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KYBERNETIKA — VOLUME 46 (2010), NUMBER 5, PAGES 870-889

FINITE-TIME BOUNDEDNESS AND STABILIZATION
OF SWITCHED LINEAR SYSTEMS

HaiBO Du, XIANGZE LIN AND SHIHUA Li

In this paper, finite-time boundedness and stabilization problems for a class of switched
linear systems with time-varying exogenous disturbances are studied. Firstly, the con-
cepts of finite-time stability and finite-time boundedness are extended to switched linear
systems. Then, based on matrix inequalities, some sufficient conditions under which the
switched linear systems are finite-time bounded and uniformly finite-time bounded are
given. Moreover, to solve the finite-time stabilization problem, stabilizing controllers and a
class of switching signals are designed. The main results are proven by using the multiple
Lyapunov-like functions method, the single Lyapunov-like function method and the com-
mon Lyapunov-like function method, respectively. Finally, three examples are employed to
verify the efficiency of the proposed methods.

Keywords: switched linear systems, finite-time boundedness, multiple Lyapunov-like func-
tions, single Lyapunov-like function, common Lyapunov-like function

Classification: 93A14, 93C10,93D15, 93D21

1. INTRODUCTION

A switched system belongs to a special class of hybrid systems. It consists of a family
of subsystems described by differential or difference equations and a switching law
that orchestrates switching between these subsystems [I8]. Switched systems arise
as models for phenomena which can not be described by exclusively continuous or
exclusively discrete processes. Examples include manufacturing control [20], traffic
control [28], chemical processing [IJ] and communication networks [25], etc. Due
to their success in practical applications and importance in theory development,
switched systems have been attracting considerable attention during the last decades.

The basic research topics for switched systems are the issues of stability and
stabilizability which have attracted most of the attention [T4, B, [T6l [, T2, 2T, 23|
24, 33, [15), B2, 22]. Due to the hybrid nature of switched systems operation, the
stability analysis of switched systems is more difficult to deal with than that of
continuous systems or discrete systems, and so becomes a challenging issue. In this
respect, Lyapunov stability theory and its variations or generalizations still play a
dominant role. Analysis method can be roughly divided into the common Lyapunov
function method, the single Lyapunov function method and the multiple Lyapunov



Finite-time Boundedness and Stabilization of Switched Linear Systems 871

functions method. For the former, a common Lyapunov function for all subsystems
guarantees stability under an arbitrary switching signal. However, many switched
systems, which may not possess a common Lyapunov function, yet still are stable
under some properly chosen switching signals. The multiple Lyapunov functions
and the single Lyapunov function methods have been proven to be powerful and
effective tools for finding such a switching signal (e.g., time-dependent switching
signals and state-dependent switching signals) [[4, [7 [[2, 21, 23, 24]. For more
analysis and synthesis results of switched systems, the readers are referred to the
literature [8, 16, B3, M5, B2, 22] and the references therein.

Up to now, most of the existing literature related to stability of switched systems
focuses on Lyapunov asymptotic stability, which is defined over an infinite time
interval. However, in many practical applications, the main concern is the behavior
of the system over a fixed finite time interval. For instance, the problem of sending
a rocket from a neighborhood of a point A to a neighborhood of a point B over a
fixed time interval; the problem, in a chemical process, of keeping the temperature,
pressure or some other parameters within specified bounds in a prescribed time
interval. In these cases, finite-time stability could be used, which focuses its attention
on the transient behavior over a finite time interval rather than on the asymptotic
behavior of a system response. More specifically, a system is said to be finite-time
stable if, given a bound on the initial condition, its state remains within prescribed
bounds in the fixed time interval. It should be noted that finite-time stability and
Lyapunov asymptotic stability are independent concepts: a system could be finite-
time stable but not Lyapunov asymptotically stable, and vice versa.

Some early results on finite-time stability problems can be found in [I3 [O B0].
Recently, based on the linear matrix inequality theory, many valuable results have
been obtained for this type of stability [B, (2, B4, 1, B5, B E], to name just a few.
In [3, 2], the authors have extended the concept finite-time stability to finite-time
boundedness. In [34] [, the definition of finite-time stability have been extended
to the systems with impulsive effects. In [35], finite-time control problem has been
discussed for the systems subject to time-varying exogenous disturbance. More
analysis and synthesis results of finite control problem can be found in M B] and
the references therein. In addition, it should be pointed out that the authors of
[6, 19, 7, 29] have presented some results of finite-time stability for different systems,
but the finite-time stability which consists of Lyapunov stability and finite-time
convergence is different from that in this paper and [13, O, B0, B 2, B34, [, 35, &, 5.

So far, the stability analysis for switched systems and the finite-time stability
for different systems have been extensively studied by many researchers. However,
little work has been done for the finite-time stability of switched systems. It is
well-known that a nonlinear time-varying system or a linear time-varying system
can often be approximated by using several linear time-invariant systems around
the equilibrium point. These linear systems being only valid around the equilibrium
point, it is important to be able to avoid large excursions of the states. Considering
such reason and the wide application of switched systems in practice, it motivates
us to investigate the finite-time stability and stabilization problems for a class of
switched linear systems. In [31], the authors have studied the finite-time stability and



872 H. DU, X. LIN AND S. LI

practical stability for a class of switched systems. However, the sufficient conditions
are difficult to test and the problem of controller design is not considered. To
the best of the authors’ knowledge, the proposed work in this paper on finite-time
boundedness and stabilization problems for switched linear systems has not been
studied in the previous literature.

