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Abstract: This paper mainly focuses on the model-independent multi-target tracking problem of
the networked marine surface vehicles (NMSVs) while requiring that the settling time is limited
to a predefined one. For addressing such a complex problem, a hierarchical control framework
is employed, consisting of a predefined-time distributed estimator (PDE) algorithm and a model-
independent predefined-time local tracking (MPLT) algorithm. To be specific, the PDE algorithm
aims to estimate the virtual leaders states in a distributed fashion within a predefined time, so that
each vehicle obtains its corresponding leaders’ information. Based on these estimations, the MPLT
algorithm is designed to achieve predefined-time multi-target tracking of the NMSVs. By conducting
a rigorous Lyapunov stability analysis, the sufficient conditions guaranteeing the predefined-time
stability of the closed-loop system are derived. Subsequently, simulation studies are presented to
demonstrate the feasibility and superiority of the proposed approach.
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1. Introduction

The growing global demand for ocean resource exploration has intensified research on advanced
control strategies for marine surface vehicles, as increasingly complex maritime missions such as
environmental monitoring [1], hydrogeological surveying [2], and search and rescue operations [3]
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can no longer be accomplished by a single vehicle alone. Consequently, motivated by the principles of
multi-agent systems, including distributed tracking [4, 5], formation tracking [6, 7], and flocking [8],
increasing attention has been devoted to the automation and distributed control of networked marine
surface vehicles (NMSVs). In recent work, the robustness and resilience of complex networks under
uncertainty and disturbance have been explored, providing valuable insights for the cooperative
control of networked marine surface vehicles [9]. Additionally, research on conflict resolution for
multiple unmanned aerial vehicles (UAVs) has highlighted the importance of decentralized
decision-making and cooperative control in multi-agent systems [10]. These findings are particularly
relevant as NMSVs consist of multiple vehicles interconnected through a communication network,
embodying the principles of multi-agent systems theory. The cooperative framework of NMSVs
provides flexibility to adapt to time-varying and uncertain ocean conditions, ensuring high reliability,
improved energy efficiency, broader operational coverage, and superior robustness compared to
single-vehicle systems. Accordingly, the study of distributed control strategies for NMSVs carries not
only theoretical significance but also considerable practical value for enhancing maritime safety,
operational efficiency, and mission reliability in realistic marine applications.

In the context of maritime cooperative missions, the multi-target tracking problem of NMSVs
refers to the scenario in which multiple vehicles are required to simultaneously converge toward
distinct equilibrium states associated with their respective targets. Despite its importance, most
existing investigations on the tracking problem have concentrated on the distributed tracking of a
single target [11, 12]. The findings presented in these studies, however, are not directly transferable to
situations where a networked system must accomplish several independent objectives at the same
time. This limitation has encouraged a number of recent efforts addressing topics such as
multi-consensus [13, 14], multi-tracking [15, 16], and multi-formation [17, 18]. Nevertheless, from an
engineering perspective, describing such agents merely through single- or double-integrator models is
an oversimplification that neglects the inherent physical dynamics of marine vehicles. This
simplification becomes particularly inadequate for NMSVs, whose behavior is more accurately
captured by Euler-Lagrange formulations. Therefore, from a system-theoretic viewpoint, it is of
greater significance to investigate the cooperative control of NMSVs, which serve as representative
real-world implementations [19].

The surge-sway-yaw dynamics of NMSVs are inherently sensitive to variations in operating
conditions, including forward velocity, attitude changes, and sea-state fluctuations. Such sensitivity
makes the system particularly vulnerable to model uncertainties and environmental disturbances,
which often deteriorate the overall control performance. To counteract these challenges, a variety of
control methodologies have been introduced in recent years, including observer-based control [20],
adaptive control [21], and neural network-based control [22]. Nevertheless, accurately identifying the
underlying hydrodynamic parameters, including the mass, Coriolis, and damping matrices, remains a
labor-intensive and unreliable process, often leading to inconsistencies between offline model
characterization and real-time system behavior. Many of the aforementioned methods still depend on
partial model knowledge within the controller design, thereby constraining their effectiveness in
scenarios where such information cannot be accurately obtained. This limitation has encouraged the
development of an alternative paradigm in the control field, commonly referred to as
model-independent control [23,24]. In this work, a model-independent framework is adopted, where
all unknown dynamic terms and external disturbances are considered an equivalent disturbance

AIMS Mathematics Volume 10, Issue 12, 29107-29131.



29109

channel and compensated in real time through a super-twisting observer, ensuring strong robustness
against modeling errors and variations in sea conditions.

