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Abstract—Dynamic encirclement is a strategy employed to
maintain ongoing monitoring or neutralize a target by restricting
its range of movements. This paper proposes a novel approach
to handle finite-time dynamic encirclement problems for multi-
autonomous surface vehicle (ASV) systems. To be consistent with
the actual task scenarios, each ASV faces challenges such as
model uncertainties, unavailable velocities, saturated inputs, and
external disturbances. Specifically, a fuzzy logic system (FLS) is
utilized to approximate the nonlinear dynamics, and an adaptive
fuzzy state observer is designed to estimate the unavailable
velocities of the multi-ASV system. Next, a time-varying sliding
mode controller is developed based on a time-varying formation
function. In order to prevent singularity, the system is divided
into two zones. A terminal sliding mode controller and a linear
auxiliary sliding mode controller are assigned to each zone,
respectively. Then, by applying finite-time theory, the dynamic
encirclement issues of multi-ASV systems can be addressed within
a finite time. Finally, the effectiveness of the obtained results can
be verified by the Lyapunov theory and simulation examples
presented.

Index Terms—Finite-time dynamic encirclement, Time-varying
sliding mode control, Autonomous surface vehicle (ASV), Adap-
tive fuzzy state observer

I. INTRODUCTION

With advancements in control engineering, communication
capabilities, and maritime technology, formation control of
multi-autonomous surface vehicle (ASV) systems has garnered
considerable attention in recent years. Up to now, applications
in both the civilian and military domains employ formation
control of multi-ASV systems., including exploring marine
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resources, formation escort, executing transportation tasks, and
so on [1] [2].

In contrast to individual ASV, the multi-ASV system offers
advantages such as improved performance, task execution
efficiency, and reliability [3] [4]. Thus far, numerous formation
control methods have been presented in multi-ASV systems,
such as the artificial potential field method [5], the virtual
structure method [6], the leader-follower method [7] [8], and
so forth. In addition to these approaches, the combined leader-
follower within the graph theory approach has gained popu-
larity in recent years because the followers in the formation
can make their own decisions based on local information
exchanges. Although the leader-follower approach is desirable,
the formation configuration is fixed in the aforementioned
works. The flexibility of formation cannot satisfy the require-
ments in complicated scenarios, such as scenarios with static
or moving obstacles, narrow channels, and so on.

In order to overcome this limitation, many studies are
proposed to improve the diversity of formation configurations.
In [9], time-varying formation control is first introduced in
the field of unmanned aerial vehicles (UAVs). Unlike the
previously studies [3] [5] [7] [8], formation patterns can be
modified using time-varying formation functions. In [10], a
time-varying formation controller based on adaptive NNs is
designed for nonlinear multi-agent systems (MASs). However,
the research in [9] [10] was limited to UAVs and MASs. The
relevant results cannot be directly employed with multi-ASV
systems because of the external disturbances and the strong
nonlinearity of ASVs [11].

Flexible formation configurations are necessary for multi-
ASV systems to complete complicated working scenarios,
such as crossing narrow channels [12], avoiding obstacles
[13], executing dynamic encirclement tasks [14], and so on.



Specifically, dynamic encirclement is a significant strategy that
involves surrounding a target and employing encircling motion
to limit its movement, ultimately leading to its capture. For
a multi-ASV system, encircling and limiting its movement
enables a follower ASV team to monitor the target in real-
time. In [15], a distributed controller is developed to enable
the agents to move around the target. An estimator is designed
for each agent to identify the target by utilizing the bearing
measurements of both the agent and its surrounding agents. To
solve dynamic encirclement problems for multi-ASV systems,
the authors in [14] propose a time-varying formation con-
troller and feasible conditions. In addition, nonlinear dynamics
and actuator saturation are considered. In [16], an integrated
distributed guidance and a model-free control method are
presented to achieve target enclosing control. The cooperative
moving target enclosing and tracking problem is addressed
in [17] by a dynamic distributed control law for networked,
unicycle-type vehicles moving at constant linear velocities.
On the one hand, the above methods rely on the position
and velocity state information. However, most ASVs are not
capable of obtaining velocity state information in real-time. On
the other hand, the methods in [14] [16] [17] cannot guarantee
that the controlled object will achieve the control objective
within a finite time.