The contribution of this paper is twofold. First, the definition of finite-time
boundedness is extended to switched linear systems and some sufficient conditions
are given in terms of matrix inequalities which are easy to test. Second, the prob-
lem of control synthesis including both switching signals and feedback switching
controllers is discussed. These switching signals contain time-dependent switching
signals and state-dependent signals, which are suitable for different cases.

The rest of the paper is organized as follows. In Section 2, some notations and
problem formulations are presented. Section 3 provides the main results of this pa-
per. Some sufficient conditions which guarantee a class of switched linear systems
finite-time bounded and uniformly finite-time bounded are given. In Section 4, the
finite-time stabilization problem is investigated. Finally, three numerical examples
are presented to illustrate the efficiency of the proposed methods in Section 5. Con-
cluding remarks are given in Section 6.

2. PRELIMINARIES AND PROBLEM FORMULATION

In this paper, let P > 0(>, <, < 0) denote a symmetric positive definite (positive-
semidefinite, negative definite, negative-semidefinite) matrix P. For any symmetric
matrix P, Amax(P) and Apin(P) denote the maximum and minimum eigenvalues of
matrix P, respectively. The identity matrix of order n is denoted as I,, (or, simply,
I if no confusion arises).

Consider a class of switched linear control systems of the form

i(t) = Aotyz(t) + Boryu(t) + Gonyw(t), x(0) = o, (1)

where z(t) € R™ is the state, u(t) € RP is the control input and w(t) € R" is the
exogenous disturbance. o(t): [0,00) — M = {1,2,...,m} is the switching signal
which is a piecewise constant function depending on time ¢ or state z(t). A;, B; and
G; are constant real matrices for ¢ € M.

Assumption 2.1. The exogenous disturbance w(t) is time-varying and satisfies the
constraint fooo wT(tw(t)dt < d,d > 0.

It should be pointed out that the assumption about the disturbance w(t) in this
paper is different from that of [, B4], where the external disturbance is constant.

Assumption 2.2. [I4] The state of the switched linear system does not jump at the
switching instants, i. e., the trajectory z(t) is everywhere continuous. The switching
signal o(t) has finite number of switching on any finite interval time.

Corresponding to the switching signal o(t), we have the following switching sequence

{J)Q; (iOatO)a ) (ikatk)a ) |Zk S M7k = 0) 17 c '}7
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which means that i,th subsystem is activated when ¢ € [ti, tg41)-

The aim of this paper is to find a class of switching signals under which system
([@ with zero input is finite-time bounded and deal with the finite-time stabilization
problem for system ().

3. FINITE-TIME BOUNDEDNESS ANALYSIS

In this section, some finite-time boundedness criteria for switched linear control
system ([Il) with input u(¢) = 0 are presented. Firstly, let us extend the definitions
of finite-time stability and finite-time boundedness in [3] to switched linear systems.

Definition 3.1. Given three positive constants c;, ca, T, with ¢; < c2, a positive
definite matrix R, and a switching signal o(¢), the switched linear system

J?(t) = Ao’(t)x(f')a J)(O) = Zo (2)

is said to be finite-time stable with respect to (ci,c2, Ty, R,0), if 2d Rxg < ¢1 =
z(t)TRa(t) < co, ¥Vt € 0, TY].

Next, consider the case when the state is subject to some external disturbance
signals. This leads us to give the definition of finite-time boundedness, which recovers
Definition Bl as a special case.

Definition 3.2. Given four positive constants ci, ca, d, T, with ¢1 < cg, a positive
definite matrix R, and a switching signal o(t), the switched linear system

@(t) = Agyz(t) + Goyw(t), x(0) = x¢ (3)

is said to be finite-time bounded With respect to (01, c2,d, T¢, R, 0), if el Rrg < ¢ =
z(t)TRa(t) < co,Vt € [0, Ty],Vw(t fo t)dt <d.

Remark 3.3. It should be remarked that the concepts of finite-time stability and
finite-time boundedness are different from the concept of reachable set. Reachable
set is defined as the set of states that a system attains under given some bounded
inputs and starting from some given initial conditions. In most analysis about
reachable set, it is assumed that the system is asymptotically stable [I1]. However,
a system is finite-time stable (or bounded) if, given a bound on the initial state (and
bounded constant disturbances), the state remains within the prescribed bound in
the fixed time interval. In the analysis of finite-time stability (or boundedness),
the assumption of system asymptotic stability is unnecessary. For more detailed
discussions about the difference between two approaches can be found in Remark 4

of [].

