Unmanned Systems, Vol. 13, No. 6 (2025) 1559-1568
© World Scientific Publishing Company
DOI: 10.1142/S2301385025410080

\e

UNMANNED SYSTEMS

https://www.worldscientific.com/worldscinet/us

UNMANNED
SYSTEMS

Constrained Fencing Control of Networked Second-Order
Nonlinear Agents for Multiple Targets via Adaptive
Neurodynamic Optimization

Bin-Bin Hu ®*, Hai-Tao Zhang ©f

School of Artificial Intelligence and Automation,
The MOE Engineering Research Center of Autonomous Intelligent Unmanned Systems,
Huazhong University of Science and Technology,
Wuhan 430074, P R. China

Guangdong HUST Industrial Technology Research Institute,
Guangdong Autonomous Unmanned Surface Vessel Engineering Technology Center,
Dongguan 523808, P. R. China

This paper develops a cooperative fencing control scheme of networked second-order nonlinear agents with multiple moving targets. A

position-only distributed observer is designed to estimate the center state of the targets. Then, to fulfill state estimation, an optimal fencing

controller is designed to achieve evenly distributed fencing of multiple targets via output feedback and adaptive neural optimization. Sig-
nificantly, the asymptotical stability of the closed-loop system governed by the proposed collective fencing control law is guaranteed by the

input-to-state (ISS) principle under nonlinear dynamics constraints. Finally, illustrative simulations are provided to show the effectiveness

of the proposed fencing scheme.
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1. Introduction

Over the years, a mainstream research theme of multi-agent
systems (MASs) is coordinated formation [1-3], which has
been widely explored by a large volume of studies during
the past decades. Therein, a leaderless framework [4] was
initially studied to address the regulation problem, which
is essentially a consensus problem, as it involves regulating
the agents to achieve agreement in certain states. For more
sophisticated consensus tracking and following problems,
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the leader-follower framework [5] will be adopted, where
the leader (i.e. target) is governed by prescribed trajectories.
So far, most of the efforts are focused on only one leader.
Regarding more complex multi-leader scenarios, one kind of
representative work is the containment control [6], which
regulates a group of followers to converge to a convex hull
formed by the leaders. Conversely, fencing control acting as
an inverse problem of the containment control is to drive
a group of followers to fence (encircle) the leader(s) (i.e.
targets) in a convex hull [7-9], which has drawn extensive
attention for its application potential in collective convey,
perimeter surveillance, collaborative escort, patrolling, and
soon [10, 27].

Previously, most of the works concentrated on one
target or target case with the easily available center
of targets, where the target can be either stationary
[11, 12] or motional [13, 14]. As a pioneering work, a
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limit-cycle-based strategy was developed to form a circu-
lar formation for the target [11]. Later on, a cooperative
controller consisting of attractive, repulsive, and rotation
components was designed to fence a specified target [12].
Unfortunately, stationary targets are generally impractical
in real fencing applications, which has thus motivated more
recent efforts devoted to fencing for motional targets. For
instance, a distributed controller was developed to form a
circle formation with direct topologies [13] and switching
topologies [14], respectively.

Due to the more sophisticated environment and com-
plex tasks, more researchers were attracted to study the
fencing problem with multiple targets, where the core
challenge lies in deriving the center state of targets by
the followers. However, such a kind of central informa-
tion may not be directly accessible to all followers, par-
ticularly when they can only reach a limited number of
targets. As a representative work, Chen et al [15] first
addressed multiple stationary leaders enclosing problems
under an estimation-and-control framework with connected
topologies. Afterward, Shoja et al. [16] proposed an adap-
tive controller for networked nonlinear and heterogeneous
agents. Unfortunately, the relevant existing works [15, 16]
only consider first-order systems and have not touched
higher-order dynamics, which is more practical in industrial
unmanned systems, sensor networks, mechanical systems,
etc. To this end, Shi et al [17] presented a fencing con-
troller for linear second-order MAS with the assistance
of Lasalle’s invariance principle. Li et al. [18] afterward
extended the targets enclosing problem with a smooth
estimator for the center of targets. Dong et al. developed
a time-varying formation control protocol with multiple
targets of either linear [19] or nonlinear dynamics [20],
respectively. Moreover, Hu et al. [21] proposed an adap-
tive fencing controller to encircle multiple moving targets
with unmanned surface vessel dynamics, which was after-
ward extended to the fencing control of scattered moving
targets [22].

