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Abstract: In this paper, an improved robust line-of-sight (RLOS) guidance-based fuzzy sliding mode
controller is presented to control underactuated ships to conduct the cooperative maritime search
operation under the presented improved creeping line search method. First, considering that the
ship cannot perform turning with corners, an improved creeping line search method is presented by
integrating the Bezier method into the traditional creeping line search method to smooth the transition
points with corners and employing the cubic spline interpolation method to generate continuous
reference paths. Second, an improved RLOS guidance method is presented for the first time by
exploring the idea of robust adaptive control to mitigate the chattering effect of the RLOS guidance.
Third, the fuzzy logic system with approximate ability is integrated into the design of sliding mode
controller to handle unknown nonlinear model dynamics and environmental disturbances. Finally, an
improved RLOS guidance-based fuzzy sliding mode controller is presented. The closed-loop stability
is guaranteed by the Lyapunov theorem. Comparative simulations are conducted to illustrate the
advantages and verify the effectiveness of the presented method.

Keywords: improved robust line-of-sight; cooperative maritime search; fuzzy logic system; path
planning

1. Introduction

Maritime transportation is the main role of cargo transportation among countries, and
more than 90% of global trade, which is worth billions of dollars, is carried by ships [1].
The increasing crowded channels and complex marine environment would unfortunately
lead to a certain number of maritime accidents. Although a great number of efforts
have been made to reduce the maritime accidents, e.g., sea traffic monitoring, navigation
safety countermeasures assessment, and scientific ship management system [1,2], maritime
accidents still happen. Thus, it is of great significance to conduct maritime search and rescue
operations for saving human life within stringent time. The maritime search is the premise
of maritime rescue [3–5]. Compared with an individual maritime search operation [3,4],
the cooperative maritime search can save the search time efficiently. Thus, autonomous
control for cooperative maritime search of multiple underactuated ships is studied herein.

Maritime search is an operation which utilizes available information and facilities
to locate people in distress. In practice, the positions of people and ships in distress are
time-varying due to the influence of maritime environment; thus, planning an efficient
search path for ships is essential. There are two typical path planning methods. One is
point-to-point path planning, and the other is coverage path planning [5]. The point-to-
point method requires the start point and the end point to be available, and the objective
of this method is to obtain the shortest search path. Nevertheless, the information about
accurate positions of maritime accidents and people in distress is difficult to be determined.
In this situation, an effective method is to determine a search area based on the information
about the possible positions of maritime accidents, and then design the optimal search path
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for ships to cover the whole search area. The above process is coverage search, and the
coverage search method includes, e.g., creeping line search, parallel track search, expanding
square search, and sector search [5,6]. Compared with the point-to-point search method,
the coverage search method is more suitable to the scenario in which the information about
positions of maritime accidents is uncertain. Moreover, compared with the individual
maritime search operation [3,4], the cooperative maritime search, which is conducted
by multiple ships, is more efficient. To sum up, the autonomous control of cooperative
maritime search based on coverage search method is studied herein.

The creeping line search method [6] has transition points with corners, which is
impossible for ships to follow due to the given maneuverability; thus, in order to obtain a
smooth reference path, it is of significance to study path planning for cooperative maritime
search operation. The Bezier curve can be used to generate a smooth curve based on
control points [7,8]; however, the results are in discontinuous form, and cannot be used
as a reference path for a control system, which requires the second derivative. In order to
handle this problem, the cubic spline interpolation [9,10], which can generate a continuous
reference signal based on discontinuous points, is employed in this paper. To sum up,
an improved creeping line search method is presented for cooperative maritime search
operation for the first time by integrating the cubic spline interpolation into the Bezier
curve. Compared with the traditional creeping line search method with transition points
with corners [6], which is impossible for underactuated ships to follow, the presented
improved creeping line search method generates smooth reference path.

The underactuated ship, i.e., the ship without a sway actuator, is the general config-
uration, and it attracts intense interest in research because of theoretical challenges and
wide applications [11–20]. The line-of-sight (LOS) guidance [11] has been employed widely
as a useful method for path following of underactuated ships; however, the influence of
the sideslip angle and kinematic uncertainty are ignored. Many researchers explored the
LOS guidance method in depth and improved it, see Table 1. The kinematic discrepancy
between the ship and its three-degree-of-freedom (3-DoF) mathematical model is almost
ignored in previous studies [12,13,16,21]. The robust LOS (RLOS) method was presented to
compensate kinematic uncertainty by exploring the idea of sliding mode in [18]; however,
the chattering effect was ignored. Thus, it is of significance to study the idea of chattering-
free sliding mode further. The idea of robust adaptive control [22] is employed to reduce
the chattering effect of RLOS; then, the improved RLOS is presented in this paper.