In marine coordination control, optimizing convergence speed has long been considered a critical
issue, especially under practical operational constraints such as oceanic deployment schedules, tide and
weather windows, and limited communication duty cycles. A considerable body of research has been
devoted to achieving various stability objectives of the systems, including asymptotic stability [25],
finite-time stability [26], and fixed-time stability [27]. Nevertheless, the settling times associated with
these frameworks remain restricted by inherent limitations. Specifically, the convergence duration
for asymptotic stability theoretically approaches infinity, the finite-time settling time depends on the
initial state conditions, and the fixed-time convergence bound is implicitly coupled with the control
and system parameters, making its determination complex. To address these drawbacks, the notion of
predefined-time stability was proposed [28,29], in which the upper bound of convergence time can be
explicitly prescribed through controller parameters. Despite its advantages, existing predefined-time
control methods are predominantly established for second-order system models, with relatively few
studies extending this framework to the coordination of NMSVs. Therefore, developing a predefined-
time control scheme tailored to the multi-target tracking of NMSVs holds both theoretical significance
and practical relevance for high-performance marine cooperative missions.

Motivated by the above discussions, this work develops a hierarchical model-independent
predefined-time control framework for multi-target tracking of NMSVs over directed multi-leader
graphs. The coordination layer employs a predefined-time distributed estimator to reconstruct each
leader’s motion states using integral sliding-mode principles and pinning communication, while the
execution layer implements a predefined-time local tracking controller that ensures accurate
earth-fixed convergence through a smooth sliding manifold and real-time disturbance compensation
via a super-twisting observer. The major contributions of this work are summarized as follows.

e A hierarchical predefined-time control framework is proposed for multi-target tracking of
NMSVs. The coordination layer employs a distributed predefined-time estimator (PDE) to
reconstruct each leaderis motion states via integral sliding-mode principles and pinning
communication, while the local layer ensures earth-fixed convergence through a predefined-time
tracking law.

e Unlike single-target coordination approaches [11, 12] or existing single-vehicle, single-target
tracking methods [30, 31], this study addresses a multi-target tracking problem where each
vehicle converges to its designated equilibrium under a directed multi-leader topology, enabling
simultaneous coordination toward multiple distinct objectives.

e Compared with model-based control approaches that explicitly depend on system parameters
(see [20-22]), the proposed method eliminates the need for prior model identification. A
model-independent predefined-time local tracking (MPLT) algorithm is developed, in which all
unknown dynamics and external disturbances are unified into an equivalent disturbance channel
and compensated in real time through a super-twisting observer, without requiring any
hydrodynamic matrices in the controller design.

Notations: R and R" denote the sets of real numbers and n-dimensional real vectors, respectively.
“®” and “o” represent the Kronecker and Hadamard product operations. For given

m=[my,m,...,m,] €R" and a €R,
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sig?(m) = [Im[“sgn(my), ..., Ima[“sgn(m)I",  (m)® = [mf, ..., m5]".

For given m,n € R",
col(m,n) = [m”,n"]"

means the column operation.
2. Preliminaries

2.1. Graph theory

A directed graph
G ={V.6 A

is utilized to characterize the communication topology among the N networked NMSVs. Specifically,
V={L2,...,N}eR"

denotes the set of vertices,
E=lej=UNI,jeVICVXV

represents the set of directed communication edges, and
A = [a;] € RVN

corresponds to the associated adjacency matrix. In this framework, an edge e;; € & indicates that agent
i can directly receive information from agent j. Conversely, the existence of e;; € & implies the reverse
direction of information transmission. Accordingly, if e;; € &, one has a;; # 0; otherwise, a;; = 0.
Moreover, a;; > 0 signifies a cooperative interaction between agents i and j, while a;; < 0 denotes a
competitive relation. It is further assumed that G contains no self-loops, i.e., ai = O for all k € V. The
Laplacian matrix associated with G is denoted as

L=1[l]e RV,

where [;; = —a;; for i # j and

N
li = Z Ak

k=1
forie V.

Furthermore, the multi-target tracking scenario is organized under the guidance of M, virtual
leaders. Accordingly, the overall communication graph G can be partitioned into M; subgroups, each
represented by a subgraph

G =V, &, A,

where [ € {1,2,..., M)} corresponds to the /th leader. The associated Laplacian matrix £ is then
expressed in a block-matrix form
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in which £, characterizes the interconnections between subgroups m and n for m # n and reduces
to the Laplacian matrix of subgraph G,, when m = n. It is further assumed that each vehicle belongs
exclusively to one subgroup. In addition, a diagonal pinning matrix

B = diag{by, by, ..., by} € RVYV

is introduced to describe the communication links between the vehicles and their respective virtual
leaders. Specifically, b, > 0 indicates that vehicle k can directly receive information from its
corresponding leader, whereas b; = 0 implies no direct connection.

Finally, two standard assumptions concerning the multi-leader network topology are introduced as
follows.

Assumption 1. Each subgraph combined with the corresponding leader has a spanning tree with the
leader being the rooted node.

Assumption 2. The total cooperation and competition communication weight between any two
subgroups are balanced, i.e., L,,,1 = 0 foranym #n € {1,2,..., M,}.
2.2. Predefined-time sliding mode surface

Before introducing the predefined-time terminal sliding mode surface, the definition of the time
regulation function is presented here.

