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This paper is concerned with the problem of exponential stability and H,, model reduction of a class of switched discrete-time
systems with state time-varying delay. Some subsystems can be unstable. Based on the average dwell time technique and Lyapunov-
Krasovskii functional (LKF) approach, sufficient conditions for exponential stability with H_ performance of such systems are
derived in terms of linear matrix inequalities (LMIs). For the high-order systems, sufficient conditions for the existence of reduced-
order model are derived in terms of LMIs. Moreover, the error system is guaranteed to be exponentially stable and an H_, error
performance is guaranteed. Numerical examples are also given to demonstrate the effectiveness and reduced conservatism of the

obtained results.

1. Introduction

Switched systems belong to a special class of hybrid con-
trol systems, which comprises a collection of subsystems
described by dynamics differential or difference equations,
together with a switching law that specifies the switching rule
among the subsystems. Due to the theoretical development
as well as practical applications, analysis and synthesis of
switched systems have recently gained considerable attention
[1-4].

Furthermore, the time-delay phenomenon is frequently
encountered in a variety of industrial and engineering sys-
tems [5-7], for instance, chemical process, long distance
transmission line, communication networks, and so forth.
Moreover, time-delay is a predominant source of the poor
performance and instability. In the last two decades, there
has been increasing interest in the stability analysis for the
systems; see, for example, 8, 9] and the references cited there
in. For switched delay systems, due to the impact of time-
delays, the behavior of switched delay systems is usually much
more complicated than that of switched systems or delay
systems [10, 11].

The average dwell time (ADT) technique [12] and multi-
ple Lyapunov function approach [13] are two powerful and

effective tools for studying the problems of stability for
switched systems under controlled switching. By applying
ADT scheme, the disturbance attenuation properties of time-
controlled switched systems are investigated in [14]. In [15],
the exponential stability and L,-gain of switched delay
systems are studied by using ADT approach. Furthermore,
based on ADT method, in [16-18] the stability of switched
systems with stable and unstable subsystems co existing
was considered. Using the ADT scheme, switching design
for exponential stability was proposed in [19] for a class
of switched discrete-time constant time-delay systems. By
using the multiple Lyapunov function approach and ADT
technique, the literature [20] studied the problem of state
feedback stabilization of a class of discrete-time switched
singular systems with time-varying state delay under asyn-
chronous switching. However, many free weighing matrices
were introduced, which made the stability result complicated.
In [11], the problem of stabilization and robust H, control
via ADT method switching for discrete switched system with
time-delay was considered. However, the procedures given
in [11] could not be applied to the case of asynchronous
switching or the case of switching delay systems with stable
and unstable subsystems co existing. This motivates the
present study.



On another research front line, it is well known that
mathematical modeling of physical systems often results
in complex high-order models. However, this causes the
great difficulties in analysis and synthesis of the systems.
Therefore, in practical applications it is desirable to replace
high-order models with reduced-order ones for reducing the
computational complexities in some given criteria without
incurring much loss of performance or information. The
purpose of model reduction is to obtain a lower-order
system which approximates a high-order system according to
certain criterion. Recently, much attention has been focused
on the model reduction problem [21-25]. Many important
results have been reported, which involve various efficient
approaches, such as the balanced truncation method [24],
the optimal Hanker norm reduction method [25], the cone
complementarily linearization method [26], and sequential
linear programming matrix method [27]. In terms of LMIs
with inverse constraints or other non convex conditions,
the model reduction of the discrete-time context has been
investigated in [28, 29]. However, it is difficult to obtain the
numerical solutions. In [30], the existence conditions for
H_, model reduction for discrete-time uncertain switched
systems are derived in terms of strict LMIs by using switched
Lyapunov function method. However, time delays are not
taken into account. In the literature [31], a novel idea to
approximate the original time-delay system by a reduced
time-delay model has been proposed recently. However, the
unstable subsystems are not taken into account.

Motivated by the preceding discussion, the main contri-
butions of this paper are highlighted as follows. The problem
of exponential stability and H,, model reduction for a class
of switched linear discrete-time systems with time-varying
delay have been investigated. To lessen the computation
complexity and to reduce the conservatism, new discrete LKF
are constructed and the delay interval is divided into two
unequal subintervals by the delay decomposition method.
The switching law is given by ADT scheme, such that even
if one or more subsystem is unstable the overall switched
system still can be stable. For the high-order systems, suf-
ficient conditions for the existence of the desired reduced-
order model are derived in terms of strict LMIs, which can be
easily solved by using MATLAB LMI control toolbox. Finally,
numerical examples are given to show the effectiveness of the
proposed methods.

The remainder of this paper is structured as follows. In
Section 2, the problem formulation and some preliminaries
are introduced. In Section 3, the main results are presented
on the exponential stability of switched discrete-time systems
with time-varying delay. In Section 4, the main results on
the H,, model reduction for the high-order systems are
presented. Numerical examples are given in Section 5. The
last section concludes the work.

Notations. We use standard notations throughout the paper.
Amin(M) (A (M)) stands for the minimal (maximum)
eigenvalue of M. M” is the transpose of the matrix M. The
relation M > N (M < N) means that the matrix M — N is
positive (negative) definite. |x| denotes the Euclidian-norm
of the vector x € R". R" represents the n-dimensional real
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Euclidean space. R™™ is the set of all real n x m matrices.
diag{-- -} stands for a block-diagonal matrix. In symmetric
block matrices or long matrix expressions, we use an asterisk

*” to represent a term that is induced by symmetry. I denotes
the identity matrix.

