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Dear editor,

Recently, singular linear systems have attracted
the attention of many researchers. Singular lin-
ear systems are known to be more general than
ordinary linear systems. The output regulation
problem was considered for singular heterogeneous
multi-agent systems [1]. Consider a simple singu-
lar linear system given by Eiz = Az. If all pa-
rameters s; locate in the negative half-plane of the
complex numbers, i.e., the determinant of sE — A
is zero, then the system is asymptotically stable.
Moreover, there may exist an impulse response in
the system that can disrupt the stability so the
pairs (E, A) should be chosen carefully to ensure
that the system is regular and impulse-free.

Cooperative control has been used in practi-
cal applications, such as vehicle formations and
switching networks. The consensus problem aims
to make all states or outputs converge to a sin-
gle trajectory. The information, which is limited
and unreliable, had been considered for consen-
sus problem based on topological variations in [2],
and a directed graph contains a spanning tree such
that the information is asymptotically convergent.
In [3], both time-invariant and changing topologies
were considered for multi-agent systems to solve
the consensus problem.

The problem of containment control for multi-
agent systems has been studied extensively [4-6].
In [4], the containment problem was solved with
an approach based on state containment. The
containment control problem has also been solved
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by a distributed output feedback approach in [5]
based on the directed communication topology. To
solve the containment control problem, Ref. [6]
presented an adaptive distributed compensator.
Unlike the traditional leader-following problem in
multi-agent systems with only one leader, contain-
ment control focuses on the cooperation among
several leaders and a group of followers. The main
goal is to design a distributed control law that
drives the outputs or states of followers to con-
verge to the convex hull spanned by the leaders.
Containment control has important value in prac-
tice applications. For example, a group of small
unmanned air vehicles could perform a search and
rescue mission. To avoid any kind of damage
caused by the impact from the barriers, some of
the vehicles are responsible for exploring the ter-
rain and forming a safe area, while the others exe-
cute the search and rescue mission within the safe
area.

In this study, the problem of containment con-
trol is considered for singular continuous-time
multi-agent systems affected by external distur-
bances. A distributed compensator is presented
to estimate the information of the convex hull
spanned by the leaders. A distributed internal
model compensator is used to address the uncer-
tainties in the system. Finally, a state feedback
control law is proposed to solve the problem of
containment control for singular multi-agent sys-
tems using both compensators.

Let R and C denote the sets of real and complex
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numbers, respectively. The distance from x to y is
represented as dist(x,y). The Kronecker product
is denoted by ®. I and 0 denote the identity ma-
trix and zero matrix, respectively. A(A) denotes
the eigenvalues of A. (E, A) is stable if o(E, A) =
{A|det A\E—A)} cC—,C~={A|Re(\) <0}.
(E, A) is said to be standard if there exists a con-
stant 0 € C, such that det(0E — A) # 0.

Graph G=(V,&,A) is an information-
communication diagraph with a set of nodes
V ={vy,v9,...,un}, a set of edges € CV xV,
and a weighted adjacency matrix A = [a;;] €
RN*N _If there exists an edge from v; to vj, then
a;j > 0; else a;; = 0. N; = {vj|(vj,v;) € E,i # j}
denotes the set of neighbors. £ =D — A denotes
the Laplacian matrix and D = diag{zyzl aij,

N N
Zj:l a2j’ Tt Z]:l aNJ}
Assumption 1. The graph G includes a directed
spanning tree with at least one leader.

N singular multi-agent systems are considered
with the following forms:

Eii; (t) = Ajz; (t) + Biu; + Y Pyw,
B lEM (1)
yi:CiIi(t), iZl,Q,...,N,

where xz; € R™ and u; € R" are the state and
the input of the i-th follower, respectively, and the
measured output y; € RP. Ej; is a singular matrix.
M={N+1,N+2,....,N+ M}. The matrices
A;, B;, P, C; have uncertain entries and are given
as follows:

i = Ai + AA;,
1 = Py + APy,

B;
Ci =C; + AC,.

o

w; € R? are exogenous states. M agents are as-
sumed to be the leaders with the following dynam-

1CS:
w = Suwy,
{ (2)

yr = Fruwy,

where S € R9*9 | € M and y,; € RP represent
the reference outputs.

Assumption 2. The pair (F;, A;) is standard,
the pair (E;, 4;, B;) is strongly stabilizable, and
(E;, A;, C;) is strongly detectable.

Assumption 3. S has no eigenvalues with neg-
ative real parts.

Assumption 4 ([7]). For all A € o(S), where
o(S) is the spectrum of S,

Rank = .
an < . 0 ) n-+mp
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For any set of conditions z;(0) and w;(0), the
output generated by each follower will converge to
the convex hull formed by the leaders’ reference
outputs, i.e.,

tlggodlst(yi, co(yr1)) = 0. (3)

This conclusion holds the following error vec-
tors:

€ = Z aij(yi — yj) + Zail(yi ~ Yri);

JEN; leM
i=1,2,...,N. (4)

To estimate the information about the convex
hull spanned by the leaders, the distributed com-
pensator is given as follows [8]:

ni = Sn;
+p Z aij (i —mj) + Zau (i —wi) |,
JEN; leM
i=1,2,...,N, (5)

where 7; € RY, and p < 0 is a sufficiently small
constant.

