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Abstract: Consensus problems for high-order continuous-time
swarm systems in directed networks with time delays, uncertainties
and external disturbances are investigated. Firstly, the state space of
a swarm system is decomposed into a consensus subspace (CS) and a
complement consensus space (CCS). A necessary and sufficient con-
dition for the system with time delays and uncertainties to achieve
consensus is presented based on the state projection on CCS, and an
explicit expression of the consensus function is shown on the basis
of the state projection on CS. Then, a sufficient condition for the
system to achieve consensus with a desired £, performance is given.
Finally, numerical simulations are shown to demonstrate theoretical
results.
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1. Introduction

Recently, research on swarm systems has received significant attention due to
numerous potential applications in different fields such as formation control,
flocking, attitude alignment of clusters of satellites, and congestion control of
distributed sensor networks (Xiao et al., 2009; Olfati-Saber, 2006; Lawton and
Beard, 2002; Yu et al., 2009; Ren, 2010), etc.

For swarm systems to accomplish complicated tasks, a group of agents may
need to interact with each other and asymptotically achieve an agreement over
some variables of interest. This problem is usually called a consensus problem.
Vicsek et al. (1995) proposed a simple but interesting discrete-time model, and
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by numerical simulations, it was shown that the system can achieve consensus
on heading via a local updated rule. A theoretical explanation of the consen-
sus behavior of the Vicsek’s model was presented in Jadbabaie et al. (2003).
Consensus problems for first-order continuous-time swarm systems were stud-
ied in Olfati-Saber and Murray (2004). Ren (2004) relaxed the conditions for
consensus in Jadbabaie et al. (2003) and Olfati-Saber and Murray (2004), and
pointed out that the communication topology having a spanning tree is critical
for a swarm system to achieve consensus. In recent years, the study of consen-
sus problems has developed fast, and many research topics were addressed. For
example, consensus over random networks was discussed in Porfiri et al. (2008),
formation controllability of swarm systems based on consensus techniques was
addressed in Cai and Zhong (2010), consensus problems for swarm systems with
time delays and/or uncertainties were dealt with in Sun et al. (2008), Xi et al.
(2013), Lin et al. (2008) in terms of linear matrix inequalities (LMIs), consensus
problems for second—order swarm systems were studied in Zhu et al. (2009) and
Zhu (2011), and high—order consensus problems were considered in Ren et al.
(2007), Wang et al. (2008), Xiao and Wang (2007), Cai and Zhong (2011), Xi
et al. (2011, 2010), Liu and Jia (2009). It is worth mentioning that consensus-
type techniques have been successfully used in flocking (Olfati-Saber, 2006) and
formation control (Xiao et al., 2009; Ren, 2010; cai and Zhong, 2010), only to
name just a few.

It is well-known that time delays, uncertainties and external disturbances
may degrade the performance of control systems. In a swarm system, infor-
mation delays and external disturbances appear naturally in the process of in-
formation transmission among agents. Uncertainties originate from variations
of the strength of communication, which mean that the topology of a swarm
system may be time-varying. Consensus problems for first-order swarm systems
with time delays and/or uncertainties were studied in Sun et al. (2018), Xi et al.
(2013)Lin et al. (2008) based on LMIs techniques, while many swarm systems
in the real world are of high order. Swarm systems with constant time delays
were dealt with in Zhu et al. (2009) and Zhu (2011), where it was assumed
that the dynamics of each agent is described by a second-order integrator. A
high-order swarm system with the dynamics of each agent described by a spe-
cial controllability canonical form was studied in Ren et al. (2007). Wang et al.
(2008) considered consensus problems for high-order swarm systems with less
structural limitations, where it was assumed that communication topologies are
undirected. A general high-order swarm system was studied in Xiao and Wang
(2007), and a necessary and sufficient condition for consensus was given under
the assumption that the consensus function, which is the agreement state of
each agent, is time-invariant. We considered consensus problems of high-order
swarm systems with time-varying consensus functions in Cai and Zhong (2011),
Xi et al. (2011, 2010). Liu and Jia (2009) studied high-order swarm systems
with external disturbances based on H,, theory and LMIs techniques.

For a given swarm system, two important consensus problems should be
considered: (i) What are the conditions for consensus? (ii) How to determine the
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consensus function which may be time-varying? To the best of our knowledge,
for a general high-order swarm system with time-varying delays, uncertainties
and external disturbances, there is no general method provided in the literature
to deal with the above two consensus problems.