In the sequel, based on the multiple Lyapunov-like functions and the single
Lyapunov-like function methods, some sufficient conditions which guarantee system
@) finite-time bounded are given, respectively.
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3.1. Sufficient conditions for finite-time boundedness based on multiple
Lyapunov-like functions

In this subsection, some sufficient conditions which guarantee system (B finite-time
bounded are presented. Before giving the main result, let us review the definition of
average dwell-time which will be useful in the subsequent analysis.

Definition 3.4. [I2]. For any T >t > 0, let N,(¢,T) denote the number of switch-
ing of o(t) over (¢,T). If

N,(t,T) < No+ (T —t)/7a
holds for 7, > 0, Ny is a nonnegative integer, then 7, is called average dwell-time.

Without loss of generality, in this paper we choose Ny = 0, as [24].

Now, based on the multiple Lyapunov-like functions method and an average dwell-
time technique, the following theorem provides sufficient conditions for finite-time
boundedness of system (B]).

Theorem 3.5. For any i € M, let 15z = R~Y2P,R~1/2 and suppose that there exist
matrices P; > 0, Q; > 0 and constants «; > 0, 7; > 0 such that

AP+ BAT — ;P GQ; )
1+ 1 (2 7 1+ 1 (2 (2 < 0, 4a
( QiGY —7iQi (4a)
’yd C2 a1y
< = I, 4b
TR (1b)
If the average dwell-time of the switching signal o satisfies
Trl
o> T = AL (4c)

% In(ea/A2) —In(cr /M +vd/A3) — oTf’

then system (B is finite-time bounded with respect to (¢1, c2,d, Ty, R, o), where A\; =
minViEM()\min(Pi)); )\2 - maXViEM()\max(Pi)); A3 = minViEM()\Initl(Qi))7 a =
maxy e (Qq), 7= maxyienm(Vi), 4 = A2/ A1

Proof. Choose a piecewise Lyapunov-like function as follows

V(t) = Vo (1) = 2" () P, ().

o(t

Step 1: When t € [t trt1), the derivative of V(¢) with respect to t along the
trajectory of system ([B)) yields

V) = OB, vy + AT Bl )a(0) + 27 (0L Gotony(t)
+w! (O)Go,) P, (1)

o .
(om0, o) ) [ iAot v Fray FanGowo ) (2l0)
’ GLon P 0 w(t)
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Assuming condition [al) is satisfied, then pre- and post-multiplying (#al) by the
5—1
positive symmetric matrix ( PZO Q(ll ) we obtain the equivalent condition
i
ﬁiilAi —|— A?ﬁi71 — Oéiﬁi71 EflGi < 0
GT P Q! '

Combining [H) and (@) leads to
. Aot P 0 x(t)
V()< (2T@), Wit 0 Foe,) _ ( )
) < (70, W) ) ( 0 it ) et
= o) Vo) (1) + 'Ya(tk)wT(t)Q;(ltk)w(t)'

By calculation, we have

d , _ _ _
S (e () < €0 T (Q () (8)

Integrating (§) from tj to t gives

t
V() < er 0 V0 (1) + Yoy / T ()Q () s (9

Then, due to the definitions of A\; and As, for Vi,j € M and Vx € R", we have

2T P e < Apax (P 2T = (1/ Ain(P)2 T2 < (1/0)2 T,

TP T > Amin (P DTz = (1/Amax(P))z" 2 > (1/X9)z" 2.

Since A2/\1 = p, then 7P 'z < (1/\)2"2 < (Ag/)\l)xTijlx = uxTijlx. It
follows that xTRl/QPflRl/Qx < /wTRl/QPj*lRl/Qm, i.e., a:Tﬁ[Ix < /wcTﬁjflm.
Without loss of generality, at the switching instant ¢, assume o(tx) = i,0(t; ) = 7,
where o(t, ) = lim,_o— o(tx + v). Noticing that z(tx) = x(t, ) from Assumption

232, we obtain
Voo (tr) < uVo- (), (10)

where z(t, ) = lim,_o— z(tx +v).
By (@) and (M), and noticing that a = maxy;cnr(a;), ¥ = maxy;ear (i), we have

t
V(t) < eV () / eI (5)Q 1, w(s) ds. (11)
tr

Step 2: For any t € (0,T}), let N be the number of switching of o(t) over (0,T}),
which implies that N, (0,¢) < N. Noticing that p > 1 since Ay > A1, and using the
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iterative method in step 1, we have
t1
V(t) < e uNV,0)(0) + 'WN/ ea(tfs)wT(s)Q;(lo)w(s) ds
0

to t
+wN‘1/ eI (5)Q , yw(s) ds + - + 7/ T (5)Q, w(s) ds

t1 tr

t
e Vo0 0) 4 [ N 0T () w(s)ds
0

T.f
SeanMNVa(O) (0) + ’yean NN)‘maX(Q;(ls)) / WT(S)W(S) ds
0

<e 1 N Vo 0y (0) + 7e ™7 N d/ s,

(12)
where )\max(Q;(ls)) = 1/Anin(Qo(s)) = 1/A3. The relation N < T}y /7, leads to
o Iy
Vt)<e Tfu Ta (Va(O) (0) + ’yd/>\3) . (13)