It is still worth mentioning that the nonlinear con-
straints form another research hotspotin MAS control, which
intensifies the challenging evenly distributed fencing con-
troller design. Till now, lots of efforts have been devoted
to dealing with the nonlinear constraints in MAS forma-
tion. They can be accordingly classified into control protocols
[23, 24] and optimization methods [25, 26]. However, due
to the challenges in stability analysis of nonlinear coupling
dynamics, it remains a dilemma to design a collective fencing
control protocol for nonlinear MASs governed by nonlinear
constraints.

To this end, we hereby seek to address the con-
strained fencing control problem of networked second-
order nonlinear agents with multiple motional targets. The

contribution is two-fold:

(1) Develop a position-only distributed observer for the
center of multiple targets with disconnected topology
among followers.

(2) Propose an adaptive fencing protocol for constrained
nonlinear second-order agents to evenly fence multiple
targets via output feedback and adaptive neural opti-
mization, respectively.

The rest of this paper is organized as follows. Section 2
formulates the main problem. Section 3 designs a distributed
observer and develops an evenly distributed fencing control
scheme via output feedback. Section 4 conducts extensive
simulations to verify the effectiveness of the present design.
Conclusions are finally drawn in Sec. 5.

Throughout the paper, R,R* denote the real and
positive real numbers, respectively. R" denotes the n-
dimensional Euclidean space. || * || is the Euclidean norms,
1, = [1,..,1]T € R™ I, € R" is the identity matrix.
(*);j represents the (i, j)th entry of matrix (*), Amin (*) rep-
resents the smallest eigenvalue of matrix (*), and V(f) is the
gradient of function f. @ denotes the Kronecker product.

2. Problem Formulation

We consider an MAS with n + m agents, where the commu-
nication topology is denoted to be G (v, €) with the vertex set
vV = [v,Vy, .., Vpim] and the edgesete = v X v. 4 = [a; ;] €

ROHMX(+M) js the adjacency matrix, where a; j=Li# ],
if (vl-,vj) € & and a;; = 0 otherwise. Self-loop is not allowed,
ie.a;; = 0.L = [I;;] € RO¥™*T+M denotes the Laplacian
matrix, where l;; = ¥ a; jand [ ; = —a; j, i # .

Here, G(v, €) of the MAS can be divided into followers
and targets, where the vertex i is a follower if it has neigh-
bor(s) and a target otherwise. Let ¥ = [v,v,,..,v,] and
T = [Vps1 Vntzr - Vneml denote the follower and target
subsets, respectively, without generality. To distinguish the
follower group and target group, we hereby separate the
matrix L into two parts, namely,

Ly L,
L= , 1
[Omxn Omxml ( )
where L; € RV, L, € R¥™,0,,,,, € R™", and 0,,,,,, €
R™*™ represent the zero matrices.
The agent’s dynamic can be described to be
x;(t) = vy(t),
v(t) = fi(v) +u(t) +di(t), (€T, (2)

f‘k(t) = Ud,k € T,
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where x;(t) € R?, v,(t) € R?,7,(t), v; € R? denote the posi-
tions and velocities of follower i and target k, respectively;
f;(v;) € R? is an nonidentical nonlinear function concerning
with the velocity v;; u;(t) € R%, Uy, < U; < Uy, denotes
the constrained control input with u;,, u,,,, being the con-
stant values; d;(t) € R?,||d;]| < b;, is a bounded external
disturbance. Here, the agent dynamics are commonly used
in the literature, such as unmanned ground vehicles (UGVs)
and unmanned surface vessels (USVs) [27-29].