In the current paper, consensus problems for high-order swarm systems with
time delays, uncertainties and external disturbances are dealt with. These sys-
tems consist of N agents of order d. Two subspaces, the consensus subspace
(CS) and the complement consensus subspace (CCS), are introduced, the direct
sum of which is the N x d-dimensional complex Euclidean space CN?. First, a
swarm system with time delays and uncertainties is considered. The state of the
system is projected onto CS and CCS, and two subsystems associated with the
state projection on CS and CCS, respectively, can be obtained by a linear trans-
formation. It is shown that the asymptotic stability of the subsystem associated
with the state projection on CCS is a necessary and sufficient condition for the
system to achieve consensus, and the subsystem associated with the state pro-
jection on CS determines the consensus function. Furthermore, the structures
of the consensus function are investigated according to different impacts of time
delays and uncertainties. Based on the aforementioned necessary and sufficient
condition, a sufficient condition in terms of LMIs is presented for the system to
achieve consensus with a desired Lo performance.

Compared with the existing studies on consensus problems of high-order
swarm systems, the current paper has the following three novel features. Firstly,
in the current paper, the dynamics of each agent in a swarm system is a gen-
eral high-order linear model, and the communication topology is an arbitrary
directed graph. Moreover, the consensus function can be time-varying. In Zhu
et al. (2009, 2011), Ren et al. (2007), Wang et al. (2008), some limitations on
either the dynamics of each agent or the structure of communication topology
are imposed. In Xiao and Wang (2007), swarm systems with fewer limitations
were considered, but the respective method cannot be used to deal with swarm
systems with time-varying consensus functions. Secondly, the current paper
presents an explicit expression of the consensus function. Determining the con-
sensus function is one of basic problems for high-order swarm systems, however,
to the best of our knowledge, there was not a general method to determine
consensus functions in the literature. Thirdly, in the current paper, the influ-
ence of time delays, uncertainties and external disturbances is dealt with. In
our previous works (Cai and Zhong, 2011; Xi et al., 2011, 2010), these factors
were not considered. Zhu et al. (2009) studied second-order swarm systems
with constant delays by frequency domain methods, but their methods are no
longer valid when time delays are time-varying. Liu and Jia (2009) dealt with
high-order swarm systems with Lo external disturbances, while they assumed
that the consensus function is the average of states of all agents.

This paper is organized as follows. In Section 2, some basic definitions and
results in graph theory are presented, two subspaces are introduced, and the
problem description is given. In Section 3, the main results about consensus
problems are presented. Numerical simulations are shown in Section 4. Finally,
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concluding remarks are stated in Section 5.

In the current paper, for simplicity of notation, 0 is applied to denote zero
matrices of any size with zero vectors and zero number as special cases and also
to denote subspaces consisting of zero matrices. In symmetric block matrices,
an asterisk (*) is used to represent a term which is induced by symmetry.

2. Preliminaries and problem description

In this section, first some basic concepts and results in graph theory are briefly
summarized which are related to our later analysis. Then as the foundation
of our method, two subspaces of CNV? are introduced and their properties are
analyzed. Finally, the problem description is presented.

2.1. Basic concepts and results in graph theory

A directed graph G consists of a node set V(G) = {v1,ve, -, vn}, an edge set
E(G) C {(vi,vj) : vi,v; € V(G)} and a weighted adjacency matrix W = [w;;] €
RV*N with w;; > 0. If (v;,v;) is an edge of G, v; and v; are defined as the
parent and child nodes respectively. If w;; > 0, then (v;,v;) € £(G). Moreover,
it is assumed that w; = 0 for all i € {1,2,---, N}. The set of neighbors of v; is
denoted by N; = {v; € V(G) : (vj,v;) € E(G)}. The in-degree of v; is defined
as deg;, (Vi) = D jcp, wij- Let D be the degree matriz of G, which is defined
as a diagonal matrix with the in-degree of each node along its diagonal. The
Laplacian matriz of G is defined as L = D — W. A directed graph having a
spanning tree means that there exists at least one node having a directed path
to all the other nodes. More details on graph theory can be found in Godsil
and Royal (2001) and Merris (1998). The following lemmas show some basic
properties of the Laplacian matrix L.

LEMMA 1 Ren (2004), Godsil and Royal (2001) Let L be the Laplacian matriz
of a communication graph G and 1 = [1,1,--- 1]T € RN, then

(i) L at least has a zero eigenvalue, and 1 is the associated eigenvector, that
15, L1 = 0;

(i) If G has a spanning tree, then 0 is a simple eigenvalue of L, and all the
other N — 1 eigenvalues have positive real-parts.

LEMMA 2 Xi et al. (2010) If G does not have a spanning tree, then L at least
has two zero eigenvalues with the geometric multiplicity being not less than 2.

2.2. State space decomposition

Let U = [1,0} € CV*N be nonsingular, ¢; € R? (j = 1,2,---,d) be linearly
independent, I; be a d x d identity matrix and e; € RY (i = 1,2,---, N) with
a 1 as its ith component and 0 elsewhere. The following two subspaces of CN¢
are introduced.
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DEFINITION 1 Letp; = (U®Ig)(e1®c¢;) = 1®¢; (1 =1,2,---,d) andp; = (U®
I)(e;®ck) (j=(GE—1)d+k;i=2,---,N;k=1,2,---,d). A consensus subspace
(CS) is defined as the subspace C(U) spanned by p1,p2, - -, pa and a complement
consensus subspace (CCS) as the subspace C(U) spanned by pay1,pate, > PNd-

Since p; (j = 1,2,---,Nd) are linearly independent, the following lemma
can be easily obtained.