Definition 1. (Time regulate function) For a time-based variable £(t) € R, a constructed function
h(&() € R, of which the value range is [—1,1], is called a time regulator function if it satisfies the
following conditions:

e 7i(£(1)) is a continuous function that is at least twice differentiable for all t € [0, +00).
e Foranyt € [0, +00), 7i(£(t)) = 0 holds if and only if £&(t) = 0.

o The time derivative fi(£(t)) remains nonzero for all t € [0, +00).

Remark 1. When employing the time regulate function in the case of vector form, i.e.,

E@) = [61(0), &), ..., &(D] € R,
it is defined that

dn&(n) _ [dh(fl(t)) dn(é,(1)) dn(é, (1)
dé(r) déi(r) 7 dé(n T d&®)

Further, two kinds of predefined-time sliding mode surfaces that will be in the subsequent controller
design are introduced here, which are detailedly presented as follows:

MEW) = [E@), (@), . .., T ED], 1"

e Nonsingular predefined-time sliding mode surface [32]:

7

‘n@—zﬁrﬁgMQﬁ, @.1)

Y2

o= h(e) +

where ¢ € R is the system state, and 7y, y, are positive odd integers satisfying y; < y, < 2y;.
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e [ntegral predefined-time sliding mode surface [33]:

B 1 drE)\ .
C=Et = fo ( e ) sig(h(&()))dx, 2.2)

where 0 <y < 1.

In the above sliding mode surfaces, 7 is the predefined-time parameter, namely, & will be forced to
zero within ¢t < 7, after o = 0 is reached.

2.3. Useful lemmas

Some useful lemmas that would be employed in the stability analysis part are organized in this
subsection.

Lemma 1. [32] Consider the differential system

é = f(t’ é‘:)’ 5(0) = é:O»

where & € R" is the system state. If the constructed Lyapunov function

V) :R'"H—R
satisfies that
. 9 0,k i
V(@) < —[avi© + V@ Ve R0} (23)
where T > 0 is the predefined-time parameter, p, €, k,a,8 > 0 with kp < 1, k€ > 1,
_r (mp) I (my) (a)m"
AT -p)\B)

in which

my = (1 —kp)/(€ = p), m, = (k€ - 1)/ - p),
and I'(+) is the Gamma function, then the considered system is predefined-time stable with settling time
beingt < 7T..

Lemma 2. [34] Consider the differential system in Lemma 1. If the constructed positive-definite
Lyapunov function

V) :R"H- R
satisfies that
: 29(t,7.)
V(&) < -k V(§) - T 9T 1463) (2.4)

with 7-C,k1,k2 > 0, and

7-(.h
g)(t,‘]’c):{ Toope oS T<Te+ho,

2.5
1, Z‘Z(];-l-l‘o, ( )
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L), 1 <t<T +1p,

2.6
0, t> 7-c + t, ( )

o Te) = {
where h > 2, then the system attains predefined-time stability; moreover, the settling time does not
exceed T, i.e.,t < T..

Lemma 3. [35] Consider the super-twisting dynamics expressed as

1/2

X = —kisig(x)’" +y, ¥y = —kosgn(x) + f(2),

with initial values x(0) = xy and y(0) = yo, where x,y € R" denote the system states and f(t) is a
time-varying vector function. Assume the existence of a constant {; > 0 such that

Ilf @Il < ¢y
holds for all t. When the control parameters satisfy

K1 2 15\/{_,"

and ky > 1.1, the origin

(x,y) = (0,0)
is finite-time stable. In other words, the trajectories x(t) and y(t) reach zero within a finite time, and
the corresponding settling time satisfies

< T(XO, )’0)
3. Model and problem formulation

3.1. NMSVs model description

Prior to establishing the mathematical model, the earth-fixed and body-fixed coordinate frames are
defined as illustrated in Figure 1.

0,

Figure 1. The body-fixed coordinates x,0,y, and the earth-fixed coordinates X,0.Y, of
NMSVs.

Assuming that each vehicle possesses port-starboard symmetry, the dynamic model of the ith
vehicle can be formulated as follows:

{ i = R; (i) vi, 3.1

My +Ci(vi)vi+ D;(vi)vi =7, + T4,

AIMS Mathematics Volume 10, Issue 12, 29107-29131.



29114

where
ni = X, Yi,wil"
and

T 3
Vi = [Viio Vyinwi]” €R

denote the position-attitude vector in the earth-fixed frame X,O, Y, and the velocity-angular-rate vector
in the body-fixed frame x,0,y,, respectively. The control input 7; € R? represents the physical control
vector, and

Tq; = MiR] (y)di(1) € R

accounts for the external disturbance effects, where d;(f) denotes the disturbance vector. 7,; and
M;R! (y;)di(t) represent mathematically equivalent expressions of the same underlying disturbance.
The rotation matrix R;({;) and the dynamic matrices M;, C;(v;), and D;(v;) € R¥>? are defined
in [36,37] for detailed formulation. Let

w; = i = [Vxi, VYi,wi]T

denote the velocity vector expressed in the earth-fixed frame. Accordingly, the physical plant model of
the ith vehicle can be rewritten as

M; () i + Ci (i, 710) 7 + Dy (i, 103) 73 = Ry () T + Mi(mi)di(), (3.2)
where the newly obtained dynamical matrices are presented as
M; () = R; () MiR,-T W),
Ci (i) = R @) [ ) = MiRT () R: (0) | RT (1), (3.3)
Di (mi> 1) = R; (W) D; (v;) R[T W) .