Motivated by the above discussions, this paper develops
a distributed time-varying formation sliding mode controller
to address finite-time dynamic encirclement issues for the
multi-ASV with unavailable velocity state information, sat-
urated inputs, and external disturbances. First, to estimate the
unavailable velocity state information by using position and
heading state information, an adaptive fuzzy state observer is
proposed based on the approximation of nonlinear dynamics
by utilizing the fuzzy logic system (FLS) [18] [19]. Second,
a novel distributed controller for the ASV team is designed
by combining finite-time theory with the time-varying sliding
mode control approach. Third, to be consistent with actual task
scenarios, saturated inputs are also considered due to the power
limitation of actuators. Finally, simulation results are presented
to demonstrate the efficiency of the proposed approach.

The primary contributions of this paper are listed as follows:

1) To address finite-time dynamic encirclement issues for
multi-ASV systems, a time-varying formation sliding mode
controller is developed based on a predefined time-varying
formation function. The formation patterns can be adjusted by
modifying this function.

2) By integrating the finite-time stability theory with the
time-varying formation sliding mode control approach, the
ASV team can achieve time-varying formation while dynam-
ically encircling the target within a finite time.

3) To be consistent with the actual situation, each ASV
faces unavailable velocities, saturated inputs, and external
disturbances. The nonlinear dynamics are approximated by
utilizing a FLS. After that, an adaptive fuzzy state observer
is designed to estimate the velocity state information from
the position and heading state information. Additionally, the
control inputs are restricted within a specific range by applying

a saturation function.

The rest of this paper is structured as follows: In Sec-
tion II, some preliminaries are presented, and a dynamic
encirclement movement description is given. In Section III,
an adaptive fuzzy state observer-based time-varying sliding
mode controller is developed. In addition, the effectiveness of
the developed controller is analyzed. In Section IV, a series of
simulation results and discussions are presented. The relevant
conclusions are introduced in Section V.

II. PRELIMINARIES

In this section, the finite-time stability theory is described.
The mathematical models of a ASV team and a target are
provided.

A. Basic Graph Theory

Denoted a directed graph as G = {N, E, A} to describe the
topology connection of a multi-ASV system communication
network. N = {1,2,....,n} is the set of nodes to represent
the n ASVs. E C N x N is the set of edges to represent the
information transfer among all neighboring ASVs. A = [a;;] €
R™™ is the adjacency matrix to represent the communication
quality between two neighboring ASVs. Besides, the neighbor-
hood set can be defined as ©; = {j € N|(4,5) € E}. If and
only if the information can be transformed from the jth ASV
to the ith ASV, the adjacency elements a;; = 1 and a;; = 0
for other cases. For a directed graph, the in-degree matrix is
denoted as D = diag{di,ds, ...,d,} and the Laplacian matrix
¢ can be expressed as

(=[t;j]=D—A. (1)

Assumption I: Consider the weakly linked network com-
posed of N + 1 ASVs. It means that there exists at least one
directed path from the target ASV to any ASVs in the ASV
team. Note that there is no directed path from any ASV in the
ASV team to the target ASV. In addition, the communication
relationship between all ASVs of the ASV team in remains
fixed.

L = {l;;} is the normalized directed Laplacian matrix that
is expressed as

1, i=41#0
0, otherwise,

where [;; € RWFDXWNHD 4 = 12 .. n, j = 0,1,...,n.
lii = ) aij and l;; = —a;; for @ # j. The subscripts

1
1,2, ...,;Lé]are used to represent the ASV in an ASV team,
and the subscript 0 is used to represent the target ASV.
Remark 1: Since the target ASV cannot transform any
information to the ASV team, the Laplacian matrix L (2) can
be expressed as

0 01><n :| 7 (3)

L:[ Lol
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Fig. 1. A dynamic encirclement movement description.
where continuously differentiable function V :  — R, along with
lo Iy I positive real numbers ¢ and d € (0, 1), such that V(z) = 0
" for z € Qg and V(z)>0 for x € Q\Qyp, and
h = do=1| |, )
an lnl l'rm VI(ZL')f({E) < —C(V(:L’))d,x € Q. (6)

B. Finite-Time Stability Theory

Let 09, €, and (Oz represent the boundary, the closure, and
the interior of the set Q € R™*!, respectively. |-, is the
norm of {o,, V'(z) is denoted as the Fréchet derivative of V'
at x.