LEMMA 3 C(U) @ C(U) = CN4,

2.3. Problem description

Consider a swarm system with N agents which interact with each other via
local information exchanges. A directed graph G can be used to describe the
communication topology of the swarm system. For ¢,5 € {1,2,--- N}, the
node v; in G represents agent ¢, the edge (v;,v;) € £(G) corresponds to the
information channel from agent 7 to agent j, and w;; denotes the transmitting
strength of the channel (v;,v;).

Assume that all the agents share a common state space R?, and let x;(t) € R?
denote the state of agent ¢ (i € {1,2,---, N}) which needs to be coordinated,
then the dynamics of agent ¢ can be described by

where A € R¥>4 B ¢ R™>™ B_ ¢ R¥™2 4,(t) is the consensus protocol,
and w;(t) € Lqe (Vidjasagar, 1993) is the external disturbance.

DEFINITION 2 For a swarm system with N agents, the system is said to achieve
consensus if for any given bounded initial condition, there exists a vector-valued
function c(t) € R? dependent of the initial condition such that limy_, . (x;(t) —
e(t))=0(i=1,2,---,N), where c(t) is called a consensus function.

In that follows, consider a consensus protocol of the form:

wi(t) = K Y (wij + Awi () (2 (¢ — 735 (1)) — @i (t — 755(1))), (2)

v EN;

where i € {1,2,---, N}, K € R™*4 7,.(t) is a time-varying delay from agent
Jj to agent ¢, and Aw;;(t) is the time-varying uncertainty of the transmitting
strength w;; of (vj,v;). Suppose that there exist r different time delays in G.
Let 74(t) € {mi;(t) : 4,5 € {1,2,---,N}} (k=1,2,---,7). It is assumed that the
time-varying delays satisfy:
(A1): 0 < 7%(t) < Tx < 00, |T1(t)] < di < 1for t > 0, where 7, and dy (k =
1,2,---,7) are known positive constants.
The uncertainty Aw;;(t) satisfies the following assumption

<ay; 1 F# j and wi; # 0,
(A2): |Aw;;(t)| = { 0 ’ ofhjerwise, 7
where a;; is a known positive constant for ¢,j € {1,2,---, N} and Aw;;(t) (4,5 €
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{1,2,-,N}) is a piecewise continuous function of time ¢.
From the definition of the Laplacian matrix, one sees that the uncertainty matrix
AL of L satisfies AL1 = 0.

Now define matrices Ly = [lx;;] € RV XY as follows:

—Wij, J # 1:77'1'3‘(') = 7(-),
lij =< 0, N J#i,75() # (),
- Zm:l,m;ﬁi lkim, Jj=1i,

where k = 1,2,---,r. One sees that L = Y, | Ly, Lyl = 0, and AL;1 =
0(k=1,2,---,7).

Let z(t) = [«7(t), 23 (t),- -, 2% (®)]" and w(t) = [@T(t), &L (), -, &% ()]
Under the above consensus protocol, the state of a swarm system with N agents
evolves according to the following system

3)

i(t):(1N®A)I(t)*kZi:1((LkJrALk)@BK)r(t*ﬁc(t))+(1N®Bw)W(t)1 t€[0,00),
z(t) = o(t), te[-7,0],

where 7 = max{7, 72, -+, 7} and ¢(t) is a continuous vector-valued function
on [—7,0].

The following two consensus problems are investigated: (i) The consensus
analysis problems are addressed; that is, for a given K, under what conditions
system (3) achieves consensus; (ii) How to determine the consensus function of
system (3).

3. Main results

In this section, first a necessary and sufficient condition is presented for system
(3) with w(¢) = 0 to achieve consensus, and a method to determine the con-
sensus function is shown. Then a sufficient condition is given for system (3) to
achieve consensus with a desired Lo performance.

3.1. Consensus and consensus functions

In this subsection, by a state projection on CS and CCS, conditions for sys-
tem (3) to achieve consensus are presented, and an explicit expression of the
consensus function is given. We dealt with swarm systems with time delays, un-
certainties and external disturbances in Xi et al. (2013), where it was assumed
that the dynamics of each agent is a first-order integrator. In Xi et al (2010), we
proposed a method of initial state decomposition to study consensus problems
for high-order linear time-invariant swarm systems, but this method cannot be
applied to deal with swarm systems with time delays and uncertainties.