To proceed further investigation, a definition of well-
informed and uninformed followers is introduced first.

Definition 2.1 ([19]). The follower i is defined well-
informed if ¥3*™ a;, = m, and uninformed if
i @i = 0,where a; ; are the elements of the adjacency

matrix A.

In practice, the well-informed followers are usually
equipped with communication devices and advanced sen-
sors such as vision cameras, laser radars, and millimeter
wave radars to obtain information about all targets, whereas
uninformed followers are only equipped with communica-
tion devices to obtain information about neighboring follow-
ers, which reduces the equipment cost.

With Definition 2.1, an assumption on communication
topology G (v, €) is necessary.

Assumption 2.2. There only exist well-informed and unin-
formed followers in the target-follower MAS, and for each
uninformed follower, there exists a directed path to at least
one well-informed follower.

Assumption 2.2 indicates that the submatrix L, in (1) is
positive definite, i.e. L; > 0 because there exists at least one
well-informed follower, i.e.

Lemma 2.3 ([19]). Under Assumption 2.2, one has that each
entry of—Lzle is nonnegative and all the rows of—LIlL2 are
identical that equal [a; 41, ) Qinaml/ Themsq Qi Where
a, > 0, i € F, k € T, and the matrix L,, L, are

given (1).

Definition 2.4 ([17] (Equal fencing)). Let 7; =

plcos 2mi/n, sin 2mi/n]" be the relative fencing vector with
the fencing radius p > max||r; — 7 ||, j,k € T, one has that
the equal fencing for the follower group F is achieved if

lim [lx;(6) =7(¢) =nill <o, T€F, (3)
with 7 := Y™ 1 /mand g > 0.

It is worth mentioning that p is available with a well-
informed follower in Definition 2.4, which fulfills the goal of

fencing the convex hull Co(7) = ¥2I™ | 4,7, A, = 0 (seee.g.

[15]) by follower set F. However, the velocity information is
always unavailable in practice and intensifies the difficulties
of designing a controller merely with position information,
which thus motivates the problem addressed in this paper.

Problem 1. Design a cooperative controller u; = g(x; f;
d,n),i € F, k € T, via an output feedback for the target-
follower MAS governed by (2) to achieve the equal fencing in
Definition 2.4.

3. Main Results

In this section, the design and stability analysis of coordi-
nated equal fencing is divided into three parts, namely, a
distributed observer for the center of target set 7, a fenc-
ing controller via output feedback, and convergence analysis,
respectively.

3.1. Distributed observer of targets’ center

Let #(t) € R%9.(t) € R%i € F, be the estimators of fol-
lower i for 7, v, in (2) and (3), respectively, one has that

Fi() = k| ) a0 ~ ()
j=1
Y e )|+ 94,
k=n+1n (4)
O = —ak | " ay,((6) ~ ()
j=1
£ ) a@® - )|,
k=n+1

where k € RY,a € RT are observer gains of follower i.

Lemma 3.1. Under Assumption 1, the observer f(t),
v (t),i € F, governed by (4) asymptotically converges to the
center state of target set T, i.e.

lim () —=7() =0, lim L) = v,
with 7 and v, given in (2) and (3), respectively.

Proof. First, we define the observed position error ¥; € R?
and velocity error 7 € R? to be

=7 —r,
L L (5)

Sl i
b=, — v,
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Taking the derivative of (5) and substituting (4) into it yields

Fi(6) = =k | ) ay G (6) = 7(0)
j=1
+ a; (7 + 7(8) = 1 () | + 7L,
< ) (6)
PO = —ak | ) 4 — (1)
j=1
+ ) i+ O —n@)|.
k=n+1
Let # = [£,7,...%]T € R, = [BDT, @), ...,

@HT" € R r = [r],1],..,1]" € R®™ According to
Lemma 2.3, one has

#(t) = —k[L; @ ,(F — L{'L, @ I,7)
+L, ® L] + 7,
= —k(L, ® L) + 7,
Da(t) = —ak(L, ® L(F— L{'L, @ I,7)
+L, ® Lr)
= —ak(L, ® I,).
Leto := [FT,7,] € R*", it follows from (7) that 6 = Ao with
kL, @I, 1,1,

A= c ]R4n><4n_
—akL; ® I, 0

(7)

Recalling L; > 0 below Assumption 2.2, one has that 4 is
a Hurwitz matrix, which implies that there exists a positive
definite matrix P > 0 such that ATP + PA = —el,, with
€ € R*.

