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ABSTRACT

This paper addresses the stability issue of discrete-time switched systems with guaranteed dwell-
time. The approach of switched homogeneous Lyapunov function of higher order is formally pro-
posed. By means of this approach, a necessary and sufficient condition is established to check the
exponential stability of the considered system. With the observation that switching signal is actually
arbitrary if the dwell time is one sample time, a necessary and sufficient condition is also presented
to verify the exponential stability of switched systems under arbitrary switching signals. Using the
augmented argument, a necessary and sufficient exponential stability criterion is given for discrete-
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time switched systems with delays. A numerical example is provided to show the advantages of the

theoretical results.

1. Introduction

As an important class of hybrid dynamic systems,
switched systems inherit the feature of both continuous
state and discrete state dynamic systems. Loosely speak-
ing, a switched system consists of a family of dynam-
ical subsystems and a rule, called a switching signal,
that determines the switching manner among the sub-
systems (Sun & Ge, 2011; Sun & Wang, 2013; Yang,
Xiang, & Lee, 2012). Many dynamic systems can be mod-
elled as switched systems (Goebel, Sanfelice, and Teel,
2009) which possess rich dynamics due to the multi-
ple subsystems and various possible switching signals
(Deaecto, Fioravanti, & Geromel, 2013; Zhang, Cui, Liu,
& Zhao, 2011). This paper focuses on the stability issue
of discrete-time switched systems with arbitrary switch-
ing signals and switching signals satisfying the dwell-time
constraint.

Stability is one of the most important properties of
switched systems (Allerhand & Shaked, 2013; Zhang,
Abate, Hu, & Vitus, 2009). For discrete-time switched
systems with arbitrary switching signals, the switched
quadratic Lyapunov function approach was proposed in
Daafouz, Riedinger, and Iung (2002), which, compared
with the common quadratic Lyapunov function method,
has the advantage of less conservativeness. A switched lin-
ear copositive Lyapunov function method was presented
in Liu (2009) to analyse the stability of switched posi-
tive systems. The method in Daafouz et al. (2002) was

extended in Geromel and Colaneri (2006) to investigate
the stability property of switched systems with guaran-
teed dwell-time. However, all these conditions are only
sufficient, not necessary for guaranteeing the asymptotic
stability of the considered systems. The Lyapunov func-
tions in Daafouz et al. (2002), Geromel and Colaneri
(2006) are the most frequently used quadratic Lyapunov
function which may be high conservative in the context of
switched systems. For example, exponential stability of a
switched linear system under arbitrary switching is equiv-
alent to the existence of a common Lyapunov function,
but generally does not imply that there exists a common
quadratic one for its constituent systems (Dayawansa &
Martin, 1999).

Unlike the quadratic Lyapunov function method,
homogeneous Lyapunov function of higher order,
together with sum of square technique (Chesi, Garulli,
Tesi, & Vicino, 2009), can lead to less conservative stabil-
ity conditions. Recently, copositive polynomial Lyapunov
function (a special form of homogeneous Lyapunov
function) was proposed for continuous-time switched
systems with arbitrary switching signals (Zhao, Liu,
Yin, & Li, 2014). Chesi et al. proposed a nonconserva-
tive linear matrix inequality (LMI) condition to check
the exponential stability of continuous-time switched
systems with guaranteed dwell-time (Chesi, Colaneri,
Geromel, Middleton, & Shorten, 2012). However, a
result parallel to discrete-time switched systems with
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guaranteed dwell-time has not been established, which
is the concern of this paper. In fact, homogeneous Lya-
punov function was seldom applied to discrete-time
switched systems before. Therefore, this work will also
enlighten us to use the method in future study of other
dynamic properties of discrete-time switched systems.