Here, the property that
R (n)Ri(n) = 1

has been employed in the above evolution.
On the other hand, the trajectories of the M, virtual leaders in the earth-fixed frame are governed by

Moy = @oy, oy =Moys L€{1,2,..., My},

where 10, @, and o, € R? represent the position-attitude, velocity-angular-rate, and acceleration
vectors of the /th virtual leader in the earth-fixed coordinates, respectively.

Assumption 3. The states 10y, @, and po; of virtual leader are all bounded.

3.2. Problem formulation

The main objective is to design a proper cooperative algorithm without the model information in
a distributed way such that the NMSVs can realize the multi-target tracking within a predefined time.
The specific mathematical definition is given below.
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Definition 2. The considered model-independent predefined-time multi-target tracking problem is

addressed if
tim e =0,
lim |[eq || = 0, VieV,le{l,2,..., M}, (3.4)
t—=T ¢
and
”em’,l” =0, ||€m',z|| =0

hold when t > Ty, where

€nig =1 —Noit €wii = W; —Wo,y

are the tracking errors in the earth-fixed coordinates. T is the settling time that can be arbitrarily
in the permitted time adjustment range [T per, +0], where T, is the permissible minimum value for
adjusting the settling time, which would be determined by actual constraints, e.g., the observer process
in our subsequent design work. Besides, it is noteworthy that no model information can be involved in
the controller design.

4. Controller design

The main purpose of this section is to construct the distributed control algorithm for NMSVs in a
model-free way with the consideration of the predefined-time multi-target tracking problem. To
facilitate the solution of this challenging control problem, a hierarchical control architecture is
introduced to alleviate the design complexity. In particular, a PDE is constructed to estimate the states
of the virtual leaders, so that each vehicle can obtain, either directly or through its neighbors, the state
information of its designated leader. Later, by using the obtained estimators as the reference
trajectories, a MPLT algorithm will be proposed, actuating the NMSVs to reach the multi-target
tracking. The two layers communicate by transferring the estimated states of the leaders from the
PDE layer to the MPLT layer. The feedback control input generated by the MPLT layer drives the
vehicles to track the leaders’ trajectories, ensuring that multi-target convergence is achieved. This
hierarchical structure simplifies the overall control design and allows for systematic separation of the
estimation and tracking tasks, ensuring that each layer’s role is well defined and independently
optimized.

To begin, for building the PDE algorithm, estimators f);, @;, ; € R? are introduced for vehicle i,
aiming to track the states of the leaders, and the coordinated errors are defined as

E, = Z ajj (ﬁi - ﬁj) +b; (A = 104) , (4.1)
JEN;

Eyi= Zaij (ﬁ'i —fﬂj) + b (& — @), 4.2)
JEN;

Em = Z aij (ﬁi - lflj) + b (fu — f1oy) - 4.3)
JEN;
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Further, according to Subsection 2.2, the following integral predefined-time sliding mode surfaces are
constructed:

-1
A ah (£,0) :
Gi =Byt fr(l—y) < dE Za()r > o sig( (E()) dor (4.4)
ni
-1
E (o) .
i = T(I—V)f < dE (; > o sig(h (Eci(@))) do .5)
. i(0) .
i = Byt ‘r(l—y)f < dE M(o: > o sig(i(£,i(0)) dor (4.6)
i

where 75 > 0 is the predefined-time parameters in the sliding mode vector design, 0 < y < 1,
Eni(O), E_i(0), Em(O) are the initial value vectors of E,],, E_. E
Based on the above analysis, the PDE algorithm is developed as

A

N, = Tpi, W; = Ngi, MHi = Ty,

- - 2, aijfty; — p()F; + biwo,
=3 ai+ b SN |
nm ) ! da(Ey)\ ™~ . ~ W |
Ni __1 i .
- | Ts(1—7)< dEy; > ° 31g(h (Em))
_ 1 a[-ﬁw-— tﬁ[+b[
. 1 jeZN,- jlr@j p( ) Ho,i (47)
NTwi = jeZ):V aij + bi | dh(f?m) -1 ol E‘ vy |°
o L TRaw\ b © Slg( ( wi))
1] 2 aijity; — pOm; + bifig,
= 2 ai; + b; SN .
M U 1 dh(E ,') B . ral Y ’
N [ _Tv(1—7)< i, | ° Slg(h (E,,,-))

where
ki 19T

PO =t o T

with 7, ki, k, > 0, and g, ¢ are as the same as that given in Lemma 2.
Next, it will further construct the MPLT algorithm based on the PDE algorithm. Before moving on,
the following error vectors are defined as follows:

(4.8)

€pi =Ni —MNi, i = W, —W;.