Consider a Lyapunov function candidate V(o) =
O'TPO'/ 2, whose derivative is

V(o) =cT(ATP + PA)g = —€||d||> <0,

which implies that o converges to zero as t — oo, ie.
lim,_,, o(t) = 0. Equivalently, the observers 7;(t), ¥, (t),i €
F, finally converge to the center of the target set 7. O

Remark 3.2. The observersf;(t), ﬁé(t), i € F,onlyleverage
position information of target set L, which implies that fewer
sensors are necessarily equipped.

Remark 3.3. The communications among followers are
not necessarily connected and undirected [15-18]. Further-
more, when there are two or more well-informed follow-
ers, the communication topology among followers can be

disconnected because these followers have access to all the
targets, which thereby can substantially reduce the commu-
nication burden among the followers.

3.2. Fencing controller design

To proceed with, let 8;(v;) € R to be the radial basis func-
tions (RBFs) and w; € R the optimal parameters with the
integer c € Z™ (see e.g. [30]), one has that the nonlinear term
fi(v;) in Eq (2) is parameterized on a compact set Q(v;),

fiv) = wiTei(Ui) t €

(8)

sup ||l < ey llogll < wy, LETF,

vi€Q(vy)
with the bias term ¢;, and the boundary €,, > 0 and w;, > 0.
Let &; € R be an estimated parameter vector, and the esti-
mation of f(v;) is described to be

fiw) = @] 6;(v), 9)

where 8;(v;) is abbreviated to be 6, for simplicity. To further
investigate the feasibility of the fencing controller, the follow-
ing assumption is necessarily made.

Assumption 3.4. The upper boundaries ¢€,,w, for
ll€:1l, llw;]l, i € F are available to each follower i,i € F.

Then, we define the fencing position error e;; € R? to
be

e () i=x, (&) —-K@®)—mn, IEF, (10)

where 7(t), n; are given in (4) and Definition 2.4, respec-
tively. Substituting (2) and (5) into (10) yields

éil = Ui - Ud - ?:l" (11)

To stabilize e;4, a virtual signal af € R? and filter-passed

signal af € R? for follower i are defined to be
0(:1 = _kileil + ﬁtli’
p 4 (12)
ciaf +ai :=af, a;(0)=ai(0),

where k;; € R* is the control gain and ¢; € R™ is the time
constant. Combining (11) and (12) together yields

éil = _kileil + eiz + (a’f - a:i) - 1’5:[' + ﬁcll’ (13)
withe;, := v;—a; € R? being the velocity error and ﬁé given
in (5). It follows from (2), (12), (13) that

. d 2 ~i
€1 = —kjie; e, + (aic —al)—7;+ v, n
éiZ =ul+0);r9,_+el+dl_af

To eliminate the effects of the error between filtered sig-
nals (af - alfi) in (14), the compensated signals z;; € R?,
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z;, € R?, i € F,are introduced [31]

. d
Zy = —ki1ziy + 25 + (@] — '),
(15)
Zip = —KizZip — 21
Letw;, := e;; — z;; € R%, @, := e;, — z;, € R? be the

compensated errors, it follows from (14) and (15) that
P < ~d
Wy = —kpwy + @ — T+ T
(16)
Zi)'l-z = kizziz +Zi1 +ul+a);r91+61+dl—alc
However, since the velocity v; and the acceleration v; of fol-
lower i are not always available induced by the unknown f;
and external disturbance d;, an additional estimator %;(t) €
R?,9;(t) € R? using a serial-parallel structure [32] is
designed for x;(t), v;(t),
X =—cuX+ 0,
. . 17)
Dy = =% + @; 6;,(8) +u,
where ¢;3,¢;; € RY, & = [2],9],¢]7, and %; := 2, — x; € R?
is the estimated position error, @, is the estimated parameter
vector given in (9).
Let #; := D; — v; € R? be the estimated velocity error, it
follows from (2) and (17) that
X = —cu X + 7
. o (18)
Uy = —CpX + @, 0;($) +§— e —dy,