Table 1. The characteristics of previous work about LOS guidance.

Reference Advantage Shortcoming

[11]
It provides a simple method to handle

the path following problem of
underactuated ships.

It ignores the influence of the sideslip
angel and kinematic uncertainty.

[12,21] An integral term is used to alleviate the
influence of the sideslip angel.

It cannot handle the time-varying
sideslip angle and ignores the

kinematic uncertainty.

[13,16]
A reduced-order extended state

observer is employed to identify the
time-varying sideslip angle.

It ignores the kinematic uncertainty.

[18] A robust term is employed to
compensate the kinematic uncertainty.

It ignores the influence of the sideslip
angle and exists the chattering effect.

Sliding mode control [23,24] has the advantages of robustness, and it can be employed
to control ships to perform path following [16,25–28]. In order to control underactuated
ships to perform path following, an integral LOS guidance-based sliding mode controller
was presented [28]; a sliding mode controller based on an improved extended state observe-
based LOS guidance was presented in [16]; and an efficient LOS guidance-based sliding
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mode controller was presented by employing an event-triggered strategy to reduce trigger
time [25]. Nevertheless, the above studies are concentrated on an individual ship. The
improved RLOS guidance-based sliding mode controller is presented for cooperative mar-
itime search operation for the first time in this paper. Considering that the unknown model
dynamics and time-varying disturbances always exist, the fuzzy logic system (FLS) [29]
with approximate ability can be integrated into the presented controller to approximate the
nonlinear function [30–33]. To sum up, an improved RLOS guidance-based fuzzy sliding
mode controller is presented for the first time for cooperative maritime search of multiple
underactuated ships.

The contributions of this paper can be summarized as follows.

(1) In previous work [3,4], the maritime search has been conducted by an individual
ship. Compared with an individual maritime search operation [3,4], the cooperative
maritime search based on the improved creeping line search method is presented in
this paper, which is more efficient within stringent time.

(2) Compared with the traditional creeping line search method [6] with transition points
with corners, which is impossible for ships to track, the presented improved creeping
line search method smooths the transition points with corners based on the Bezier
curve; then, a smooth reference path can be obtained.

(3) The RLOS guidance method [18] compensates the kinematic uncertainty by exploring
the idea of sliding mode; however, the chattering effect always exists. Considering
the shortcoming of the RLOS guidance method, an improved RLOS guidance method
with less chattering effect is presented in this paper for the first time by employing
the idea of robust adaptive control.

(4) Considering the unknown nonlinear model dynamics and time-varying disturbances,
the FLS is incorporated into the design of the controller to approximate the unknown
nonlinear functions; then, the improved RLOS guidance-based fuzzy sliding mode
controller is presented for the cooperative maritime search operation.

The rest of this paper is organized as follows. Section 2 states mathematical model,
search path planning method, improved RLOS guidance, fuzzy logical system, and problem
formulation. Section 3 states the design of controller. Section 4 conducts two simulations to
validate the presented method. Section 5 gives the conclusions.

2. Preliminaries and Problem Formulation
2.1. Mathematical Model of Underactuated Ships

The 3-DoF horizontal dynamics of the i-th ship [20] can be written as

.
xi = ui cos ψi − vi sin ψi.
yi = ui sin ψi + vi cos ψi.
ψi = ri

(1)

.
ui =

mi22
mi11

viri − diu
mi11

ui − diu2
mi11

|ui|ui − diu3
mi11

u3
i +

1
mi11

τiu +
1

mi11
τiwu

.
vi = −mi11

mi22
uiri − div

mi22
vi − div2

mi22
|vi|vi − div3

mi22
v3

i +
1

mi22
τiwv

.
ri =

mi11−mi22
mi33

uivi − dir
mi33

ri − dir2
mi33

|ri|ri − dir3
mi33

r3
i +

1
mi33

τir +
1

mi33
τiwr

(2)

where (xi, yi) describes the position of ships, and ψi is the yaw angle; ui, vi, and ri denote
velocities of surge, sway, and yaw rate. The positive constant terms mi11, mi22, and mi33
represent the ship inertia including added mass. The terms diu, diu2,diu3, div, div2, div3, dir,
dir2, and dir3 denote the hydrodynamic damping in surge, sway, and yaw. τiwu, τiwv, and
τiwr are environmental disturbances produced by current, wave, and wind. The surge force
τiu and the yaw moment τir are available controllers.

