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ARTICLE INFO ABSTRACT
Keywords: This paperfocuses ontrajectory tracking control problenn unmanned surface
Predefined time vehicles (USVs) operating under complex ocean disturbances. To accurately

characterize the marine environment and evaluate control performance under realistic

Adaptive control operating conditions, a threkmensional shortrested irregular wave force model

Unmanned surface vehicle with randomly distribted frequencies and propagation directions is established. This
Trajectory tracking model incorporates stochastic and multidirectional wave loading into the USV
Shortcrested waves dynamis and control framework, providing a more realistapresentation ofvave

disturbances for trajectory tracking analysis. Building upon this disturbance modeling,
an adaptivepredefined timenonsingular terminal sliding mode controlledéptive
PT-NTSMC) is proposed. First, a novel timarying function is introduced to
construct a variabtgain global sliding mode manifolthased orwhich apredefined
time controller is developed to ensupredefined timeconvergence. Second, an
adaptive law isestablishedo independently estimate the upper bound of external
disturbancesthereby reduiog the reliance of controller design on prior disturbance
bound informationThe global angbredefined timestability of the closedoop system

is rigorously verified using Lyapunov theory. Simulation and comparative results
under shorcrested wave conditions validate the effectiveness and improved
performance of the proposed control strategy

1. Introduction

In recent years, with the increasing scarcity of land resources, the development and utilization of mari
resources have become particularly importémtthis context, unmanned surface vehiclgsSVs) have
garnered significant attention as essential tools for marine exploration. During the navigation of USVs, t
primary external disturbance arises from wave forces acting on the sea surface. Therefore, establishing
accurate hydrodynamic model of veaforces is essential for improving the fidelity ohmerical simulations,
enhancing the reliability of simulation results, amdproving the practical applicability of controller
parameters. The influence of wave forces on USVs mainly consists of two components:-tiddirstave
force, which primarily excites oscillatory motions such as heave, roll, and aitdithe secondrder wave
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drift force, which causes slow variations or drifts in th®V position. Howeverjn most existing studigs
researchers hava@mulatel wave disturbances by simply superimposing sinusoidal and cosine furfdtions
3], and this approacfails to capture the physical characteristics of real ocean wave ftmcgsmeworks,
long-crested irregular wave models based on wave syd¢tnave been employedhich partially reflect the
distribution of wave energy across different frequencies. Nevertheless, such models essentially describe t
dimensional planar waves and cannot represent the effects of multidirectional component waves on
resultant wavedrces. Moreover, since the heading and speed of a USV change continuously during motic
the use of twodimensional wave model may lead to unrealistic re8uits instance, the force components

in certain degrees of freedom may becoreeo when thedJSV heading coincides with specific wave
propagation angles. In addition, the selection of component wave frequencies significantly affects tl
computed wave forces when spectral representatames used Although evenly spaced frequency
discretization simplifies the computation, it tends to produce periodic repetitions in the simulated wave force
leading to deviations from the stochastic and nonrepetitive characteristics of actual ocean environmel
Therefore, it is necessary to establishaccurate and physically consistent wave force nmtbhdéhot only
improves simulation fidelity but also provides a solid foundation for analyzing and compemnsiagrggrnal
disturbances in control design.

Achieving accurate trajectory tracking under complex environmental disturbances has become
prominentfocus inresearch in recent yeafdany researchers have explored various control methods with
promising results. Currently, widely used approaches inghudortionai integral derivative(PID) control
[5], sliding mode control (SMC[6], model predictive control (MPQY], fuzzy logic control (FLC)8],
backstepping9], neuratnetworkbased contrdl10], and reinforcement learning (R[A1, 12] Among these
methods, PID control has a simple structure and is easy to implement but lacks robustness aga
nonlinearities and external disturbances. It also exhibits slow dynamic responses and lower tracking accur
in nonlinear systems. MPC providgeod tracking performance for smooth trajectories but struggles with
sharp turns and smadihgle trajectories. Its robustness depends on the accuracy of the system model, and
convergence speed is often slower than thaSMIfC because othe complexityof solving optimization
problems.Compared with SMCELC offers strong robustness but relies on manually designed fuzzy rules,
making it less effectivat handling complex dynamic variations and unknown disturbances. The backsteppin
method is less robust in handling rapidly changing system dynamics and strong distuthaitsasacking
performance for sharp turns is slightly inferior to that of SMC. In contrast, SMC has stronger robustness, fas
convergence, and higher tracking accuracy for compbggctories, making ithe mainstream approach in
controller desigii13-15]. In recent years, many researchers have integrated SMC with other advanced contt
techniques tamprovetrajectory tracking performan¢&6-19].

Another important issue in trajectory tracking control liesaigystends convergence behavior. For
autonomous marine vehicle&MV s), achieving stable tracking within a specified time is a key performance
criterion. Accordingly, minimizing the pursuit phase duration while maintaining tracking accuracy remains
central focus in trajectory tracking control reseaiidie researcbn system convergence time can be broadly
classified into four stages: asymptotic stability, firitae stability, fixedtime stdvility, and predefinedime
stability. Asymptotic stability has been studied foore thana century. However, since an asymptotically
stable system can only approach the equilibrium point infinitely as time tends to infinity, it fails to meet th
requirementdor time-constrained control applications. Fintime stability requires that the system states
converge to the equilibrium point within a finite time horizZl@®, 21] Because finite time stability is
associated witfaster dynamic responsiganasymptotic stability, it has been widely applied in the control of
unmanned systems. For the trajectory tracking of fully actuated US¥<sauthors of referencg¢22-25]
developed a nonsingular fast terminal sliding mode controller, a supertwisting sliding mode controller, a P
sliding mode controller, and a nonlinear sliding mode controller. However, the parameter design of the
controllers or observers relies on thgpar bound of the disturbance derivative, the disturbance bound, or
lumped terms containing disturbancesréferencg26], an improved finitedime convergent LOS method
was proposed. Although the controller itself does not explicitly depend on disturbance information, tt
convergence region of the tracking error is still jointly affected by the control parameters andl extern
disturbances. Imeference$27] and[28], adaptive fuzzy control and reinforcemégdrningbased adaptive
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control, respectivelywere introducedo improve tracking accuracy, robustness, and energy efficiency.
Overall, the above finitéime control methods generally rely g@nior disturbanceelated information for
parameter design or performanassurance Moreover, their convergence time depends on the initial
conditions. Specifically, a larger initial deviation leads to a longer actual convergence time.