with {; = wiTHi(fi) - wiTHi(vi) satisfying the following

assumption. Let Z; = [J?l.T, ﬁiT]T € R* one has that (18)
becomes

Z,=AZ,+B@6,E)+—e—d), i€F, (19)
with

—c; 0 1.0
Ai: 0 _Cil 0 1 ER‘LX‘]"
—c; 0 00
[ 0 —¢;; 0 0
0 0
B=|" %ler®
10

0 1

Define &;, := ¥, — a; € R? to be the modified fencing veloc-

ity error, it follows from (14) and (18) that the derivatives of

€1, €;, rewrites

éip = —kyey + 8, + (o — aid) -+ 0, — 7,
(20)

)

_ - ~To(f -
i2 = —Cip%; + @; 0;(§) +u; — af,

with ﬁé, 7, aic, alfi given (5) and (12), respectively. Compar-
ing with the compensated signals in (15), one has that

the derivatives of the modified compensated errors in (16)
become

Wy = —ky @y + B — T+ T, — T, 21)
2 ~ ~T s .
@iy = kipzip + 21 — % + @, 0,(S) +w; — &,
with @;, := &;, — z;,. To this end, an adaptive fencing con-
troller with output feedback is proposed as follows:
~ ~T & .
u; = —k;p8, — e — W, 0,(§) +aj,
(22)

@; =[] 0,(&) — ki),

where the control gain y; € R is a positive constant.

3.3. Convergence analysis

In this section, we will present a detailed convergence analy-
sis of the closed-loop system governed by the controller (22).
To proceed with, a necessary assumption concerning the
upper boundaries of {;, 91-(51-) is required.

Assumption 3.5. There exist upper bounds {,;, > 0,
0y > 0, such that for any follower i,i € F, |[{;|| < {u»

16; €Dl < -

Assumption 3.5 is necessary and reasonable, which will
be utilized in the proof of Lemma 3.6 later.

Lemma 3.6. For the closed-loop system governed by the
error dynamic (19), the compensated error (21), the adaptive
controller (22) under Assumptions 2.2, 3.4, 3.5 with the input
signals €;,1;, W;, w;, d;, X;, and B; are input-to-state (ISS) stable
[33] provided that the parameters satisfy

ki1_§>0'

Ci ki3 — 62
> kiy—-2—-1>0, 2 _M

: T > 0.
1 T T
Q;+ E(PiAi +A R+ (BB - C)(RB - C)

+3PBB™P.+ X)) <0,

where P, € R**? > 0,Q; € R**? > 0,i € F, are positive
definite matrixes and

C=1 7(-=Ci20
ol” 0 1

Proof. Since the optimal parameters w; € R in (8) are
constants, it follows from (22) that

> 0. (23)

@; = vi[—%] 0,8 — ki3 @;)- (24)
Substituting (22) into (21) yields

Wy = —ky@y + @ — T+ 7,7,
(25)

Wiy = =k @ — @y — CpX + 1 + 1.
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Define a symmetrical matrix P, > 0 € R* and pick a Lya-
punov function candidate V(t) = V;(t) + 1, (t) + V5(t) with

n n
1 1 ~T. —1~
WO =3 ) ZRZ, K®O=3) &y
i=1 i=1
. (26)
Va3 (t) = %Z w + @; wz}
i=1

with Z;, @;, w;1, @;, given in (19), (24), and (21), respectively.
Combmlng (19), (21), and (25) yields the derivative of V;(¢t),
i = 1,2,3 fulfilling

n
V() = Z{ 22T (4, + ATR)Z, + ZT PB&] 6,()
i=1
+ZTPBG — ZTPBTe; - ZL.TPL-BTdL-)},
n
. ~T T k i3 ~T~ k13 T
Vz(t)SZ zico) - Lal o+ Lol o,
i=1
n
- 3
i < ) = (ke - 3 ) oflon
i=1