2. Problem Description and Preliminaries

Consider a class of switched linear discrete-time systems with
time-varying state delay of the form

x(k+1) = Ax (k) + Ayx (k- d (k) + B (k) ,
y (k) = Cix (k) + Cy;x (k — d (k) + Du (k), €]
x(0)=¢ (),

where x(k) € R" denotes the system state, y(k) € R" is
the measured output, u(k) € R? is the disturbance input
vector which belongs to 1,0, 00). ¢(6) € R" is a vector-valued
initial function. The switching signal ¢ (denoting o(k) for
simplicity) : [0,00) — N = {1,2,...,T} is a piecewise
constant function and depends on time. ¢ = i means that the
ith subsystem is activated. T is the number of subsystems. The
system matrices A;, A 3, B;, C;, Cy;, and D; are a set of known
real matrices with appropriate dimensions.

For a given finite positive integer h > 0, d(k) is time-
varying delay and satisfies the following condition

0=-h-h+1,...,1,

0<d(k)<h, VkeN" )

To facilitate theoretical development, we introduce the fol-
lowing definitions and lemmas.

Definition 1 (see [19]). The system (1) with disturbance input
u(k) = 0 is said to be exponentially stable if there exist a
switching function o(-) and positive number ¢ such that every
solution x(k, ¢) of the system satisfies

Ix (o)l < Aol Wk = ko, (3)

for any initial conditions (ky, ¢) € R* x C". ¢ > 0 is the decay
coefficient, 0 < A < 1 is the decay rate, and [|§||; = sup{ll¢(D)ll,
I=ky—hky—h+1,...,k}

Definition 2 (see [11]). Consider the system (1) with the fol-
lowing conditions.

(1) With u(k) = 0, the system (1) is exponentially stable
with convergence rate A > 0.

(2) The H,, performance [|y(k)|l, < yllu(k)l, is guaran-
teed for all nonzero u(k) € L,[0, 00) and a prescribed
x > 0 under the zero condition.

In the above conditions, the system (1) is exponentially
stabilizable with H, performance y and convergence rate A.

Here y characterizes the disturbance attenuation perfor-
mance. The smaller the y is, the better the performance is.

Definition 3 (see [12]). For a switching signal o(k) and any
T, > k > T, = 0, let N,(T,,T,) denote the number of
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switching of o(k) over (T}, T,). If for any given N, > 1 and
T, > 0, we have N (T}, T,) < Ny + (T, - T;)/T,, then T, and
N, are called the ADT and the chatter bound, respectively.

Lemma 4 (see [9]). For any matrix R = RT >0, integers a <

b, vector function {(k) : {-b,-b+1,...,—a} — R, then
k-a-1 _R R
@-b Y SR8 0| flew. @
s=k-b
Here

z(k)=x((k+1)-x(k),

. 3)
£ (k)= [x"(k-a) x" (k-b)].

Lemma 5 (Schur complement [32]). Let M,P,Q be given
matrices such that Q > 0. Then

P M

%

The aim of this paper is to find a class of time-based
switching signals for the discrete-time switched time-delay
systems (1), whose subsystem is not necessarily stable, to
guarantee the system to be exponentially stable. For a high-

order system, we are interested in constructing a reduced-
order switched system to approximate the system.

]<0<=>P+MQ‘1MT<0. (6)

3. Stability Analysis

With the preliminaries given in the previous section we are
ready to state the exponential stability and H, performance
of switched systems (1). To obtain the exponential stability of
switched systems (1), we construct following discrete LKF:

Vi(k) =V (k) + Vi () + Vi (k), VieN.  (7)
Here
Vi (k) = x" (k) Pix (k)
k-1
Vo= Y (1+a) " (5)Qux (s)

s=k—9
k—9-1

+ Z (1 +oci)k7175xT () Qipx (5)
s=k—h

k-1
+ Z (1+0,) 7T (5) Qux (s),
s=k—d(k) (8)

-1 k-1
Ve =Y Y (1+a) 2" () Ryz (s)

0=—9 s=k+0

-9-1 k-1

+ Z Z (1 +ocl-)k_1_szT (s) Rz (s)

0=—h s=k+0

-1 k-l
+ Y Y (1ra) T () Rz (9),

0=-d(k) s=k+0

where P,,Q,,., R, (i € N, m = 1,2,3) are symmetric pos-
itive definite matrices with appropriate dimensions, z(k) =
x(k + 1) — x(k), and integer 9 € (0,h) and «; are given
constants.

Remark 6. In order to derive less conservative criteria than
the existing ones, the delay interval [0, /] is divided into two
unequal subintervals: [0,9] and [9, h], where 9 € (0,h) is
a tuning parameter. The information about x(t — 9) can be
taken into account. This plays a vital role in deriving less
conservative results. Thus, for any k € Z*, we have d(k) €
[0, 9] or d(k) € [9, h].

Firstly, we will provide a decay estimation of the system
LKF in (7) along the state trajectory of switched system (1)
without disturbance input (i.e., u(k) = 0).

Lemma 7. Given constants =1 < a; < 0, h > 0and 9 €
(0, h), if there exist some symmetric positive definite matrices
P,Q»Ripy (i € N, m = 1,2,3) such that the following LMIs
hold:

Wi \Iji12:|
<0, )
[ WY
D;yy (Di12:|
<0, 10
[ Dy, (10)
where
Vi ‘//212 (1) 0]
N YV Vs O
i £ Y Y|
ko ‘/’fm-
Vi (l) ¢:13 (l)
D, = ¢ ¢123 ¢4
' * ¢y 0 ’
¥k ‘/’zi4-

r T T T-
A%Pi (4 _TI) TWu
VY., = Agb AWy ,

0 0
L 0 0 _
- T T T-
Ajl;Pi (4 _TI) Twzi
;) = Agb AWy ,
0 0
0 0

¥y, = diag {-P;, W}, ®,, = diag {-P, -Wy},

9
; 1+«
v =—(1+a)P - % (Riy + Ri3) + Qyp + Qi35
i (1 +“i)9
Vi = 9 (Riy + R;3),
(1 +oc,-)9

i 9
Vo = —(1+ ) Qs - 9 (2R;, +R;),



h
———— (R, + R;)