Lemma 1 ([6]). Let 7, = n; — Z{i}l\il Cawi,
Cii € R be the i-th row element of K™ H;1n, H; =
(1/M)L + Ao, Agy = diag{ay;,az,...,an;}, and
H= Zfi}ﬂf_l H;. If p < 0, 7; tends to zero as the
time ¢ tends to infinity.

Lemma 2 ([9]). Under Assumption 3, if there

exists a p-copy internal model of S in the pair
(Gl, Gg), let

A ,
Q[i = ) 0 ) %z = B’L )
G-2C; Gy 0

and then (&;,2;,B;) is stabilizable, where (€;,2;)
is standard and €; is a singular matrix considered
to be designed later.

According to Ref. [9], there exist

G1 = block diag (1,72, . -
G2 = block diag (01, da, . . .

,Yp) and
7517) )

such that the pair (G1, G2) incorporates the p-copy
internal model of matrix S. v; and §; are constant
matrices with the appropriate dimensions for all
t=1,...,p.

The state feedback controller designed to solve
the containment control problem for singular
multi-agent systems is as follows:

(6)

{ & = Gui&i + G (yi — Frmi), (7)

u; = Kz + Koi&, i=1,..., N,
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where & € RPS» Ky; and Ky; are the gain matri-
ces, and

A; BiKo; ~L;
Gli = % ) G2i - ’
0 G1 G2
Let
T
r = (Z’f’zgﬂ"'?x%) Y
T
n= "m0y
T
£= (6.6, &) -

The closed-loop systems resulting from (1), (2),
(5), and (7) can be written as the following com-
pact form:

Ei = (A+ BK;)z + BK2{ + Zpl@l,
leEM

E=(UN®G)Cr+ (INn®Gy)E
—(In ® G2F)n,
n=(UN®S+pHI,))n

*NZ (Hi® 1q) @, (8)
lemM
where E, A, B,C and P, are the block diagonal
matrices with the matrices E;, A;, B;, C; and P
as their diagonal elements, respectively.
Let . = (xT,gT)T, and v; = (wlT,nT)T, and
then Eq. (8) can be rewritten as

E.x. = Acxc + ZBcth (9)
leM
where
A = A+ BK,; BK,
‘ IN®Gy IN®Gy )’
P,
By =|"' 01 :
0 _IN ® MGQFT
B = E 0
0 Inps,

Theorem 1. There exists an invertible matrix
T such that A, and E, can be transformed into
block diagonal matrices, and the blocks of both
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the block diagonal matrices can be expressed as
A = A + B,K; and €; = block diag{E;, I}, re-
spectively. By Lemma 2, there exists a gain ma-
trix KC; = (K14, Ka;) such that (&;, A.;) is stable.
Thus, the pairs (E,, A.) can be proved to be stable
without considering the external disturbance.

Theorem 2. Based on Assumptions 1-4, the
containment control problem can be solved by a
control law (7) for singular multi-agent systems
(1) and (2).

Acknowledgements This work was partially supported
by National Natural Science Foundation of China (Grant
No. 61703051), and Ph.D. Start-up Fund of Liaoning
Province (Grant No. 20170520124).

Supporting information Appendix A. The support-

ing information is available online at info.scichina.com and
link.springer.com. The supporting materials are published
as submitted, without typesetting or editing. The respon-
sibility for scientific accuracy and content remains entirely
with the authors.

References

1 MaQ, Xu S, Lewis F L, et al. Cooperative output reg-
ulation of singular heterogeneous multiagent systems.
IEEE Trans Cybern, 2016, 46: 1471-1475

2 Ren W, Beard R W. Consensus seeking in multia-
gent systems under dynamically changing interaction
topologies. IEEE Trans Automat Contr, 2005, 50:
655-661

3 Olfati-Saber R, Murray R M. Consensus problems in
networks of agents with switching topology and time-
delays. IEEE Trans Automat Contr, 2004, 49: 1520—
1533

4 Haghshenas H, Badamchizadeh M A, Baradarannia
M. Containment control of heterogeneous linear multi-
agent systems. Automatica, 2015, 54: 210-216

5 Wen G, Zhao Y, Duan Z, et al. Containment of higher-
order multi-leader multi-agent systems: a dynamic
output approach. IEEE Trans Automat Contr, 2016,
61: 1135-1140

6 Liang H, Zhou Y, Ma H, et al. Adaptive distributed
observer approach for cooperative containment control
of nonidentical networks. IEEE Trans Syst Man Cy-
bern Syst, 2019, 49: 299-307

7 Dai L. Singular control systems. In: Lecture Notes
in Control and Information Sciences. New York:
Springer, 1989

8 SuY F, Huang J. Cooperative output regulation of lin-
ear multi-agent systems. IEEE Trans Automat Contr,
2012, 57: 1062-1066

9 Huang J. Nonlinear Output Regulation: Theory and
Applications. Philadelphia: STAM, 2004


info.scichina.com
link.springer.com
https://doi.org/10.1109/TCYB.2015.2436971
https://doi.org/10.1109/TAC.2005.846556
https://doi.org/10.1109/TAC.2004.834113
https://doi.org/10.1016/j.automatica.2015.02.002
https://doi.org/10.1109/TAC.2015.2465071
https://doi.org/10.1109/TSMC.2018.2791513
https://doi.org/10.1109/TAC.2011.2169618

