Circuits, Systems, and Signal Processing (2023) 42:4553-4584
https://doi.org/10.1007/s00034-023-02321-6

n

Check for
updates

Asynchronous Finite-Time Ho, Control for Discrete-Time
Switched Systems with Admissible Edge-Dependent
Average Dwell Time

Mengjiao Wang' - Baowei Wu'® - Yue-E. Wang" - Lili Liu’

Received: 3 June 2022 / Revised: 5 February 2023 / Accepted: 6 February 2023 /
Published online: 31 March 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

This paper is concerned with asynchronous finite-time Hy, control for a class of
discrete-time switched linear systems via admissible edge-dependent average dwell
time (AED-ADT) approach. Firstly, by considering the switching time delay between
the system and the state feedback controller, appropriate Lyapunov functions are con-
structed for asynchronous and synchronous switching, respectively. Secondly, for the
existence of a set of state feedback controllers, a sufficient condition which guarantees
the finite-time boundedness of the closed-loop system with AED-ADT is proposed.
Thirdly, a sufficient condition for finite-time Ho, control with a prescribed Hy, perfor-
mance is further developed based on the obtained result. Finally, a numerical example
is given to verify the validity of the proposed theoretical results.
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1 Introduction

Switched systems are an extremely momentous set of dynamic hybrid systems that
can be used to model a large class of controlled objects in the real world, such as phys-
ical or man-made systems that show switching characteristics. Generally speaking, a
switched system consists of two parts, that is, a family of finite number of continuous
or discrete subsystems and a switching signal that determines how to switch between
these subsystems [32, 35]. Switched systems have been the subject of intense interest
in the past few decades, not only because of their rich and diverse theoretical values
[25], but also because of their widespread and profound practical applications [1, 19].
Moreover, there have been fruitful research results on the stability analysis and con-
trol synthesis of switched systems under certain constrained switching signals, such
as stability and stabilization [31, 34], control and filtering [9, 30].

The so-called asynchronous switching actually refers to the switching behavior in
which the switching signal of the controller does not match the one of the subsystems
[29]. As we all know, sometimes asynchronous switching will inevitably occur in the
process of system operation, which is very likely to reduce the overall performance of
the system, even may cause system instability [9]. Moreover, there are many reasons
for asynchronous switching, such as time delay, uncertainty and disturbance [21]. In
this paper, asynchronous phenomenon due to switching time delay will be mainly
considered. If the delay is ignored, the obtained switching control law must be con-
servative, that is to say, it is crucial to consider the asynchronous phenomenon in the
process of studying the stability of the switched system [22]. In addition, in terms of
practical value, the application of research results in asynchronous switching theory
has a great impact on many practical fields [21].

Finite-time stability is mainly proposed in the research work of Weiss and Infante
[20]. A system is called finite-time stable, which means that for a given range of initial
conditions, the state will not exceed a certain bound within a specific time interval.
This kind of stability and Lyapunov asymptotic stability are two independent con-
cepts, and it has been shown that a system can be finite-time stable but not Lyapunov
asymptotically stable, and vice versa [26]. Lyapunov asymptotic stability discusses
the system performance in a sufficiently long time interval, while finite-time stability
studies it in a finite interval, which is more suitable for practical situations where
many state variables do not exceed a given bound in a short interval, and the result is
more accurate [2, 8]. In the discrete-time systems, the Lo, performance refers to the
energy-to-peak attenuation of a certain signal, while the H,, performance represents
the energy-to-energy attenuation of this signal. When the external disturbance w (k)
is known, the disturbance suppression performance of H is better. In the past time,
many researchers have developed a strong interest in finite-time stability and Hy, con-
trol of the system, followed by a series of significant research results. For instance, a
finite-time Hy, control design scheme for continuous-time switched systems is pro-
posed in [10], which is extended to discrete-time case subsequently in Ref. [18]. And
for discrete-time switched systems, there are finite-time Hy, control [26], finite-time
boundedness and /, gain analysis [7], finite-time control [11], etc.

The existence of switching time delay has a crucial impact on the properties of
the system. In the switching delay systems, the analysis of stability and the design
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of the controller have always been of interest to everyone. However, it is very dif-
ficult to find a common Lyapunov function for all subsystems in a switching delay
system, which motivates the application of the multiple Lyapunov function technique,
which is obviously a fairly efficient way to study the stability of switched systems
under constrained switching signals [28]. The average dwell time (ADT) [3] indi-
cates that the switching times in a finite interval are limited, and the average time
between consecutive switchings is not less than a constant, which generalizes dwell
time (DT) [15] to a certain extent. By using the ADT method, sufficient conditions for
the globally uniformly exponentially stability of closed-loop systems are deduced in
the presence of asynchronous switching controllers [29]. And the design of adaptive
output feedback controller [16] and state feedback tracking control [17] for stochastic
nonlinear switched systems are studied. However, since the parameters used to calcu-
late the ADT are mode-independent, the results obtained are somewhat conservative.
This also prompted the proposal of mode-dependent average dwell time (MDADT)
switching, which allows each mode in the underlying system to have its own ADT,
which greatly relaxes the constraints of ADT switching [31]. In recent years, the
research results obtained by using the MDADT method are also quite rich, such as
asynchronous control problem [22], quasi-time-dependent Hy, controller [12, 33], and
finite-time Ho control [10].

Subsequently, a new admissible edge-dependent average dwell time (AED-ADT)
[6,23, 24, 27] switching is proposed, which is more flexible and less conservative than
MDADT switching, and its switching behavior is based on a directed switching graph,
each admissible transition edge represents a directed switch between subsystems. The
rational application of this method provides great help to the research of switching,
such as time-varying Hs, control [25], the global uniform exponential stability of
discrete-time switched systems [5], input-to-state stability of nonlinear discrete-time
switched systems [36], [, — [ filtering [4], and asynchronous /> — [, filtering [14]. All
in all, the application of the current AED-ADT switching method can effectively reduce
the conservativeness of the research results. However, to the best of our knowledge,
in the existing research work, there are relatively few results related to analyzing the
asynchronous finite-time Hy, control problem by using the AED-ADT switching,
which motivated us to carry out our study.

Inspired by the above literature works, we will mainly study the asynchronous
finite-time H, control problem of discrete-time switched linear systems using AED-
ADT approach in this paper. There are three main contributions: (1) In the study of
discrete-time switched linear systems, the existence of switching time delay is mainly
considered. In contrast to those studies where systems and controllers are defaulted to
be switched synchronously, this paper is more suitable for practical applications. (2)
For the sake of obtaining less conservative research results, the AED-ADT switching
signal, which is more flexible and applicable than MDADT switching, is used. (3)
An asynchronous finite-time Hy, control design scheme with AED-ADT switching is
proposed for discrete-time switched linear systems.

The remainder of this paper is organized as follows. Section?2 gives the problem
statements, along with some necessary definitions and lemmas. In Sect. 3, by using the
AED-ADT approach for the resulting closed-loop system, the design of a state feed-
back controller under asynchronous switching is considered, and a sufficient condition
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to guarantee its finite-time boundedness is derived. In addition, based on the obtained
result, the Hy, performance analysis of the closed-loop system is also performed.
In Sect. 4, the numerical simulation is addressed to demonstrate the reasonability and
effectiveness of the proposed method. In the end, some conclusions are given in Sect. 5.

Notations In the paper, the notations used are fairly standard. Let R” be the space
of n-dimensional real vectors, and R"*™ be the set of all (n x m)-dimensional real
matrices. And Zg is the nonnegative integer set. For a matrix P, P > 0 (P < 0)
signifies that P is symmetric positive definite (negative definite) matrix, and P > 0
(P < 0) signifies that P is symmetric semi-positive definite (semi-negative definite)
matrix. P~! and PT denote the inverse and transpose of P, respectively. And the
asterisk (x) denotes the symmetrical items in a symmetric matrix. Amin (P) and Apax (P)
represent the minimum and maximum eigenvalue of matrix P, respectively. / and 0
are identity matrix and zero matrix. [[0, 00) is the space of square-summable infinite
sequence over [0, 0o). In addition, if not explicitly stated, itis assumed that the matrices
have the compatible dimensions for algebraic operations.

