
Lekkas’s ILOS 22 1 200
Modified ILOS 5 1 200
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4.3. Curvilinear Path-Following Test

In the curvilinear path-following test, the reference path is{
X = 500a

Y = 500 cos(a)
(22)

where a = [0, 4π], the ship’s initial position is (−100, 500), and it is heading east. The
ship’s speed is set at 10 n mile/h, while the wind speed is 1.5 m/s with a wind angle of
45◦, and the current speed is 2.2 m/s with a current angle of 45◦. The simulation results
using the modified ILOS algorithm are illustrated by the red line in Figure 7. Figure 7a
shows the performances of the four algorithms, which are all capable of following the
reference path. Based on Figure 7b it can be observed that the proposed algorithm has
the smoothest convergence process, completing convergence in 220 s with a following
error of 1 m. Figure 7c,d exemplify the changes in the rudder angle and ship speed during
the following process. The proposed algorithm can maintain stability during the ship’s
multiple course adjustments by adjusting the lookahead distance through the fuzzy rule.

In Figure 7c, the regulation of the rudder angle displays minimal fluctuations, indi-
cating a consistent and stable control. In Figure 7d, the ship’s speed shows a steady cyclic
variation. Table 8 presents a comparison of the performance indices of the algorithms.
It can be observed that the proposed algorithm has the smoothest convergence process,
completing convergence in 220 s with a following error of 1 m. The proposed modified
ILOS algorithm can maintain stability during the ship’s multiple course adjustments by
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adjusting the lookahead distance through the fuzzy rule. This contrasts with the other
algorithms, which produce large jitter due to heading changes.
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Table 8. Comparison of Curvilinear path-following performance.

Overshooting/m Errors/m Time/s

LOS 7.5 8 1160
Borhaug’s ILOS 9.6 8 580
Lekkas’s ILOS 8.3 4 190
Modified ILOS 4.2 1 220

4.4. Turning Path-Following Test

In the turning path-following test, the reference path is{
X = 1500sin(a)

Y = 1500 cos(a)
(23)

where a = [0, 4π], the ship’s initial position is (−100, 1500), and it is heading east. The
ship’s speed is set at 10 n mile/h, while the wind speed was 1.5 m/s with a wind angle
of 45◦, and the current speed is 2.2 m/s with a current angle of 45◦. The simulation
results are shown in Figure 8 and the performance quantification indices are summarized
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in Table 9. Figure 8a shows that the proposed algorithm can drive the ship along the
desired path with a high-precision process. Figure 8b shows that the proposed algorithm
can converge the error quickly, whereas the other algorithm has an obvious oscillation
during the process. Under turning conditions, the ship is subject to continuously changing
environmental disturbances and the influence of path curvature. This makes a portion of
the following error difficult to converge. The LOS algorithm conventionally has a constant
following error of 7 m when following the reference slewing trajectory and is unable to
converge. While Borhaug’s ILOS algorithm can slowly reduce the following error to 3 m
in 2000 s under the effect of the integral term, Lekkas’s ILOS algorithm has a much faster
error convergence and converges the following error to 1 m in 1500 s. The algorithm
mentioned above cannot be adjusted according to the actual navigation situation as it uses
a fixed lookahead distance parameter. Therefore, there is still room for improvement in
its performance. The fuzzy rule enables the algorithm to use lower lookahead parameters
during turning conditions compared to straight line conditions. This prompts the ship to
perform more aggressive steering to eliminate errors. The following error is reduced to
1 m at 500 s without generating unstable oscillations. In Figure 8c,d, the controlled ship
displays a more reasonable and smooth change in rudder angle and speed. Hence, in this
case, the modified ILOS algorithm path-following control method is more effective and
robust according to these simulation results.
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Table 9. Comparison of Turning path-following performance.

Overshooting/m Errors/m Time/s

LOS 7.9 7 2000
Borhaug’s ILOS 7.9 3 2000
Lekkas’s ILOS 7.8 1 1500
Modified ILOS 7.5 1 500

5. Conclusions

In this paper, a fuzzy-controlled-variable forward-looking-distance ILOS guidance law
has been presented to meet the needs of autonomous ship navigation and high-precision
ship trajectory control. Fuzzy rules designed for various navigation conditions can im-
prove the accuracy and convergence speed by adjusting the algorithm’s lookahead distance
parameter. In addition, the algorithm does not rely on accurate ship models or sensing
devices, but rather utilizes the EKF algorithm to estimate the ship’s state via GNSS position
data, making the algorithm both generalizable and universal. Simulation and experimental
results have demonstrated that that a ship under the modified ILOS algorithm has sat-
isfactory following results for line, curvilinear, and turning paths, and it performs more
reasonable maneuvers compared to when using other algorithms. Meanwhile, it was con-
cluded from Tables 7–9 that the proposed control algorithm can converge the tracking error
to within 1 m under the three working conditions with high tracking accuracy, and it also
has a faster and better convergence process compared to other comparative algorithms. The
results attest to its comprehensive advantages, which are of great significance for achieving
autonomous navigation and high-precision control of ship trajectories.

In future research, obstacles and automatic collision avoidance should be consid-
ered in path following. Furthermore, since the ship motion model is calculated by using
mainly empirical formulas, it can be further optimized to improve the accuracy of the ship
motion model.
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