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ABSTRACT In this paper, the sampled-data control problem is studied for asynchronously switched linear
systems (SLSs) without minimum dwell time (MDT) constraints. The asynchronous phenomenon exists
due to that the information of system mode can be acquired only at the sampling instant. First, a sufficient
condition of global asymptotic stability (GAS) is presented for sampled-date switched control systems with a
novel class of switching signals, which allows the switching number to be a non-affine function of time, and
does not involve any point-wise bound on the switching number. Moreover, unlike the existing literature
concerned with sampled-data control problem of switched systems, the MDT constraints are removed.
We allow that no sampling happens between two adjacent switching instants, which makes the results more
applicable to practice. Then, a sufficient condition checking the existence of sampled-data controllers is
presented in terms of linear matrix inequalities (LMIs). Finally, it is shown by a boost converter circuit system
that the designed sampled-data controller and switching signals can stabilize the system cooperatively.

INDEX TERMS Asynchronously switched linear systems, sampled-data control, asymptotic stability,

multiple Lyapunov functions.

I. INTRODUCTION

Switched systems consist of several subsystems and a switch-
ing signal selecting the activated mode at any constant. Stud-
ies on the switched systems have become a hot spot direction
due to their practical and theoretical values in past decades.
The switching feature is very common in real-world sys-
tems, thereby a lot of systems of practice can be modeled
as switched systems, such as chemical system [1], traffic
system [2], teleoperation system [3] and network control sys-
tem [4]. Up to now, rich research results have been achieved
on switched systems, such as stability and performance anal-
ysis [5]-[9], controller design [4], [10]-[13], estimation and
filtering [14]-[19].

One basic problem of switched systems is to design
switching controllers and admissible switching signals to
stabilize the system cooperatively. There already exist many
results on this issue. For instance, in [11], state-feedback
switching controllers and mode-dependent average dwell
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time switching signals have been designed to stabilize the
closed-loop switched system, in [10], switching controllers
and dwell time switching signals have been designed to
ensure the positivity and stability of the closed-loop system
cooperatively. In these literature, continuous state informa-
tion must be acquired in real time to design the control input.
However, the digital controllers are very common now as a
result of the development of digital computation. Compared
to the continuous state feedback input approach, the digital
state feedback input approach is more convenient since it only
requires the information of the states at each discrete sam-
pling instants, and holds until next sampling instant comes.
The discrete state information is more easy to get, which
makes the sampled-data control approach more flexible.
Therefore, it is of both theoretical and practical significance
to study the sampled-data control problem. The discrete-
time approach [20], the input delay approach [21] and the
impulsive system approach [22] are three main approaches
to study the stability issues of sampled-data control systems.
Until now, there already exist lots of results on sampled-data
control problems for LTI systems [20], [23], piecewise affine
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systems [24], linear impulsive systems [25], Markovian jump
systems [26], Takagi-Sugeno fuzzy systems [27], [28] and
SO on.

Despite the systems mentioned above, sampled-data con-
trol problem of switched systems has also attracted many
scholars? attentions. In some recent works [25], [29], [30],
it?s assumed that the sampling and switching always happen
at the same time. Under this assumption, the mode of the
controller remains consistent with the one of the system.
However, this cannot be guaranteed for switching systems
with unpredictable switching signals. The information of
switching signal can be updated only at the sampling instant,
and holds until next sampling happens. If a switching hap-
pens between two adjacent sampling instant, the mode of
the system will change but the mode of the controller will
hold. This causes that the system and controller runs asyn-
chronously after the switching happens. In [31], the sampled
and quantized measurements of the states have been used to
stabilize SLSs with MDT constraints. It?s assumed in [31]
that the dwell time of the system will be no smaller than
the maximum sampling interval, which can ensure that there
exists less than one switching between adjacent two sampling
instants, or it can be said that there exists no less than one
sampling between two adjacent switching instants. In last
several years, under the assumption in [31], some results on
sampled-data control problem for switched system [32]-[40]
have been derived. In most of aforementioned works, the
designed switching signals are required to have both a MDT
and an average dwell time (ADT) [41]. These restrictions
will no doubt lower the practicability of the results. But if
we remove the MDT constraints, more than one switching
will happen between two adjacent sampling instants, in other
words, it?s possible that no sampling happens between two
adjacent switching instants. This may cause that the switching
delay of the controller covers the dwell time of the subsystem,
which increases the difficulty of analysis. Can we solve out
the sample-data control problem of switched systems with-
out MDT constraints? This problem motivates our research
interests.