2.2. A Novel Path Planning Method

The traditional creeping line search method is one of classical coverage methods, but
it has transition points with corners. It is impossible for ships to perform the turning with
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corners, which poses challenges in maritime search operation. A novel path planning
method for cooperative maritime search operation is presented based on the improved
creeping line search method using the Bezier curve and the cubic spline interpolation in
this paper. The Bezier curve is widely used in various areas to produce a smooth curve
based on the given control points [7,8]; however, the results of the Bezier curve are in a
discontinuous form, which cannot be used as a reference path for a control system directly,
which requires the second derivative. Thus, the cubic spline interpolation is introduced
to connect these discontinuous reference points [10]; then, a smooth reference path can be
presented herein. The details are given as follows.

2.2.1. Improved Creeping Line Search Method

Creeping line search is a traditional coverage search method, which aims to cover the
whole area [6]. Compared with an individual search operation, cooperative search can
effectively save search time. Then, the cooperative creeping line search for multi-ship is
introduced herein, and the three-ship cooperative search is taken as an illustrated example,
see Figure 1. W is the sweep width, and it also can be denoted as the distance between
adjacent paths [4]. The value of W can be obtained from [6].
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Figure 1. Cooperative creeping line search method.

Nevertheless, the traditional creeping line search method has transition points with
corners (e.g., T in Figure 1), which is impossible for ships to follow due to their given
maneuverability; thus, in order to obtain a smooth reference path, researching the path
planning method is significant. The Bezier curve, which is used in various areas to
produce a curve based on the given control points, is considered herein [7,8]. It can be
given as follows

R(α) =
n

∑
ς=0

IςΓn
ς (α) (3)

where α is a parameter, which satisfies α ∈ [0, 1], and Iς (ς = 0, 1, . . . , n) are control points.
Γn

ς (α) is a Bernstein polynomial

Γn
ς (α) = Cς

nας(1 − α)n−ς (4)

where Cς
n = n!

ς!(n−ς)! .
Then, an improved creeping line search method is presented by incorporating the

Bezier curve into the traditional creeping line search method, i.e., a curve segment between
two lines (e.g., the curve segment between P100P110 and P112P120 in Figure 2), which is
produced by the Bezier curve, and is employed to circumvent the transition points. The
Bezier curve of three degrees is employed herein

Big
(
αig

)
=

(
1 − αig

)2Pig0 + 2αig
(
1 − αig

)
Pig1 + α2

igPig2 (5)
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where Pigt are used to produce the reference points of the g-th (g = 1, 2, . . . , M) curve
segment of the i-th (i = 1, 2, . . . , K) ship, and t = 0, 1, 2 are three control points of the
Bezier curve. In order to guarantee the distance between adjacent paths to be equal to
W, the control points of the i-ship can be designed as Pigt =

[
x1gt, y1gt + (i − 1)W

]
, e.g.,

P1gt =
(

x1gt, y1gt
)

is a control point of the first ship. Then, an ordered series of reference
points of each curve segment can be obtained according to Equation (5). Considering the
start point Pi00 =

(
xb

i0, yb
i0

)
and the end point Pi(M+1)0 =

(
xb

i(MN+1), yb
i(MN+1)

)
, the set of

reference points of the i-ship can be expressed as follows

Πi =
{(

xb
i0, yb

i0

)
,
(

xb
i1, yb

i1

)
, . . . ,

(
xb

i(MN+1), yb
i(MN+1)

)}
(6)

where N is the number of reference points of each curve segment.
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Figure 2. An improved creeping line search for cooperative search operation.

2.2.2. Cubic Spline Interpolation

The set of reference points Πi can be obtained based on the above Bezier algorithm;
however, these discontinuous reference points cannot be used as a reference path for control
system directly. Thus, the cubic spline interpolation is introduced to obtain a differentiable
reference path herein.

The cubic polynomial can be expressed as follows [10]

xip(ζi) = ai3ζ3
i + ai2ζ2

i + ai1ζi + ai0
yip(ζi) = bi3ζ3

i + bi2ζ2
i + bi1ζi + bi0

(7)

where ai = [ai3, ai2, ai1, ai0]
T and bi = [bi3, bi2, bi1, bi0]

T can be computed based on the ob-
tained set of reference points Πi and the cubic spline interpolation [9,10]. ζi is a parametric
variable. Eventually, a differentiable reference path

[
xip(ζi), yip(ζi)

]
is obtained based on

the Bezier curve and cubic spline interpolation.

2.3. Improved RLOS Guidance

LOS guidance has been proved as a useful guidance method for path following of
underactuated ships [12,13,16,18]. The desired yaw angle ψid generated by the guidance
system is employed to steer the ships to track reference paths, which lowers the dimension
of control outputs. A geometrical illustration of LOS guidance can be seen in Figure 3.

