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1 | INTRODUCTION

The cooperative control of multi-agent systems has been extensively studied due to its wide applications in the coordina-
tion of multiple aerial vehicles,' the formation control of multiple wheeled robots,* and the object transport of multiple
robotic systems.””® These practical applications have given rise to various cooperative control problems of multi-agent
systems, such as flocking,'®!! consensus,'*!? rendezvous,'# !¢ formation control,}”** containment control,?>?! and sur-
rounding control.?? Specifically, a distributed control law was designed in Reference 16 to solve the rendezvous problem
of multiple single integrators while considering connectivity preservation and time delays. Furthermore, References 14
and 15 investigated the connectivity-preserving rendezvous problem using a distributed observer for the leader system.
In Reference 23, an event-triggered distributed observer was proposed to achieve leader-following attitude consensus for
a group of rigid-body systems over jointly connected switching networks. More recently, the cooperative target-fencing
problem of multi-agent systems, also known as the target-surrounding problem in some literature,?*?> has received much
attention in the scientific community. The goal of the cooperative target-fencing problem is to design a control law for a
group of vehicles such that they can asymptotically fence a given target into the convex hull formed by the vehicles.?®
Under the assumption that the target is stationary, a cooperative control law was proposed in Reference 26 to fence the
target into the convex hull formed by multiple single-integrator systems. A two-level distributed control law was devel-
oped in Reference 27 such that a group of unmanned surface vessels can asymptotically fence a stationary target vessel.
Some efforts have been made to fence a moving target with a constant velocity. Specifically, two control laws were estab-
lished in Reference 28 to fence a moving target with an unknown constant velocity by multiple single-integrator systems
in a rotation motion and a rigid formation, respectively. Without the availability of velocity measurements, Reference 29
investigated the fencing problem of a target with a constant velocity by a group of vehicles with second-order dynamics.
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The target-fencing problem was studied in Reference 25 to fence the target with a predefined distance and an equational
angle, where a distributed bearing-only control law was developed for multiple unmanned surface vessels to fence the tar-
get with a constant velocity. The result of Reference 25 was further extended to handle a target with uniformly continuous
bounded time-varying trajectories in Reference 30. For this reason, the existing results on the cooperative target-fencing
problems are still quite limited in terms of the trajectories of the target and the dynamics of the vehicles.

Besides, most of the existing approaches in the literature for cooperative target fencing are not fully distributed.
In fact, the results in References 26 and 30 relied on the assumption that all vehicles have access to the trajectory
of the target for all time. This requirement is demanding in real-world scenarios due to the limited sensing range of
the vehicles. To address this issue, so-called decentralized estimators were proposed in References 28 and 29 to gen-
erate the estimates of the trajectory of the target for the vehicles. Under the assumptions that the communication
network of the vehicles is connected for all time and there is at least one vehicle that has access to the trajectory of the
target, it was shown in References 28 and 29 that these estimates converge to the true trajectory of the target. How-
ever, the approaches in References 28 and 29 themselves did not guarantee the connectivity of the state-dependent
communication network of the vehicles. Thus, it is desirable to design a distributed control law that can preserve the con-
nectivity of the state-dependent communication network while requiring only a portion of vehicles to know the trajectory
of the target.

In this article, we further study the cooperative target-fencing problem of multiple double-integrator systems with
connectivity preservation and collision avoidance. The main contributions of this article are summarized as follows:

1. We establish a distributed control law for multiple double-integrator systems to asymptotically fence a moving target
over a state-dependent communication network without using the velocity measurements of the vehicles.

2. Our approach achieves both the connectivity preservation of the communication network and the collision avoidance
among the vehicles.

3. Our approach can handle a larger class of target’s trajectories compared with the existing results on the cooperative
target-fencing problem.

4. Our control law is distributed in the sense that only a portion of the vehicles need to know the trajectory of the target.

Compared with the existing results on the cooperative target-fencing problem in the literature, our result has the
following distinct features. (i) Unlike the results obtained in References 26,30,31 that assumed all vehicles know the
trajectory of the target, our control law is fully distributed in the sense that it only requires at least one of the vehicles
know the trajectory of the target. (ii) Although, the decentralized estimators in References 28 and 29 can handle the
case where only a portion of vehicles know the position of the target, the approaches of References 28 and 29 cannot
guarantee the connectivity of the communication network. By contrast, our approach can guarantee the connectivity
of the communication graph. (iii) Compared with the approaches in References 26,28-31, our approach can handle a
larger class of trajectories of the target which contains arbitrary polynomials and sinusoidal functions as special cases. (iv)
While none of the existing results considered external disturbances, our approach can handle a large class of disturbances
generated by a general linear exosystem. (v) While the results in References 26,28-31 were restricted to two-dimensions
systems, our result applies to n-dimensional systems.

