Automatica 96 (2018) 110-120

journal homepage: www.elsevier.com/locate/automatica

Contents lists available at ScienceDirect

Automatica

automatica

Unified stability criteria for slowly time-varying and switched linear A

systems”

Check for
updates

Xiaobin Gao #*, Daniel Liberzon?, Ji Liu b Tamer Basar®

2 Coordinated Science Laboratory, University of Illinois at Urbana-Champaign, United States
b Department of Electrical and Computer Engineering, Stony Brook University, United States

ARTICLE INFO ABSTRACT

Article history:

Received 12 January 2017

Received in revised form 20 April 2018
Accepted 24 May 2018

Available online 6 July 2018

Keywords:

Slowly time-varying systems
Switched systems

Linear systems

Stability

This paper presents a unified approach to formulating stability conditions for slowly time-varying linear
systems and switched linear systems. The concept of total variation is generalized to the case of matrix-
valued functions. Using this generalized concept, a result extending existing stability conditions for slowly
time-varying linear systems is derived. As special cases of this result, two sets of stability conditions are
derived for switched linear systems, which match known results in the literature. A numerical example
is included to further illustrate the application of the main result.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Stability of slowly time-varying linear systems and switched
linear systems has been extensively studied during the past
decades. Earlier results on stability of slowly time-varying lin-
ear systems were derived via the frozen-time approach (Amato,
Celentano, & Garofalo, 1993; Coppel, 1978; Desoer, 1969; Iich-
mann, Owens, & Pratzel-Wolters, 1987; Ioannou & Sun, 1996).
Specifically, if the system is stable for any frozen time and varies
slowly enough, then the system is globally exponentially stable.
There are two main ways in the literature to characterize the
rate of system variation. First, in the work of Amato et al. (1993),
Coppel (1978) and Desoer (1969), it is shown that the system is
globally exponentially stable if the time derivative of the system
matrix is sufficiently small. Second, in the work of [Ichmann et al.
(1987) and loannou and Sun (1996), global exponential stability
is established under either of the following two conditions: (1)
the system matrix is globally Lipschitz in time and the Lipschitz
constant is sufficiently small; (2) the time integral of the norm of
the time derivative of the system matrix is bounded by some affine
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function of the length of the time interval, and the slope of the
affine function is sufficiently small.

The above earlier results all impose conditions on the stability
of the system matrix at each instant of time as well as on the
continuity of the system matrix, which are somewhat conservative.
More recent works on stability of linear time-varying systems
have relaxed these conditions (Jetto & Orsini, 2009; Solo, 1994;
Zhang, 1993). In these works, stability conditions were derived via
a different approach, which was based on the “perturbed frozen-
time form” of linear time-varying systems (Jetto & Orsini, 2009).
In particular, it was assumed that the system matrix is stable at an
infinite sequence of times. Then, the linear time-varying system
can be viewed as a combination of a switched linear system with
stable subsystems and a perturbation term. It was shown that
the linear time-varying system is globally exponentially stable if,
for each time interval between two consecutive stable times, the
length of the time interval is long enough and the perturbation of
the system matrix over the time interval is small enough.

For a switched linear system, the results by Morse (1996), as
well as by Hespanha and Morse (1999), stated that if each sub-
system is stable and if the system switches sufficiently slowly,
then the switched system is also stable. The rate of switching is
characterized by the dwell-time, or the average dwell-time, which
describes the time, or average time, respectively, between two
successive switches. One extension by Zhai et al. Zhai, Hu, Yasuda,
and Michel (2001) relaxed the assumption on the stability of all
subsystems, by allowing switched linear systems with unstable
subsystems. It was shown that the system is exponentially stable if
the average dwell-time is sufficiently large and the ratio between
the activation time of unstable subsystems and the activation time
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of stable subsystems is sufficiently small. Following this line of
extension, a stabilization result was derived in Zhao, Yin, Li, and Niu
(2015) for switched linear systems with only unstable subsystems.
Another branch of extensions is to allow different dwell-times or
average dwell-times for each subsystem or each pair of subsys-
tems. The former refers to the time (see Blanchini, Casagrande,
& Miani, 2010), or the average time (see Zhao, Zhang, Shi, & Liu,
2012), that each subsystem is activated before the system switches
to other subsystems. It was shown that the switched system is
stable if the dwell-time or average dwell-time for each subsystem
is large enough. The latter refers to the elapsed time (see Blanchini
et al., 2010; Langerak & Polderman, 2005), or the average elapsed
time (see Kundu & Chatterjee, 2015), before the system switches
from one subsystem to another in each transition pair. It was
shown that the switched system is stable if dwell-time or average
dwell-time for each transition pair is large enough. (Other stability
results in terms of constrained transition pairs governed by a graph
can be found in Lee & Dullerud, 2007; Philippe, Essick, Dullerud, &
Jungers, 2016 and the references therein.)