As far as dwell-time is concerned, one of the differ-
ences between continuous- and discrete-time switched
systems lies in: for the latter, if the dwell-time is one
sample time, then the switching signals are actually arbi-
trary. Based on this observation, if we establish a noncon-
servative stability condition for a discrete-time switched
system with dwell-time, then we can obtain a nonconser-
vative stability condition for the same system under arbi-
trary switching signals. Moreover, a discrete-time system
with bounded delays can always be transformed into a
delay-free system of higher dimension by using the so-
called augmented method. Hence, it is possible to pro-
vide a necessary and sufficient stability condition for a
discrete-time system with delays. It should be pointed
out that in spite of low conservativeness of homoge-
neous Lyapunov function, it cannot, at least for the time
being, be applied to general delayed systems. Therefore,
on the basis of this work, it is possible to apply homo-
geneous Lyapunov function to delayed systems in the
future.

On this ground, we study in this paper how to
apply homogeneous Lyapunov function to discrete-time
switched systems, focusing on the exponential stability
rather than the asymptotic stability as existing ones. The
main contribution lies in the following aspects: first, a
necessary and sufficient condition checking the expo-
nential stability of discrete-time switched system with
guaranteed dwell-time is presented, which is formulated
in a set of LMI conditions. Second, a nonconservative
exponential stability condition is proposed for switched
systems under arbitrary switching signals. Third, as an
application of the proposed results, some necessary and
sufficient exponential stability conditions are deduced for
switched systems with bounded delays. In addition, sev-
eral other interesting results are also presented, including
the claim that if a system is asymptotically stable for all
switching signals with a given dwell-time, then it is expo-
nentially stable for all switching signals with any dwell-
time greater than or equal to the given one.

The rest of this paper is organised as follows. Pre-
liminaries are presented in Section 2. Sections 3 con-
sists of two parts: Subsection 3.1 proposes nonconserva-
tive exponential stability conditions for switched systems
with guaranteed dwell-time or with arbitrary switching
signals, respectively; Subsection 3.2 discusses the stabil-
ity property of switched systems with bounded delays.
Section 4 gives a numerical example to show the

advantage of the proposed results over reported papers.
Finally, Section 5 concludes this paper.

The following notations are rather standard : A > 0( <
0) means that square matrix A is a symmetrical positive
(negative) definite matrix, and AT(A7Y) is the transpose
(inverse) of matrix A. R is the set of real numbers, R”
is the set of n-dimensional real vector, and R"*" stands
for the set of real matrices of n x n dimension. diag(a;,
..., ay) denotes a diagonal matrix with diagonal ele-
ments aj, ..., a,. N={1,2,3,...} and Ny = {0} UN.
For me N, m={1,2,...,m}. Given p € N, ||x||p =

L, Ix,-lp)%, where x = [x1, ..., x,]" € R". Particu-
farly, [lxly = Y0, bl oo = max {Jx . ]}
[All} = sup, %. S" is the set of n x n real symmet-
ric matrices. A®B denotes the Kronecker product of A
and B, and A®? the gqth Kronecker power in A, namely
A I = AQA®...QA. 0, is zero matrix of n x m
q times
dimension, and I, the unit matrix of n x n dimension.
Throughout this paper, the dimensions of matrices and
vectors will not be explicitly mentioned if clear from

context.

2. Preliminaries

Consider the following switched linear system

x(k +1) = Ag(k)x(k), k € Ny, (2.1)
where x(k) € R" is the state variable, the map o : Ny —
m is a switching signal with m being the number of
subsystems, A; € R"™" [ € m, are system matrices. A
subsystem, say the Ith one, is activated at instant k if
o (k) = L. Let xy = x(0) be the initial condition.

The following definitions will be used repeatedly.
Definition 1: A continuous function «: [0, a) — [0, o)
belongs to class K if it is strictly increasing and «(0) =
0, where a > 0 or equals +c0. It belongs to class Ko if it
belongs to class K and o(r) — o0 asr — o0. A continuous
function B: [0, a) x [0, ©©) — [0, o) belongs to class KL
if, for any fixed s, the mapping B(r, s) belongs to class
with respect to r and, for any fixed r, 8(r, s) is decreasing
with respect to s and B(r, s) — 0 as s — .

Definition 2: Consider system (2.1) and let D be a given
set of switching signals. (2.1) is exponentially stable over
D if there exist two scalars @ > 0 and y > 1 such that
lx(k)|| < oy~ |x0ll, Vk € Ng, Vo € D, and is asymp-
totically stable over I if there exists a class L func-
tion B such that ||x(k)|| < B (llxoll , k) , Vk € Ny, Vo €
D, where the norm || - || can be any vector norm.