_(1+“) Q1 -Qa)>
Wll = (h - 9) Ri2 + SRll + 9Ri3’

=(h-9)R, +9R;; + hR;;.
(11)

Then, by means of LKF (7), along the trajectory of the systems
(1) without disturbance input, one has
AV; (k) = V; (k+1) = V; (k) < &V; (k). (12)

Proof. Let us choose the system LKF (7). Define

3
Vik+1) - (1+a)V,(k)= Y AV,, (k),  (13)
m=1

where

AV (k) = Vi (k4 1) = (14 07) Vi, (K). (14)
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Therefore, the following equality holds along the solution of
(D):

=x (k+1)Px(k+1)— (1+e)x" (k) Px (k),
(15)

AV, (k)

AV, (k) = x" (k) (Qiy + Qi) x (k)

—(1+a)"xT (k= 1) Qux (k= h)
— (14 )" PxT (k - d (k) Quux (k — d (k)

- (1 + “i)SxT (k-9) (Qil - Qiz)x(k -9),

(16)

AV, (k) = 2" (k) ((h - 9) R, + 9R,; +d (k) R;3) z (k)

k-1
_ Z (1+a,) 2" (s) Ryz (s)

s=k—9

k-9-1 . 17)
_ Z (1+a,) 2" (5) Rz (s)

K

s=k—h

k—
k-s T

l+a;) 'z (s)Rsz(s).

1
- (
s=k—d(k)
For any k € Z", we have d(k) € [0,9] or d(k) € [9, h].

(1) It d(k) € [0, 9], it gets

k-1
=Y (1)L () Ryz (9)

s=k—9

k—1-d(k)

Z (1+ “i)k

s=k—9

2 () Ryz (s) (18)

Z (1 + o )k 2L (s) Ryz (s).

s=k—d(k

So (17) could be

AV, (k) < 27 (k) ((h - 9) R, + 9R;; + 9R;;) z (k)

k—9-1

- Z (1+oc)k5 T

s=k—h

k-1 (19)

- Z (1+(x)ks T

z (s) (R + R;3) 2 (s)
s=k—1(k)

12Z( )

k-1-7(k) .
- Z (1+«)
s=k—9

2T (s) Rz (s).
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From Lemma 4, we have

k—9-1
- Z (1+oc)k ‘2" (s) Rz (s)
s=k—h
(20)
(1+0c) o R
< 51()[ 2 R?z]gl(t)’
k-1
- Y (1+a) T () Ry +Ry) 2 (9)
s=k—d(k)
(1+a)® r [-Ry~Ry Ry+Ry (21)
S [T Re BB e g
(1+“) -R;3 R;+R
—ae[ T U ew,
k-1-d(k) s 1
- Y (1+a) 2 () Ryz(s)
s=k—9
(”“’) o S0 I A @)
(k) ~Ryy | 7
1
<! +“) gwl ™ B aw,
where
E (k) =[x"(k-9) x" (k-h)],
& (k) =[x" (k) x" (k-d (k)] (23)

& () =[x" (k-d (k) " (k-9)].
Combining (13)-(22), it yields
Vilk+1) = (1+a)V; (k)
< & (k) ¥y, (k) (24)
+xT(k+ 1) Px(k+1)+ 2" (k) W,z (k),
where

£ (k) = [x" (k) x" (k-d k) x"(k-9) x" (k-h)].

(25)

Multiplying (9) both from left and right by diag
{0 000 P! W[T},by Schur Complement, further, con-
sidering (24), one can infer that (12) holds.

(2) If d(k) € [9, h], it gets

Y (1+a) T () Rz (s)
s=k—d(k)

-1
== Y (1+0) 2" () Ryz (5)
s=k—9

=
|

9-1
Z (1+a) k ‘27 (s) Rz (s) .
s=k—d(k)

(26)

One obtains
AV, (k) < 2" (k) ((h - 9) R, + 9R;, + hR;;) z (k)

k-1
- Z (1+a) 2" (5) (Ry +Ri3) 2 (s)

s=k—9
k=91 . (27)
> (1+a) 72" () (Ry + Ri) 2 (s)
s=k—d(k)
k—d(k)-1

Z I+« )k 27 (s) Rpz (s).

s=k—h
Similarly, it is easy to get that
Vi (k+1) = (1+ o) V; (k)
<& (k) Dy, (k) (28)
+x  (k+ 1) Px(k+1)+2z" (k)Wyz (k).

If (10) holds, by Schur Complement, then we have (12). This
completes the proof. O

Remark 8. Our LKF does not include free-weighing matrices
as in previous investigations, and this may lead to reduce the
computational complexity and get less conservation results.

Remark 9. In order to get less conservative results, the delay
interval [0, h] can be divided into much more subintervals.
However, when the number of dipartite numbers increases,
the matrix formulation becomes more complex and the time-
consuming grows bigger.

Now we have the following theorem.

Theorem 10. If there exist some constants =1 < «; < 0 and
positive definite symmetric matrices P, Q,, R;,, (i € N,m =
1,2,3) and p > 1 such that (9), (10), and the following
inequalities hold:
Pi < !"P‘> le = #Q]m’ Rim < !"Rjrrv
(29)
Vi, j € N.

Then, the switched system (1) with u(k) = 0 and ADT satisfies
T, > —In u/In & which is exponentially stable.

Proof. By Lemma 7, we have

AV, (k) =V, (k+1) -V, (k) <V, (k), VieN. (30)



Therefore,

Vi (ko + 1) < (o +1)"V; (ko) - (1)

There exists g; > 1 (i € N), such that

V, (k) < wV;(k), Vi jeN. (32)

We let 7,..., 7y, - denote the switching times of ¢ in

(ko> ko + k), and let Ny .x,) be the switching number of o
in (ky, k + ky), by (31) and (32) one obtains

m,

Votksky) (k +ko) < for,) - LG k0+k))(aa(k+k0) + 1)

m
(“a(ko) + 1) Ng(ko,k+ko)VG(k0) (kO) ,
(33)

where m; + -+ +my

a(kg.k+kg) .