On the other hand,

1 1
mxT(t)Rx(t) > /\—QxT(t)Rx(t), (14)

Vo) (0) < Amax(Pyg))2" (0)R2(0) = [1/Amin(Pr0))]2” (0)Rz(0) < e1/M. (15)
Putting together (), () and [H), we get

2T () Ra(t) < V() < )\geo‘Tfu%(cl/)\l +yd/X3). (16)

V(t) 2 Amin(Py g )a” ()R (t) =

o

Assuming condition L) is satisfied, then the following proof can be divided into
two cases.
Case 1: p =1, which is a trivial case, from (L), we have

Aoe®Tr (e /A +vd/A3) < ca. (17)

Substituting () into ([H) leads to z7 (t)Rz(t) < ca.
Case 2: p > 1, from #L), we obtain In(ca/A2) — In(c1 /A + vd/A3) — aTy > 0.
Then, assuming condition (Hd) is satisfied, we have

C2

Co c vd —aT
In—=—-In(—+-—)—aTy In e
T " "y e r_ (A2(01/>\1+7d/>\3) :
Ta Inp Inp
This leads to .
£ €2 —aT
Ta < € f. 18
S e+ ) (18)
Therefore, it follows from (@) and ([IX) that
T () Rx(t) < co. (19)

Noticing that the trajectory of system (@) remains continuous at instant Ty, we
conclude that ([[d) holds for all t € [0, TY]. 0
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Remark 3.6. Let N = 0, which implies that there is no switching over [0, 7], then
the system (B]) degenerates into an ordinary linear system and Theorem B contains
Lemma 6 of 3] as a special case.

Remark 3.7. The function V(¢) in the proof of Theorem B belongs to multiple
Lyapunov-like functions. Unlike the classical (quadratic) Lyapunov function for
switched (linear) systems in the case of asymptotical stability, there is no requirement
of negative definiteness or negative semidefiniteness on V(¢). This is the specifical
difference between these two kinds of Lyapunov functions. Actually, if the exogenous
disturbance w(t) = 0 and we limit the constants a; < 0 (Vi € M), then V (t) will
be a negative definite function. In this case, we can obtain that the system ()
is asymptotically stable on the infinite interval [0,+00) if the average dwell-time
Ta > —(Inp)/a. The detailed proof can be found in [I4].

In the case of finite-time stability for system (@), it is easy to obtain the sufficient
conditions from Theorem B i.e., the case of d = 0.

Corollary 3.8. For any ¢ € M, let P, = R™Y/2P,R=Y/2 and suppose that there
exist matrices P; > 0 and constants «; > 0 such that

Aiﬁi + ﬁZA,LT — aié <0, (20&)
I < C_Qe_an. (20b)
C1

If the average dwell-time of the switching signal o satisfies

Trlnp

Te > Ty =

2
In(ca/c1) —Inp— Ty’ (20¢)

then system (2) is finite-time stable with respect to (c1,c2, Ty, R, 0), where Ay =
miny ie pr (Amin(F;)), A2 = maxy je i (Amax (F;)), o = maxyienr(oi), p = Xa /1.

The advantage of multiple Lyapunov-like functions lies in their flexibility, since
different Lyapunov-like functions are constructed for each subsystem. From Re-
mark B8 we know that conditions (#al), @L) imply that each subsystem is finite-
time bounded with respect to (c1,c2,d, Ty, R). That is to say, if the switching is
slow enough satisfying condition (d), then the whole switched systems is finite-
time bounded. However, in some practical cases, all subsystems are not finite-time
bounded, then the condition [al) can not be guaranteed. In this case, the whole
switched systems may still be finite-time bounded by properly choosing the switching
signal. In the next subsection, we will investigate this case.

3.2. Sufficient conditions for finite-time boundedness based on a single
Lyapunov-like function

In this subsection, some sufficient conditions for finite-time boundedness of system
@) are derived by applying a single Lyapunov-like function method. Assume each
subsystem of system (B is not finite-time bounded. This assumption is due to that
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if at least one of the individual subsystems is finite-time bounded, this problem is
trivial (just keep o(t) = p, where p is the index of this finite-time bounded subsys-
tem). In the sequel, a class of state-dependent switching signals are designed such
that system (@) is finite-time bounded.

Theorem 3.9. For any i € M, let P =R Y2PR1/2 and suppose that there exist
matrices P > 0, @ > 0 and constants a > 0, 8; >0,y >0, >.7*, §; = 1, such that

S Bi(AP+PAT) —aP 3 5iG,Q
=1 =1

m < 0, (21&)
; BiQGT —Q

C1 ’yd €2 —aTy
4 < e T, 21b
Amin(P) )\min(Q) )\max(P) ( )

If the switching signal o(¢) is designed as

7 if yT(1)Qy(t) < 0 and o(t™) = i
ot) = { argmin{y” (t)Q,y(t),j € M}, if yT(£)Qy(t) >0 and o(t™) =1, (21c)

then system (B)) is finite-time bounded with respect to (c1,c¢2,d,T¢, R,0), where
argmin stands for the index which attains the minimum among M,

0(0) = argmin{y” (0)Q2,y(0),j € M},
oz [ PA+ATP 1 —aP"t PG,
y(t) = ( w(t) ) 8 = < Gz‘ﬁ—l —'YQ_l ) :

Proof. Choose a single Lyapunov-like function as follows

V(t) =2 ()P a(t).