Definition 3 (Liberzon, 2003): Suppose that a switch-
ing signal o with switching sequence {k,};-,, where



ko =0, k¢ 1 > ke and k, € Ny. k € N is said to be the
dwell time of o if kg1 — k¢ > Kk, V€ € Ny. Denote D, =
{0t key1 — ke > K, € € No}.

Define the following symbols for later use:
(n+d—1)
(n—1)ld!

1
= 519 (n,d) (@ (n,d)+1)— 1 (n,2d),

% (n,d) = ,w(n, d)

La= {L e §Pmd . (x{d})TLx{d} = 0}.

Note that .%}, ; is a linear space which can be completely
characterised by a vector v € R4 (Chesi et al., 2009).

For a given positive integer d, x/¥) € R”™ is a base
vector containing all homogeneous monomials of degree
d in x (Chesi et al., 2009). There may exist many specific
configurations of x'#! for given d and x.

Fixing d and x?, there exists a full column
rank matrix Kz € R**?0d) guch that Kyxld = x®4,
By Brewer (1978, T3.7), (Ax)® = A®x®1 5o
Ky(Ax)4 = (Ax)®4 = A®IK 4!} and  therefore
Ax) ¥ = Agx with Ay = (KJKy) 'K A®Ky, since
K, is of full column rank and thus its left inverse is
(Kng)_lK;{. Moreover, (Alx)!¥ = (AA™x))ld) =
Ag(ATI0)W = ... = AxD forany i € N, that is,

(Alx)' " = A vieN. (2.2)
Now we provide the definition of switched homogeneous
Lyapunov function (SHLF).

Definition 4: Let V (k,x,d) = (x{d})TPg(k)x{d} with
P >0,Viem It V satisfies V (k+1,x(k+1),d) —
V (k,x(k),d) < 0, Vk € Ny, then it is called an SHLF
of degree d for system (2.1) (under arbitrary switching
signals). If « = 2 and

V(k+1,xk+1).d) —V (k x(k), d) <0,

VkG{kg,...,kg+1—2},V£€No,

V (ket1, x (key1) , d) =V (ke, x (ke) ,d) <0, V€ € Ny
(2.3)

holds for any o € D, where k; is the switching instant of
o, then Vis called an SHLF of degree d for system (2.1)
with guaranteed dwell-time «.

Applying Liu and Liu (2014, Theorem 2) with A; (k) =
0(Vie p) and Ay (k) = A (l € m), the next lemma
holds.

Lemma 1: Fix « € N. System (2.1) is exponentially stable
over D if it is asymptotically stable over D,.

Lemma 2: Fix k € N. If there exists an SHLF of degree d
for system (2.1), then (2.1) is exponentially stable over D,..
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Proof: Suppose first that k = 1. It follows from Daafouz
et al. (2002, Theorem 1) that system (2.1) is asymptoti-
cally stable under arbitrary switching signals. By Lemma
1, it is exponentially stable under arbitrary switching
signals.

For k = 2, the first inequality in (2.3) implies that

Vv (k’ x(k)a d) <V (kf’x(k[) P d)7 (2 4)
Vk e lke+1,... ke — 1}, V€ € Np. '

Let o (k¢ +1) =, o (k¢) = i. By definition of V,

V (kpy1, x (kepr) , d) =V (kg, x (ko) . d)

= <<Af“lk£x (kz)>{d}>T P; (AiHﬁMx (k£)>{d}

— (k) ™) TP (k).
(2.5)

Particularly, take a switching signal o € D, with k;4; —
ke = k, £ € Ny, then it follows from (2.5) and the second
inequality in (2.3) that

V (kgtr, x (kerr) , d) — V (ke, x (k) , d)
= (ko))" ((ALg)" PAL, = ) (k)™ <0,

which  means that (Af d)TPjA;f 4 — P <0. Thus,
there exists a scalar 0 < ; < 1, such that
(.A;fd)TPjA‘Zd — P < —1jP,. Define t = min; jepm,izj{tij},
then (Af d)TPjA;f 4 — B < —tP; holds, which implies that
Vikes1, x(kes1),d) < aVi(ke, x(ky),d) witha =1 —
satisfying 0 < o < 1. Consequently, by virtue of (2.4), it
holds that