In addition, the cooperative target-fencing problem studied in this article is different from the consensus problem
studied in Reference 15 and the formation tracking problem studied in Reference 19 in the following aspects. First, the
control objective is different. The objective of the cooperative target-fencing problem is to fence the target into the convex
hull formed by the positions of vehicles. In contrast, the objective of the leader-following consensus problem investigated
in Reference 15 is to drive a group of followers to achieve both position and velocity consensus with the leader asymp-
totically. Second, unlike the formation tracking problem considered in Reference 19 that required predefined offsets for
defining the desired formation configuration with respect to the leader, we do not need to specify predefined offsets in
the cooperative target-fencing problem. Third, we further consider inter-vehicle collision avoidance, while References 15
and 19 did not consider collision avoidance.

The rest of this article is organized as follows. In Section 2, we will summarize some preliminaries and formulate our
problem. In Section 3, we will present our main result. An example is provided in Section 4 to illustrate our approach.
The article is closed in Section 5 with some concluding remarks.

Notation: ® denotes the Kronecker product of matrices. ||x|| denotes the Euclidean norm of a vector x. For col-
umn vectors a;,i=1, ... ,s,col(ay, ... ,ay) = [aI aST]T. For a real symmetric matrix A, Apin(A) and Anax(A) denote its
minimum and maximum eigenvalues, respectively.
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2 | PRELIMINARIES AND PROBLEM FORMULATION

Consider a group of N vehicles whose dynamics are described by the following double-integrator systems:

qi=u1+di, i=1,...,N, (1)

where, for the ith vehicle,i =1, ... ,N, g; € R" is the position; u; € R" is the input; and d; € R" is external disturbance.
The external disturbance is assumed to be generated by the following linear exosystem:

@; = Sjw;, di=Diw;, i=1, ... ,N, (2)

where, fori=1, ... N, w; € R%, and S; € R%* and D; € R™ are constant matrices. It can be assumed without loss of
generality that the pair (D;, S;) is detectable.?

Remark 1. Since (2) is a general linear system, the external disturbance d;(t) generated by (2) can model a
large class of disturbance signals, including arbitrary polynomials of time ¢, arbitrary sinusoidal functions of
time ¢, arbitrary exponential functions of time ¢, and their finite combinations.

The dynamics of the target is described as follows:

4o = So190 + S029,> 3)

where gy € R" is the position of the target, and Sy, Sp, € R™" are constant matrices.

Remark 2. The trajectory generated by (3) can be arbitrary polynomial and sinusoidal functions of time t.
Hence, the target (3) contains the stationary target in Reference 26, the target with constant velocity in Ref-
erences 29 and 29, and the target with time-varying velocity in Reference 31 as special cases. Therefore, our
approach can accommodate a larger class of target’s trajectories.

To describe our problem, we introduce the following design parameters:

1. r € Ris the maximum sensing range of each vehicle.
2. € € (0,r) is to introduce the effect of hysteresis.
3. r € Ris the minimum distance between two vehicles for inter-vehicle collision avoidance.

The system composed of (1) and (3) can be viewed as a multi-agent system of N + 1 agents with (3) as the target and
N subsystems of (1) as the N vehicles. Given the multi-agent system composed of (1) and (3), we can define a digraph
E(t) = (9, E(t)), where ¥ = {0,1, ... ,N} is the node set with node 0 associated with the target and node i,i=1, ... ,N,
associated with the ith vehicle of (1), and £(f) C V X V is the edge set. Let G(¢) = (V, £(1)) be a subgraph of G(t), where
Y={1,..,N}andE@#) CVx V.Fori =1, ... ,N,let N;(f) denote the neighbor set of the ith vehicle at time ¢. The neigh-
bor set of node i with respect to V is defined as N;(t) = Ny(t) (] V. Let A(t) = [aij(t)]g.=0 € RWV+DX(N+D) pe the adjacency

matrix ofa(t). Fori=1,...,N,j=0,1, ... ,N,and i # j, we let a;(t) = 1 whenever (j,i) € E(t) and a;;(t) = 0 otherwise.
Given any r > 0 and ¢ € (0, r), for any ¢t > 0, the edge set £(¢) of the state-dependent communication graph G(¢) is
defined as follows:

£0) = {(L.)I]|q:(0) — ;)| < (r—e).i.j=1, ... ,N};

If || qi(t) — gj(t)|| = r, then (i, ) & E(1);

Fori,j=1, ... ,N,if (i,j) ¢ £t) and ||qi(t) — g;(t)|| < (r — €), then (i, ) € E(t);
Fori,j=1, ... ,N,if(i,j) € £t7) and ||qi(t) — g;(t)|| < r, then (i,j) € E(t).

i

For any ¢ > 0, the edge set E(t) of E(t) satisfies the following:

1. £() C &) _
2. Fori=1,...,N,(0,i) e f (¢t) if and only the ith vehicle can access the trajectory of the target;
3. Fori=1,...,N,(i,0) & E®1).
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It is noted that the state-dependent graph G(t) is undirected. Since the target (3) does not have an input, there is no
edge from a vehicle to the target for all ¢ > 0. That is, for all ¢ > 0, the edge set £(t) does not contain edges of the form
(1,0),i =1, ... ,N.The edge set £(t) of G(¢) is obtained from the edge set E(t) of a(t) by removing all edges between node 0
andnodei,i=1, ... ,N.

As in Reference 26, for any ¢ > 0, the convex hull formed by the N vehicles is defined by

N N
co(q(t) = {Z,aiqi(t)ui >0,i€V, and ) 4= 1}, (4)

i=1 i=1
where g = col(qy, ... ,qn). For any ¢t > 0, the distance from the point gy (t) € R" to the convex hull co(q(t)) is
Payo(@(®) = min_ligo(® sl 5)

Thus, go(t) € co(q(?)) if and only if Py ;(q(£)) = 0.
We consider a control law of the following abstract form:

u; = li(Qi,q;,é'i,Cj,j € ﬁi(f)),

_ (6)
Ci =gl(ql’ q]a Ci? Z,:]’] € Nl(t)>5 l= 17 LR ’Na

where ¢, = col(qo, q,), and, for i = 1, ... , N, Li(-) and g;(-) are some sufficiently smooth functions, {; € R®*+si+2% jg the
estimate of col(q;, §;, wi, qo, go)-

Remark 3. Since the ith vehicle only makes use of the position information of its neighbors and itself for
feedback, the control law (6) is called a distributed position feedback control law.

We describe the cooperative target-fencing problem with connectivity preservation as follows.

Problem 1. Consider the multi-agent system composed of (1), (2), and (3). Given any r > 0, ¢ € (0,r), and
r € (0,r — ¢€), design a distributed control law of the form (6) such that, for any initial conditions go(0), ¢,(0),
i(0), qi(0), §;(0), £;(0), i = 1, ... , N, that make G(0) connected, the solution of the closed-loop system satisfies
the following properties:

. G(t) is connected for all ¢t > 0.

. |lai —qj|| > rforalli#j,i,j=1, ... ,N,and ¢t > 0.
climyL e (q;(8) — go(H)) =0,i=1, ... ,N.

. lim,_,oo qu(t)(q(t)) =0.

AW N

Remark 4. Unlike References 28 and 29 that assumed G(¢) is connected for all t > 0, Problem 1 is more chal-
lenging since we only assume G(0) is connected and we need to preserve the connectivity of G(¢) for all t > 0
in addition to achieving target fencing.

We need the following assumption to guarantee the solvability of the problem.

Assumption 1. For all t > 0, the trajectory xy(¢) of the target can be accessed by at least one vehicle.

3 | MAIN RESULT

As in Reference 15, we employ the output regulation theory to deal with external disturbances. For this purpose, let us
rewrite the system (1) as follows:

X; = AX; + Bu; + E;w;, (73)
yi = Cx;, (7b)
e = X; — Xp, i=1,...,N, (7C)
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where x; = col(g;, p;)) with p; = q;, yi € R", and e; € R®" being the state, the measurement output, and the regulated
output of the ith vehicle, respectively; xo = col(qo, po) With po = gy; A = [8 (1)] ®I, B= [(1)] ®I,, E = [Ogisf], and
C=[1 0] QI.
Also, we rewrite system (3) as follows:
Xo = SoXo, (8)

where S, = [Oé‘(;" 5{5‘2].