2 Problem Statement and Preliminaries
2.1 Switched System

In this paper, consider the discrete-time switched linear systems as follows:

x(k+1) = Agyx (k) + Bo(kyu(k) + Dy gyw(k), x(0) = xo,

1

y(k) = Copyx (k) + Eqyuk) + Fogyw(k), W
where x (k) € R” is the system state, x(0) = xo is the initial state, u(k) € R™ is the
control input, and w(k) € R? is the disturbance input, which belongs to /5[0, c0),
y(k) € RY is the output. The switching signal of the system (1) is given by o (k) :
Z(T - M = {1, 2, e M}, M > 1 is the number of switched subsystems. A;, B;,
D;, Ci, E;, F;,i € M, are known constant matrices with appropriate dimensions. For
a time sequence 0 = ko < k1 < -+ < k;j < kjy1 < ---, which is the switching
instant of o (k), when k € [k;, ki11), we say that the o (k;)th subsystem is active, and
hence the trajectory x (k) of the system (1) is just the trajectory of this subsystem.

2.2 State Feedback Controller

A state feedback controller can be considered for the discrete-time switched systems
(1); the specific form is as follows:

uk) = Ko x k), )
where K (1) is the control gain matrix to be determined.
In fact, in the process of system switching, it takes a certain time to identify the

activated subsystem, which will cause the system to switch to the next subsystem, but
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the controller still stays in the current subsystem. Only after the activated subsystem is
successfully identified, the controller can switch to the next subsystem, which causes
the switching delay of the controller. This situation is common in practical applications,
and we will consider it in this paper.

Due to the existence of the controller switching time delay, the state feedback
controller in this paper should take the following form:

u(k) = Ko (yx (k), 3)

where K, (k) is the control gain matrix to be determined, o’ (k) is the switching signal
of the state feedback controller (3), we say that (3) is called the asynchronous switching
controller [9, 21].

Due to the existence of the switching time delay of the state feedback controller,
the switching of the controller is often later than the switching of the system. Denote
ki, kiv1) = [ki, ki + &) ULk + A, kiv1), where 0 < A; < ki1 — ki — 1,i € Z§
and Ag = 0. And A; is an integer, which denotes the period that the switching
instants of the controller have a delay with respect to that of the system. Therefore,
when k € [k;, ki + A;), o (k) # o'(k), the switching of the system itself does not
match the switching of the controller, and the mismatched period is called the time
of asynchronous switching. In addition, A; < k;;; — k; — 1 guarantees that there
always exists a period which the controller and the system operate synchronously in
any switching interval. That is to say, when k € [k; + A;, kj+1), o (k) = o'(k), the
switching signal of the controller is consistent with that of the system, and this period
is called the matched period.

Denote

v {(kOs G(ko))s (kl» U(k])), Tt (ki—lv a(ki—l))v (kiv a(kl))» (ki+la G(ki+l))a e }

“)
as the switching sequence of the system, where k; means the ith switching instant.
Then, the switching sequence of the controller can be described as follows:

v {(ko, 0" (ko)) (ky + Ar, o' (ky + A1), -+ (kimr + A1, 0" (ko1 + A1),
(ki + Aj, o' (ki + D)), (kigt + A1, 0" kg1 + Ajg1), -+ )
(5)
where o (ko) = o’(ko), which indicates that the system and the controller switch
simultaneously at the initial moment. Moreover, denote o (k;) = o’ (k; + A;), where
i€Zg.

When the /th subsystem is activated at switching instant k;_1, the ith subsystem is
activated at switching instant k;, and the jth subsystem is activated at switching instant
ki+1. Due to the existence of asynchronous switching, the corresponding switches of
the controller occur at the instant k;_1 + A; 1, k; + A;, and k; 11 + A; 11, respectively.
That is to say, assume o (ki—1) = [, o(k;) = i, and o(kj+1) = j, then we have
o'tkic1+ A1) =1L0"(ki+A;)) =i,and o’ (kjx1 + Aj11) = j, wherel,i, j € M,
as shown in Fig. 1.

Given any k > 0, there are N (k) switches for o (k) in the interval [ko, k), the
switching instants of the system are set as {k1, k2, - - - kNa(kO, k) }. Denote 0 = kg < ki,
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[0 asynchronous period

[OJ synchronous period

system
Ay A A A AN fos
controller
ko 1 ky ... kia ki ki kN RN

o' (kisi+Ai) o' (ki1 + A1)
o' (ki + A;)

Fig. 1 The illustration of switching sequences for system and controller under asynchronous switching

KNy oy <k < KNy, 10+1> and ko is not a switching instant. In addition, the switching
instants of the controller are setas {k1 + Ay, ka+ Az, - -+ KNy 19+ AN, 0 }» Where
Ai,i=1,2,---, Ny, k) are the time delays between the system and the controller.
We simply denote N = Ny (k) .k)-

In this paper, let 9%, and 90, be the set of all time intervals in which the system
and the state feedback controller switch synchronously and asynchronously, respec-

No (k) —1
tively. Then, we have M, = (kNg(ko,k) + ANo(kO,kw HUC U [k + A kivr)
i=0
No (ky.k)
and M, = U [ki, ki + A;). Let T\ (ko, k) and Ty (ko, k) denote unions of the

i=1
time intervals during which Lyapunov functional candidate V (x (k)) is decreasing and
increasing within the time interval [k, k), respectively. In other words, T, (ko, k) and
T (ko, k) denote unions of the time intervals in which the system itself and the state
feedback controller switch synchronously and asynchronously, respectively. 7% (kg, k)
and T"(ko, k) represent the length of T (ko, k) and T} (ko, k), respectively. Then,
in the interval [k, k), the total time for synchronous switching of the system and
N (kg k)

the controller is T (ko, k) = Y. [ki + Ai kiy1) + (k — (kNa(,(O‘k) + ANy o)
i=0
where Ag = 0, and the total time for their asynchronous switching is 7% (kg, k) =
No (kg k) No (kg k)
> Tkiski+A) = Y A and T*(ko, k) + T"(ko, k) = k — ko.
i=1 i=1

2.3 Switching Signal

Definition 2.1 [10] For a switching signal o (k), let N7 (ko, k) and T; (ko, k) denote the
switching numbers that the ith subsystem is active and the total running time of the
ith subsystem over the interval [ko, k), respectively. If there exist positive numbers t;
and Nl.o, such that

T; (ko, k _
L0 v ko= 0.0 e mt, ©)

N7 (ko, k) < N} +

i
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Fig.2 A directed switching

graph & with M =3

subsystem 2 <Ji?5-27# subsystem 3 ‘
23

we say that the switching signal o (k) has a mode-dependent average dwell time
(MDADT) 7/ and a corresponding mode-dependent chatter bound Nio.

Definition 2.2 [6] Given a directed graph & and Vi, j € M (i # j), we define
Z(i, j) as an admissible transition edge (ATE) of & if the directed edge from i to j
is admissible. The set of all admissible transition edges (ATEs) is represented by €2.
An ATE Z(i, j) has an admissible transition edge-dependent weight (ATEDW) 1,
which describes the switching property from the subsystem i to subsystem j. And the
set of all admissible transition edge-dependent weights (ATEDWs) is signified by I'.

Remark 2.1 The subsystem will switch from i to j when switching occurs, where i,
j € Mandi # j. Assuming that there are three subsystems in a discrete-time switched
system, then in this directed switching graph &, the sets of ATEs and ATEDWs
between these three subsystems can be represented as 2 = {Z(1,2),Z(1,3),Z(2, 1),
7(2,3),21(3,1),Z(3,2)} and I' = {12, 1,3, M2,1, 42,3, 43,1, 43,2}, respectively,
as shown in Fig. 2[6, 26].

