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H, Performance Analysis and Distributed H-
Control of Interconnected Large-Scale Systems

Tao Yu'®, Jun Song

and Shuping He

Abstraci—This article considers the H, performance
analysis and distributed H. control problems of intercon-
nected large-scale systems (LSSs). According to the de-
veloped space construction approach, both novel neces-
sary and sufficient conditions are established to ensure
the asymptotic stability and H, performance of the studied
LSSs. Next, these investigated results are utilized to de-
rive some sufficient conditions for the existence of the H,
distributed controllers. The desired distributed controller
gains are constructed via the solutions of some developed
linear matrix inequality conditions, which guarantee the
stability and the H, performance of the closed-loop LSSs.
Finally, three examples are introduced to show the superi-
ority and validity of the proposed theoretical method.

Index Terms—Distributed control, H, performance,
large-scale systems (LSSs), linear matrix inequalities.

[. INTRODUCTION

ARGE-SCALE systems (LSSs) typically comprise several
L subsystems, which are interconnected over their dynamics.
There are numerous engineering examples of LSSs, such as
smart power grids [1], spacecraft formations [2], autonomous
vehicles systems [3], and traffic systems [4]. When dealing with
the control issues of LSSs, the traditional centralized control
strategy suffers from heavy communication and computational
burdens, and decentralized control sometimes cannot achieve
satisfied system performance [5]. As a result, distributed control
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technology for LSSs has attracted extensive research attention
for decades [6], [7], [8], [9], [10], [11], [12], [13].

On the other hand, Hy optimal control, which is of interest
in many control engineering applications, has been heavily
studied over the past years [9]. For instance, the authors in [9]
considered the interconnected systems which are interconnected
over an arbitrary graph, and a modified cone complementary
linearization algorithm (MCCL) was proposed to acquire the
optimal Hs performance and the distributed controllers. The
authors in [10] introduced an approach to design Hy robust
distributed controllers for interconnected systems with topology
uncertainties. In [11], the authors considered the controller de-
sign problems for spatially varying interconnected LSSs, which
are distributed in one spatial dimension. An efficient iterative
algorithm was provided in [11] for stability analysis and the H>
performance analysis. Recently, the H5 distributed control prob-
lems of “decomposable systems” (which are a particular class
of LSSs) were researched in [12]. According to the investigated
“decomposition approach” in [12], the authors in [12] designed
the distributed controllers which have the same interconnection
relation as subsystems to stabilize the considered closed-loop
LSSs. Based on the results in [12], distributed H» control issues
of dynamic multiagent systems were studied in [13].

However, although there are some developed results about
distributed H, control in the above papers, it is worth noting
that the application of the results is limited. For instance, in [9],
the subsystems’ interconnection matrix is assumed to be a
permutation matrix. In addition, the MCCL algorithm proposed
in [9] is not suitable for LSSs due to its heavy computational
burdens. The authors of [11] designed the optimal Ho distributed
controllers only for spatially varying interconnected systems
which are distributed in one spatial dimension. On the other
hand, the results of [12] and [13] only can be used to deal with
the H distributed control issues for the particular LSSs called
“decomposable systems.” There are some structure constraints
imposing on the system matrices of “decomposable systems,”
which restrict the application of the results in [12] and[13]. Mo-
tivated by the above discussions, how to derive computationally
attractive distributed Ho controller design approaches for more
general LSSs is challenging and significant.

This article aims to develop computationally attractive ap-
proaches of Hy performance analysis and distributed Hs con-
troller design for general LSSs. By using the developed space
construction method, we have developed both novel necessary
and sufficient linear matrix inequality (LMI) conditions such
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that the studied LSS is asymptotically stable and the desired Ho
performance index is achieved. In order to relieve the burden of
computation, other sufficient lower dimensional LMI conditions
are also provided. Then, the developed LMI conditions are
utilized to design the distributed controllers. The solutions of
the LMISs can be used to construct the distributed H> controller
gains. In the last, three examples are introduced to illustrate the
validity and superiority of the proposed theoretical method. One
example shows that compared with the method given by [12],
our method achieves better system performance in the situation
of various system matrix parameters. The second example illus-
trates that our results are applied to design the distributed Ho
controllers for more general LSSs. The considered LSS in the
second example consists of 500 subsystems. The last example
compares the computation time cost by our method and the
methods in [12], [14], and [15]. This example shows that the
computation time cost by our developed method is always less
than those methods in [12], [14], and [15], which means that our
developed controller design method is more computationally
attractive. We summarize the main contributions of this article
as follows.

1) Novel (both necessary and sufficient) conditions are es-
tablished such that the studied LSS is asymptotically
stable with a given H> performance index. If one uses
the classical necessary and sufficient conditions given
by [14] and [15] to check the system stability and H» per-
formance, the computational cost is heavy because there
are several matrix inversion terms that need to be solved.
However, our novel conditions are more computationally
attractive due to the elimination of the large dimensional
matrix inversion terms.

2) The developed theoretical results can be utilized to design
distributed controllers for more general LSSs. The authors
of [9] only considered the situation that the subsystems’
interconnection matrix is a permutation matrix which
need to satisfy a certain constraint. The authors of [11]
designed the distributed Hy controllers only for spatially
varying LSSs where the subsystems were distributed in
one spatial dimension. The authors of [12] and [13] stud-
ied distributed Hs control issues for the particular “de-
composable systems,” where the system matrices in [12]
and [13] need to satisfy the predefined property. However,
this article does not require the above constraints and
assumptions.

Notations: N, R™™ R" represent the set of positive in-
tegers, the matrices of dimension n x m, and the symmetric
matrices of dimension n X n. R™ denotes the n-dimensional
Euclidean space. X < 0 (X < 0) means X is negative definite
(negative semidefinite). in_{A} denotes the number of neg-
ative eigenvalues of X. The notation col{z‘|" ;} means the
vector [z1, 22, ..., 2™]T. The symbol diag{X;|_,} means the
diagonal block matrix with diagonal elements X1, Xo, ..., Xx.
The kernel and the image of X are represented by ker{X}
and im{X}, respectively. The symbols X°¢ and X}, mean
the orthogonal complement of X and the basis for ker{X},
respectively. dim{im{X }} is used to denote the dimension of

st KN

: st \Ijk vg(t :

Fig. 1. System structure of interconnected LSSs.

im{ X }. The summation notation like S | n,,; is abbreviated
as S,.Ontheotherhand, YT XY and ZTY " XY Z are expressed
as (x) ' XY and (%) " XY Z. For subspace & C R"™, any S with
full column rank and # = im{S} is said to be a basis matrix of
AB.A>0(A<0)on % means that STAS > 0 (STAS < 0).