Define a path-tangential reference frame at
[
xip(ζi), yip(ζi)

]
. This path-tangential

angle ϕi can be obtained as follows [11]

ϕi(ζi) = arctan

[
y′ip(ζi)

x′ip(ζi)

]
(8)

where x′ip(ζi) =
∂xip
∂ζi

, y′ip(ζi) =
∂yip
∂ζi

.
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The guidance system is[ .
xid(ζi).
yid(ζi)

]
=

[
cos ϕi − sin ϕi
sin ϕi cos ϕi

][
Uip
0

]
(9)

where Uip is virtual input, and
.
ζ i =

Uip√
x′ip

2(ζi)+y′ip
2(ζi)

.

The along-track error and cross-track error can be defined as[
xie
yie

]
=

[
cos ϕi − sin ϕi
sin ϕi cos ϕi

]T[xi − xid
yi − yid

]
(10)

Differentiate Equation (10), it has

.
xie = Ui cos(ψi − ϕi + βi)− Uip +

.
ϕiyie + ξi

.
yie = Ui sin(ψi − ϕi + βi)−

.
ϕixie

(11)

where Ui =
√

u2
i + v2

i is the speed of ships, βi = arctan
(

vi
ui

)
is the sideslip angle, and ξi

denotes the kinematic discrepancy between the ship and its 3-DoF model. The discrepancy
is assumed to be bounded, and it satisfies |ξi| ≤ σi, where σi is a positive constant.

The desired yaw angle is designed as follows [11]

ψid = ϕi − arctan
(

yie
∆i

)
− βi (12)

where ∆i is the lookahead distance. Then, Equation (11) can be rewritten as follows

.
xie = Ui

∆i√
∆2

i +y2
ie
− Uip +

.
ϕiyie + ξi

.
yie = −Ui

yie√
∆2

i +y2
ie
−

.
ϕixie

(13)
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In order to compensate the kinematic discrepancy and stabilize xie, the virtual input
Uip can be designed as

Uip = Ui
∆i√

∆2
i + y2

ie

+ κi1xie + κi2tanh
(

xie
εi

)
(14)

where κi1, κi2, and εi are positive design parameters.
Consider a Lyapunov function

ViL =
1
2

x2
ie +

1
2

y2
ie ≥ 0 (15)

Differentiate Equation (15), and substitute Equations (13) and (14) into resultant equation

.
ViL = xie

(
Ui

∆i√
∆2

i +y2
ie
− Uip +

.
ϕiyie + ξi

)
+ yie

(
−Ui

yie√
∆2

i +y2
ie
−

.
ϕixie

)
= −κi1x2

ie −
Ui√

∆2
i +yie

2
y2

ie + xieξi − κi2xietanh
(

xie
εi

)
≤ κi1x2

ie −
Ui√

∆2
i +yie

2
y2

ie + |xieξi| − κi2xietanh
(

xie
εi

) (16)

Because of |ξi| ≤ σi, Equation (16) satisfies the following inequality

.
ViL ≤ −κi1x2

ie −
Ui√

∆2
i + y2

ie

y2
ie + |xieσi| − κi2xietanh

(
xie
εi

)
(17)

Let κi2 ≥ σi, Equation (17) can be written as

.
ViL ≤ −κi1x2

ie −
Ui√

∆2
i + y2

ie

y2
ie + κi2

[
|xie| − xietanh

(
xie
εi

)]
(18)

Considering the following inequality

0 ≤ |xie| − xietanh
(

xie
εi

)
≤ δεi (19)

where δ is a constant that satisfies δ = e−(δ+1), i.e., δ = 0.2785 [22].
Equation (18) has

.
ViL ≤ −ΘiViL + λi (20)

where Θi = min
{

2κi1, 2Ui√
∆2

i +y2
ie

}
, and λi = κi2δεi.

According to Equations (15) and (20), it concludes that xie and yie are bounded.