Fixedtime stability guarantees that the system states converge to the equilibrium point within a unifor
upper time bound independent of the initial conditi@® 30] and thus exhibitgreateradvantages in control
tasksthat requireunified time constraints. In recent years, the fikete framework has been widely applied
in AMV trajectory tracking, formation control, dynamic positioning, and autonomous berthing. Among thes
works,the authors of referencg%l-33] achieved fixedime convergence via disturbance observelSME,
but parameter design still requireonsideration of the upper bound of the disturbance or its derivative.
Althoughthe authors of referenc§®4] and[35] alleviated somef thedrawbacks of conventional methods
to a certain extent, their observation or tracking error bocowlsnue to bgointly influenced by the controller
parametersnagnitude ofdisturbance. Referencg36], [37], and[38] reduced the reliance on disturbance
bound information through neuraktwork approximation or dynamic compensation mechanisms. In
referencd39], a fixedtime fuzzy adaptive backstepping controller was designed for the cooperative formatiol
tracking control of fully actuated USVs, ensuring that the tracking errors converge to a neighborhood of tl
origin within a fixed time period Referencg40] proposed a fixedime faulttolerant control scheme for
unmanned amphibious surface vehicles with actuator faults, providing an effective solution for maintainir
trajectorytracking performance in the presence of actuator faults and uncertainties. Hdheweethod still
relies on prior boundedness information on the lumped disturbance and its time derlwatwatrast,
referencg41] considered only system uncertaintasd did not consider external disturbandasgeneral,
although the above fixetime control methods eliminate the dependence on initial conditions, their upper
convergencdime bounds are still related to the controller parameters. When the controller structure becom
complicated and the numbef parameters increases, such upper bounds are often difficult to specify directly
and precisely in advance.

On this basisthe predefined timestability approacHurther allows the convergence time be treated
as an independently assignable parameter, such trarthiergencéme is not only independent of the initial
conditions but also decoupled from the complicated coupling relationships among other control paramet
[42, 43] Thereforethe predefined timestability approachprovides a more direct and effective theoretical
framework for control tasks subject to strict time requirements and has gradually become an importe
direction in current research. In recent yepredefined timenethods have been appliedti@ coordinated
control of networked marine surface vessels, -datzen trajectory tracking of hovercraft, and formation
control of multiple AUVs[44-46], with favorable timeconstrained performanc&he authors of reference
[47] further constructed a hybrid framework for prescritiete trajectory tracking control of an aquasierial
unmanned amphibious vehicle under actuator faults, thereby extending the applicationcamnsinained
control to more complex task scenarioswedwer, in existing studies, the parameter design of controllers or
observers still often depends on disturbance bounds, which to some extent limits their practical applicabili

In this paper, predefindiine stability refers to a convergence property in which the actual convergence
time of the system is bounded hbywpper bound that can be assigned in advance by the designer and remair
independent of the initial condition. More specifically, the adopted notion mainly requires a unified an
adjustable upper bound on the actual convergence time. Therefore, evdainf @exiliary parameters are
determined with the aid of initiadondition information during the controller consttion, the predefinetime
property is still maintained, provided that tbesignerassignedconvergencdime bound itself does not
depend on the initial statén the proposed method, the predefinede parameter is chosen in advance,
whereas the initial conditions are only used to determine the auxiliary parameter vector and gain term invol\
in the sliding manifold construction, such that the prescribed initial constraints of the manifoldsdiedsati
In other words, variations in the initial conditions do not influence the convergence time of the Syistem.
these quantities are introduced only for structural construction and do not affect the erssgyresd
convergencéme bound, the predinedtime convergence claim of the proposed method remains valid under
the adopted definition.
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Table 1 Comparisorof the disturbance handling and convergence characteristics of eXistiigcontrol methods

Ref disturbance model Whole-process disturbandsound Convergence
information required type
[4] Long-Crested Wave No asymptotic
[22-25] Sinusoidal composite Yes Finite time
[26-28] disturbance No
[31, 32] Sinusoidal composite Yes
[36-38] disturbance No Fixed time
[39] Gaussian white noise
[44-46] Slnuspldal composite Yes
disturbance , .
This Predefined time
ShortCrested Wave No
paper

In summary, several issussll remain to be addressadUSV tracking control

First, the disturbanetrce models used to describe the operating environment of USVs are often overl
simplified, making it difficult to adequately capture the physical characteristics of external disturbances al
thereby reducing the reliability of simulation results.

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

Third, parameter selectian most existing predefinetime controllers still depends on disturbance
bound information. Moreover, the corresponding control paramatetsuallyactivethroughout theentire
control process. As a result, the disturbance bound over the whole operating cycle of tmeukiShe
considerediuring parameter design, which reduces the practical applicability of these algorithmsniartéal
scenarios.

To address the above issueghis paperwedevelop a control framework that combines a more realistic
environmental disturbance model with a predefitie@ control strategy that further redu¢cbedependence
on disturbanceelated prior informatioriThe main contributions of this paper are as follows:

A realistic shorcrested irregular wave force model is established to accurately siraolatenmental
disturbances acting anUSV. Nonuniformly spaced component wave frequencies are randomly selectec
within each interval, and the corresponding propagation directions are generated to reflect the stocha
nature of sea states. This modeling strategy avthidgeriodic artifacts that commonly occur in
frequencydiscretized wave simulations and provides a more faithful representation of the spatial ar
temporal variability of real ocean wave forces. Moreover, by embedding this physically representati\
wave forcemodel directly inb the USV motion and control framework, the proposed approach enables
control design and performance evaluation under physically consistent, multidirectional wav
disturbances, which significantly enhances the realism and credibility of con&oted sinulations.

On the basis o novel timevarying function, a variablgain predefinedime sliding mode manifold is
constructed, and a predefinBohe nonsingular terminal sliding mode controller is subsequently
developed. By introducing the timvarying function into the sliding méold, the proposed design
guarantees predefindiine stability while simultaneously achieving the global sliding property, thereby
eliminating the reaching phase. Furthermore, a vargdie coefficient is incorporated so that, as the
tracking error decreases, the controller can still drive the system toward the desired trajectory at
relatively fast rate.

An adaptive predefined timecontrol scheme is proposeth which an online estimation law for
determining the upper bound dfe disturbances embedded into thpredefined timesliding-mode
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framework, ensuring that both the tracking error and the upmand estimation error converge within a
predefined timeSince the related control parameters only take effect before the predefined time, the
design only needs to account for the disturbance bound over this interval, rather than over the en
operating cycle as required in many existing methods.

