Brodogradnja Volume 77 Number 4 (2026) 77409

- journal homepage: www.brodogradnja.fsb.hr fsb
f s b BRODOGRADNJA
Brodogradnja
University of Zagreb
;:‘;‘;Z’;:;::;';arj:fa‘l An International Journal of Naval Architecture and
Architecture Ocean Engineering for Research and Development
An adaptive predefined time trajectory tracking control approach for unmanned () e

surface vehicles under short-crested wave disturbances

Zhiyang Guo', Jianing Zhang"", Yuchen Shang’®, Yi Zhang'!, Yuanhui Wei', Lei Zhang'

ISchool of Naval Architecture and Ocean Engineering, Dalian Maritime University, Dalian 116026, China
’Department of Ocean Engineering, Texas A&M University, College Station 77843, USA

ARTICLE INFO ABSTRACT
Keywords: This paper focuses on trajectory tracking control problem in unmanned surface
Predefined time vehicles (USVs) operating under complex ocean disturbances. To accurately

characterize the marine environment and evaluate control performance under realistic
operating conditions, a three-dimensional short-crested irregular wave force model
Unmanned surface vehicle with randomly distributed frequencies and propagation directions is established. This
Trajectory tracking model incorporates stochastic and multidirectional wave loading into the USV
dynamics and control framework, providing a more realistic representation of wave
disturbances for trajectory tracking analysis. Building upon this disturbance modeling,
an adaptive predefined time nonsingular terminal sliding mode controller (adaptive
PT-NTSMC) is proposed. First, a novel time-varying function is introduced to
construct a variable-gain global sliding mode manifold, based on which a predefined
time controller is developed to ensure predefined time convergence. Second, an
adaptive law is established to independently estimate the upper bound of external
disturbances, thereby reducing the reliance of controller design on prior disturbance-
bound information. The global and predefined time stability of the closed-loop system
is rigorously verified using Lyapunov theory. Simulation and comparative results
under short-crested wave conditions validate the effectiveness and improved
performance of the proposed control strategy.

Adaptive control

Short-crested waves

1. Introduction

In recent years, with the increasing scarcity of land resources, the development and utilization of marine
resources have become particularly important. In this context, unmanned surface vehicles (USVs) have
garnered significant attention as essential tools for marine exploration. During the navigation of USVs, the
primary external disturbance arises from wave forces acting on the sea surface. Therefore, establishing an
accurate hydrodynamic model of wave forces is essential for improving the fidelity of numerical simulations,
enhancing the reliability of simulation results, and improving the practical applicability of controller
parameters. The influence of wave forces on USVs mainly consists of two components: the first-order wave
force, which primarily excites oscillatory motions such as heave, roll, and pitch, and the second-order wave
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drift force, which causes slow variations or drifts in the USV position. However, in most existing studies,
researchers have simulated wave disturbances by simply superimposing sinusoidal and cosine functions [1-
3], and this approach fails to capture the physical characteristics of real ocean wave forces. In some works,
long-crested irregular wave models based on wave spectra [4] have been employed, which partially reflect the
distribution of wave energy across different frequencies. Nevertheless, such models essentially describe two-
dimensional planar waves and cannot represent the effects of multidirectional component waves on the
resultant wave forces. Moreover, since the heading and speed of a USV change continuously during motion,
the use of a two-dimensional wave model may lead to unrealistic results—for instance, the force components
in certain degrees of freedom may become zero when the USV heading coincides with specific wave
propagation angles. In addition, the selection of component wave frequencies significantly affects the
computed wave forces when spectral representations are used. Although evenly spaced frequency
discretization simplifies the computation, it tends to produce periodic repetitions in the simulated wave forces,
leading to deviations from the stochastic and nonrepetitive characteristics of actual ocean environments.
Therefore, it is necessary to establish an accurate and physically consistent wave force model that not only
improves simulation fidelity but also provides a solid foundation for analyzing and compensating for external
disturbances in control design.

Achieving accurate trajectory tracking under complex environmental disturbances has become a
prominent focus in research in recent years. Many researchers have explored various control methods with
promising results. Currently, widely used approaches include proportional-integral—derivative (PID) control
[5], sliding mode control (SMC) [6], model predictive control (MPC) [7], fuzzy logic control (FLC) [8],
backstepping [9], neural-network-based control [10], and reinforcement learning (RL) [11, 12]. Among these
methods, PID control has a simple structure and is easy to implement but lacks robustness against
nonlinearities and external disturbances. It also exhibits slow dynamic responses and lower tracking accuracy
in nonlinear systems. MPC provides good tracking performance for smooth trajectories but struggles with
sharp turns and small-angle trajectories. Its robustness depends on the accuracy of the system model, and its
convergence speed is often slower than that of SMC because of the complexity of solving optimization
problems. Compared with SMC, FLC offers strong robustness but relies on manually designed fuzzy rules,
making it less effective at handling complex dynamic variations and unknown disturbances. The backstepping
method is less robust in handling rapidly changing system dynamics and strong disturbances, but its tracking
performance for sharp turns is slightly inferior to that of SMC. In contrast, SMC has stronger robustness, faster
convergence, and higher tracking accuracy for complex trajectories, making it the mainstream approach in
controller design [13-15]. In recent years, many researchers have integrated SMC with other advanced control
techniques to improve trajectory tracking performance [16-19].

Another important issue in trajectory tracking control lies in a system’s convergence behavior. For
autonomous marine vehicles (AMVs), achieving stable tracking within a specified time is a key performance
criterion. Accordingly, minimizing the pursuit phase duration while maintaining tracking accuracy remains a
central focus in trajectory tracking control research. The research on system convergence time can be broadly
classified into four stages: asymptotic stability, finite-time stability, fixed-time stability, and predefined time
stability. Asymptotic stability has been studied for more than a century. However, since an asymptotically
stable system can only approach the equilibrium point infinitely as time tends to infinity, it fails to meet the
requirements for time-constrained control applications. Finite-time stability requires that the system states
converge to the equilibrium point within a finite time horizon [20, 21]. Because finite time stability is
associated with faster dynamic response than asymptotic stability, it has been widely applied in the control of
unmanned systems. For the trajectory tracking of fully actuated USVs, the authors of references [22-25]
developed a nonsingular fast terminal sliding mode controller, a supertwisting sliding mode controller, a PID
sliding mode controller, and a nonlinear sliding mode controller. However, the parameter design of these
controllers or observers relies on the upper bound of the disturbance derivative, the disturbance bound, or
lumped terms containing disturbances. In reference [26], an improved finite-time convergent LOS method
was proposed. Although the controller itself does not explicitly depend on disturbance information, the
convergence region of the tracking error is still jointly affected by the control parameters and external
disturbances. In references [27] and [28], adaptive fuzzy control and reinforcement-learning-based adaptive
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control, respectively, were introduced to improve tracking accuracy, robustness, and energy efficiency.
Overall, the above finite-time control methods generally rely on prior disturbance-related information for
parameter design or performance assurance. Moreover, their convergence time depends on the initial
conditions. Specifically, a larger initial deviation leads to a longer actual convergence time.

Fixed-time stability guarantees that the system states converge to the equilibrium point within a uniform
upper time bound independent of the initial conditions [29, 30], and thus exhibits greater advantages in control
tasks that require unified time constraints. In recent years, the fixed time framework has been widely applied
in AMV trajectory tracking, formation control, dynamic positioning, and autonomous berthing. Among these
works, the authors of references [31-33] achieved fixed time convergence via disturbance observers or SMC,
but parameter design still required consideration of the upper bound of the disturbance or its derivative.
Although the authors of references [34] and [35] alleviated some of the drawbacks of conventional methods
to a certain extent, their observation or tracking error bounds continue to be jointly influenced by the controller
parameters magnitude of disturbance. References [36], [37], and [38] reduced the reliance on disturbance-
bound information through neural-network approximation or dynamic compensation mechanisms. In
reference [39], a fixed time fuzzy adaptive backstepping controller was designed for the cooperative formation
tracking control of fully actuated USVs, ensuring that the tracking errors converge to a neighborhood of the
origin within a fixed time period. Reference [40] proposed a fixed-time fault-tolerant control scheme for
unmanned amphibious surface vehicles with actuator faults, providing an effective solution for maintaining
trajectory-tracking performance in the presence of actuator faults and uncertainties. However, the method still
relies on prior boundedness information on the lumped disturbance and its time derivative. In contrast,
reference [41] considered only system uncertainties and did not consider external disturbances. In general,
although the above fixed-time control methods eliminate the dependence on initial conditions, their upper
convergence-time bounds are still related to the controller parameters. When the controller structure becomes
complicated and the number of parameters increases, such upper bounds are often difficult to specify directly
and precisely in advance.

On this basis, the predefined time stability approach further allows the convergence time to be treated
as an independently assignable parameter, such that the convergence time is not only independent of the initial
conditions but also decoupled from the complicated coupling relationships among other control parameters
[42, 43]. Therefore, the predefined time stability approach provides a more direct and effective theoretical
framework for control tasks subject to strict time requirements and has gradually become an important
direction in current research. In recent years, predefined time methods have been applied to the coordinated
control of networked marine surface vessels, data-driven trajectory tracking of hovercraft, and formation
control of multiple AUVs [44-46], with favorable time-constrained performance. The authors of reference
[47] further constructed a hybrid framework for prescribed-time trajectory tracking control of an aquatic-aerial
unmanned amphibious vehicle under actuator faults, thereby extending the application of time-constrained
control to more complex task scenarios. However, in existing studies, the parameter design of controllers or
observers still often depends on disturbance bounds, which to some extent limits their practical applicability.

In this paper, predefined time stability refers to a convergence property in which the actual convergence
time of the system is bounded by an upper bound that can be assigned in advance by the designer and remains
independent of the initial condition. More specifically, the adopted notion mainly requires a unified and
adjustable upper bound on the actual convergence time. Therefore, even if certain auxiliary parameters are
determined with the aid of initial-condition information during the controller construction, the predefined time
property is still maintained, provided that the designer-assigned convergence time bound itself does not
depend on the initial state. In the proposed method, the predefined time parameter is chosen in advance,
whereas the initial conditions are only used to determine the auxiliary parameter vector and gain term involved
in the sliding manifold construction, such that the prescribed initial constraints of the manifold are satisfied.
In other words, variations in the initial conditions do not influence the convergence time of the system. Since
these quantities are introduced only for structural construction and do not affect the designer-assigned
convergence time bound, the predefined time convergence claim of the proposed method remains valid under
the adopted definition.