Then, the nonlinear dynamical system is considered as

#(t) = f(2(t)),2(0) = zo,t > 0 (5)

where z(t) € Q C Rt > 0 represents the state vector.
The set 2 is open, 0 € §, f(0) = 0, and the function f(-)
maintain continuity over 2. With the initial condition z( € €2,
we can instead represent the solution to (5) by ¢*°(¢), t>0, or
by g(xo,t), t > 0. Next, the following lemmas are necessary
for system analysis.

Lemma 1 ( [20]): Given (5), let Qy C € be a positively
invariant set. () is finite-time stable if it has an open neighbor-
hood Z C 2 and a settling-time function T : Z\Qy — (0, 00),
such that the following statements hold.

1) Lyapunov stability: For any open neighborhood I'y C Z
containing 2y, there exists a smaller open neighborhood I'y C
T’y of Qg such that for every € T'5\Qy, the trajectory ¢(z, t)
remains within Ty for all ¢ € [0, T'(x)].

2) Finite-time convergence: ¢(z,t) is defined on
[0,T(x)), q(z,t) € Z\Qp for all t € [0,T(x)), and

lim dist(r(t,z),Q) = 0 for each z € Z\Qy.

t—T(x)

Consequently, if €2y is finite-time stable with Z = Q) = R",
then it is globally finite-time stable.

Lemma 2 ( [8]): With respect to (5), let Qo C Q be an
invariant set regard. {2 is finite-time stable if there exists a

Additionally, if T : Z — [0, 00) represents the setting-time
function and Z is defined as in Lemma 1, then

T(w0) < ——

< m(V(mo))l_dmo ez (7)

and T(-) is continuous on Z. Furthermore, @ = R™. If (5)
holds on R™ and V/(-) is radially unbounded, then g is
globally finite-time stable.

This lemma outlines the sufficient conditions for a set that
is invariant to be finite-time stable.

C. The ASV Model formulation

A dynamic encirclement movement description is presented
in Fig 1. The kinematics and dynamics model of the ASV is
given as follows:

n(t) = R(y)w(t)
Li(t) = —C'(w)w(t) — D' (w)w(t) — 8'(t) + 7' (t)

®)
where = [z,y,1]T represents the position and heading
state of the ASV in the earth-fixed reference coordinate,
w = [wg,wy,w;]T denotes the velocity state of the ASV
in the body-fixed reference coordinate, 7/ = [Fm,Fy,TZ]T
denotes the control input, ¢ = [5;,5;,52]T denotes the
external disturbance, R(v) represents the rotation matrix with
RT () = R71(v), it can be expressed as follows:

cos(vp) —sin(yp) O
R(¢) = | sin(y)  cos(y) 0
0 0 1



The system inertial matrix, denoted by I, is mostly based
on the mass of the ASV.

mi1 0 0
I = IT = 0 Mmoo 1Mo3
0  m32 ms3

The nonlinearity of the ASV dynamics model determines
both the Coriolis matrix, defined as C(w)? = C(w)~?, and
the hydrodynamic damping matrix, represented by D(w). The
following formulations describe C'(w) and D(w):

0 0 C13
C’(w) = 0 0 C23
—c13 —c23 0
where C23 = M11Wy, C13 = fm22wy — 1/2(m23 —+ mgg)’l}z.
The hydrodynamic parameters are defined as X .y, Y(,y, J(.).
di1 O 0
Dw)=| 0 dy dos
0 ds2 dss
where
dll(w) =—-X; — X|1\L szmw»%,
dy2(w) = =Yy = Yiyjy [wy| = Yizpy [wz],
d23(w) = Yz }/\y\z |wy }/]z\z ‘wz s
dgz(w) = =Jy = Jiyjy [wy| = Jjzpy w2,
dgg(w):szfJMz |wy| J\z\z |U)z‘
With R(¢)w(t) = v(t), the dynamics model (8) of the ASV
can be expressed as
i(t) = (0 o
0(t) = 6(t) + 7(t) + D(v)v(t) + C(v)v(t)
where
o(t) = —R(Y)I~1'(t), 7(t) = R( - T (1),
D(v)=R(w)R‘l(¢) - R(¢)I D'(R™'(¢)v) R~ (¥),

C(v)=— R()I'C"(R™H()v)R™H(1)).