V (ke, x (ko)) < &'V (0,x5), Ve eN. (2.6)

Note that o € D, may have only finite switching instants.
In this situation, (2.4) means that the system is asymptot-
ically stable. If o do have infinite switching instants, then
(2.6), together with (2.4), indicates that system (2.1) is
asymptotically stable over D,.. By Lemma 1, (2.1) is expo-
nentially stable over D). O

3. Main results

This section first considers the stability issue of switched
systems with guaranteed dwell-time in Subsection 3.1,
and then extends the results in Subsection 3.1 to switched
systems with delays in Subsection 3.2.
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3.1 Switched homogeneous Lyapunov function for
switched systems

The following lemma whose proof is given in Appendix 1
is a key to establish our main result.

Lemma 3: System (2.1) is asymptotically stable over D, if
and only if there exist full row rank matrices X;, matrices
P; with || P;||y < 1, and square matrices R;; with || R;||1 < 1,
such that

AiXi = X,P, A;CXJ = X,’Rij, Vi, _] € m.

By Blanchini and Miani (2008), Lemma 3 indicates
that system (2.1) is asymptotically stable over D, if and
only if there exists a set of polytopes .Z; with vertex rep-
resentation matrix X; being, such that y;(x) = inf{||p||; :
x = X;p} can serve as a Lyapunov function candidate.
Moreover, suppose that F; (full column rank matrix) is
the plane representation matrix of 2, then ||Fx| s =
inf{||pll; : x = X;p}. These observations result in the fol-
lowing lemma.

Lemma 4: System (2.1) is asymptotically stable over D, if
and only if there exist full column rank matrices F;, Vi € m,

such that Y, o) (x(k)) = || By (5% (k) || oo is a valid Lyapunov
function for (2.1).

We are in a position to propose the following main
result.

Theorem 1: Suppose that k > 2. The following statements
are equivalent.

(1) System (2.1) is exponentially stable over D,;

(2) System (2.1) admits an SHLF of degree d for some
deN;

(3) There exist a positive integer d, matrices 0 < P, €
S?D, and L(v;), L(vij) € La with v, v;; €
ReMD  sych that

Al PA G —P+L(v) <0, Viem, (3.1)
(As)" PAT; = B+ L(vy) <0,
Viojem. i J,

(3.2)

where A; g = (K'Ky) ™' KIA®K,.
Proof: (2)=(1) holds by Lemma 2. Now show (3)=(2)
and (1)=(3).
(3)= (2). Chose the Lyapunov function candidate as
follows:

V (k, x(k), d) = (@)Y Py (x(k))' D . (33)

Suppose that the switching signal o has switching instants
{ke},2 Assume that k € {ky, ..., kg+1 — 2} and that

o (ky) = i. It follows from (3.1) that

Vik+1,x(k+1),d)
= (@ +1)'")"P (x(k + 1)
= (@) ) AT PA; g (k)
< (@) (P~ L)) (x(k) .

Since L (v;) € ., 4, we have that

Vk+1,x(k+1),d) < (=) @) P (x(k))"¥
=V (k,x(k),d).

Therefore,

V(x(k+1)) —V (k,x(k),d) <O0. (3.4)

Let o (k¢ 4+ 1) = j. It clearly holds that kpy; — ke =k + 1
with 1 € Ny. Then,

V (k(+17 X (ke-i-l) ) d)

T
= ((ax k0)™) Py (A% (k)

By (2.2), (A*x (ko))" = AT (x (k)™ which com-
bining (3.2) yields that

V (ketr, x (ke1) , d)
= (AL G Re)' ™) (A5) T PAS ALy G ()
< (A G ) )" (B = L (w3)) ALy (3 (ke

It is not difficult to see that

(Ap g G ke )L (03) Af (3 (ko)™
= (A% k)" L (vy) (Alx (k) =0,

(AL & h)) 'L (W) AL, (x (k) =0, V) € No.
(3.5)



Repeatedly using (3.5) and (3.1), one has that

V (keg1, x (keg1) , d)
< (AL (e k) ™) PAL (x ()
< (A @)™ (B — L () AL (x (k)
= (A (e o)) ) PAT (3 ()™

< (kD) P (x (k)

= V(kz,x(kg),d). (36)

By (3.4) and (3.6), we claim that V' (k, x(k), d) in (3.3) is
the required SHLF in (2).