Later, according to Subsection 2.2, the sliding mode surface for the MPLT algorithm is constructed as

1= (en)

where 773, v1, v, are similarly defined as that in Eq (2.1), and g (ém, ém) is a function that can be derived

by replacing the term ém- as é,; in the construction of f‘z(ém-). In order to better illustrate the specific
form of the designed MPLT algorithm, the time regulator function and its derivative are selected as

h(x) = x/ V1 + x2,

r2

+ |75 (1 - %)] sig(g (¢ 201)) " (4.9)
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and
A(x) = x/(1 + x*) 72
In this way, one has
N\ -1/2
h(ey) = ey <1 +(2,) > : (4.10)
o\ —3/2
8 (éni’ éwi) = 84i 0 <1 + <ém‘> > . 4.11)
Then, the MPLT algorithm for the NMSVs is designed as

- (<1 . <é,,,->2>g o (Teq,,- + Ts,l-) + K(én,-) + [+ Tf’,') ,

_n
71

Y PN
Teqi =~y Slg(g (e,],., em‘))

-

alP A\
_ y{alSIE +BISHE) (= o ] 4.12)
Tsi = 72kg7~c 1ag \Ho | |8\ €ni> Ewmi
1-2
X diag {'8 (én,-, émi)‘ . }sgn (8;) — kysgn (§,),
Tri = -Z,

where E; is a designed symmetric positive-definite gain matrix. , @, 5, p, ¢, k are defined as the same
as that in Lemma 1,

ke = [T5(1=yi /[y, T.>0
is the predefined-time parameter,

c(e) =36 0@ o(1+( V). & >o0.
(en) = 32, () ) . ks

He ('g (éﬂi’ éwi) = col ('gk (ém’ ém) 72/71—1)

here, and g (é,,,., évi) denote the kth element of g (é,,,., évi). Z; 1s governed by the following super-twisting
observer:

» k={1,2,3},

72/71—1)

A P A N1/2 A ~ —_

;= —k1Sig@i — wi)* + 5 — i + E'RW) T 4.13)
Zi = —Kko8gn (i — i) »

where ;1,2 > 0.

Remark 2. It is noteworthy that the model information, i.e., the dynamical matrices
M;(m),Ci (i, 1), D (i, 1) (or M;, Ci(v;), Di(v)), has not been used in the constructed MPLT
alogrithm. Thus, this means that the designed MPLT algorithm is model independent. All unknown
model-dependent terms are lumped into the disturbance-like term Q;, which is fully estimated in real
time by the super-twisting observer.

Remark 3. The integral predefined-time sliding mode surface in the PDE estimator ensures strict
convergence of coordination errors within a predefined time, while avoiding singularities in distributed
systems with Laplacian coupling. The nonsingular predefined-time terminal sliding mode surface in
the MPLT tracking layer provides faster convergence near the origin and guarantees predefined-time
tracking without the risk of finite-escape singularities.

AIMS Mathematics Volume 10, Issue 12, 29107-29131.



29118

5. Stability analysis

5.1. Analysis for the PDE algorithm

This section demonstrates that the designed PDE estimator is capable of achieving distributed
estimation of the virtual leaders’ position, velocity, and acceleration within a predefined time. The
result is formally stated in the next theorem.

Theorem 1. Given that Assumptions 1-3 hold, and employing the PDE algorithm (4.7), if T5,T. > O,
0 <y <1, andky,ky > 0, then the states of the virtual leaders can be tracked by the corresponding
follower vehicles within a predefined time T, = T + T, i.e., fi; = 1oy, @i = @oy, i = Moy, Vi € V),
le{l,2,...,M}, fort > T.

Proof. Based on the construction of 7,, in (4.7), it has

A

dn (E,, X
; a;j (fr,]i -7, j) + bty = —p(t)G; + biwg, — 7 (11_ y)< dg@,: )> o sig(h (E,,i))y, (5.1)
JEN; i

Later, since the NMSVs contains N vehicles, the compact vectors of the earlier defined variables
are contructed as follows:

A A

ﬁ = COl{ﬁla ﬁZ, e ﬁN}a Er] = COl{Enla EUZ’ ) Ei]N}a

g =col{Gy,07,...,0n), 7y =colifty,, p, ..., AN},
no = col (1, ® o1, 1, ® 02, -+ 1ny, @ Nom)
@y = col (1,, ® @1, 1, ® @o2,..., 1, ®@ou),

to = col (L, ® po1, 1, ® o2y -+ 1y, ® tom)

where ny, n,, ..., ny denote the vehicle number of each subgroup, 77 = 7} — n9. In this way, Eq (5.1) can
be rewritten as following compact form:

dn (E
[(L+B)@ L7, = —p0F +(BS L)@~ — (11_ y)< dg ”)> osig(h(£,)). (5.2
§ n

On the other hand, it can be derived from the construction of Eni and Assumption 2 that
E,=[(L+B) & L]7. (5.3)
It then follows that

E,=[(L+B)®LlH

= [(L+B)® L] (7, — @) (5.4)
L JaENT
BT y>< £, > osig(n(£,))"
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since
[(L+B)® L]Ty = (B I3)w).