It is natural to view switched linear systems as a special class of
linear time-varying systems. Although there are some similarities,
to the best of our knowledge, there is no explicit relationship
bridging the two sets of stability results. To be more specific, the
stability conditions available in one set cannot be applied directly
to the other.! With this in mind, we study in this paper the
gap between the two sets of results. Our aim is to build con-
nections between stability results for slowly time-varying linear
systems derived by the frozen-time approach and stability results
for switched linear systems with stable subsystems. Inspired by
the total variation of vector-valued functions, we first extend the
concept of total variation to matrix-valued functions (Section 2).
Using this extended concept, we derive a generalized stability
result for slowly time-varying linear systems (Section 2), where the
system matrix could be piecewise differentiable, with discontinu-
ities at the non-differentiable points. Then, we apply the derived
result to switched linear systems, and obtain two sets of stability
conditions (Section 3), which we show to match the existing results
in Hespanha and Morse (1999) and Kundu and Chatterjee (2015).
Next, we present a numerical example to further illustrate how our
main results can be applied to establish stability of slowly time-
varying linear systems (Section 4). Finally, we draw conclusions
and discuss several future directions (Section 5).

Notation: We denote by || - || the Euclidean norm of a vector and
the induced norm for a matrix. We write A’ for the transpose of
a matrix A. We use I to denote the n x n identity matrix. For any
complex number a, we use Re{a} to denote the real part of a. For
an n x n matrix A, we use Aq1(A), A»(A), ..., Ay(A) to denote the
eigenvalues of A. The matrix A is called Hurwitz if Re{);(A)} < 0,
foralli € {1,2,...,n}. A continuous function «(-) : [0, c0) —
[0, 0o) is said to be a class K function if ¢(0) = 0, «(-) is strictly
monotone increasing, and «(-) is unbounded.

2. Stability of slowly time-varying linear systems

Consider a real n-dimensional linear time-varying system de-
scribed by

X(t) = A(tx(t), (1)

where t € [0, 00) is the time, x(-) € R" is the state vector, and
A(-) € R™" is the system matrix. The system described by (1) is

1T Jetto and Orsini (2009), it was mentioned that the derived results can be
applied to switched linear systems. It can be shown by applying the results in Jetto
and Orsini (2009) that a switched linear system is globally exponentially stable if
each subsystem is stable and the dwell time is large enough. However, it seems
difficult to use this method to derive more advanced results on switched linear
systems discussed in Section 3.2.

said to be globally exponentially stable if there exist finite positive
constants C and p such that for any initial condition x(0) € R", the
state vector x(-) satisfies

Ix(®)] = ClIx(0)lle™" ¥t = 0.

In the special case when A(t) = A V t > 0, it is well known
that the system (1) is globally exponentially stable if and only
if A is Hurwitz. The conditions for global exponential stability of
(1) have been widely studied (Amato et al., 1993; Coppel, 1978;
Desoer, 1969; Iichmann et al., 1987; loannou & Sun, 1996). Here,
we present two existing results for slowly time-varying systems.
We first introduce an assumption on the boundedness and Hur-
witzness of the system matrix.

Assumption 1. The system matrix A(-) is such that

(i) There exists L > 0 such that [|A(t)|| <L Vt>0.
(i) There exists k > 0 such that Re{A;(A(t))} < —« V¢ >
0,iefl,2,...,n}.

By the above two conditions, for any A € (0, «), there exists
¢ > 0 (which depends on L, x, and A, see Khalil (2002, Section 9.6,
proof of Lemma 9.9) such that

M) < ce™ V>0, s>0. (2)

In Section 4, we will provide an example demonstrating how ¢
and A can be computed in a specific case.

Theorem 1 (Desoer, 1969). The system (1) is globally exponentially
stable if the following conditions are satisfied:

(i) A(-)satisfies Assumption 1. ,
(ii) A(-)is differentiable and ||A(t)| < ‘3% V t > 0, where c and A
are from (2).

Here ||A(-)|| can be regarded as the rate at which the system
changes over time. Hence, the result of Theorem 1 implies that
a linear time-varying system (1) is globally exponentially stable
if the system matrix is Hurwitz for each fixed time, uniformly
bounded, and changes at a sufficiently small rate.

A more general sufficient condition is obtained by replacing
lAC-)|| with the integral of ||A(-)|| over a time interval, as follows.