11.

1il.

Z. Guo et al. Brodogradnja Volume 77 Number 4 (2026) 77409

Table 1 Comparison of the disturbance handling and convergence characteristics of existing AMV control methods

. Whole-process disturbance-bound Convergence
Ref disturbance model information required type
[4] Long-Crested Wave No asymptotic
[22-25] Sinusoidal composite Yes Finite fime
[26-28] disturbance No
[31, 32] Sinusoidal composite Yes
[36-38] disturbance N Fixed time
0
[39] Gaussian white noise
[44-46] Slnusqldal composite Yes
disturbance .
Thi Predefined time
S Short-Crested Wave No
paper

In summary, several issues still remain to be addressed in USV tracking control.

First, the disturbance-force models used to describe the operating environment of USVs are often overly
simplified, making it difficult to adequately capture the physical characteristics of external disturbances and
thereby reducing the reliability of simulation results.

Second, the research on predefined time control for USVs is still relatively limited. In the existing
predefined time sliding mode controllers, effective disturbance suppression is often lacking during the
reaching phase, which makes the control algorithm relatively sensitive to external disturbances in the initial
stage.

Third, parameter selection in most existing predefined time controllers still depends on disturbance-
bound information. Moreover, the corresponding control parameters are usually active throughout the entire
control process. As a result, the disturbance bound over the whole operating cycle of the USV must be
considered during parameter design, which reduces the practical applicability of these algorithms in real-world
scenarios.

To address the above issues, in this paper, we develop a control framework that combines a more realistic
environmental disturbance model with a predefined time control strategy that further reduces the dependence
on disturbance-related prior information. The main contributions of this paper are as follows:

A realistic short-crested irregular wave force model is established to accurately simulate environmental
disturbances acting on a USV. Nonuniformly spaced component wave frequencies are randomly selected
within each interval, and the corresponding propagation directions are generated to reflect the stochastic
nature of sea states. This modeling strategy avoids the periodic artifacts that commonly occur in
frequency-discretized wave simulations and provides a more faithful representation of the spatial and
temporal variability of real ocean wave forces. Moreover, by embedding this physically representative
wave force model directly into the USV motion and control framework, the proposed approach enables
control design and performance evaluation under physically consistent, multidirectional wave
disturbances, which significantly enhances the realism and credibility of control-oriented simulations.

On the basis of a novel time-varying function, a variable-gain predefined-time sliding mode manifold is
constructed, and a predefined-time nonsingular terminal sliding mode controller is subsequently
developed. By introducing the time-varying function into the sliding manifold, the proposed design
guarantees predefined-time stability while simultaneously achieving the global sliding property, thereby
eliminating the reaching phase. Furthermore, a variable-gain coefficient is incorporated so that, as the
tracking error decreases, the controller can still drive the system toward the desired trajectory at a
relatively fast rate.

An adaptive predefined time control scheme is proposed, in which an online estimation law for
determining the upper bound of the disturbance is embedded into the predefined time sliding-mode
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framework, ensuring that both the tracking error and the upper-bound estimation error converge within a
predefined time. Since the related control parameters only take effect before the predefined time, their
design only needs to account for the disturbance bound over this interval, rather than over the entire
operating cycle as required in many existing methods.

The structure of this paper is as follows. In Section 2, the 3DOF motion model of the USV is introduced,
along with the necessary assumptions and lemmas for stability analysis. In Section 3, the modeling of ocean
disturbances is presented, where the first- and second-order wave forces induced by three-dimensional short-
crested irregular waves are incorporated. In Section 4, the mathematical model of the predefined time
nonsingular terminal sliding mode controller is presented, and its stability is proven. On this basis, an adaptive
predefined time controller is designed, and its stability is verified using Lyapunov theory. In Section 5, the
proposed controller is compared with existing SMC methods, and its performance is analyzed under different
initial conditions and various time parameters. Finally, Section 6 presents the conclusions.

Notation: Let xz[xl,xz,---,xn]T and yz[yl,yz---yn]T be vectors and let >0 be a constant. The

Hadamard product of x and y is defined as xoy:[xlyl,xzyz,---xnyn]T . Let x# :[xlﬂ,xf,m,xfT ,
T
T T 1 11 1 : .
|X|=[|x1,x2,..-,xn|:| , |x|ﬂ:|:|xl|ﬂ,x2|ﬂ,...’xn|ﬂ:| , _=|:_,_,...,_:| , Slgﬂ(X):|x|ﬁOSIgn(x),
X X1 Xo Xy

x+ =[x +B.x+ B, x, +,B]T, diag(x) = diag(x,,x,,--,x, ). The Euclidean 2-norm is denoted by|*

3

and the Euclidean 1-norm is denoted by ||*||1 .

2. Problem formulation and preliminaries

2.1 Problem formulation

Xg A
X North
Body — fixed frame
East
X ——
Op
Y
Yp
Earth — fixed frame

OE y YE

Fig.1 USV 3-DOF planar motion coordinate system

The trajectory tracking problem relates primarily to the position of the USV; thus, the degrees of freedom
related to pitch, heave, and roll are typically ignored. The 3-DOF motion coordinate system of a USV is shown
in Figure 1. It should be noted that the USV considered in this study is modeled as a fully actuated planar 3-
DOF platform, that is, independent control inputs are assumed to be available in the surge, sway, and yaw.
The mathematical model for the 3-DOF motion of a USV can be expressed as follows [48]:
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n=R(y)v

Mo+C(v)v+D(v)v=1.(t)+d(t) (1

where 7 =[x, y,l//]T is the position vector of the USV in the earth-fixed coordinate system; v = [u,v,r]T is

. . ) T
the velocity vector of the USV in the body-fixed coordinate system; 7, = [sz ry,ry,] represents the control

inputs of the fully actuated USV; d =[d1,d2,d3 ]T denotes the unknown disturbance forces in the three
degrees of freedom; R(l//) is the transformation matrix from the body-fixed coordinate system to the earth-
fixed coordinate system.
cosyy —siny 0
R(y)=|siny cosy 0 (2)
0 0 1

R(y) has the following properties: detR(l//):HR(l//)H=l . RT (w)R(w)=1: R(y)=R(y)S(r),
0O —r O
where S(r)=

oS O

0.
0

S

M,C(v),D(v) denote the inertia matrix, the Coriolis and centripetal matrix, and the damping matrix,

respectively. Their expressions are given as follows:

my; O 0
M= 0 my my (3)
0 myy my
0 0 a3 (v.r)
C(v) { 0 0 oy(u) @)
31 (v,r) c3n (u) 0
dyy (u) 0 0
D(v)=| 0 dyy (v,r) dy(v,r) (5)
0 ds, (v,r) ds3 (v,r)

wherem;; =m— X, ,my, =m—Y, ,myz =mxg—Y. ,myy =mxg—N;,mz3 =1, —Nr-,cl3(v,r):—m22v—m23r,
c(u)=mu , ey (vir)=—c3(vr) , cp(u)=—cpy(u) , d(u)=-X, —(X‘u‘u |u|+Xmmu2) ,
) ? d23 (V,I”) = _YV _(Y‘v‘r |v|+Y‘r‘r |}" ) ?

ds; (v,r):—Nr—<NMr |V|+NW |r|) . The parameters m;; , ¢;;, and d;; denote the elements of the

d22 (V’ I’) ==Y, - (YMV |V| + Y‘

rlv

|

) , dy(v,r)=—-N, _(NMV |v| + N\’\V |r

! !

corresponding coefficient matrices in the actual model, while m;;, ¢;;, and d;;denote the elements of the
corresponding nominal coefficient matrices. The terms Am;;, Ac;;, and Ad;jrepresent the variations of the

’

unknown parameters. Therefore, the following relationships hold: m; =Am; +m; , c; =Acl~j+c£j ,
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Based on Equation (1), the USV dynamics can be reformulated in the earth-fixed coordinate system as
follows:

M (n)ij+C(v,n)n+D(v,n)=R(y)z, (t)+d (t) (6)

where M (i7)=R(y)MR™ (v) . C(vn)=R(y)C(0.n)R™ (w)-R(w)MR™ (y)R(w)R™ (v) .

= -1
D(v.n)=R(y)D(O)R™ (v). ()= R(w)d ().

In practical applications, the USV model parameters are not strictly constant because of equipment aging,
installation deviations, and environmental variations. Moreover, hydrodynamic effects during navigation may
cause the actual coefficient matrices to differ from the nominal ones used in controller design. Therefore,
parameter uncertainties and external disturbances are incorporated into the model. Let *, denote the nominal

parameter matrix and *, represent the parameter error matrix resulting from uncertainties. The relationships
among the actual parameter matrix, the nominal parameter matrix, and the parameter error matrix can be
expressed as follows: M(n)=M,(n)+M,(n) , C(v,n)=C,(v,n)+C,(v.n) ,
D(v.n7)=D, (v.n)+D, (v.17).
Thus, Equation (6) can be rewritten as:
M, (n)ii+C, (v,n)11+ D, (v.1)77 = R(w )z, (1) +d, (t,0.17) (7)

where d, (t,0,n)=d (t)- M, (n)7i—C, (v,n)1—D, (v,n)1 represents the lumped disturbance acting on the
system.

In the earth-fixed coordinate system, the position and velocity tracking errors are introduced as
n,=n-n; and o,=w-w;=1n7-1, , respectively, where 7, = [7741’77d2,77d3]T represents the target

trajectory. The second-order derivative of the position error can be expressed as:
d)e = ﬁ_ﬁd = M};1 (n)(R(l//)Tc (t)_’_gl (I’Uan)_én (0,77)77 _En (U:n)ﬁ)_ﬁd (8)

2.2 Preliminaries

Assumption 1 [49] : The desired trajectory is assumed to be smooth, with bounded first and second-order
derivatives.

Assumption 2 [50]: The external disturbances are bounded, and the required control input does not
persistently exceed the actuator saturation limits. Equivalently, the actuator may experience temporary
saturation, but it is not forced to remain continuously saturated throughout the control process. Under this
feasibility condition, the upper bound of the lumped disturbance is assumed to satisfy:

74 1< 2+ A IVII+2; I vIP ©)
where, 4y, 4;, 4, are positive constants.

