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Abstract The robust H. consensus control problem of high-

order discrete-time multi-agent systems with parameter uncer-
tainties and external disturbances is studied, and a linear dis-
tributed consensus protocol is designed in this paper. Firstly, the
robust H., consensus control problem of high-order discrete-time
multi-agent systems with parameter uncertainties and external
disturbances is transformed to a robust H., control problem of a
set of independent uncertain systems. Secondly, a sufficient lin-
ear matrix inequality (LMI) condition is derived to insure that
high-order discrete-time multi-agent systems with parameter un-
certainties and external disturbances achieve robust consensus
with a H., performance level . Thirdly, convergence results are
given as final consensus values of high-order discrete-time linear
multi-agent systems with parameter uncertainties and without
external disturbances. Finally, a contrast numerical experiment
with and without parameter uncertainties is provided to demon-
strate the correctness and effectiveness of the theoretical results.
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1 Introduction

In recent years, distributed coordination of multi-agent
systems (MASs) has received great attention from many re-
searchers due to its broad applications on MASs in many ar-
eas including formation control [1], [2], flocking [3], [4], dis-
tributed filtering [5], [6], synchronization of coupled chaotic
oscillators [7]—[9]. Consensus is an essential problem of dis-
tributed coordination of MASs, which is to make each agent
agree on some common values of interest through feedback
of local information from neighboring agents.

The theoretical framework for posing and solving the
consensus problem for MASs was first introduced in [10]—
[12]. Their work mostly focused on the first-order and
second-order consensus in MASs. Furthermore, the con-
sensus problem of MASs has obtained a tremendous surge
of interest and extensive development. These works can be
generally divided into two categories depending on whether
the agent models are continuous-time or discrete-time. The
union of interaction topologies must contain a spanning tree
if MASs are expected to achieve consensus asymptotically

Manuscript received May 16, 2016; accepted April 10, 2017.

This work was supported by the National Natural Science Founda-
tion of China (61374054, 61203007), and Natural Science Foundation
Research Projection of Shaanxi Province (2013JQ8038).

Recommended by Associate Editor Jie Huang.

1. Department of Control Science and Engineering, Rocket Force
University of Engineering, Xi’an 710025, China

[13]. A framework of high-dimensional state space for the
consensus problems of MASs was studied in [14], and then
the consensus problems of high order or more general linear
MASs models were discussed in [15]—[17]. The consensus
problem of discrete-time MASs (D-MASs) based on general
linear models was investigated in [18], [19]. The leader-
following consensus problem of D-MASs based on general
linear models was studied in [20]. The robust guaranteed
cost consensus problem of general linear D-MASs models
with parameter uncertainties and time-varying delays was
investigated in [21].

With the development of the research, the H, consensus
control problem of MASs subject to external disturbances
was considered in [22]—[24]. Robust Hs consensus control
problems of first-order MASs with external disturbances
and model uncertainties are discussed in [22]. The second-
order robust H, consensus control problem of MASs with
measurement noises and asymmetric delays is studied in
[23]. Distributed Hs and Ho consensus control problems
are investigated in [24] for MASs with linear dynamics sub-
ject to external disturbances. The robust H., consensus
control problem of high-order linear MASs with parame-
ter uncertainties and external disturbances was studied in
[25], which also considered the time-delay and switching
topology simultaneously. Specifically, the aforementioned
works were based on continuous-time models, while the
study of discrete-time model cases is more widely applied
in practice. In [26], Hs synchronization and state esti-
mation problems were considered for an array of coupled
discrete time-varying stochastic complex networks over a
finite horizon. The robust H., consensus control problem
of high-order linear time-varying D-MASs with uncertain-
ties/disturbances and missing measurements was investi-
gated in [27]. The event-based Ho, consensus control prob-
lem for high-order linear time-varying D-MASs over a finite
horizon was studied in [28]. Nevertheless, although the ro-
bust Hs control consensus problem of high-order D-MASs
with parameter uncertainties and external disturbances was
addressed in [26]—[28], the final convergence value was not
provided in these studies.