A E
S

Remark 5. LetA; = [O S
s;x2n

] and é‘i = [C Onxsi] . Without loss of generality, we can assume that the pair

(Ci, A;) is detectable since the pair (C, A) is observable.3? Therefore, there exists a gain matrix L; = col(Lj, Liy)
with Ly € R2™" and L;, € R%" such that A; + L;C; is Hurwitz. Furthermore, there exists a symmetric and

.. . .= - AT= = 4 .
positive definite matrix P; such that (4; + L;C;) P; + P; (A; + LiCi) = —Dopss,-
Let

U = [501 Soz —Di]. )

Perform on system (7) the following coordinate transformations:

X = gi = X — Xo, (10a)
b;
ﬁi=ui—Uivi, i=1, ,N, (10b)
where v; = col(xy, @;), i =1, ... ,N. Then, system (7) is transformed into the following double-integrator system without
external disturbance:
q,=p, D=, i=1,..,N. (11)

Define potential function w(s) : [0,7) — [i,oo) for connectivity preservation and the potential function
p(s) : (r,r) = (0, o) for collision avoidance in following forms:

1
yiE)=—, 0<s<r, (12)

2(r2 - 82)

(s)—; r<s<r
= e T a3)

The function y(s) is nonnegative over [0, r), and its derivative is

dy(s) _ S 14)
ds (,,2 _2 ) 2
which is positive for all s € (0, r). The function p(s) is nonnegative over (r, r), and its derivative is
dp(s) __ 2s 15)
ds ( §2— 2 ) 3

which is negative and bounded over (r, r).
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Motivated by Reference 15, we propose the following distributed feedback control law:

up=—(qi —ni)—«a z aij(t)vail//(“@ - qf”)

JEN; (D
_ (16a)
- Y aVae([a-g||) - X a®(e— &) + Uicoltn,
JEN; (D JEN ()
& = A& + Bu; + Ew; + La(C& — ) (16b)
W; = Si; + Lip(CE — y1) (16¢)
7, = Soni + ¥ Z ai®O)(nj—m), i=1, ... ,N, (16d)
JEN (D

where, fori =1, ... ,N, #; = col(n1;, o) wWith n;; € R" and #,; € R™, W; € R%, & = col(&y;, &) with £; € R™ and &; € R
no = Xp and &g = po; a is an arbitrary positive real number; y is a positive real number to be specified; and L; is as defined
in Remark 5. It can be verified that (16) is in the form of (6) with & = col(é;, @i, 7;),i =1, ... ,N.

In the distributed position feedback control law (16), Equation (16a) is the control input of the ith vehicle; Equations
(16b) and (16c) are linear observers for the states of the vehicle and the external disturbance, respectively; and
Equation (16d) is the distributed observer for the target.

Let Ei =& —-x,0=0;—w;,i=1, ... ,N,andn; =5, — X0,i = 0,1, ... ,N. Then, the closed-loop system composed of
(11) and (16) is

q; =D; (17a)
E =—(q ) —« 2 aij(t)Vaiw<Hqi _QJH>
JEN; (D
- Z awovanlfa-a])-om - T a0 -5 .

- Z a;(0) (EZi - EZj) + (e [+ [ So1So0z |7;

JEN LD
lfl] = (A +Liéi) lé] (17¢)

wj
mi=Soi+r Y, ay®(f—7). i=1, ... .N. a7
JEN (1)
Remark 6. To preserve the connectivity of the communication network and avoid inter-vehicle collisions, the

distributed control law (16) makes use of the gradients of the potential functions (12) and (13). Hence, the
closed-loop system (17) turns out to be a nonlinear time-varying system.