(1)=(3). By Lemma 4, there exists a set of full col-
umn rank matrices M; such that V; = |[Mx| o, , i € m,
are valid Lyapunov functions. By Blanchini and Miani
(1999), | Mix||,, converges uniformly as p approaches co.
Therefore, V; may be chosen as V; = || M;x]| 2p for some
p € N. Moreover, it is easy to verify that V¥ is also a valid
Lyapunov function for any « € N, and therefore we can

take V; = ||Mix||§§. Then, following a process similar to
that of Chesi et al. (2012, Theorem 6), the conclusion
follows. O

In Theorem 1, the quantities of 3(n, d) and w(n, d) are
listed in (Chesi et al., 2009, Table 1.1), which shows that
the quantities of 9(n, d) and w(n, d) rapidly increase when
n or d increases. Therefore, the necessary and sufficient
condition is at the price of possible heavy computational
effort. Similar comments can be made for later results.

By Lemma 1 and Theorem 1, the following corollary
clearly holds since D, C D, ifx; > «.

Corollary 1: If system (2.1) is asymptotically stable over
Dy, then it is exponentially stable over Dy, for any k1 > k.

The following corollary reveals the monotonicity of
Theorem 1 with respect to the parameter d whose proof
is an analogy of that of Chesi et al. (2012, Theorem 5) and
hence is omitted.

Corollary 2: Suppose that there exist a positive integer
d, matrices 0 < P, € S’ gnd L (v;),L (vij) € Loa
with v;, v;; € R*"D satisfying (3.1) and (3.2). Then for
any q € N, there exist matrices 0 < P, € s?(m4d) gnd
L(vy),L (vij) S gn.qd with Vi, Vjj € Rw(n,qd)’ such that
(3.1) and (3.2) are satisfied.

Now let « = 1. Following a similar proof of The-
orem 1, we have the following important result which
provides a necessary and sufficient condition to check the
stability property of system (2.1) under arbitrary switch-
ing signal.
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Corollary 3: The fact that system (2.1) is exponentially
stable for arbitrary switching signal is equivalent to any one
of the following statements:
(1) System (2.1) admits an SHLF of degree d for some
deN
(2) There exist a positive integer d, matrices 0 < P, €
S?nd) | gnd L(vij) € Ly q withv;j € Re"d sych
that
Al PiAig—P+L(vy) <0, Vi, jem.
(3.7)

Remark 1: Geromel and Colaneri (2006, Theorem 1) is a
special case of Theorem 1 in this paper with d = 1, and
Daafouzetal. (2002, Theorem 2) is a special case of Corol-
lary 1 in this paper with d = 1. Recently, by meas of the
concept of contractive set, Dehghan and Ong proposed a
necessary and sufficient asymptotic stability condition for
(2.1) with a certain constraint (Dehghan & Ong, 2012);
however, it is difficult to apply the method to systems with
delays.

3.2 Some extensions

This subsection extends the results in the previous sub-
section to switched systems with delays. Consider first the
following switched system with constant delays:

x(k + 1) = Ag(k)x (k) + Bg(k)x (k — ‘L’g(k)) s ke No,
(3.8)

where o : Ny — m, 1, € N. Define 7 = maXje, {7},
y(k) = [x"(k), ..., xT(k—7)]T, and ) = n(z + 1), then
system (3.8) is equivalent to y(k 4+ 1) = A, )y (k) with

A,‘ _ |:Az Onxn(r,-fl) Bi Onxn(rri):| )

Inr Onr Xn

Let A; 4= (K;Kd)_l KYA®YK,. Applying Theorem 1
and Corollary 3, we have the following.