Theorem 2 (Theorem 3.4.11 in loannou & Sun, 1996). The system (1)
is globally exponentially stable if the following conditions are satisfied:

(i) A(-)satisfies Assumption 1.
(ii) A(-)is differentiable and there exist scalars@ > 0and0 < p <
2’% such that
2

t+T .
/ |AGs)||ds < uT+a Vt>0,T>0,
t

2 .
where 81 = i B2 = 5, and L, ¢, A are from Assumption 1 and

(2).

The third condition is in terms of the integral of ||A(-)|| on each
interval [t, t + T], which is required to be bounded by some affine
function of the length of the time interval and the slope of the affine
function is sufficiently small. The third condition is also called
“nondestabilizing condition” in Morse (1990).

All the sufficient conditions above assume that A(-) is differ-
entiable over [0, co). In the sequel, we will relax this assumption
and consider a more general case in which A(-) is only piecewise
differentiable. Our approach will entail appealing to total variation
of piecewise differentiable functions.
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2.1. Total variation

To define total variation, we first introduce the standard con-
cept of partition: A partition P of an interval [a, b] is a finite set of
points t;,i € {0,1,2,...,k}suchthata=1ty <t; <--- <ty =h.
We denote by PP the set of all partitions of [a, b]. We next recall the
notion of total variation for vector-valued functions.

In Hu and Yang (2013, Definition 3.1.1), given a vector-valued
function v(-) : R — R", its total variation over [a, b] is defined as
follows:

k
sup ) [l(t;) — v(ti1)l -
PeP i=1

The norm here is the Euclidean norm.

Following this definition, we generalize the concept of total
variation to the case of matrix-valued functions. Specifically, given
a matrix-valued function A(-) : R — R™*", its total variation over
[a, b] is defined as follows:

b k
| = sup 3 vace) — ace- .
a PeP i—1

The norm in the above expression is the matrix norm induced by
the Euclidean norm. We use the notation fab [[dA|l for the total
variation to make our main results comparable with the results in
Theorem 2.

In a special case where A(-) satisfies the following regularity
conditions (Assumption 2), the total variation of A(-) on [a, b] has
an elegant expression (described in Lemma 1).

Assumption 2. Given aninterval [a, b], the matrix-valued function
A(-) satisfies

(i) A(-)is continuous from the right everywhere on [a, b) and has
left limits everywhere on (a, b].

(ii) A(-)hasafinite number of discontinuitiesdq, do, ..., dn, m €
Nover(a,b),anda=:dy <d| <dy < --- <dpy < dpyq =

b.
(iii) A(-) is continuously differentiable on (d;, di+1), and A(-) is
Riemann integrable on [d;, di;1], foralli € {0, 1, ..., m}.
(iv) J|A(+)|l is Riemann integrable on [d;, di;1], for alli € {0, 1,

.., m}.

We have two remarks here. (i) By convention, the continuity and
differentiability of A(-), together with the integrability of A(-), are
defined elementwise. (ii) By Ross (1980, Section 34), a real-valued
function defined on (a, b) is called integrable on [a, b] if any exten-
sion of the function to [a, b] is integrable. Furthermore, it can be
shown that the integral does not depend on the extension of the
function ata or b.

We use A(t™) to denote the left limit of A(-) at a time t > 0.
Then, we have the following lemma.

Lemma 1. Consider a matrix-valued function A(-) satisfying Assump-
tion 2. The total variation of A(-) on [a, b] is given by the following
expression:

m+1

b m dit1 |
[ v =3 [ v+ 3 Jay - )
a i=0 <% i=1

The proof of Lemma 1 is given in Appendix. It borrows some
elements from known proofs for the scalar case (see, e.g., Appell,
Banas, and Merentes (2014, Theorem 3.19)). The novelty here is
that (i) we consider matrix-valued functions with discontinuities;
and (ii) we work with the matrix norm, which does not have a
closed-form expression in terms of the elements of the matrix. This

creates technical challenges and we need to apply some matrix
properties in the proof.

Intuitively, the total variation of A(-) equals the sum of varia-
tions over smooth portions and variations at jumps.

2.2. Main result

With the extended concept of total variation introduced in the
previous subsection, we are able now to generalize the existing
results in the literature (i.e.,, Theorems 1 and 2), as stated in the
following theorem.

Theorem 3. The system (1) is globally exponentially stable if the
following conditions are satisfied:

(i) A(-)satisfies Assumption 1.
(ii) Forany interval [a, b], A(-) satisfies Assumption 2.
(iii) Thereexist o > 0and0 < pu < 2’% such that
2

t+T
/ IdA| < uT+a VYt>0, T>0,
t

where
1 c?

ﬁlzi’ ﬂZZi, (3)

and L, c, . are from Assumption 1 and (2).

In the case when A(-) is differentiable over [0, o0), Theorem 3
collapses to Theorem 2.