We define some matrices associated with the graph G(t). For t > 0, let the Laplacian matrix of the graph G(t) be

@) —ap@® - —an()
£ = _a2'1([) az.(t) e —az.N(f) , a1s)
—an1(t) —an(t) -+ an(®)
where, fori=1, ... ,N, a;(t) = Zjlilz#iaij(t). Let H(t) = L(t) + A(t) where A(t) = diag(ao(t), -.. ,ano(t)). Let
HHy®I, -2
Py(t) = % 9211 s (19)
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where A(f) = [ONann HOH®I, D] with D = block diag(Dy, ... ,Dy), 1 = 2Nn +s; + - - - + sy, and 6 is a positive real
number such that

AT(t At
0 > Amax< ( )(H‘l(t) ®In)¥>, Vi > 0. (20)
Let
Pyt) Z
Pty = |70 : (1)
ZT Y@
1
where z = |73V ®0[SOI +1In SOZ]] and YO) =yHOQ Ly —In® %(So +S;) with y being a positive real number
IX2Nn
such that
I (Iv @ 2224+ ZTP 107
> , Vit >0. 22
g Amin(FL(D)) (22)

Since H(t) is uniquely determined by G(f) and there are only a finite number of connected graphs with N + 1 nodes,
such 0 satisfying (20) and y satisfying (22) always exist.
The solvability of Problem 1 is summarized in the following theorem.

Theorem 1. Under Assumption 1, Problem 1 is solvable by the distributed feedback control law (16) with y being
a positive real number satisfying (22) forall t > 0.

Proof. The proof consists of the following five parts.
Part I: In this part, we determine the parameters for the control law (16).

Let 7 = col(7y, ... .7y), g = col(qy, ... ,qy), P = col(py, ... ,ﬁN),E=col<El, EN> Hi = col(Ei,5i>,

i=1, . ,N,and//l:COl(Ml, e ,ﬂN). Letﬁ=COl<Eu, vee ’ElN’EZl’ ee ’EZN’Wl’ vee ,WN) =TMWith

In Onxn 0n><sl o On><n Onxn Onst
Onxn Onxn Onxs1 o I, Onxn Onst
Onxn In 0n><s1 e 0n><n Onxn Onst

T=| : : s : : s P (23)
Onxn Onxn 0n><s1 e 0n><n In Onst
0s1><n Oslxn Is1 e Oslxn Oslxn Os1 XSy
_Osan Osan OsNxs1 e Osan Osan IsN ]

Note that (T~1)"T~! = I,. Therefore, T~! is orthogonal.

Given r > 0, € € (0,7), the control law (16) is determined by the design parameter y. Similar to the proof
of Lemma 3.1 of Reference 15, it can be shown that, if 9 satisfies (20) and y satisfies (22) for all ¢t > 0, then P(¢t)
is positive definite for all possible connected G(f) with N + 1 nodes and all ¢ > 0. Fix such 6 and y.

Part II: Next, we show that under Assumption 1, the graph C(t) is connected for all ¢ > 0.

For this purpose, we introduce the following energy function:

V(q,p, u.n,1t)
= 1% « Y, asov([a-g))+ X aoe(|a-g|)+aa+5b 24)
2i:1 JEN:(®) JEN ()

—T— -
+nin+ 29MiTPiMi>,

85U8017 SUOWILIOD 8A1I81D) 3|edldde aus Aq peusenob 8 e ssppiie YO ‘8sn Jo Sajni oy ArIqi8UljUO /8|1 UO (SUOTPUOD-pLE-SLLIB)ALI0D A8 1M Afe1q1BUIUO//SANY) SUOIIPUOD pue swie | 83 88S *[202/20/80] U0 Akeiqiauliuo 4311 ‘Buox BuoH Jo AisieAiun assuiyd ay L Aq T8EL 2ul/200T OT/I0pALI0o" A8 M Afeiq1jeuljuo//Sdny woly papeolumod ‘ZT ‘¥20z ‘6€2T660T



8170 Wl LEY PAN and CHEN

where P;,i =1, ... ,N, are as defined in Remark 5.
The time derivative of (24) along the trajectories of the closed-loop system (17) is

v=13le ¥ w(fa-a])+ 3 o(ja-a|)

=1\ jeN(®) JEN; ()

=T— =T ) D .
+29; q;+2p; pi + 29(% Pipi + p Pilh)

N N N
= —ZET Z ay(1)(p; — b;) — HZMiTﬂi + ZET[SM +1I Soz |7; (25)
=T i=1 i=1
N N L ~
- ZﬁiTDiWi - ZET Z aij(t)<§2i - 52;) + aio(DE;
=1 =1 \jeN®

N
+ ZELT Son; +v Z a0 (- ) |
=1 JEN ()