By -1 < «; < 0, for all i € N, we know that there exists
o = max, gl + 1} € (0,1). Let y = max, g{y}; from (33),
one obtains

Vi (k+k) < ‘XkMNUVj (ko) = “k+Nﬂ(lnH/ln“)Vj (ko). (34)
By Definition 2, for any k, < k, it follows that

(k) <« k+N, (lnp./lnoc)V (k ) <« k(1+(In u/T, lnoc))V (k )

(35)

By the system LKF (7), there always exist two positive con-
stants ¢;, ¢, such that

alx®IF <Vi(k),  Vilk) <q|xk)},  (36)

where

G = m;\?{ min (P)}

1€

3
Q= m%( {/\max (Pz) + Z ()‘max (Qim) + Ama.x (Rzm))} :
1€ m=1
(37)

Therefore,

2
||x(k)||2 < Cgock(u(lny/n In «)) ||x(k0)“s' (38)
1

If the average dwell time 7, satisfies 7, > —In y/Ina for u > 1,
then the switched system (1) with u(k) = 0 is exponentially
stable with A = &!/? = max, {(a; + 1)} € (0, 1) stability
degree. O

Remark 11. The case « = 0 implies the asymptotic stability.

The following theorem provides exponential stability
analysis with H, performance of the system (1).

Theorem 12. For given constants y > 0, A > 0 and -1 <
«; < 0, if there exist positive definite symmetric matrices
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P,Q;mR,, (i € Nym = 1,2,3) and yu > 1 such that (29)

and the following LMIs hold:

Vi 0 Wi
—*I ¥, | <0, (39)
kWi
Dy 02 Dii3
YT Dy (40)
kD
where
- T T T T
AT (4, -1)'WE ]
V., = AP A Wi Cai ,
0 0 0
| 0 0 0
r 4T To T AT
A%Pi (A, —TI) TWZi C%
;5 = AP AWy Cai ,
0 0 0
L O 0 0 J

;33 = diag {_Pi -Wy; _I} >
®;3; = diag {_Pi W, ‘I} >

» = [B'P, B'W! DI], » =B/ P B{Wy Df].

(41)
Then, the system (1) with average dwell time satisfies T, >

—1In p/ In « which is globally exponentially stable with conver-
gence rate A and H performance y.

Proof. Choose the LKF (7); the result is carried out by
using the techniques employed for proving Lemma 7 and
Theorem 10. If d(k) € [0, 9], by (24), we have

Vi (k+1) —aV; (k) + y" (k) y (k) —y*u" (k) u (k)

<x' (k+1)Px(k+1)

+ 2T Wz (k) + 7 (k) y (k) (42)
0
o (k)[ yz]cl ®).
where
¢ (k) = [E" (k) u" ()] (43)

If d(k) € [9, h], by (28), we have
Vi(k+ 1) —aV; (k) + y" (k) y (k) —y*u" (k) u (k)

<x"(k+1)Px(k+1)+2z" (K)Wz (k) + y" (k) y (k)

N (k)[ i ‘;z]cl (k).

(44)
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Combining (39) and (40), by Schur Complement, one can
obtain

Vi (k+1) - aV; (k) + y" (k) y (k) - y*u" (k) u (k) < 0.

(45)
Let
T (k) = y" (k) y (k) = y*u” (k) u (k) (46)
we have
Vi (k+1) < aV; (k) - ] (k). (47)

By Definition 2 and Theorem 10, it is sufficient to show that
Z}io J(k) < 0 for any nonzero u(k). Combining (35) and
(47), it can be shown that

k-1
V, (k) < o ooV, (0) = Y o pNen g (5). (48)

s=0
Under the zero initial condition, we have
V(0)=0, V(c0)=0. (49)
Combining (48), we have

-1

Z ksl Nowi ] (5) = Z ety <0, (50)

s=0
Now, we consider
00 k-1
Z Z“—lelnoﬁln [4/1“] (S) ] (51)
k=1s=0

Exchanging the double-sum region, by 7, > —In y/Ina and
« € (0,1), one can easily get

I M8

2 -1 ln zx+ln;4/‘ra] (S)

0 o]
_ Z] (S) Z a*leln a+lnp/t, (52)
s=0 k=s+1

ln a+lnp/t, —1 00

= 1 — elna+tlnpu/z, Z] (S) <0,

which means that Y50, J(s) < 0. Then, by Definition 2, the
system (1) with average dwell time satisfies 7, > —Iny/In«
which is globally exponentially stable with convergence rate
A and H, performance y. This completes the proof. O

If there exist some unstable subsystems in the switched
system (1) with u(k) = 0, in this case, we need to estimate the
growth rate of the system LKF in (7) along the state trajectory
of switched system (1). And the corresponding a; > 0 (j €

N). By using the techniques employed for proving Lemma 7,
one can easily obtain the following Lemma.