Motivated by the above, in this paper, the robust Hes
control consensus problem of high-order D-MASs with pa-
rameter uncertainties and external disturbances is inves-
tigated by state space decomposition approach. We con-
sider the leaderless consensus of the uncertain high-order
D-MASs with fixed topologies. In this problem, if an ap-
propriate consensus protocol is applied, the D-MASs should
converge to a common value. Comparing with the existing
works, the contribution of this paper is two-fold. On one
hand, by state space decomposition approach, a sufficient
linear matrix inequality (LMI) condition is given to guaran-
tee that, high-order D-MASs subject to parameter uncer-
tainties and external disturbances achieve robust consensus
with a H., performance index . On the other hand, with
wz(k) = 0 or wg(k) interpreted as deterministic o signal,
final consensus values of high-order D-MASs with parame-
ter uncertainties and external disturbances, which are first
provided in this paper for the first time.

The rest of the paper is organized as follows. The prob-
lem formulation is presented in Section 2. In Section 3,
the robust Ho consensus control problem of MASs (1) is
transformed to a robust H., control problem of a set of
independent uncertain systems, and a sufficient LMI con-
dition insuring the robust consensus, and a final consensus
value of MASs (1) with protocol (4) are given. A numerical
example is provided in Section 4 to verify the theoretical
analysis. Some conclusions are finally drawn in Section 5
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which concludes the paper and proposes some possible fu-
ture directions. The notions of graph theory and Kronecker
product that will be used in this paper are summarized in
Appendix A and Appendix B, respectively.

Notations: A matrix or a vector is said to be positive (re-
spectively, non-negative) if all of its entries are positive (re-
spectively, non-negative). A square matrix is called Schur
stable if all of its eigenvalues lie in the open unit disk. Let
diag{ai1, a22,...,ann} be the diagonal matrix with diago-
nal entries ai1,a22,...,ann. The symbol ® represents the
Kronecker product. M7 denotes the transpose conjugate of
matrix M. [ is an appropriate dimensions identity matrix.
1y =1, ..., 1]¥ denotes an N-dimensional vector with all
of its elements being 1.

2 Problem Formulation

A high-order MAS can be described as a linear system,
which has been presented in [15], and thus, consider a high-
order identical D-MAS consisting of N agents indexed by
1,2,..., N, distributed on an undirected communication
graph G, in which the dynamics of agent 7 is described by
a linear discrete-time system as follows

zi(k+1) = (A+ AA)z;(k)
+ (B + AB)u;(k) + Bow;,z (k) (1)
zi(k) = Czi(k)

where w; - (k) € R™? is the external disturbance of agent
i; wi(k) € R™ and z;(k) € R? are the consensus proto-
cols and states of agent i, respectively; z; »(k) € R’ is the
controlled-output of agent i; A € ¢ B € R¥*™ B, €
R¥>™2 and C' € R™? are known constant matrices, AA
and AB are parameter uncertainties in the system matrix
and input channel, which are assumed to be of the form

[ AA AB |=DF[ E1 E; ] (2)
where D is a real constant matrix, and F' is an unknown
matrix function satisfying

FTr<1. (3)

The parameter uncertainties AA and AB are said to
be admissible if both (2) and (3) hold. For the leaderless
consensus problem of uncertain D-MASs (1), the following
local consensus protocol is applied to each agent ¢

u;(k) = K Z aij(zj(k) — z:(k)) (4)

JEN;

where K is a constant gain matrix with appropriate dimen-
sions, and a;; being the graph edge weights. This protocol
is distributed in nature as it only depends on the imme-
diate neighbors N; of agent (node) i. This is known as
a local voting protocol because the control input of each
agent depends on the difference between its state and all
its neighbors. Then, the definition of consensus for high-
order D-MASs (1) with consensus protocol (4) is given as
follows.

Definition 1: For a given gain matrix K, system (1) is
said to achieve consensus if for any given bounded initial
condition, there exists a vector-valued c(k) which is depen-
dent on the initial condition such that limg_ o (z(k) — 18 ®
c(k)) = 0, where c(k) is called a final consensus value.