Theorem 2: System (3.8) is exponentially stable over D,
for k = 2 if and only if there exist a positive integer d,
matrices0 < P, € S*0:4) and L (v;), L (vij) € Z.q with
v;, vij € R°0D satisfying (3.1) and (3.2). Particularly,
system (3.8) is exponentially stable for arbitrary switching
signal if and only if there exists a positive integer d, matri-
ces0 <P S0 and L (vij) € Z,a withv;; € R*0-D
satisfying (3.7).

Finally, consider

x(k+1) = Ay X (k) + By 1y x(k — 75y (k)), k € No,
(3.9)
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where o : Ny — m, 7;(k) satisfies

0<ti <7ti(k) <tp, Viem (3.10)
T = maXiem {To}. Let y(k) = [x7(k), ..., x"(k— ‘C)]T
and t; =t — t;1 + 1. For each i € m, define

Ail — I:Ai +Bi Onxnt:| ,

IHT 0”7,')(”
A — |:Ai 0uxn(j—2) Bi 0n><n(r+1—j)i|
ij = ,

Inr Of’l‘[ Xn

jE{z,...,T,'}
for t;; =0 and

A _[Az' 0uxn(ry+j—2) Bi Onxn(r—mﬂ—j)]
ij = .

Inl 0?’!1’ Xn

jG{l,...,‘L’,’}

otherwise. Define A;j 4 = (K;{Kd)fl K{}Af?de. Clearly,
A,-j € R withj = n(r +1). Let j(k) = ‘L’g(k)(k) — To(k1
+ 1, and it is not difficult to verify that (3.9) can be recast
into the following system:

yk+1) =Asmjwy (k). k € No.

The follow theorem immediately follows from Theo-
rem 1.

Theorem 3: System (3.9) is exponentially stable for all
delays satisfying (3.10) under arbitrary switching signal if
and only if there exist a positive integer d, matrices P;j, €
S?0:4), and L (viju1j) € L. with v, € R20D, such
that

P,'j[>0, Vieg,j,-e{l,...,r,-},
A;rji,dPlJ'lAi]isd - Pij,- +L (Uij,-,lj,) <0,

Viilem, Vjiel{l,...,u}, je{l,....u}.

Remark 2: Taking m = 1, system (3.9) is of the following
form:
x(k+1)=Ax (k) +Bx(k—t(k)), keN,,
(3.11)

where t(k) satisfies 0 < 7; < 7(k) < 7,. Clearly, by
virtue of Theorem 3, the necessary and sufficient con-
dition guaranteeing (3.11) is exponentially stable under
arbitrary switching signal can be derived immediately.

Table 1. Stability regions computed by different methods.

Corresponding stability interval of b

a (Daafouz et al., 2002, Theorem 1) Corollary 3 withd =2
0.602 [—0.45, —0.04] [—0.53, —0.04]
0.604 [—0.45, —0.05] [—0.52, —0.05]
0.64 [—0.4, —0.14] [—0.45, —0.14]
0.676 ] [—0.31,—0.24]
0.68 ] [—0.3, —0.25]

4, Example

This section presents an example to illustrate previous
theoretical results.
Example 1: Consider the following system:

x(k + 1) = A(,(t)x(k), ke No, (41)
where x(k) = [x1(k), x2(k)]T € R%, o : Ny — {1,2},
and

a 08 —-0.8 —0.1
Al_[o.z —0.9]’ Az_[—o.7 b}

with a and b being parameters. Clearly, the chosen a, b
should make both A; and A, Schur matrices, since the
main results presented previously require implicitly both
A; and A, to be Schur matrices.

First consider system (4.1) under arbitrary switching
signal. Applying Daafouz et al. (2002, Theorem 1) and
Corollary 3 in this paper, we obtain the comparison result
in Table 1. Note that Daafouz et al. (2002, Theorem 1) is
in fact a special case of SHLF of degree one. It can be seen
from Table 1 that, compared with Daafouz et al. (2002,
Theorem 1), Corollary 3 in this paper can lead to larger
stability regions.