Definition 2.3 [26]For a switching signal o (k) : Z(J{ — M,andV(i, j) e MxM,i #
j, let Ng. (ko, k) and T;; (ko, k) denote the switching numbers from subsystem i to j
and the total running time of subsystem j over the interval [ko, k), respectively. If
there exist positive numbers rs. and Nl.(} such that

T;j (ko, k)
e
)

N ko, k) < Nj) + Yk = ko >0, @)

we say that the switching signal o (k) has an admissible edge-dependent average dwell
time (AED-ADT) rl.‘;. and a corresponding admissible edge-dependent chatter bound

0
Njj.

Remark 2.2 Comparing (6) of Definition 2.1 and (7) of Definition 2.3, it is obvious
that the above concept of AED-ADT is more general than that of the mode-dependent
case. Let e(M) be_ the set of all admissible ordered pairs (i, j), J(i) = {j €
M | (i,j) € e(M)}. Note that N7 (ko, k) = Nl.‘;(ko,k) and T;(ko, k) =
jel ()

> T (ko, k). Obviously, we have Tjj(ko,k) = T;(ko,k) + T}i(ko, k) and
jel®
T(ko, k) = > > Tijtko,k), T"(ko,k) = > > Tij(ko, k).

€My jeii) €My jel()
Asconsidered in AED-ADT, itis assumed that the activation time of each subsystem

is also edge-dependent.
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Assumption 2.1 [36] Suppose there exist scalars vfj e (0,1], VZ e [0,1) and
constants T;j >0, T:’; > 0 such that Vk > kg > 0,

T;j ko, k) = =T} + v (k — ko), i € M, (8)
T;j(ko, k) < T4 + v (k — ko), i € My, (8b)
DD DEED WD IR 8
i€Ms jel(i) €My jel()
2 Lt 2=t (89
€M jeii) €My jel()

Assumption 2.2 [36] Whenever (i, j) € E(M), there exist constants w;; > 1, such
that Lyapunov functions V; satisfy inequalities as follows:

Vi(x (k) < pijVix(k)), (i, J) € e(M). &)
2.4 System Stability

Assumption 2.3 [26] It is assumed that the external disturbance w (k) is time-varying
and satisfies the following constraint:

N
> wTowk) <d.d >0, (10)
k=0

where N is a positive integer and d is a positive constant.

Definition 2.4 [26] Given a matrix R > 0, two scalars ¢c; > ¢ > 0, aninteger N > 0,
and a switching signal o, the discrete-time switched linear system (1) with u(k) = 0
and w(k) = 0 is said to be finite-time stable with respect to (cy, ¢, R, N, 0), if
xTO0)Rx(0) < ¢1 = xT(k)Rx(k) < ¢2,Vk € {1,2,--- , N}.

Definition 2.5 [26] Given a matrix R > 0, two scalars ¢c; > ¢ > 0, aninteger N > 0,
and a switching signal o, the discrete-time switched linear system (1) subject to an
exogenous disturbance w (k) satisfying (10) is said to be finite-time bounded w.r.t.
(c1,¢2, R, d, N, o), if xT(0)Rx(0) < ¢; = xT(k)Rx (k) < ¢, Yk € {1,2,--- , N}.

Definition 2.6 [18] Given a matrix R > 0, two scalars ¢; > ¢} > 0, aninteger N > 0,
and a switching signal o, the discrete-time switched linear system (1) is said to be
finite-time bounded with a Hy, performance index y w.r.t. (c1,c2, R,d,y, N, o),
if the system (1) is finite-time bounded w.r.t. (c1, ¢z, R, d, N, o) and under initial
condition x(0) = 0, it holds that

N N
Y ¥ oyk) < v* Y wTRwk). (11)

k=0 k=0
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Lemma 2.1 [13] For the system (1) and Lyapunov function of the ith subsystem of
the form Vi (x(k)) = xT(k)Pix(k), i € M, let hmax(P;) and Amin(P;) be the maxi-
mal and minimal eigenvalue of the positive definite matrix P;, respectively. Then, for
any i € M, kmax(P)) > 0, Amin(P;) > 0 and Amin(P)x" (K)x(k) < Vi(x(k)) <
Amax (P)x T (k)x (k).

Under the asynchronous switching controller (3), the corresponding closed-loop
system is given by

x(k+1) = (Ask) + Bok) Ko/ (k)X (k) + Do yw(k), x(0) = xo, (12)
y(k) = (Coy + Eo k) Ko (k)X (k) + Fopyw (k).

In the resulting closed-loop system (12), the asynchronous switching between the
system and the controller may damage the performance of the system to a certain
extent. Therefore, in this paper, we aim to design a set of state feedback controllers
formed in (3) and a switching signal with AED-ADT such that (12) is finite-time
bounded.

3 Main Results

In this section, we will design a state feedback controller of the form (3) for the
system (1), such that the resulting closed-loop system (12) is finite-time bounded, and
in the presence of a controller, the corresponding state gain matrix is derived. Then,
based on the obtained result, the Hy, performance will be analyzed. In addition, to
reduce the conservatism of the results, we only require the subsystems to be stable
during the matched period, and allow the subsystems to be unstable within a bounded
mismatched time interval, while allowing the Lyapunov function to increase during
the mismatched period.

3.1 Finite-Time Boundedness

At the beginning, the problem of finite-time boundedness for the closed-loop system
(12) will be considered under AED-ADT switching.

Theorem 3.1 Given a matrix R > 0, an integer N > 0, for specified constants ¢, >
c1>0,d>0,y>00<a; <1, B >0, u; > 1, and suppose that there exist
matrices X; > 0, X; > 0, X;; > 0and Q; > 0, Q; > 0, Q;; > 0, Y; such that
Vi,jeM,i#j,

Xij < pijXj, Qj <pijQij.i #j €M, (13a)
Xi < wijXij, Qij < 1ijQiri #j € M, (13b)
—(1—apX; 0 X;A]+Y[B]
~vQ;j Dj <0, (13c)
* * —X;
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T TpT
—I+8)Xi; 0 XijAj +7; Bj

* —vQij D,T' =0, (13d)
s’ * —Xij
c1 (A1 — A2¢0) - ¢077)»3Vd’ (13e)
AA2 1—A

where
n = (11— aa(kn))(kn+An)*kn+l >1,n=0,1,2,---, N,
m = (4 Bot_ o)™ P> 1,n=1,2,--- N,
n=max{n.m} =1, go=exp( > 2N{Inu;),

(i,j)ee(L)
2 2
rl.”. _T__s_ ri”. T__u_
¢o=90 [ [T —apm;Hh" = IT [T +Bipmi )",
ieM, jel() ieM, jel()

A1 = min(Amin (X)), A2 = max(Amax (X)),
jeLl jeL

A3 = max (hmax (), Xow) = RV?Xo00R'>.
J

Then, there exists a set of controllers (3) such that the closed-loop system (12) is
finite-time bounded for any AED-ADT switching signal o (k) and coefficients vfj €
O, 1], v;’j € [0, 1) in Assumption 2.1 satisfying

21nuij

s =~ Ty ieM, 14a
ij ij In(1 — Olj) J ( )
r= IT TT@=epuiym > I TT a+pom;H™ <t
i€M,iFj jel(i) i€My,i#j jel(i)
(14b)
Moreover, if the controllers exist, the controller gains are given by
X7 i em,,
K; = ST (15)
Y,-Xij , i eM,.

Proof The whole proof process is divided into four steps, which is shown as follows.
Step 1 First, forany k € [k;11, ki12) = [kit1, kit14+Aip 1) Ukiv1 + Ay, ki),
the switching situation of a subsystem is analyzed.
(i) When k € [kiy1 + Aj+1, kit2), one has that o(k) = o’(k) = j, and the
closed-loop system (12) can be written as

x(k+1)=(Aj + B;jK)x(k) + Djw(k), x(0) = xo. (16)
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Consider the following Lyapunov functional candidate:

Vo oy (x (k) = xT (k) Py x (k), (17)

where Py ) = (X(,(k))_1 is a symmetric positive definite matrix, and X ) satisfies
conditions (13a)-(13d). So the difference of the V;(x(k)) along the trajectory of the
switched system (16) is

AV (x(k))
= Vi(x(k + 1)) — V;(x(k))
=xT(k+ DPjx(k+1) —xT (k) Pjx(k)
=x"()[(Aj + BjK)"Pj(A; + B;K;) — Pjlx(k) + x"(k)(A;
+ BjK;)' PiDjw(k) +w"' (k)D] Pj(Aj + B;Kj)x(k) +w' (k)D] P; Djw(k)
_ T | (A + BiK)TP(Aj + BjKj) — Pj (Aj + B;K))"P;D;
=f (k)[ DiPj(A; + B;K)) D} P;D; 5@
(18)
where £T(k) = [xT(k), wT (k)].