Inspired by [42]-[44], a novel class of switching signals
and a set of sampled-data controllers are designed to guaran-
tee the GAS of the closed-loop SLSs cooperatively. The main
contributions are as follows:

1) Unlike the existing literature [31]-[40] concerned with
switched systems’ sampled-data control problem, we do not
require the MDT of the switching signals to be larger than the
maximum sampling interval, i.e., we allow that no sampling
happens between two adjacent switching instants, which
shows the results in this paper are more applicable to practice.

2) A novel class of constrained switching signals is
designed for the closed-loop sampled-data control system.
Some asymptotic properties such as the switching frequency,
the fraction of activation of the subsystem with synchronous
or asynchronous controller, and the admissible transitions
density between each subsystems are used to characterize
this class of switching signals. Unlike the traditional ADT
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switching signals, the novel ones contain no point-wise
bounds on switching number, and allow it grows faster than
an affine function with respect to time.

3) Sufficient conditions verifying the existence of con-
trollers which can guarantee GAS have been given for the
switched systems, and the controller gain matrices can be
obtained by solving a set of LMIs.

Outlines: The paper is organized as follows: System
descriptions and preliminaries are presented in Section II.
Main results are given in Section III. A numerical exam-
ple is given in Section IV, and the conclusion is given in
Section V.

Notations: ‘T’: matrix transposition. “*’: transposed ele-
ments in the symmetric positions. || - ||: Euclidean vector
norm. N (N*): the set of non-negative (positive) integers.
R (R™): the set of (positive) real numbers. R”" (R™*"): the set
of n-dimensional vectors (mxn-dimensional matrices) with
real entries. I: identity matrix with appropriate dimension.
diag{H1, H>}: block-diagonal matrix of H; and Hy. P > 0
(P < 0) denotes that matrix P is positive (negative) definite.
Given matrices A € R™", we denote He{A} = A + AT.
A function « : [0, +00) — [0, +00) is of class Ko if it
is continuous, strictly increasing, unbounded, and «(0) = 0.

Il. SYSTEM DESCRIPTION AND PRELIMINARIES
Consider the following SLSs with control inputs:

X(t) = Ag(tyx(t) + Boyu(t), t > 19 =0, (D

where x(t) € R™ is the state vector, u(f) € R™ is the
control input, switching signal o (¢) is a piecewise constant
function with respect to ¢, the set of subsystems is denoted
asZ = {1,2,...,N}, where N > 1 denotes the number of
subsystems. The switching sequence for system (1) is denoted
as {t(), H,0, ..., et 1, - ..}, k = 0,1,2,..., where t;
denotes the k™ switching instant. For a switching sequence
fh <t < - < g < g1 < ---, o(t) is continuous
from right everywhere. N. denotes the number of switches
during [0, 7).

To facilitate the research as well as to have a clearer
switching model, we will give the system model on arbitrary
dwell time interval [fx, fx+1), K = 0, 1,2, .... Yet the gen-
eral, we assume that the nearest sampling instant before the
kth switching instant f; is # o, and there exist n; sampling
instants # 1, %2, ..., tk,n, On dwell time interval [#, tx11),
ng > 0. #; ; represents the jh sampling instant on [#x, tx+1),

I =1,2,..., nk. Specially, the case ny = 0 means that there
exists no sampling instant on [fx, #;+1). Moreover, we denote
heg = teg+1 — ey, L = 0,1,..., 0 — 1 as the sampling

interval between consecutive two sampling instants f;; and
te,1+1 (when ng = 0, hg o represents the sampling interval
between sampling instant f; o and the next sampling instant).
The sampling interval satisfies that 0 < h;; < h, where
h > 0 is called the maximum sampling interval.

In order to let the sampled-data controller be more prac-
ticable, we assume that the mode sensor keeps working all
the time, but the system signal is sent to the zero-order
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holder (ZOH) only at the sampling instant, and no delay
exists in the transmission process. Thus the control inputs on
[k, tk+1) can be denoted as follows:

u(t) = Ko@x (1), 2

where K;7) € R™*"x ig a constant matrix, 7 = ¢ — d(z),
of witch d(¢) : RT™ — (0, h] is a time-varying function called
the switching delay, and denoted as follows:

ng=0:d@)=1—tr0, t € [t, tk+1),
t—tro, tE [t 1),
, 3)
ne>1:dt)=t—tcr, t€ltes, this1),
r— tk,nkv re [tk,nk» tk-l—l)»
where [ = 1,2,...,n; — 1. By substituting control inputs

u(t) (2) into SLSs (1), we can get the closed-loop sys-
tem model on arbitrary dwell time interval [t, tx11), k =
0,1,2,..., which is shown as follows:

X(1) = Ag(nx(t) + Bo(nKoix (@), 1t € [tr, trs1). (D)

From (4) we can see that a delay d(¢) exists between the
switching signals of the controller and the system, i.e., asyn-
chronous phenomenon may exist on the dwell time interval
[k, tkr+1).- We denote Ty = ty41 — x as the activation time
of the o (1;)™ subsystem between consecutive two switching
instants # and #;41. Moreover, we denote 7} and T}’ as the
holding time of the o ()" subsystem in the synchronous and
asynchronous period of Ty, respectively. Obviously, 7} and
T satisfy that Ty = T} + T

In practice, the switching instants are usually unpre-
dictable, which means that it is impossible to make the sam-
pling and switching instants remain totally consistent. Hence
the following assumption is made:

Assumption 1: The switching will not happen at any sam-
pling instant of system (4), i.e., ty #tx1, k=1,2,....

According to whether sampling happens on dwell time
interval [t, fr4+1), k = 0,1,2,..., the switching signals
are divided into two situations, which are shown in Fig. 1.
In Fig. 1 (a), no sampling happens on the dwell time inter-
val, and the controller and system may keep running syn-
chronously or asynchronously, which depends on whether
¢ = i or not. In Fig. 1 (b), the sampling happens more
than once. The controller and system run asynchronously or
synchronously on [#, 1), then, the mode of the system is
gotten at sampling instant #; 1, and the mode of the controller
is thus updated. Their modes are matched during the rest
of the dwell time interval. From Fig. 1 we can know that
the asynchronous period may occupy the whole dwell time
interval,i.e., T}/ = Ty, and is upper bounded by the maximum
sampling interval 4. Moreover, we remove the MDT con-
straints on switching signals, which means we allow that no
sampling happens on the dwell time interval. This is different
from the existing literature [31]-[40], which only consider
the case that at least one sampling occurs on any dwell time
interval. Obviously, the situation considered in this paper is
more practical and comprehensive.
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FIGURE 1. Two situations of the switching signal on arbitrary dwell time
interval [ty , 8, 1), k=0 (i,j,ceZ,j#c).

To solve the sampled-data control problems of system (4),
in the sequel, we will define some important symbols, which
will be used in the proof of the main results.

First, we choose a continuous monotone increasing func-
tion p : [0, +00] — [0, +o0], which satisfies p(0) = 0 and

lim p(t) = +o0,i.e., p(t) € Kso. p(t) will be related to

t—+00
several important symbols of the switching signals. We let

t
vp(t) = e 15 0 5
p(t)

be the p-frequency of switching from O to ¢, and let
Up 1= limsup v, (?) (6)
t—+00

be the asymptotic upper density of v,(t). Then, we denote
E(Z) as the set containing each possible switching pair: i — j,
i,j € Z. Choose a switching pair (i, j) € E(Z). We define the
transition frequency from subsystem i to subsystem j on [0, ]
as

=— (N

where #{i — j}; represents the number of transitions from
subsystem i to subsystem j on [0, #]. Moreover, we define the
asymptotic upper density of wj;(t) as

@;j := lim sup w;;(1). 8)
t—400

Next, we denote the p-fraction of activation of the i’ system
on synchronous period of [0, ¢] as
I
T 1) == , ©)
r 2 - p()

k:o(ty)=i

and let the asymptotic lower densities of ﬂps (i,t) be
T3i) = lim inf (i, 1) (10)
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Similarly, we denote the p-fraction of activation of the
i system on asynchronous period of [0, ¢] as

Ta
TN, 1) = Z:ﬁ&, (11

k:o(ty)=i

and let the asymptotic upper densities of ﬂp‘l(i ,1) be
Z)“(i) = litnligp ﬂps(i, 1). (12)

Finally, a lemma which will be used in next section is
introduced as follows:

Lemma 1 (([45])): The following inequality holds for any
matrix P > 0, any scalars €1, €, €1 < &, and any vector-
valued function x(t) : [e1, &3] = R":

& 1 &2 €2
—f xT(s)Px(s)ds < - / xT(s)dsP/ x(s)ds.
€1 [ | £1 &1

lIl. MAIN RESULTS
First, a sufficient condition checking the GAS of closed-
system (4) with a class of constrained switching signals is
presented as follows:

Theorem 1: Consider system (4). Given a set of scalars
aj >0, 8 >0, uis; > 1,i,j € L, i # j If there exist
Koo functions k1(||x||) and k2(||x||), and a set of continuously
differentiable non-negative functions Vypoi)(t): R" — RT
such thatVi,j,c € L, i #j, ¢ %,

k1 (@) < Vie(®) < r2(llx@ID), (13)

Vi) + aiVii(t) <0, 1€t +Tf tepr),  (14)

Vii(t) — BiVij(t) < 0, t € [t, tx + TP, (15)
Vii(te,1) — Vij(t, 1) = 0, (16)
Vii(te.1) — Vii(t];l) <0, [=1,2,...,n, (17)
Vei(te) — wjsc Vit ) < 0, (18)
Viite) — wj—iVii(t, ) < 0. (19)

Then, the GAS of system (4) with any switching signal satis-
fying the following conditions can be guaranteed.

U, = liminfu,() > 0,
L t—400 ’0()

O D Rim@y— ) i Zy )+ FiT}N0) <0,

()EET) i€Z i€l
(20)

where [li—; = In ;.
Proof: Let ¢(t) Lif o) =o(@ ,t > 0.

0, otherwise
From (14) and (15) we have that V¢ € [, tx+1),

Voo () + @0ty — (1 — $()Bo) Voo () < O.
1)

Furthermore, according to Fig. 1, from (16)-(19) we have
that Vk = 0,1,2,...and VIl = 1,2, ..., ng, the following
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conditions hold:

Vouour) ) = Koy o) Vour o) T s )

Vo (.o e 1) = Vﬂ(t,;l)ﬂ(’ﬁ:])(t;,l)'
Then, from (21) and (22) we can get

Voo @ (@)
—ooyTS , (i DFBoy T (tye 1)
<e NL NG NS N VU(ng)UGN],)(thr)

Bow)(t—tyt )
< TN Vot oGy ) (IN2)

Bo)(t—ty1) N —
=e No a(l}?{,f)—)a(tNé)VJ(ZI;(,T)J(ZI;(,I ()

+ﬁ(7(1 T¢

— . s
- eﬁn(:)(l Int) a"(’N[,_l)T NE_D NG

NLi—1

x Ma(z};é )=ty )/’La(tl\;‘,j =0l )

*Vour, e, Hng—1)

NE—1 NE—1
ﬁa(t)(tfth )— Z %(tk)TngF Z ﬁa(tk)T[f
<e 7 k=0 k=0

TN
< [T tow—otin Vo©w©/0)- (23)
k=0
Note that
NL-1
1_[ Mo (ti)— 0 (tet1)
k=0
N!—1
> Hot ot
k=0

= exp

NL—1

4

2.2 2 M
i€l k=0 i—j
JjeT
i#f
o(ty)=i
oty 1)=J

= exp

~  #i—j}
=exp [N, > Himj——].
(i)EED) o

(24)

and
NL-1 NI-1
€Xpy— Z Ao Ty + Z Boan T§
k=0 k=0

= exp —Zai Z Tg—i—ZIBi Z Tka
i€l k:o(t)=i icT kio(t)=i
(25)
By taking (24) and (25) into (23) we get that
Voo @) < exp(&())Vs0)00)(0), (26)

VOLUME 9, 2021



Y. Li et al.: Sampled-Data Control for Asynchronously Switched Linear Systems Without MDT Constraints

IEEE Access

where ¢ (¢) is denoted by

() =Ny Y it #{l_”}' > Y T}

(i.)EEX) i€ ko(f)=i
+ > Bi Z T + Boy(t — Ny 1)-
i€l kio(t)=i

We continue to denote

#
f@) = Z Mz—)] = Jh s

Nt

(i.)EE)
and
S
8(0) = Za’ Z ( )
i€l  kio(tg)=i p
T Nt
+Z'Bi Z () ﬂ() (t)’
i€l  kio(t)=i P

then ¢ (1) := p(t)(v,(t)f (t) + g(1)). According to the proper-
ties of limsup, we can get that

lim sup(u,, (£)f () + g(t))

t—+00
< limsup v,(¢) lim supf(¢) + lim sup g(?).

t——+00 t—+00 t—+00

From (7) we have that

limsupf(¢) < Z p.,_,] lim sup w;;(2).
t—>—+00 (l j)GE(I) —400

Moreover, (20) implies that By (f — Int) is o(p(t)) as
t — +oo. Otherwise it results in U, = O which is inconsis-

tent with (20). Hence we can know that — Qast — 0.