The structure of this paper is as followsSection 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 oc
disturbances is presented, where the-fastl seconarder wave forces induced byréledimensional shott
crested irregular waves are incorporated. In Section 4, the mathematical modelpoédbkned time
nonsingular terminal sliding mode controller is presented, and its stability is p@vémisbasis an adaptive
predefined timecontroller is designed, and its stability is verified using Lyapunov theory. In Section 5, the
proposed controller is compared with existBigC methods, and its performance is analyzed under different
initial conditions and various time parameters. Finally, Section 6 presents the conclusions.

Notation: Let x=[x, %, -, %]" and y=[w, y»-- %]" be vectors andlet 5>0be a constant. The

Hadamard product obandcis defined asxo y=[% ¥, % Y.+ ¥ M]T. Let x? =g>&b,>§,---,>&b%
N T
. T b_&ob b b1 €1 1 1e ., b
|X|: ’ ) T y |X| - A ’ y T 21 — =g Ty U Slg (X)= °S|g X) ,
@/ 1%l x| g Al el T PRl g S e [¥” = sign(x)
x+b Fx % #-,% |wdiagik)= diadx % ;- %). The Euclidean -®orm is denoted Hy|,

and the Euclidean-iorm is denoted le'

2. Problem formulation and preliminaries

2.1 Problemformulation

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 problerslategprimarily to the position of the USMhus the degrees of freedom
related to pitch, heave, and roll are typically ignofidte 3DOF motion coordinate system of a U&\shown
in Figure 1. It should be noted that the USV considered in this study is modeled as a fully actuated-planar
DOF platform that is, independent control inputs are assumed to be available in the surge, sway, and y:
The mathematical model for theCBOF motion of a USV can be expressedadii®ws [48]:
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h=R()) u "
Ma+C( ) oD( Yu =a(t)t dft)
whereh =[x, y, y]T is the position vector of theSV in the eartHixed coordinate system;=[u,v, r]T is
the velocity vector of th&JSV in the bodyfixed coordinate systent;, :g Loyt Tﬁ represents the control

inputs of the fully actuatedJSV; d =[d,, d,, d3]T denotes the unknown disturbance forces in the three

degrees of freedonR(y) is the transformation matrix from the bofiyed coordinate system to the earth
fixed coordinate system.

écoy -siny O

R(y):gsiny cosy O (2)
€0 0 1
R(y) has the following propertiesdetR(y )=|R(¥)] = R'(v)R(¥)=1" R()=R(») )"
e -r 0
WhereS(r):g 0 0.
£ 0 0

M,C(v),D( ¢ denote the inertia matrix, the Coriolis and centripetal matrix, and the damping matrix
respectively. Their expressions are given as follows:

em; 0 0
M =2 0 my mp (3)
€0 myp My

e 0 0 cg(vr)

C(v) :g 0 0 C3(u) (4)
g (wr) cep(u) 0
edy4 (u) 0 0

D(u)= 2 0 dyp(vr) da(vr) )
& 0 dg(vir) dag(vr)

wheremy; =m - X, My =m -, Mz =myg -Y,Mp=mg -N,mMy3=1, -N;,ci3(V,r)= myv mpgr,
Ca(U)=mau o Cu(wr)= Cp(wr) L cp(u)= (U)o di(u)= X (‘ﬁu\um Hiuu l})

da(vr)= % (Yul¥ Wl b des(wn)= X% [l i1 dea(vr)= N NGV Nyl
dys(v,r)= N, (—I\MrN P?F\rM) The parameterst , @ , andQ denote the elements of the

corresponding coefficient matrices in the actual model, while & , andQ denote the elements of the
corresponding nominal coefficient matrices. The tesiis , 30 , and3’Q represent the variations of the

unknown parameters. Therefore, the following relationships heig:=com) +qj"| , G = 0% +q; ,
dij =oxf .
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Based on Egation(1), the USV dynamics can be reformulated in the ead coordinate system as
follows:

N (1) C( w)h B( . Va R(H) (Y W) (6)
where M (n)=R()MR( ) . C(u A=R( Jc( 4R () 3R ) MR( ) &) RY) .
D(w, A=R( yD( )&*( ). d(t)=R()d(9).
In practical applicationghe USV model parameters are not strictly constant because of equipment aging
installation deviations, and environmental variations. Moreover, hydrodynamic effects during navigation me

cause the actual coefficient matrices to differ from the nominal osed in controller design. Therefore,
parameter uncertainties and external disturbances are incorporated into thd_giddetlenote the nominal

parameter matrix antl, represent the parameter error matgsgulting fromuncertainties. Theelationships
amongthe actual parameter matrix, the nominal parameter matrix, and the parameter error matrix can

expressed  as _follows: M(A)=M, (A M ()Y .  Cu A=C( v)mS(, )

B(u, A=D,( w)MD,( . ).
Thus, Egation(6) can be rewritten as:

Mo (1) T Col )5 4Bo( )i /R() oty Tt ) @)
whered, (t,u, A=d(t) -M,( i & ( . } ABA , ) represents the lumped disturbance acting on the
system.

In the eartkfixed coordinate system, the position and velocity tracking errors are introduced a:
he=h-  and w,= w- w =h'g, respectively, wherefiy =[ /4, 3. dé}T represents the target
trajectory. The secondrder derivative of the position error can be expressed as:

e ="n-"f F()R( ) e(ty dft ) Ch ) D 1)) Ty 8)
2.2 Preliminaries

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

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

IEgll< ¢ +1MvIl HIvIP 9)
where,/, /1, /, are positive constants.