2.4. Fuzzy Logic System

Considering the unknown nonlinear model dynamics and time-varying disturbances,
the FLS, which can be employed to approximate unknown nonlinear function [29–32], is
employed in this paper. A group of if-then rules are contained in the knowledge base of
the FLS, and they are given as follows [28]

R(l): IF χ1 is Al
1 and χ2 is Al

2 . . . , and χn is Al
n, THEN f̂ is Dl (21)

where χ = [χ1, . . . , χn]
T ⊂ Rn and f̂ ⊂ R are input and output variables of the FLS, Al

ρ and
Dl are linguistic terms, which are characterized by fuzzy membership functions µAl

p

(
χp

)



J. Mar. Sci. Eng. 2024, 12, 105 8 of 18

and µDl

(
f̂
)

. ρ = 1, 2, . . . , n, and n is the number of input variables. l = 1, 2, . . . , m, and m

is the number of rules. The membership µAl
p

(
χp

)
is defined by Gaussian function [26]

µAl
ρ

(
χρ

)
= exp

[
−
(
χρ − wl

)2

2h2
l

]
(22)

where wl and hl are centers and widths of the Gaussian membership function.
The FLS can be described as [28]

f̂ (χ) =

m
∑

l=1
f−l

[
n
∏

ρ=1
µAl

ρ

(
χρ

)]
m
∑

l=1

[
n
∏

ρ=1
µAl

ρ

(
χρ

)] (23)

where f−l = max
f̂∈R

µDl

(
f̂
)

. Define the fuzzy basis function as

φl(χ) =

n
∏

ρ=1
µAl

ρ

(
χρ

)
m
∑

l=1

n
∏

ρ=1
µAl

ρ

(
χρ

) (24)

Denoting θ̂ =
[

f−1, f−2, . . . , f−m]T and φ(χ) = [φ1(χ), φ2(χ), . . . , φm(χ)]
T ; then,

Equation (23) can be rewritten as

f̂ (χ) = θ̂T φ(χ) (25)

For a continuous function f (χ), which is defined on a compact set N, and any constant
ε f > 0, there exists a fuzzy logic system (25) such that [28]

sup
χ∈N

∣∣∣ f (χ)− f̂ (χ)
∣∣∣ ≤ ε f (26)

2.5. Problem Formulation

Cooperative maritime search of multiple underactuated ships based on the improved
RLOS guidance-based sliding mode controller is presented herein, and a diagram of
information flow is given in Figure 4. First, an improved creeping line search method is
presented for the first time for cooperative maritime search by incorporating the Bezier
curve into the traditional creeping line search method to circumvent the transition points
with corners; then, a smooth reference path can be obtained. Specifically, the Bezier curve
is introduced to circumvent transition points with corners in the traditional creeping line
search method, and an ordered series of reference points Πi are obtained; then, the cubic
spline interpolation is included to generate differentiable reference paths

[
xip(ζi), yip(ζi)

]
.

Second, the improved RLOS guidance without chattering effect is presented by exploring
the idea of robust adaptive control for the first time. By including the improved RLOS,
the control output is reduced to the yaw angle, i.e., if the yaw angle can converge to
the desired yaw angle ψid, which is obtained from the improved RLOS guidance, the
position of ships can converge to the desired position. Then, the problem of path following
of underactuated ships is transformed into heading control problem. Third, the FLS is
introduced to approximate unknown nonlinear dynamics and time-varying disturbances.
Above all, a fuzzy sliding mode controller based on improved RLOS guidance is presented
for the cooperative maritime search operation.
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Figure 4. Diagram for cooperative maritime search control of multi-ship based on improved
RLOS-guidance.

3. Controller Design

The improved RLOS guidance-based sliding mode controller for the cooperative
maritime search operation is designed herein. A desired yaw angle can be obtained
from the improved RLOS guidance, see Section 2.3; then, a yaw controller is designed by
applying the sliding mode method, and it is used to steer the ship towards the desired
search path. Considering the underactuated ships with uncertain dynamics and time-
varying disturbances, the FLS is introduced to the design of controller, which is employed
to approximate unknown nonlinear model dynamics and time-varying disturbances.

3.1. Yaw Controller

The error between the desired yaw angle and yaw angel can be defined as

zir = ψi − ψid (27)

The sliding surface can be designed as

si = ci1zir +
.
zir (28)

where ci1 is a positive parameter. Differentiating Equation (28), it has

.
si = ci1

.
zir +

.
ri −

..
ψid (29)

.
ri can be rewritten as

.
ri = fir +

1
m33

τir (30)

where fir = mi11−mi22
mi33

uivi − dir
mi33

ri − dir2
mi33

|ri|ri − dir3
mi33

r3
i +

1
mi33

τiwr. The FLS, which is intro-
duced in detail in Section 2.4, is incorporated into the sliding mode controller design to
approximate fir

fir = θ∗T
ir φ(υi) + εir (31)

where θ∗ir is the ideal parameter vector, υi = [ui, vi, ri]
T , and εir is the approximation error.