Il. PROBLEM STATEMENT

Consider a LSS with N interconnected subsystems (see
Fig. 1). Each subsystem X' is controlled by the local subcon-
troller K (i € ¥ 2 {1,2,..., N}). The ith (i € ¥) subsystem
is described as

. . . , . it
(t+1)]  [AL, AL, Bl B, xEti

sit) | =|4i, A, o B, ”i(t) (1)
Z'(t) C. C., 0 D, ;

u'(t

~—

where xi(t) € R™i 2(t) € R wi(t) € R™¢, and u'(t) €
R™i (4 € ¥) are used to represent the state, the performance
output, the external disturbance, and the control of the ith
(i € X)) subsystem. For the ith subsystem in the system layer,
s'(t) € R™ means the output signals toward other subsystems
and v'(t) € R™i means the input from other subsystems. In
this article, all subsystems’ interconnection relation is given by
U € R*5 a5

v(t) = Us(t) (2)

where v(t) = col{v’(t)|¥.;} and s(t) = col{s* ()|, }.

In the control layer, the notations s; € R"+ and v} € R"v
represent the subcontrollers’ interconnection signals. The in-
terconnection relation among subcontrollers is given by Wy.
The subscript “k” in the signals of the control layer is used
to distinguish the signals in the control layer with the signals in
the system layer.
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Remark 1: Compared with the existing literature [9], [11],
[12], [13], the studied LSS (1)—(2) are more general. For exam-
ple, the interconnection matrix ¥ was assumed to be a permuta-
tion matrix in [9]. The authors of [11] studied the H5 distributed
control issues for interconnected LSSs where the subsystems
are distributed in one spatial dimension. The authors of [12]
and [13] only studied the particular “decomposable systems.”
These assumptions and constraints are not required in this article.

Denote that

a(t)=col{z’(t)iL,}, z(t)=col{z'(t)IL,},
u(t)=col{u’ (t)|iL,}, w(t)=col{w'()|L,},
A*#zdiag{Ai#H\;l}, B*#=diag{3i#lfvz1},
Cip=diag{ClyliL,}, Dip=diag{Dl,[;L,}

where *, # € {x,v,w,u, s, z}.
With the above notations, the state space representation (1) is
rewritten in the following compact form:

t
s(t) | = 4w Aw 0 By, “(t) 3)
2(t) C.o C.o 0 Do “’(t)
u

In this article, we consider that the LSS is well posed [14],
[16], [17] and assume that I — WA,, is invertible. Thus, the
term [ — A,V is also invertible. We can also see the similar
assumptions in [16] and [17].

From the fact that (I — WA,)¥ = V(I — A, V), we have

V(I — Ay, ¥) ' = (I - TA,,) 0. 4)
From (2)—(4), the considered LSS (3) can be expressed as

{x(t +1) = A(W)z(t) + E(V)u(t) + Brow(t), )
2(t) = C(W)x(t) + F(V)u(t)
where

A(T) = Ayy + Ay (I — VA,,) T UA,,

E(V) = Byy + Ago(I — VAy,) "By,

C(W) = Cop + Coo(I — VA,,) ' WA,

F(V) =D, + C.,(I — VA,,) ' UB,,

Let the symbol 7, ({) denote the transfer function from w(t)
to z(t) and || T, (C)||2 represents the Ho-norm of T, (¢). The
objectives of this article are summarized as follows.

1) For the open-loop LSS (5) (u(t) = 0), develop both novel
necessary and sufficient conditions for ensuring its ex-
ponential stability and the desired H> performance, i.e.,
|Tw=(C)]l2 < 7, where v > 0 is a given positive scalar.

2) Design distributed controllers for LSS (5) such that the
closed-loop system is stable with the prescribed Hs per-
formance.

[1l. STABILITY ANALYSIS AND H, PERFORMANCE ANALYSIS

In this section, both necessary and sufficient conditions are
investigated for LSS (5) with u(¢) = 0 such that it is stable and

the desired Hy performance index is achieved. Furthermore, in
order to reduce the computational burden, some computationally
attractive sufficient LMI conditions are investigated to check the
stability and the Hs performance of system (5).

Lemma 1: ([14]) Given~y > 0,LSS (5) withu(t) = Oisstable
and satisfies the desired Hy performance ||T,.({)||2 < 7, if and
only if there exists X > 0 (X € R%+) such that

AW XA(T) - X +C(0)'C(¥) <0 (6)
Trace(B,,, X Byw) < 72 (7N

Lemma 2: Denote the subspace of R™ as &, V € R?*™,
and @ € R”. Suppose that the subspace .’(A) C RY depends
on the matrix parameter A continuously. Define that Z(A) =

{¢|¢ € B,V e S(A)}. Then, the inequality
Q < 0on#A(A)
is satisfied, if and only if the following two inequalities hold:

Q+ VTPV <0on%,
P> 0on.¥(A)

where P € RY.

Proof: One can find the strict and rigorous proof in [18, Th.
8].In [18, Th. 8], there is a matrix parameter set A and a matrix
variable U. Here, we consider that there is only one element “A”
in the set “A” and let the matrix variable “U £ 1" [18, Th. 8]
be reformulated in Lemma 2. |

Lemma 1 provides necessary and sufficient conditions to
evaluate the H, performance of LSS (5). However, the condi-
tions in Lemma 1 are computationally expensive because of the
inversion term (I — WA, ) ! in A(¥) and C(V). Besides, the
inversion term may even bring numeric unstable problems in the
situation of high dimensions [19], [20], [21]. Therefore, Lemma
1 is not appropriate to be utilized for LSSs. To deal with this
difficulty as follows, novel necessary and sufficient conditions
are derived to check the stability and the Hy performance of
LSS (5) with u(t) = 0. The novel conditions avoid the inversion
computation of large-dimensional matrices.

Theorem 1: Given a scalar v >0 and wu(t) =0, the
considered LSS (5) is stable and has the Hs performance
| Tw-(¢)|l2 < 7, if and only if there exist X > 0 (X € R%=),
Q € RS S € R%*5 and R € RY" that satisfy

X 0 0 0 O Are Ay
0 -X 0 00 I 0
x"'fo o M S o0 Ase As | <0, (8)
0 0 ST RO 0 I
0 0 0 0 I Ciz Cu
M S||I
*) " > 0, 9
(%) [ST zl o ©)
Trace(B,,, X Byw) < 72 (10)

Proof: First, we introduce the space constructions as follows:

B =im{B}, (V) =ker{[-V I]} (a1
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Azz Amv
I 0
where Z = | Asp  Asp
0 I
CZ.’L‘ CZU

Then, we have

I
S (U) = ker{] I]}:lm{ v } (12)
Define that

(X 0 0 0 O

0 - X 000 ¢
Q=10 o 000,5[1] (13)

0 0 00 0 &2

0 0 00 I

0 0 I 00 M S
V=100 0 1 0]’ P=lem g Y

With the above notations, the term B(¥) = {¢|¢ € B,V €
(W)} is written in the form

= {CI¢ = %¢, [~V NVHE =0}
{CK = 267 (I - \IJASU)SQ - \I/Asxgl = O}

- &1
- {CC = wa) ALe }
A(T)
I
= CK = As:c + AS’U(I - \IJAS11)71\I/Asx 51
([ - WAsq))71WA(sm
c(v)
A(W)
I
—im{ | Ay + Ay (I — WA, 1WA,
(I —WA,,) WA,
Cc(v)

From (11)—(14), it can be verified that (8)—(9) are equivalent
to

Q+V'PV <0on%, (15)
P > 0on.”(¥). (16)
According to Lemma 2, (15)—(16) are equivalent to
Q <0onA(V). 17)
By direct computations, (17) implies that
AT XA(D) - X +C(0)"C(T) < 0. (18)

Here, the inequality (18) is exactly (6) in Lemma 1.
We have proven that (8)—(9) < (15)—(16) < (17) < (18) &
(6). Note that (10) is exactly (7) in Lemma 1. Therefore, LSS

(5) with u(t) = 0 is stable with || T3, (¢)||2 < 7, if and only if

(8)—(10) are satisfied. |

Remark 2: In Theorem 1, (8)—(10) are necessary and suf-
ficient conditions for ensuring the stability and the desired
H, performance index of the open-loop LSS (5) (u(0) = 0).
Compared to conditions (6)—(7), one can use (8)—(10) to check
the stability and the [ performance of system (5) without the
matrix inversion computation.