Remark 1. A condition equivalent to (iii) in Theorem 3 has been
proposed in Pait and Kassab (2001). In Pait and Kassab (2001),
this condition was used to analyze stability of a switched adaptive
control system, and thus the problem formulation was different.
Furthermore, the condition proposed in Pait and Kassab (2001)
directly used the expression of total variation without stating the
concept. Although the concept of total variation does not affect
the strength of Theorem 3, it provides a clear intuition on the
nature of the result. To be more specific, no matter whether a
system is a linear time-varying system or a switched linear system,
the variation of the system should be small enough to guarantee
stability, and the variation is characterized by total variation of the
system matrix.

To prove the theorem, we need the two lemmas and the propo-
sition given below.

Lemma 2 (Lemma 9.9 in Khalil, 2002). Suppose that A(-) satisfies
Assumption 1. For each fixed t > 0, let P(t) be the symmetric positive
definite solution of the Lyapunov equation P(t)A(t) +AT(£)P(t) = —I
and consider the candidate Lyapunov function V(t,x) = xTP(t)x.
Then,

Bi= PO =p Vt=0,
BilXII? < V(t,x) < Bollx|> VxeR", t >0,

IA

where B1, B are defined in (3).

Proposition 1. Assume that two n x n matrices A, and A, satisfy
Assumption 1, namely, for k = 1, 2,

Akl < L,
Re {ri(A)} < —« Vie{1,2,....n},
[e*] < ce™ vs=>o.

Let P; and P, be respectively the solutions of the Lyapunov equa-
tions P1A, + AlPy = —I and P,A, + ATP, = —I, and consider the
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candidate Lyapunov functions Vi(x) = x'Pix and V,(x) := x'P,x.
Then,

[Py — P2l < 2B51|A1 — Aall,
Vi(x) < e2P2P1 MRl (x) v x € RY,
with B1, B, as defined in (3).

(4)

Proof. > Since P; and P, satisfy the Lyapunov equations, we have
(P1 — P)A; + AJ(Py — Py)
= PiA; + AjP; — P,A; — AlP,

= PiA; +A§P1 — P1A; —A{Pl (5)
= Py(A; — A) + (A — AD)Py
= —Q,

where Q is a symmetric matrix. Since A; is Hurwitz, by Chen (1995,
Section 3.7), the Lyapunov equation (5) in terms of Py — P, has a
unique solution, which is

P, —P, = f s QeM2Sds.
0

Hence,
1Py~ Pyl < ||Q||/0°° 5] - e i ds
< lal f " e g (6)
c? |
= il = el

By Lemma 2 and the definition of Q in (5),

QI < IIP1(A1 — Ay)l| + [I(A] — AD)Py ]|
< 2||IP1] |A1 — Az (7)
< 2B21A1 — Azl

Combining (6) and (7), we have

[Py — P2l < 2B511A1 — Azl (8)

This completes the proof of the first inequality in (4).
To prove the second inequality, consider the function

gy)=¢e"1-y,

where y € R. It can be checked that g’(y) > O wheny > 1,
g'(y) < Owheny < 1,and g’'(y) = 0 wheny = 1. Hence, g(-)
attains its global minimum aty = 1, and g(1) = 0. Then, we have

y<e VyeR,

which implies that

Vi(x Vi) V1(x)=Vo(x)

Vi) <en®W ' — o VW VxeR,x#0. (9)
Va(x)

By Lemma 2, we have
0 < BilIx]* < Va(x) YxeR" x#0.

Hence,
1 1
< < PR (10)
Va(x) — Ballxll

2 The contents of Lemmas 3 and 4 in the conference version (Gao, Liberzon,
Liu, & Basar, 2015) have been rearranged here as Proposition 1 and Lemma 3, and
accordingly the proofs have been rearranged as well.

Moreover, by (8), we have

Vi(x) — Va(x) = x" (P — P2)x

IPy — Pyl lIx1? (11)
285 1A1 — Azl [1x])?

Combining inequalities (9), (10), and (11), we have

IA

IA

_ 2821141 Ay |l1x]|?
Vi(x Vi(0)—Va(x) 2

1) <e BW  <e AP
Va(x)

which implies that

VxeR, x#0,

Vi(x) < 2381 1Ml () v x € R", x # 0.

It is easy to see that the inequality also holds when x = 0, which
completes the proof of the second inequality in (4). O

Remark 2. Our approach to proving the first inequality in (4) is a
discrete-time version of the approach to proving the intermediate
results of Theorem 3.4.11 in loannou and Sun (1996), where an
upper bound of ||P(t)|| is derived in terms of ||A(t)]|.