Let z(k) = [z](k),....zx(k)]", wa(k) = Wia,...
wi.|" and z(k) = [z (k),...,z4(k)]", then the dynamics

of high-order D-MASs (1) with the distributed consensus
protocol (4) can be described by a closed-loop discrete-time
networked dynamics as

z(k+1)=(In®(A+AA)
— L®(B+AB)K)x(k) + (IN ® Bo)wz(k)  (5)
2(k) = (In ® C)z(k).

The suboptimal robust H., consensus control problem
of system (5) is stated to find a distributed protocol (4)
such that

1) with w4 (k) = 0, the closed-loop system (5) is asymp-
totically stable for all admissible uncertain matrices F'.

2) with w (k) interpreted as deterministic l> signal, the
closed-loop transfer function from w4 (k) to z(k) of system
(5), which is denoted by T.., satisfies |Tuz]lcc < 7 for
all admissible uncertain matrices F' and a given allowable
scalar v > 0, where ||T, ]| oo is the Hoo norm of 7,,., defined
by [[To: oo = sup,,, canad(Tu: (je))-

In order to analyze the robust H., consensus control
problem of closed-loop D-MASs (6), we assume hereafter
that the communication graph G is connected and give the
following lemma about the graph theory.

Lemma 1 [29] : Let L be the Laplacian matrix of an
undirected graph G , then zero is an eigenvalue of L. If, in
addition, G is connected, the zero eigenvalue of L is simple,
and all the other eigenvalues of L are positive and real.

Moreover, let A; (i = 1,2,...,N) be eigenvalues of the
Laplacian matrix L € RY for an undirected topology G,
where A1 = 0 with the associated eigenvector u; = ﬁlN,

and A1 < A2 < -+ < An. There exists an orthogonal
matrix
1 13,
U= TN vV N
1nv ~

VN

such that UT LU = diag {\1, A2,..., AN}

Theorem 1: For a given v > 0, system (5) is asymptoti-
cally stable and ||T..||, < 7, if and only if the following N
systems are simultaneously asymptotically stable and the
Ho, norms of their transfer function matrices are all less
than ~:

Zi(k+1)=(A4+ AA - \i(B + AB)K):(k)
+ Bo@; . (k) (6)
zi(k) = Cz:(k), i=1,2,...,N.

Proof: Let A; (i = 1,2,...,N) be eigenvalues of the
Laplacian matrix L € RY for an undirected topology G,
where \1 = 0 with the associated eigenvector 41 = ﬁlN,

and A1 < A2 < -+ < An. There exists an orthogonal
matrix
1 15,
so| VE VR
v g
VN
such that UTLU = diag {\1, A2,...,An} = A. Let

5(h) = (U7 @ L) a(h) = [7 (00,57 ()]

- [ﬁ(k),@g(k),...,i%(k)r. (7)
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Then, system (5) can be rewritten in terms of (k) as

Z(k+1)=(In ® (A+ AA)
-~ A® (B+AB)K)&(k)+ (U" @ Bo)wz(k)  (8)

2(k) = (U @ C)&(k).

Moreover, reformulate the disturbance variable w (k)
and the performance variable z(k) via

Buk) = (UT @ Liny ) wa (k)

- [dfm(k)7®§$(k)7 e ,Cuﬁ,z(k)r 9)

T

2(k) = (UT @ 1) (k) = [E (k) 25 (), ... 2R (R)]
(10)

Subsequently, substituting (9) and (10) into (8) gives

Zk+1)=(In®(A+ AA)
— A® (B+AB)K)Z(k) + (IN ® Bu)wa(k)
z(k) = (In ® C)& (k).
(11)

Note that (11) is composed of N individual systems of
(6). Denote by || 75z, and ||,z the transfer function
matrices of systems (11) and (5), respectively. Then, it
follows from (5), (9), (10) and (11) that

Toz = diag(Toy 21, Tonzey - s Tonin)
= (UT®Il) Twz(U®Im2) (12)
which implies that