According to [ZId), we assume that the ith subsystem is active when t € [tx, tkt1)
without loss of generality, which means that o(t) = o(t;) = i, when t € [t, trt1).
Then the derivative of V (¢) with respect to ¢ along the trajectory of system (@) yields

V(t) = 2" (t) (P~ Apry) + ALy P Ha(t) + 27 ()P Gy w(t)
+wT ()G, P a(t)

O'(tk

~ (22)
PlA + AT -1 plag ¢
_ (T T o(tr) a(m a(t) x(t)

~ G, ) (T SN
In what follows, we will show that
T T P A +A§(tk)P_1 PGy x(t)
(27(t), WT(t)) e o

Ga(t P 0 w(t)

, (23)
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holds for any t € [t, tr+1)-

If Z3) is not true, then there exists a time ¢ € [tg,tx+1) and a non-zero state
(2T (t),wT ()T, such that

( xT(t), wT(z) ) P AO’(tk) "'Acr(tkN)_P1 '—aP™t P 1G(T_(tlk) ( x(é) ) >0
G P —Q w(t)
(24)
By the definitions of y(¢) and ;, @) implies that y'(¢)Q, ¢, y(f) > 0. Then
according to the switching law (ZId), we have y* (£)Q;y(f) > 0,Vj € M. Since
Bi >0, 3" Bi =1, we obtain > v, BiyT (B)uy(E) > 0, i.e.,
m ~ ~ ~ m ~
Zﬁi(PflAi-i-AzTPfl) —aP ! ZﬁipilGi
y (@) | = =1 y(t) = 0. (25)

il 5,GT P Q!

Assuming condition [ZIal) is satisfied, then pre- and post-multiplying (£Tal) by the
p-1 0
0 Q!

positive symmetric matrix ( > , we obtain the equivalent condition

& oA AT —aP § PG
i=1 m B i=1 <0. (26)
Z BszTP—l —')/Q_l
i=1

Obviously, combining ZH) and (Z0) leads a contradiction since y(t) # 0. Thus, Z3)
holds for any t € [tg, tr+1). By @) and @3), we have for any ¢ € [tk, tkt+1),

v < (0. o) (0T S0 ) () =avi T ne e,
(27)
By calculation, we have

% (e V(1)) < e "’ ®)Q 'w(®). (28)

Note that V(t) remains continuous at any switching instant due to the definition

of V(t) and ([E8) holds for any subsystem if the subsystem is active. Integrating (2]
from 0 to t gives

V(t) < e*V(0) + ’y/t =97 (5)Q Tw(s) ds
0

< eV (0) + yets /Tf wl(5)Q w(s)ds < 17 <V(0) + nd > :
0 :
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On the other hand,

V) =2T )P '2(t) + wTQ 'w > Amin(P~ V2T () Ra(t) = ———

V(0) = 27 (0) P~ 2(0) < Amax (P~ 12T (0)R2(0) = [1/Amin(P)]zT (0) Rz(0).
Putting together (29)-(31), we get

xT(t)Rx(t) < /\maX(P)V(t) < /\maX(P)ean (V(O) + 'Yd/)‘min(Q))
S Amax(P)ean (Cl/Amin(P) + ’yd/)\mm(Q))

Assuming condition ([2I1) is satisfied, then we obtain 2 (t)Rz(t) < ca. O

Remark 3.10. Note that even though each subsystem of system (B) is not finite-
time bounded with respect to (ci,c2,d, T, R), the switched system (B]) may still
be finite-time bounded with respect to (c1,cz, Ty, R,0) by properly choosing the
switching signal o. In the case of asymptotical stability of switched systems, under
the assumption that all the subsystems are not asymptotical stable, how to design the
switching signals is an interesting topic. Here, in the case of finite-time boundedness
of switched systems, we have discussed the similar topic in Theorem B9

Similarly, in the case of finite-time stability for system ), we have the following
corollary.

Corollary 3.11. For any i € M, let P = R~Y2PR-1/2 and suppose that there
exist a matrix P > 0 and constants o > 0, 3; >0, >_I" | 3; = 1, such that

> Bi(AiP+ PAT) — aP <0, (33a)
=1
a_,_d __ @ (33b)

Amin(P) )\min(Q) )\max(P)
If the switching signal o(¢) is designed as

o(t) = { 1, if 27 (t)Qz(t) <0 and o(t™) =

argmin{z? ()Q;z(t),j € M}, if 27 (t)Qz(t) > 0 and o(t7) =

then system () is finite-time stable with respect to (c1, c2, T}, R, 0), where o(0) =
argmin{z” (0)Q,x(0),j € M}, Q; = P71A; + ATP~1 —aP~1.