Meanwhile, by multiplying (13c) from both sides by diag{P;, I, P;}, and using
(15), we have

—(1—aj))P; 0 (A;j+B;K))"P,
-y 0, DjP; <0, (19)
* * —P;

by using Schur complement, inequality (19) is equivalent to

[(Aj+BjKj)TPj(Aj—I—BjKj)—(l—Olj)Pj (Aj+BjKj)TPij]

D}Pj(Aj-l-BjKj) D}Pij—)/Qi
_ [, + BjKj)'Pj(A; +B;K;)— P; (Aj + B;K;)'P;D; 20)
DjPj(Aj + BjK)) D} P;D;
ajP; 0
+| <0
[ 0 —VQ/]_

Thus, by combining (18) and (20), we obtain
AVj(x(k)) = V;(x(k+1)=V;(x (k) < —ajx" (k) Pjx(k)+yw' (k) Q w(k), (21)
obviously we get
Vix(k+ 1) < (1= ap)V;(x (k) + yw" (k) Qjw(k). (22)

Thenforanyk € [ki+1+Ait1, kiv2),0(k) =0k—=1)=--- =0 kit1+Ai+1) =
j,and o’ (k) = o (k) = j, by iterating (22), it gives

Birkhauser



4564 Circuits, Systems, and Signal Processing (2023) 42:4553-4584

Vix(k) < (1 —a)l~®a T80 v, (x (ki + Aig)
k—1
+ ) (=) Ty )0 uws). (23)

s=kiy1+Aiv1

(ii) When k € [kii1,kiv1 + Ajy1), we have o (k) = j, and o’(k) = i, so the
closed-loop system (12) can be written as

x(k+1)=(A; + BjKj)x(k) + Djw(k), x(0) = xo. (24)
Consider the following Lyapunov functional candidate
Vor (o () (X (K) = X (k) Porgoyor oy X (), (25)

where Py k) = (Xa/(k)a(k))_l is a symmetric positive definite matrix, and it sat-
isfies conditions (13a)—(13d). So the difference of the V;;(x(k)) along the trajectory
of the switched system (24) is

AVij(x(k))
= Vij(x(k + 1)) — Vij(x (k)
=xT(k+ DPjxk+ 1) — xT (k) Pjx (k)
=x"()[(Aj+BjK;)) Pij(Aj+B;Ki)— Pijlx(k)+x" (k)(A;j+B; K;)" PijDjw(k)
+ BjK)"PijDjw(k) + w' (k)D] Pij(Aj + BjK)x (k) + w" (k) D] P;j Djw (k)
.. [(Aj+B;K)"Pij(Aj + B;K;) — Pij (A; + B;K)"P;; D;
=5 ® DTPj(A; + BjK)) DTP,;D; s (6,
TR A JBI jruEI
(26)
where €T (k) = [xT(k), wT (k)].
Meanwhile, by multiplying (13d) from both sides by diag{F;;, I, P;;}, and using
(15), we have

—(1+Bij)Pj 0 (Aj+BjK)'P;
* ~v Qij D} P;j <0, 27)
* * _Pij

by using Schur complement, inequality (27) is equivalent to

(Aj + BjK)'Pij(Aj + BjKi) — (1 + Bij) Pij (A + B;Ki) Pi; D;
D} Pij(A;j + BjK;) DjPijDj —y Qi)

_ [+ BiK)TP,j(A; + BjK;) — P;j (A; + B;K))'P;; D; (28)
D}P,'j(Aj + B;K;) D]T-P,'ij
—BijPij 0 }
+ <0.
|: 0  —y0Qi |~
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Thus, by combining (26) and (28), we obtain
AV (x (k) = Vij(x(k 4+ 1)) — Vij (x (k) < Bijx" (k) Pijx (k) + yw" (k) Qijw(k),

(29)
obviously we get
Vijxk+ 1) <A+ Bij)Vij(xk)) + wa(k)Ql-jw(k). (30)
Then for any k € [kit+1, ki+1 + Ait1),0k) =0k —1) =--- = o(kis1) = J,
and o’/ (k) = i, by iterating (30), it gives
kiv1+Aiy1—1
. . . IAVAVRR VA .
Vij(x(kivr + A1) < (1 + Bij) T Vi (x(kig1)) + Z
s=kit1
(1 + B2 =1y T (5) 0w (s). 31

(iii) Now, by considering the iterative case of the Lyapunov functional candidate on
the interval k € [kit1, kit2) = [kit1, kit1 + Aiv1) Ulkiv1 + Ajg1, k), using (13a)
and (13b), and combining (23) and (31), we have

Vi(x(k)) < (1 — ) O+ 80V (e (ki1 + Aigr))
k—1
+ ) (U—ap)" " yuws)Q wis)
s=kiy1+Ait1
< i (1= o)) TERFAEIL( 4 i) BV (x (ki)
kiv1+Ai41—1
+ Y BRI T (5) 0w (s)]
s=kit1
k—1
+ wij Z (=) " yw(s)Qijw(s)
s=kiy1+Ai11
< pij (1= o T EFARD L i) 81 (i Vi (x ki) + i
kiv1+Ai41—1
- aj)k—(ki+1+Ai+l) Z a1+ ﬁl.j)ki+l+Ai+l—1—Swa(s)
s=kjt1
k—1
(i QwE + g Y A=) ywT(s) (i Q) wis)
s=kit1+Ai11
= iy (1= o) TEFARD (14 i)V (x ki)
kit1+Ai+1—1
+ V“i2j(1 _ Olj)k—(ki+l+Ai+l) Z 1+ IBij)kiJrl"FAiJrl—l—S
s=kjt1
k—1
yw O Qws) +uf; Y, (I—ap)  yw ) Qiwes). (32)
s=kit1+Ai+1
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Step 2 Next, the iterative condition of the Lyapunov functional candidate over the
interval k € [k;, ki+1) = [ki, ki + A;) Ulki + A;, ki11) is considered, according to
(32), we can get

Vi(x (k) < uii (1 — o) =E A (1 )2 Vi(x (ki)

ki+Ai—1
B (1 — @k S (1 g k1T () 0y ()
S:k,‘
k—1
tuh Y A=) 0w,
s=ki+A;

Step 3 Then, according to (22), (23), (30), and (31), the iteration of the Lyapunov
functional candidate in a small switching interval [k;, ki11) = [ki, ki + A;) ULk +
A;, ki4+1) is summarized and organized. Furthermore, using (32) and (33), we can
derive the iterative result on the entire time interval [k, k).