ITssll = _max | Tazill = Toclle. (13)

In addition, it is worth mentioning that,

a(k) = [ (R).&7 ()] = [87(R), &Ta(k), . &0 ()]
Bak) = [T (6). 7. (1)
= [0Ta ), @Tan b, BT )]
BR) = [0 (0,200 = [2 ), 20000, E 0N (B)]

By Lemma 1, the discrete-time system (11) also can be
rewritten as the following N subsystems

{azc(k +1)=(A+AA)Z (k) + Bue,z (k) (14)
z.(k) = Ci.(k)
Zri(k+1)=(A+AA—)\(B+ AB)K)Z,i(k)
+ Buw; (k)
Zi(k) = C&ri(k), i=2,3,...,N.
(15)

Obviously, if subsystems (15) are asymptotically stable,
then D-MASs (5) reach consensus. Subsystem (14) deter-
mines the final consensus value of D-MASs (5), and the
details of it will be discussed below.

Remark 1: The robust H. leaderless consensus problem
of uncertain D-MASs (1) is to design distributed consen-
sus protocols u;(k), Vi € N; such that the consensus is
reached and ||T.,.||, < 7, simultaneously. Theorem 1 con-
verts the robust H., consensus control problem of D-MASs
(5) into the robust Hs control problems of N subsystems
(6), which is a set of independent systems having the same
dimensions as a single agent in (1), thereby reducing the
computational complexity significantly. The key tools lead-
ing to this result rely on the state space decomposition ap-
proach, as used in [15].

3 Main Results

Lemma 2: Given the pair (K,v > 0), if the matrix in-
equality

A, PA\, — P+ PCTCP+~?B,B,r <0
i=1,2,...,N  (16)

admits a symmetric positive definite solution P € Rx4,
where A)\i = A—FAA—)\Z(B-I-AB)K = A)\i —‘y—DFE)\i, A)\i
= A—- MNBK, E\, = E1 — \{E2K. Then, D-MASs (1) are
said to achieve robust consensus with a H., performance
index 7.

Proof: Given K,~ > 0, assume that P = PT > 0 satis-
fies the matrix inequality (16). In this case (dropping the
quadratic semidefinite positive term in P) it follows

AY,PA,, —P< -y °B,BL <0, i=12...,N (17)
(complying with the previous assumptions) that A, is
asymptotically stable. To prove the Hoo-norm. Inequal-
ity, we proceed as follows. For each system (6), consider

the closed-loop transfer function from @; ; (k) to (k) given
by

Hy,

(s)=C(sI — Ay,)""(B+AB), i=1,2,...,N.

(18)

Defining s = v we [-7, 7] and the auxiliary trans-
fer function Ly, (s) = sC(sI — Ay,) ' PC after simple but
tedious algebraic manipulations, inequality (17) can be fac-
torized as

CPCT — L, (s) = La,(s7 )" + L () Do (s )T
+ AY,PA\, - P < —y?’B,Bl <o. (19)
which, after completing squares, becomes

Hy, (s)Hy, (s™ )" <4°T—y*CPCT
— U = L = Dns T <21 (20)

meaning that |H»,||_ < 7, which proves the lemma pro-
posed. |

Remark 2: In Lemma 2, a sufficient condition is given
to guarantee D-MASs (5) achieving robust consensus with
a Ho, performance index 7. Nevertheless, it is not difficult
to find that (16) is a nonlinear matrix inequality (NMI)
and therein lies parameter uncertainties.

To cope with the uncertain matrices F' and the nonlinear
terms of (16), the following two lemmas are given.

Lemma 4 [30]: Given matrices Y, D and E of appropri-
ate dimensions and with Y symmetric, then

Y +DFE+E"F'D" <0 (21)
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for all F satisfying FTF < I, if and only if there exists a
scalar € > 0 such that

Y +eDD" + e 'ETE <0. (22)

Lemma 5 (Schur complement) [31]: The linear matrix

inequality
Qz)  S(x)
(S 20 ) >0

where Q(z) = Q(z)”, R(z) = R(x)", and S(z), depends
affinely on z, is equivalent to one of the following conditions

1) Q(z) >0, R(z) - S(x)" Q(z) "' S(z) > 0;

2) R(z) >0, Q(z) — S(z)R(x)~'S(z)” > 0.