- % - 1) &l @, + ziTaq-zi
+ %(r*]r*i + (@) THL + 171, + ﬁiTﬁi)}.
Utilizing the inequalities,
Z! (BB — )] 6;(§)

- z[(PB—-C)(PB—-C)'2Z; 6% _
< > + > w; W,
€ —d;)

Z PB((; —

G G+ele+d]d)
2 )

< %(le PBB'PZ) +

with assistance of Assumption 3.5, one has

n
V() < Z {%ZLT(PiAi +A] P+ (BB -C)

i=1

X (PB—C)" +3PBB"P. + K,)Z;

3 ¢
- <ki1 - E) @, |1* — <ki2 + %2 - 1)

kiz — 62\
X NIiz* = (lTM)uwinZ}%

with & = Y7 {IGI1°/2 + llll/2 + 1dill* /2 + ks lleoil|* /2 +
LI /2 + 1117 /2 + 1174117 /2 + 1154]1% /2). Define

3
by :=kiy =5 >0,
C.
biZ ::ki2_£_1>0’
2
ks — 02
bi3:=(132 M)>0’

one has that
Qi+ 5 (PA;+ ATP + (BB = C)(RB — C)
+3PBBTP. + X)) <0,

with Q; > 0 € R* a positive definite matrix, and define
E; = [ZT a)T w;, z’ﬁl-g]T € R® and b;,, = min{Ayin(Q)),
b;1, by, bl3} w1th Amin (@;) being the smallest eigenvalue of

the matrix Q;, one has

n
. biM biM 411
V(t)sZ{ 2R - ( I - 24
i=1
Cled® Nl ksl L)
2 2 2 2
| [T R |
B} .

From the fact that

IGIE el liddl +\/ki3”wi”

R N o N
||l|| ||u Il 4 II7; || (A
" Vo o oun

2 Gy

’

. NGalI2+ €112+ l12+ K llwg 112+ 2+ T 112+ 17|12+ 75112
with ¢; =
L bim
one has that

blM

Vi) <— ) —|E|*<o.

i=1
Accordingly, there exists a XL function S,(-) and Yo(),
Y, PHE), PO, YEC), YR, YTy satistying
IEOI < Bo(Esto), t — to) + Sl + y<illle;l)
+y %D + il + v

+YEAIID + Y RID + ¥4l 3l (28)
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with y4i(s) = s/\/bug, vEi(s) = 5/\/birr, Yi(5) = 5/\/bi,
v@is) = sykiz/\ b ¥(S) = s/ bim, vli(s) = s/\[bim
Y i(s) = s/y/byy, and ya(s) = s/ /by o
Theorem 3.7. For the closed-loop system governed by (2)

and (22), under Assumptions 2.2, 3.4, and 3.5, Problem 1 is
solved.

Proof. Since S,(-) approaches to zero when t — oo, it fol-
lows from (28) in Lemma 3.6 that the limits of ||E;(t)]| are
bounded by

IEOI < SIS +veidlielD +v*didN)
+y@illagl) + vEAILD +y Az
+Y D + v ez,
as t — oo, Combining with {; < {3, in Assumption 3.5 yields

u 4 (VYziz + 1€4) 4 Vkizwy

IE:OIl < V
NN i
Vorab; ' AP
+ 2B i) + Y ),

Vbium
as t — oo. Finally, one has that
4y + (VYziz + 1€4) + Vkizwy
Vbin Vbim Vbim
n VYzizb; n Iy

1Bl <

with lim,_,, [; < I, and lim,_,,, &; = 0 when t — oo,
Accordingly, the compensated signal errors @;,, @;,, the
estimation error Z; and the parameter error &; are ultimately
bounded. From the boundness of the compensated signal z;;
and z;, [31], one has that the fencing errors e;4, e;,,i € F, are
bounded as well. The proof is thus completed. O

Remark 3.8. While the position-only design is more com-
plex compared to the simple state feedback design, it offers
the advantage of lower sensor costs, such as for velocity and
acceleration sensors. As a result, this type of algorithm has
greater potential for application in large-scale systems.