Then, consider (4.1) with guaranteed dwell-time.
Applying Geromel and Colaneri (2006, Theorem 1) (a
special case of Theorem 1 in this paper with d = 1) and
Theorem 1 in this paper yields Table 2 , which shows that
Theorem 1, compared with Geromel and Colaneri (2006,
Theorem 1), can result in smaller lower bound of dwell-
time. Note that both Daafouz et al. (2002, Theorem 1)
and Geromel and Colaneri (2006, Theorem 1) can only

Table 2. Dwell times computed by different methods.

Parameters Dwell time
_ (Geromel & Colaneri, Theorem 1 Theorem 1
a b 2006, Theorem 1) d=2) (d=3)
0.68 —03 2 1 1
0.818 —0.6 3 3 2
0.8 —0.6 3 2 2
0.8 —0.64 4 3 2




check the asymptotic stability, however, Theorem 1 and
Corollary 3 in this paper imply the exponential stability of
system (4.1).

5. Conclusions

We have proposed an SHLF method for discrete-time
switched systems, by which a series of nonconservative
exponential stability conditions has been presented for
switched systems with guaranteed dwell-time or with
arbitrary switching signals. These results can be used to
compute the lower bound of dwell-time for switched sys-
tems, or to compute the upper bound of delays for delayed
(switched) systems. It should be pointed out that the com-
putational burden is heavy when the number of subsys-
tems or the difference between upper and lower bounds
of delay is large, or when the dimension of system is high.
So, future work will focus on how to reduce the compu-
tational effort.
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Appendix 1. Proof of Lemma 3

Basically, the proof of Lemma 3 is similar to that of Blan-
chini and Colaneri (2010, Theorem II.1). The following
definition and lemmas are required.

Definition 5 (Blanchini & Miani, 2008): A set .’ € R"
is called C-set if it is convex and compact and includes
the origin as an interior point. A C-set.” is 0-symmetric
if x € . implies that —x € .. For a given C-set ., its
Minkowskii function is ¥ o (x) = inf{A > 0:x € .7},
which in factis a norm. If a C-set .7 is 0-symmetric, then
the unit ball of norm ¥ & is .¥ itself, that is, . = {x €
R" : 5 (x) < 1} 2 N[, 1]. A bounded polyhedral set
is called a polytope. A norm & (x) is polyhedral if its
unit ball V[, 1] is a 0-symmetric polytope which can be
represented either in its plane representation .’ = {x €
R": ||Fx||oo < 1} with F a full column rank matrix or
in its vertices representation .’ = {x = Xp: ||pl; < 1}
with X full row rank and p a vector of appropriate dimen-
sion. The Minkowskii function of .% can be denoted
by means of F and X in the form y¥ o (x) = ||[Fx|lo =

inf{[|pll; : x = Xp).

Lemma 5: For two given polyhedral C-sets ./} and .7,
with vertex representation matrices X, and X5, /1 C .75
if and only if there exists a matrix P with ||P||; < 1, such
that X] = XzP

Indeed, let X;= [xil) oaP] and X, =
[xiz) xff) ],Wherexﬁ.l) eR"(j€s) andx?z) eR"(je
q). Since .1 C .7, is equivalent to the fact that there
exists a vector pi=Ipj... pjg]* for each vector
2V, such that x” =31 pix® and Y pi <1,
which is actually another expression of X; = X,P with
P={[p,...pland|P|;, <1

Lemma 6: System (2.1) is asymptotically stable over D, if
and only if there exists a scalar € > 0

x(k+1) = (Ao + al) x(k) (A.1)

is asymptotically stable over D, for any a satisfying —e <
ax<e

Proof: It suffices to show the necessity. By Lemma 1, (2.1)
is asymptotically stable over D, means it is also exponen-
tially stable over D,. Therefore, there exist two scalars
a > 0 and y > 1 such that the solution x(k) to (2.1)

satisfying

llx(k; %0, o) | = lIxol

X (k; i, U)
EAY

Vk € N,

—k
‘ <ay " lxol,

which means that there is some T € N with the property
that

sup |lx(k;xp,0)|| <=, Vk>T.