. 1H
Let U=' = |vf,UH| | where H represents the Hermitian adjoint. Since
(Lk + ALg)1 =0, one has

0 v(Ly + ALyg)

z :|(Lk+ALk)[17(7]: 7 UU ) (4)

U

—1 o
U™ Ly + AL U = [ 0 U(Ly + ALy)
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where k = 1,2,---, 7. Let #(t) = (U~' @ Ip)x(t) = [#7 (1), # (¢),---, 32 (1)]".
By (4), system (3) can be transformed into

:%(t)Z(IN®A):§c(t)—Z({8 ;&iiﬁ% ] @BK)j(t_m(t))

k=1
A EONC
H ~H

Let y(t) = [# (1), ,:CN(t)]H, then system (5) can be rewritten as follows

T

i1 (t) = A (t) = Y (v(Li + ALK)U @ BK)y(t — 7i:(t)) + (v ® Bw)w(t), (6)
k=1
y(t) = (In—1 @ A)y(t) — y (U(Ly + ALK)U ® BK)y(t — 7i(t))
k=1
+(U ® Bg)w(t). (7)

The following theorem presents a necessary and sufficient condition for sys-
tem (3) with @ (¢) = 0 to achieve consensus.

THEOREM 1 System (3) with w(t) = 0 achieves consensus if and only if sub-
system (7) is asymptotically stable.

PrROOF By Lemma 3, the state x(t) of system (3) with w(t) = 0 can be
uniquely projected onto C(U) and C(U), that is,

z(t) = zo(t) +za(t), (®)

where z¢o(t) = E?:l a;(t)p; and zs(t) = Zj'v:dd+1aj(t)pj- Since p; = 1®
¢ (j=1,2,---,d), it follows that

d
rot) =1® Y aj(t)e;. (9)
j=1
By Definition 1, one has
r H
d
U@ I)zc(t) = | > all(t)e],0,---,0] (10)
j=1
[ 4 d "
U @ Lza(t) = 0,Y el (Ml > ally 1yas; ()] (11)
j=1 j=1
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Since Z(t) = (U™ ® I;)z(t), one can obtain
d
= ai(t)e, (12)
j=1

H

d
Zo‘dﬂ jo ’ZO‘( “nar e | (13)
=1

Necessity: We prove the conclusion by contradiction. If subsystem (7) is
not asymptotically stable, then the limit of y(t) as ¢ — oo does not exist or
is nonzero if y(s) is not identical to 0 for s € [-7,0]. By (11) and (13), the
limit of z5(t) as ¢ — oo does not exist or is nonzero. Since system (3) with
w(t) = 0 attains consensus, by (8) and (9) there exists a vector-valued function
é(t) € R? such that z5(t) - 1 ® &(t) as t — oo. Because ¢; € R? (j =
1,2,---,d) are linearly independent, there exist 8;(t) € R (j = 1,2,---,d)
such that ¢(t) = E;l:1 Bj(t)c;. Based on the structure of p; (j = 1,2,---,d),
one has zs(t) — E?Zl B;(t)p; € C(U) as t — oo. Since xa(t) € C(U) and
C(U) N C(U) = 0, one has lim;_,o, z5(t) = 0. A contradiction is obtained.
Therefore it is necessary for the subsystem (7) to be asymptotically stable.

Sufficiency: If subsystem (7) is asymptotically stable for any bounded initial
condition, then lim; o 25 (¢) = 0 by (11) and (13). From (8) and (9), one knows
that system (3) with w(¢) = 0 attains consensus and the consensus function c(t)
satisfies lim;_, o0 (Z1(t) — ¢(t)) = 0. The proof of Theorem 1 is completed.

REMARK 1 Two subsystems, with x5 (t) and xc(t) being the states, describe the
disagreement dynamics and consensus dynamics of system (3) with w(t) = 0,
respectively. Theorem 1 implies that the asymptotic stability of the subsystem
with x&(t) being the state is a necessary and sufficient condition for system (3)
with w(t) = 0 to achieve consensus, and the consensus function is determined
by the subsystem with xc(t) being the state.

Let Py ey = P15+, P4, 0,---,0] P71 be an oblique projector onto C(U)
along C(U) where P = [p1,p2,---,pna). The following theorem presents the
structures of the consensus function of system (3) with w(t) = 0.

THEOREM 2 If system (3) with w(t) = 0 attains consensus, then the consensus
function satisfies limy_, o0 (c(t) — (co(t) + - (t) + ca(t))) = 0, where

t
co(t) = et [4,0,---,0] P(C(U)@(U)x(o) - / et (ULU ® BK)y(s)ds,
0

=3 [ LD © B (s~ m(s) () .
k=1
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ea(t) = — Z/ A=) (VALLU @ BK)y(s — i(s))ds.
k=10

Proor  For any initial state 2(0), one has x¢(0) = Pg(yy,¢)z(0) by Lemma

3. By (9) and (12), one can obtain that #1(0) = [I4,0,---,0]z¢(0). By (6), one
has

#1(t) = e71(0) — i /t eAlt=s) (v(Li + ALk)U @ BK) y(s — 7i(s))ds.
k=1"0

Since L = Y, _; Ly and limy_, oo (c(t) —Z1 (t)) = 0, one has lim;_, o (¢(t) — (co(t)+
¢-(t) + ca(t))) = 0. The proof of Theorem 2 is completed.