(i) For any k € [k; + A;, ki+1) (Synchronous switching period), we derive

Voty(x(k+ 1)) < (1 — oo k) Vo iy (x (k) + VwT(k)Qo(k)w(k)a (34a)
Vot (x(K) < (1 = ao 1)) "R FADVo oy (x (ki + A)))
k—1
+ Y (=) w9 Qopw(s). (34b)
s=ki+A;

(i1) For any k € [k;, ki + A;) (Asynchronous switching period), we receive

Voot Xk + 1)) < (1 + Boki_o ki) Vo' (ko (k) (X (k)

+yw' () Qo' (ot w (k). (35a)
Vorto oy x &) < (14 Boti o) ™5 Vor o k) (x (ki)
k=1
+ Z(l + Boti_ o) T ywt () Qo ey w(s). (35b)
s=k;

(iii) Since the switch between the system and the controller is synchronous at first,
for any k € [ko, k1), on the basis of (34b), we obtain

Vi (ko) (X (k1)) < (1 = 0ty 1)) X1 750 Vi 1) (x (k)
ki—1
+ (1= o)y wT () Qo ryws). (36)

s=ko

(iv) For any k € [ko, k) = [ko, k1) lk1, k), where k > ki +A;, 0(k) = o (ki) =i,
by using (33), (34b), (35b), and (36), we can get
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Vot (X)) < 12 oty (1 = @) E 200+ Boty_ o)™
ki+Ai_1
Va(kifl)(x(ki)) + Mg(ki—l)ﬂ'(kl’)(l o aa(ki))k_(ki+Ai) Z
s=k;
(14 Bo @) Ty w(9) Qo W) + 1G4, o
k—1
> A=) Ty wT(9) Qo w(s)
s=k;+A;
2 2 k—(ki+A;
= 'U“Cf(ki—l)U(ki)MU(ki—Z)U(ki—l)(1 ~ Qo (k) ( :
(1 = @) AU+ By o)™
(A Boti—o i)™ Vot (¥ (ki-1) + [M?:(kifl)a(ki)

V“%c(k,-,z)a(k,-,l)(l _ aa(k[_))k*(kiJrAi)(l _ ag(ki_l))ki*(ki—l+Ai—l)

ki—1+Ai-1—1
I+ ,Bn(ki_|)(r(k,-))Ai Z 1+ ﬁ“(ki_z)o(ki_l))ki’l+Ai’l_l_S
s=kj_1
ki+A;—1
YW () Qo W) + 1 1,y (1= o) EHAY 7
s=k;
1+ ,BC,(kiil)G(ki))ki-&-Ai—l—swa(s)Qa(kiil)w(s):l + I:'U“¢2T(k,'_|)a(k,-)
ki—1
2 k—(ki+A; A;
1o ot (1= @o@) ™ T2 A+ Bo_ o) >
s=ki—1+Ai-1
k—1
1- ad(k,-,l))k"_l_s)/wT(S)QU(ki—z)w(s) + 'u’g(ki—l)ff(ki) Z
S=ki+Ai
(1— (xg(ki))k—l—swa(s)Qg(k’,_l)w(s):l
2 2 2 k—(ki+A;
< Hoty_no ki Potio iy Patop k) X (1= doge) i+
(1- aa(kiil))ki—(k[—lﬂ-A[—l) co(1— ad(kl))kz_(kl+Al)

X (1L + Bothi-no )™ (1 + Botki_notan) "+ (14 Bo koo () ™!

2 2 2
Vo (ko) (X (k1)) + [“o(ki_l>a(ki>“a(ki_z)cr<k,-_1> " Mo ko ki)
x (1 — ag(ki))k*(kiJrAi)(l _ ao_(kiil))ki*(ki—l+Ai—l) .

(1 = @) 2 EF2D 5 (14 Byt o)™ (14 Bt o)™ !
ki+A1—1
o Botno )™ Y A+ Botgor) T T ywT(s)

s=kj
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2 2 k— ki+Ai
Qo)W () + -+ + Loy ot Moy ayer iy (1 = Qo)™ E A
ki—1+Ai—1—1
(= dg_ ) ETHADA+ B poa)™ Y
s=ki_1

)ki71+A,‘,1—l—s

I+ Bo(ki—2)o ki—p) yw' () Qo W) + 1Koty ok

ki+A;—1

(= o) SN (4 Bor o) T S yw T (s)
s=k;

2 2 2
Qo<ki—1>w(s)] + [“a(k;_l)a(k,~>“o<k;_z>a<kf_.> " e (o (k)
x (1 — ag(ki))k*(kiJrAi)(l _ ad(kl_il))ki*(ki—]+Ai—l) L.

(1 = 6 (1)) OF2) 5 (14 By o)™ (1 + Botki_po i)™

ky—1
(U Botkpo )™ Y (1= o)™ yw T (9) Qo kg w(s)
s=ki+A;
2 2 k—(ki+A;
+ -+ Mo’(ki,l)a(ki)MU(ki—2)U(ki71)(1 — O[a(ki)) ( )
ki—1
(1 + ,Bo(kifl)o'(ki))Ai Z (1 - ao'(ki—l))ki_l_swa(s)
s=ki_1+A;—1
k—1
Qo(kifz)w(s) + Mg(ki—l)”(ki) Z (1- ag(ki))k_l_s
s=ki+A;
ywT() Qo ) |- Gn

Let

[1]

2 2 2 k—(ki+A
1= Hote o tPetinotn  Patoed) X (1= o) 6+
(1 = ok _)) ™R (= 0 )2 O 5 (1 Bo o)) ™

(14 Botki_ayot )"+ (1 + Botroyo ) Vo (k) (x (k1))
N N—1

_ k—(ky+A 2 ks1—(ks+Ag
= (1= o)™ Y TG o * [ [T = ey =herad
s=1 s=1
N-1
l_[ (I+ ﬂo(ks)cr(k,¢+1))AHli|Va(ko)(x(kl))
s=0
N N-1
<(1- O[O_(kN))k—(kN‘FAN) Hui(kﬁl)g(kx) % [ l_[ a- Olcr(ks))kHl_(ks_'—AS)
s=1 s=1

N-1
l_[ (I+ ﬁa(ks)a(ks+1))A5'*‘] X [(1 — Ao )X TRV (1) (x (ko))
s=0
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ki—1

+ 00 = )T T (6) Qg 5]
s=ko
N N-1
k—(kn+A 2 kg1 —(ks+As
= (1= o) TT 0l o X[H(l—%(kn) Ho Ay
s=1 s=0

(U Bo o)™+ | Vs G k0D) + (1 = )0 4N
N N-1

2 kg1 —(ks+Ag Ay
[THow ow [ [T = oa)o =S40 + Bo oty “]
s=1 s=0

ki—1
(1= o) ™ Y " (1 = o)) ™ yw T (9) Qo) w(s).
s=ko

and by using 0 < a5 (k) < 1, Bo(kw)o(kyy1) > 0, we derive

N
Voo (x (k) < {(1 = o) T T T 1l 0 o

s=1
N-1
x [ l_[ (1 = gt =0 FA) (1 4 ﬂa(kx)a(km))A”‘]
s=0
N
Vo (ko) (X (ko)) + (1 — O‘U(kN))k_(kN+AN) l_[ /‘Ltzr(k,r—l)a(ks)
s=1
N-1
% [ [T0 )= 200 + IBG(ks)U(kwl))Aﬁl:I
s=0

ki—1
< (1= o)™ Y (1 - aaam))’“”wa(s>Qg(ko>w(s)}

s=kq
N—1 N-1
2 k—(kn +A 2
+ {“a(kw_wcr(km(l — iy TN Y [ [T #ow-vown
n=1 p=n
N-1
X (1_[ (1 — @) P = 20 (1 B0 hypan) )
p=n
kot Ay —1
X Z I+ ﬂa(k,l,l)a(k,,))k”J’A”_l_SJ/wT(S)Qo<k,,,1)w(S)]
s=ky
kn+An—1
2 k—(kn+A
1oty yo ) (1= Rty TEVTEY S
S:kN
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4570
(1+ ﬂaaw1)g<kN>>kN+AN‘1“‘wa<s>Qmow(s)}
N-1 _N-1
2 k—(ky+A 2
+ {MU(kNl)J(kN)(l — i) TN Y [ [T Hew, vow,
n=1 p=n
N-1
N (]_[ (1 = @) P = 20 (1 B o hpan) )
p=n
kn+l_1
X (1 _ ag(kn))(kn+An)—k:z+l x Z (1 _ aa(kn))knﬂ—l—swa(s)
s=ky+A,
k—1
oty WO |+ 1oy 2 (= o)™ "y (s)
S=kN+AN
QO‘(kNl)w(s)}
N N-1
2 kv - kx+A.v
< [Trew ow * [ [10 —aoqfnmhras
s=1 s=0
N
As 2
(I'+ Bo (ky)o (k) ‘“]Vo(ko)(x(kO)) + T re 0 vow
s=1
N-1
* [ [T = o= ®F29a + ﬂa(k.oa(km))Aﬁl]
s=0
ki—1
x (1— ao(ko))ko_kl Z(l - aa(ko))kl_l_SVwT(s)QU(ko)w(S)
s=ko
N (N N
2 kps1—(kp+A
+ Z{ 1_[ Ma(kp,l)a(kp) X [1_[(1 _aa(kp)) p1—(k; p)
n=1 % p=n p=n
kn+A,—1
(1 +ﬂa<kp)a<kp+1))ApH] x [ D U+ Boty o) 71
s=ky
YW ($) QoW (s) + (1 = agg,) “rtH om0 o
knJrl_1
x > —aa<k,,>>""+l‘Hwa(s)Qa(kn1)w(s>]}. (38)
s=kn+A,
Step 4 Finally, according to iteration result (38), we analyze the finite-time
2N (s,k)
boundedness of system (12). Denote ®(s,k) = I Iy i L W(s, k) =
(i.j)ee(M)
[T I1 @ -ap®ex [T [T A+p)HEY andlet gy = (1 -
1€Ms,i#] jed (i) 1€My i#] jel (i)
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aa(kn))(kn+An)*kn+l’n — O’ 1,2’... ’N, nm = (l + IBU(knfl)(r(kn))An_]sn
1,2,--- N, and n = max{ni,m} = 1, where n1 > Ly > 1, and 23 =
ma;(kmaX(Qj)). Then, by using (10), we obtain