On this basis, since R(y) and its inverse R~! (y) have the following properties: H R(;//)H =7y
HR_I(I//)Hzro, 7, =1. According to the kinematic equation, U=R_1(l//)77' We have ||u||§HR_1(1//)H||77||
Therefore, Equation (9) can be rewritten as follows:

1, (ro.n) <l + 4 17 11+ 1177 1 (10)
where d, (t,0.n) =14, ly=2g> h=2> =1y

Equation (10) can be further rewritten in the following form:

|, (r.o.0)|| <o +1 || + 15 li|° <p, D, =mH (11)
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Where ZO >0 ’ll > 0,[2 >0 ,l = maX(lo,Zl,Zz) ,H = 1+||77||+||77||2

Lemma 1 [51]: For x =[x, x,,"-,x ]T , there exists x| sign (x)= Z?=1|xi| >||x], i.e.,

g ) 2 []-

Lemma 2 [52]: For a continuously differentiable function V(x) defined in the real domain, let x, be the

initial value of the variable x, and let ¢ be a positive real number, 0 < £ < 1. If the function V(t) satisfies:

V(x)<—cV*(x) (12)

e o : V' (x)
Then ¥ (x) is finite-time stable, and the settling time 7' satisfies: 7'(x;) <

B c(l—g) '

3. Wave modeling

In many existing studies, environmental disturbances are represented using highly simplified models,
which do not fully reflect the underlying physics of wave—structure interactions or the influence of a USV’s
main dimensions and operational states. Consequently, these simplified descriptions are insufficient for
reproducing the complexity of real marine environments. In reality, ocean waves are predominantly short-
crested and irregular and exhibit randomness in both frequency and the propagation direction. On the basis of
the superposition principle, the resultant wave load is generated not only by components with different
frequencies but also by the interaction of wave components traveling in multiple directions. Moreover, wave-
induced effects on a USV can be classified into two primary categories. The first-order wave forces mainly
induce oscillatory responses in the USV, whereas the second-order components lead to low-frequency drift
motions, often termed wave drift forces, which cause gradual deviations in the USV trajectory. To better
approximate practical sea conditions, we adopt a short-crested irregular wave model to simulate realistic sea
surface wave loads in this work.

First-order wave loads are generally formulated through spectral analysis. In this paper, the ITTC two-
parameter wave spectrum is selected to describe the frequency distribution of wave energy. The mathematical
expression of the ITTC spectrum is as follows [53]:

—2
Sp(0y) = eexp| ~—r (13)
N JIND)
p Yw p “Yw

where H denotes the significant wave height, @, represents the angular frequency of the waves, and 7

represents the wave period, which can be estimated as T, =3.86\H when the exact period is not

available[54].

To account for the angular distribution of wave components traveling in various directions, a directional
spreading function is incorporated into the spectral framework, thereby establishing the directional wave
spectrum. The associated mathematical expression can be written as follows:

S(COW,HW)=S§(COW)(D(9W) (14)

where S(o,,,6, ) denotes the wave spectrum, and ¢(6,,) represents the spreading function, with

0(60,) = =cos’(6,).
T

The encounter angle between the USV’s heading and the component wave propagating in the j-th
direction is defined as y; =y —0,, . For incident waves with the i-th frequency, the corresponding encounter

frequency experienced by the USV can be expressed as @y,; = @y,; —Vk; cos y; = @, — wZ,; -V cos y 8-
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The first-order wave force is given by the following expression:

nom —2pgBsy

X=>> ———"-sinE;-C;sinF;- s1n(a)weit—g,~j) (15)
i=l j=1 it
v m 2ng5,41] o

Y= ———2C;sin E;sin F; sm(a)wel-t—el-j) (16)
i=1j=1 i i
2 .

nm  pgl”Bf sin E;;

N:ZZ_?AVC sin Fj; COS( Wil — gij)[ - U—cosEl-jJ (17)
i=1 j=I1 i i

k;Lcos y; k;Bsin y;
where é,Adj:\/zs a)W,,9 )Aa) AG, , Ci=1- ekids’EU:’TZJ’F;J,ZZTZJ,ki:a)@I-/g,L

denotes the ship length, B denotes the ship breadth, and d denotes the draft, Aw,, represents the frequency

interval, and A6, denotes the directional interval of wave incidence.

Remark 1. In many numerical implementations, the representative frequency of each discretized spectral band
is taken directly as the upper (or lower) boundary of that band. Such a deterministic selection may introduce
artificial periodic patterns into the simulated wave field. To mitigate this effect, in the present study, the whole
frequency range is first uniformly divided into 50 sub-intervals. Then, one frequency is randomly selected
from each sub-interval and taken as the representative frequency of the corresponding component wave. In
this way, the full frequency domain is effectively spanned while spurious periodicity in the time-domain
response is reduced, leading to a more faithful reproduction of the random characteristics of ocean waves.

The second-order wave drift force influences both a USV’s heading and its overall trajectory. Although
its rigorous theoretical derivation is mathematically involved, this force is generally considered to be
proportional to the square of the wave amplitude. Therefore, the wave drift force can be formulated in the
following general form:

Xp =ZZEP8‘L§/21” cos y;Cyx (f} (18)
i=1 j=1
n m ﬁi
222ng§4 sin 7;Cy,, | 7 (19)
i=1 j=1

Np= ZZ ,OngQL stJCN [?] (20)

i=l j= 1
where Cy ~, Cy ~, and Cy  denote the coefficients determined by the ratio between the incident

wavelength and the ship length. Their specific formulations are given as follows:

2 3
Cy,, =0.05- 02@}075@) —0.51(%} 21)
Z ANPEa
Cy :0.46+6.83(f]—15.65(fj +8.44(fj (22)
2 3
Cy., =—0.11+0.68(%j—0.79(%j +o.21(%j (23)

The main wave direction is set to 90°, and the directional coverage interval is taken as 25°~155°. The
number of frequency discretization intervals is 50, and the number of directional component waves is also 50.

9
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To determine the representative component frequencies, the whole frequency range is first uniformly divided
into 50 sub-intervals, and then one frequency is randomly selected from each sub-interval. In this way, the full
frequency range is covered while the artificial periodicity caused by fixed endpoint selection can be reduced.

The relevant parameter settings in the simulations of this paper are as follows: 4 =0.02, T, =0.55,
L=1225, B=029, d,=0.12, Aw,=77/25, AO,, =137/900 , 6, €[57/36,317/36], w, €[0,147x],
g=938.

15 =0 =3 =13 =22 =31 =40 =49
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‘ ' = t=22s % 0t
3
) <
' Q 1 ) >
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t=40s ") 2
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15 0010  -0005 0000 0005  0.010 2
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Y ave( N-m)

=495 o

ts)

Fig. 2 Relationship between short-crested wave fields and wave forces acting on a USV during trajectory tracking

The representative wave forces generated by the proposed short-crested wave model and the
corresponding USV trajectory tracking under wave disturbances are shown in Figure 2. Here, Xy.ve, Ywave, and
Yywavedenote the wave-induced surge force, sway force, and yaw moment, respectively, each representing the
result of the first- and second-order wave forces in the corresponding degree of freedom. As shown in the
figure, during the trajectory tracking process in short-crested waves, the wave forces acting on a USV vary
over time, as reflected by the time histories on the right, which correspond to the short-crested wave fields
encountered along the trajectory illustrated on the left.

4. Controller design

In this section, the mathematical model of the controller and its stability analysis are presented. First, in
Section 4.1, a predefined time nonsingular terminal sliding mode controller is designed by addressing the
limitations of traditional nonsingular terminal sliding mode control and incorporating predefined time control
methods. In Section 4.2, the case of unknown disturbance upper bounds is further considered, leading to the
design of a predefined time adaptive nonsingular terminal sliding mode controller. The structure of the
predefined time adaptive nonsingular terminal sliding mode controller is shown in Figure 3.

10
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First-order Wave

| |
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NTSM Surface Controller Kinetic Model
y 4
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[17.11] n

] =

Fig. 3 Structure of the adaptive PT-NTSMC

4.1 Design of the predefined time nonsingular terminal sliding mode controller

Remark 2: The structure of the traditional nonsingular terminal sliding mode control can be expressed as [55]

o=x+fsigh (x)=0, >0, l<pu<2 (24)
According to Equation (24), although the traditional nonsingular terminal sliding mode control has a
simple structure, it has the following limitations:
(1) The parameter f is proportional to the system’s convergence speed. A relatively large value is usually
required at the initial stage to accelerate error convergence, but this inevitably increases the control input.
(2) The convergence time cannot be specified explicitly in advance.
To overcome the above limitations, a variable-gain sliding mode manifold is constructed as follows:

e .
s=ae o x4 sig” (X) (25)
where X =7, -I'(¢), X =o, —f(t) ,a=diag(a;,ay,a3) a; >0, y = (a—l)/a,l <a <2, p 18 a positive
constant. To overcome the limitation of the conventional fixed-gain design, ae—b\X " is introduced as the gain

coefficient in Equation (25). Because X varies during the control process, this coefficient changes accordingly
and thus constitutes a variable-gain term. In particular, as | X | decreases, thereby accelerating the error

convergence and enabling a relatively small gain coefficient to achieve a fast convergence rate. It can be
observed that when p=( or X =05, Equation (25) is transformed into:

s =aX +sig” (X) (26)
I'(7) is a piecewise function that is continuous and twice differentiable within ¢ € [0,+).
_ )0 oX/(t=T)
Osg T<t

where ;52[ X1 X253 ]T is an undetermined parameter vector, o >4, K is a positive constant, and T is the

predefined time parameter. The time-varying function F(t) should satisfy the following conditions:

11
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5(0)=ae O & x (0)+sig” (% (0)) = 0 (28)
Taking the derivative of Equation (25) yields:
s=ae O (1) o g —br X (O )+ a X (0] o ¥ () (29)

The predefined time control law is designed as:
7. (1) =7y (1) + 74, (2) (30)
The predefined-time control law is composed of two parts: the equivalent control term z,, and the

switching control term 7, , whose expressions are given in Equations (31) and (32), respectively.
Specifically, z,, is derived by substituting the nominal system dynamics into Equation (31) and imposing

s =0, and is used to compensate for the nominal system dynamics and preserve the desired sliding motion on
the manifold. Meanwhile, 7, is designed to suppress lumped disturbances and model uncertainties, thereby
ensuring the reachability and robustness of the sliding mode.