Let C(v ) (t) + D(v)v(t) = f(n,v,t). Then, an ASV team
consisting of n ASVs with unavailable velocities and saturated
inputs is considered. The dynamics of an individual ASV are
expressed as

mi(t) = v; ()
0i(t) = fi (n ()vz() t) + 0i(t) + 7is(t) (10)
i=1,2,.
where v; = [vm,vyi,vzi] denotes the unavailable velocity
state vector, &; = [0, 0yi,0-i]7 denotes the external distur-
bances, ;s = [Tx,Ty,TZ]T represents the saturated control

input and it can be described as

Tis| < ¢

11
|Tis|>c ( )

Tis
Tis =
“ sign(7is)C
where ( is the saturation boundary.
As previously mentioned, the target is denoted with a
subscript 0. The following describes the dynamics of the target
ASV: .
10 (t) = vo (t)

0(t) = fo (nolt), vo(t), 1) (12

where vy denotes the velocity state, 7 represents the position
state, and fy denotes a limited unknown function.

III. ADAPTIVE Fuzzy STATE OBSERVER BASED SLIDING
MODE CONTROLLER DESIGN

An adaptive fuzzy state observer-based sliding mode con-
troller for multi-ASV systems is designed in this section.
The effectiveness of the designed observer and controller is
validated by utilizing the Lyapunov theory.

A. Fuzzy logic system

Lemma 3: For any given continuous function f(z) defined
on a compact set V. It can be approximated by a FLS with
the approximation error o'

sup |f(x) = W*d(x)| < o (13)
eV
where W* = [W;, W5, ..., W] is the ideal weighted vector,

and satisfies ||[WW*|| < W with W>0 being an unknown
constant, o is assumed as a constant, the number of fuzzy
rules is denoted as m.

— (i — )" (i
5

where ®;(x) is the Gaussian function, ¢ and pu; are the width
and center vector of the Gaussian function, respectively.

®;(r) = exp| — Mi)] (14)

B. Fuzzy State Observer Design

Based on the excellent approximation ability of the FLS,
the state observer is designed by

0i(t) = 05(t) + k1 (ni (1) — 0 (1))

2 o T . .

0i(t) = Wi @(0;) + ka(ni(t) — 1:(t)) + 6s(£) + Tz‘s(tzls)
where 7; = [:?:i,gl-,zf}i]T and 0; =[O, Dys, 2] denote
the position and velocity state information obtained by the

designed state observer, k; and ko are positive gain matrices.
System (10) is equivalent to

7i(t) = vi(t)
Ui (t) = f(1i, 0ist) + Afi + Tis(t) + 04(t)
where f(n,v,t) = f(7,0,) + Af.

Define the observer errors as 7;(t) = n;(t) — 7;(t) and
0;(t) = wv;(t) — 0;(t). Then, the error dynamics of the ith
ASV can be expressed as:

i(t) = o(t) = kr (n:(t) —

i(t) = f(0,0,1) + Afi — ka(ni(t) — ﬁz’(fz%ﬂ

A fuzzy logic system (FLS) can be used to approximate the
nonlinear function term f(7), 0, ¢) as follows

(16)

7i(t))
Wi @, (0) —

f(,0,t) = WrTd(0;) + 0. (18)
Taking (24) into (23), one has obtained
(1) = 0(t) — k1 (n:i(t) — Dt
(t) ()T 1(ni(t) —1:(t)) 19)

0i(t) = Wi ®(05) + 0y + Afi — ka(0:(t) — (1))



Differential (15) yields
.. AT
ﬁl(t) = Tis(t) + Wi ‘I)i(f)i) + (5i(t) + k’zﬁl(t)
+ k1 o(t) — ko2 (t).

_ For sake of simplification, let 0:(t) = [AT(t),oT(1)]T,
0,(t) =[] (t), o] (t)]T, one has:

R —Fky 1 - T
where A; = Tk 0] H; =1[0,1]".