The multiple Lyapunov-like functions and the single Lyapunov-like function meth-
ods have been employed to design different switching signals in different cases. How-
ever, by the condition ([Hd), [ZId), there are some constraints on the switching signals.
Hence, Theorems and B may not be suitable for the cases of fast switching or
stochastic switching. In the following, we will give some conditions which guarantee
system ([B)) finite-time bounded under an arbitrary switching.
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3.3. Sufficient conditions for uniform finite-time boundedness

In the above two subsections, sufficient conditions for finite-time boundedness of
switched linear system (B) are presented. To solve the case of arbitrary switching, the
common Lyapunov-like function method will be used. In the sequel, some sufficient
conditions are presented for finite-time boundedness of system () under un arbitrary
switching, which is called uniform finite-time boundedness in this paper.

Definition 3.12. Given four positive constants ci, c2, d, Ty, with ¢1 < ¢, and a
positive definite matrix R, the switched linear system (B is said to be uniformly
finite-time bounded with respect to (c1,c2,d, Ty, R), if 2 Rxo < ¢1 = z(t)T Rz (t) <
c2,Vt € (0,Tf],Vw(t) : OTf wl'(#)w(t) dt < d holds for any switching signal o(t).
Remark 3.13. The meaning of 'uniformity’ in Definition and in [I4] are iden-
tical, which is with respect to the switching signal, rather than time.

Theorem 3.14. For any i € M, let P = R1/2PR"1/2 and suppose that there
exist matrices P > 0, Q > 0 and constants a; > 0, «; > 0 such that

AP+ PAT — ;P GiQ )
i A i@ ) <o, 34a
( QG —Q (34a)
a 0l @ ory (34b)

Amin(P) )\min(Q) )\max(P)
then system (@) is uniformly finite-time bounded with respect to (c1,cz,d, Ty, R),
where o = maxy ;e (@;),y = maxyienm (7i)-

Proof. Choose acommon Lyapunov-like function as follows V (z(t)) = 2T (t) P~ (t).

Substituting ﬁg(t),Qa(t) with ]5, Q into the proof of Theorem B, it is easy to get
the conclusion. g

4. FINITE-TIME STABILIZATION

Having given the finite-time boundedness analysis for the switched linear systems
@), in the following, let us investigate the finite-time stabilization issue. Here, in
this paper, the following switching state feedback controller

u(t) = Ko@a(t) (35)

is designed to stabilize system (). Substituting BH) into system (), we get the
closed-loop system (BH) as follows

@(t) = (Ao(t) + Boty Ko))z(t) + Goyw(t), (0) = xo. (36)

In the sequel, some sufficient conditions for finite-time stabilization and uniform
finite-time stabilization of system ([l) are presented, respectively.
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Theorem 4.1. For any i € M, let 15z = R~Y2P,R~1/2 and suppose that there exist
matrices P; > 0, Q; > 0, M; and constants «; > 0, v; > 0 such that

APy + BAT + BiM; + MT BT — o, P, G,Q; )
L7 141 PRAZ Y] i i e vt <0, 37a
( Q:GT Qi (37a)
c1  yd  co —aTy
RN b
N + W < " (37h)

Then, under the feedback controller u(t) = K;x(t) = Miﬁi_lx(t) and any switching
signal o with average dwell-time satisfying

o Trlnp

Ta Z Ta = 9
In(ca/A2) —In(c1 /M +vd/A3) — o1

system (1) is finite-time bounded with respect to (c1,c¢2,d, Ty, R,0), where A\ =

minViEM()\min(Pi)); )\2 - maXViEM()\max(Pi)); A3 = minViEM()\Initl(Qi))7 a =
= maxyenm(i),y = maxyien (Vi), 4 = A2/ A1

(37¢)

Proof. Applying Theorem BH to the closed-loop system (BO) and changing vari-
ables as My ) 2 Kg(t)ﬁg(t), it is easy to obtain the result. O

Actually, in Theorem BTl it is easy to find that each subsystem of system ()
can be finite-time stabilized by linear state feedback controller (just keep o(t) =
1,Vi € M). However, in some cases, although each subsystem can not be finite-
time stabilized by any linear state feedback, the whole switched system may still be
finite-time stabilized under a suitable switching signal.

Theorem 4.2. For any i € M, let P=R12PR-Y2 and suppose that there exist
matrices P > 0, @ > 0, M;, and constants a > 0, §; > 0, v > 0, Z:L B; = 1, such
that

S Bi(AP + PAT + B;M; + MTBT) —aP Y. 3iG:iQ
i =1

i=1 " <0, (38)
; BiQGT —Q
a4 _ @ ey (38D)

Amin(P) )\min(Q) )\max(P)
Then, if the feedback controller is chosen as u(t) = K;z(t) = M; P~ z(t) and the
switching signal o(t) is designed as

_ ) if yT(t)Qy(t) < 0 and o(t™) = 4
ot) = { argmin{y” ()Q,y(t),j € M}, if yT(#)Qy(t) >0 and o(t™) =i, (38¢)

system () is finite-time bounded with respect to (c1,c2,d, T¢, R, o), where o(0) =
argmin{y” (0)2,5(0),j € M}, 7 (1) = (27 (£), 0 (1)),