In Theorem 2, cy(t) is said to be a nominal consensus function, which de-
scribes the consensus function of a swarm system without time delays, uncer-
tainties and external disturbances. c¢,(t) and ca(t) describe the impacts of
time-delays and uncertainties respectively.

Let U'LU = J;, where Jy, is the Jordan canonical form of L, and \; (i =
1,2,---,N) denote the eigenvalues of L with Ay = 0. If the communication
graph G, associated with L, has a spanning tree, by Lemma 1 one has vLU = 0
and ULU = jL, where jL consists of Jordan blocks associated with Ao, -+, An.
If G does not have a spanning tree, by Lemma 2 one can set that A\ = 0 in
Jr, and vLU = 0. For this choice of U, the following two corollaries can be
obtained.

COROLLARY 1 If G has a spanning tree, then system (3) without time de-
lays, uncertainties and external disturbances attains consensus if and only if
A —NBK (i = 2,---,N) are Hurwitz. The nominal consensus function is
limy o0 (co(t) — €4 [14,0, - - -, 0] Pe(ory ey (0)) = 0.

COROLLARY 2 If G does not have a spanning tree, then system (3) without time
delays, uncertainties and external disturbances attains consensus if and only if
Aand A—NBK (AN #0,i € {2,---,N}) are Hurwitz. The nominal consensus

Sfunction is 0.

REMARK 2 By the above analysis, the consensus property of high-order swarm
systems 1is jointly determined by the consensus protocol, the dynamics of each
agent, and the communication topology. The dynamics of each agent in swarm
systems, discussed in Jadbabaie et al. (2003), Olfati-Saber and Murray (2004),
Ren (2004), Porfiri et al. (2008), Cai and Zhong (2010), Sun et al. (2008),
Xi et al. (2013), Lin et al. (2008) is a first-order integrator, which means
that if an agent does not receive the information from other agents, then its
state is time-invariant. In this case, the consensus property is completely deter-
mined by the communication topology. However, the state of an agent in high-
order swarm systems may be time-varying even if the agent does not interact
with other agents. This is the key difference between first-order and high-order
swarm systems, and makes consensus problems of high-order swarm systems
more challenging.
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REMARK 3 Olfati-Saber and Murray proposed the x-consensus problem to deter-
mine consensus functions of swarm systems in Olfati-Saber and Murray (2004),
where it was assumed that communication topologies are balanced and strongly
connected. In this case, the consensus function is the average value of the ini-
tial states of all agents. We presented an explicit expression of the consensus
functions of swarm systems with time-varying delays and uncertainties in Xi
et al. (2013), where the communication topology is described by any directed
graph. In Olfati-Saber and Murray (2004) and Xi et al. (2013), the dynamics
of each agent is described by a first-order integrator. In Xi et al. (2010), based
on the decomposition of the initial state, we presented an approach to deter-
mine consensus functions of high-order swarm systems. But when time delays
and uncertainties are considered, the method in Xi et al. (2010) is no longer
valid. Theorem 2 presents an explicit expression of the consensus function and
describes the impacts of time delays and uncertainties.

3.2. Consensus with a desired £; performance

In this subsection, a sufficient condition for system (3) to achieve consensus with
a desired Lo performance will be presented in terms of LMIs. From the proof
of Theorem 1, one can see that it is not related to the choice of U for system
(3) to achieve consensus. If U is a complex matrix, the calculation complexity
will increase when solving LMIs. Hence it is assumed that U = [eq, €3, -, en].

The following lemmas are useful to get the conditions of consensus with a
desired Lo performance.

LEMMA 4 Let Dy be a 0-1 matriz with rows and columns indexed by the nodes
and edges of G, and Ej, be a 0-1 matriz with rows and columns indexed by the
edges and nodes of G, defined as

1, if the node v is the child node of the edge e of G,
Dkve = .

0, otherwise.

1, if the node v is the parent node of the edge e of Gy,
Eke'u = .

0, otherwise.
Let D =%, _, Dy and A = diag{p1, p2, -, pur}, where pi, (m =1,2,--- k)
are the weight of the mth edge of G and k is the number of the edges of G. Then
Ly, can be denoted by Ly, = DA(D} — Ey) (k=1,2,---,7).