Lemma 13. Given constants a; > 0, h > 0and 9 €

(0, h), if there exist some symmetric positive definite matrices

P Qjs Ry (j € N, m = 1,2, 3) such that the following LMIs
old:
[?;’11 \lez] <0
WYis

[6]‘11 ®j12] <0,
(Dj22

(53)

where

Vi ¥, 000

=i —j
V.- U Yy O
jl1 —J >
* Yis l//34
%k * 1//44_
Vo0 ¢, 0]
411 i S
6].11 = ¢, ‘/’23 b4 ,
* ¢33 0
® ‘//514_

ﬂ (1+oc)P +Q]1+Q]3 (R +R; )

1//12 (R +R; ) aéz =-Qjs - {% (2Rj1 + st) >

1 _j (l+(xj)9
Va=ghe Vu= Ty Re
7= (00) (-0 - S - L
P--(ra)a,- U e g,
7. (1;aj)(R11+RJ3),

—j 9
6 =—(1+a;) Qp — (2R +R)
1+« 1+ o
¢ss (h—\‘])) (R +Rj3) $24 %Rjz’
= 1Jr(x')S(R +R;)
33 h-9 j2

‘—j(Rﬂ*Rj )~ (““) (Qi-Qp)-
(54)

Then, by means of LKF (7), along the trajectory of the systems
(1) without disturbance input, one has

AV, () =V, (k+ ) -V;(k) <V, (k). (55)



Remark 14. The proof of Lemmal3 is similar to that of
Lemma 7 and is thus omitted here. Based on Lemmas 7 and
13, one can easily design the stabilizing switching law to
guarantee the system (1) with u(k) = 0 to be exponentially
stable, although some subsystems are unstable.

Without loss of generality, we can assume that N, =
{j1> Jos- - > js} is the set of all unstable subsystems and N, =
{igs1005025--»1,} is the set of all stable subsystems. For
simplicity, the LKF (7) is defined as V;(«;, k) = V;(k). Choose
the LKF Vi(a,k) (-1 < o < 0,i € N,) for the stable
subsystem and choose the LKF Vj(ocj,k) (ocj >0,j € Nu)
for the unstable subsystem. Then, we have the following
conclusion.

Theorem 15. If there exist some constants -1 < o; < 0,
«; >0 (j#i,i € Ny, j€ N,)and positive definite symmetric
matrices Py Qi Riys Py Qs Ry (m = 1,2,3) and pp > 1
such that Lemmas 7 and 13 and the following LMIs hold:

Vl,s € N.
(56)

Pl < #Ps le < MQsm’ le < /"Rsm’

Then, the switched system (1) with u(k) = 0 and the average
dwell time satisfies T, > lnu/—x, Tk ks /TF ok, = > (Inp -
K)/(=lna + k), k € (In«, 0) which is exponentzally stable.

Proof. Consider the following LKF candidate:

V; (“i’ k) >

Vi (k).

By Lemmas 7 and 13, we have

o(k)=ieN,

o(k)=jeN,. G7)

Vo (k) = {

wier1) (K) - (58)

Let T,‘; sk, De the total activity time in which all subsystems
satisfied 0 > o; > -1 on the interval (kj,n + ky) and
TP 2 n-

ko,n+k
subsystems satisfied o; > 0 on the interval (ky,n + ko).
By using the techniques employed for proving Theorem 10,

combining (56) and (58), we derive that

Votsty K+ 1) < (@0 + 1)V,

T, nek, the total activity time in which all

Vonrky) (n+ ko)

B
< #Nmﬁkg) o Tromtko ﬁTko,mko Vi) (k) (59)

(ky) (ko)

_ eT"‘ ko 1noc+Tf ko In B+Ng (g mikg) 10 MV
o

where

o = max {o; + 1} € (0,1), e max{oc]+1} > 1.
i€N; JjEN,

(60)

ByT,‘j‘ n+k0/ ik, = > (InfS-x)/(-lna+x), « € (Ina,0), one
obtains

T;:o)”*ko Ina + Tkﬁo,n+k0 Inp < «kn. (61)
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So we have
Votusky) (1 + ko) < ¢ Ntk lnMVa(kO (ko) - (62)
By Definition 2, for any n + k, > k, it follows that

Vot (n+ ko) <

<e n(x+(In p/7, ))V ) (ko)
< olk, .

eKn+Ng(k0,n+k()) In HVG’(ko) (kO)
(63)

By 7, > Inu/—«, we have lim;, _, V (k) = 0. Moreover,
the overall system is exponentially stable. This completes the
proof. 0

Remark 16. From the proof of Theorem 15, one can see that
the obtained exponential stability for the switched system (1)
with u(k) = 0 is exponential stable with e~'/? stability degree.
In order to get a free decay rate, we can replace the condition

7, > Inu/ -« kon+k0/ Kok _(lnﬁ k)/(-Ina + k), k €

(I, 0) by 7, > 0g! /=16 T /TE i = loghow)/(-logl+
), k € (log?,0), e > 1; then the switched system (1) with

1/2

u(k) = 0 is exponentially stable with €™/~ stability degree.

Theorem 17. For given constants y > 0, -1 < «o; < 0,
a; >0 (j#i, i € Ny, j € N,), if there exist positive definite
symmetric matrices P, Qjp, Ripps Py Qs Ry (m = 1,2,3)
and u > 1 such that (56), (39), (40), and the following LMIs
hold:

Yin 0 ¥
A oz | 0,
* ‘I’j33 6
O 0 Dy
—y’I @y | <0,
* 0 D

andT,‘: ity / bty 2 > (In f«)/(-Ina+x), « € (Ina,0), and

the average dwell time satisfies T, > In p/ —«; then the switched
system (1) is exponentially stable and with H_, performance .

Remark 18. The proof of Theorem 17 is similar to that of
Theorems 12 and 15 and is thus omitted here.

4. H  Model Reduction

In this section, we will approximate system (1) by a reduced-
order switched system described by

Zk+1)=A, %K) + A, % (k-dK)+B,uk)),

65
5 (k) = C,;% (k) + C, ;% (k — d (k) + D,ju (k) , :

where x(k) € RY is the state vector of the reduced-order
system with g < nand y(k) € R™ is the output of reduced-
order system. A,;, A, 4 C,i> C,4i> B,i» and D,; are the matrices
with compatible dimensions to be determmed The system
(65) is assumed to be switched synchronously by switching

signal o(k) in system (1).
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Augmenting the model of system (1) to include the states
of (65), we can obtain the error system as follows:

X(k+1)=Ax (k) + A% (k-dK)+Bu k),

_ _ _ (66)
e(k) =Cx(k)+Cyx (k—d (k) + Du (k).
Here
— A; 0 ~ |Agz O
Ai=|:0 Ari:|, Adi_[ Od Ardi:|’
B o_ B; = _ x (k)
Belg) W= l3E) (67)
61’ = [Ci _Cri]’ édi = [Cdi _Crdi] >
D;=D; - D,y e(k)=yk)-y(k).