Lemma 3. Suppose that A(-) satisfies Assumption 1 and 2. For each
fixed t > 0, let P(t) be the symmetric positive definite solution of the
Lyapunov equation P(t )A(t)+AT (t)P(t) = —I. Consider the candidate
Lyapunov function V(t, x) = xT P(t)x, and let V(t) = V(t, x(t)) be the
candidate Lyapunov function evaluated along the state trajectory x(t ).
For any t, > 0, introduce

V(tj) = lin}r V(t), V()= lim V(t).

t—ty t—>tg
Then, V(t,}) and V(t, ) exist and satisfy
V() = V(ty) < o283 B7 VIA(t)=A(t, v(t),
where 81 and B, are defined in (3).
Proof. We still use A(t,") to denote the left limit of A(-) at . In
addition, we use A(tb+) to denote the right limit of A(-) at t;. By
Assumption 2, A(t;") and A(t, ) exist, and A(t,") = A(ty). Moreover,

IAll, Re{x;(A)} and ||e*|| are continuous functions of A, and thus
A(tlf) and A(t, ") satisfy Assumption 1, namely

laeH] . Jag)] < L.
Re{ri(A(t;))}. Re{ri(A(t; )} < —«.
145, 1A )| < ce s

foralli e {1,2,...,n}ands > 0.
Since A(t;r )and A(t, ) are Hurwitz, the Lyapunov equations

P(eHAWH) +AT(67)P(t) = I,
P(t; )AL, ) + AT(t, )P(t, ) = —I

have unique solutions P(t;") and P(t, ). By the definitions of A(t;)
and A(t, ), given any € > 0, there exist §1, 6, > 0 such that

€
IA() =AWl < =5 Vet th+81),
2B5
€
AL, ) — A < —5 Vit ety — &, )
285

Since A(t,f), A(t, ), and A(t) satisfy Assumption 1, by (4) in Propo-
sition 1, we have

IP(t,) = P(t)]| < €
IP(t, ) — P()Il
which imply that

lim P(t) = P(t;), lim P(t) = P(t;).

[A’tb t~>tb

vVt € (ty, tp + 61),
€ Vtel(ty—3d,t),

A
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Since A(t,), A(ty) are Hurwitz and A(t;) = A(ty), the Lyapunov
equations

P(&DAG) + AT(6)P(E) = —1,
P(ty)A(ty) + AT (t,)P(ty) = —I

have unique solutions P(t;), P(ty), and P(t;") = P(tp).
Furthermore, A(-) is piecewise continuous, and hence x(-) is
always continuous regardless of the initial condition. Then,

x(t;r) = lim x(t) = x(tp) = lim x(t) = x(t, ).
t%tl:r [~>tbf

Now consider V(tlf) and V(t,), which can be expressed as

V() = lim V(t) = lim x"(t)P(t)x(t)

t—tf t—tf
V(t, )= lim V(t) = lim XT(t)P(t)x(t)
t—>tb_ t—>tb_

We have already shown that the left and right limits of x(-) and P(-)
at t exist. Hence, V(t;r )and V(t,) exist, and

= X (6 )P(6 () = X (6)P(E X(ty)
V(t, ) = x"(t; (e W(ty ) = x' (ty)P(t, Jx(tp)

Furthermore, we have
V(") = x"(t)P(tp X(tp) = V(t).

Since A(ty) and A(t,) satisfy Assumption 1, by (4) in Proposition 1,
we have

V(ty) < EZﬁfﬁfl\IA(tb)—A(f,;)IIV(tb*),
which completes the proof of this lemma. O
We are now in a position to prove Theorem 3.

Proof of Theorem 3. > For each fixed t > 0, let P(t) be the
symmetric positive definite solution of the Lyapunov equation
P(t)A(t) + AT(t)P(t) = —I. Consider the candidate Lyapunov
function V(t,x) = x"P(t)x, and let V(t) = V(t,x(t)) be the
candidate Lyapunov function evaluated along the state trajectory
x(t). By Assumption 2, within any time interval (a, b), there are
finitely many discontinuities of A(-), denoted by {d1, ds, ..., dn},
wherea =:dy < dy <dy; < --- < dy < dny1 ;= b. Consider any
sub-interval of [a, b] among [d;, di11],i = 0, 1, ..., m. Then, A(-)
has no discontinuity on (d;, d;y1). By the proof of Theorem 3.4.11
in loannou and Sun (1996), we have

_ v g1 25-1( (dit1 5
V() <e a; Py dt+2p35, (fd,- HA(t)de) V(d;L),
where V(d;, ;) and V(di+) are introduced in Lemma 3. Combining
the inequality above with the inequality in Lemma 3, we have

—1( (%41 ; N a—

V(dis) < 230 (fd,.+ JA)Ide-+ A4 1)-Ad 1) )
. e_ﬂz_l(df+1_di) v(d)).