L i, (n) —?e_bX(t) o(13x1 —bJ/‘X(t)‘y)osig2_a (X(t)) |

o) =R (W) +I°(2) +iiy 31)
+C, (v,m)h+ D, (v.m)h

to (1) ==R7' (w) M, (n) (D, + p)sign(s) )

where p is a positive minimal value, D, = HM . (n)HD,.

Theorem 1: If the sliding mode manifold is designed according to Eq. (26) and (27), and the controller is
designed according to Equations (30) — (32), then the sliding variable satisfies s(¢)=0, vz €[0,+x).

Therefore, the closed-loop system achieves global sliding mode.
Proof: Let the Lyapunov function be chosen as:

V,= %sTs (33)

Taking the time derivative of Equation (33) gives Vl =515, and expanding it using Equation (28) results
n:

=7 e PO )X O e a O X 0) o

By further computing Equation (34) using Equations (8), (30), (31), and (32), the following result is
obtained:

Vy=s" [Q‘X(t)‘a_l O(Mn_l (7)d,; (t,o,n)—(D, + p)sign (s))}

O (A ECED)

According to Lemma 1 and Assumption 2, it follows that:

(35)
<a

12
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Vl <als’ ‘X(t)‘a_l

1 (| (£.0.m)| (D + p))

(36)
sT ‘X(l)‘a_l

<ad

([0l -(aalil il + ) <o

where p'=p/A, A represents the upper bound of H]V[ ” ! (77)” . Since p is a positive minimal value, it can be
considered as p'=p.

The piecewise function F(t) designed in this paper ensures that Equation (28) holds, thus for Equation

(33), 11(0)= %s (O)T 5(0)=0 and ¥} (r)>0, V¢ €[0,+x). Moreover, according to Inequality (34), it follows

that ¥; (¢) <¥;(0), V¢ €(0,+). Consequently, the conclusion is obtained: ¥;(¢)=0, Vz €[0,+o). That is,
s(¢)=0, Vt €[0,+00). Thus, the closed-loop system achieves the global sliding-mode property, and Theorem

1 is proved.
Based on the conclusion of Theorem 1 and Equation (25), we have:
PN |
X(t)=-a%e ¥ osig® (X(t)) (7

Theorem 2. If the variable-gain sliding mode manifold in Equation (25) satisfies Theorem 1, then the position
tracking error 7, converges to the origin in finite time.

Proof. For the i-th DOF, consider the following Lyapunov function:
1

V=5 X2, =123, (38)
Taking the time derivative of V5, yields:
Var = X; (1) X; (1) (39)

Substituting Equation (37) into Equation (39) gives:

(40)

_BVI? (a+1)/(2a

2712 . . . . . .
where 4= 2(a+1)/ (za)al/ ¢ B= . Solving the differential equation in Equation (40), the time for V,; to
a
b y
" ;Xi(o)‘ B
converge to zero is Ty, = e ,i=1,2,3, Ty =[Ty1, Toz. Tos ]T. From the above conclusion, it is
va

known that X, (¢) converges to zero at time Ty, . Typically, the values of T; are chosen to be the same.
Furthermore, according to Equation (27), the piecewise function I'(7) satisfies I'(¢)=0, V¢>0, which
implies that the time at which the position error 77, converges to zero can be expressed as 7, = max(TO,T ) .

This means that the following relationship holds between 7, and F(t) :

13
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1) When T<Ty:

7, #0,T(t)#0 0<r<T
7, #0,T(t)=0 T<t<T,
7,=0,T'(t)=0 T,<t¢

2) When T, <T:
7, #0,0(t)#0 0<r<T,
7,=0T(1)#0 Ty<t<T
7.=0,(t)=0 T<t

Remark 3. At this stage, the undetermined parameter vector y in the piecewise function F(t) and the gain

term a in the sliding mode manifold need to be specified. On the basis of the conclusion in Theorem 2,
without loss of generality, let 7' <7, which leads to T, =7j,. Then, by substituting the initial conditions of
the sliding mode function in Equation (26), both y and a can be determined from the system of equations
given in Equation (41).

b v
u e;\X(O)\ _1
T =
TR (41)
ae O x (0) +sig” (£ (0)) =0

where F(O)zTge_K/T;(, f(0)=—T5_le_K/T;((§+§j.

Remark 4. The parameters that need to be specified manually in the controller mainly include 7', 7., k', &,

b and « . The value of T directly affects the convergence speed of the tracking error. Although 7' can
theoretically be any positive number, a smaller 7 requires greater control effort. Therefore, in practice, T
should be selected considering both the performance limits of the USV and the magnitude of the initial
tracking error. The parameter T, (or 7)) denotes the time when the sum of the tracking error and the time-

varying function converges to zero, and it is usually chosen to be equal to 7' in practical implementation. The
constant x affects the rate of variation of the time-varying function, but it has little influence on the overall
control performance. The parameter 6 must be greater than 4 to ensure that the derivative of the time-varying
function exhibits characteristics similar to the function itself over the entire time domain. The value of b
determines the variation rate of the gain term. A larger b makes the gain coefficient change more rapidly with
the tracking error, thereby making the variable-gain effect more pronounced. Consequently, b influences the
trade-off between convergence speed and control amplitude in the proposed controller. Finally, « influences
the nonlinearity of the sliding manifold. A larger & enhances convergence in the large-error region but may
produce excessive control effort and induce chattering near equilibrium. Conversely, a smaller « yields
smoother control with reduced chattering, albeit at the cost of a slightly slower convergence rate.

4.2 Design of the adaptive predefined time nonsingular terminal sliding mode controller

In Equations (30), (31), and (32) of Section 4.1, the mathematical model of the predefined time controller
is given. According to Assumption 1, in the switching control law given in Equation (32), to enable the
controller to counteract the effect of lumped uncertainties, the upper bound of the lumped disturbance needs
to be provided. This ensures that the controlled state can slide along the sliding mode surface to the origin
after it is reached. However, in practical situations, the upper bound of lumped disturbances is often difficult
to obtain and is typically given in constant form. If the given value is too small, the effective suppression of

14
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the lumped disturbance by the controller cannot be ensured. On the other hand, if the given value is too large,
it can lead to overly aggressive control actions and unnecessarily large control amplitudes, which may increase
actuator burden and potentially damage the USV actuators.

To address these issues, an adaptive predefined time control law is proposed in this section. By
estimating the upper bound of the lumped disturbance using the system states, the proposed method confines
the disturbance-bound-related parameter dependence to the interval before the predefined time, rather than the
entire control process as in many existing methods.

According to Equation (32), let 151 represent the estimated value of the lumped disturbance upper bound.

Then, D can be expressed as:
by =|iz; ()| im (42)

where [ is the estimated value of /, and Al =/ —/ represents the estimation error. The update law for the
parameter / is as follows:

i =gz, ()" (o) (43)

where ¢ is a positive constant. The mathematical model of the predefined time adaptive controller is designed
as:

_a _b‘X(I)‘y o _ "V cio2o( ¥
Mn (77) 'qe (IM b}/‘X(t)‘ ) Sig (X(t)) |
+I(¢)+7i, (44)

+C, (0,1)71+ D, (0,177
—R7! (v)M, (n)[Los + (151 + p)sign(s)}
where L, should be chosen as a value greater than the upper bound of the disturbance. At the initial moment,

when ﬁ] is relatively small, the term L, contributes primarily to disturbance suppression. As time progresses

and 151 approaches the upper bound of the disturbance at the predefined time, s decreases, and the second

term then plays the dominant role in suppressing the disturbance. To avoid the chattering phenomenon caused
by the sign function, the saturation function is used instead, as detailed in Remark 3.

Theorem 3. For the USV motion model given in Equation (1) and Assumptions 1-2, if the sliding mode
manifold has the form of Equation (25), the adaptive controller has the form of Equation (44), and the adaptive
update law has the form of Equation (43); then, the position errors 77, and Al converge to zero within finite
time.

Proof. The Lyapunov function is established as follows:
. 1 T al (» 2
V}—ES S+?(1—1) (45)

Taking the time derivative of Equation (45) yields:

Vy=s's+al(l-1)i
= 5T ‘:a‘X(t)‘al (2, (m)d; (t0.7) ~ Los =Dy +p)sign(5))} (46)
a-1

+alg(i—l)”]\2;1 (77)H‘STHX(t)‘ H
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By substituting Equation (42) into Equation (46), we obtain:
Vy=s's+al(l-1)i

| L, Lys — psign
ﬂ{a‘j{(;)‘a { ( ), H(IHSIZI psign (s )ﬂ

valg(-1)|a, X (1)

1 v, )os—Lysos—pls (47)
=a(\X(z)\“ )[ <> (t.01) 7l |]

H H|s

( ) b
s - () [ o

+a(\x \ )

From Equation (47), one can derive

Vs = a(\X(t)‘a—l )T [M”_l(’?) d) (t,0,7)05 — Los” P|S|]

()|l

7, () [0
—a(\X(t)\“‘l )T 7
= a(‘X O )T 1 (7)d) (1.0m)s = Los” —p|s|]

Mn_l(n)HlH|s|

it

(77)” AIH]s| (48)

—a(l —lg)(‘X(t)‘a_l )T

Choose an appropriate parameter ¢ such that 0 <¢/ <1, then the following inequality holds:

M;l (77)” AIH]s|

— T —_ j—
2 Sa(\)‘((z)\“ 1) (95" () ¢.0m)] - o~ |25 ()2
(49)
— T —
~a(t-ig)(| o)) ot ot
Let
N AL D 1
@:_a(\x(t)\ ) (2" (), (e.0.m)| - o2, ()| 1)
. (50)
A:a(l_zg)(\;((t)\“‘l) i1, ()|
Then, Inequality (49) can be equivalently rewritten as:
V3 <-0ls|—AlA/ (D
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From Equation (50), it follows that ® > 0,,; , A > 0. Inequality (51) is rewritten and further relaxed as:

Z\/_@) \/_—%A\/;|AI|

0 Js| ,
@f I'N'] )
S—Y\/Zl“% %Z(Al)

=y

) 2 ) o )
where Y = mln£\/§®1,\/5®2,\/§®3,£1\] . According to Lemma 2, V5 converges to zero within a finite

Jal

time. The convergence time satisfies 7; <

2rY2(0)

. This conclusion is equivalent to stating that the

combination of s and A/ converges to zero within the finite time 7. Since A/ converges to zero, D

becomes sufficiently large to enable the switching control term to effectively suppress external disturbances.
Therefore, analogous to the proof process of Theorem 2, it can be concluded that 7, will also converge to

zero within a finite time.