Note that in the left-hand side of (8), the dimensions increase
with the subsystems number N because of the block diagonal
structure of A, and C.yx (x,# € {x,v,s,z}). In order to
avoid solving LMI conditions with the dimension scaled by
subsystems number N, sufficient LMI conditions with lower
dimensions are further derived to guarantee the stability and the
H,, performance of LSS (5) with u(t) = 0.

Theorem 2: Giveny > 0, if there exist X* > 0 (X? € R7=1),

Q' € R7si, S ¢ R™s*™i_and R* € R™ (i € X) such that
Xt 0 0 0 0 At AL
0 -X{ 0 0 0 I 0
"] o o M S 0 Al AL | <0
0 0 (SHT R o 0o I
0 o 0 o0 I ci, i
(19)
(*)T dla‘g{]\{ 1} dla‘g{sl 1} > O (20)
|diag{(S°)"[}L,}  diag{R[}L,}
ZTrace B )'X'B. ) <~? 1)

are feasible for every ¢ € 3, then the open-loop LSS (5) (u(t) =
0) is stable and has the H> performance || T, (¢)[]2 < 7.
Proof: According to (19), we define that

X" 0 0 0 0
i i 0o -X 0 0 O
AillT A’}Q é(*)T 0 0 Mz Sz 0
(A12) A22 0 0 (Si)T Ri 0
0 0 0 0 I
Ay AL,
I 0
x [AL, Al | <0
0 I
Cl, Ci,
where
Al = (AL)TXZAZ +(AL) TMIAL, + (CL, )TCQL,
A’LQQ (A’L )TXzA’Lmv+(A;v)TMlA;v+(S’L)TA;U+(AT<;1))TSZ
+ R+ (CI)TCL.
Therefore
Al Al
diag 1 2N Y <o, (22)
{ (Al)T Ap,| =
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Let
X = diag{X"[}L,}, (23)
M S diag{M!|N_ |} diag{SY¥,}
e R o R IR 73
S R diag{(S*) ' [;Z,} diag{R'[;}L}

Noting the block diagonal matrices A,z = diag{A’, |/}
and C.y = diag{Cj#HV:l} (x,# € {z,v,s, z}), one, there-
fore, obtains for (8) that

(X 0o o0 0 0 Apw Apo

0 - X 0 00 I 0
x'"fo o M S o0 Ase  Asy

0 0 ST RO 0

0O 0 o0 o0 I Coe Cap

diag{Aig\f\Ll}
diag{Aj, HV:I}

diag{A‘iHH\Ll}
diag{(A}) TN}

Al Al
= II diag S TP I <0 (29)
(Afs) Ay
where I1; is given as
7 0000 -~ 007
00 00 --- 00O
0 00O0OO --- 10
II; =
0O/ 00O --- 00O
o0O017 o0 - 00
L0 0 0 0O 0 I |
Here, the first and the second “=" in (25) hold according to

direct mathematical manipulations, and the “<” in (25) holds
according to (22).

On the other hand, the inequality (9) is satisfied by combining
(20) with (24).

Noting the block diagonal matrices B,,, and X, we obtain
for (10) that

N
Trace(B.;erBmw) = Z(B;w)TXiB;w < 72'
i=1
Here, the “<” holds due to (21).

We have proven that (19)—(21) = (8)—(10) with the matrices
X,Q,S, R given by (23)—(24). According to Theorem 1, we
give the conclusion that system (5) (u(t) = 0) is stable and has
the Hy performance || Ty, (¢)|l2 < v if (19)—(21) hold. [ |

Remark 3: Compared with Lemma 1, a common feature of
Theorems 1 and 2 is the elimination of the inversion terms. The
necessary and sufficient conditions in Theorem 1 ensure that the
studied system is stable and satisfies the desired H» performance
index. However, the conditions of Theorem 2 are only sufficient.
The advantages of Theorem 2 are that the developed LMI
conditions are of lower dimensions and have fewer decision
variables, which make the inequalities of Theorem 2 easy to

solve. The comparison of computational complexity of different
approaches is given in Table I.

IV. H, DISTRIBUTED CONTROLLER DESIGN
A. Controller Existence

The local subcontroller K* is designed as the form

r(t+1) (Az)r (Ao)k (Bp)e| [2i(t)
s) | = [(ALe (AL)k (BOk| [vi(t) ] (26)
u'(t) (@ (COe  Di | [2'(1)

where z} () € R"=i denotes the ith (i € X) subcontroller state,
and the symbols st € R™: and v} € R™i (i € X) represent
the subcontrollers’ interconnection signals; see Fig. 1. There
is a subscript “k” in the subcontrollers’ interconnection sig-
nals (s, v}), which is used to distinguish the subcontrollers’
interconnection signals with the subsystems’ interconnection
signals (s, v?). Here, we consider that all subcontrollers are
interconnected through the matrix W), € R%v*5: as

v (t) = Wpsp(t) 27)

where v (t) = col{vi(t)|N1}, sik(t) = col{si()|¥}. The
matrix W, stands for the subcontrollers’ interconnection rela-
tion.

Remark 4: The matrices W), and ¥ are used to represent
the subcontrollers’ interconnection relation and the subsystems’
interconnection relation, respectively. In this article, Uy and ¥
can be different matrices. Design distributed controllers, where
the subcontrollers’ interconnection relation are the same as
the subsystems’ interconnection relation (i.e., ¥, = V), is a
particular case of this article [12], [22].