Theorem 2: Consider D-MASs (1) with a fixed, undi-
rected and connected communication topology G. The
distributed consensus protocol (4) globally asymptotically
solves the robust consensus problem of D-MASs (1) with
H-norm consensus performance bound - if there exist a
scalar € > 0, a matrix W with appropriate dimensions and
a positive definite matrix X such that

—X 4+¢eDDT AX — \{BW
(AX —\BW)T  —Xx+CTC
0 E1X — MEsW
0 BT X
0 0
(ErX — MEW)T XB,
el 0 <0 (23)
0 —72 I,

where ¢ = 1,2,...,N. Furthermore, if LMI (23) has a
feasible solution ¢, W, X, then the feedback gain matrix K
of protocol (4) can be calculated by K = WX '

Proof: By Lemma 5, matrix inequality (16) is equivalent

to
—p! A/\i
{ AT P4 PCTCP 4~ ?B,B" } <02
Moreover, the above inequality can be rewritten as
—-p! A)\i
Ay, —P+PCT'CP+~*B.B]
D r.[ D"
+[ 0 }F[o Ex, |+[0 Ex ] F{ 0] <0.
(25)
It follows from the Lemma 4 that (25) can be expressed
as
—P~14eDDT A,
AT ~P + PCTCPy~?B,BT + ¢~ Ef, Ex,
<0. (26)

Through Lemma 5 again, matrix inequality (26) is equiv-
alent to

—P~'+eDD" Ay, 0
A%, —P+PCTCP+~?B,Bl EI,
0 By, —el
<0. (27)

Pre- and post-multiplying both sides of (27) by

I, 0 0
0o P11 0
0 0 I

letting X = P~!, W = KP~!, and applying Lemma 5
again yield LMI (23), where ¢ = 1,2,..., N. |

Remark 3: In Theorem 2, it can be noted that the NMI
(16) is transformed to a LMI condition (23). Subsequently,
high-order D-MASs (1) with the distributed consensus pro-
tocol (4) achieve robust consensus with a Ho, performance
index «. Thereby the neighboring feedback matrix K also
can be obtained. Then, the local consensus protocol (4) can
be implemented by each agent in a fully distributed fash-
ion requiring no global information of the communication
topology.

Remark 4: From Theorem 2, we can also get that,
the communication disturbances have effects on the per-
formance of the control object, such as switching interac-
tion topologies. In [32], [33], the time-varying formation
tracking problems for second-order MASs with switching
interaction topologies were studied. Switching topologies
include two cases. One is that every interaction topology
of MASs has a spanning tree; another is joint-contained
spanning tree topologies. It should be mentioned that, this
approach can be easily extended to the first case, and more
details can be seen in our work [34]. There have been some
difficulties to the joint-contained spanning tree case. We
will consider it in the future.

Theorem 3: With wy (k) interpreted as deterministic l2
signal, when D-MASs (5) achieve robust consensus, the fi-
nal consensus value c(k) satisfies

* —~ li - (]t(AJ“AA)iwaw,j(l)))) =0.
- (28)

Proof: Let zc(k) = (U @ 1,)[2X(K),0)7 and zs(k) =
(U ® I)[0,2F (k)]T, then by (7), z(k) can be uniquely de-
composed as (k) = zc (k) + x5(k). As discussed above,
we can know that if the system (5) achieves robust guar-
anteed cost consensus, the subsystem (15) should be Schur
stable, which means that the response of system (15) due
to 5(0) should satisfy limg_cozs(k) = 0. Hence the fi-
nal consensus value ¢(k) is determined solely upon zc (k).
Since [£7 (k), 0] = e1®%(k), we have £ (0) = @1 @%.(0) =
z21®((ef ®14)Z(0)), and because £(0) = (UT ®1I4)z(0), then
we can obtain 2¢(0) = @1 ® Z.(0) = 41 ® ((e] ® 1,)£(0)),
that is to say