lIxoll=1

N =

The solution to system (A.1) is x,(k;xp,0) =
Ak, 0,a)xy  with Ak, 0,a) = (Ag-1) +al)...
(As(0) + al). Clearly, for given k and o, A(k, o, a)
is continuous in a. Therefore, there exists a scalar € > 0
sufficiently small, such that

sup [|x, (T; x0,0)|| < =, Vae[—e, €].

llxoll=1

(A.2)

W

Furthermore, there necessarily exists a scalar o > 1 sat-
isfying

sup  lxq (ks %0, 0)|| <01, Va € [—¢€ €]
|x0]|l=1,0<k<T

(A.3)

By (A.2), (A.3), and linearity of (A.1),

i—1
l|xa (k; x0, o)l S = %ol ,
i
%2 (iT5 x0, 0) || < 7 lIxol

(i— 1T <k < iT,

(A.4)

holds for i = 1. It follows from (A.2) and (A.3) that

X, (k —iT; x (IIT) ,0) H
llx GT)H|

iT<k<(@G+1T,

(" eimn)|
G

ll%a (k; %0, )| = [l%a GT) |

i
=< 10!1 llxoll

%2 (G + DT %0, 0)[| = llxa GT) |

i+l
< prs llxoll,

which implies that (A.4) holds for any i € N. Clearly,

(A.4) indicates that ||x, (k; xo, )|l < o123 [|%oll, (i —

4i—1
DT <k <iT,VieN. t

Similar to Blanchini and Colaneri (2010, Lemma I11.2),
the following lemma naturally holds.



Lemma 7: System (A.1) is asymptotically stable for any
o € D if and only if the following system
xjp1=o (z, o (k]-)) X; (A.5)
is asymptotically stable for any o € D, where x; = x(k;)
and ®(1,1) € {(A; +al)*"" :i e m,1 € Nok
Lemma 8 (Blanchini & Colaneri, 2010, Lemma III.3):
System (A.5) is asymptotically stable if and only if there
exists a polyhedral norm v o (x) which is a Lyapunov func-

tion, namely such that V¥ (x;j11) < Ay (x;) holds for some
positive scalar A < 1.

Remark 3: Let o (k) = i, Vk € {ko, ..., ki — 1}. Assume
that there exists a polyhedral norm ¢ with unit ball
N [, 1] asin Lemma 8. Just as in Blanchini and Colaneri
(2010, Lemma II1.4), this assumption is equivalent to the
following fact: For all xo € 2" = N [¢, 1], the state of
(A1) isin &7, the largest invariant subset of 2 for x(k +
1) = (A; + al) x(k). Moreover, for a = 0 and xy € 2,
x(k) reaches a polytope Z; € 1.2 with 0 < A < 1, where
Z; is contractive for system x(k + 1) = A;x(k).

Proof of Lemma 3: The sufficiency part of this lemma
is almost the same as that of Blanchini and Colaneri
(2010, Theorem II.1), so we only provide the necessity
part.
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Suppose that system (2.1) is asymptotically stable over
D,, which, by Lemma 7, is equivalent to saying that so
is (A.5). According to Lemma 8, there exists a polyhe-
dral Lyapunov function ¥ (x) with unit ball N [y, 1].
The condition x(0) € 2" = N [, 1] means that x(k) €
Z: €A% with 0 < A < 1and Z; being invariant set for
the ith subsystem, which, by Lemma 5, implies that there
exists a matrix P;(«) with ||P;(x)]||; < 1, such that

AX = X;P(k), Yiem, (A.6)
where X and X; are the vertex describing matrices of the
0-symmetric polytopes .2 and Z;. On the other hand, by
Lemma 5, the condition Z; € A2 implies the existence
of matrices P, such that

X;=XPB, |Bli <1, Viem. (A7)
By Blanchini and Miani (2003, Lemmas 2.8, 2.9), Z;
is invariant for the ith dynamics is equivalent to the
existence of ||Pj]l; < 1 satistying A;X; = X;P;,. By
means of (A.6) and (A.7), AfX; = AYXP; = X;P,(k)P; =
XiRij, where R;; = P,()P; and [[R;jll; = [|B:(k)Pjlh <
IR GO lIPll < 1. O
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