On this basis, sinceR(y) and its inverser () ) have the following propertieq’R(y)H: o »
HR‘l(y)H: . Ip=1. According to the kinematic equatiop,= R'l( y) - We have||u||¢HR‘1( ,@H” -
Therefore, Egation(9) can be rewritten as follows:

14, (tu.n)l<lo Hl1AN 151417 (10)
whered, (tu, =ty lg=/g: h =11, 1=/,

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

|d (tu, Aelo 4| o) |7 Dg D 1 - (11)
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wherelg2 0,112 0,1,2 0,1 =max(lg |11 ,) . H =1 ] |4
Lemma 1[51]: For x=[x, %, -, %] . there exists"sign( ¥ =& | x| 9 §. i.e..[x],2 X

Lemma 2[52] For a continuously differentiable functian( x) defined in the real domain, let be the
initial value of the variablex, and letc be a positive real numbed,< e <. If the functionV (t) satisfies:

V(x)¢ <Vve(X (12)
Le
ThenV (x) is finite-time stable, and the settling tinfesatisfies:T (%) ¢ (:(1—(6)%))'

3. Wave modeling

In many existing studies, environmental disturbances are represented using highly simplified mode
which do not fully reflect the underlying physics of wastucture interactions or the influence d/&Vé
main dimensions and operational states. Consequently, these simplified descriptions are indofficient
reproducingthe complexity of real marine environments. In reality, ocean waves are predominantly shor
crested and irreguland exhibitrandomness in both frequency ahdpropagation directiorOn the basis of
the superposition principle, the resultant wave load is generated not only by components with differe
frequencies but also by the interaction of wave components traveling in multiple dirdektwasver, wave
induced effects on BSV can be classified into two primary categories. The-&rgeer wave forces mainly
induce oscillatory response@sthe USV, whereaghe secondrder components lead to leinequency drift
motions, often termed wave drift forces, which cause gradual deviatiche USV trajectory. To better
approximate practical sea conditiomsg adopt a shortrested irregular wave model to simulate realistic sea
surface wave loads this work

Firstorder wave loads are generally formulated through spectral analysis. In this paper, the ITTC tw
parameter wave spectrum is selected to describe the frequency distribution of wave energy. The mathema
expression of the ITTC spectrum is as folld®3]:

o

a 691

S, (W,) =———expe——-—- 13
Z( W) T;M/VSV p(;:E Tp4l/® ( )

whereH denotes the significant wave height, represents the angular frequency of the waves,Tand

represents the wave period, which can be estimated, a§3.86/ﬁ when the exact period is not

availablg¢54].

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

S(Wy, §)=S (W Guk (14)
where S(WW, q,) denotes the wave spectrum, apd ¢) represents the spreading function, with
. 2
/(@)=;co§(mﬂ)-

The encounter angle between ti8v6 s headi ng and the comp®hent
direction is defined ag; = y - g . For incident waves with thi€th frequency, the corresponding encounter

frequency experienced by thiSV can be expressed ag,4 = 1; Vk cos © =g §W cBs; M.
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The firstorder wave force is given by the following expression:
nm-2rgB %

X=3 ak,—FJ $nE; GGink sir(@wét ip) (15)
i=1j % ij
nom2rgl

Y=a a————Gsing sink sir(l/l/\,\,d3 t -ip) (16)
i=1j 4 kiEiJ'
nm r LZB . AsinE:

N=3 a-MQ sinF; cos(WWét f)gm—” cod (17)
i=1j % E; K o 5

Kk ki Lcosc; ki Bsinc;
Wherez,Ahij =\/28( W , V\gz)qo w® s G =1-€ k| Ej :Tj, i =le ki :szvi/gu L

denotes the ship lengtB,denotes the ship breadth, adddenotes the drafy, represents the frequency
interval, andoyg,, denotes the directional interval of wave incidence.

Remark 1.In many numerical implementations, the representative frequency of each discretized spectral bs
is taken directly as the upper (or lower) boundary of that band. Such a deterministic selection may introdt
artificial periodic patterns into the simulatedve field. To mitigate this effed) the presenstudy,the whole
frequency range is first uniformly divided into 50 sokervals. Then, one frequency is randomly selected
from each sutinterval and taken as the representative frequencyeotdiresponding component wave.

this way, the full frequency domain is effectively spanned while spurious periodicity in theldimesn
responsés reducedleading to a more faithful reproduction of the random characteristics of ocean waves.

The seconérder wave drift force influences batiJSVé heading and its overall trajectory. Although
its rigorous theoretical derivation is mathematically involved, this forcgeiserally considered to be
proportional to the square of the wave amplitude. Therefore, the wave drift force can be formulated in t
following general form:

Xo =3 AL, L £ cos ;€ a/, 18
D=a a; 9- 4005 jEx, o (18)

i=1j % ¢
noma : al,

YD:a.aErgL%j sin &, o8 (19)
i=1j % ¢
] : al;

ND:g&ErgB %,- sin jq\,mgel_—' (20)

whereCyx , Cy _, and Cy __ denote the coefficients determined by the ratio between the incident

wDI

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

C =0.0 : i 0 féz 0 i /3 21
cL = ¢ =
o ~ 2 . 3
Cy_ =0.46 +6.8§ﬂ{i 8-15.65I"§e 88.44LL/ | (22)
cL = ¢ =
o ~ 2 . 3
Cy,. = 011 e.e@% 80.79{28 80.42%/ (23)
cL = ¢ =

The main wave direction is setdoft and the directional coverage interval is takeq @& p v*vThe
number of frequency discretization intervals is 50, and the number of directional component waves is also

9
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To determine the representative component frequencies, the whole frequency range is first uniformly divid
into 50 subintervals, and then one frequency is randomly selected from eaahtsnal. In this way, the full
frequency range is covered whilesthrtificial periodicity caused by fixed endpoint selection can be reduced.

The relevant parameter settings in the simulations of this paper are as faHowg:02, T, =0.55,
L=1.225, B=0.29, d;=0.12, qu,=7 425, g, =13 p900, g, I [5 #36,31 /B4, w, [ [0,144,
g=9.8.

15 £0 =3 =13 =22 =31 =40 =49
t!—'3ls > ~ 10
Z sl
—— =225 T ol
vy E st
: 3 X
- -10
‘ Py i i | il ‘. L
0 10 20 30 40 50
Actual Trajectory t (S)
- === DesiredTrajecsry 30 =0 =3 =13 =22 =31 t=40 =49
\ + | . ; | 3!
) \ 0010 0005 0000 0005 0.010 2
Wave Height (m) . =
S

9 )| il

wave direction 30 =0 =3 =13 =22 =31 =40 =49
8 ] I 1 1 1 1 1

R

1 | |

Y ave( N-m)

t=3s

t=49s apl ¥ , 4 N 4 J L
0 10 20 30 40 50

t(s)

Fig. 2 Relationshipbetween shortrested wave fields and wave forces acting on a USV during trajectory tracking

The representative wave forces generated by the proposedcidstetd wave model and the
corresponding USV trajectory tracking under wave disturbaareeshown in Figre2. Here, &, 5 v @\ a v @and
[ wa denote the wavenduced surge force, sway force, and yaw moment, respectively, each representing tt
result of the firstand seconarder wave forces in the corresponding degree of freedom. As shown in the
figure, during the trajectory tracking processshortcrested waves, the wave forces actingadSV vary
over time, as reflected by the time histories on the right, which correspond to thersktetl wave fields
encountered along the trajectory illustrated on the left.