( ﬁfl(Ai + BiMiﬁil) + (A,L + BiMiﬁil)Tﬁfl - aﬁ71 ﬁflGi )

0 — 2
! GiTP_1 —Q !
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Proof. Applying Theorem BT to the closed-loop system (BO) and changing vari-
ables as M) = Kg(t)lg, it is easy to obtain the result. O

Consequently, the uniform finite-time stabilization problem for switched linear
control system ([Il) can be easily solved by Theorem BT

Theorem 4.3. For any i € M, let P=R12PR"Y2 and suppose that there exist
matrices P > 0, @Q > 0, M; and constants «; > 0, ; > 0 such that

i o Bi <0, 39a

( QT 0 (392)
d

a4 0% 2 Ty (39b)

Amin(P) )\min (Q) )\max(P)

Then, under the feedback controller u(t) = K,z (t) = M; P~ 'x(t), system () is uni-
formly finite-time bounded with respect to (c1, c2,d, Ty, R), where a = maxy e p (),
v = maxyenm (7:)-

Proof. Applying Theorem B4 to the closed-loop system (B8l) and changing vari-
ables as M) = Kg(t)lg, we obtain the result. O

Remark 4.4. From a viewpoint of computation, two remarks are given. First,
it should be noted that the conditions in Theorem B to Theorem B3 i.e., con-
ditions ({al), 1a), BZa), BZal), BRa) and B9al), are not standard linear matrix
inequalities (LMIs) conditions. Actually, these matrix inequalities are bilinear ma-
trix inequalities (BMIs) [26], 27] due to the product of unknown scalars and matrices.
As suggested in [T5, 2T, one possible way to compute the BMI problem is to grid up
the unknown scalars, and then solve a set of LMIs for fixed values of these param-
eters. That is to say, once some values are fixed for «;, 5, i, these conditions can
be translated into LMIs conditions and thus solved involving Matlab’s LMI control
toolbox. Second, the conditions L), 2I0), B4L), BZD), (BRL) and B20), are not
linear matrix inequalities (LMIs) conditions. For convenience of computation, as in
B], these conditions can be guaranteed by the following LMI conditions, Vi € M,

0 I <P < I, (40&)
0,1 < Q;, (40b)

coe T \/51 Vd
Ve, 60 | >o, (40¢)

Vd 0 D)

for some positive numbers #; and 65. It should be pointed out that the condition

D) is just a sufficient condition for the conditions #L), @1H), (40), B7D), BI0)

and ([BAH). To some extent, this sufficient condition is conservative.
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Remark 4.5. Finite-time boundedness and stabilization problems have been dis-
cussed based on three kinds of Lyapunov-like functions. In practical applications, the
choosing order is given as follows: First, we choose the common Lyapunov-like func-
tion method. If there exists a common Lyapunov-like function for all subsystems,
then the finite-time boundedness can be guaranteed under an arbitrary switching.
However, in many cases, it is difficult to find a common Lyapunov-like function. Sec-
ond, we choose the multiple Lyapunov-like functions method. If there exist different
Lyapunov-like functions for each subsystem, then the finite-time boundedness can be
guaranteed if the switching is slow enough. However, if there are some subsystems
which are not finite-time bounded, then the common Lyapunov-like function and
the multiple Lyapunov-like functions methods can not be applied. Third, we need
to employ the single Lyapunov-like function method. Even all the subsystems are
not finite-time bounded, the whole system may still be finite-time bounded under a
suitable switching signal.

5. NUMERICAL EXAMPLES AND SIMULATIONS

Example 5.1. Consider the switched linear system given by

{E(t) = Ag(t)x(t) + Gg(t)w (41)

withAl—(g ‘01>,A2—((1’ ‘02),G1—G2—<(1) ‘1)>,x<0)—(1 0)7,

w(t) = (0.02sin(2t +2) 0.01(sin(3t) + cos(0.5t)))7.

Note that each subsystem is not asymptotically stable because A; and As are not
Hurwitz. Then, we consider the finite-time boundedness. The parameters are given
asci =1, cg =20, d =0.0034, Ty = 10 and matrix R = I. We first apply Theorem
BI4 i.e., the common Lyapunov-like function method. We can not find any feasible
solution. Then, we apply Theorem 1 and solve corresponding matrix inequalities.

Solving #al) and Q) for o; = v; = 0.01 (Vi € M) leads to feasible solutions

p_ (04347 00001\ . _ ( 0.8693 0.0001
171 0.0001 0.8693 /"2~ \ 0.0001 0.4347 )

0, 0.0024 0.0000 0 — 0.0029 0.0000
174 0.0000 0.0029 /2~ \ 0.0000 0.0024 )’

which satisfy the condition (#L). Therefore, according to (fd), for any switching
signal oy (t) with average dwell-time 7, > 7 = 4.0245, system () is finite-time
bounded with respect to (1,20,0.0034, 10, I, 01). Fig. 1(a) shows the state trajectory
over 0 ~ 10s under a periodic switching signal o7 with interval time AT = 4.05s from
the initial state 2(0). From Fig. 1(b), it is easy to see that system (I is finite-time
bounded with respect to (1,20,0.0034,10,I,01). If the switching is too frequent, it
is possible that the system is not finite-time bounded. Fig. 2(a) shows the state
trajectory of system (Il) over 0 ~ 10s under a periodic switching signal oo with
interval time AT = 1.35s from the initial state £(0). From Fig. 1(b), we can find
that system (II) is not finite-time bounded with respect to (1,20,0.0034, 10, I, o).
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3 25
c,=20
2 DO v 2.7
1
£15
< 0 Q_CX\
. < 10
-2
_3 n
-3 -2 -1 0 1 2 3
Xy Time(s)
(a) Phase plot of state z(t) (b) Time history of ()T Rx(t)

Fig. 1. The response of system (I under the switching signal o1.