The approximation f̂ir can be obtained based on Equation (25) of the FLS
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f̂ir = θ̂T
ir φ(υi) (32)

The control input τir is designed as follows

τir = mi33

[ ..
ψid − ci1

.
zir − f̂ir − kisi − ηi1sign(si)

]
(33)

where ki and ηi1 are positive parameters. The adaptive law for θ̂ir is

.
θ̂ir =

1
γi1

si φ(υi) (34)

where γi1 is the positive parameter. Consider the following Lyapunov function

Vir =
1
2

s2
i +

1
2

γi1θ̃T
ir θ̃ir (35)

where θ̃ir = θ∗ir − θ̂ir. Differentiate Equation (35), and substitute Equation (33) and Equation (34)
into the resultant equation, it has

.
Vir = si

.
si − γi1θ̃T

ir

.
θ̂ir

= si

(
fir − f̂ir

)
− γi1θ̃T

ir

.
θ̂ir − kis2

i − ηi1|si|
= −kis2

i − ηi1|si| ≤ 0

(36)

According to Vir ≥ 0 and
.

Vir ≤ 0, it can be concluded that the signals of this closed-
loop system are stable.

3.2. Surge Controller

The reference surge velocity is denoted as uid, and the error between the reference
surge velocity and surge velocity is defined as

ziu = ui − uid (37)

.
ui can be rewritten as follows

.
ui = fiu +

1
mi11

τiu (38)

where fiu = mi22
mi11

viri − diu
mi11

ui − diu2
mi11

|ui|ui − diu3
mi11

u3
i +

1
mi11

τiwu. The FLS, which is introduced
in detail in Section 2.4, is employed to approximate fiu

fiu = θ∗T
iu φ(υi) + εiu (39)

where θ∗iu is the ideal parameter vector, and εiu is the approximation error. The approximate
result f̂iu is obtained based on Equation (25) of FLS

f̂iu = θ̂T
iu φ(υi) (40)

The control input τiu is designed as follows

τiu = mi11

[
−ci2ziu − f̂iu − ηi2sign(ziu)

]
(41)

where ci2 and ηi2 are positive parameters. The adaptive law for θ̂iu is

.
θ̂iu =

1
γi2

ziu φ(υi) (42)
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where γi2 is the positive parameter. Define the following Lyapunov function

Viu =
1
2

z2
iu +

1
2

γi2θ̃T
iu θ̃iu (43)

where θ̃iu = θ∗iu − θ̂iu. Differentiate Equation (43), and substitute Equation (41) and
Equation (42) into the resultant equation, it can be obtained as follows

.
Viu = ziu

.
ziu − γi2θ̃T

iu

.
θ̂iu

= ziu

(
fiu − f̂iu

)
− ci2z2

iu − ηi2|ziu| − γi2θ̃T
iu

.
θ̂iu

= −ci2z2
iu − ηi2|ziu| ≤ 0

(44)

It can be concluded that the signals of this closed-loop system are stable according to
Viu ≥ 0 and

.
Viu ≤ 0.

4. Simulations

Two cases are conducted to illustrate advantages of the presented improved RLOS
guidance-based fuzzy sliding mode controller in this section. The first one gives the
performance of the three-ship cooperative maritime search operation based on a novel
path planning method, and effectiveness of the fuzzy sliding mode controller based on
improved RLOS guidance can be verified. The second one is a comparative case between
RLOS guidance and improved RLOS guidance, and it can be conducted to illustrate the
advantages of the presented improved RLOS guidance.

The underactuated ships have a length of 38 m, mass of 118 × 103 kg, and the parame-
ters mi11 = 120× 103, mi22 = 177.9× 103, mi33 = 636× 105, diu = 251× 102, div = 147× 103,
dir = 802 × 104, diu2 = 0.2diu, diu3 = 0.1diu, div2 = 0.2div, div3 = 0.1div, dir2 = 0.2dir, and
dir3 = 0.1dir [20]. The time-varying disturbances are generated from first-order Markov
process