4. Controller design

In this section, the mathematical model of the controller and its stednlitlysisare presented. First, in
Section 4.1, predefined timenonsingular terminal sliding mode controller is designed by addressing the
limitations of traditional nonsingular terminal sliding mode control and incorporptadgefined timeontrol
methods. In Section 4.2, the case of unknown disturbance upper bounds is further considered, leading tc
design of apredefined timeadaptive nonsingular terminal sliding mode colfero The structure of the
predefined timedaptive nonsingular terminal sliding mode controller is shown iaréRy

10
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First-order Wave

| |
| Excitation Force Parameter I
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l ae lr(z) + b
Variable Gain S PT-SM 7. ; usv
NTSM Surface Controller Kinetic Model
v
Adaptive PT-NTSMC ¢
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Kinematic Model
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[.1] 7
| -

Fig. 3 Structure of thedaptive PTINTSMC

4.1 Design of thepredefinedime nonsingular terminal sliding mode controller
Remark 2: The structure of the traditional nonsingular terminal sliding mode control can be exprd&&gdd as

s=x +8ig”(x) 8 b 1 (24)

According to Egation (24), although the traditional nonsingular terminal sliding mode control has a
simple structure, it has the following limitations:

(1) The parametepi s proportional t o t hArelaively largenvalge isausually e r
required at the initial stage to accelerate error convergence, but this inevitably increases the control inj
(2) The convergence time cannot be specified explicitly in advance.
To overcome the above limitations, a variappden sliding mode manifold is constructed as follows

s=a o X i (%) (25)
where X =h, - (@, X=w, - (®,a=diag(a.,a,a)a >0, g=( ald)/ 4 < a2, b is a positive
constantTo overcome the limitation of the conventional fixgain design, b x|? is introduced as the gain

coefficient in Egation(25). Because& varies during the control process, this coefficient changes accordingly
and thus constitutes a varialgain term. In particular, ap(| decreasesthereby accelerating the error

convergence and enabling a relatively small gain coefficient to achieve a fast convergeriteaatbée
observed that whep =0 or X =04, Equation(25) is transformed into:

s=aX sig? ( X) (26)

G(t) is a piecewise function that is continuous and twice differentiable with[®, + .

(T-1)7Te 0w %

G(t
(® 01 T¢t

(27)

T

wherec=[ ¢ % 3]Tc is an undetermined parameter vectdr; 4, k is a positive constant, arid is the
predefined timgarameter. The timearying functionG(t) should satisfy the following conditions:

11
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5(0)= as PO x(0) +sigf (X(9) (28)
Taking the derivative of Eeation(25) yields:

s= e PO (9 1y - X(3F) X %) (29)
Thepredefined timeontrol law is designed as:

te(t)= &olt) *sdlt) (30)

The predefinedime control law is composed of two parts: the equivalent control tggnand the
switching control termfg, , whose expressions are given inugtions (31) and (), respectively.
Specifically, z4is derived by substituting the nominal system dynamics inteation (31) and imposing

$=0, and is used to compensate for the nominal system dynamics and preserve the desired sliding motiol
the manifold. Meanwhilet ,, is designed to suppress lumped disturbances and model uncertainties, theref
ensuring the reachability and robustness of the sliding mode.

e &R gl (9F)- i (X(3)
[eq(t):R-l( JaiMn(h)g-l-(G[) A,
1+Calw A MO (9 h h

(ault)= RN F D +)sion( 3 32

where r is a positive minimal valueD, :HI\ﬁr}l(h)H D,.

(31)

RPN « =Vl enN en?y N

Theorem 1: If the sliding mode manifold is designed according to Eq. (26) and (27), and the controller i
designed according to Hetions(30)1 (32), then the sliding variable satisfiebt) =0, "t [0, !

Therefore, the closeldop system achievegobalsliding mode.

Proof: Let the Lyapunov function be chosen as:
V)= % s's (33)

Taking the time derivative of Eqtion(33) givesV, = s’ 5 and expanding it using Egtion(28) results

Vi= ga 0P (e X(IF)  #O ) 34

By further computing Eggation (34) using Egations(8), (30), (31), and (2), the following result is
obtained:

V1=sTga‘X(t)‘a-1o(K/gl(/)a(t u)H D +)s'rgn($)
ST (Ad(t )L +)r

According toLemma 1 andAssumption 2, it follows that:

(35)
¢ta

12
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SIx" ([@ew 4 )
ea (T [X( | (1300 w)p{b w1 wt i o

whereri= 4 , / represents the upper boundHM_r;l(h)H. Sincer is a positive minimal value, it can be

Vi ta

(36)

considered agi= /.

The piecewise functions(t) designed in this paper ensures thati&opn(28) holds, thus for Egation

(33),V1(0):%s(0)T 0 =0andVy(t)20, "t [0, 4.Moreover, according to Inequality (34), it follows

thatVy (t) ¢ V4(0), "t {0, 4. Consequently, the conclusion is obtaingd(t)=0, "t [0, 4. Thatis,
s(t)=0, "t [0, 4.Thus, the closetbop system achieves the global slidimgde property, and Theorem

1 is proved.

Based on the conclusion ©heorem l1and Egation(25), we have:
1

b g 1
: = - 2X(t =
x(1)= are « U sig {x(1) (37)
Theorem 2.If the variablegain sliding mode manifold in Egtion(25) satisfiesTheorem 1, then the position
tracking errorh, converges to the origin in finite time.