Remark 3.9. (i) To satisfy the input constraints of follower
i, an optimal signal u;’ via neurodynamic optimization is
given u, < u? < i;, with u, ; € R satisfying u,;,, = u, ; =
Unax Then, we define a cost function,

A A;
min J;(u]) = {f(u? —u)? + S - u{’)z}

s.t. h(uf) <0, i=12,..,1n (29)

where 1;;,4;, € R* are the optimal weights and h(u;’) =
{—u? +u, < 0;u —&; < 0}. (ii) To improve the calculation
efficiency, a one-layer recurrent neural network (RNN) with
finite-time convergence [34] is utilized, namely,

o

¢ :t = —[V)i(u}) + VAU ki py (h @],

where € € R" is the time constant and ¢ € R*. V/;(u]") and
Vh(u)) represent the gradient of /;(u;) and h(u), respec-
tively. k4 51 (s) is a limit function as

b, s> b,
kigp)(s) =4s, a<s<b, (30)
a, s<a,

where a € R, b € R satisfy b > a are the specified values.

Remark 3.10. The NN optimization utilizes only informa-
tion of follower i,i € F, which implies that the fencing con-
troller in (22) is executed in a distributed manner.

4. Numerical Simulation

In this section, we consider a target-follower MAS consisting
of 7 followers and 3 targets. The topology of the MAS is illus-
trated in Fig. 1 under Assumption 2.2, where the connection
among the follower set F is disconnected.

For the target set 7, the initial positions of targets are
set to be 73(0) = [0,25]"m, 75(0) = [5,15]"m, r;,(0) =
[-10,0]"m with a common velocity vy = [0.7,0.7]"m/s
in (2), which thus can maintain a convex hull Co (7). To get
the center of motional target set T with G (v, ), the parame-
ters k, a for the observer 7:(t), ﬁé(t), i € Fin (4) are setto be
k=1a=0.5.

For the follower group F, it follows from Assump-
tions 3.4 and 3.5 that the nonlinear terms are designed
to be

f1(§1) = —0.5sin(v?) + 2.45 cos(v?) + 0.1 sin(vy)vy,
f>(&3) = —0.5sin(v?) + 1.75 cos(vZ) + 0.1sin(v,),,
f3(&5) = sin(v2) + 1.75 cos(v2) + 0.2 sin(v3)vs,
f2(€,) = 0.6sin(v?) + 1.75 cos(v2) + 0.4 sin(v,) vy,

fs(&5) = —sin(vZ) + 2.8 cos(vZ) + 0.6 sin(v5) v,

O: Followers
O: Targets

.

Fig. 1. Communication topology of the target-follower group system.
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Fig. 2. The evolutions of the fencing position errors e;;,i € F in (10) and
the modified fencing velocity errors &;,,i € F, in (20), respectively.

[—fi(v1) = A1) — folva) = Fol@n) — folvs) — FolBa)
|— fuvs) = Fa@s) — fo(vs) — Fo(@5) — fs(we) — Fo(Bs) — fo(vr) — Fal@r)
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Fig. 3. The evolutions of the estimated errors of the nonlinear term
f:(vy) — f:(¥;) with output feedback controller (22).

fo(&6) = —sin(v?) + 2.75 cos(v?) + 0.8 sin(vg) v,
f7(&;) = 0.6sin(v?) — 3.15 cos(v2) + 0.3 sin(v,)v,.