ProoF For any [ € {1,2,---,r}, the 4th element of DAD} can be writ-
ten as Y 1 Dimftm Dijm. Since L = >~ Lj, G has the same nodes as G,
and the edges of G consist of the ones of Gy (k =1,2,---,r) without any super-
position. Because any edge only has one child node, it follows that D, Dy, = 0
for any i # j. Thus, one has that DAD{ is a diagonal matrix with the 7ith
element equal to the in-degree of the node v; of G;. Hence, the degree matrix
of G, satisfies D; = DADZT. Similarly, the 4jth element of DAFE; can be written
as Y 1 Dimim Epmj, which is equal to the weight of the edge (vj,v;) of Gy,
therefore the adjacency matrix of G; can be denoted by Wl = DAE,;. Since
L; = D; — W; by the definition of the Laplacian matrix in Section 2, one has
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L, = DA(DT — E;). By considering all subgraphs Gy, (k = 1,2,---,7), the
conclusion of Lemma 4 can be obtained.

By Lemma 1, the uncertainty matrix ALy of Ly can be written as ALy =
DF(t)Ey (k = 1,2,---,7), where E;, € R**N and F(t) is a diagonal matrix
whose diagonal elements are uncertainties of the edges. By assumption (A2),
one has |[Aw;;(t)|/ai; <1 (4,5 € {1,2,---,N}). Without loss of generality, it is
assumed that FT(t)F(t) < I, Vt.

LEMMA 5 Wu et al. (2004) Given matrices Q = QT, H and Z, for F(t)
satisfying FT()F(t) < I, Q+ HF(t)Z + ZTFT(t)HT < 0 if and only if there
exists a p > 0 such that Q + pHHT + p~ 1277 < 0.

T T .
Let fo yT'(t)y(t)dt <~ fo w! (t)w(t)dt with v > 0 denote NYllre < vl g
The following theorem presents a sufficient condition for system (3) to achieve
consensus with a desired Lo performance.

THEOREM 3 Suppose that assumptions (A1) and (A2) hold. Then system (3)
attains consensus with ||y||po < v ||@|py (VI = 0) for any 7 (t) € [0, 7] (k=
1,2,---,7) if there exist real symmetric matrices R > 0, Qr > 0, S > 0,
Mp11 Mpji2 M3
My = * My 20 My 23 | >0, real matrices Xy and Yy, and a constant
* * My 33
p > 0, such that the following LMIs are feasible:

Hi1 +pl Hio Ho13  Zi4 Eais
* Hoo +Za20 Zgmo3  Hog 0
== * * Ew33 Ew34 0 < O, (14)
* * * 544 EA45
* * * * —I

Mii1 Mii2 Mpis X
* Moo Moz Yy
* * Mk133 0

* * * Sk

O =

WV
o

(15)

where k =1,2,---,r, and

En=RUN-1 @A)+ (In-1@ATR+ Y Qr + > (Xe+X5) + X 7uMy 11,
k=1 k=1 k=1

S =[-RULU®BK) - X, +Y' + 7AiM, 19, --,— R(UL.U® BK) — X, +
K«T + 7:TMTJ2]7

Ew13 = R(U @ Bz) + 3 My, 13,
k=1
Eu=[nn1© TS, (I © A)TS,],

Za15 = R(UD ® 1),
S92 = diag{(d1 —1)Q1 Y1 =Y/ + 71 My 29, (dy —1)Qy — Yy = Y,I +7.M,. 20},
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(E,OTE\ U --- (E\U)TE,.U
Enze = : .. ' (BK)TBK
(B, 0)TE\U --- (E.O)TE.U
ZBens = [AM gy, oo, 7 MEps] " )
-7 (ULU®BK)'S, -+ —7.(ULU @ BK)'S,
Eoq = : : ;
-7 (UL.U®BK)'S; - -%(UL.U®BK)"S,
Ewss = kil TeMpi 33 — v pl,
Hwas = [ﬁ(ﬁ ® B)TS1, -, 7 (U ® Bw)TST} ,
B4 = diag{—7151, -, —TrSr},

. . T
Eads = {ﬁ(UD @IS, -, 7 (UD® Id)TSr}

PRrROOF First, discuss the stability of subsystem (7) without external distur-
bances, i.e. w(t) = 0, and consider the following Lyapunov-Krasovskii func-
tional candidate:

V(y(t)) = Vi +Va+ Vs, (16)

where Vi = y" () Ry(t), Va = Y1y f,,, 1y " (O)Quy(8)d0
=3 e f . ft+0 7 Sky( )dsdf. By taking the derivative of these func-

tlonals with respect to the time ¢ along the solution to subsystem (7) with
w(t) = 0, one obtains

Vi=y"(t)(RUIN-1® A)+(In—1 @ A)TR)y(t)

T

= 2" (1) R(U(Ly, + AL,)U ® BK)y(t — 7.(t)), (17)
k=1
Vo <Yy (H)Quy(t) Z (1= di)y" (t = () Qry(t — (1)), (18)
k=1 k=1
EDILACECEDY / (6)S1(0)ds. (19)

k=1

Due to ft L () y(0)do = y(t )—y(t—Tk( )), for any appropriately dimensioned
real matrices Xk and Y (k=1,2,---,r), one has