In addition, if the components are chosen correctly, A; can
be a stringent Hurwitz matrix. Currently, a positive definite
matrix P; exists, making it

AP+ Pidi = Qi (22)

where @); is a positive definite matrix.
Theorem 1: By a given adaptive fuzzy state observer, if the
adaptive law satisfies
Wi =A; |:(I)z(r[}z)§z - aiWi] (23)
where A and « are both positive constants. The corresponding
state observing errors 6; are uniformly ultimately bounded
(UUB).
Proof: The considered Lyapunov function is

Vio(t) = %é;f Pif; + %VWA;lWi. (24)
Differential (24), one has get
Vio(t) = 207 (AP, + PA) B+ WA W,
+ 07 P H (W ®i(0) + 07 + Af; 25)

1~ ~ ~ 2
= =507 Qibi + W AW,

By substituting the adaptive law (23), (25) can be rewritten
as

. Lo o _ o
Vio(t) = — §9¢TQ1'911 + W ®i(0:)0; — s W W

2 ) (26)
+ 0] PH; (W @(0) + 0 + Afi).
Applying Young’s inequality yields
- 12 1 2 2
0FPHo; < o ||of "+ S IPIPJoil* @)
i Ly-12 1
0T PHAS <5 6] + IR 1AL @8
- 2
o a; ||Ws Nk
2 2
- - 11~112 1 I
0T PHWT @4(00) < 5 92-‘ + 5 IPIFWIW;  G0)
N . Tin~n2 17pn-12
Wreond: < 5 Wi+ 5 |0 (31)

Taking (27)-(31) into (26), it can be rewritten as follows

) 21 o2
Vio(t) < —Xo ||6; +§(||Pi|\2—04i+1)HWi + Uy
(32)
— 1y _ _ el WP
where Ao = 5(Anin(Q) 5), Uy = 5 +
2 2 2
s IR (losll” + 1AF]7).
[ |

Definition 1: In this paper, the ASV team with unavailable
velocities (15) is required to achieve time-varying formation
while encircling the target. Therefore, the time-varying forma-
tion tracking errors are defined as

ei(t) = 0i(t) — hi(t) —n;(t)
(i=1,2,...n,7=0,1,....n,1 # j, ho(t) = 0)

where h(t) represents the time-varying formation function of

the ASV team corresponding to position and heading state.
Furthermore, with respect to the ith ASV, the generalized

error state is defined as:

ri(t) = 7i(t) + 7 [75(8) + ha(t) — h; ()]

(i=1,2,..,n,5=0,1,....n,i # j, ho(t) = 0).

Lemma 4: The normalized Laplacian matrix (3) and the
generalized error state (34) are considered. If r;(¢) converges
to zero, e;(t) converges to zero. It means that dynamic
encirclement is achieved.

Taking the second-order differentiation of (34) with respect
to time yields the following equation:

Filt) =mi(t) + i—] S [0+ hat) = by 0)]

— s (8) + Wi @(80) + (ks — K2)ii(8) + kr9(t) (35)

(33)

(34)

l; . . N
+ o [ (8) + hu() = s (8)] + (0.
The corresponding sliding mode vector function is defined
as
si(rs,15) = #4(t) + Ko Fy(ry)|ra| 7, (ri, ) € R? x R (36)
where
K; = diag(K;1, Kig, Ki3), Kip>0, p =
1,2,..,n,
Fi(r;) = diag(sign(ria), sign(ri2), sign(riz)), rip € R,
p=1231= 1,/2,...,n.
1/2 1/2 1/2 1/2
fral /% = (i, ol 2, s 2
After that, the null space of s; is the definition of the ith
sliding surface, that is,

Si(ri, i) = {(ri,7:) € R* x R®, s;(ry, ;) =0} .

With (35) and (36), the time-varying terminal sliding mode
controller is given by

Tis(t) = — Wi ®3(8) — (ks — k2)i(t) — ko (t)

(37

gi’ . . .
I UORRORIAO) .
— %Kizi(ri,h) — Bisig’Il(Si(Ti, T‘z))

(i=1,2,...,n,7=0,1,....n,j # i, ho(t) = 0)



where
(riy7;) € My, M; is a set, z;(-,-) is bounded,

M; = {(ri,7i) € R¥*1 x R ||z (ri, )| oo < Ni}
T

2i(riy i) = [f’il |2 |7"7:2\_1/2 , Ti3 \T¢3|_1/2} ,
Xi = 1Kl oo + 7 (7:>0),

sign(si (1, 7))

sign(si(ri, 7)) = | sign(sia(rs, 7)) |,

sign(siz(ri, 7)),

B; = diag(Bil,BiQ,Big)), Bip €ER i=12..,np=

1,2,3.