.
τiw = −τiw +
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Figures 6–9 give the simulations of the cooperative maritime search operation based 
on the presented improved creeping line search method under the mentioned search sce-
nario. In Figure 6, the reference paths, which are denoted by purple line, brown line, and 
reddish-brown line, are generated by the presented improved creeping line search 
method by integrating the cubic spline interpolation into the Bezier curve. By this way, 
the transition points with corners in the traditional creeping line search method are cir-
cumvented, and the obtained reference paths are smooth and continuous. The yellow dot-
ted line, orange dotted line, and olive-green dotted line are guidance paths, which are 
generated by improved RLOS guidance. Three ships are used to conduct the cooperative 
maritime search operation based on the presented improved RLOS guidance-based fuzzy 
sliding mode controller, and the green dotted line, red dotted line, and blue dotted line 
are the paths of three ships. The shapes of three ships, which are filled by green, red, and 
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Figures 6–9 give the simulations of the cooperative maritime search operation based 
on the presented improved creeping line search method under the mentioned search sce-
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reddish-brown line, are generated by the presented improved creeping line search 
method by integrating the cubic spline interpolation into the Bezier curve. By this way, 
the transition points with corners in the traditional creeping line search method are cir-
cumvented, and the obtained reference paths are smooth and continuous. The yellow dot-
ted line, orange dotted line, and olive-green dotted line are guidance paths, which are 
generated by improved RLOS guidance. Three ships are used to conduct the cooperative 
maritime search operation based on the presented improved RLOS guidance-based fuzzy 
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Figures 6–9 give the simulations of the cooperative maritime search operation based 
on the presented improved creeping line search method under the mentioned search sce-
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3i) is
a constant matrix, and ωi is the Gaussian white noise. The parameters of sliding mode
controllers are set as ci1 = 1, ki = 1, ηi1 = 0.0000001, ci2 = 0.5, and ηi2 = 0.000001. The
parameters of the FLS are set as l = 1, . . . , 5, [w1, w2, w3, w4, w5]

T = [−1,−0.5, 0, 0.5, 1]T ,
hl = 0.5, ρ = 1, 2, 3, γi1 = 1, and γi2 = 1. The lookahead distance is set as ∆i = 3L, where L
is the length of ship. The reference surge velocity is set as uid = 5m/s.

4.1. Three-Ship Cooperative Maritime Search Operation

In this section, the cooperative maritime search is conducted by three ships based on
the presented improved RLOS guidance-based fuzzy sliding mode controller. The reference
path for the cooperative maritime search is generated from the presented improved creeping
line search method, which integrates the Bezier curve into the traditional creeping line
search method to circumvent the transition points with corners and employs the cubic
spline interpolation to produce a differentiable path. An improved RLOS guidance-based
fuzzy sliding mode controller is used to control multiple ships to conduct the cooperative
maritime search.

Sweep width is an important parameter in a maritime search operation. Thus, many
experiments were conducted in different scenarios, and the table of sweep width was
collected in [6]. In this section, consider a search scenario that the area is nearly 317 square
kilometers, the length of ships to be searched is less than 5 m, and the visibility in current
marine environment is 9 km. Then, the value of sweep width of the mentioned search
scenario can be found in [6], and it is 2.6 km.

The cooperative maritime search is conducted by three ships, and the communica-
tion topology of ships is shown in Figure 5. The initial states of three ships are set as
[x1(0), y1(0), ψ1(0), u1(0), v1(0), r1(0)]

T = [0 m, 0 m, 0 rad, 0 m/s, 0 m/s, 0 rad/s]T ,
[x2(0), y2(0), ψ2(0), u2(0), v2(0), r2(0)]

T = [0 m, 2600 m, 0 rad, 0 m/s, 0 m/s, 0 rad/s]T ,
[x3(0), y3(0), ψ3(0), u3(0), v3(0), r3(0)]

T = [0 m, 5200 m, 0 rad, 0 m/s, 0 m/s, 0 rad/s]T .
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Figure 5. The communication topology of three ships.

Figures 6–9 give the simulations of the cooperative maritime search operation based on
the presented improved creeping line search method under the mentioned search scenario.
In Figure 6, the reference paths, which are denoted by purple line, brown line, and reddish-
brown line, are generated by the presented improved creeping line search method by
integrating the cubic spline interpolation into the Bezier curve. By this way, the transition
points with corners in the traditional creeping line search method are circumvented, and the
obtained reference paths are smooth and continuous. The yellow dotted line, orange dotted
line, and olive-green dotted line are guidance paths, which are generated by improved
RLOS guidance. Three ships are used to conduct the cooperative maritime search operation
based on the presented improved RLOS guidance-based fuzzy sliding mode controller, and
the green dotted line, red dotted line, and blue dotted line are the paths of three ships. The
shapes of three ships, which are filled by green, red, and blue, are drawn in Figure 6 every
1000 s, and three ships can maintain the formation when they follow the straight part of the
reference path and the curve part of the reference path. Figure 7 depicts the control inputs
of three ships, which are generated by Equation (33) and Equation (41). There are some
spikes in yaw moment, since the reference path is constituted by straight parts and curve
parts, and ships need different heading angels to change their states when they travel from
the straight part to the curve part, and vice versa. The values of control inputs of three ships
are same since three ships have the same states, which satisfies that three ships can maintain
their formation when they conduct the cooperative search. Considering unknown model
dynamics and time-varying disturbances, the FLS with approximate ability is incorporated
into the design of controllers, and the performance of fuzzy approximators is shown in
Figures 8 and 9. The solid lines are approximated results of the FLS, and dotted lines are
unknown model dynamic and time-varying disturbances. From Figures 8 and 9, it can be
concluded that the FLS can approximate the unknown nonlinear function; although, the
values of fir and fiu are small and time-varying.
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4.2. Comparative Studies between RLOS Guidance and Improved RLOS Guidance