0 = S 210 (7 X ) — [ g8
S 2 "m0 3, Ky(t) e -mo)= [ o )
- 0. (20)
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In addition, for real symmetric matrices M;, :[ Mi’ll %k’w } >0 (k=1,2,"--,7),
k,22

the following holds,

Zm T (¢~ 7(t))] M [ » 3(2@)) ] _
;/tw) [y (), 4" (t = 7 (t))] My, [ o(t 3(2@) ] do > 0. (21)

From (16) to (21), one obtains
Vw) Vit Vot Va4 Q1+ Qs

<¢ Z / _ Eeoma o (22)

where &(t) = [y" (1), y"(t — (1)), -, )
6:0) = 70,57 @), 0] 2 T IR ]S e

* =929 k=1
A, ~U(Li+AL)U®BK, -+, ~U(L,+AL)U®BK|" S x [In_1®A, —U(L; +
AL)U ® BK,---,-U(L, + AL,)U ® BK]
with 215 = [-R(UAL,U ® BK),---,-R(UAL,U ® BK)], and
Mii1 Mii2 X
Uy, = Mpo Yi | (k=1,2,---,7). (23)
* * Sk

Since ALy = DF(t)Ey (k =1,2,---,7), by properties of Kronecker products
one can obtain

UALU ® BK = (UD ® I;)(F(t) ® I;)(ExU @ BK), (24)

where k = 1,2,---,7. By using Schur complement in Boyd et al. (1994) and
(24), 2 < 0 is equivalent to

S+ H(Ft)@1)Z +ZT(Ft)2I)THT <0, (25)
where
H (UD& Id)TR 0, 7 (UD @ 1)TSy, -, 7(UD @ I)TS,]7T,
=10,-EU,---,—-E,U, O -,0] ® BK,
i1 E12 D3
o = * 522 (1)23
* * (1)33

with ‘1)13 = 514, (1)23 = 524 and (1)33 = 544. Due to FT(t)F(t) g L{, one can
see that (F(t) ® I)T(F(t) ® I4) < I.q. By Lemma 5, (25) holds if and only if
there exists a p > 0 such that

®+pHH" +p 1277 < 0. (26)
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Replacing pR, pQx, pSk, pMy, pXi and pYy with R, Qp, Sk, My, Xi and

Ye (k=1,2,---,7), respectively, and using Schur complement, (26) is equivalent
to
En E12 P13 Pawg
*  Hop+ Page Paz 0
Dp = <0, 27
8 * * P33 Pass 27)
* * * —1

where ®a14 = Ea1s, Paze = Eaze and Pazs = Eaus.

From (22) to (27), one knows that if o < 0 and ¥y, >0 (k =1,2,---,7),
then one has V(y(t)) < —¢ |jy(t)||* for a positive constant & where ||-|| refers to
the Euclidean norm for vectors, which implies that subsystem (7) with @w(t) =0
is asymptotically stable.

Let us now discuss the performance of subsystem (7) with the disturbance
w(t), and consider the following cost performance, for any T' > 0,

Jr = / (T ()y(t) — " (£ (t))dt.

For a zero-valued initial condition, i.e., ¢(¢t) = 0 on [—7, 0], one has
T
Jr = / (y" Oy (t) ==’ (w(t) + V(1)dt = V(T) + V(0)
0

T Tt

<[ wEwmeo-3 [ oo - v,
0 =1 7/ t—TK(t)

where no(t) = [§5 (1), @" (D)7, me(t,0) = [y" (1), y" (t — 7(t)), =" (1), 5" (O)]",

and Z and O (k = 1,2,---,r) are given in (14) and (15), respectively, which

can be easily obtained by a similar analysis as the stability of subsystem (7)

with @w(t) =0. f Z<0and O >0 (k=1,2,---,r), then Jr < 0, that is,

T T
/ y" (Hy(t)dt <+ / @’ (t)w(t)dt
0 0

which means ||y||;5 < v ||@|| o

If LMIs (14) and (15) are feasible, then ®a < 0and Uy, >0 (k=1,2,---,7).
Hence, system (3) attains consensus with [|y||;o < v ||@|po (YT = 0) by Theo-
rem 1. The proof of Theorem 3 is completed.