Combining (1)—(2) with (26)—(27) gives the closed-loop sys-
tem

x(t+1) o _ _ x(t)

I'i (t + ]-) (A:llcar)(' (A;v)(‘ (B;‘:w)c I'ZE-Q (t)
s'(t) = [(AL)e (AL)e (Biy)e| | v'(@) |,
10 (Cin)e (Ci)e (Diy)e] | e
Z'(t) i w'(t)

(28)
o)) o o] [ s
= (29)
L}k(t)_ _0 U Sk(t)‘|
where

(Al)e (AL)| = A"+ (B)'K'C (30)
. B . 0 )

B .= T (Bly)e = , (DL,)e=0 31
(B = | 7o) (B) M (DL) @y
Al O0]AL 0 0 0 B,

‘ 0 0/ 0 0 4 1 0 0

A=A, 0[Al, 0|, B) =|0 0 B
0O 0| 0 O 0o I/ 0
c., olCi, 0 0 0 D,
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TABLE |
COMPARISON OF COMPUTATIONAL COMPLEXITY FOR DIFFERENT METHODS
Size of LMIs Number of decision variables
Lemma 1 SN na Ei=1nm(22i=1nm+l)
(with matrix inversion computation)
N N
Theorem 1 SN (ngi + 1) Zi= ln“(E’ 1reitl) | Bis 1n“(2’ LETARY
(without matrix inversion computation) + Zi= 1"’”(221 1"”‘+1) + EN 1nm21\;1n51
Theorem 2 N + Noi nzz(n2zz+1) + ”sz("251+1) + ”vz(”2vz+1) +n’vinsi
(without matrix inversion computation)
(AL )k (AL)r  (Bok o Ilo o desire .Hg 1qdex of the syste.m. (28)—(29)'..Then, the solutions
i i i i i of the investigated LMI conditions are utilized to construct the
’C - (Aé.L)k (Asv)k (Bs)k ) C - 0 0|0 [ . . PR
p ; Di 7 olo o controller gains in K" (7 € X).
(Co)e (G k Lemma 3: If there exist compatible dimensional matrices
(32) F <0,H >0, and E, then we have the following two proper-

Remark 5: 1t is worth noting that in (30), the matrix X° (i €
) consists of all unknown controller parameters, and A, 3%,
andC' (i € X) are known system matrices. The form of the right-
hand side of (30) makes it convenient to design the distributed
controllers as follows.

Theorem 3: Given v > 0, the closed-loop system (28)—(29)
is stable and the prescribed Hs performance is satisfied, if there
exist controller parameters in K (i € ), X' > 0, (X? € R2"i)
Mt € R?msi St € R?M:i%2wi and RY € R?™i (; € ¥) such
that (33)—(35) are feasible for every i € X

(*) TN <0, (33)
I 0
diag{Mi|N b diag{SIM,}| [0 T =0
diag{(S") 7|} diag{R/|IX,}| | 0
0 U
(34)
ZTrace Bl )XY BL)e) <2 (35)
where
(Xt 0 0 0 0
_ 0o X 0 0 0
T"=10 0 M S 0
0 o0 (8" R o0
| 0 0 0 0o I
-(A;::r)c (AZI’U)C
| I 0
0 !
_(C;:E)C (C;v)c
Proof: The results are easily obtained by applying Theorem
2 to the closed-loop system (28)—(29). [ |

Note that X*, M*, S*, R (i € ) and the controller parame-
ters in K® are unknown matrix variables. The inequality (33) is
nonlinear. As follows, first, LMI conditions without controller
parameters are established to guarantee the stability and the

ties:
N [ E Lo ! Y lpp!
) | & [F T | TCFEXYT|[FI¥FEXEFT |
where T = (H — EF'E") > 0;
2) in_ {[; ﬂ} —in_{F).
Proof: One can see the proof of the property 1) in [14,

Sec. 2.3]. We now consider the second property. It is easy to
verify that

-
1 0

F'ET T FlET T
which implies that

Here, the second “=" is satisfied due to Y >0 and F'<0. |

Lemma 4: ([18], [23]) Given an invertible matrix Z, if the
number of negative eigenvalues of Z is equal to the dimension
of the image of Y, i.e., in_{Z} = dim{im{Y}}, then

Y'ZY <0 & (YO Z7'ye >0

T 0
0 F

[HE I 0

ET F

0 F

where Y °¢ is used to represent the orthogonal complement of
Y.

Lemma 5: ([23]) For the unknown matrix 2, the following
inequality

-
! <
I +ATQ® I +ATQ®
is feasible if and only if
® —17A
N | "l <0, ()N " l>0
F(I)bk L Abk

hold. Here, ®;;, and Ay, are used to denote a basis for the kernel

of ® and A. The matrices NV and N~ are given by
N Nll N12 N*l N i Nél N(%Z
(N12)T N22 _(NI%Q)T N32

with N?2 > 0 and N}' < 0.
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Theorem 4: Given ~ > 0, if there exist matrices Y; S
R7=i Vi € R7=i, Z% € RM=i, M} € R?st, ‘e R S e
Rreixmoi Gi g Rneixmoi RY € R™i and R' € RTvi (i € ¥)
such that the LMI conditions (37)—(44) are feasible, then there
exist controllers (26)—(27) such that the closed-loop system
(28)—(29) is stable and the desired Hy performance index is
satisfied

\I/T
di iN d S al
| deslpn) - dmelsia )| 0w,
diag{(S)) |} diag{RyI¥,}
0 I
Pa
(37)
Mi>M">0 (38)
R, < R' <0 (39)
v}
s 0. (40)
0o Y
i o o o][4,]"
0 M' S 0| A
*) " : . v >0 41
) 0 (SH" RY oOf |[I™ “h
0 0 0o I]|CE,
1 0 0 _
(%) TW; 0 I 0 Fil >0
7(A;v)T 7(A(Z-9v)-r 7(C;—v)T é
0 0 1
(42)
AR |
y >0 (43)
I Y
ZTrace B.L,) Z!BL,) <~* (44)
where
(Y 0 0 0 0
0 -Y! 0 0 0
Wi=10 0 Mg S, 0
0 o0 (S)T R, O
|0 0 0 0o I
) Rz Ri_Ri
= |t )
| Rq—R' Ry—R
i Mg ' M;—MZ: i_ _Sg’l_ S@—Sf
M- Mt Mi-M| | Si-st S-S
(46)
and [(F])T,(F3)",(F4)"]" is a basis for the kernel of
(B (BL) " (DL,) -

Proof: The proof will be completed through three parts. Part
1 shows that (37)—(39) = (34). Part 2 shows that (38)—(42) =

(33). Part 3 shows that (43)—(44) = (35). The above three parts
implies that (37)—(44) = (33)—(35). According to Theorem 3,
the conditions (37)—(44) ensure the stability and Hs performance
of the closed-loop system (28)—(29).

Part 1: We first define the matrices J; and J5 as

Ml : 1| N
Jl é dlag{ ) 1} dlag{‘s’z‘l 1} (47)
diag{(S ) |i:1 diag{R'|; 1}
Jy 2 dlag{l\/lld S} d.iag{sy%l} . (48)
dlag{(sd) 1:1} dlag{Rd i1}
From (37) and (46)—(45), we have
diag{./\/lid }\1:1} diag{S(ii fil}
d . i : 7
dlag{(Sd)T 1121} diag{R; 5\21}
T Jo | o=y
=1I, [ T | T 11, 49)
where II is given by
7 o --- 0lo o --- 0] T
00 o(l7 o --- 0
0 I o(jo0o 0o --- 0
I, = 00 ojo I --- 0
0o 0 - I{o 0 --- O
10 0 0j0 0 --- T |