Likewise, let wc o (k) = (U®I4)[@l 4 (k),0]" and @ , (k)
= (U ® 12)[0,&},(k)]", then by (9), z(k) can be uniquely
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decomposed as ws(k) = weo(k) + we (k). If the sys-
tem (5) achieves robust guaranteed cost consensus, the re-
sponse of system (15) due to we . (0) also should satisfy
limg—oowe (k) = 0. Since @7, (k),0]" = e1 ® @x(k), we
have @z (k) = 11 @@ 2 (k) = 11 ®((e] ®14)@.(k)), and be-
cause @, (k) = (UT ® Id)wz(k‘) then we can obtain we, (k)

=01 @@ez(k) = 11 @ ((ef @ I1)@x(k)), i.e.,
woe(k) = ® (el ® I)* (U” ®Id)wx(k-))
= ® ( eTUT © 1)) wz(k))
=u1 ® ( 1]\[ ®Id)wz(k)>

Z\H

o (x gpenm)

Hence, we have

zco(k) = (A+ AA)*zc(0)
k—1
+ive Y ((A+AA) Bu@en(k —i— 1))
1y ® ( %(A+ AA)kZ:IxZ(O)>
k—1l=k—i—1 )
n ((A+ AA)ZwaCx(l))>
=0 =0

then the final consensus value ¢(k) satisfies limy .o (e(k) —
zc(k))=0,k=0,1,2,.... [ ]

Corollary 1: With w, (k) = 0, when multi-agent system
(5) achieves robust consensus, the final consensus value ¢(k)
satisfies

Jim <C(k) —1v® (;(A +AA)* lei(o)» =0.
- (29)

Proof: This proof can be easily obtained from the proof
of Theorem 3. [ ]

Remark 5: With w(k) interpreted as deterministic lo
signal, the final consensus value ¢(k) of system (5) is given
by Theorem 3. The final consensus value ¢(k) can be di-
vided into two parts, one is ((A + AA)*/N)S N z;(0),
which is related to the system matrix A+ AA and ini-
tial state z(0), the other is 3F, E =kt /N(A

+ AA)'B,wg, (1)), which is related to the external distur-
bance wg(k). This implies that the external disturbance
w5 (k) has an effect on the final consensus value, and which
is also related to the system matrix A + AA, and initial
state £(0). This condition is different from that of high-
order D-MASs without parameter uncertainties and exter-
nal disturbances, which is discussed in [34]. With w, (k) =
0, the final consensus value ¢(k) of system (5) is given by
Corollary 1. That is, in this case, the final consensus value

is only related to the system matrix A + AA, and initial
state z(0).

Remark 6: It should be pointed out that, in [26]—[28],
by recursive linear matrix inequalities (RLMIs) techniques,
the robust Ho consensus control problem of high-order
D-MASs (1) with uncertainties/disturbances was investi-
gated over a finite horizon. They were concerned about
the boundedness of the consensus error but did not actu-
ally guarantee its convergence. Different from [26]—[28],
we consider the infinite time horizon case, which took care
of the consensusability of D-MASs rather than consensus
errors. In Theorems 1 and 2, a sufficient LMI condition
is given to guarantee that high-order D-MASs (1) with pa-
rameter uncertainties and external disturbances achieve ro-
bust consensus with a performance level 4. Comparing to
related works [25]—[28], this approach has a favorable de-
coupling feature. Specifically, note that the H., perfor-
mance level ymin of network (6), consisting of N agents
in D-MASs (1) under consensus protocols (4), is actually
equal to the minimal Hs norm of a single agent (1) by
means of a state feedback controller of the form u; = Kz,
independent of the communication topology G as long as
it is connected. In addition, final consensus values of high-
order D-MASs (1) with parameter uncertainties and ex-
ternal disturbances are first given in this paper. In addi-
tion, practical consensus problems for general high-order
linear time-invariant swarm systems with interaction un-
certainties and time-varying external disturbances on di-
rected graphs were investigated in [35]. The authors paid
attention to the output consensus of continuous-time high-
order linear time-invariant swarm systems. However, the
state consensus problem of discrete-time multi-agent sys-
tems is addressed in this paper. Moreover, the external
disturbance was solved by the Lyapunov-Krasovskii func-
tional approach and the linear matrix inequality technique
in the literature, but we use the H, control method to deal
with it.