In order to verify the effectiveness and advantages of the presented improved RLOS
guidance, a comparative case between RLOS guidance and improved RLOS guidance was
conducted. The straight-line path following of one underactuated ship was taken as an
illustrated example. In practical applications, a kinematic discrepancy between the ship
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and its 3-DoF model usually exists, which is deserved to be noticed. RLOS guidance was
presented to compensate this kinematic uncertainty based on the idea of sliding mode [18];
however, the existing chattering effect cannot be avoided. In order to improve the chattering
effect, an improved RLOS guidance is presented for the first time based on the idea of
robust adaptive control [22] in this paper.
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In order to verify the effectiveness of the presented improved RLOS guidance, a term
ξ(t) = 0.1 sin t was added into the kinematic model, and the time-varying disturbances
were ignored, i.e., τiwu = 0, τiwv = 0, and τiwr = 0. The reference signal was given as

xp(ζ) = x0 + ζ cos ϖ
yp(ζ) = y0 + ζ sin ϖ

(45)

where x0 = 0, y0 = 1, and ϖ = π
4 . The initial states of the ship are set as

[x(0), y(0), ψ(0), u(0), v(0), r(0)]T = [50 m, 1 m, 0 rad, 0.1 m/s, 0 m/s, 0 rad/s]T . The
parameters of the RLOS guidance-based sliding mode controller and the improved
RLOS guidance-based sliding mode controller are the same.

In Figure 10, the green line is the reference signal, which is generated by Equation (45).
The yellow dotted line and the purple dotted line are guidance paths, which are generated
by the RLOS guidance and the improved RLOS guidance. The orange dotted line and
blue dotted line are ship paths based on the RLOS guidance-based sliding mode controller
and improved RLOS guidance-based sliding mode controller. Figure 10 can show that the
ship can follow the reference signal eventually. In Figure 11, the orange line is the control
input of RLOS guidance-based sliding mode controller, and the blue dotted line is the
control input of improved RLOS guidance-based sliding mode controller. In Figure 12, the
along-track error xe can converge to a small value because RLOS guidance and improved
RLOS guidance can compensate the kinematic uncertainty between the ship and its 3-DoF
model. Nevertheless, RLOS guidance compensates the kinematic uncertainty based on the
idea of sliding mode [18], and the chattering effect cannot be avoided. Improved RLOS
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guidance is presented based on the idea of adaptive robust control; thus, the chattering
effect is eased. It also shows that the along-track error xe of the improve RLOS guidance is
close to zero within 2 s, which is faster than the RLOS guidance.
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5. Conclusions

The improved RLOS guidance-based fuzzy sliding mode controller has been presented
to control multiple underactuated ships to conduct the cooperative maritime search based
on the presented improved creeping line search method in this paper. First, an improved
creeping line search method is presented for the first time by integrating the Bezier curve
into the traditional creeping line search method to circumvent the transition points with
corners; then, the cubic spline interpolation is employed to connect these discrete points,
which are generated by the Bezier curve. Compared with the traditional creeping line
search method, the presented improved creeping line search method generates a smooth
reference path. Second, an improved RLOS guidance is presented for the first time by
exploring the idea of robust adaptive control, and the chattering effect of the RLOS guidance
method is eased. Third, the fuzzy logic system is introduced to approximate the uncertain
nonlinear model dynamics and time-varying disturbances. Finally, the improved RLOS
guidance-based fuzzy sliding mode controller is presented. In the first simulation, three
underactuated ships conduct the cooperative maritime search based on the presented
improved creeping line search method under the improved RLOS guidance-based sliding
mode controller, which can verify the effectiveness of the presented controller and the
improved creeping lines search method. In the second comparative simulation between
the presented improved RLOS guidance and RLOS guidance, the chattering effect of the
RLOS guidance is eased by the presented improved RLOS guidance, and the advantages
of the presented improved RLOS guidance method are shown. There is a central point in
the communication topology, and the communication takes place before the cooperative
maritime search operation. In future, the distributed maritime search will be researched,
and ships will communicate with their neighbors instead of the central point in the process
of the cooperative maritime search.
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