Furthermore, according to (4.4), the compact expression of the designed sliding-mode vector &; can be
formulated as

-1
(0')
1 A y
o= osiglh|E,(0))) do. 5.5
bt [ () sl o) 2
Differentiating 6 along (5.5) ylelds that
& = —p(t)6. (5.6)
Construct the Lyapunov function candidate for (5.6) as
1
V(o) = 5& g.
It then follows that
ki  19@7.) 2p(t’7)
1% + — <-kV()-— Vv 5.7
(6) = (2 kzgo(t,‘fe))” I? <~k V(&) 0T (). (5.7

Thus, according to Lemma 2, 6 converges to the origin within a predeﬁned time t < 7,. Based on the
results of integral predefined-time sliding mode surface presented in Subsection 2.2, it can eventually
conclude that En converges to the origin within a predefined time

t<T.+7Ts.
Furthermore, Assumptions 1 and 2 grantee that £ + B is full rank, thus
E,=[(L+B)®L]7=0

implies that 77 = 0, namely, the position estimator error 7 would converge to the origin within a
predefined time
t<7T, £z Te+ 7T,

ie.,n =mno,fort>7,VieV,le{l,2,...,M;}. Later, with similar stability analysis, it has
w; = wo; and fI; = po,

fort>7,VieV,le{l,2,...,M;}. This completes the proof. O

5.2. Analysis for the MPLT algorithm

This section proceeds to investigate the closed-loop stability under the designed MPLT algorithm.
With the introduction of the symmetric positive-definite matrix =;, the model given in (3.2) is
equivalently expressed as

ni = i,
@ = Q + 'R (W) T, (5.8)
Q = =" {Mdi(r) - |(M; - &) @ + Cani + Diry ]}

where M;, C;, and D; are the abbreviations of M; (13;), C; (17;,7;), and D; (n;, ;). Further, a reasonable
assumption on Q; is given as follows.
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Assumption 4. For all i € V, the derivative of the dynamic term Q; is uniformly bounded, i.e., there
exists a positive constant (g satisfying ||Q;|| < lq.

With the above setting, the corresponding derived results of the MPLT algorithm are presented in
the following theorem.

Theorem 2. Suppose that Assumptions 1-4 hold. Employing the MPLT algorithm (4.12) for NMSV:s,
if T5,T. > 0 satisfy
T? + 71 > 7i()bsea

and 1,y are positive odd integers such that y, < y, < 2yy, k1; = 1.5Vq, k2 = 1.14q, and k; > 0,
then the multi-target tracking problem can be solved within a predefined time

Tf =71+ 7,
where
‘7'2 = Tobse + TE + 71 + E(Q)’

with T ,pse being the settling time of the super-twisting observer and

Y1

2@72*}'1
k¢ '

€(o) =

In this way, the predefined time can be set within the permissible range [T ,pse, +0).

Proof. In order to facilitate the subsequent stability analysis, (5.8) is further rewritten as the following
error form:

éi:éwi_;\i*'z%i’
{ " 7 (5.9)

i = Qi+ E'R; () Ti — Wi
First, the stability of the proposed super-twisting observer (4.13) is analyzed. Construct the observer
error vectors
Yi=9i— ez and Z; =% — Q..
By applying the relation in (5.10), the system described in (4.13) can be rewritten in the following error
representation:

. 1 .
Vi = —Kk1;818(0i)? + Zi — fli + i,
{y 1818 f (5.10)

Zi= —kp,i8gn (¥;) — Ql

For t > 77, Theorem 1 implies that @; = @, {; = oy Vi € Vi, 1 € {1,2,..., M;}. This means that
@; = f1; when t > 7. Thus, for t > 77, (5.10) equals to

(5.11)

y; = —Kl,iSig(f’i)% + Zi,
Zi= —kp,;8gn (¥;) — Qz

Further, according to Lemma 3 and Assumption 4, it follows that Z; converges to the origin within
1< 7~1 + %bse’ namely, for ¢ 2 Tl + T;bse’ 2i = Qh Yie (Vl, le {la 2, oo ,Ml}-
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Conversely, for t > 77 + T ypser, (5.9) turns to be

é i = éwi’
. ey . (5.12)
Coi = Qi+ E R, (Yi) Ti — fi;.