3 A version of this proof has appeared earlier in Gao et al. (2015).

Applying inequality (12) to sub-intervals [dy, d4], [d1, d2], .. .,and
[dm, dmt1], we have

25—1( 41 5 -
V(dy) < 3 (Jig NGy 1A+ A=A I )

. e*ﬂf@lfdo)v(do),
V(dy) < eZﬂfﬂfl(f:f \|A(r)||dr+|m(dz)—A(d;)u)

. e—ﬂfl(dz—dl)v(dl)’

' 1/ dme1 s _
V() < 2P3h (a1 BACE I de+ 1A 1)~ A )

. 6*5271(dm+1*dm)v(dm)'

Combining all inequalities above and the expression of total varia-
tion in Lemma 1, we have

g~ p— 2p—1( b
V(b) < ¢ P2 0-0 2038, (/s ”dA”)V(a)
By condition (iii) in Theorem 3,

a1 2,1 -
V(b) < e By (b—ar+2p26; ([L(b a)+a)v(a)

IA

— 2B ,e*(ﬂz’lfZﬂfﬂflu)(bfa)V(a)’

where e2%3%1 '@ > 0,and By ' —2B2B; ' > 0.Hence, the Lyapunov
function decays exponentially along system solutions, which leads
to the global exponential stability of the system. O

3. Stability of switched linear systems

In this section, we will apply the generalized stability conditions
for slowly time-varying linear systems (Theorem 3) to derive two
sets of stability conditions for switched linear systems. Then, we
will compare the derived results with the existing stability condi-
tions, thereby bridging the gap between the two groups of results.

3.1. Applications of generalized stability conditions for slowly time-
varying linear systems

Suppose that we are given a family of linear systems

Xx=AxX, peP,

where x € R" is the system state, p is the index of the linear system
in the family, and P is the index set. Now consider a switched linear
system in the form of

X(t) = As(oyx(t). (13)

For each fixed t > 0, A,() is an n x n real matrix. Furthermore,
Aoty belongs to {A,, p € P}, which is the set of system matrices.
The function o : [0, c0) — P is called the switching signal. We
assume that o (-)is a piecewise constant function, which has a finite
number of discontinuities on every bounded time interval. It is also
assumed that o (+) is continuous from the right everywhere. Denote
by N, (t, t + T) the number of switches (number of discontinuities
of o(-)) over the time interval (t, t + T]. If there exist two constants
7z > 0and Ny > 0 such that

Na(t,t—i-T)SNo-i-z

Ta
then the switching signal o(-) is said to have the average dwell
time 7, (Hespanha & Morse, 1999). The switched linear system can
be viewed as a special case of linear time-varying systems, and
by Theorem 3 we have the following set of stability conditions
for switched linear systems. We use A(t) to represent the system
matrix instead of A, to be consistent with the statements in
Theorem 3.

Vt>0,T>0, (14)
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Corollary 1. The system (13) is globally exponentially stable if:

(i) Assumption 1 holds for A(-) := As(.)-
(ii) The switching signal o (-) has an average dwell time t, such that

2 3
8
Bi

2
where 1 = o and f, = &

Ta (15)

Proof. Due to the piecewise constant property of o'(-), A(-) satisfies
Assumption 2. Then, to establish the exponential stability of system
(13), we only need to show that A(-) satisfies the last condition in
Theorem 3.

Consider any time interval [t,t 4+ T], and denote by {d;, d,,
...,dn} the discontinuities of A(t) on (t,t + T], where t < d; <
dy <--- <dy <t+Tandm = N,(t, t+T).Since A(-) is piecewise
constant, ||A(-)|| remains zero on (¢, d1), (dm, t + T), and (d;, dit1)
foralli € {1,2,..., m — 1}. Moreover, by the triangle inequality,

1Ap = Agll < lIApll + [lAql = 2L V' p,qeP.

Hence, the total variation of A(-)on [t, t + T] is

t+T
/ l[dA
t

> JAd) - Al
i=1

< msup ||A, — Agll
p.qeP
< m(2L) = mp; .