4 Simulations

In this section, a numerical example is given to illustrate
the effectiveness of the proposed theoretical results. We
apply the above proposed consensus protocol (4) to achieve
state alignment among 8 agents. The dynamics of them are
described by (1), where

Vi 2
P 0.2
A=| Va3 V2 |, B=| -04
R 1
L 0 0 1
(01 0 0 01 03 O
D= 0 02 O , Fr=102 04 O
I 0 03 0 0 1
0.2 ry 0 0
E,=| 01 |, F=|0 r 0
0.3 0 0 13

and r1, r2 and r3 are uncertain parameters which satisfy
-1 <7r <1, -1<7ry <1and -1 < rg < 1. Then,
D-MASs (1) can be rewritten as

We apply the consensus protocol (4) to achieve consensus
among the above those 8 agents under a fixed topology G,
which is shown in Fig. 1.



No. 10

Jun Xu et al.: Robust Hs Consensus Control for High-order Discrete-time Multi-agent Systems - - -

1855

Fig.1. The interaction topology G of 8 agents.

Assume that the initial state values of the all agents
1,...,8 are randomly produced with z1(0) = [1,5,—2]7,
2(0) = [2,4,3]", 23(0) = [1,1,2]", 24(0) = [3,2,1]", 25(0)
= [5767_2}7—'7 1'6(0) = [_37374}7—'7 1'7(0) = [_27_47_3]T7
28(0) = [-=5,-2,—1]7, and let 71 = 0.15, ro = 0.25, r3 =
0.15 and Tmax = 3. Each agent uses protocol (4). Let v =
1 and suppose that the exogenous disturbance inputs are
selected as w; (k) = 0.15e™%* sin(k). By Theorem 2, we
can get that

K =10.0983 —0.0884 0.2803 ]
0.8086 0.0443 0.2130

X = 0.0443 0.6593 —0.0279 |, e=4.2304
0.2130 —0.0279 1.1160

W =1 0.1353 —0.0617 0.3362 |

In Figs. 2—4, the simulation results are given. The state
trajectories of uncertain D-MASs (1) with and without ex-
ternal disturbances are shown in Figs. 2—4 (b) and (a), re-
spectively. Final consensus values c(k) and c.(k), which
are produced by Corollary 1 and Theorem 3, are marked
by the red asterisk and blue circle, respectively.

‘ * The final consensus value ¢(k) ‘

.8)

=12,..

Xy (J

60
k /steps
(a) State trajectories of D-MAS (5) without external disturbances

10
=)
o
0
':; -10 *  The final consensus value c(k)
o] O The final consensus value ¢,(k)
20, 20 10 60 80 100
k /steps
(b) State trajectories of D-MAS {5) with external disturbances
Fig.2. The state 1 trajectories of D-MASs (1).

From Figs.2—4 (a), it can be seen that the state tra-
jectories of D-MASs (1) with w,(k) = 0 asymptotically
converge to the common value ¢(k), which is related to
r; (j = 1,2,3). The final consensus value of D-MASs (1)
with parameter uncertainties is 1y ® ((A + DFE)*(1/N
X Zi\rzl z;(0))). This is in accord with Corollary 1. Nev-
ertheless, in Figs. 2—4 (b), we can know that the common
value of D-MASs (1) is related to wy(k), and if wa (k) # 0,

c(k) is altered and asymptotically converges to
X
k Z
Iv® ((A + DFEl) (N 2. 1‘1(0))

k—1j=N l=k—i—1
+ Z Z (1 N(A+AA)iwaz,j(l)))

i=0 j=1 1=0

which is in accordance with Theorem 3. By Definition 1,
it is clear that D-MASs (1) achieves robust consensus with
protocol (4). Therefore, the correctness and validity of pro-
posed protocols and theorems are demonstrated.