Proof. For thei-th DOF, consider the following Lyapunov function
Va =X, i 223 (38)

Taking the time derivative d¥,; yields:

Vi =% ()% (9 (39)
Substituting Egation(37) into Equation(39) gives:

A 1 b g 1
V= % (9=ae 4 sig {x ()

e
¢

(40)

|

b

I\

(¢}

x
—
=
f

= Ae BVz‘Li]/Zv(_a +1)/(2 4

2i

9/2
where A= 2(‘5'+1)/(2‘3a]/"17 , B= 2 . Solving the differential equation in Egtion(40), the time forV,; to
a D (o) O
a aed -10
e 0 -
converge to zero idg = ¢ I S 3,2,8 Ty =[Tyy, Top Tod - From the above conclusion, it is
g

known that X; (t) converges to zero at timk; . Typically, the values ofly are chosen to be the same.
Furthermore, according to Hation (27), the piecewise functioi(t) satisfiesG(t) =0, t' @, which
implies that the time at which the position erfprconverges to zero can be expressei[fcz;lssmax(T0 ,T) .
This means that the following relationship holds betwegand G(t):

13
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1) Wh eh¢Ty:
&, 0, G) 0 0 teT -
17,0, &) 8 T teT,
8 T, t¢

p 0 t¢T0‘
he=0, &) 0 T, te¢T
he=0, &) 6 T t¢

Remark 3. At this stagethe undetermined parameter vectolin the piecewise functioﬂs(t) and the gain

term a in the sliding mode manifold need to bpecified On the basis othe conclusion inTheorem 2
without loss of generality, I€f ¢ Ty, which leads tol, = T,. Then,by substituting the initial conditions of
the sliding mode function in E@tion(26), both ¢ and a can be determined from the system of equations
given in Eqiation(41).

e R0

1 a e -160

% T = ¢ : (41)
1 ¢ bga]/a

%ae' ox (o), X(0)+ sigf ( X( ()) =(

whereG(0) T% ¢ G(0) =TF% e Fcqd Ly
¢ T
Remark 4. The parameters that need to be specified manually in the controller mainly ificldde &, o/,

b and a . The value ofT directly affectsthe convergence speed of the tracking error. Altholigtan
theoretically be any positive number, a smallerequiresgreatercontrol effort. Therefore, in practicé,
should be selected considering both the performance limits of the USV and the magnitude of the init
tracking error. The paramet& (or Ty) 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 equahtpractical implementation. The
constantk affects therate ofvariation of the timevarying function, but it has little influence on the overall
control performance. The parametémust be greater than 4 to ensure that the derivative of thevéingang
function exhibits characteristicgmilar to the function itself over the entire time domalime value ofb
determines the variation rate of the gain term. A lalbgeakes the gain coefficient change more rapidly with
the tracking error, thereby making the variagpéen effect more pronounced. Consequettiyfluences the
tradeoff between convergence speed and control amplitude in the proposed corfeiobdly, a influences
the nonlinearity of the sliding manifold. A largar enhances convergence in the laegeor region but may
produce excessive control effort and induce chattering near equilibrium. Conversely, a amadats
smoother control with reduced chatteriatheitat the cost of a slightly slower convergence rate.

4.2 Design of theadaptive predefinetime nonsingular terminal sliding mode controller

In Equations(30), (31), and (2) of Section 4.1, the mathematical model ofgihedefined timeontroller
is given.According to Assumption 1, in the switching control law given iudipn (32), to enable the
controller to counteract the effect of lumped uncertainties, the upper bound of the lumped disturbance ne
to be provided. This ensures that the controlled state can slide along the sliding mode surface to the or
afterit is reachedHowever, in practical situations, the upper bound of lumped disturbances is often difficul
to obtain and is typically given in constant form. If the given value is too small, the effective suppression

14
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the lumped disturbance by the controtannot be ensure®n the other hand, if the given value is too large,
it can lead t@verly aggressive control actions and unnecessarily large control amplitudes, which may increa
actuator burden and potentially damageUSV actuators.

To address these issues, an adapprerefined timecontrol law is proposed in this sectioBy
estimating the upper bound of the lumped disturbance using the system states, the proposed method con
the disturbancdéoundrelated parameter dependence to the interval before the predefined time, rather than t
entire control process as in manysting methods.

According to Egation(32), let Iﬁ represent the estimated value of the lumped disturbance upper bound
Then, &} can be expressed as:

=[5 ()] E (42)

whereEis the estimated value of andDl 4 | represents the estimation error. The update law for the
parametel is as follows:

F= VNCE(HlsTIX (0 (43)

where V is a positive constant. The mathematical model optedefined timedaptive controller is designed
as:

é:' a g e O( 31 -b] X(t)‘g)o sig” ¢ ( X b) -

(44)

11
A
=
<
o
——) =) === D
E3
'@
N
c?
PN « a2 enN el N

+C, (v, h mD,( .0 h h
Ry ) Mo (A8Ls { B +sion(9
where L, should be chosen as a value greater than the upper bound of the disturbance. At the initial mome

when Iﬁ is relatively small, the ternh, contributegprimarily to disturbance suppression. As time progresses

and Iﬁ approaches the upper bound of the disturbance at the predefined tetegasesand the second

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

Theorem 3.For the USV motion model given in Egtion (1) andAssumptions 12, if the sliding mode
manifold has the form of Etion(25), the adaptive controller has the form oliatjon(44), and the adaptive
update law has the form of Hation(43); then the position errar 1, and DI converge to zero within finite

time.
Proof. The Lyapunov function isstablisheds follows:

Vs—%STS %('1:- l)z (45)

Taking the time derivative of Egtion(45) yields:

Vs=s'sal(F I E
=s" G| X (4" o(M(AG(t w)hrles (B Ysion( 3) (46)

al (E 4O 0
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By substituting [fuation(42) into Ecuation(46), we obtain:
Vs=s"sal(F I E

:STga‘X(t)‘a-loiMn ( ) |(t U )L} LOS - Sign(S) ;ﬁ
¢ ge M ()| ign(s) &

a1

7% t)‘a Y'H
3 (47)

)Jda(\x a 1) S| H
eajX 1) ) [wi A i - (1) et e)mi
From Eqiation(47), one can derive
. T (A)d (L v P LS - |6
Vz=a ‘X “3 1) g_HM h;Hl |'|B|
é n

KK @) s

() [ o 2
- eM() (u s of - |4

=a(jx () i H' HZI

a(l A gr(\x - 1) )b 1Djs

Choose an appropriate parametésuch thatO< U <, then the following inequality holds:

%¢a0x (9 )( @d.tl,y ()1 o
a1 \y(\x a- 1) W 1p [sh
Let
@ = a(x(f ) (W (Ad (L mfp - ()1
: (50)
L =a(L w,(\X(t)r"l) ()b
Then, Inequality () can be equivalently rewritten as:
V;¢ - @ I (51)

16



Z.Guoet al. Brodogradnja Volum&7 Number 4 (2026) 7740

From Eqiation(50), it follows thatQ 2053, L 20. Inequality 61) is rewritten and further relaxed as:

e 442 &) 2 B
SE ﬂ o)