Remark 5. The respective roles of the three components in the proposed method are different. The predefined
time sliding mode manifold and controller structure are responsible for establishing a predefined upper bound
on the convergence time. The global sliding mode construction removes the reaching phase and enhances
robustness from the initial instant. The adaptive law is introduced to estimate the unknown disturbance bound
online, thereby improving practicality and reducing conservativeness in controller design.

Remark 6. Notably, the sign function is adopted in the switching control term for disturbance rejection.
Nevertheless, due to the discontinuous nature of the sign function at zero crossing, together with the fact that
the coefficients preceding the sign function in Equations (32) and (44) remain nonzero as the sliding mode
variable approaches zero, abrupt changes in the switching control input occur when the sign of the sliding
variable reverses. This inevitably gives rise to chattering. In engineering applications, chattering may lead to
increased actuator wear, material fatigue, and reduced operational efficiency. Therefore, a saturation function
is introduced in place of the sign function in the present study to suppress chattering.

fm(x):{ xlh,  |x|<h

53
Sigll()C), |X|>h ( )
where 4 >0.

5. Simulation results and analysis

In this chapter, a simulation-based comparative analysis is conducted to verify the control performance
of the predefined time controllers proposed in Sections 4.1 and 4.2. The ship parameters used in the simulation
are based on Cybership II from the Norwegian University of Science and Technology (NTNU) [56]. As this
model has been widely used in USV performance simulations, its adoption in this study enhances the
generality of comparative results.

In Section 5.1, the initial position of the USV is set to 7, = [—1,—2,—7z/ 6]T , and the initial velocity is

setto vy = [O,O,O]T for the simulation. The disturbance adopted in Section 5.1 is given as follows:
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10sin (0.047)
d =|10(1-cos(0.04¢)) (54)
0.04

In Section 5.2, the initial state of the USV is provided. The external unknown disturbance acting on the
USV is modeled using the short-crested irregular wave force model introduced in Section 3. In all comparative
simulation cases, the same wave parameters, including the randomly generated frequencies, propagation
directions, and initial phases, are used in the wave force model to ensure a fair comparison among different
controllers. The given target trajectory is as follows:

X, 0.2(20sin (6/50)+1.2sin(30/50))
g =| 4 |=|0.2(~20cos(6¢/50)+1.2cos(30/50)) (55)
Wa arctan (y, /%)
The relevant coefficients in the inertia matrix vary because of changes in the USV load. Therefore, it is

necessary to consider the impact of system parameter variations on the controller's performance. In accordance
with the definition given in Section 2.1, A * represents the uncertainty coefficients in the parameter error

matrix * , and we assume that the parameter variations follow the patterns given below:
Amy; =0.2my sin(0.1¢) Amy, =0.2m), sin(0.2¢ + 7 / 4);
Amyy =0.2m538in(0.12+ 77 /3),  Amyy = 0.2mj35 sin(0.12 + 7z / 6)
Ady; =0.2d{;sin(0.1¢+ 7 /3);  Ad,, =0.2d5, sin(0.2¢t + 7/ 2),
Adyy =0.2d55 sin(0.2t) Adsy, =0.2d3, sin(0.2t + 7/ 6).

(56)

5.1 Control performance ofthe predefined time nonsingular terminal sliding mode controller

In this section, trajectory tracking simulations are carried out in the MATLAB R2024a environment to
validate the effectiveness of the proposed controller. The predefined time controller designed in Section 4.1
is validated through simulation. First, the existing SMC methods are applied to the same scenario, and a
comparative analysis is conducted to validate the performance of the proposed controller. Second, simulations
are performed under five different initial conditions to verify the controller's performance under various
operating scenarios. Finally, simulations are carried out under different predefined time requirements to
validate the controller’s predefined time convergence performance under various time constraints.

First, the fast terminal sliding mode control (FTSMC) method and the adaptive integral fast terminal
sliding mode control (AI-FTSMC) method, as presented in reference [57], are selected for comparison. The
sliding mode manifolds for both methods are as follows:

s=a, +I;(§1sig“‘ (77, )+ &osig™ (@, ))ds (57)
where &, &, are positive real numbers, 0 < <1, a, =2 /(e +1).
The FTSMC control law is given by:
e =" () (~Kys — Ksig (s) - Bsen(s)) (58)
The AI-FTSMC control law is given by:

r=J7(17)| —K;s — Kysigh (s) - L (59)
sl +y
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where K; and K, are positive definite diagonal matrices, 0 < u <1, y = % , @ 1s a positive constant, and
+

2
b satisfies 13:—4115+§2”S”—3, S=1+n+0%+n>+n%.
sl +»

To ensure the fairness of the comparisons among the different control methods, all the simulations were
conducted under identical conditions, including the same USV model parameters, initial states, reference
trajectories, and external disturbances. The controller parameters were tuned such that the control input
magnitudes of all methods remained within a comparable range, ensuring that no controller benefited from
greater control authority. The parameter selections for each control method are as follows: For the FTSMC

and AI-FTSMC control parameters in Equations (57)-(59), the values are givenas & =20.8,&, =12,0,=0.9
, K} = diag[20,20,20], K, = diag[10,10,10], £ =0.9,{;=2,¢, =0.01. The control parameters related to
Adaptive PT-NTSMC in this paper are given as: »=0.005,x =0.008, =27/19,0,=09,6=4.1,T=T,,
¢ =0.5. It can be obtained by solving the system of equations (41) that a = diag(2.8718,3.1099,1.8146),

7 =[-0.0799,0.0904,-0.0248]" .

1 1 1 1 1
4} i
7k i
==+ Target Trajectory
— — PT-NTSMC
§ 0F ——— AI-FTSMC -
—— FTSMC
2k i
4} i
1 1 1 1 1
-4 -2 0 2 4
x(m)

Fig. 4 3-DOF USV trajectory tracking performance
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Fig. 7 Comparison of 3-DOF control inputs

Comparisons of the simulation results of PT-NTSMC, AI-FTSMC, and FTSMC are presented in Figures
4-7. As shown in Figure 4, all three methods successfully track the given irregular trajectory. However, the
PT-NTSMC method proposed in this paper allows the USV's trajectory to merge with the target trajectory at
a position further ahead along the path, indicating that the USV can travel a longer distance along the target
trajectory. This helps improve the task completion rate while reducing cumulative errors throughout the
mission. As shown in Figure 4, the PT-NTSMC method achieves faster trajectory tracking, enabling the USV
to reach the target trajectory earlier. It is evident that the tracking error converges to zero within the given
predefined time of 1 second and remains at zero thereafter, demonstrating the predefined time stability of the
PT-NTSMC method. The sliding mode function curve in Figure 6 shows that the PT-NTSMC method ensures
that the system state remains on the sliding mode surface from the initial stage and throughout the control
process. This finding indicates that the proposed controller effectively eliminates the reaching phase, thereby
enhancing system robustness.

Table 2 IAE values of 3-DOF for each controller

IAE: (m) | TAE, (m) | IAE, (rad)
PT-NTSMC | 0.4090 0.6701 0.2006
AI-FTSMC | 0.5402 0.9785 0.2748

FTSMC 0.6176 1.1188 0.3142
Table 3 ITAE values of 3-DOF for each controller

ITAE: (m) | ITAE, (m) | ITAE, (rad)
PT-NTSMC | 0.1078 0.1690 0.1444
AI-FTSMC 0.2525 0.4563 0.1544
FTSMC 0.3403 0.6218 0.1893
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To further analyze the control performance of each method, the IAE and ITAE values corresponding to
each control approach are presented in Tables 2 and 3, which are calculated using the equations

t t .
IAE:IO‘ne (s)}ds and ITAE:J‘Os‘ne (S)VS [58]. Compared with the other two methods, PT-NTSMC

achieves lower IAE and ITAE values across all degrees of freedom, indicating that the proposed controller
exhibits superior steady-state and transient performance.

To further validate the effectiveness of PT-NTSMC, simulation studies are conducted to evaluate its
trajectory tracking performance under different initial positions and predefined times. Five cases with different
initial positions are designated as Cases 1-5, while five cases with different predefined times are labeled as
Cases 1, and 6-9. The detailed simulation results and analysis are presented below:

1 1 1 1 1 1 1
4 ~ — = == =y T
/< RN
/
/ \
2 F / =+ Target Trajectory \ -
V4
/ Casel \
”// Case2 \
o0k { Case3 ) -
= ase /
2F .
4k -
6} .
1 1 1 1 1 1 1
-6 -4 -2 0 2 4 6
x(m)

Fig. 8 USV motion trajectories under different initial positions
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Fig. 9 Position tracking error under different initial positions
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Fig. 10 Control inputs under different initial positions

The study of the controller's performance for different initial positions includes 5 cases, which are as
follows: Case 1: 7, =[—1,—2,—7z/6]T, Case 2: 7, =[—0.5,—6,7r/6]T , Case 3: 7, =[1,—2.5,—27z/3]T ,
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Cased: 7, =[—1.5,—5,7r/3]T , Case 5: n, =[1.5,—5.5,7z/4]T. The predefined time parameter is set to
T=1s.