According to Lemma 3, we define that

gl — dlag{M‘ i) diag{SiliV 1} :
1 - 7 i
dlag{(S )M} diag{R},}

d1ag{M‘ “1)
_dlag{(Sz) Iy

(1>

diag{S?*|¥ 1
diag{ R*|Y;}

aoy i [ OGADR, ) ding((55-591%,) ]
T a8 I dns(Ri- R}

s dlag{Q‘ Y diag{S{N,} (50)
_dlag{(S;) L1} diag{RL|Y,}]
According to the first property of Lemma 3, we have

diag{ M"Y}

= {diag {[M'-S'(R")" N s, (51)
diag{Q([{,}

: i i i qiy(pi_ piy-1l(qi_ i -1
= {diag{[(M}—M")—(Si—S)(Ry—R") 1 (S4=5") "L }}
> 0. (52)

Here, the “>" in (51) and (52) holds due to (38) and (39).
We do not present the other matrices S?, R?, 5S¢, R% explicitly
because they are not important for us. Although, they can also
be computed according to Lemma 3.
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Note that I, is an orthogonal matrix, i.e., IIoI15 = I1J Il =
1. We further obtain that

-1
1 _ (T Jo |-
Pi = (H2 [J2J1|J2J1 2
Jit ] —J;! }
:HT 1 1 _ I
2 {—Jll [ (Jo—J) T+ ]2

| diag{(8") "L, } diag{R'[¥,}
where
) M? —M? i Qi
M = _ ) _ |, 8= s ,S_,,
M QL+ M’ -5t St+ 5
Ri— | B SH (54)
—-R* R.+ R

The first “=""in (53) holds due to (49). The second “=""in (53)
holds because of the matrix inversion formulas in [14, Sec. 2.3].
The last “=" in (53) holds according to direct mathematical
manipulations.

Take into account (38)—(39), by utilizing Schur complement
lemma to /\/lfi and RQ in (46) and (45), respectively, we further

obtain that
diag{M}|X,} >0, diag{RLX,} <0. (55

From the second property of Lemma 3, we have

o )| diagf MG} diag{Sa[Y,
| | dag{(S)TIN ) diag{RyIN}
) N
= in_{diag{Ry[}L,}} =D 2nus. (56)
i=1

On the other hand, because ® € R5»*5« and &, € RSv*5s
we have

_9T 0 N
el
dim { im ? g’ =S on, 5
0 I =t

Having (56)—(57) in mind, applying Lemma 4 to (37) means that
(34) is satisfied.
Part 2: The condition (33) can be rewritten as

1 0
0 1
(*)TTiNi = (**)TTiHS (Alzz)c (A?IZ’U)C
(Aqsw)c (Aév)c
(C;x)c (C;'u)c
I
_ Tasi
<0, iex (58)

where
00 00O
I 00 0O
Il;=(0 0 0 I Of,
07 00O
0 00 O0 I
-X* 0|0 0 0
_ _ 0 R|O0 (SH" o
M"=TI; T3 = 0 Oo0]x" o0 o
0o S0 M 0
0O 010 o I
Define that
o lyvi ool
I 1 >0, ieX. (59)
0 Y

Here, the “>" holds because of (40).
Taking into account (51) and (52), by utilizing Schur com-
plement lemma to M? in (54), we obtain M? > 0. Therefore

Xt 0 0
0 M\ 0| >0 ieX. (60)
0 0o I

From the structure of the matrix Py given by (49) and P, *
given by (53), we have

) ) ) -1
MST My S
sH" Rr (ST Ry
Therefore
(X1 0 0 0 0
' 0 —(z"(i)*1 0 0 0
(T = 0 0 M Sy 0 61)
0 0 (8}1)T Ry O
0 0 0 0o I
Noting that II3 is an orthogonal matrix, we obtain that
(M")~™" =TIy (T") Iy
—(xHt o 0 o
0 ’RZ 0 (Sfl)T 0
= 0 o)t o o (62)
0 S} 0 M0
0 0 0 0 I
Due to diag{R’|¥;} < 0in (55), we obtain that
—(xH=t o .
[ 0 RZ <0, ieX. (63)

Having (60) and (63) in mind, according to Lemma 5, (58) is
feasible if and only if

()T M* { AC?:'Zk] <0, (64)
()M~ {_(A;%ZB&} >0 (65)
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hold for all i € ¥. Here, C;;, and B}, are used to represent a
basis for the kernel of C* and B, respectively.

Now, we are going to proof that (64)—(65) are satisfied if
(38)~(42) hold.

From the definitions of .J; in (47) and .J; ! in (50), we have

-1

Mi Sw Mz Si
_ _ | = ) ) , 1€ X. 66
|fSZ)T R? [(SZ)T R? ¢ ( )
Therefore
AT s [ s
m_ . — . =1n_ . .
(S’L)T Rt (Sl)T R
Mi i )
=in_ { [(Si)T ]i } =in_{R'} =ny;.

(67)

Here, the first “=""holds due to (66). The second “=""is satisfied
because the negative eigenvalues number can not be changed by
matrix inversion computation. The third “=" holds due to the
second property of Lemma 3. The last “=""holds because of the
fact that R* € R™ and R* < 0.

One further obtains that

YH' 0o o0 0

, 0 Mt ST 0|, Mt S

" 0 )T R’ oo ‘m‘ﬂ(@‘ﬂ Ri }‘”
0 0 0o I

(68)
Next, note the fact of linear independent columns, we get
Ay
A,
Inmi
i,

dim < im (69)

= Nyj-

The relations (68) and (69) are used for applying Lemma 4 as
follows.
We can verify for (64) that

vH' 0 0 o
[ i 0 M S0
*TMZ[ 4”’?] x)T _ _
&) ACy, ) 0 (ST R 0
0 0 0 I
AL,
Ai
SU 1 <0. 70
< | (70)
CL,

Here, C{, =[0010]" is a basis for the kernel of C’. The “<”
in (70) is satisfied by applying Lemma 4 to (41).

Next, note the matrix (T%)~! given by (61), the matrix
(M%)t =0} (T*) 113 given by (62) and

7
0 I 0 0 0 0
B, = 0 0 0 I 0 = |F}
i \T i \T i \T
(BL)T 0 (BT 0 (D)), |o
i
One further obtains for (65) that
()T (M) { (AT, }
By
i I 0 0 T
0 0 0
_(“4‘;:1:)T _(‘Aéz)T _(C;w)T )
' 0 0 0 1
= (%) (TH ! 0 I 0 :
0 0 0 i
_(A;'U)T _(AZU)T _(O;U)T
0 0 0
i 0 0 1 |
1 0 0 .
7(Almx)-r 7(A’;m)T 7(C;z)T {
=(x%) "W, 0 I 0 i>0.
7(Aiv)-r 7(Aév)-r 7(C;U)T ]:é
0 0 I N
(71)

Here, the “>" in (71) holds due to (42).

From (70) and (71), we conclude that (58), which is rewritten
as (33), is satisfied according to Lemma 5.

Part 3: Applying Schur complement lemma to (43) leads to

Yt <2z (72)

B, . yiHt 0
Tw and Xz — ( s) 1
0 (¥}

given by (31) and (59), respectively, we obtain for (35) that

Note that (B:,). =

N
Z Trace((B%,). X{(B.,).)
i1

7 i\—1 i
— ZTI'EICC Tw (Y;) ?71 Brw
i=1 0 (Yk) 0
N
= Trace ((B},)" (Y)) ' B.)
=1
N
< Trace (B.,)  ZiBL,) <7
=1

Here, the first “<”” holds due to (72); the last “<” holds because
of (44). [ |

Remark 6: The minimum value 7, is of great significance
in some practical engineering examples, which can be obtained

Authorized licensed use limited to: Anhui University. Downloaded on September 14,2026 at 09:37:35 UTC from IEEE Xplore. Restrictions apply.