The terminal sliding mode controller is bounded because
z;(+,-) is bounded. The necessary requirements for M; to be
positively invariant with respect to (35) are presented in the
following lemma.

Lemma 5 ( [5]): Consider the generalized error dynamics
(35) with the terminal sliding mode controller (38), if B;,
satisfy

Bip = Bip + sSup 16: ()]l oo » (39)
(z,7,t)ER3" X R3" X R
with
A2 — ki
6ip>%>o (40)

then the M; is positively invariant regard to (35).

Notice that the singularity issue of the terminal sliding mode
controller is led by (r;,7;) — 0, z; (r;,7;) — oo. To avoid this
issue, the above lemma is presented.

Next, to avoid the singularity problem, an auxiliary sliding
surface S;, is designed with the corresponding controller
under the initial conditions (r;,7;) € R"™ x R™\M,;. The
auxiliary vector is designed as

Sia(1i,75) = 74(t), (r5,7) € R® x R®. (41)
Then, the relevant sliding surface can be defined as
Sia(rh";i) = {(’I"l,?"l> S R3 X RS,Sm(Ti,’I'"i) = O} . 42

Applying (35) and (41) as a basis, the auxiliary sliding mode
controller is proposed as
W () -

(ko — K37 (t) —
by

7 2 [is(0) + Fate) — s (1)

— Bigsign(sia(ri, i)
(i=1,2,..,

ko (t)

Tisa (t) -
(43)

n.j # i, ho(t) = 0)

where (r;,7;) ¢ M;, Bia = diag(Biia, Biza; Biza), Bipa €
R,v=1,2,...,n, p=1,2,3. Similarly,

n,g=0,1,..,

sup
(2,7,t)ER3" X R3" x R

10:() I (44)

zpa ﬁzpa

where f3;p,>0, and

Sign(sﬂa(m, 7‘7))
Sign(SiQa(Tia 7"1))
Sign(SiSa(Tiv Tz))

sign(siq(ri, 7)) =

Remark 2: The state space of the system is divided into two
regions as there is a singularity issue. The terminal sliding
mode controller (38) corresponds to the nonsingular region,
and the auxiliary sliding mode controller (43) corresponds to
the singular region.

Theorem 2: Consider the terminal sliding mode controller
(38) and the auxiliary sliding mode controller (43) for an ASV
team (15) and a target (12). The time-varying formation of the
ASV team can be achieved while encircling the target within
a finite time. The error states (r;,7;) can be converged to the
origin within a finite time.

Proof: First, under the (r;,7;) ¢ M; condition, a Lya-
punov function candidate is designed as

1

Vi(sia(13,75)) = 583;(7’1,7"@‘)&@(7‘1',7%), (ri,7i) & M;. (45)

Take the time differential of (45), together with (41) and
(43), one has obtained:

Vi(8ia(riy 7)) = sE(ri, 1) $ia (12, 7)
= 53;(7"1’7"1) i(t)

ST (4, 70) (Tisa (t) + Wi @4(3;)

(46)
& . . .
+ﬁ— [5(6) + ha(t) =y 1)
+ (kg — KD)i(t) + k19 () + 0 (t)).
Substituting (43) into the above equation yields
Vi(t) = sty (ri, 7)) (= Biasign(sia(ri, 7)) + 6i(t))
3
S - Z Bipa ‘Sipa(’rh Tz)|
p=1
3
S - Z 11%11213 {Blp(l.} |51pa(rla T1)| (47)
< - mln {Bipa} ||TZ||1

=1,2,3
< —\/5 min_{Bipa} V¥ (sia(ri, 1))
p=1,2,3

(7‘7',,7.‘7;) ¢ ML,’L = 172, N

From the Lemma 2, we can get the trajectories (r;,7;) ¢
M; will converge and remain in Sy, (r;,7;) within a finite
time.Then, for the case (r;,7;) € M;, a Lyapunov candidate
function is considered as

Via(t) =

1
58?(7”1‘77”'1‘)52'(7%7”2),(7“2',7“'2') € M;. (48)



Taking the time differential of Vj; (¢) yields

ml(t) = S;F(T% Tz)sz(ru Tz)

P ) Ga(e) + 5 Ko )

ST (i, ) (s (8) + Wi @4(80) + (ks — K2)7(2)
0 + 2 3 [iy 0+ hate) — g0

—K;zi(ri, 1) + 0;(¢)).