From Figures 8-10, it can be observed that for any initial position, the USV is able to accurately converge
to the target trajectory within the predefined time. This finding demonstrates that the proposed PT-NTSMC
method ensures predefined time convergence, even under different initial conditions. Despite larger initial
deviations of the USV, its ability to reach the target trajectory on time is unaffected. Moreover, once the USV
reaches the target trajectory, its motion remains stable, and it continues to track the target trajectory smoothly
without overshoot or oscillations. This further validates the effectiveness and stability of the designed
controller. From Figure 10, it is evident that the control input changes smoothly, without sharp jumps or high-
frequency chattering. This finding indicates that the adopted control method not only guarantees that the USV
completes the trajectory tracking task within the predefined time but also ensures a smoother control input,
avoiding the chattering issues commonly seen in sliding mode control. This is particularly important for
practical applications, since it helps reduce actuator burden and improves the operational feasibility and safety
of the system. In conclusion, the simulation results show that the proposed control method ensures that the
USV reaches the target trajectory within the predefined time under different initial positions while maintaining
stable operation during subsequent tracking. Additionally, the control input variations are smooth, with no
noticeable chattering, further demonstrating the feasibility and superiority of the method in engineering
applications.
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Fig. 11 USV motion trajectories under different predefined times

24



Z. Guo et al.

0.0

0.2
0.4 |
0.6 |
0.8 |
1.0}
12 F

x,(m)

1.8

1.5
1.2 b
09
0.6
03|
0.0

¥y (m)

0.0

-0.1 f
-0.2 |
-0.3
-0.4 f
0.5 f
-0.6

w (rad)

0.08
0.06
u 0.04
0.02
0.00

0.08
0.06
w0.04
0.02
0.00

0.2
s
2 0.1

0.0

Brodogradnja Volume 77 Number 4 (2026) 77409

==
1 | 00F Casel
| | 03 F Caseb
| : -0.6 | Case7
I -09 . Case8
I | 12 L ] ] ] ] Case9
v _ _| 0 1 2 3 4 5
1 M 1 1 1 1
1
I 1.6 |
| ' 12 F
| I 0.8 |
| | 04
| I 0.0
I |
| | 1 1 1 1
P
| : 0.00 F
| : -0.15 F
| ' -0.30 |
| ' -0.45 |
| : 060 LL—t 1 1
v _ ! o 1 2 3 4 5
1 M 1 M 1 M 1 1
0 10 20 30 40 50
1(s)
Fig. 12 Tracking error under different predefined times
0.010 Casel
0.005 ~ t Case6
0000 B v Case7
-0.005 C
] , ] , ] ase8
-0.010
0.0 0.5 1.0 1.5 Case9
i - - -
1 1 1 1 1
.
.005 F
0.000 | == D ——
-0.005
-0.010 . 1 . 1 .
r-- 0.0 0.5 1.0 1.5
B — —
e 1 \ 1 1 1
0.045 F
0.030
0.015
e
- 0.0 0.5 1.0 1.5
Al _ , )
1 M 1 M 1 M 1 1
0 10 20 30 40 50

1(s)

Fig. 13 Sliding mode manifolds under different predefined times

25



Z. Guo et al.

Brodogradnja Volume 77 Number 4 (2026) 77409

Casel
600 200 _;; 2 Case6
g 400 F | 0 ~— Case7
¢ 200 F I -200 . I . I Case8
| 0.0 0.5 1.0 1.5 Case
0 ) 2 p—
200 L J . 1 1 . 1 1
B I
b
0F Jo—
Z | 200 F
€ 200f || oL >
400 |- -200 R
0.0 0.5 1.0 1.5
1 M 1 M 1 M 1 M 1
0F .
= 27 1 20
= : - Z‘;:iiffffz;;z:ﬁ:;,,
= A0 L A0 -
% 0 i _gg B ] ]
2 I N : . .
L O 0.0 0.5 1.0 1.5
-80 1 — 1 L 1 L 1 L 1 L
0 10 20 30 40 50

£(s)
Fig. 14 Control inputs under different predefined times

The study of trajectory tracking performance under different predefined times includes five cases, which
are as follows: Case 1: T =1s,Case 6:7 =2s,Case 7:T=3s,Case 8:7T =4s, Case 9:T =5 s. The initial
position for all cases is 7, =[—1,-2,—n/ 6]T .

As shown in Figures 11-14, it can be seen that the USV is able to reach the target trajectory and perform
accurate trajectory tracking within the given predefined times. Notably, as shown in Figure 12, when the
predefined time parameter is larger, the tracking error in the x-direction first increases but then decreases. This
is because at the initial moment, the USV’s velocity is zero, whereas the target trajectory's velocity in the x-
direction is greater than that of the USV. Given the larger predefined-time parameter, the system responds
with a relatively smaller initial acceleration, and therefore the tracking error increases first before decreasing.
However, as the USV velocity increases, the tracking error decreases accordingly. From Figure 13, it is evident
that the system state remains on the sliding mode surface throughout the process. Therefore, the controller
effectively suppresses external disturbances during the entire control process, thereby enhancing the system's
robustness.

5.2 Control performance of the adaptive predefined time nonsingular terminal sliding mode controller

In this section, the adaptive PT-NTSMC designed in Section 4.2 is used to simulate and analyze the
trajectory tracking performance of a USV under unknown external disturbance bounds and input saturation.

In practical applications, the actuators of an USV are subject to physical constraints. If the control input
exceeds the feasible range of the actuator, saturation effects may occur, leading to discrepancies between the
control input and the theoretically calculated values. In such cases, the dynamic response of the USV may
deviate from the expected behavior, and the stability and convergence rate of the system could be affected.
This could result in the USV failing to follow the controller’s instructions accurately. Therefore, when the
controller is designed, it is essential to consider the impact of input saturation to ensure that the generated
control inputs remain within the feasible range of the actuators.
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According to reference [59], the limitation of control force is given as |t|<7y,; i=12, and

Tiim; =50 N, and the limitation of the control torque is given as |r|< 7y, i =3, and 7y;,; =30 Nm. To avoid

abrupt changes in control inputs under input saturation, the following function is chosen to achieve smooth
variations in the control inputs:

’Z-.
T(r)=1._ si Vtanh| —+ 60
(z‘l) rhmls1gn(rl) an s (Ti) (60)

In this section, the relevant parameters are set as follows: 7y =[-1,-2,—n/ 6]T , T =3s.
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Fig. 15 USV motion trajectory
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The comparative results of the adaptive PT-NTSMC and the two benchmark methods under input
saturation constraints. are presented in Figures 15-20. Compared with the AI-FTSMC and FTSMC methods,
the adaptive PT-NTSMC method achieves superior tracking performance, featuring faster error attenuation,
smaller steady-state errors, and more stable USV velocity responses. In Figure 16, the position tracking error
curves of all three methods are plotted together. Notably, the predefined time parameter 7=3 s is associated
with the proposed Adaptive PT-NTSMC. The corresponding error curve converges within 3 s, whereas the
AI-FTSMC and FTSMC methods converge more slowly, demonstrating the convergence speed advantage of
the proposed method. As shown in Figure 18, the wave-induced forces corresponding to different control
methods exhibit slight discrepancies. This is because the magnitude of the wave forces depends on the USV’s
velocity and heading angle. Under the three control methods, the USV velocities vary slightly over time, which
consequently leads to differences in the resulting wave-induced forces. The curve of adaptive parameter over
time. is shown in Figure 20. The adaptive parameters undergo dynamic adjustments before reaching the
predefined time and stabilize at a constant value afterward. This phenomenon validates the effectiveness of
the designed adaptive law, demonstrating that the system can adaptively adjust the control gain to ensure
accurate trajectory tracking and system stability, even in the presence of unknown external disturbances and
input saturation.

Table 4 TAE values of 3-DOF for each controller

IAE; (m) | IAE, (m) | IAE, (rad)
Adaptive PT-NTSMC | 1.8384 | 2.1783 0.6897
AI-FTSMC 2.0597 3.5500 1.1182
FTSMC 2.5965 4.5991 1.3729

Table 5 ITAE values of 3-DOF for each controller

ITAE, (m) | ITAE, (m) | ITAE, (rad)
Adaptive PT-NTSMC | 1.8263 1.8144 3.1989
AI-FTSMC 7.6079 9.6838 5.7403
FTSMC 9.0765 13.1650 6.0839

Quantitative comparisons based on the IAE and ITAE indices are summarized in Tables 4 and 5. As
shown in Table 4, the proposed adaptive PT-NTSMC achieves the smallest IAE values for all three DOFs.
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Compared those of the with AI-FTSMC, the IAE,, IAE,, and IAE,, of the adaptive PT-NTSMC are reduced
by approximately 10.7 %, 38.6 %, and 38.3 %, respectively. Compared with the conventional FTSMC, the
corresponding reductions reach 29.2 %, 52.6 %, and 49.8 %, respectively, for the adaptive PT-NTSMC. These
results indicate that the proposed method significantly improves tracking accuracy in terms of both position
and heading. Table 5 shows the ITAE results. Compared with AI-FTSMC, the ITAE,, ITAE,, and ITAE,
achieved by the adaptive PT-NTSMC are reduced by approximately 76.0 %, 81.3 %, and 44.3 %, respectively.
Compared with those of FTSMC, the reductions further increase to 79.9 %, 86.3 %, and 47.4 %, respectively,
in the adaptive PT-NTSMC. A smaller ITAE indicates a reduced error magnitude in the later stage of the
tracking process and a lower residual error, demonstrating improved late-stage performance under input
saturation.

6. Conclusion

In this paper, a predefined time trajectory tracking control framework for USVs under realistic wave
disturbances is developed. By incorporating a short-crested irregular wave force model into the control-
oriented dynamic framework, the proposed method provides a more physically realistic representation of wave
disturbances and the reliability of simulation-based evaluation. A novel time-varying function was further
introduced to construct a variable-gain predefined time sliding mode manifold, through which the reaching
phase is eliminated and predefined time convergence of the tracking error was achieved. On this basis, an
adaptive PT-NTSMC is proposed by embedding an online estimation law of the upper bound of the
disturbance into the predefined time sliding mode framework, thereby strengthening disturbance rejection
capability under wave disturbances. Comparative simulation results demonstrated that the proposed method
provides more accurate trajectory tracking and more stable velocity responses than the AI-FTSMC and
conventional FTSMC methods do. Although input saturation is considered in the present study, the dynamic
characteristics of the thrusters, such as response-speed limitations and actuator lag, are not explicitly
incorporated. In future work, the proposed control framework will be extended to include actuator dynamics
so as to further improve its engineering realism.

ACKNOWLEDGEMENTS

This work was supported by the National Key Research and Development Program (2022YFC2805200);
China COSCO Shipping Corporation Limited (2023-2-Z001-02-01); the Natural Science Foundation of
Liaoning Province (2024-MS-016); and the Fundamental Research Funds for the Central Universities
(3132025617).