It can be derived from ém‘ = &4, that
8 (2gir2ci) = i (2y).
and the constructed sliding mode vector §; in (4.9) becomes

Y2

T (1 - ﬁ)]” sig (7(e,)" (5.13)

S =N (ey) + -

Submitting the constructed MPLT algorithm (4.12) into (5.12) yields the following closed-loop system:

€ni = €wi,

3
. 2\2
Ci :<1 + <é7ﬂ'> > o (Teq,i + Ts,i) + K(ém')
_n

=K (é,ﬂ») - <1 + <éni>2>g ° [yz,lcg Sig(h (é'ﬂ))2 A (5.14)
)

yid(alsl + Bl 2o
; di { (h 2..)"
T iag {1, ([(e:)

xdiag {|h (ém)'l—ﬁ} sgn (8,) + kysgn (&)] .

Then differentiating §; in (5.13) along (5.14) yields that

v

g 1)} sgn (8;) — yzigk‘f diag {'h (é,],-)

1

72

" } sgn (§,).
(5.15)

a5 + BlIsIL) .
_ (Oz S ITC § 1) diag{,ug('h(ém-)

i =

Construct the Lyapunov function candidate for (5.15) as Vi(8;) = sgn’(§;)$;. It then follows that

D+Vi (:S‘\,) :SgnT (§l) §i

) k.kr 3 (. 2_
< = g Ao (ding ) (e 150 + B1SIE) = T min '}
)
< — 7o (ding ) (1517 + BUSIE)
)
= = o Ao (ding o] (2V7 30 + BV, $)), (5.16)
where 7 is the kth element of 7 (é,,i), and g, is the abbreviation of , ( é,,,]yzm_l). For the sub-closed-

loop dynamics in each dimension, by employing the phase-diagram partition and stability analysis
approach presented in [32, Theorem 2], one obtains that §; reaches the origin within a predefined
settling time 71 + 7 gpse + 7« + €(0), Where the term €(o) is specified in Theorem 2. Based on the results
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of predefined-time sliding mode surface presented in Subsection 2.2, it has ¢,; and é,; converge to the
origin within predefined time

t<T 1+ Topse + T+ Ts+€0)=T1+T>.

Finally, consider that
eni =MNi— Moy = &y + 1
and
ewi = W — W( = €y + ;.

Based on the main results obtained in Theorems 1 and 2, it eventually obtains that e,; and e; converge
to the origin within predefined time ¢ < 7 + 7. This completes the proof. O

Remark 4. It is noteworthy that although the fixed time €(0) for passing the potential areas where
singularity problems may occur (derived by the phase diagram segmentation method in [32]) would
have negative impacts on the predefined-time stability at the theoretical level, in practical application,
one can select a small parameter o such that €(o) is small enough and can be neglected, since €(0) is
inversely proportional to o.

Remark 5. Note that the observer process and the tracking process are running simultaneously. Thus,
in fact, as long as
7-c + 7-5 + E(Q) > Tobse’

the settling time of the MPLT algorithm turns to be
Tr=T.+ 75+ €(0).
This implies that T s could be neglected if T is selected in the range [T + T ypse, +0].

Remark 6. It can be found from the controller design that such predefined-time algorithm is essentially
designed based on the finite-time terminal sliding mode control method. Thus, the computational
complexity of the proposed controller is less than the fixed-time ones, since the fixed-time scheme
involves a more complex coupling design structure.

Remark 7. Although predefined-time control ensures convergence within a user-defined time, it may
cause the control input to become excessively large as the system approaches the predefined time. This
is particularly true when the predefined-time parameter T ., is small, leading to high control effort in
order to guarantee convergence. Thus, for guaranteeing the onboard implementation feasibility of the
proposed scheme, the predefined-time parameters should be selected in a proper way. Besides, future
work could explore adaptive mechanisms to adjust T .. to keep the control effort within acceptable
limits while ensuring predefined-time convergence.

Remark 8. The main motivation for using predefined-time control is to ensure that the system
converges to the desired state within a fixed-time interval. In many real-world applications, especially
for systems like NMSV:s, it is critical to meet strict timing requirements, such as completing a mission
within a specific time window due to operational constraints like environmental conditions, safety
considerations, or mission scheduling. Predefined-time control guarantees convergence within the
specified time regardless of initial conditions, making it particularly useful for applications with
stringent time constraints.
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6. Simulation examples

Example 1. This section considers 11 CyberShip II vessels forming the NMSV network, which is
organized into three cooperative subgroups. The designed control scheme is performed on such
NMSVs to verify its effectiveness.

Simulation settings. In the simulation example, the communication topology is constructed as is
shown in Figure 2 according to Assumptions 1 and 2. Besides, the physical parameters and the specific
constructions of the dynamical terms can be referred to [33].

Subgroup 2

Figure 2. The interaction topology of the NMSVs in the simulation example.