REMARK 4 Since z5(t) = (U ® 1) [O,yT(t)]T, it follows that

T T T
/0 ah (e (t)dt = /O 0,57 ()] (UTU®Id)[ 2@ }dt < Amax /0 yT (t)y(t)dt,

where Amax is the mazimum eigenvalue of UTUR1y. If [yl py < v @ llpy (VT =
0), then one has ||zallpy < YV Amax |@||pe (VI = 0). One can see that the
disagreement dynamics of system (3) also satisfies a certain Lo performance. If
w(t) € L2]0,00) (t > 0), then ||y|l, and ||y||, are bounded, so lim;_, y(t) =0
which implies that lim_, o z&(t) = 0.
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REMARK 5 Based on LMI techniques, consensus problems of swarm systems
were studied in Sun et al. (2008), Xi et al. (2013), Lin et al. (2008), Liu
and Jia (2009). Swarm systems with multiple time delays were dealt with in
Sun et al.(2008), where uncertainties and external disturbances were not con-
sidered, and the consensus function, which is important in the analysis of a
swarm system, is difficult to be determined by the method there proposed. In
Xi et al. (2013), we addressed swarm systems with multiple time delays and
uncertainties, and presented an explicit expression of the consensus function.
In Sun et al. (2008), Xi et al. (2013), Lin et al. (2008), it is assumed that the
dynamics of each agent is a first-order integrator. By the H, control method,
consensus problems for high-order swarm systems with Lo external disturbances
were investigated in Liu and Jia (2009), where a controlled output function was
defined based on the average of states of all agents, and the norm of the closed-
loop transfer function matriz from external disturbances to the controlled output
was used to evaluate the influence of external disturbances. When consensus
functions are not the average of states of all agents, the methods in Liu and
Jia (2009) are no longer valid. In the current paper, high-order swarm systems
with multiple time-varying delays, uncertainties and external disturbances are
studied, and an explicit expression of the consensus function is presented based
on the impacts of time delays and uncertainties.

4. Numerical simulations

In this section, a numerical example is given to illustrate the effectiveness of
theoretical results shown in the previous section.

Suppose that a swarm system consists of five agents with the dynamics
described by (1) with

05 -1 1 0 0
IR R
A directed communication graph G of the system is shown in Fig. 1. The edges
(va,v2), (v1,02), (v1,03), (vs,03), (v3,05), (va,v1), (v1,v4), (vs,01), (v1,05),
(vs,v4) and (vg, v5) are labeled from 1 to 11 respectively. For simplicity, the ad-
jacency matrix of G is set to be a 0-1 matrix. Consider the case where there exist
two time-varying delays in different channels as shown in Fig. 2, and uncertain-
ties are given by AL; = DF(t)E; and ALy = DF(t)Es, where E; = 0.07(DI —
E;) (i = 1,2), D; and E; (i = 1,2) can be obtained according to Lemma 4,
and F(t) = diag{ 0.2sin(t),0.3,0.4sin(t), cos(t), 0.4, 0.35 sin(t), 0.6 cos(t), 0.02,
0.01,0.15sin(¢),0.35cos(t)}. The performance index « is chosen as 1. Let
K = 015 142 Cdy = 002, dy = 0.01, 7 = 0.05s and 7 = 0.03s, then a
feasible solution of LMIs (14) and (15) in Theorem 3 can be obtained by using
FEASP solver in Matlab LMI Toolbox, Gahinet et al. (1995). It is assumed
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that the initial condition is ¢(t) = x(0) = [6,—6,4,3,—4,0, -4, —2,—1,5|" on
[-7,0] and T =1 for simplicity of simulation.

Figure 2. Communication channels with two time-varying delays in G

Fig. 3 shows the state trajectories of the swarm system with 7 (¢) = 0.03 +
0.02sin(t), 72(t) = 0.02 + 0.01 cos(t) and w(t) = [0,0.6,0.8,0.5,1]", and Fig. 4
depicts the corresponding energy trajectories under the zero-valued initial condi-
tion. By Corollary 1, the nominal consensus function is ¢y(t) = [0.972260'5t, O] T
which is denoted by circle markers in Fig. 3. One can see that the system at-
tains consensus with ||y||; < [|@| o (T' = 1). The state trajectories deviate
from the one formed by circle markers, which means that the consensus function

is impacted by time-varying delays, uncertainties and disturbances.

5. Conclusions

Consensus problems for high-order continuous-time swarm systems with time
delays, uncertainties and external disturbances were studied. A swarm system
with time delays and uncertainties was decomposed into two subsystems asso-
ciated with the state projection on the complement consensus subspace (CCS)
and the consensus subspace (CS), respectively. It was proven that the asymp-
totic stability of the subsystem associated with the state projection on CCS is a
necessary and sufficient condition for the system to achieve consensus, and the
subsystem associated with the state projection on CS determines the consensus
function. An explicit expression of the consensus function was given according
to different impacts of time delays and uncertainties. For the case with external
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disturbances, a sufficient condition for the system to achieve consensus with a
desired Lo performance was presented. Numerical simulations were given to
illustrate the effectiveness of theoretical results.

i i i i i i i i i
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (sec)

—4

2 2.5 3
Time (sec)

Figure 3. State trajectories of the swarm system
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