For the proposed output feedback controller (22), the
parameters are set to be k;; = 4,k;, = 2,k;3 = 0.02,y; =
1,¢;4 = 2,¢, = 1,i € F according to Lemma 3.6. For
the RBF and NNs design, the number of NN nodes is N; =
101,i € F for all f;(v;), and the output 6;(v;) of the RBF node
is chosen to be exp(—||v; — ¢;||?/2b}), where the parameters
¢;,I = 1—7 are essentially designed to be evenly spaced in
the region of [5; 5]; [5;5]; [15; 15]; [5; 5]; [10; 10]; [10; 10];
[25; 25], respectively, and b, 0.38,b, = 0.38,b; =
0.3,b, = 045, b; = 0.25, b, = 0.75, b, = 0.72. More-
over, due to all the positions of the targets being available to

200 \///\

—Follower-1
150 —Follower-2
Follower-3
—Follower-4
—Follower-5
Follower-6
—Follower-7
- - Target-1
- - Target-2
Target-3

100 ) 30 40 50
xadis@m©  .qo00 10 20 Time (sec)

Fig. 4. Trajectories of seven robots using the proposed fencing controller

(22) from initial positions to the final equal-fencing formation for the mov-

ing target group. Here, the black rectangles represent the follower group

with solid trajectories; the red circles represent the target group with

dashed trajectories.
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Fig. 5. The evolution of the estimated position error 7}, € F, and the veloc-
ity errors 17:1, € F, for the distributed estimator of the target’s center in (4).

the well-informed followers, the fencing radius is chosen as
p = 30 m in Definition 2.4.

Precisely, as shown in Fig. 4, seven followers (black rect-
angles) from different initial positions achieve a regular poly-
gon formation for the three targets of the constant velocity
(red circles). In what follows, we illustrate the detailed evo-
lution of states in the equal-fencing formation. Precisely, it is
observed in Fig. 5 that the evolutions of estimated position
errors ¥, i € F, and position errors 7t i € F,in Eq. (6),
respectively, drop in less than 16 s, ie. lim, 4,7 (t) =
0,1im;_, 4 ﬁ;(t) = 0, which vividly verifies the feasibility of
Lemma 3.1. As shown in Fig. 6, one has that the estimated
position and velocity errors ;, ¥;, i € F, in (18) for the posi-
tions and velocities x;, v; of the follower i,i € F, converge to
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Fig. 6. The evolutions of the estimated position and velocity errors
X;, D, i € F,in (18) for the positions and velocities x;, v; of the follower
LIEF.

zeros, i.e. lim,_,, X;(t) = 0,lim;_,, ¥;(t) = 0, which demon-
strates the effectiveness of the output feedback design. More-
over, it is observed in Fig. 2 that the fencing position errors
e;1,i € F and modified velocity errors é;,,i € F, settle to
zeros 19 s,i.e.lim,_, ;4 €;1(t) = 0,lim;_ 94 &;,(t) = 0, which
verifies that the fencing formation is achieved. Additionally,
the difference of nonlinear term estimation f;(v;) — f;(;) are
depicted in Fig. 3, which settles to zero in less than 28 s, i.e.
lim,_,,g, fi (v;(2)) —fi(ﬁi(t)) = (. Therefore, the convergence
of the equal fencing with output feedback controller (22) is
guaranteed, which has more inspiring potential in real appli-
cations. However, it may pose more constraints on the non-
linear term f;(v;) to achieve the fencing objectives.

5. Conclusion

In this paper, we have proposed distributed fencing control
protocols for constrained networked second-order nonlin-
ear MASs with output feedback. With such a fencing control
protocol, the follower group encircles multiple motional tar-
gets with evenly distributed phases around the circle. Uti-
lizing the output feedback laws, the fencing protocol has
achieved equal fencing via only position information. The
conditions are derived to guarantee the stability of the pro-
posed control protocol as well. Numerical simulations are
conducted to show the effectiveness of the proposed meth-
ods. Such a fencing control method has the potential for
hunting, patrolling resources, aquatic resource explorations,
rescue, supplies delivery, and escort of abundant industrial
multi-unmanned system swarms. Future work will explore
multi-robot fencing control for multiple moving targets with
unknown and limited velocities, time-varying communica-
tion topologies, and even in environments with obstacles.
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