By definition of average dwell time, there exists some positive
number Ny such that

T
m=N,(t,t+T)<Ng+ —.
Ta

Hence,

t+T T
/ IdAll < mB; " < (No+t—> By = uT +a,
t a

where u = iﬁfl >0anda = No,Bl_l > 0. Moreover, since
263

Ta > —/5 >
B

we have
1.1 B

= — < —.
,LL Ta /31 2/3;

Therefore, the last condition in Theorem 3 is satisfied, and the
switched linear system is globally exponentially stable. O

In a more general case where the switching signal does not
have an average dwell time, we can still apply Theorem 3 to
derive stability conditions for switched linear systems. We first use
NP(t, t 4+ T) to denote the number of transitions from subsystem
p to subsystem g during the time interval (¢, t + T]. Then, we have
the following corollary:

Corollary 2. The system (13) is globally exponentially stable if:
(i) Assumption 1 holds for A(-) := As(.).
(ii) There existscalarsa > 0and0 < u < 2% such that
2
> NPt t+T)|Ay — Agll < uT + o
p.q€P.p#q

forallt >0, T >0, where = 5 and g, = &.

Proof. It is easy to see that

t+T
D NP+ T)Ay — Agll = / IdAll,
P.qEP.p#q t
which establishes the desired result. O

3.2. Comparison with the existing stability conditions for switched
linear systems

Given a family of systems

x=fp(x), peP,
consider a general switched system
X = for)(x), (16)

where x € R" is the system state. For each fixed t > 0, fo()(-)
is a mapping from R" to R", and fo(+) € {f,, p € P}, which is
the set of subsystems. As in Section 3.1, P is the index set, and
o : [0, 00) — P is the switching signal. The definition of average
dwell time is the same as above. It is well known that if each
subsystem is globally asymptotically stable and the average dwell
time of the switching signal is large enough, then the switched
system is globally asymptotically stable. The earliest result on this
line of research has been derived in Hespanha and Morse (1999).
We recover this result in Theorem 4. Then, we compare Theorem 4
with Corollary 1 when specialized to switched linear systems.

Theorem 4 (Theorem 4 in Hespanha & Morse, 1999). The switched
system (16) is globally asymptotically stable if:

(i) There exist continuously differentiable functions V,(-) : R" —

R, p € P and two class K, functions oy and a; such that
ai([IX]1) < Vp(x) < ex(IX[) Yx €R", peP.

(ii) There exists a constant y > 0 such that
v,
T;fp(x) <—yVy(x) YxeR" pepP.

(iii) There exists a constant v > 0 such that
Vp(x) <vVy(x) VxeR", peP, geP.
(iv) The switching signal o (-) has an average dwell time t, such that
Inv
Ty > —.
v

Note that a switched linear system being globally asymptoti-
cally stable implies that it is also globally exponentially stable. We
now apply Theorem 4 to the switched linear system (13) satisfying
Assumption 1. For each subsystem matrix Ay, define V,(x) := x Pyx,
where P, is the solution to the Lyapunov equation

PyA, + APy, = —I.

By Lemma 2, we have
Ballxl? < V(%) < Ballx|I?
Therefore, we have
ar(lIxl) = B lIxI,

Furthermore,

VxeR" pep.
ar([IX1) = B2 lIx]I.

v, 5 1
—LHx) = —|x|]|° < ——V,(x) VxeR" peP.
8Xfp() xl° < 5 p(x) p
Then,

)/ZE-



116 X. Gao et al. / Automatica 96 (2018) 110-120

Moreover,
V) < Bl < ELVi() Vx <R pe g,
1
Hence,
B2
V= —.
B
By Theorem 4, the switched linear system is stable if
In
s g2 (17)
4 B1
Comparing (15) in Corollary 1 and (17),
2 3
L AP S YA 3
Bi B B B

Therefore, the set of stability conditions in terms of average dwell
time for switched linear systems (Corollary 1), which is derived
from generalized stability conditions for slowly time-varying lin-
ear systems, matches the existing result qualitatively but not quan-
titatively.

The comparison above does not imply the conservativeness of
the generalized stability conditions for slowly time-varying linear
systems. By Theorem 3, a switched linear system is stable if the
total variation of system matrix over a long time interval is small
enough. Small variation of system matrix can be achieved in two
ways: (1) The variation caused by each switch is large while the
system switches slowly enough; (2) The system switches fast while
the variation caused by each switch is small enough. The compar-
ison above is under the first scenario. However, under the second
scenario, the switching signal might not even have an average
dwell time. In that case, we cannot apply Theorem 4, but can apply
Corollary 2 to establish the stability result, as illustrated in the
following example.

Example 1. Let the constants L, «, ¢, A 2introduced in Assumption 1
be given. Then, B1 = 5. B2 Soand u = 2’3—13 are well

defined. Suppose that there exists a family of linear sysztems with
system matrices {A;|i € N} satisfying Assumption 1 with constants
L, k, ¢, A. Furthermore, assume that

1A — Aol < % VieN,. (18)
The above two assumptions can be satisfied by first choosing Ag
that satisfies Assumption 1 with strict inequalities, and then letting
A; = Ap + € with ¢; small enough.