Then, from (9) and (11) we obtain

(f)

lim sup g(7)

t——+00
< =) _eiliminf 3G, 1) + 3 filiminf TG 1),
i€l i€l
which with (10), (12) and (20) ensures that
lim sup(v, (1)f () + g(1))

t—+00

< limsup v, (?) Z ,qu lim sup w;;(t)
t——+o0 (l])EE(I) t—+0o0

— Zoz, llmmfﬂ i, 0+ Zﬁ, 11m sup 9“(1 1)
i€l i€l
< 0,

which further implies that
lim exp(p()(v,()f (1) + () =0
t—+00

By combining (13) and (26) we get that |x(¢)]| <

Kf] (k2(JIx(0)]1) exp(¢ (¢))). Thus it can conclude that for any

initial states x(0), and any o (), . hm lx(¢)|| = O always
—

holds. The GAS of system (4) is estabhshed The proof is

completed. 0
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Remark 1: The function p(t) appears in (5), (9) and (11)
enlarges the range of admissible switching signals which can
be asymptotically stabilize system (4). We can choose the
order of p(¢) according to the order of N.. For instance,
we can choose p(r) = ¢! for switching number satisfying
N! < at' S+ Bt+y,a>0,8>0,y > 0on [0, ], where
N! can grow faster than an affine function with respect to 7.

Remark 2: In [41], the definition of ADT is that let
Ny (t, T) be the switching number on [f, T], and Ng be a
chatter bound, if there exist two positive scalars Ny and 7,
such that Ny (¢, T) < Ny + =L holds VO < t < T, then
we say o (¢) has an ADT t,,. The ADT condition requires the
switching number to grow at most as fast as an affine function
for any interval from ¢ to 7. Unlike this, the condition (20)
contains no point-wise bounds on N’, only the asymptotic
properties of the symbols defined in (5), (7), (9) and (11) need
to be considered.

Remark 3: The conditions (16) and (17) ensure that the
energy function remains non-increasing at any sampling
instant. Hence we only need to consider the change extent
of energy function at the switching instants, and the change
rate of energy function during each dwell time interval.

Remark 4: Tt can be noted that the mode sensor has been
assumed to keep working all the time, hence the switching
signal curves of the system and the controller can be acquired.
Then, with aid of the curves, the switching frequency, the
fraction of activation of the subsystem with asynchronous or
synchronous controllers can be calculated. Then, the GAS of
the system can be checked according to whether (20) holds
or not.

Based on the results of Theorem 1, sufficient conditions
checking the existence of the sampled-data controllers are
given as follows in terms of LMIs:

Theorem 2: Consider system (4). Given a set of scalars
a > 0,8 >0, ui—; > 1,i,j € Z,i # j. If there exists
a set of matrices Y., ¥, €¢ R H. > 0, H. € R**",
Pic > 0, Pic € R Qi > 0, Qjc € R™*"™ ¢ i€ T such
that Vi, j,c € Z,i # j, j # c, the following conditions hold:

Ei <O, E,, +hl0N*Q;011<0,

KT
By <0, Ey+h017Q;011<0,
5 <o
ij
[P"i M _I;;] <0, (29)
ij

Pei — 1jscPji < 0, Qi — pjsce P50, <0, (30)
Py = 1jsiPyj < 0, Qi — pjmsie” PR Q; <0, (31

—o, ifc=1i
where 0(8;, &) = max{0, & — B}, & = { e
Co
and
_YlTBlT _Y]TBT
Hu - YiTBlT ) ij _YjTB,T )
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[1]

o |:He{A,~H,' + BiYi}+a;P; HAT + VBT +P; — H,-]
n — )

* — ZHI‘
~ _ [HelAiH; + BiY;)—BiPy HA] +Y;B] +P; — H;

Then, the GAS of system (4) with any switching signal
satisfying (20) can be guaranteed. Furthermore, the controller
gain matrices can be calculated by K. = Y H Leel
Proof: Let Ai(t) = ¢()a; — (1 — ¢(1))Bi, where ¢(1) =
{ Lifo(t)=0(1)

0. otherwise . We construct the following Lyapunov

function:
Vd(t)a(tv)(t)
= xT(OPy (e (1)
t
+ (h(t) — d(1)) ﬁ OO (0, (1o (s)ds,
t

(32)
where t > 0, P, > 0, Qic > 0,i,c € Z, h(t) : RT — (0, h]

is a time-varying function defined as follows:
ni = 0: h(t) = .o, t € [tk tr+1),
hio, 1€ [tk, 1),

ne = 1oh(t) = heys € [tk toivr)s

1€ [tk s tht1)s

(33)

hk,nkv

wherel =1,2,...,n; — 1.