+ kq
1
2
(49)
Substitute (38) into (49), one has obtained

3
- Zﬂ,;,, [ip(74,74)]

_Z mln {sz}|81p(7“2,7“2)|
- i {@p} 17414

=123

—\@ min_ {Bip} V2 (si(ri, 74))
p=1,2,3

(ri,7) € My, i =

IN

IN

(50)

IA

IN

1,2,...n

From the Lemma 2, we can get the trajectories of (r;,7;) €
M; will converge to S;(r;,7;) and stay on this surface within
a finite time. To sum up, the error states (r;,7;) are able
to converge to the sliding surface and remain there within a
finite time, regardless of the beginning states. Additionally, as
indicated by (36), while on the sliding surface .S;, the dynamics
of the closed-loop error are described by

Filt) = — KBl 2 i € ;. (51)
Then, the Lyapunov function is considered as
Vi(ri) = |Irilly- (52)
Taking the time differential of V;(r;) yields:
3
= Z SZ'gTL(Tip)fip
p=1
3 1
= —Z kip |rip|? (53)
- HK I (V)2
r, €85;,i=1,2,....,n

Based on Lemma 2 with Qg = {0}, the error states (51) can
converge to zero within a finite time. To sum up, according to
Lemma 4, the ASV team can achieve the encircle motion and
predefined time-varying formation within a finite time. |

TABLE I
THE PARAMETERS OF EACH ASV

Elements  Values Elements Values Elements Values
I, 1.70 Y22 -2.00 Jyy|= -4.00

Y. 0.10 Jiyly 5.00 Js -1.00
Tg 0.04 Yiyly -36.00 J)z)z -4.00
Xoax -5.80 Jy 0.10 Y: -0.00
Xz -0.72 Yiy|= 2.00 Xs -2.00
Yy -0.86 Jx -6.00 Jy -0.00
X\z|e -1.30 Y.y -3.00 Yy -10.00

IV. SIMULATION EXAMPLE

According to the specifications detailed in [5], it is assumed
that the parameters of all ASVs in this simulation are uniform.
The parameters are shown in Table 1. This simulation example
reproduces the strategy scenario of dynamic encirclement for
the multi-ASV system to test the proposed approach. Finally,
the efficiency of the developed time-varying sliding mode
controller under saturated actuators and unavailable velocity
state information is validated by the simulation results.

In this numerical simulation, an ASV team consisting
of four ASVs and a Target ASV are considered. The ini-
tial states of the target ASV at Os are set as 7p(0) =

[0,2,7/4]T, v9(0) = [3,—3,0]7. The initial states of the
ASV team include 71(0) = [-5,5,7/4]T, v1(0) = [1,1,0]T,
n2(0) = [=5,10, =7 /4], v5(0 ) [1 0.5,0.25]%, n3(0) =
[7570a7r/2}T’ U3 ( ) [0 57 17 —0. 3] > 774(0) = [757 75a0]T7
v4(0) = [1,0.5,0.2]7. The preset time-varying formation
function is given by:
5cos(0.1t 4 27 (i — 1)/4)
hi(t) = | 5sin(0.1t + 27 (i — 1)/4)
0.1
90
8of
70t
60
501 <
c t=60s
401
30F
20F
—ASV1
10l ASV 2
—AsV3
—ASV4
or —Target| |
-20 80

x/m
Fig. 2. Trajectories of the ASV team and one target.

The controller parameter K; is set as K; = diag(3,3,3)
and the control gains are set as B; = By, = diag(2,2,2).



The gain matrix of the adaptive fuzzy state observer is set as
k1 =5, ko = 10. The adaptive law parameters of a FLS are
set as A; = 3, o; = 2. The directed Laplacian matrix L is

given by

0 0 0 0 0

S

t 1

L=|-7 -3 1 -7 -1 (54)

_i _1 . _%

IS R GRS R S

4 1 1 1

Fig. 2 shows the trajectories of the ASV team and the target
ASV. The ASV team completed the dynamic encirclement
of the target ASV while also achieving the time-varying
formation. Besides, the four sets of ASVs in Fig. 2 represent
the positions between the ASV team and the target ASV at
0s, 30s, 60s, and 80s, respectively. By observing the three
connected markers, it can be indicated that the predefined time-
varying formation is a rotating quadrilateral.