5

<' 0 E
=
x

-5 ;

-5 0 5
Xy Time(s)
(a) Phase plot of state z(t) (b) Time history of 2(t)T Rx(t)

Fig. 2. The response of system (@) under the switching signal os.

In the next example, we consider the case that each subsystem is not finite-time
bounded. However, by properly choosing the switching signal, the switched system
is still finite-time bounded.

Example 5.2. Consider the switched linear system given by

t(t) = Agyz(t) + Gopyw (42)
—-0.7 04 0 0.2 1.1 0

with A, = | 067 07 —0.7 | A= | 137 —17 —07 |, Gi=Gs=1,
0.7 1 —-1.4 0.7 1 0.3

w(t) = ( 0.1sin(t), 0.1cos(t), —0.16(sin(t) + 2 cos(t)) )T ,2(0) = (1,0,0)7.
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State trajectory of switched system
xRx<e,

— — State trajectory of subsystem 1
-+ State trajectory of subsystem 2

ad

5 5
* X

Fig. 3. The state trajectories for switched system ([#Z) and each subsystem.

The parameters are given as ¢; = 1, co = 20, d = 0.37, Ty = 10 and matrix
R = I. Firstly, we apply Theorems and BT4, we can not get any feasible
solution. Actually, it is shown that both the subsystems are not finite-time founded
with respect to (1,20,0.37,10, I) by simulations. Fig. 3 shows the state trajectories
of all subsystems over 0 ~ 10s from the initial state (0). Then, we apply Theorem
B3 and solve corresponding matrix inequalities. Solving ([Ial) and E) for o = 0.05,
B1 = 0.65, 02 = 0.35, v = 0.01 leads to feasible solutions

0.5472  —0.1919 0.2962 0.0067  —0.0052 0.0003
P=1 —-0.19190 0.5534 0.2545 |,Q=| —0.0052 0.0071 0.0006
0.2962 0.2545 0.7419 0.0003  0.0006  0.0040

Therefore, according to Theorem B if the switching signal o3(t) is designed as
&19), system ([E2) is finite-time bounded with respect to (1,20,0.37,10, I, 03). Fig.
3 shows the state trajectory of switched system [@2) over 0 ~ 10s under the switching
signal o3(t) from the initial state z(0). It is easy to see that system () is finite-
time bounded with respect to (1,20,0.37,10,1,03) from Fig. 4(a), which presents
the state trajectory of system (fZ) under the switching signal o3(t). Moreover, the
switching signal o3(t) is shown in Fig. 4(b).

Example 5.3. Consider the finite-time stabilization problem for switched system
i(t) = Aoy 2(t) + Boyu(t) + Gomyw(t). (43)

The corresponding parameters are specified as follows
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2 3
1 P Ry 25
©
> 5
9 "
2 215
‘© =
= State trajectory x1 L
----- State trajectory x2 Ug) 1
-1 — — = State trajectory x3
0.5
-2 0
0 2 4 6 8 10 0 2 4 6 8 10
Time(s) Time(s)
(a) The state trajectory of switched system ©2) (b) The switching signal o3

Fig. 4. The state trajectory of switched system [#Z) and the switching signal 3.

13 1 0.01 0 0
Al_(o —0.25)’31_(0)’A2_( -1 —3)’32_(0.5>’G1_

- [ —0.4cos(10t + 3) - - - _ _
GQI,w(t)< 0.2sin(3¢) >,011,0210,d1,Tf1,RI.

By Theorem E3 solving (BYal) and #), we obtain the matrix solutions for «; =

. 0.9115 0 0.3054 0
v =0.6 (Vie M) as followsP< 0 0.8934 >,Q ( 0 0.4798 >,

M, = ( —50.3443 —2.6803 ),Mg = ( 1.8230 —93.8059 ) Thus, according to
Theorem B3 under the following state feedback controllers

up(t) = ( —55.2313  —3.0000 ) z(t), wus(t) = ( 2.0000 —104.9933 ) z(t),

system (E3) is uniformly finite-time bounded with respect to (1,10,1,1,1).

6. CONCLUSION

In this paper, finite-time boundedness and stabilization problems have been inves-
tigated for a class of switched linear systems. Some sufficient conditions have been
provided for finite-time boundedness of switched linear systems. In addition, the
finite-time stabilization problem has also been studied. A challenging and inter-
esting future research topic is how to extend the results in this paper to switched
nonlinear systems.
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