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Abstract— In this paper, the problem of decentralized robust  tackle time-delay systems by using model reference method.
model reference control for a class of interconnected time- |jterature [11] firstly investigated the problem and designed
delay systems is investigated. The interconnections with time- o controller for a class of uncertain time delay systems.
varying time delays considered are high order and the gains Model reference adaptive control for interconnected systems
are not known. A class of decentralized adaptive feedback ™ . . : :
controllers are proposed, which can render the resuling With time delays are considered in [12], but the obtained
closed-loop error system asymptotically stable. controller are dependent of the delays and the interconnec-
tions need to be precisely known.

In this paper we consider a class of nonlinear intercon-

Various engineering systems, such as electrical networksected time-delay systems. The uncertain interconnections
turbojet engines, microwave oscillators, nuclear reactoraye bounded by high-order nonlinear functions and the gains
and hydraulic systems, have the characteristics of timare unknown. The model reference adaptive control problem
delay. Due to the effect of time delay, these systems posséssstudied. Decentralized feedback adaptive controller is
instability, the control performance of these system ardesigned, which is independent of the time delays and can
hardly assured. So far, the stability analysis and robusénder the closed-loop error system asymptotically stable.
control for dynamic time-delay systems attracted a number
of researchers over the past years, see for example, to
name a few on this general topic, [1-19] and the references The interconnected system considered in this paper in-
therein. cludesN subsystems with thigh subsystem described by

On the other hand, in the real world many practical N
systems are found to_be large-scale systems which are §: x = Ax + Bju; + Z Hij (xj,%j (t—dij (1),t) (1)
composed of a set of interconnected subsystems, such as =1
power systems, digital communication networks, econom%herex’ c RV
systems and urban traffic networks. Robust control for larg !
scale time-delay systems have been one of the focused st
topics in the past years, and a lot of achievements have be
made, see for example, [5-10, 18-19]. In [5], the proble
of robust control for a class of interconnected systems wit
bounded uncertainties was considered. The same systg
was further discussed by using the decentralized sliding
mode control method in [6]. The problem of stabilization of ; "
large-scale stochastic s;Es![ems vf/)ith time delay was studied 0<dj(t) <dj <o, dj (1) <dj <1 2)
in [7], while stabilization of a class of time-varying large whered;; andd;; are positive scalars, and initial conditions
scale systems subject to multiple time-varying delays iare given as follows
the interconnections was investigated in [8]. In the work of )

[9], the robust control problem was investigated by usinga % (1) = Qi(t),t € [to—dij,t],i = 1,2,--- N

linear function as a bound f(_)r the uncertain interconnectioq,@hereQi (t) are continuous functions.

and the controller was designed based on the bounds. The-q; the purpose of model reference, the local reference
adaptive control problem of a class of interconnected tlm%ode| of theith subsystem is given by

delay systems without knowledge of bounds of uncertain

interconnections was con5|d<_ared in [10]. Soni (1) = A + Bl (1) ®)

In another research front line, model reference approach
has been extensively studied and widely used in contr@there xm € R" is the state vectorr;(t) is the known
problem and its applications. However, to the best of thpiecewise continuous and bounded reference input to the
authors’ knowledge, very few attempts have been made ith reference model,; and By, are known matrices.
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I. INTRODUCTION

Il. SYSTEM FORMULATION AND PRELIMINARIES

andu; € R™ represent the state and control

Sectors respectively of the subsystelnandB; are constant

LH&trices with proper dimensions$d;j (xj,X; (t —dij (1)) ,t)
uncertain nonlinear interconnections, which indicate the

terconnections among the current states and the delayed

ates of system§ andS;, while d;j (t) are bounded time-
ying delay and differentiable satisfying



Further from (1) and (3), we obtain the following error I1l. M AIN RESULTS

system From Assumption 3, we further obtain the following
inequalities with the help of Assumption 4

& = Am@‘i‘(Al Anmi) X + Biu; 4)
+ ZlHij (Xj, %) (t—dij () ,t) — Bmiri (t)
J:

z

Hﬁu (. (t = i (1)) ™

z
M
o

whereg = X — Xmi.

In the following, some standard assumptions are imposed
on system (4).