)
it
0 20 40 60 0 20 40 60 80

t/s t/s

Fig. 3. A comparison of the estimated velocities and actual velocities of ASV
1 and ASV 2.

0.4
@ 205
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pd ) v L e v
1 -0.2
0 20 40 60 80 0 20 40 60 80

t/s t/s

Fig. 4. A comparison of the estimated velocities and actual velocities of ASV
3 and ASV 4.

Since this paper considers the case of unmeasurable veloc-
ities, an adaptive fuzzy state observer is implemented. Fig. 3
and Fig. 4 compare the observed and actual velocities of each
ASV to demonstrate the capability of the developed adaptive
fuzzy state observer. At the beginning, the observed velocities
for all four ASVs are zero. Gradually, the observed velocity
curves align closely with the actual velocity curves. The state

—ASV1 ASV2—ASV3—ASV4

U, /(m/s)

q L I I I I I I I i
0 10 20 30 40 50 60 70 80

[—ASV1-—ASV2—ASV3—ASV4] -

3/(m/s)
\Oﬁ

0 10 20 30 40 50 60 70 80

o
o

[—ASV1  ASvz—Asv3—Asv4|

0./(rad/s)

|
0 10 20 30 40 50 60 70 80
t/s

Fig. 5. The observation error of the velocities.
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Fig. 6. The generalized error states.

observer capability for ASV 1 and ASV 2 is shown in Fig. 3,
while that for ASV 3 and ASV 4 is indicated in Fig. 4. It can
be illustrated that, even with unknown initial velocities, the
observer quickly estimates the actual velocities within a short
time.

Fig. 5 shows the observation error of the velocities estimated
by the designed observer. It can be indicated that the velocity
estimation errors eventually converge to zero. Together with
Fig. 3 and Fig. 4, the efficiency of the developed adaptive
fuzzy state observer is demonstrated in situations where ve-
locity is not measurable.

The generalized error states are shown in Fig. 6. As shown

50 ‘ }\
SN || N B = ———
T 0
\—Asv1 Asvz—Asv3—Asv4-- saturated limits]
_50 Jd il
0 10 20 30 40 50 60 70 80
50 T T T T T T T
z A
S of [\J i T St —
[——ASV1 ASV2—ASV3—ASV4- - saturated limits]
50 ) 1 T L i i —
0 10 20 30 40 50 60 70 80
. 50 T T T T T T T
: ) I
N VU I Il |
g T 1 ‘ 11} |
o [~—ASV1 ASV2—ASV3—ASV4- - saturated limits]
50 ) 1 T - : 2 T
10 20 30 40 50 60 70 80

t/s

Fig. 7. Saturated inputs of the ASV team.



in the figure, the generalized error states of the ASV team,
despite unmeasured velocity states, saturated inputs, and ex-
ternal disturbances, ultimately converge to zero within a finite
time under the designed sliding mode controller.

Fig. 7 indicates the control inputs calculated by the de-
veloped time-varying sliding mode controller. Notice that the
dashed lines represent the saturated limits of the control inputs,
and the real lines represent the saturated control inputs. The
control inputs are limited by

—50N < 1, < 50N

—50N < 7, < 50N
—50N -m < 1, < 50N -m.

(55)

V. CONCLUSION

The finite-time dynamic encirclement issues are investigated
for multi-ASV systems with unavailable velocities using time-
varying sliding mode control in this paper. The multi-ASV
system suffers from saturated inputs and external disturbances.
First, the nonlinear dynamics are approximated by a FLS,
and an adaptive fuzzy state observer is developed to estimate
the ASVs velocities. In addition, the effectiveness of the
developed state observer is verified using Lyapunov stability
theory. Then, based on the finite-time theory, a distributed
time-varying formation sliding mode controller is proposed
to achieve encircle motion and time-varying formation within
a finite time. Finally, Lyapunov theory is utilized to verify
the stability of the closed-loop system. A series of simulation
examples are presented to demonstrate the efficiency of the
developed finite-time dynamic encirclement approach.
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