REFERENCES

[1] Dong, Z., Ly, S., Hu, Z., Liu, W., Ding, Y., Liu, Y., 2025. Simultaneous modeling and backstepping control algorithm for
trajectory tracking of underactuated USV based on real-time sailing data in complex ocean conditions. IS4 Transactions,
166, 145-158. https://doi.org/10.1016/j.isatra.2025.07.013

[2] Wei, J., Zhang, J., Dong, H., Liu, Z., 2025. Prescribed-time trajectory tracking control for underactuated USV with input
amplitude and rate constraints. Ocean Engineering, 326, 120891. https://doi.org/10.1016/j.0ceaneng.2025.120891

[3] Xu, W., Zhang, X., Miao, Z., 2025. Cooperative trajectory tracking control of USV-UAV with non-singular sliding mode
surface and RBF neural network. Ocean Engineering, 337, 121872. https://doi.org/10.1016/j.oceaneng.2025.121872

[4] Mu, D, Lang, Z., Fan, Y., Zhao, Y., Zhu, G., Gao, Y., 2024. Trajectory tracking control of unmanned surface vehicle based
on optimized barrier Lyapunov function under real ocean wave modeling. Journal of the Franklin Institute, 361(16),
107182. https://doi.org/10.1016/j.jfranklin.2024.107182

[5] Guan, W., Xi, Z. Y., Cui, Z. W., Zhang, X. K., 2025. Adaptive trajectory controller design for unmanned surface vehicles
based on SAC-PID. Brodogradnja, 76(2), 76206. https://doi.org/10.21278/brod76206

[6] Zhao, Q. S., Peng, C., Mu, C. X., Li, S. C., Li, D. J., 2026. Robust trajectory tracking of surface vessels in ice floe sea state
via discrete integral sliding-mode control and Gaussian process regression. Brodogradnja, 77(2), 77206.
https://doi.org/10.21278/brod77206

[7] Zhang, Y., Zhang, J. N., Guo, Z. Y., Zhang, L., Shang, Y. C., 2025. An adaptive NMPC for ROVs trajectory tracking with
environmental disturbances and model uncertainties. Brodogradnja, 76(1), 76106. https://doi.org/10.21278/brod76106

31


https://doi.org/10.1016/j.isatra.2025.07.013
https://doi.org/10.1016/j.oceaneng.2025.120891
https://doi.org/10.1016/j.oceaneng.2025.121872
https://doi.org/10.1016/j.jfranklin.2024.107182
https://doi.org/10.21278/brod76206
https://doi.org/10.21278/brod77206
https://doi.org/10.21278/brod76106

Z. Guo et al. Brodogradnja Volume 77 Number 4 (2026) 77409

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]
[18]

[19]

[20]
(21]

[22]

(23]

(24]

[25]
[26]
(27]

(28]

[29]

[30]

Zhu, G. B.,, Ma, Y., Hu, S. L., 2025. Event-Sampled Adaptive Fuzzy Control of MASS via Intermittent Position Data.
IEEE Transactions on Emerging Topics In Computational Intelligence. https://doi.org/10.1109/TETCI.2025.3526331

Huang, B., Ren, X., Zhou, B., Zhang, Z., Zhou, X., Miao, J., 2025. An Intermittent Anti-Competition Communication
Mechanism-Based Formation Maneuvers for Internet of Unmanned Surface Vehicles. IEEE Internet of Things Journal,
12(3), 3234-3247. https://doi.org/10.1109/J10T.2024.3478784

Meng, Y. H., Ye, H., Xiang, Z. R, Yang, X. F., Zhang, H., 2024. An adaptive internal model control approach for
unmanned surface vehicle based on bidirectional long short-term memory neural network: Implementation and field
testing. Mechatronics, 99, 103145. https://doi.org/10.1016/j.mechatronics.2024.103145

Zhao, G., Chen, Z., Liao, W., 2024. Reinforcement-Tracking: An End-to-End Trajectory Tracking Method Based on Self-
Attention Mechanism. International Journal of Automotive Technology, 25(3), 541-551. https://doi.org/10.1007/s12239-
024-00043-5

Shin, G. H., Yang, H., 2025. Deep reinforcement learning for integrated vessel path planning with safe anchorage
allocation. Brodogradnja, 76(3), 76305. https://doi.org/10.21278/brod76305

Zhang, L., Chen, L., Saqib, M., Wang, B., Xu, P., Zhao, Y., 2025. An integral terminal sliding mode-based adaptive control
approach for traversing unknown inclined surfaces. Robotics and Autonomous Systems, 186, 104928.
https://doi.org/10.1016/j.robot.2025.104928

Rinaldi, M., Primatesta, S., Guglieri, G., 2023. A Comparative Study for Control of Quadrotor UAVs. Applied Sciences,
13(6), 3464. https://doi.org/10.3390/app 13063464

Nasr, M., Ashraf, M., Hussein, M. S., Salem, A. S., Elias, C. M., Shehata, O. M., Morgan, E. 1., 2018. A comparitive study
on the control of UAVs for Trajectory tracking by MPC, SMC, Backstepping, and Fuzzy Logic controllers, 2018 IEEE
International Conference on Vehicular FElectronics and Safety (ICVES), 12-14 September, Madrid, Spain.
https://doi.org/10.1109/ICVES.2018.8519511

Gan, W., Zhu, D., Ji, D., 2018. QPSO-model predictive control-based approach to dynamic trajectory tracking control for
unmanned underwater vehicles. Ocean Engineering, 158, 208-220. https://doi.org/10.1016/j.oceaneng.2018.03.078

Wen, Y., Chen, Y., Guo, X.,2024. USV Trajectory Tracking Control Based on Receding Horizon Reinforcement Learning.
Sensors, 24(9). https://doi.org/10.3390/s24092771

Close, J., Van, M., Mcllvanna, S., 2024. PID-Fixed Time Sliding Mode Control for Trajectory Tracking of AUVs under
Disturbance. IFAC-PapersOnLine, 58(20), 281-286. https://doi.org/10.1016/j.ifacol.2024.10.067

Zhu, D., Yang, S. X., Biglarbegian, M., 2022. A Fuzzy Logic-based Cascade Control without Actuator Saturation for the
Unmanned Underwater Vehicle Trajectory Tracking. Journal of Intelligent & Robotic Systems, 106(2), 39.
https://doi.org/10.1007/s10846-022-01742-w

Roxin, E., 1966. On finite stability in control systems. Rendiconti del Circolo Matematico di Palermo, 15(3), 273-282.
https://doi.org/10.1007/BF02844106

Rang, E., 1963. Isochrone families for second-order systems. IEEE Transactions on Automatic Control, 8(1), 64-65.
https://doi.org/10.1109/TAC.1963.1105520

Wang, N., Karimi, H. R., Li, H., Su, S. F., 2019. Accurate Trajectory Tracking of Disturbed Surface Vehicles: A Finite-
Time Control Approach. IEEE/ASME Transactions on Mechatronics, 24(3), 1064-1074.
https://doi.org/10.1109/TMECH.2019.2906395

Gonzalez-Prieto, J. A., 2023. Adaptive finite time smooth nonlinear sliding mode tracking control for surface vessels with
uncertainties and disturbances. Ocean Engineering, 279, 114474. https://doi.org/10.1016/j.oceaneng.2023.114474

Gao, L., Liu, X., Zong, G. D., Chen, Y. J., Shi, K. B., 2023. Finite-time sliding mode trajectory tracking control of an
autonomous  surface  vehicle  with  prescribed performance. Ocean  Engineering, 284, 114919.
https://doi.org/10.1016/j.oceaneng.2023.114919

Yang, Y., Cheng, S., Zeng, X., Liu, K., Li, T., 2025. Finite-time formation control of multi-USV systems with a relative-
threshold event-triggered mechanism. Ocean Engineering, 341, 122614. https://doi.org/10.1016/j.oceaneng.2025.122614
Huang, Y. W., Lai, G. Z., Lin, F., Shi, X. C., Li, D. F., 2025. Path Following With Finite-Time Convergence for Unmanned
Surface Vehicle. IEEE Journal Of Oceanic Engineering, 50(2), 1153-1164. https://doi.org/10.1109/JOE.2024.3483328
Liu, J.,, Wang, B. J. I. A., 2025. Adaptive fuzzy control of USV based on improved finite-time command-filtered
backstepping method. IEEE Access. https://doi.org/10.1109/ACCESS.2025.3562579

Zhang, X., Fan, Y., Dong, S., Shen, Z., Mu, D., Ye, X, Liu, P., 2026. Finite-time adaptive event-triggered control for USV
trajectory tracking combined with intrinsic curiosity sequential proximal policy optimization. Ocean Engineering, 350,
124244, https://doi.org/10.1016/j.0oceaneng.2026.124244

Cruz-Zavala, E., Moreno, J. A., Fridman, L. M., 2011. Uniform Robust Exact Differentiator. /[EEE Transactions on
Automatic Control, 56(11), 2727-2733. https://doi.org/10.1109/TAC.2011.2160030

Polyakov, A., 2012. Nonlinear Feedback Design for Fixed-Time Stabilization of Linear Control Systems. [FEE
Transactions on Automatic Control, 57(8), 2106-2110. https://doi.org/10.1109/tac.2011.2179869

32



https://doi.org/10.1109/TETCI.2025.3526331
https://doi.org/10.1109/JIOT.2024.3478784
https://doi.org/10.1016/j.mechatronics.2024.103145
https://doi.org/10.1007/s12239-024-00043-5
https://doi.org/10.1007/s12239-024-00043-5
https://doi.org/10.21278/brod76305
https://doi.org/10.1016/j.robot.2025.104928
https://doi.org/10.3390/app13063464
https://doi.org/10.1109/ICVES.2018.8519511
https://doi.org/10.1016/j.oceaneng.2018.03.078
https://doi.org/10.3390/s24092771
https://doi.org/10.1016/j.ifacol.2024.10.067
https://doi.org/10.1007/s10846-022-01742-w
https://doi.org/10.1007/BF02844106
https://doi.org/10.1109/TAC.1963.1105520
https://doi.org/10.1109/TMECH.2019.2906395
https://doi.org/10.1016/j.oceaneng.2023.114474
https://doi.org/10.1016/j.oceaneng.2023.114919
https://doi.org/10.1016/j.oceaneng.2025.122614
https://doi.org/10.1109/JOE.2024.3483328
https://doi.org/10.1109/ACCESS.2025.3562579
https://doi.org/10.1016/j.oceaneng.2026.124244
https://doi.org/10.1109/TAC.2011.2160030
https://doi.org/10.1109/tac.2011.2179869

Z. Guo et al. Brodogradnja Volume 77 Number 4 (2026) 77409

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

An, S., Wang, L., He, Y., 2022. Robust fixed-time tracking control for underactuated AUVs based on fixed-time
disturbance observer. Ocean Engineering, 266, 112567. https://doi.org/10.1016/j.oceaneng.2022.112567