The following theorem gives a sufficient condition for the
existence of an admissible H,, reduced-order model (65) for
system (1).

Theorem 19. Given constants 0 < « < 1,y >0, u =1, h >
0, and 9 (0 < 9 < h), if there exist some symmetric positive
definite matrices P, Q,,,, R;,, (m = 1,2,3) and matrices X,
Y,,L;, H,, F; (i € N) such that the following LMIs hold

I, H-z]

i 2] <, 68
[ Hi3 ( )
m, II,

il 0, 69
[ Hi3] < ( )

1

i < [/l~j, éim < [’léjm’ ﬁim < [/lﬁjm, Vl,] € N
(70)

Then system (66) with the average dwell time T, satisfies T, >
—Iny/Ina which is exponentially stable with an H., norm
bound y.

Here

>

8]

S

DN

w

.o
o o o o

1
* Py )
L * * * gD’SS_
4’111 0 ¢113 0 0
—i =i —i
_ P22 2123 YU
II;, = * @y O 01,
*x @ 0
| x kx|

T T T
‘PiTm §"iT17 ‘PiTls
Pize Piaz Pizs
0 0 0 i,
0 0 0

T T T
Pise Pis7 Piss

I1, =

I, = diag {P, - 20, W, -20, -1},

I, = diag {P, - 20, W -20; -1},

9
S o B
(Plll =Qa +Qi3_0‘P—§(Ri1 +R-3),

P33 = o (Q'z - 61'1) - % (ﬁil + §i3) “ho9 (Riz + Ri3) >

W, =(h-9)R, +9R; + 9R,,,

1

W,

=(h-9) R, +9R; + IRy,

T [A,TX,T AITETYi]
Pite = T )
i 0 L

1

Pz = 0 T _yT

1 1

T [A,TXiT -X; ATE"Y; - ETY]

_ _ X.B.
Pise = Pis7 = Fz + YiTEBi >

@isg = Dj = D,g;.
(71)
Furthermore, if a feasible solution to the above LMIs (68), (69),

and (70) exists, then the system matrices of an admissible H
reduced-order model in the form of (65) are given by

A=Y 'L, A, =Y 'H, B. =Y 'F. (72)

rt 1 1 i 1 Tl i 1
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Proof. Consider the following LKF for the switched system
(66):

V; (k) = V; (k) + V5 (k) + Vi3 (k). (73)
Here

Vi (k) = & (k) P& (k),

k-1
Vo (k)= Y o175 (5)Qux (s)
s=k—9
k—9-1
+ Y TR () QR (9)
s=k—h
k7 —_—
+ o155 () Q% (s),
s=k—d(k) (74)

—

-1 k-1
Via(k)= Y Y o172 () RyZ (s)

0=-9 s=k+0
—-9-1 k-1

+ Y W () RyZ ()

O=—h s=k+6

-1 k-1

+ Y Y oE () RE (),

0=—d(k) s=k+6

where Z(k) = %(k + 1) - X(k) and P, Q;,,,R;,, (i € N, m =
1,2, 3) are symmetric positive definite matrices with appro-
priate dimensions; integer 9 and o are given constants.

By using the techniques employed for proving Lemma 7,
one can easily obtain the result. Calculate the difference of
V.(k) in (73) along the state trajectory of system (66).

(1) It d(k) € [0, 9], it gets
Vi(k+1)—aV, (k) + & (k)& (k) —yu" (k) u (k)

<& (k) T1,,€ (k)
(75)
+xX (k+1)Px(k+1)
+2' (k) Wz (k) +& (ke k),
where
&' (k)
= [ (k) ' (k-d(k) 7 (k-9) T (k-h) u" (k).
(76)

For any appropriately dimensioned matrices P, > 0 and non-
singular matrices U;, we have

(R-T0)'B (B-T)=0. 7)

Thus

|
g]
I
L
1
!
!

= 2U,. (78)
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If (68) holds, we have

I, H‘z]
<0, 79
e o
where
0 =diag{—l7in’i_IUi U'w o, —I}- (80)
Let
— X, 0
U =7 ., E=[I0],
[YiTE Yi] 7o) (81)
YA, =L VA4 = H; Y;B,; = F;.
Multiplying  (79) both from left and right by

diag {0 00000TTUTT —I}, by Schur Complement,
further, considering (75), one can infer
Vi(k+1)—aV; (k) + & (k)ek) -y u’ (k)u(k) <o.
(82)
Similarly, for the case of d(k) € [9, h], the fact that (69) holds
means that (82) is true. Set
I (k) =2" (k) (k) - y'u” (k)u(k), (83)
we have
Vik+1)<aV;(k)-T (k). (84)
Let Ny, k) be the number of switching times in (k, k). From

(84) and (70), we can obtain
Vi (k + ko) < o ueton v (ko)

k-1
_ Z ak—s—l‘uNo(S’k) r (S)

s=k,y
(85)

< o+ Notwg o (np/In “)Vj (ko)

k-1
_ Z (xk—s—1+Na(S,k>(ln u/ln (X)IMN”(S”()I‘ (S) )

s=k,
Assume the zero disturbances input u(k) = 0 to the state
equation of system (66). By Definition 2, for any k, < k, it
follows that
k+N,(In ¢/ In ) k(1+(In p/7, In )
‘fj(k)S(X‘F ny na\/](ko)ﬁoc +nu/7, Inx VJ(kO).
(86)
From 7, > —In y/ In «, one obtains lim; _, ., V;(k) = 0. There
exist¢, > 0, n = 1,2, such that

Vi (ko) < o7 (ko)|Z. (87)

al® K < V; k), :
Here

I£Wl, = max |£(+Ol.