Using the notation of Kronecker product, (25) can be rewritten in the following compact form:

V=-p HO®LP+D (In® [Sor +1n Soz |)7

S()+Sg _
> - YH() ® Ly |1

—p A -0 (T T u+7" <1N ®

5] HO ® I M iy syt Se | [p
=—|u % o1, 01x2nn m (26)
a _%IN ® [501 +1 Soz]T 02N Y ® Ly n
T
p p
= 7| Po|7|
[ 7] n

In what follows, we first show that under the control law (16), the graph G(¢) is connected for all t > 0. Let
V(t) = V(q(1), p(t), u(t), n(t), t). By the continuity of the solution of the closed-loop system (17), there exists a
0 < t; < co such that G(t) = G(t;) for all t € [0, ;).

If t; = o0, then G(t) = G(0) for all ¢t > 0, which shows that G(t) is connected for all ¢ > 0 since G(0) is.
Therefore, P(t) = P(0) is positive definite for all ¢t > 0 with the y and # we choose. Then,

V(t) < V(0), Vt > 0. (27)

Ift; < o0, then G(f) = G(0) does not hold for all ¢ > 0. In this case, without loss of generality, we can assume
that t; is such that

28
G(t) # G(0). =

It is noted that, for a connected G(0), the y and 6 we choose guarantees that P(¢) = P(0) is positive definite for
all t € [0, t;). Then, from (26), there exists a positive real number W; with W; < oo such that

V() V() Wy, Ve [0,1). (29)
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We claim that G(t;) D G(0). Otherwise, there exists some edge (i, j) such that (i, j) € £(0) and (i, j) ¢ £(t1). Then,
lim, - ||qi(t) — g;(t)|| = r, which implies that lim,.,- V(t) = co. From (29), we have V(t) < W, forall ¢ € [0, 1),
which leads to a contradiction. Thus, we have G(t;) D G(0), which implies that G(t;) is also connected.

If there exists a t, > t; such that

G(t) = G(t), t € [t1, 1),

30
G(ty) # G(t), (30)

then we claim that G(t,) D G(t).

We have already shown that G(t;) is connected. Moreover, P(¢) is positive definite for all t € [, t;) with the
y and @ we choose.

A direct calculation gives

1
)= —— <. 31
w(r—e) == <o (31)

Since a t; satisfying (28) exists and G(f;) D G(0), there exists at least one edge (i,j) such that (i,j) € £(t;) and
(i,j) ¢ £(0). Without loss of generality, we assume that there exists = edges (i1, 1), ... » (iz,j.) such that (i, jx) €
E(t) and (i, jx) & £0) fork € {1, ... ,7}, where 7 is a positive integer. By (29) and (31), there exists a positive
real number W, with W, < oo such that

V() V(L) SV(0) +ary(r—e) < W, Vi €[4, ). (32)

Again, we show that G(t,) D G(t;) by contradiction. To this end, suppose G(t;) 7 G(t1), that is, there exists
some edge (i, /) such that (i, j) € £(t) and (i, j) & £(t,). Then, we have lim,_- ||qi(t) — g;(t)|| = r, which implies
that lim,_,. V() = co. From (32), V(t) < Wy for all t € [t;, t;), which leads to a contradiction. Thus, the graph
G(¢) will not lose edges at time f,, that is, G(£;) D G(;).

It is noted that G(f) can only have a finite number of edges. Thus, by repeating the above arguments, we
can conclude that there exists a finite integer k > 0 such that

g(t) = g(tl) D g(ti—1)9 te [ti’ ti+1)’ i= 17 7k - 1’ (33)
G(t) = G(tk) D Gltr—1), t € [t, ).

Hence, the graph G(t) remains connected for all ¢ > 0 under the control law (16). Under Assumption 1, we
further conclude that the graph G(t) is connected for all ¢ > 0.

Part III: Next, we show that ||qi(t) — q;(t)|| > r,i#j,i,j=1, ... ,N,forallt > 0.