JeEM

ki—1
Vo (x (k) < D0, )W (0, k — 1) Vo ) (x (ko)) + m @0, YW (O, k — 1) Y yw'(s)
s=ko
N kn+A,—1
STIORDS {Wv DY Y myw ), )
n=1 s=ky
k”+|71
DY wa(s)Qﬂk,,,l)w(s)]}
s=ky+An
ki—1
< D0, )W (0, k — 1) Vo ag) (x (ko)) + nirzy (0, )W O,k — 1) Y
s=ko
N kn+A,—1
w(ws) + ) {cwn, DYoL R [y Y wT©we)
n=1 s=kp
kn+l_1
sy Y wT(s)w(s)]]
s=ky+A,
N k’l+171
= D0, WO,k = DVoite) (¥ko) + sy Y[, WG k) Y
n=0 s=kny+An
N kn+A,—1
W) | +miay Yo [e00ve b Y wTewe)]
n=1 s=ky,
N
< @0, )W (0, k — 1) Vy iy (x (ko)) + nAzy Z {CD(n, W (n, k)
n=0
kn+1—1 kn+A,—1
Yo wTewe + Y wT(s)w(s)”
s=kp+An s=ky,
N
< B0, WO, D) Voo (xk)) + iayd 3 [@(1, )W (n, )
n=0
k
< YO0, 0)Vo)x(©0) +nrzyd Y Y(n, k), (39)
n=0

where Y (s, k) = ®(s, k)W (s, k), ko = 0.
Based on (7) in Definition 2.3, we can obtain that

N
2N (ko.k)
2 i
[Trowown= T1 w7 =expC > 2Nfko. k) Inpuij)
s=1 (i,j)es(M) (i,j)es(M)
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T;; (ko. k)
sexp( ) 2N+ =) Inpi)

(i, j)es(M) i

21n p;j
=goexp( Y. Y o Tijtko, k)

i€M,i#j jel (i) Y

21n a5
xep( Y Y Ty ko k). (40)

€My i#j jesiy

where gg = exp( > 2N8~ In ;).

(i.j)ee(M)
Note that
N—1
1_[ - ao_(ks))ks-%—l*(kx‘FAx) — 1_[ 1_[ a1- aj)Ti,/(koyk)’ 41)
s=0 €M, i#] jel(i)
N—1

[TO+Bowrow)™ = I ] a+spT%», (42)

s=0 i€My,i#] je(i)

2
then, according to (8a), (8b), (40), (41), and (42), and (14a) that implies (1 —a ;) ir]’:j <
1, we can get

Y(s, k) =P(s, k)W (s, k)

2
<o [] T @=apu)eh

€M i#] jel(i)

2
x 1_[ l_[ (A + ﬁij)p,i}j )Ti_/(ka)

P€My,i#j jel(i)

2
T TS S (k—
<o [] TJ] @ —apuHy it
i€Ms,i#j jeJ(i)
2
T TH LU (ks
X 1_[ l_[ ((1 +'3if)ﬂij]) i Hvij(k=9)
i€My,i#j jel (i)
= 2
Iia i\ —T5 rl.”l. TH
- [(PO 1_[ 1_[ (O aj)l'l“ijj) Y l_[ 1_[ (a +ﬁlj)//’«ljj) ']:|

i€M,iF] jel(i) i€My,i#j jeJ(i)
j

2
g k-
< [T T @ —apu/yvt

i€Ms,i#] jel(i)
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2

< [T TT @+ pipuHie

i€My,i#j jel(i)

= ort, 43)
where
2 2
r;l, _Ts ri“. TU
po=¢0 [] [l W@=epuwHx ] T]@+8pwiH,
i€M,iF] jel (i) i€My,i#j jel(i)
2 2
r= [T TT @=epuyx TT [T @+ pipu;H™.
i€M,iF] jel(i) i€My,i#j jel(i)

Therefore, (39) can be rewritten as
k
Vot (x (k) < (0, k) Ver 0y (x(0)) + nAzyd Y Y (n. k)

n=0

k
< oM Vo) (x(0) + nazyd Y gort "

n=0
X 1— )"k-ﬁ—l
= ¢or" Vo (0)(x(0)) + donrzyd x _T—
< G0 Vo) (X(0) + donrsyd x T—. (44)

On the other hand, considering )_((,(k) = R1/2Xg(k)Rl/2, from Lemma 2.1, we can
follow from (17) that

Vo) (x(0)) = xT(0) Py (0)x(0) = xT(O)R'*(X50)) ' R'*x(0)
< max (Chmax (X6 0)) ™ NxT (O)Rx(0) < i_l
1
Voo (x (k) = xT(0) Poyx (k) = xT(R)RY* (X5 ) ™' RV 2x (k)

> min(min (Xo0) ™ )T () Rx (k) = Aisz(k)Rch). 45)

Hence, combining inequalities (44) and (45) yields

1
xT(k)Rx (k) < 22V (x (k) < 220 Vi 0y (x(0)) + donrzyd x T A)

c 1
< Ja(po—L + gonrsyd x )£ e (46)
A 1—A
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From Definition 2.5, the closed-loop system (12) is finite-time bounded w.r.t.
(c1,¢2, R,d, N, o). Hence, the theorem is proved. O

3.2 H,, Performance Analysis

In this section, we will further give a sufficient condition which guarantees that the
closed-loop system (12) is finite-time bounded with a specified Hy, performance index
via AED-ADT switching based on Theorem 3.1.

Theorem 3.2 Given a matrix R > 0, an integer N > 0, for specified constants c; >
c1>0d>0y>00<aj <1, B >0 wuij> 1, and suppose that there exist
matrices X; > 0, X; > 0, X;; > 0and Y; such thatVi, j € M,i # j,

Xij < wijXj,i#jeM, (47a)
Xi < pijXij, i #j €M, (470)
T—(—apX; 0 X;AT+¥TBT x;CT 4 yTET
J— T .
* y2I D; F/ <0, (47¢c)
* * -X; 0
. * * * -1
[—(+8Xiy 0 XyA]+ YTB] X;,C] + YTE]
B T
* y2I D; J <0, (47d)
* * _Xl] 0
A — A 2d
c1(A1 — A2¢o) - dony ’ (47e)
AlA2 1—x

where
n = (11— aa(kn))(kn+An)*kn+l >1,n=0,1,2,---, N,

m =0+ Boty o)™ ' = 1Ln=12---,N,
n=max{n,m}>1, go=exp( Y 2N)Inu),

(i,j)ee(L)
2
o=w0 [T TT @ —epeH) ™™ x [] ]‘[((1+ﬁ,,)u,,)w
ieM; jel() ieM, jel@)

M= ngg(xmmo'(j», Ay = max (max (X)),
J€
)¥3 max()\max(Q])) O'(k) =R /2X (k)Rl/2
Then, there exists a set of controllers (3) such that the closed-loop system (12) is

finite-time bounded with a Hso performance index y w.rt. (c1,c2, R,d, v, N, o) for

any AED-ADT switching signal o (k) and coefficients vj e (0,1], v;‘j e [0,1) in
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Assumption 2.1 satisfying

2l -
S T —ayy €M @5
1—ngo <A < 1, (48b)
3 3
where A = ‘ ]_[ . ]_[_ ((1 —otj),ul-;j )i x ' H _ H_ (1 +,3ij)ﬂi;j )" and
i€Ms,i#] jetii) i€My,i#] jel (i)

~ 2 . . . .
Y =4/ ylji’o > 0. Moreover, if the controllers exist, the controller gains are given by

(15).