.....

= Amin (PI) 4

(88)

Q= )Lmax (Pz) + Z (Amax (Qik) + /\max (Rik)) :

Therefore

||5c'(k)||2 < %(xk(lﬂlny/‘ra 1mx))”§ (ko)nj (89)
1
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If the average dwell time 7, satisfies 7, > —In g/ In «, then the
switched system (66) is exponentially stable with A = «/?
stability degree. For any nonzero u(k) € ,[0, o), under zero
initial condition, combining (68), (69), (70), (85), and (89),
one can easily obtain

J=Y [e" ek -yu" Wu]=<0. (90

k=0

Therefore |le(k)|l, < yllu(k)ll,. This completes the proof. [J

Remark 20. Recently, authors in [30, 31] have studied the
problem of model reduction for discrete-time switched sys-
tems. In those papers, time delays are not taken into account.
However, in most of the cases in engineering problems, there
always exist unknown time-varying delays; moreover, the
case of stable and unstable subsystems co exists. Motivated
by this, in this paper, we discussed the problem of H_,
model reduction for switched linear discrete-time systems
with time-varying delays via delay decomposition approach
[10-12]. Accordingly, numerical results are given for time-
varying delay cases.

If there exist some unstable subsystems in the switched
system (1), we have the following conclusion.

Theorem 21. Given constants0 < x <1, 3>1,y>0, u>1,
h>0,and ¥ (0 < 9 < h), ifthere exist some symmetric positive
definite matrices P, Q;,,, R;,, (m = 1,2,3) and matrices X, Y;,
L;,H, F; (i € N) such that (68), (69), (70), and the following
LMIs hold:

= 3

|:ﬁi1 i2 :| < 0,
' 1)

| =

M 1]

i3

=

AndT,‘c" n+ko/ A > (np-«x)/(-Ina+x), « € (Ina, 0);
then system (66) with the average dwell time T, satisfies T, >
—Inu/Ina which is exponentially stable with an H,, norm
bound y. Furthermore, if a feasible solution to the above LMIs
(68), (69), (70), and (91) exists, then the system matrices of an
admissible H, reduced-order model in the form of (65) are
given by (72).
Here,

F‘ﬁln 9012 0 0

[P 0 ¢ 0 0]
P P P O

I = * @ 00,
*x Py O

S N -t

@il 11+Q13 ﬁP——(

11

IR Q- L .

P12 5 (Rzl + R13) > P22 Qz3 9 (2R11 + R13) >
~i 1~ ~i 9 (~ ﬂs B 1=
P23 §R11) 53 =B (Qiz Qzl) he SR’Z - SR>

~i ﬂs D ~1 oY ﬁs D
P34 = hTRiZ) Pag = .BhQiz - TSRQ’
~1 ~1 ﬁ D D
$s5 ==y 13:§(R11+R3)’
i 9 ﬁS D
0 = B Qi ho9 (ZRiz + Rz3)’
9 9

(Ril + Ri3) “h_9 (R12 + st)
(92)

Remark 22. The proof of Theorem 21 is carried out by using
the techniques employed in the previous section and is thus
omitted here.

5. Examples

In this section, we consider some numerical examples to illus-
trate the benefits of our results.

Example 1 (see [20]). Consider the discrete-time switched
system (1) with u(k) = 0 and the following parameters:

0 03 0 0.1
A= [—0.2 0.1]’ An = [0 0.2]’
(93)
0 03 0 0.1
Ay = [—0.2 —0.1]’ An= [0 0 ]

For this system, we choose ¢ = 1.1 and A = 0.931. Applying
Theorem 10, by solving the LMIs (9) and (10) and (29), we can
obtain the allowable delay upper bound i = 20. It is reported,
with decay rate A = 0.931, that the upper bound h can be
obtained as 14 in [19] and 16 in [20]. Therefore, the result
in this brief can indeed provide larger delay bounds than
the results in [19, 20]. This supports the effectiveness of the
proposed idea in Theorem 10 in reducing the conservatism
of stability criteria.

Example 2. Consider the discrete-time switched system (1)
with u(k) = 0 and parameters as follows:

0 03 0 0.1
Ar= [—0.2 0.1]’ An = [0 0.2]’
(94)
0 03 1.3 0.1
Ay = [—0.2 —0.1]’ An = [ 0 0.9]'

It is easy to check that the A, + A, is unstable. In this
case, we need to find a class of switching signals to guarantee
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1 (k)

[ x5 (k)

0 5 10 15 20 25 30
Time, k

FIGURE 1: The state response.

251

1.5}

0.5

0 5 10 15 20 25 30
Time, k

FIGURE 2: Switching law.

the overall switched system to be exponentially stable. Set
d(k) = [I3sin(knr/6)|]] and « = 0.5329, according to
Theorem 15 and by solving the LMIs (9), (10), (53), and (29),
set9 = 1;wehave y = 2.4and = 2.01. Choosing y' = -0.18,
wehave T¢ o /TE > (In f-y')/(~Ina+y') = 1.953 and

7, > Iny/ —y' = 4.9. The simulation result of the switched
system is shown in Figure 1, where the initial condition ¢(0) =

[1.1 —O.S]T and the switching law is shown in Figure 2. It can
be seen from Figure 1 that the designed switching signals are
effective although one subsystem is unstable. However, the
results in [20] cannot find any feasible solution to guarantee
the exponential stability of system (1).