’ (;u:l\/E \/§|||€ (52)
J.z% oo

V 2
a

where :min§/§ Q\/E ZQ/_Z 39\/5% . According toLemma 2, V5 converges to zero withiafinite
¢

2¥2(0)

combination ofs and DI converges to zero within the finite tinlg. Since DI converges to zerolﬁ

becoms sufficiently large to enable the switching control term to effectively suppress external disturbance
Therefore,analogous tahe proof process dfheorem 2 it can be concluded thé&t 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 predefir
time sliding mode manifold and controller structure are responsible for estabbghiagefined upper bound

on the convergence tim@&he global sliding mode construction removes the reaching phase and enhanct
robustness from the initial instant. The adaptive law is introduced to estimate the unknown disturbance bot
online, thereby improving practicality and reducing conservatiweimesontroller 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
the coefficients preceding the sign function iruktions(32) and (4} remain nonzero as the sliding mode
variable approaches zero, abrupt changes in the switching control input occur when the sign of the slid
variable reverses. This inevitably gives rise to chattering. In engineeririgadigpls, chattering may lead to
increased actuator wear, material fatigue, and reduced operational efficiency. Therefore, a saturation func
is introduced in place of the sign function in the present study to suppress chattering.

g xin |4 o
fsat(X)_JfSign(X), |Xl>h

time. The convergence time satisfi€s¢ . This conclusion is equivalent to stating that the

(53)

whereh>0.

5. Simulation results and analysis

In this chapter, a simulatielmased comparative analysis is conducted to verify the control performance
of thepredefined timeontrollers proposed in Sections 4.1 and 4.2. The ship parameters used in the simulati
are based on Cybershipfrom the Norwegian University of Science and Technology (NTIN8). As this
model has been widely used in USV performance simulations, its adoption in this study enhances |1
generality oftomparativeesults.

In Section 5.1, the initial position of théSV is setto 1o =[ 4 2 €', and the initial velocity is

setto y, = [0 0 qT for the simulation. The disturbance adopted in Section 5.1 is givieti@asgs:

17
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e 10sin( 0.04)

(N

d =glo(1 -cog 0.04) (54)
€ 004

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

exd geoz(zosur( 6/ 50+ 1.2sih 30 5P
hg = &Y u_eo 2( 20co¢ § 5p *.2cds §0 HO (55)
& d H@ arctar(yy /%)

The relevant coefficients in the inertia matrix vagcause othanges in th&JSV load. Therefore, it is
necessary to consider the impact of system parameter variations on the controller's perforaecmelance
with the definition given in Section 2.5 represerd the uncertaintycoefficients in the parameter error

matrix *  , andwe assume that the parameter variations follow the patterns given below:
g1 =0.2mj4 sin(0.1;) pMy, 9.2 my3sin(0.2t g /4)
gy = 0.2mp3sin(0.1 4 /3) pmyz 62 mygsin(0.1t B/ 6)
qu; =0.2dj;sin(0.1 4 /3); oqdyy, &2d,4sin(0.2 g/ 2)
qul,3 =0.2dp5sin(0.2;) qul;, =0.2dj, sin(0.2 v /6)

5.1 Controlperformance ahe predefinedime nonsingular terminal sliding mode controller

(56)

In this section, trajectory tracking simulations are carried out in the MATLAB R2024a environment tc
validate the effectiveness of the proposed controller.predefined timecontroller designed in Section 4.1
is validated through simulation. First, the existBNIC methods are applied to the same scenario, and a
comparative analysis is conducted to validate the performance of the proposed controller. Second, simulati
are performed under five different initial conditions to verify the controller's performance uadeus
operating scenarios. Finally, simulations are carried out under diffpredefined timerequirements to
val i dat e t pregefimed tmeEoneebence pedfamance under various time constraints.

First, thefast terminal sliding mode contr@FTSMC) method and thadaptive integral fast terminal
sliding mode contro{Al-FTSMC) method, as presentedraferencg57], are selected for comparison. The
sliding mode manifolds for both methods are as follows:

s=ug F)( i ( ) wsig?( s (57)
wherex,, x, are positive real numberf<a;, 4, a,=23/( a4).
The FTSMC control law is given by:
t=3"(H s Ksig”(s) -gné) (58)
The AFFTSMC control law is given by:

(59)

t=J7¢( )7;4(15 K.sig™(s) s
: BE
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J

———,/ s a positive constant, and
1+J

where K; and K, are positive definite diagonal matricéss m <4, g=

El L2 -3, -
,J=1+h ¥ In %

sl +g

To ensure the fairness thfe comparisonamongthe different control methods, athe simulations were
conducted under identical conditions, including the same USV model parameters, initial states, referer
trajectories, and external disturbances. The controller parameters were tuned such that the control ir
magnitudes of all methodsmained within a comparable range, ensuring that no controller benefited from
greatercontrol authority. The parameter selections for each control method are as félviise FTSMC

and AFFTSMC control parameters in Eations(57)-(59), the values are given ag = 20.8,x, =12,a, =0.9
, Ky =diag] 20, 20, 2{, K, =diag[ 10101, m=0.9, 2, =2, 2, =0.01. The control parameters related to
Adaptive PFNTSMC in this paper are given ds=0.005k =0.008,a =27/19,a, =0.9,d=4.1,T =T,
V=0.5. It can be obtained by solving the system of equatiddy thata:diag( 2.8718,3.1099,1.81)1,

¢ =[-0.0799,0.0904, 0.02}8.

5 satisfiest= zllE 13

1 1 1 1 1
4 -
2+ .
= * Target Trajector
R —— PT-NTSMC
§ 0 —— AI-FTSMC -
— FTSMC
2Lk -
4} .
1 1 1 1 1
4 2 0 2 4
X(m)

Fig. 4 3-DOF USVtrajectory tracking performance
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Fig. 5 Comparison of DOF position tracking errors
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Fig. 6 3-DOF sliding mode manifold
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Fig. 7 Comparison of DOF control inputs

Comparisons afhe simulation results of RNTSMC, AI-FFTSMC, and FTSMG@re presented in Figures
4-7. As shown in Figre 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
a position further ahead along the path, indicating that the UB\traeel a longer distanadongthe target
trajectory. This helps improve the task completion rate while reducing cumulative errors throughout tt
mission.As shown inFigure4, the PTNTSMC 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 giv
predefined time of 1 second and remains at zero thereafter, demtiogsthepredefined timestability of the
PT-NTSMC methodThe sliding mode function curve Figure6 showsthatthe PFNTSMC methodensures
that the system statemains on the sliding mode surface from the initial stage and throughout the contra
process. Thisinding indicates that the proposed controller effectively eliminates the reaching phase, therek
enhancing system robustness.