10 . . : "
| * The final consensus value ¢(k) ‘
g 3 ]
N0
K
-10 i
20 40 60 80 100
k /steps
(a) State trajectories of D-MAS (5) without external disturbances
)
of
T
E -10 * The final consensus value ¢(k) 1
O The final consensus value ¢,(k)
_20 i I i 1
0 20 40 60 80 100
k /steps
(b) State trajectories of D-MAS (5) with external disturbances
Fig.3. The state 2 trajectories of D-MASs (1).
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(a) State trajectories of D-MAS (5) without external disturbances
4
© 2 e
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5 O The final consensus value ¢, (k) ||
_4 i i i i
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k /steps
(b) State trajectories of D-MAS (5) with external disturbances
Fig.4. The state 3 trajectories of D-MASs (1).

5 Conclusions

The robust H. consensus control problem of high-order
D-MASs with parameter uncertainties and external distur-
bances is investigated in this paper. A sufficient LMI con-
dition is obtained to guarantee that D-MASs (1) achieve
robust consensus with protocol (4). Meanwhile, the con-
vergence result is given as a final consensus value. Finally,
an illustrative example is given to demonstrate the correct-
ness and effectiveness of the theoretical results. Further
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research will be conducted on the consensus problem of D-
MASSs with switching topologies and time-delays.

Appendix A  Graph

Let a weighted digraph (or directed graph) G = (V, £, .A)
of order N represents an interaction topology of a network
of agents, with the set of nodes V = {wi,...,vn}, set of
edges £ C VxV, and a weighted adjacency matrix A = [a;;]
with nonnegative adjacency elements a;.

The node indexes belong to a finite index set Z = {1, 2,
..., N}. An edge of G is denoted by e;; = (v;, v;), where v;
and v; are called the initial and terminal nodes. It implies
that node v; can receive information from node v;, but not
necessarily vice versa. The adjacency elements associated
with the edges of the graph are positive if e;; € £ while
ai;j = 0 if e;; ¢ €. Furthermore, we assume a;; = 0 for
all ¢ € Z. The set of neighbors of node v; is denoted by
N; = {v; € V: (vi,v;) € £}. A cluster is any subset J
C V of the nodes of the graph. The set of neighbors of a
cluster Ny is defined by Ny = Uy,es N;i = {v; € V : v
€ J, (vi,v;) € £}. The in-degree and out-degree of node
v; are defined as deg;,(vi) = >°7_; a;ji and deg,,,(vi) =
>-"_, aij, respectively, The degree matrix of the digraph G

J
is a diagonal matrix A = [A;;], where

Ay = {O’ Z 7 J
deg, . (vi), i=7].
The graph Laplacian matrix associated with the digraph
G is defined as L(G) =L =A — A.

Appendix B  Kronecker Product

Given matrices P = (pij)nxn € R™*™ and Q = (¢ij)nxn
€ RP*? their Kronecker product is defined as

P®Q = [p;Q] € R™P*"

in [36]. For matrices A, B, C and D, with appropriate
dimensions, we have the following conditions.

1) (yA) ® B = A® (yB), where v is a constant;

2)(A+B)®@C=A®C+B®C;

) (A® B)(C ® D) = (AC) ® (BD);
)y (A® B)T = AT @ BT,
) Suppose that A and B are invertible, then (A® B)™!
— A71 ® B*l;

6) If A and B are symmetric, so is (A ® B);

7) If A and B are symmetric positive definite (respec-
tively, positive semidefinite), so is (A ® B);

8) Suppose that A has the eigenvalues 3; with associated
eigenvectors f; € RP, i =1,...,p, and B has the eigenval-
ues p; with associated eigenvectors g; € R?, j =1,...,q.
Then the pq eigenvalues of (A® B) are (;p; with associated
eigenvectors f; ®g;, i1 =1,...,p,j=1,...,q.

3
4
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