Example 3 (see [31]). Consider the system (1) with parame-
ters as follows:

0.13 022 -0.13 0.08
0.05 -0.03 0.19 0.06
-0.07 -0.05 -0.04 -0.12 |’
-0.17 021 0.03 0.28

A=
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0.11 0.22 -0.13 0.08
A = 0.05 -0.03 0.15 0.06
27 1-0.07 -0.03 -0.04 —-0.12 |
-0.17 0.21 0.03 0.2
0.02 0.01 O 0
0 002 O 0
Agp =Ag =

0 0 0.02 0.01}(
0 0 0 0.02

B, =[0.19 -0.18 0.16 —0.08]",

B, =[0.23 -0.13 0.16 —0.04]",
C, =C,=[12 0.5 0.03 0.28],
Cay = Cygp = [0.02 0.05 0.01 0.09],

D, =D, = 0.1.
(95)

When the decay rate « is fixed, the maximum value of the
time-delay 4 and the minimum value of the performance
index y can computed by solving the LMIs (68)-(70) pro-
cedure in Theorem 19, which is listed in Table 1 via different
methods. Here, we choose ¢ = 1.001. Assume that decay rate
« = 0.9; we can compute the maximum value of allowed delay
h = 42 and the minimum value of the performance index
y = 1.67. From ADT 1, > —Iny/In«a, we have 7, > 0.0095.
When h = 2and & = 0.9, we can compute the minimum value
of performance index y = 0.53. On the other hand, assume
that maximum allowed delay i = 2 and performance index
y = 2; we can compute the minimum value of the decay rate
a =0.59 and 7, > 0.0019.

Let « = 0.9; here, we are interested in designing a g-
order (g < 4) system (65) and choose the ADT 7, = 2
switching signals such that the model error system (66) is
exponentially stable with H_, norm bound y = 2. By solving
the corresponding LMIs (68)-(70) procedure in Theorem 19.
For comparison with [31], we set the delay d(k) = 2, and the
following reduced-order models can be given.

Third Order Model
0.2753  0.0282 —-0.0033
A, =1 00097 0.2507 -0.0033 ],
-0.0045 —0.0124 0.2569
0.2799 0.0259 —0.0058
A,, =| 0.0074 0.2581 -0.0025 |,
-0.0051 —0.01 0.2611
[ —0.005 0.0069 —0.0023]
A,; = | 00037 -0.0046 0.003 |,
| —0.0011 0.0002 —0.0006 |
[ —0.001 0.0066 —-0.0025
A4 = | 0.0039 -0.0044 0.0033 |,
| —0.0018  0.001 —0.0024 |
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TaBLE 1: Comparison of parameters via different methods.

o y h T,
31] 0.9 2 2 >1.7305
Theorem 19 0.9 1.67 42 >0.0095
Theorem 19 0.9 0.53 2 >0.0095
Theorem 19 0.59 2 2 >0.0019
Theorem 19 0.6 1.8 2 >0.002

B, = [-0.171 0.1795 —0.111]",

B,, = [-0.191 0.148 —0.1285]",
C,, = [-0.3016 —-0.1328 —0.0149],
C,, = [-0.2987 -0.1265 —0.0173],

D,, = -0.1754,
C,p = [-0.0314 —0.0047 —0.0182],

C.;p = [-0.0361 —0.0011 —0.0199],

D,, = —0.2396.
(96)
Second Order Model
A [02419 00355 A _ [-0.0028 0.0088
171 0.015 0.2141|° rdl [ 0.0052 -0.007|’
5 _[-01528 o _[-03100 T
= 01617 |’ r = -0.1453 | °
A [0-2382 0.0324 A - [~0.0023 0.0076
2~ 10.0147 0.2183]° rd2 = | 0.0046 —0.006 |’
5. [-0.1667 o [03076 !
27101203 |’ 27 -0.1362 | °
C,q1 = [-0.0488 0.0034], D, = -0.2422,
C,4y = [-0.05 0.0057], D,, = —0.3605.
(97)
First Order Model
A, =0.2528, A,z = —0.0057, B,, = —0.1498,
C,, = —0.2769, C,4 = 0.0301, D,, = —0.1792,
A,, = 0.2606, A, = —0.005, B,, = —0.1787,
C,, = —0.2851, C,zp = —0.04, D,, = —0.2624.
(98)

To illustrate the model reduction performances of the
obtained reduced-order models, let the initial condition be
zero; the exogenous input is given as u(k) = 1.8 exp(—0.4k).
The output errors between the original system and the
corresponding three reduced models obtained in this paper

13

0.8+
0.6 +
0.4+
0.2+

=021
04+t
-0.6 |

-0.8+

0 5 10 15 20 25 30
Time, k (s)

FIGURE 3: Output errors between the original system and the 3rd
model.

0 5 10 15 20 25 30
Time, k (s)

FIGURE 4: Output errors between the original system and the 2nd
model.

(shown by the blue line) and the literature [31] (shown by the
red line) are displayed in Figures 3, 4, and 5. The switching
signal is shown in Figure 6. The simulation result of the
switched system is shown in Figures 3-5. It can be seen from
Figures 3-5 that the output errors between the original system
and the reduced-order models obtained in this paper are
smaller than that in [31].

6. Conclusions

The problem of exponential stability with H, performance
and H,, model reduction for a class of switched linear
discrete-time systems with time-varying delay have been
investigated in this paper. The switching law is given by
ADT technique, such that even if one or more subsystem is
unstable the overall switched system can still be exponentially
stable. Sufficient conditions for the existence of the desired
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0.8 + g

0.6 - g

04 g

0.2 F g

0 5 10 15 20 25 30
Time, k (s)

FIGURE 5: Output errors between the original system and the Ist
model.

2571 7

0 5 10 15 20 25 30
Time, k (s)

FIGURE 6: Switching law.

reduced-order model are derived and formulated in terms
of strict LMIs. By solving the LMIs, the system of reduced-
order model can be obtained, which also provides an H,
gain for the error system between the original system and the
reduced-order model. Finally, numerical examples are pro-
vided to illustrate the effectiveness and less conservativeness
of the proposed method. A potential extension of this method
to nonlinear case deserves further research.
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