Table 2 IAE values of 3DOF foreach controller

IAEx (m) | IAEy (m) | IAEy (rad)
PT-NTSMC | 0.4090 | 0.6701 0.2006
Al-FTSMC | 0.5402 | 0.9785 0.2748
FTSMC 0.6176 | 1.1188 0.3142
Table 3 ITAE values of 3DOF for each controller
ITAEx (m) | ITAEy (m) | ITAEy (rad)
PT-NTSMC| 0.1078 0.1690 0.1444
Al-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
each control approaclare presented in Tables 2 and \8hich are calculated usingthe equations

IAE = fg]‘he(s)‘ds and ITAE = r“-(]ts‘he(s) ds<[58]. Compared with the other two methoddT-NTSMC

achieves lower IAE and ITAE values across all degrees of freedom, indicating that the proposed control
exhibits superior steadstate and transient performance.

To further validate the effectiveness of-RTSMC, simulation studies are conducted to evaluate its
trajectory tracking performance under different initial positions and predefined times. Five cases with differe
initial positions are designated as Ga&, while five cases with different predefined times are labeled as
Casa 1,and6-9. The detailed simulation results and analysis are presented below:

1 1 1 1 1 1 1
4 — e
~ = o \
/ N\
/
V4 - N\
2+ =—  Target Trajectory \ -
/ Casel \
/ —— Case2 \
ok ( —— Case3 ) 4
= \ —— Case4 /
S \ /
= \ Caseb /
21 \ / i
\\\\ /
4 i
6} i
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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of 0.15F — Casel
~F 0.00} —— Case2
€ 0->r -y - -0.15E ! ! L —— Case3
F 0.0 - -1 0 1 2 3 —— Case4
05¢ Caseb
-1.0F
o -
1.5F 0.15F
39 - \ 0.00} >
S 98E R
> 10k /
-15F
20 — -
15F 0.15F \
8 88 : = -0.15k ] ] ]
% -05F -1 0 1 2 3
> -1.0F
-15F
20F ! _ . . . . . . . .
0 10 20 30 40 50
t(s)
Fig. 9 Positiontracking error under different initial positions
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Fig. 10 Controlinputs under different initial positions

The study of the controller's performance for different initial positions includes 5 cases, which are ¢
follows: Casel: /1, =[ 4, 2, #€§'~ Case2: #,=[ 0.5, 6,44 ~ Case3: fi,=[1, 2.5 243"
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Case4:ny=[ 1.5, 5,43 ~ Case5: f1,=[1.5, 55,4 4' . The predefined time parameter is set to
T=1s.

From Figures8-10, it can be observed that for any initial position, the USV is able to accurately converg
to the target trajectory within the predefined time. Thiding demonstrates that the proposed WTSMC
method ensurepredefined timeconvergence, even under different initial conditions. Despite larger initial
deviations of the US\Mts 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 theajaojery smoothly
without overshoot or oscillations. This further validates the effectiveness and stability of the designe
controller. From Figre10, it is evident that the control input changes smoothly, without sharp jumps or high
frequency chattering. Thfghding indicates that the adopted control method not only guarathiake USV
completes the trajectory tracking task within the predefined time but also ensures a smoother control ing
avoiding the chattering issues commonly seen in glidimode control. This is particularly important for
practical applicationsince ithelps reduce actuator burden and improves the operational feasibility and safet
of the systemlIn conclusion, the simulation results show that the proposed control method ensures that t
USV reaches the target trajectory within the predefined time under different initial positions while maintainin
stable operation during subsequent tracking. falaally, the control input variations are smooth, with no
noticeable chattering, further demonstrating the feasibility and superiority of the method in emgineer
applications.
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Fig. 11 USV motion trajectories under different predefined times
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Fig. 13 Sliding mode manifolds under different predefined times
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Fig. 14 Controlinputs under different predefined times

The study of trajectory tracking performance under different predefined times includes five cases, whi
are as follows: CaseT =1s, Case6:T =2 s, Case/:T =3 s, Case8:T =4 s, Case9:T =5 s. The initial

position for all cases i, =[ 4, 2, /£ b .

As shown inFigures11-14, it can be seen that the USV is able to reach the target trajectory and perforr
accurate trajectory tracking within the given predefined times. Notabl\ghownn Figure 12, when the
predefined time parameter is larger, the tracking error in-theegtion first increasdsutthen decreases. This
isbecauseat t he i nitial Mo me n wheredshedarget 8ajedt@y's wedotity in the xy
direction is greater than that of the USSiven the larger predefindtme parameter, the system responds
with a relatively smaller initial acceleration, and therefore the tracking error increases first before decreasit
However, as the USV velocity increases, the tracking error decreases accordingly. kEreh3igis evident
that the system state remains on the sliding mode surface throughoubdbsspiTherefore, the controller
effectively suppresses external disturbances during the entire control process, thereby enhancing the syst
robustness.

5.2 Controlperformance of the adaptive predefiriede nonsingular terminal sliding mode controller

In this section, thedaptive PT-NTSMC designed in Sectioh?2 is used to simulate and analyze the
trajectory tracking performance atJSV under unknown external disturbance bounds and input saturation.

In practical applications, the actuatorsaofUSV are subject to physical constraints. If the control input
exceeds the feasible range of the actuator, saturation effects may occur, leading to discrepancies betwee
control input and théheoreticallycalculated values. In such cases, the dynamic response of the USV ma
deviate from the expected behavior, and the stability and convergence rate of the system could be affec
This could result in the USV f adcdrately.drhetefore, wleh theo w
controlleris designedit is essential to consider the impact of input saturation to ensure that the generate
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 ds|¢ ¢, i 4,2, and

timi =50 N, and the limitation ofhecontrol torque is given ds| ¢ ..; i =3, and#;;,,; =30 Nm. To avoid

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

o

G(t;) = fmision( ; )ttanr%m (60)

c i
In this section, the relevant parameters are set as follgys| 1, 2, "/ ]ST T=3s.
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Fig. 15 USV motion trajectory
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Fig. 16 Positiontracking error
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Fig. 17 Controlinputs
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Fig. 18 Wave disturbance

Fig. 19 Velocity
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