We have shown that V(¢) < 0 for all t > . Then, from (33),

V() S V(te), Yt = . (34)
Note that k is a finite integer, thus,

V() < max V&), Vt > 0. (35)
i=1,...,

We claim that ||qi(t) — q;(t)|| > r, i #j, i,j=1, ... ,N, for all t > 0. We prove it by contradiction. Sup-
pose there exists a t. € (0, o) such that ||qi(t.) — gj(t.)|| = r for some i and j, i,j =1, ... ,N, i # j. Then, we
have lim, p(|1qi(t) — g;(®)I]) = co. Since ||qi(tc) — qj(t)|| < r — €, we can see that (i, j) € £(t.) according to the
definition of the graph. Thus, limt_,t; V(t) = oo, which contradicts (35). Hence, such a t, does not exist, and
lai®) — q;®| > r.i#j,i.j=1, ... ,N,forallt > 0.

Part I'V: In what follows, we show that lim;_, . (g;(¢) — q,(t)) =0fori=1, ... ,N.
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Recall that V(¢) > 0 and it is nonincreasing for all ¢ > #;. Thus, lim,_ V() exists, and, fori =1, ... ,N,
Di(0), ni(8), q;(t), (), and gq;(¢) — aj(t) with j € Nj(t) are all bounded. Thus, from (17), we can further con-
clude that E(t), 4;(t), and 7,(t), i =1, ... , N, are bounded. Then, for all ¢ > f, V/(t) is bounded and V() is
uniformly continuous. Thus, by Barbalat’s lemma, we have lim,_,, V() = 0 which together with (26) imply
that lim.c, p;() = lim;—.c (¢;(6) = go(t)) =0,i=1, ... ,N.

Part V: Finally, we show that lim;_,o, Py 1(g(#)) = 0.

To this end, for ¢t > 0, define the center of the N vehicles as

N
1
qe(t) = ﬁl;qia) (36)
and the velocity of the center as
1 N
Pelt) = 4.(t) = ﬁ;pi(t)' (37)
Furthermore, let
1 al 1 al
q.(1) = qc() — qo(t) = N;qi(t) = N;(qi(t) = qo(1)), (38)
N
_ - 1 _
D) =q(t) = N;pim. (39)

Then, we show that lim;,, g .(f) =0,i =1, N '
Fori=1, ... ,N, by a direct calculation, p,(¢) is bounded over [t;, o). Thus, p(¢) is uniformly continuous
for all t > f. Since lim;_, , p;(t) = 0, by Barbalat’s lemma,
lim p,()
_ G0~ (0 2(40 - g,
=_qz'(t)_“2 i J " (l j )

JEN () (,,2 _ Héi(t) _ aj(t)H2>2 JeNi® (”@(t) - @(t)”Z _ L’z)

3 (40)

Thus, noting (38), we have

lim p,(t)

1 xo-
- it T
N N a0 -7
= lim —<]%]2(Qi(t)_QO(t))> —011%]2 2 2O 212 (41)
= i=1jeN; (o <r2 - |[a:o - g0 )
& 2(3(0) - 3;(0)
+ ]TT . 2 3
=1jEN,® <||§i(t) - aj(t)” - zz)
=0.

Since G(t) is undirected, for i,j =1, ... ,N and i #j,j € Ni(t) & i € Nj(t) forall t > 0. Thus, for all t > 0,
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N _ _
(D) — q;(1)
4q; gq; =0 42)
4 X _ _ 2
Sevo (1 - g -go| )
and
il 2(g(t) = g;(
( ’2 ) - =0. (43)
o (g -go| - )
Then we further conclude that
lim p(f) = lim — ( N;(Qi(t) - qo(t))> =0. (44)
Therefore,
1 N
lim(qe(t) - go(t)) = img,(0) = lim ;@-a) ~ qo(0) =0. (45)
From (4), q.(t) € co(q(t)) for all £ > 0. Hence, lim;_.o, Py ((q(t)) = 0. The proof is thus complete. [

Remark 7. Unlike the control laws of References 26,30,31 that assumed all vehicles can make use of the tra-
jectory of the target, our control law only requires at least one vehicle to know the trajectory of the target. This
is possible because we employ the distributed observer (16d) to generate the estimated leader’s trajectory for
each vehicle. For this reason, our approach is less demanding than the approaches in References 26,30,31 in
terms of communication requirements.

| EXAMPLE

Consider a group of four double-integrator systems of the form (1) with n = 3 as follows:

q; = Ui +d;, i=1,2,3,4.
Fori=1,2,3,4, the external disturbance d; € R3 is assumed to be generated by

w; = Siw;, d; = Djw;

with

01 0 1 0 1
S = , S=1, S3= , Sy= ,
00 -1 0 1 0
10 0.2 1 O 1 0
Di=|01|, D;=|01]| Ds=|-1 1|, Ds=|0 0}
11 -0.1 1 1 1 1