With respect to the group division of the NMSVs, three virtual leaders are involved in the simulation
example. Without loss of generality, considering Assumption 3, the motion trajectories of the leaders
expressed in the earth-fixed coordinates are specified as follows:

Mo = [-5 + 55in(0.37),3 — 5 co0s(0.31),0.31]",
@, = [1.5c0s(0.31), 1.5 sin(0.3¢), 0.3]7,

to.1 = [—0.45sin(0.37), 0.45 cos(0.31), 0],

o2 = [3 + 3sin(0.51), 3 + 3 cos(0.5¢), —0.5¢]",
@y, = [1.5c0s(0.51), 1.5 sin(0.5¢), —0.5]7,
Hoo = [—0.75sin(0.7¢), —0.75 cos(0.57), 017,
o3 = [3 + 4sin(0.41), =7 — 4 cos(0.41),0.41]",
@03 = [1.6cos(0.41), 1.6 sin(0.4¢), 0.4]7,

Ho3 = [—0.64 sin(0.47),0.64 cos(0.41), 0] .

Control parameter settings. According to the sufficient conditions established in Theorem 1, the
control parameters of the PDE algorithm are chosen as

T7,=05, 7.=05, k=1, kp =1, and y =0.5.
The time-regulation function is specified as

h(x) = x/ V1 + x2.

Subsequently, based on the sufficient conditions provided in Theorem 2, the parameters of the MPLT
algorithm are set to

T5=3,Te=4 y1=37=5,0=0001, k; =001, a=0.1, =04, p= 0.8, £=3 and, k = 0.6.
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The observer gains are further selected as
k1; = 1.5 V10000

and
Kk2,; = 10000.

Example 1 results. The simulation results are presented in Figures 3—7. Figure 3 shows that 7); can
track the corresponding virtual leader, and the tracking error 7j; is forced to the origin within the set

predefined time
t<T1 =9,+7,.=1.
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Figure 3. (a)—(c) depict the evolution of #; for coordinates 1-3; (d)—(f) depict the evolution

of #; for coordinates 1-3.

Besides, Figures 4 and 5 show the same conclusion on the estimators @; and f;. This thus totally
shows the effectiveness of the designed PDE algorithm. Further, Figures 6 and 7 give the evolutions
of the states n; and @;, as well as the tracking errors e,; and e;, from which it can be observed that
tracking errors can also converge to the origin within the selected predefined time, and then successfully
address the considered multi-target tracking problem. Thus, it can be concluded that the designed PDE
and MPLT algorithms are of great predefined-time performance when they actuates the NMSVs in a

model-independent way.
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Figure 4. (a)—(c) depict the evolution of @; for coordinates 1-3; (d)—(f) depict the evolution

of &7, for coordinates 1-3.
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Figure 5. (a)-(c) depict the evolution of fi; for coordinates 1-3; (d)—(f) depict the evolution

of fi; for coordinates 1-3.
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Figure 6. (a)—(c) depict the evolution of n; for coordinates 1-3; (d)—(f) depict the evolution

of e,; for coordinates 1-3.
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Figure 7. (a)—(c) depict the evolution of @; for coordinates 1-3; (d)—(f) depict the evolution

of eg; for coordinates 1-3.
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Example 2. A comparative experiment has been performed to evaluate the proposed MPLT algorithm
against the local fixed-time controller algorithm presented in [38]. In this experiment, both algorithms
were tested under the same model used in Example 1. For the MPLT algorithm, in Example 2, the
values of 75 and 7, that were set are 75 = 3, 7. = 4. For the local fixed-time controller algorithm,
the control parameter settings are the same as those in the [38]. The settings of other variables (initial
state, model parameters, leader trajectory, etc.) are the same as in Example 1.

Example 2 results. Figure 8 shows the convergence speeds of the two algorithms. It is obvious that
the algorithm in this paper converges more quickly.

4 I — T T T T T T T

———e¢, (DMPLT
———¢, (OMPLT
¢, (3) MPLT

- = ¢, (DLFC
e, OLFC [

- = ¢, LFC ||

———c_ ()MPLT
———c_,@MPLT
e_,(3)MPLT
— = e_,(HLFC
- e_ () LFC
v 2 3 4 |= = c_ (3)LFC
OIQA R N S SR SN S G S,
(/L4
I~ | | | | | | |
0 2 3 4 6 8 10 12 14 16 18 20

time (s)

Figure 8. The convergence speeds of the two algorithms in Example 2.

7. Conclusions

This paper has successfully addressed the model-independent multi-target tracking problem of the
NMSVs within a predefined time by constructing a hierarchical control scheme, which is built by the
PDE algorithm and the MPLT algorithm. By using the PDE algorithm, the states of the leaders can be
precisely estimated in a distributed way within a predefined time, which thus helps all the vehicles gain
the information of their corresponding leaders. Later, the MPLT algorithm addresses the considered
problem based on the obtained estimators. Besides, the sufficient conditions have been given through
systematic Lyapunov stability analysis. Finally, the derived simulation results verify the correctness
and the effectiveness of the designed control scheme. In future work, we plan to investigate more
robust communication models, including time-varying and switching topologies, as well as strategies
to handle packet loss and communication delays in real-world maritime networks.
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