First, consider the synchronous case, i.e., o (t) = o (7). Yet
the general, we assume that the i subsystem and controller
are activated, i.e., o(t) = o(f) = i. Taking the derivative
of (32) with respect to ¢ gives that

Vii(t) 4+ a; Vi)
= 2&T (1)Px(t) + oix” (1)Pyix(1)
t
+ (h(t) — dO)i" ()Quk(t) — ﬁ 05T (5)Qiik (s)ds.

t
We denote Pj., Qic, ¢;i(t) and v;(¢) as follows:
Pic = HePicH,, Qic = H.QicH,
0i(t) = x"OH T OHT,
vit) = " H; T oH T oHT
where e(t) = % th x(s)ds. From Lemma 1 and (4) we can
further get that
Vi(t) + a;Vii(t)
< 25T (1)Pux(t) + aix” (£)Piix(t)
+ (h(t) — AT () Qi () — e d(1)e” (1)Qize(?)
+20x7 (1) + 2T O1H] [Ax (1) + BiKix(1)
— d(t)BiKie(t) — x(t)]
= 22T ()H " PyH x(0) + axT (OH " PaH k(1)
+ (h(t) — )" (OH; QuH[ k(1)
— e~ hqe” (HH QuH  e(r)
+20 OH; ' + 5T (OH] AH; + BiY)H; 'x(1)
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—d("B;Y:H "e(t) — HiH 'x(1)]

= ¢! (O Eigi(t) + (h(t) — d®)p] [0 11" Qii[0 Ig;(t)
+dOy] OWiit)

= (@] ()(Eii + h(®[0 11" Qi[O I)gi(r)
+ (1= T (O(Pii + h(t) Vi) i(t)

= t¢] O[xEi+ (1 = X (O)(Ei

+hl0 117 Qal0 1) |eitr) + (1 = zpy] @
X [x@)P; + (1 — x (@) Dii + hW;)] ¥i(2),

i 0 _ |0 T _
where ®; = [*0 i|’ Vi = |:>|< —e vl Qiii|’ T =
MOZd® [y (1) = 210 Since 0 < (1) < 1,0 < x(1) < 1,
from (27) we have that V;;(r) + o;Vii(t) < 0,t € [t +
T, tet1), ie., (14) holds.

Then, consider the asynchronous case, i.e., o(f) #* o(D.
In general, we assume that the i subsystem and the j** con-
troller are activated, i.e., o(¢) = i, o(f) =Jj, i # j. Taking the
derivative of (32) with respect to ¢ gives that
Vij(t) — BiVij(1)

= 2T (1)Pyx(t) — BixT (1)Pyx (1)

+ (h(t) — ()" (1) Qi (1)
t
- ﬁ e PTD5T (5) Qi (s)ds
t

< 27 (0)Pyx(t) — Bix” (1)Pyx (1)

+ (h(1) — )" () Qi (1) — d(t)e” (1)Qjje(1)
+ 20" (@) + 5T O] A (1) + BiKjx(1)
—d()BiKje(t) — ()]
= 2xT(r)Hj‘17>,;,~Hj—1x(t) — Bx (OH; " PyH X (1)
+ (h() = d(o)x" (OH] QH; (1)
—de" (OH QuH ™ e(t)
+2" O + & OHT -, + BYH] ' x(1)
—dOBY;H e(t) — HiH'5(1)]
= @] (E;jgj(1) + (h(t) — d(@)p] ()0 11" Qy[0 Ig;(1)
+d Y] O
= t(O¢] (N(E;j + h(n[0 11T Qy{0 Ip;(t)
+(1 - r(t))ij(t)(Csz + h()Wij)y;(t)
= 1(0¢] O] xOFy + (1 = X (NG
+hl0 117 Q410 1D |eitr) + (1 = zpy @
X [xOPj 4+ A — xO)DP; + h¥y)] ¥i(0),
8j 0| ¢ |0 My
0 "V T % —Qy
can know that Vj(t) — BiV;j(t) < 0,1t € [t, tx + T{), which
implies that (15) holds.