Proof First, according to Theorem 3.1, we analyze the finite-time boundedness of the
closed-loop system (12) combined with the conditions (47a)—(47¢e). Obviously, by
using Schur complement, we can get from (47c) and (47d) that

[—(l—apX; 0 X;A7+Y/B]

* —y?l D} <0, (492)
| * * —X;
[—(+BipXij 0 XA +Y'B]

* —y2r Dj <0, (49b)
| * * —Xl'j

which imply (13c¢) and (13d) by setting Q; = Q;; = v 1. So, by analogy with Theorem
3.1, it can be concluded that the closed-loop system (12) is finite-time bounded w.r.t.
(c1,c2,R,d, N, o) for any AED-ADT switching signal o (k) and coefficients vfj €
O, 1], vl“/ € [0, 1) in Assumption 2.1 satisfying (48a) and (48b).

Next, letting I'(k) = y2wT(kyw(k) — yT(k)y(k), to analyze the finite-time Hoo
performance of the closed-loop systems (12).

Step 1 For any k € [kiy1,kiy2) = [kiy1, kiv1 + Aiv1) Ulkiv1 + Aiy1, kigo),
we expand the analysis. For i € 91, synchronous switching is performed between
the system and the state feedback controller. At this time, we choose the Lyapunov
functional as (17). Based on the proof process of Theorem 3.1, when k € [k;j 41 +
Aii1,kiv2), o(k) = o’(k) = j, we can obtain the following closed-loop system:

x(k+1) = (Aj + BjK)x(k) + Djw(k), x(0) = xo, 50)
y(k) = (Cj + E;jK j)x(k) + Fjw(k).
Since I'(k) = y2wT (k)w(k) — yT (k) y(k), substituting (50) into it gives

Lk) = y*wTkwk) — yT &)y k)
= y2wT (wk)—(C;+E; K Dx(k)+Fjwk) ' (C;+E,; K )x(k)+Fjw(k))
= —xT(k)(C; + E;KNT(C; + E;jK)x(k) — x (k) (C; + E;K ;) Fjw(k)
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—w () F[(Cj + E;jK)x(k) + w' (k) (y*I = F] Fp)w(k)

_ oty [ €+ E;KNT(C) + EjK)) —(C) + E;K)'F;

where £T(k) = [xT(k), wT (k)].
Meanwhile, by multiplying (47c) from both sides by diag{P;, I, P;, I}, and using
(15), we have

—(l—ozj)Pj 0 (Aj—I-BjKj)TPj (Cj—I—EjKj)T

2 T T
—y°l Dj P; F/. -
: 0, 52
* * —P; 0 - (52)
* * * —1

by using Schur complement, inequality (52) can be rewritten as

[—(1 —a)P;+(Aj+B;K;))TPj(A; + BjK;) (A; + BjKj)TPij:|

D Pj(A; + BjK)) D} P;D;
(Cj+15TjKj)T(C,~+EjKj) (C,-JgEjKjT)TFj “0. 53)
F{(Cj+ EjK)) v I+ FJF; | =

Thus, by combining (51) and (53), we obtain
AVix(k)) =Vixk+ 1)) = Vi(x(k) < —ozij(k)ij(k) + I'k), (54)

so we get
Vix(k+ 1)) = (I —a;)Vj(x(k)) + I'(k). (55)

Hence, by iterating inequality (55) for any k € [ki+1 + Ai+1, kit2), it holds that

k-1
Vix (k) < (1—ap) " et 80V e+ Ay )+ Y (=) 17T (s).
s=kit1+Ai41
(56)
Similarly, for any k € [k;+1, ki+1 + Ai+1), it holds that
Vij(x(kit1 + Aig1)) < (L4 Bi) Y+ Vij (x (ki)
kiv1+Ai1—1
+ Y A gTARTISTE). (57)
s=kj 41

Step 2 Because of the great similarity with Theorem 3.1, the iterative result of
Vo k) (x (k)) over the entire interval [kg, k) can be obtained corresponding to its proof
process, and according to (56) and (57), we have the following results.
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(i)Foranyk € [ki+A;, ki+1),0 (k) = o’'(k) = o (k;) = i, (Synchronous switching
period), we have

k—1
Vo (2 () < (1—o @)~ 20 Vo gy (x(ki+ AN+ D (I—0tg) T ().
s=ki+A;
(58)
(ii) For any k € [k;i, ki + A;), o(k) = o(k;), o' (k) = o(ki_1), (Asynchronous
switching period), we have

Voot (x (k) < (1 + Bor ks yortk))* 5 Voo k) (x (ki)
k-1
+ D+ Bothi_pyo ) T T(s). (59)

S:k,‘

(iii) Since the switch between the system and the controller is synchronous at first,
for any k € [ko, k1), we obtain

k1—1
Vo (ko) (k1)) = (1= o 10)) ™5 Voo (k) + D (1=t t))1 ™ 7 T(s). (60)

s=ko

(iv) For any k € [ko, k) = [ko, k1) U[k1, k), where k > k; + A;, by using(58),
(59), and (60) and analogizing (37), (38), and (39), we can get

N N—-1
Voo @) = [T 120 ppo X | [T(1 = ctoe)ri=a
s=1 5s=0

N
I+ ﬁo(koa(km))A”‘]Vo(ko>(x(k0)) + [ 1o now)

s=1

N—-1
x [ 1_[ a- aa(kx))kﬁl—(ks-i-As)(l + lga(kx)a(kﬁl))ASH]
s=0
k1—1 N N
x (1= o)™ Y (1= ) s + ) { I
s=ko n=1 " p=n
N
M(Zf(kp,l)a(kp) X [ l_[ (1 - aU(kp))kai(karAp)(l + /Bg(kz>)0(kp+l))Ap+l:|
p=n
kn+Ap—1
x [ Y I Botote) " 41T ()
s=kp
kn+1*1
+ (1= ag )l At e Y7 (1 - %(k,,))k"“‘l‘sr(s)]}
s=knp+A,
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k N
< YO0, k)Vo(x(0) +1 Y Y(n,k) x Y T(s)
n=0 s=0

k N
< P02 Vo (x(0) + 1) gor* " x Y T(s)

n=0 s=0
. 1 — ak+l N
= goAr" Vi (0)(x(0)) + ngo x T3 X ZF(S)
s=0

1 N
< $0Vo 0 (x(0) + g0 X T— % Z(j)r(sy 1)

Step 3 Finally, according to iteration result (61), the finite-time H, performance of
system (12) can be analyzed. When w(k) # 0, under zero initial conditions x (0) = 0,
we can get Vi) (x(0)) = xT(0) Psiyx(0) = 0, Vog(x(k)) > 0. From I'(k) =
ysz(k) w(k) — yT(k)y(k), (61) can be expressed as

N N
Vo (x (k) < l”fOA go I(s) = 1”‘_1’°k ; (Pl ®ws) =y $)y(),  (62)
then (62) yields that
N N
I"f"k > T E)es) < yz% 3wl ()w(s). (63)
5s=0 s=0

Let A > 1 — n¢y, then there has

N ” 4 N v
gyT(S))’(S) < —]1 j)f) ;wT(s)w(s) < ?ZZUJT(S)IU(S), (64)

s=0

where y = ,/% > 0.
According to Definition 2.5 and Definition 2.6, the system (12) is finite-time
bounded with a Hy, performance index y for any AED-ADT switching signal

satisfying (48a). Hence, the proof is completed. O

When A; = 0,i = 1,2,---, N, that is, the switching of the system and the
controller is completely synchronous, then we can get the following corollary from
Theorem 3.2.