1814

IEEE TRANSACTIONS ON CONTROL OF NETWORK SYSTEMS, VOL. 10, NO. 4, DECEMBER 2023

according to the following optimization problem:
Y e Ry=i, Yy € Ry=, Z; € RY=*, M € R+,
Mi e R, 84 € Rn=ixnvi | §i @ Rsixnoi
RY € R™i, Rl ¢ R

subject to  (37)-(44).
(73)

B. Controller Construction

If the LMI conditions (37)—(44) are solvable, the inequality
(33), which is rewritten as (58), is also satisfied. According to [8,
Lemma 1], all the controller gains in K (i € X) are constructed
by the following steps.

1) Compute M* = II T"II3 and

-1

Mi S -

My S
(Sa)" Ry

Yi 0
0 Y

_ i

2) Introduce two matrices H* and U* which are nonsingular
such that
Bi Hi _

[B' 0], C'U'=][C'0]

where C* and B are of full column rank.
3) Define that

I 0 0
0al 0 9 gall
o I Fi,|’
moo) L,
. i 0
R4 P
0 ((H")")

Ff1
I
Here, the size of F}; is the same as (B%)TKiC".
4) A satisfactory K is given by
K = BB B) (2 FL)(@)'¢) (@)
where Z' = Z4(Z})~" and Z}, Z satisfy

i
F12

i
F22

(>

where the matrix F' = (H*)T AU

(*)T ((Qz)TNzQz o (QZ)TNzSz((Sz)TNz
x(81) (S TN'QY) ? <0. (74)

Remark 7: By diagonalizing the matrix (Q%)" N‘Q' —
(QHTNISH((SH)TNH(SH))"1(S") TN'Q? in an orthogonal ba-
Zi
sis, the columns of Zi in (74) are elected as the eigenvectors
2
associated with the negative eigenvalues.

Remark 8: It should be mentioned that the feasibility of
the LMI conditions in Theorem 4 require some global infor-
mation. However, once the LMIs are solved and the solutions

are used to construct the controller parameters based on the
four steps in Section IV-B, the implementation of the con-
trollers are distributed. That is, each subcontroller only requires
local subsystem and its neighboring subsystem’s information
to form its control input. In our existing work [21], similar
techniques are also used to design the controller gains. How-
ever, the authors of [21] studied the H,, control for LSSs,
while this article mainly considers Hy performance analy-
sis and designs distributed Hy controllers of interconnected
LSSs.

Remark 9: Note that in the four steps of the controller
construction in Section IV-B, there are some matrix inversions
S((H)) L (BB, ((C1) €)Y, Zi(2§) ™ needed to
be computed. However, the dimension of matrix inversion com-
putation does not increase with the number of subsystems. The
dimension of each matrix inversion term is only related to its
subsystem’s system matrices. Compared with the method in

. Lemma 1, [12] and [15], the dimension of the matrix inversions

increases with the number of subsystems, the computation of
matrix inversions are computationally expensive and may even
cause numerically unstable problems especially for a large num-
ber of subsystems. The advantage of our controller construction
method is that the large dimensional matrix inversion terms have
been eliminated.

Remark 10: In this article, Theorems 1 and 2 are proposed for
open-loop LSSs. Theorems 3 and 4 are proposed for closed-loop
ILSSs. Theorem 1 proposes both novel necessary and sufficient
conditions to ensure the stability and the prescribed Hs perfor-
mance for the considered open-loop LSS. The contribution of
Theorem 1 is that compared with the existing method in Lemma
1, the derived conditions in Theorem 1 are computationally
attractive because of the elimination of the computationally
expensive matrix inversion terms. Theorem 2 proposes suffi-
cient conditions to ensure the stability and the prescribed Ho
performance for open-loop LSSs. The conditions in Theorem
2 are also free of computationally expensive matrix inversion
terms. Another advantage of Theorem 2 is that compared with
the conditions in Theorem 1, the size of LMI conditions to be
solved and the number of decision variables are less than those
in Theorem 1 (the comparison results can be found in Table
I). Theorem 3 is the direct extension of Theorem 2, where the
derived conditions ensure the stability and H» performance for
the considered closed-loop LSS. Theorem 4 has transformed
the sufficient nonlinear conditions in Theorem 3 into LMI con-
ditions, which are easy to solve. Finally, the solutions of the LMI
conditions in Theorem 4 can be used to construct the distributed
H> controller parameters.

V. EXAMPLES

Three examples are presented in this section to illustrate the
superiorities and advantages of our developed control scheme.

Example 1: This example is utilized to compare our devel-
oped controller design approach to the approach in [12] in the
situation of different system parameters.
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21

s3(t)

L 23(t)

Fig. 2.
to aring.

System structure of an interconnected LSS which is connected

Consider an LSS with N subsystems in Fig. 2. Here, we
consider that the distributed subcontrollers share the same in-
terconnection relation as subsystems, i.e.,

s%(t) N E ) AR
LN@)] S Li*lwl S [ 20 ] ’

2 ' i1 GN-1
oh(t) = [ ;;(”] o) = [ ; “)1 o () = [ : “)1

sk (1) si (1) s (t)

where i € {2,3,...,N —1}.

The state space representation of the ith (i € {1,2,...,N})
subsystem is given by (1). We aim to compare our approach with
the approachin[12],let A%, B%, ,C¢ D! (i € {1,2,...,N})
be zero matrices and

vl(t) =

M= 0.3 0.1la M= 0.1 0.1b 7 B:inw: a—0.5
0 0.1 0 0.440.1a b
Ay =M +20, AL, =[BT 3],
7 0 7 i
Bmu = [ K CZ.’L' = [0'3 0]7 ASI = I'
0.1

Here, “a” and “b” are parameterized scalars.

The considered system can be verified to be a “decomposable
system” [12] when the “pattern matrix” in [12] is given by the
Laplacian matrix of the interconnection graph of Fig. 2. Thus,
the results in [12] can be applied to this example.

Next, considering the following three situations, we make a
comparison of the value yy,;, achieved by our approach with the
value achieved by the approach in [12].

1) N=10,b=0,a € {0.1,0.2,...,1};
2) N=10,a=0,b€ {0.1,0.2,...,1};
3) a=0.3,b=0.2, N € {10,20,...,100}.

Based on the optimization problem (73) in Remark 6 and
[12, Th. 15], the comparison results are given in Figs. 3, 4, and
5.

It follows from Figs. 3 and 4 that in the case of fixed number
of subsystems N = 10, the minimal value 7y,;,, achieved by our
approach is smaller than that by the approach in [12] in the case
of various system parameterized scalars “a” and “b.” On the

>k Distributed control in this paper,|
0.6F {Distributed control [12]

Fig. 3. Value of y,in achieved by our method and the method in [12]
under different “a” (b = 0, N = 10).