Assumption 1: There exist matrice¥; and positive =
matrices P satisfying the following inequality fori =
1,2,---,N

O’IJSHXIH +Z ZB'H ) (t—dj (1)

AN
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O’IJSHXmJ‘FeJH

EM

N Gij
+2 3 B [Xemj (£ — i (1)) + & (¢ — ckj (1))
(Ami+BiK)TR+R(An+BK)=-Q  (5) ==

whereQ; (i=1,---N) are positive matrices.
Assumption 2: The following conditions are satisfied

N Gij
ausHejHS+ 3 3 Byt )] +3
P

IN
Mz HMZ
ﬁMU

N
_ _ =T _ 2w (e N
Hij (X, % (t—dhj (1)),t) = BiFij (xj, X (t — dij (1)), 1) = leaiju (Ileil]) +leﬁijwh (lley @ =d )[)) +4
L . = BN o
(A = Ami) 't whereTijs, Bijl and & are unknown positive scalars, and
Bmi = BiM;

where H;; (-) are proper vector function; and N, are . _ — — T % _(m 7 — T
constantjmatrices. aij = (Qije, Tijz, - Tijpy )+ Bij (Bijl’BiJZ""Biiqu) ’
Assumption 3: The interconnections satisfy the follow-

ing inequalities Ui (- (HeJH HeJH 'Heinij)T,
N ~
2 HHij (Xj, X (t = dhj (1)) ,t)H (6) W ()
T
“ S = Neste=c O fles ¢~y )]
EQHMH+ZZﬁMMPWu i - (HJ Ol I )

Since the statex, of reference model system are
bounded, there always exist positive scalayg, Bij, and
5} such that inequality (7) holds.

Now, we are ready to present our main result in this paper.

Theorem 1: For system (1), the following adaptive feed-
back controller

where pjj and 0ij are known positive scalargyjjs and
Biji are unknown scalars.

Assumption 4: The states of model reference system (3
are bounded.

Remark 1: It should be noted that Assumption 1 is
to guarantee that the paifAmi,Bi} can be stabilizable.

If {Ami,Bi} is completely controllable, Assumption 1 will Ui = Ui + Uiz + Ui (8)
always hold. Assumption 2 is the so-called matching corwhere

o_Iitio_n which has been widely used in robust_ control and Ui = —Nx+Mri+Ke 9)
filtering problems (see for example, [13-19]). Different from VT (e)

the existing literatures investigating the control problem Uz = fG.(t)BiT )

of interconnected time-delay systems, we assume that the Te.

interconnected terms are bounded by high-order functions =i (t )BT N (e‘)

and the gains are unknown in Assumption 3. Therefore, the Uiz = HBT etV @)] H

results obtained in this paper will be applicable to a large

class of interconnected time delay systems. Assumptionid which 6 (t) and & (t) are adaptlve parameters with
is to assure that the underlying model reference system dglaptive laws

bounded stable. T 2
For interconnected time-delay system (1) satisfying above 6 — 7r| ’ grovi (&) oV, (&) (10)
assumptions, we will propose a class of decentralized adap- 2 oe
tive feedback controllers to achieve the model reference’s & }cb ‘ T0VT( )H
objective. T 2T ae
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wherel; and ®; are positive scalars,

. Vi (&)
i q DB S Hij (X, (t—dij (1))t 14
Vite) = 3 L (@Ra)"h = max{py.au} (i € [LN) B3 iy 0, 1 0).0 (14
K=1
(11) N Tavl gr V(@)
and K; and B are matrices satisfying (5), will render the < Z (H JH B, +4|B de
closed-loop error system asymptotically stable. = N
Proof: Define the following Lyapunov function candidate + zﬁT i (lej (t—dij (0)]]) ||Bf —5=— dV )
=1
2
N (@il | gr ovie)” 2
~ N . le( ull Jor @ oy ()
V(eaevt) = Z\A (eae7t) (12) HE Hz
= N i Vi (e)"
N Y + . g M)
SPXVCRLCRL) P eyl
=
_l(d 9)? +vij (1) W ([les (6= @) ])]°)
T
+ z V.J/ llej (& dE} 45 BiTaVId(aa)
wherevjj are sufficiently small positive scalars, afdare Let
also positive scalars defined in (15) (below).
Then by taking the time derivative df(-) along the
trajectories of the closed-loop system, we have N o |2
el Z H4'JH HB'JH (15)
j:1 8'] (1 d)'<
~ N i
V(eb6,t) = Zvi (e 6,t) (13) Then, we have
N h =
< Z &' Pe)"
A ovi(a) B'ZH' (4% (t—dy (0).1)  (16)
((Ami+BiKi> |+P(Ai+BiMi)>a 2e AT
+N‘9V' B S Hij (xj,xj (t—dij (1)),t) 2 rovi@) | roVi(a)"
Zl de IZ ij (Xj,Xj (t=dij (1)), < 6]|B J6 +4||B 96
N G
Y (L) vi[ley (t - ()]
j=1k=1
53 e e
+ Z ij [1€j
N N
+3 > vir ([lei] ™~ (1) fleg ¢ — s )| *) e
i=1j=1
N N .
+ Z(Zrl—l (GI o el) 6 72¢I—l(a *Bi)ﬁi) We know
i=
N ov; ’ avT 2
Bu -5 6B Vi (g VT (g
-3, %a B Z - e =, [l V52| an
Also, the following inequality holds Substituting (16) and (17) into (13), we further have
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By applying (10), one has