Next, consider the switching instant #;. First, consider
the case that the controller and system are asynchronous

where ®; = . Then, from (28) we
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at #,_. Multiplying both sides of (30) with H;l gives that
Pei — ptjscPji < 0, Qci — pjsce P50, < 0. In gen-
eral, we assume that the j* subsystem and the i controller
are activated at the instant before 7, and the j” subsystem
switches to the ¢ one at switching instant t, i, j, c € Z,j # i,
J # c¢. From (32) we have that

Vci(tk)
179
= (h(tx) — d(t)) f e 5T ()0 (5)ds
t
+xT (B Peix(te)
1]

<ty (h(t) — d(t)) ﬁ C e B0 ENGT ()0 (5)ds

13

+ s exT (1) Pjix (1)
= //Lj—iji(tk_)’

which implies that (18) holds. Then, consider the other case
that the controller and the system are synchronous at ¢, . Mul-
tiplying both sides of (31) with H;l gives that Pjj— ;i Pjj <
0, Qi — ujﬁie’(“ﬁﬂi)thj < 0. In general, we assume that
the j subsystem and controller are activated at t, , and the
j™ subsystem switches to the i one at switching instant 7,
i,j €Z,j# i From (32) we have that

Vii(t)
= () — dw) [ * PO ()0;5(5)ds
+xT(rk)P,»,-x(tk)tk
< je(h(te) — d(t) /? " e PTGt PN T ()0 (s)dis
k

+ pjsix () Pyx(te)
< mj—i Vi@, ),

which implies that (19) holds.

Finally, consider sampling instants # ;, [ = 1,2,...,nk
on [ftx, tk+1), k = 0,1,2,.... By multiplying both sides
of (29) with diag{Hl._1 Hj_l} and using the schur complement
lemma, we can get P; < 2Hl._l — Hl._lPi;lHi_1 < Py
First, consider the case that the controller and system are
asynchronous at ;1. We assume that the i’ subsystem and
the j’h controller are activated at # 1, i,j € Z, i # j, then
we can know that the j# controller will switch to the i one
at sampling instant tkl. From (32) we have that Vj;(t; 1) =
xT(te DPux(te ) < xT (e DPjx(te1) = Vij(t; 1), which
implies that (16) holds. Then, consider the synchronous case.
We assume that the i subsystem and controller are activated
at # 1, then we can know that the mode of the controller and
the system will not change at the sampling instant. From (32)

we can get that Vii(n,)) = Vi(t ) = xT (t ) Piix (ty 1),
| = 2,..., ng, which implies that (17) holds. The proof is
completed. g

Remark 5: For system (4), if we let the maximum sam-
pling interval & be an infinitesimal, then the asynchronous
phenomenon can be avoided, and the sample-data feedback
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control problem becomes a continuous-time synchronous
feedback control problem, but the sampling cost will become
very high. If we let & be very large, then less sampling
points are needed, and the sampling cost is reduced, but the
proportion of asynchronous time will also become larger,
which may result in instability of the system. Hence we
can let & be as large as possible as long as conditions (20)
and (27)-(31) are satisfied.

Remark 6: The periodic sampled-data controller design
results for system (4) with switching signals satisfying (20)
can be derived from Theorem 2 directly. Moreover, the ape-
riodic sampled-data controller design results for switched
linear systems without switching delay (i.e., the system signal
is sent to the ZOH all the time) can also be derived from
Theorem 2 directly. Hence they are omitted for brevity.

The objective of this paper is to find admissible switching
signals and controller gains which can stabilize the system
cooperatively. The following algorithm is given to show how
the switching signals and controller gains are obtained via
Theorems 1 and 2:

VD
™~
1

DC V;n

FIGURE 2. Boost converter circuit.

Algorithm 1 : Find Admissible Switching Signals and Con-
troller Gains Which Can Stabilize the System Cooperatively
Step 1. Given a set of scalars ; > 0, 8; > 0, y;—; > 1,
iLjel,i#j.
Step 2. Check the LMIs in Theorem 2. If the conditions in
Theorem 2 are feasible, record «;, B;, ii—; and controller
gains Kj;, go to Step 3. Otherwise, change the values of «;,
Bi, 1i—j, and return to Step 2.
Step 3. Define a set of signal parameters p(t), v, (1), w;;(t),
9;(1', t) and ﬂp‘l(i, t).
Step 4. Compute the values of 0, @, ﬂvps(i, t)and ﬁp“(i, )
according to the signal parameters.
Step 5. If condition (20) holds, record p(t), v, (1), wi;(t),
Zf(i, t) and ﬂp‘l(z’, t), EXIT. Otherwise, change signal
parameters v, (1), w;;(1), ﬂps(i, t) and Zf‘(i, t), and return
to Step 4.

Remark 7: From Algorithm 1 we can see that the con-
troller gains and switching signals are computed separately.
The switching signals are designed after getting the controller
gains K; and the corresponding parameters «;, B;, (. The
switching condition (20) is related to these parameters. It is
obvious that (20) can be satisfied more easily by employing
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(a) State response

Control Input

; ;
0 5 10 ] 15
Time (s)

(b) Control input
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Sampling Instants
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FIGURE 3. Simulation results for system (34).

larger o, p;—; and smaller B;. To obtain a larger switching
signal set, we can let o; and p;,; be as large as possible, and
let B; be as small as possible.