By solving (47), the external disturbances can be explicitly expressed as follows:

1-2t ée’ —cos(t) — 2 sin(t) et
d®=| -2 | d.(»= %e’ , d3(t) =| =3cos(t) —sin(t) |, da() =|—e7t|
-2t—1 —%e‘ cos(t) — 3sin(t) 0

(46)

(47)

(48)

(49)
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For this reason, the disturbances considered in this example contain linear functions, sinusoidal functions, and exponen-
tial functions of time ¢.
Consider a target as follows:

do = So190 + S0290, (50)
where
-1 -0.09 -0.2 -0.13 -0.1 0.1
Su=[01 -008 03| Sep=| 02 -012 03| (51)
0.3 0.1 -0.5 0 -0.2 -0.2

Let r=13 be the maximum sensing range and e =4.5. For inter-vehicle collision avoidance, let r=1
be the minimum distance between any two vehicles. By Theorem 1, we can design a distributed position
feedback control law of the form (16) with « =200, y =28561, and L;, i=1,2,3,4, such that the spec-
trum of A, +L,C; is {-9,-7,—6,—4,—8,—6,—8,-2}; the spectrum of A, +L,C, is {-1,-7,—5,—9,—8,—-3,—6};
the spectrum of As;+L;C; is {-2,-8,—6,-8,-9,—6,—5,—4}; and the spectrum of A,+L,Cs is
(-8,-6,-5,-9,-7,—1, -3, -2}.

In the simulation, we let the initial conditions be

Xo(0) = c0l(0, 5,2,3,-5,1),
x1(0) = col(-1,-1,-1,2,1, 2),
x(0) = col(-2,-7,5,3,3,-2),
x3(0) = col(3,-7.5,0,-1,2,1),
x4(0) = col(5,4,-3,-1,3,-2),
w1(0) = col(1, -2),

@2(0) =1,

w3(0) = col(2,-1),

w4(0) = col(1, -1),

and the components of #;(0), &(0), @;(0), i =1,2,3,4, are randomly generated within [-10, 10]. It is assumed that
the 1st vehicle can access the trajectory of the target for all ¢ > 0, that is, (0,1) € E(t) and a;p(t) =1 for all t > 0.
Then, it can be verified that a connected graph G(0) is formed under the above initial conditions with edge set £(0) =
{(0,1),(1,3),(3,1),(1,4),(4,1),(2,3),(3,2)}. For t > 0, the state-dependent graph G(t)is updated according to the positions
of the vehicles and the target at time .

Under the above conditions, the simulation results for the closed-loop system composed of the plant (46) and
the control law (16) are shown in Figures 1-9. Figures 1 and 2 show the trajectories of the control inputs of the
vehicles. Figure 3 shows that the center of the four vehicles asymptotically converges to the position of the tar-
get. Figure 4 shows that the velocities of the vehicles asymptotically converge to the velocity of the target. Figure 5
shows the distances between any two vehicles. It can be seen from Figure 5 that the distances between any two
initially connected vehicles remain smaller than the maximum sensing range r = 13, which implies that the connec-
tivity of the state-dependent graph G(¢) is preserved. Furthermore, the minimum distance between any two distinct
vehicles is 1.0438, which is greater than r = 1. Hence, inter-vehicle collisions are avoided. Figures 6-8 show the esti-
mation errors of the states of the vehicles, the trajectory of the target, and the external disturbances, respectively. It
can be seen that the estimation errors all converge to zero as desired. Figure 9 shows the time profiles of the posi-
tions of the target and the vehicles. Desired performance is observed as the target is captured by the convex hull
of the vehicles.
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FIGURE 3

FIGURE 4 Velocity tracking errors of the vehicles.

FIGURE 5 Distances between any two vehicles.
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5 | CONCLUSION

In this article, we have studied the cooperative target-fencing problem of multiple double-integrator systems over a
state-dependent communication network. By employing a distributed observer for the target, we have synthesized a
distributed position feedback control law to solve the cooperative target-fencing problem. In particular, our approach
does not require all vehicles to know the trajectory of the target and is capable of preserving the connectivity of the
communication network while avoiding inter-vehicle collisions.
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