1.5 ‘ >k Distributed control in this paper,
EDistributed control [12]

“Ymin

Fig. 4. Value of v, achieved by our method and the method in [12]
under different “b” (e = 0, N = 10).

08r > Distributed control in this paper| |
EDistributed control [12]
061 NP
- M —
£04 _ ]

0.03
0_2{; 0.02 4
/
I % % ¥ oF % X X%
10 20 30 40 50 60 70 80 90 100
number of subsystems

Fig. 5. Value of y,in achieved by our method and the method in [12]
under different “N” (a = 0.3, b = 0.2).

other hand, Fig. 5 shows that if we fix ¢ = 0.3 and b = 0.2, the
minimal value 7,,;, obtained by our approach is also smaller
than that by the approach in [12] in the case of different number
of subsystems.

Therefore, compared with the method in [12], our method is
less conservative, better closed-loop system Hs performance is
obtained by our distributed controller design approach.

Example 2: This example studies an LSS, which consists
of N = 500 subsystems. Here, the interconnection relation of
subcontrollers is different from the interconnection relation of
subsystems; see Fig. 6. The subsystems’ interconnection and the
subcontrollers’ interconnection are

G0 =0 [ olt) = s
v'(t) = s"H(1); v (t) = 5.7 (1);
v200(t) = s199(¢); vp20(t) = sk (1)

where i € {2,3,...,499}.

Authorized licensed use limited to: Anhui University. Downloaded on September 14,2026 at 09:37:35 UTC from IEEE Xplore. Restrictions apply.



1816 IEEE TRANSACTIONS ON CONTROL OF NETWORK SYSTEMS, VOL. 10, NO. 4, DECEMBER 2023
w'(t 1 2(t) 3500
ot E S0 m Theorem 2 in this paper
(] (1) 3000 @ The method in [12]
N The method in [15]
2N(t) n [Cl m 22(t) 2500 & The method in [14]
T st k‘V(r) Nt e
U 2 o
N u™ (1) N k 9 2*(1) 9 ‘ ;_,2000
Bl K2 By
o ({ st (D s ME0) s2(t), T £ 1500
wN(t) it » IC3 w(t) 1000
s P
U (t)
3 500
w(t ) 23(t)
(R
Fig. 6. System structure of an interconnected LSS with different sub- number of subsystems

systems’s interconnection relation in Fig. 2.

(1),

1 1 1 1
15 20 25 30 35
t

Fig. 7.  State trajectories of the closed-loop LSS.

The system parameters in (1) are given by

3+mod(i,5) mod(i,8)
10 5 oo .
0 124mod(i,7y | »  1fi=3m—1,m e NT;
Al = 10 _
ee ) [ Limod(id) i
i1 .
8 @ 5 otherwise,
10

mod(¢,3)  mod(i,4)
Al — 5 10
o [ 0 0.1

i _
Bazu_

. 0.5
s Ba:'w = [Illod(i,s)‘| ’
5
mod(%,2)
[ 0.5

o ] ) C;:r = [03 mo?éiz)] :

The other matrices are given in Example 1. Here, “mod(m,n)”
is used to denote the remainder when “m” is divided by “n.”

It is worth noting that in the situation of ¢ = 3m — 1 (m €
NT), some eigenvalues of A%, locate outside the unit circle of
the complex plane. Also, one can verify that 16.5% eigenvalues
of A(W) = App + Apo (I — WA,,) ' WA, are outside the unit
circle of the complex plane. That is, the considered LSS is open-
loop unstable.

It is worthwhile to point out that this LSS is not a “decom-
posable system” [12]. One cannot apply the results in [12] for
the controller design issues.

By solving the optimization problem (73), we obtained
that ~,in=0.0274 and the distributed controller parameters
K (i =1,2,...,500). However, the controller parameters are
not presented explicitly here because of space limitation. If
we set 2¢(0) = [2i — 1,2i]" and 2% (0) = [1 — 2i, —2i]" (i =
1,2,...,500), the state trajectories of the closed-loop system
are given in Fig. 7, which has conformed that the controlled
LSS is stable.

Fig. 8. CPU computation time of different methods for different number
of subsystems.

Example 3: This example is executed to compare
the computational time cost by different controller design
methods under different number of subsystems, i.e., N €
{5, 10, 30, 50, 80, 100}.

The interconnection relationships of different subsystems of
the studied LSS are also considered in Fig. 2. The dynamics
of the studied LSS are given by (1) with the system matrix

parameters
M= 0.4 -0.1 Ny 0.1 0 B 0.7 7
0 -0.3 0 03 0.2

Al = M+ 20, A = [—M —M} A=

0.1 0
0 02’
. T . .

B, =[0 05| , ¢l =010, AL =1I

Now, let us design the controllers by our method and the
methods in [12], [14] (Lemma 1 in this article), and [15],
respectively. The controller design procedure is executed by our
personal computer software MATLAB (Inter(R) 46 Core(TM)
i5-2400 CPU). The simulation results in Fig. 8 compares the
computation time of different controller design methods under
the case of different number of subsystems.

From Fig. 8, we can see that under different number of sub-
systems, the computational time cost by our developed method
is always less than those methods in [12], [14] (Lemma 1 in this
article), and [15], which means that our developed controller
design method is more computationally attractive. That is, the
established controller design method in this article is more ap-
plicable and convincing especially for LSSs with a large number
of subsystems.

V1. CONCLUSION

In this article, we have investigated the Ho performance
analysis and the distributed H5 controller design problems for
LSSs. By the developed space construction method, we have in-
vestigated both necessary and sufficient conditions to guarantee
the stability and the Hs performance of LSSs. Based on these
results, sufficient LMI conditions are provided for the existence
of the H distributed controllers. All the controller gains are
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constructed via the solutions of the developed LMI conditions.
Finally, three examples are introduced to show the validity and
superiority of the proposed results of this article.

REFERENCES

[1] M. Aldeen, S. Saha, T. Alpcan, and R. J. Evans, “New online voltage
stability margins and risk assessment for multi-bus smart power grids,”
Int. J. Control, vol. 88, no. 7, pp. 1338-1352, 2015.

[2] A.Zou, A.H.de Ruiter, and K. D. Kumar, “Distributed finite-time velocity-
free attitude coordination control for spacecraft formations,” Automatica,
vol. 67, pp. 46-53, 2016.

[3]1 G. Gunter, C. Janssen, W. Barbour, R. E. Stern, and D. B. Work, “Model-
based string stability of adaptive cruise control systems using field data,”
IEEE Trans. Intell. Veh., vol. 5, no. 1, pp. 90-99, Mar. 2020.

[4] F. Mohseni, E. Frisk, and L. Nielsen, “Distributed cooperative MPC for
autonomous driving in different traffic scenarios,” IEEE Trans. Intell. Veh.,
vol. 6, no. 2, pp. 299-309, Jun. 2021.

[5]1 T. Yu and J. Xiong, “Distributed networked controller design for large-
scale systems under round-robin communication protocol,” IEEE Trans.
Control Netw. Syst., vol. 7, no. 3, pp. 1201-1211, Sep. 2020.