163858

IV. SIMULATION

The boost converter circuit shown in Fig. 2 can be modeled
as a switched system [46]. V;, represents the source volt-
age, S represents the switching, while L, C and R repre-
sent the inductance, the capacitance and the load resistance,
respectively. The circuit equation is shown as follows:

. 1 1
() = —(1— S(t))zuc(t) + S(t)ZVm,

1 1
ie(t) = —R—Cuc(t) + (1 - S(t))Eiz(t),

where S(#) = 1 if the switching S is connecting, and S(¢) = 0
if S is disconnecting. Let xT(t) = [i;(t) uc(t)], u(t) = Vin,
and choose R = 60mS2, C = 80F, L = 5H, then the circuit
equation can be rewritten as follows:

X(1) = Ao(yx (1) + Bo(1yu(t), (34)

0 0 0.2
A= [o —0.2083] B = [ 0}
0 —0.2000 0.2
42 = [0.0125 - 0.2083] B2 = [ 0 }
Next, a set of sampled-data controllers and an admissible
switching signal will be designed to stabilize system (34)
cooperatively. We solve out the controller gain matrices
first. Denote oy = 0.2, ap = 0.2, B = 0.080, B, =
0.065, w12 = 1.27, up—1 = 1.14. With the help of the
package YALMIP [47] and SDP solver SeDuMi [48], we find
that feasible solutions for the conditions in Theorem 2 exist

for h < 1.32. Let h = 1.32, we get the following controller
gain matrices:

where

K1 =[—1.9061 0.2065], K =[—1.8679 0.6569].

Then, we try to find an admissible switching signal which
satisfies (20). Let p(¢) be identity function, and assume o (¢)
satisfies that
1

Né =0.6r + t0'575, W = w2 = 53

T3(1,1) = 0.303 +0.225:%% — 0.158: %7,

T32,1) = 0.378 — 0.225:7%% 4+ 0.158: 707,

T, 1) =0.180 +0.12¢7%% — 008797,

TH2.1) = 0.139 — 0.12¢78 +0.08: 707,
Then, according to (5)-(12) we have U, = 0.6, @12 = @21 =
%, Zy(1) = 0303, 75(2) = 0378, 77(1) = 0.180,
fp“(Z) = 0.139. Substituting them into (20) gives that

Uy =0.6>0,
Op D Hisly— Y T )+ Y T 0
(i.)eE@D) ieT i€

=0.1110 — 0.1128 = —0.0018 < 0.

This shows that condition (20) is satisfied.
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Choose a period of time ¢ = 26, the we have that N(’r =22,
Ty, 1) = 03310, 77(2,1) = 0.3500, Z;(1, 1) = 0.1732,
9'0“(2, t) = 0.1458. A possible execution of switching signal
o (t) is shown in Fig. 3 (c), and the sampling signal is shown
in Fig. 3 (d). Then, the switching signal of the controller
can be determined and is also shown Fig. 3 (c). Let initial
states be x7(0) = [2 5], Fig. 3 (a) and (b) show the state
trajectory and the control input of system (34). It can be seen
that the trajectories of the states and control input converge
to zero as time goes on. This shows the designed sampled-
data controller and switching signals can globally asymptoti-
cally stabilize the system cooperatively. Furthermore, from
Fig. 3 (a) it can be seen that the switching happens more
than once on some sampling intervals, which implies that the
results in the literature [31]-[37] on sampled-data control of
SLSs are not applicable in this example. Actually, the dwell
time can be arbitrarily small as long as condition (20) can be
satisfied, which means that the MDT constraints have been
removed.

V. CONCLUSION

This paper has investigated the sampled-data control problem
of asynchronously SLSs without MDT constraints. A novel
class of switching signals and a set of sampled-data con-
trollers have been designed to stabilize the system cooper-
atively. Sufficient condition on the existence of sampled-data
controllers has been given in terms of LMIs. In contrast to
the existing literature which requires the MDT of the system
to be no smaller than the maximum sampling interval, this
novel class of switching signals covers the traditional ADT
switching signals, and needs no restrictions on MDT. The
derived results have a better practicality since the case that no
sampling happens on a dwell time interval is allowed. Future
work focuses on the sampled-date control problem of more
complex switched systems without MDT constraints.
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