Corollary 1 Given a matrix R > 0, an integer N > 0, for specified constants c» >
c1>0d>0y>00< aj <1, wij > 1, and suppose that there exist matrices
X; >0, X;>0andY; suchthatVi, j e M,i # j,

X; <pijXji#jeM, (65a)
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. . AT TpT T T T
—(1—epX; 0 X;AT+yTBT x;C] +TYj E]

2 T
* V21 D! F) “0. (65b)
* * —-X; 0
* * * —1
Cl 2 0 (&9)
(o +mdes [Nl-j In(ij) + N In(1 —amm)] < (659

Then, there exists a set of controllers (3) such that the closed-loop system (12) is
finite-time bounded with a Heo performance index y w.rt. (c1,c2, R,d, v, N, o) for
any AED-ADT switching signal o (k) satisfying

;> T} =max { - . Nin l:ij ,
In(£2) = In($ + ny2d) = [ NG InGag)) + N in(l = ctmin) |
oIy } (66)
In(1 — o)

where
M= (1 = o, )" ™™ >1n=12-- N, n= Tfi‘{""} > 1,
A= min(min (X)), A2 = max(hmax(X)), Xo@) = R*Xo00R'?,
jeL jeL

7=v neXp{Z > [N?jln(u,-,-)]} >0,

iel jel()

Moreover, if the controllers exist, the controller gains are givenby K; = Y;(X ;)™ L

4 Numerical Simulation

The numerical example is given to show the validity of the proposed asynchronous
finite-time Hy, control approach under AED-ADT switching.

Example Consider the given parameters of discrete-time switched linear system (1)
including two subsystems as follows:

(035 0 ~0.42 0.1
Ar=| o2 —0.32]’ 42 :[ 0.3 0.7]

0.25 0.45
Br=1 0.4]’ b= [0.15]

r T T
~02 0 0.1 0.15
=1 04 } P 2= [0.25} D= [0.3}’ b2 = [—0.2]’

E1 =02, E; =-0.32, F; =0.1, F, =0.25.
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Suppose that N = 20, ¢y = 0, c» = 10,d = 1, R = I. Consider the initial
condition x(0) = [0 0]T and the disturbance input w(k) = cos(k) exp(—0.8k). Let
a; = 0.62, a0 = 0.4, B12 = 1.01, Bo1 = 1.2, 12 = 1, up1 = 1.3. Then by utilizing
MATLAB LMI Toolbox and applying Theorem 3.2, we can get

—0.2724 09115 —0.5863 1.2483

v, _ [ 24287 —045127] [ 2.4094 —0.3846
271 04512 1.0992 |[*“2' 7| —0.3846 1.0843 |’

Y) =[0.3910 0.2177], ¥, = [ 0.1081 —0.5065 ] .

[ 2.0446 —0.2724} [ 2.7523 —0.5863]
X = 2= ,

Hence, according to (15), we can obtain the controller gains

o nx' =[0232303082], i clki+ A1k,
YiXp, =|0.2141 0.2859 |, i € [ka, k2 + Ao),
ax;" = [ -0.0524 —0.4304 |, i€ ks + A2, k),

B2 = Yyt 2 [ 00315 04783 ], 7€ ki ki + A,

In terms of (48a), the corresponding AED-ADT are t{, > 1{; =0, 15}, > 73} =
0.5423. On account of )_(U(k) = Rl/ng(k)Rl/z, we can get A = 0.8494, A, =
2.9539.Letn = 1.1,y = 0.5, v}, = 0.997, v{, = 0.001, v5;, = 0.001, vy, = 0.001,
N} =0, T}JI =0, T};% =0,VY(i, j) € M (i # j),wehave —0.1 <1 =0.6024 < 1
from (48b). From this, we can verify that (47¢) holds, and get y = 0.8317 > 0.

On the other hand, assume that oy = 0.62, ap = 0.4, u1p = 2.5, uo; = 2.8,
n =15, Nioj = 1. Then, by utilizing MATLAB LMI Toolbox and applying Corollary
1, we can get

v _ [400190.26337 | [ 43918 —1.0590
1= 10.26331.0909 |* 2~ | —=1.0590 1.2564 |’

Y| = [2.1879 0.4307] Yo = [—0.1144 —0.5256].
Hence, we can obtain the controller gains
Ki=Y1X;'=[0.52910.2672], K> = Y2X; ' =[—0.1593 —0.5526],

and the corresponding AED-ADT are tj, > tj5 = 1.7937, 73| > 15" = 1.8859, the
Hoo performance index y = 1.6202 > 0.

From Table 1, we can clearly see that the AED-ADT tl.“j* in Theorem 3.2 is smaller
than that in Corollary 1, and the Hy, performance index y in Theorem 3.2 is also
smaller than that in Corollary 1, which means that the finite-time Ho, controller in
Theorem 3.2 can make a better performance than the one in Corollary 1.
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Table 1 Comparison results between Corollary 1 (A; = 0) and Theorem 3.2

Criteria Corollary 1 (A; =0) Theorem 3.2

Parameters ay; =0.62,ap = 0.4, a1 =0.62,ap =04, 812 =

n12 = 2.5, up1 = 2.8 1.01,
Ba1 =12, p1p =1 pz =
1.3
AED-ADT bounds rfz* =1.7937, ré’* = 1.8859 tfz* =0, rgl* =0.5423
Hyo Performance index y = 1.6202 y =0.8317
T T T T T T T T
22+
“Tg N | [ ! T
=i 1 1 I 1
%‘Jm— | ' 1 |
'%01 6 : : : :
Sl : ! : !
= ! I ' I
Ao+ 1 ! ! .
1 ! 1 !
1+~ -1 — 1
| | | 1 1 1 | | |
0 2 4 6 TiHIIUC ]\T 12 14 16 18 20

Fig.3 Switching signals o (k) and o’ (k)

T T T T T T T T T
03 = E
il
[
Q it
020 ! b
% i
g |1
%0.1 _
>
7}
0 i
| | I I I
0 2 4 6 8 10 12 14 16 18 20
Time k

Fig.4 State trajectory x (k) under AED-ADT switching

Additionally, according to Theorem 3.2, it can be obtained the AED-ADT condi-
tions such that the closed-loop system (12) is finite-time bounded as 7{, = 3 > {5’ =
0, 75, =5 = 3] = 0.5423. Asynchronous switching of o (k) and o’ (k) occurs when
A1 = 2, Ay = 1 in this example. Figure3 is drawn to show the evolutions of o (k)
and o’ (k). And Fig.4 is used to show the trajectories of state responses x(k) and
x3(k) of system. The output responses and w(k) are displayed in Fig.5. Then, it is
obvious that xT(k)Rx (k) < c», Vk € [1,20], as shown in Fig.6. That signifies the
closed-loop system (12) is finite-time bounded. Consequently, the proposed method
of this work is valid.
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Time k
Fig.5 System output y(k) and w(k) under AED-ADT switching

1 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20
Time k

Fig.6 History of xT (k) Rx (k) of the closed-loop system (12)

5 Conclusions

This paper has dealt with asynchronous finite-time H, control problem for a class
of discrete-time switched linear systems with switching time delay. By using the
AED-ADT method, multiple Lyapunov functions, and linear matrix inequalities, a
asynchronous state feedback controller is designed, and a sufficient condition to guar-
antee that the closed-loop system is finite-time bounded is derived. Then, in view of
the obtained result, a sufficient condition for finite-time H,, control is deduced, which
can ensure not only the finite-time boundedness of the closed-loop system, but also
the H, performance. Finally, the rationality of the proposed method is verified by a
numerical example.
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