Shen, H., Yin, Y., Qian, X., 2022. Fixed-Time Formation Control for Unmanned Surface Vehicles with Parametric
Uncertainties and Complex Disturbance. Journal of Marine Science and Engineering, 10(9), 1246.
https://doi.org/10.3390/jmse10091246

Meng, Y., Zhang, Y., Ye, H., Yang, X., Xiang, Z., 2025. Fixed-Time Tracking Control of Amphibious Unmanned Surface
Vehicle:  Theory and  Experimentation. [EEE  Transactions  on  Industrial  Electronics,  1-11.
https://doi.org/10.1109/TIE.2025.3639743

Nie, J., Zhang, X., Wang, H., Sheng, C., Zhang, C., Zhang, C., 2025. Anti-saturation distributed fixed-time prescribed
performance sliding mode formation control based on FXESO for uncertain USVs. Ocean Engineering, 318, 120101.
https://doi.org/10.1016/j.oceaneng.2024.120101

Yang, X. F., Wang, Q., Hu, J. B., Xu, B., Ding, S. H., Xiang, Z. R., Zhang, B., 2025. Fixed-Time Generalized Super-
Twisting Controller for the Trajectory Tracking of Unmanned Surface Vehicles in Autonomous Berthing. [EEE
Transactions On Industrial Electronics, 72(5), 5300-5311. https://doi.org/10.1109/TTE.2024.3468648

Yan, Y., Yin, C.,Hou, Y., Yu, S., Liu, Y., 2025. Adaptive fixed-time containment control of underactuated surface vessels
with input quantization. Ocean Engineering, 318, 120157. https://doi.org/10.1016/j.oceaneng.2024.120157

Wang, J.-B., Hao, L.-Y., Yang, X., 2024. Robust fixed-time fault-tolerant control for unmanned marine vehicles via integral
terminal sliding mode technique. Ocean Engineering, 293, 116696. https://doi.org/10.1016/j.oceaneng.2024.116696

Tong, H., Hu, Y., 2026. Global fixed-time prescribed performance control with fixed-time distributed state observer for
non-cooperative target tracking using multiple unmanned surface vehicles. IS4 Transactions, 168, 117-133.
https://doi.org/10.1016/j.isatra.2025.11.033

Su,Y.B.,, Yu,R. H,, Ye, P. Y., Li, T. S., 2025. Singularity-Free Fixed-Time Cooperative Tracking Control of Unmanned
Surface Vehicles with Model Uncertainties. Journal Of Marine Science And Engineering, 13(9), 1791.
https://doi.org/10.3390/jmse13091791

Meng, Y. H., Zhang, Y., Ye, H., Yang, X. F., Xiang, Z. R., 2024. Trajectory tracking control for unmanned amphibious
surface vehicles with actuator faults. Applied Ocean Research, 152, 104182. https://doi.org/10.1016/j.apor.2024.104182

Wang, Q., Yang, X. F., Hu, J. B., Ding, S. H., Shen, H., Xiang, Z. R., 2025. Fixed-Time Autonomous Berthing Control of
Unmanned Surface Vehicles Under Output Constraints Based on Barrier Lyapunov Function. /EEE Transactions On
Intelligent Transportation Systems. https://doi.org/10.1109/TITS.2025.3642626

Sanchez-Torres, J. D., Sanchez, E. N., Loukianov, A. G., 2014. A discontinuous recurrent neural network with predefined
time convergence for solution of linear programming, 2014 IEEE Symposium on Swarm Intelligence, 9-12 December,
Orlando, Florida, USA. https://doi.org/10.1109/S1S.2014.7011799

Sanchez-Torres, J. D., Sanchez, E. N., Loukianov, A. G., 2015. Predefined-time stability of dynamical systems with sliding
modes, 2015  American Control  Conference  (ACC), 1-3  July, Chicago, Illinois,  USA.
https://doi.org/10.1109/ACC.2015.7172255

Zhang, Y., Liang, C.-D., Han, T., Yan, L., Ge, M.-F. J. 1. T. 0. V. T., 2026. A Novel Integrated Predefined-Time Distributed
Coordination Framework for Networked Marine Surface Vehicles with Near-Optimal Path Determination Ability. /EEE
Transactions on Vehicular Technology. https://doi.org/10.1109/TVT.2026.3669986

Zhang, W., Xu, Y., Fu, M., Fan, Z., Dong, L., 2026. Data-driven predefined-time disturbance observer-based predictive
control for hovercraft trajectory tracking. Ocean Engineering, 347, 124019.
https://doi.org/10.1016/j.0ceaneng.2025.124019

Guo, G., Xiao, S., Shen, T., Chen, F., Guo, S., Luo, Z. J. N., 2026. Reinforcement learning predefined-time formation
control for uncertain autonomous underwater vehicles with disturbance and input saturation. Neurocomputing, 133031.
https://doi.org/10.1016/j.neucom.2026.13303 1

Meng, Y., Zhang, Y., Ye, H., Yang, X., Xiang, Z., 2026. Prescribed-time fault-tolerant tracking control for aquatic-aerial
unmanned amphibious vehicles. Aerospace Science and Technology, 168, 110872.
https://doi.org/10.1016/j.ast.2025.110872

Zhang, J., Yu, S., Yan, Y., 2020. Fixed-time velocity-free sliding mode tracking control for marine surface vessels with
uncertainties and unknown actuator faults. Ocean Engineering, 201. https://doi.org/10.1016/j.oceaneng.2020.107107

Ma, Y., Ning, J., Li, T., Liu, L., 2024. Distributed extended state observer based formation tracking control of under-
actuated unmanned surface vehicles with input and state quantization. Ocean Engineering, 311, 118872.
https://doi.org/10.1016/j.oceaneng.2024.118872

Qiao, L., Zhang, W., 2017. Adaptive non-singular integral terminal sliding mode tracking control for autonomous
underwater vehicles. IET Control Theory & Applications, 11(8), 1293-1306. https://doi.org/10.1049/iet-cta.2017.0016

Su, Y., 2020. Comments on "A New Adaptive Sliding-Mode Control Scheme for Application to Robot Manipulators".
IEEE Transactions On Industrial Electronics, 67(8), 7116-7120. https://doi.org/10.1109/TTE.2019.2939995

33


https://doi.org/10.1016/j.oceaneng.2022.112567
https://doi.org/10.3390/jmse10091246
https://doi.org/10.1109/TIE.2025.3639743
https://doi.org/10.1016/j.oceaneng.2024.120101
https://doi.org/10.1109/TIE.2024.3468648
https://doi.org/10.1016/j.oceaneng.2024.120157
https://doi.org/10.1016/j.oceaneng.2024.116696
https://doi.org/10.1016/j.isatra.2025.11.033
https://doi.org/10.3390/jmse13091791
https://doi.org/10.1016/j.apor.2024.104182
https://doi.org/10.1109/TITS.2025.3642626
https://doi.org/10.1109/SIS.2014.7011799
https://doi.org/10.1109/ACC.2015.7172255
https://doi.org/10.1109/TVT.2026.3669986
https://doi.org/10.1016/j.oceaneng.2025.124019
https://doi.org/10.1016/j.neucom.2026.133031
https://doi.org/10.1016/j.ast.2025.110872
https://doi.org/10.1016/j.oceaneng.2020.107107
https://doi.org/10.1016/j.oceaneng.2024.118872
https://doi.org/10.1049/iet-cta.2017.0016
https://doi.org/10.1109/TIE.2019.2939995

Z. Guo et al. Brodogradnja Volume 77 Number 4 (2026) 77409

[52]

[53]

[54]

[55]
[56]

[57]

[58]

[59]

Ahmed, S., Wang, H. P, Tian, Y., 2021. Adaptive High-Order Terminal Sliding Mode Control Based on Time Delay
Estimation for the Robotic Manipulators With Backlash Hysteresis. IEEE Transactions On Systems Man Cybernetics-
Systems, 51(2), 1128-1137. https://doi.org/10.1109/TSMC.2019.2895588

Liu, M., Sun, D., Luo, F., Peng, E., 2024. Research on the Differences between Ocean Wave Parameters Retrieved Based
on ITTC Spectra and PM Spectra, 2024 Photonics & Electromagnetics Research Symposium (PIERS), 21-25 April,
Chengdu, China. https://doi.org/10.1109/PIERS62282.2024.10618704

Umeda, N., Usada, S., Mizumoto, K., Matsuda, A., 2016. Broaching probability for a ship in irregular stern-quartering
waves: theoretical prediction and experimental validation. Journal of Marine Science and Technology, 21(1), 23-37.
https://doi.org/10.1007/s00773-015-0364-8

Yu, S., Yu, X., Shirinzadeh, B., Man, Z., 2005. Continuous finite-time control for robotic manipulators with terminal
sliding mode. Automatica, 41(11), 1957-1964. https://doi.org/10.1016/j.automatica.2005.07.001

Skjetne, R., Fossen, T. I., Kokotovic, P. V., 2005. Adaptive maneuvering, with experiments, for a model ship in a marine
control laboratory. Automatica, 41(2), 289-298. https://doi.org/10.1016/j.automatica.2004.10.006

Yao, Q., 2020. Adaptive finite-time sliding mode control design for finite-time fault-tolerant trajectory tracking of marine
vehicles  with  input  saturation.  Journal of the  Franklin  Institute,  357(18), 13593-13619.
https://doi.org/10.1016/].jfranklin.2020.10.015

Wan, L., Cao, Y., Sun, Y., Qin, H., 2022. Fault-tolerant trajectory tracking control for unmanned surface vehicle with
actuator faults based on a fast fixed-time system. IS4 transactions, 130, 79-91. https://doi.org/10.1016/j.isatra.2022.04.013
Dong, Z., Tan, F., Yu, M., Xiong, Y., Li, Z., 2024. A Bio-Inspired Sliding Mode Method for Autonomous Cooperative

Formation Control of Underactuated USVs with Ocean Environment Disturbances. Journal of Marine Science and
Engineering, 12(9), 1607. https://doi.org/10.3390/jmse12091607

34


https://doi.org/10.1109/TSMC.2019.2895588
https://doi.org/10.1109/PIERS62282.2024.10618704
https://doi.org/10.1007/s00773-015-0364-8
https://doi.org/10.1016/j.automatica.2005.07.001
https://doi.org/10.1016/j.automatica.2004.10.006
https://doi.org/10.1016/j.jfranklin.2020.10.015
https://doi.org/10.1016/j.isatra.2022.04.013
https://doi.org/10.3390/jmse12091607