V (%, 6,t)

< (18)

MZ

{ hZE%Pa (&' Qe)
2

(St 3 aitar™)

If we choose parameters

Vi

(19)

= miax{vij},sj = miax{eij}, for i € [1,N]

the following inequality will hold

IA

wherev; =0

we have

V(edt) < 33 Y {=Anin (R Amin(Q)  (20)
k=1

i{ 'an ' (e Qe)
§<ZVMMH Ii;mqwﬁ}

N{ hZ(% Re) ' (¢ Q)
o3 (S ulel™s 3 ol

IZZ {—(G;TF’.a)kfl (e'Qie)

+Nvi &%+ Ne; &%}

)

(gij < j <hj) andgj =
N b

&1 +Nvi[ja]*+Nai e * }

0 (pij <j<hj).Then

For B and Q; are positive matrices, parametarg and
& can be selected to be small enough to render that the
following inequality holds

_/\rliunl( R) Amin (Qi) + Nvi +Ng
= 7r|| <0

(21)

wherell; are positive scalars. Furthermore, one has

. N
V(e8,t)< - hiMe|*
i; | ]

Based on Lyapunov stability theory, the proposed decen-
tralized state feedback controller (8)-(10) will guarantee the
closed-loop error system asymptotically stableg

Remark 2: For the controllens in (9), we can choose
the following candidate to avoid zero appearing in the
denominator

Uz = _Si()BTdvdei>
© e

whereg andr are positive scalars. With the controller above,
it is easy for us to obtain the closed-loop system is also
asymptotically stable.

Remark 3: To improve the robust performance of con-
trol system, we can employ tlteemodification adaptive law.
The following can be used in (10)

2

. oV (g

6 = 2r. B (;é) —Tioy6
. 1 oVv."

g3 = éCDi BiT Ida(a)‘ — @04 9;

where 03; and oy are positive scalars. By using the
adaptive laws above, we can obtain that the closed-loop
system is uniformly ultimately bounded stable and the stable
bounds can be adjusted by selecting proper parameters
and oy;.

Remark 4: In this section we have investigated the
control problem for interconnected time-delay systems with
the uncertainties bounded by high-order polynomials. With
the gains unknown, we employed adaptive control idea and
designed the controllers. Specially, if the uncertainties are
bounded by first-order polynomials, that igj = gjj = 1,
the model reference adaptive control problem is considered
in [12]. In [12] the time delay interconnections are needed
to be precisely known and the controllers designed are
dependent of the time delays. In this paper, the conditions
imposed on the interconnected systems are looser and the
controllers constructed are independent of the time delays.
Therefore, the results obtained in this part are expected to
solve the decentralized model reference control problem for
a larger class of interconnected time-delay systems.
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IV. CONCLUSION [17]

In this paper, model reference adaptive control problem
for a class of large-scale time delay systems is investigateids)
The decentralized feedback controllers and corresponding
adaptive laws are designed. Based on Lyapunov stability
theory, we prove the resulting closed-loop error systemo]
is asymptotically stable. Different from the existing litera-
tures, in this paper the uncertain interconnections with time
varying time delays are bounded by high order nonlinear
functions and the gains need not to be known. Therefore,
the results obtained are expected to apply to a large class
of interconnected systems.
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