[6] Q.Quan,R.Fu, M. Li, D. Wei, Y. Gao, and K.-Y. Cai, “Practical distributed
control for VTOL UAVs to pass a virtual tube,” IEEE Trans. Intell. Veh.,
vol. 7, no. 2, pp. 342-353, Jun. 2022, doi: 10.1109/TTV.2021.3123110.

[71 Y. Li, G. Yang, and S. Tong, “Fuzzy adaptive distributed event-
triggered consensus control of uncertain nonlinear multiagent systems,”
IEEE Trans. Syst., Man, Cybern. Syst., vol. 49, no. 9, pp. 1777-1786,
Sep. 2019.

[8] C.Langbort, R.S. Chandra, and R. D’ Andrea, “Distributed control design
for systems interconnected over an arbitrary graph,” IEEE Trans. Autom.
Control, vol. 49, no. 9, pp. 1502-1519, Sep. 2004.

[9] X. Chen, H. Xu, and M. Feng, “H2 performance analysis and Ho dis-

tributed control design for systems interconnected over an arbitrary graph,”

Syst. Control Lett., vol. 124, pp. 1-11, 2019.

D. Xue, A. Gusrialdi, and S. Hirche, “Robust distributed control design

for interconnected systems under topology uncertainty,” in Proc. Amer.

Control Conf., 2013, pp. 6541-6546.

[11] J. K. Rice and M. Verhaegen, “Distributed control: A sequentially semi-

separable approach,” in Proc. IEEE Conf. Decis. Control, 2008, pp. 2913—

2919.

P. Massioni and M. Verhaegen, “Distributed control for identical dynam-

ically coupled systems: A decomposition approach,” IEEE Trans. Autom.

Control, vol. 54, no. 1, pp. 124-135, Jan. 2009.

R. Ghadami and B. Shafai, “Distributed H2 control of multi-agent dynamic

systems: Continuous-time case,” in Proc. Amer. Control Conf., 2010,

pp. 3969-3974.

K. Zhou et al., Robust and Optimal Control. Upper Saddle River, NJ, USA:

Prentice Hall, 1996.

M. C. De Oliveira, J. C. Geromel, and J. Bernussou, “Extended H> and

H, characterizations and controller parametrizations for discrete-time

systems,” Int. J. Control, vol. 75, no. 9, pp. 666-679, 2002.

T. Zhou and Y. Zhang, “On the stability and robust stability of net-

worked dynamic systems,” IEEE Trans. Autom. Control, vol. 61, no. 6,

pp. 1595-1600, Jun. 2016.

H. Liu and D. Wang., “Stability and stabilisation of a class of networked

dynamic systems,” Int. J. Syst. Sci., vol. 49, no. 5, pp. 964-973, 2018.

C. W. Scherer, “LPV control and full block multipliers,” Automatica,

vol. 37, no. 3, pp. 361-375, 2001.

T. Zhou, “Coordinated one-step optimal distributed state prediction for

a networked dynamical system,” IEEE Trans. Autom. Control, vol. 58,

no. 11, pp. 2756-2771, Nov. 2013.

H. Abou-Kandil, G. Freiling, V. Ionescu, and G. Jank, Matrix Riccati

Equations in Control and Systems Theory. Basel, Switzerland: Birkhduser,

2003.

T. Yu and J. Xiong, “Distributed L2-gain control of large-scale systems:

A. space construction approach,” ISA Trans., vol. 116, pp. 58-70, 2021.

A. Eichler, C. Hoffmann, and H. Werner, “Robust control of decomposable

LPV systems,” Automatica, vol. 50, no. 12, pp. 3239-3245, 2014.

A. Dabiri, B. Kulcsdr, and H. Koroglu, “Distributed LPV state-feedback

control under control input saturation,” /EEE Trans. Autom. Control,

vol. 62, no. 5, pp. 2450-2456, May 2017.

[10]

[12]

[13]

(14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]
[22]

[23]

Tao Yu received the B.Eng. degree in automa-
tion from the Department of Automation, China
University of Mining and Technology, Xuzhou,
China, in 2016, and the Ph.D. degree in control
science and engineering from University of Sci-
ence and Technology of China, Hefei, China, in
2021.

He is currently a Lecturer with the School
of Atrtificial Intelligence, Anhui University, Hefei,
China. His current research interests include
distributed control of large-scale systems, multi-
agent systems, distributed optimization, and their applications.

Jun Song (Member, IEEE) received the B.E.
degree in electronic science and technology and
the M.E. degree in pattern recognition and in-
telligent systems from Anhui University, Hefei,
China, in 2011 and 2014, respectively, and the
Ph.D. degree in control science and engineering
from the East China University of Science and
Technology, Shanghai, China, in 2018.

He is the first author of the monograph:
Protocols-Based Sliding Mode Control: 1-D and
2-D System Cases (CRC 2022). From 2016 to
2017, he was a Visiting Ph.D. Student with the Department of Computer
Science, Brunel University London, Uxbridge, U.K. He also was a Re-
search Assistant or Research Fellow with The University of Hong Kong,
Hong Kong, China; City University of Hong Kong, Hong Kong, China;
and Western Sydney University, Penrith, NSW, Australia. He is cur-
rently a Professor with Anhui University. His research interests include
networked sliding mode control theory and its applications, Markovian
jump systems, brain-controlled intelligent machine, and autonomous
unmanned system.

Dr. Song was a recipient of the Chinese Association of Automation
(CAA) Outstanding Ph.D. Dissertation Award in 2019.

Liang Zhang (Member, IEEE) received the
B.Sc. degree in automation from Shandong Uni-
versity, Jinan, China, in 2015, and the Ph.D. de-
gree degree in Aeronautical and Astronautical
Science and Technology from Harbin Institute of
Technology, Harbin, China, in 2021.

He is currently a Lecturer with the School of
Engineering and Automation, Anhui University,
Hefei, China. From 2018 to 2019, he was also
a Visiting Ph.D. Student with the Autonomous
System Lab, ETH Zurich, Zirich, Switzerland,
under the foundation from the China Scholarship Council. His research
interests include multirobot or multiagent systems, including cooperative
control, planning under uncertainty, and coverage control.

Shuping He (Senior Member, IEEE) received
the B.S. degree in automation and the Ph.D.
degree in control theory and control engineering
from Jiangnan University, Wuxi, China, in 2005
and 2011, respectively.

From 2010 to 2011, he was a Visiting Scholar
with the Control Systems Centre, School of
Electrical and Electronic Engineering, The Uni-
versity of Manchester, Manchester, U.K. He is
currently a Professor with the School of Electri-
cal Engineering and Automation, Anhui Univer-
sity, Hefei, China. His current research interests include stochastic sys-
tems control, reinforcement learning, system modeling with applications,
signal processing, and artificial-intelligence methods.

Dr. He is the Associate/Youth Editor for many professional journals,
such as IEEE/CAA Journal of Automatica Sinica and Journal of Central
South University.

Authorized licensed use limited to: Anhui University. Downloaded on September 14,2026 at 09:37:35 UTC from IEEE Xplore. Restrictions apply.


https://dx.doi.org/10.1109/TIV.2021.3123110


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