Consider the switching signal o (-) such that during the time
interval [i — 1,1],1 € N;, Ay(,) switches 2i times between Ay and
A;, uniformly over [i — 1, i]. Then, the time between two successive
switches is 1/2i. By (18), condition (ii) in Corollary 2 is satisfied
with « = u. Hence, by Corollary 2 the switched linear system
is stable. On the other hand, the number of switches during time
interval [i — 1, i] is 2i, which is unbounded as i increases. Therefore,
there does not exist 7, > 0 and Ny > 0 such that (14) holds, which
means that the switching signal does not have an average dwell
time. Thus, we cannot apply Theorem 4 to draw any conclusions
on the stability of the switched linear system.

Although the earliest result on the stability of switched systems
(Theorem 4) is not applicable to the example above, a more recent
result along this line of research can be applied to address the
example. We state a simplified version of this result in Theorem 5
and show that it is the same as Corollary 2 when specialized to
switched linear systems with stable subsystems.

Theorem 5 (Theorem 5 in Kundu & Chatterjee, 2015). The switched
system (16) is globally asymptotically stable if:

(i) There exist continuously differentiable functions V,(-) : R" —
R, p € P and two class K, functions «y and a, such that

ar(lIx]) < Vp(x) < eo(lxll) VxeR", peP.

(ii) There exists a constant y > 0 such that
v,
ax

(iii) For any pair of p and q such that p, q € P, p # q, there exists
a constant vpq > 0 such that

frx) < —yV,(x) VYxeR", peP.

Vp(x) < vpgVy(x) VxeR™

(iv) There exists a constant n > 0 such that

Z NPt t +T)Ilnvyg < ¥yT+ 17
P.qeP.p#q

forallt = 0, T > 0, where N?(t, t + T) is the number of
transitions from subsystem p to subsystem q during (t, t + T].

Remark 3. In Kundu and Chatterjee (2015), the authors considered
a more general case and derived a set of stability conditions when
both stable and unstable subsystems are involved. In this paper,
we consider only switched linear systems with stable subsystems.
Hence, we have stated Theorem 5 for only such systems. Also, if
individual decay factors for each V,, p € P are given, instead of a
uniform factor y in condition (ii), then the inequality in condition
(iv) could be refined. However, this requires more information
about each subsystem, which is beyond the scope considered in
this paper.

We apply Theorem 5 to switched linear system (13) satisfying
Assumption 1. We choose Vj,(x) = xTpr as the Lyapunov function,
where P, is the solution to the Lyapunov equation

PpA, + APy = —I.

Then, conditions (i) and (ii) in Theorem 5 hold with «q(]|x]|) =
BillxI?, ex(lx) = Bllx|?, and y = ;. Furthermore, by
inequality (4) in Proposition 1, we have

Vy(x) < e2381 I—Aally (x).

Hence, condition (iii) in Theorem 5 holds with vy, = 26341 14 —Aall
Then, condition (iv) in Theorem 5 becomes

D NP e+ T8 1Ay — Agll < 85T+,
P.q€P.p#q

which is equivalent to
D NP(E £+ T)|Ay — Agll < f—ﬂ]g + 2%12"‘
P.GEP,p#q 2 2

The inequality above is the same as condition (ii) in Corollary 2.

Remark 4. As discussed in Section 1, Theorem 5 is an extension of
Theorem 4 in terms of average dwell-time for each transition pair.
Another extension of Theorem 4, described in Zhao et al. (2012,
Lemma 3), is in terms of average dwell-time for each subsystem.
Our results (Theorem 3) can be applied to derive a set of stability
conditions, which can be shown to match (Zhao etal., 2012 Lemma
3) specified to switched linear systems. The derivation is similar
to that when showing the equivalence between Corollary 2 and
Theorem 5 specified to switched linear systems, and hence is not
included here.
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Fig. 1. ¢(t)vs.t.

4. A numerical example

We present an example demonstrating how Theorem 3 can be
applied to a general linear time-varying system. Consider a linear
time-varying system (1) with system matrix

Alt)=A4+¢(@)I, t=0,

where

A_[-29 —004] | _T1 o0
=| o004 -321" =0 1|’
c(t)=05 sin(%(t mod 3) — 0.57).

As shown in Fig. 1, the real-valued function ¢(-) is a periodic
function with period T = 3. In addition, £(-) is continuously
differentiable everywhere except att = 3k, k = 1,2, ..., where
it has discontinuities.

Note that neither Theorem 2 nor Theorem 5 can be applied to
this case, yet we can apply Theorem 3.

The total variation of A(-) over one period [t,t + T] can be
computed as

t+T T
f ldAll = / ldA]l
t 0

T
= f IACE)lIdt + |AT) — ACT )|
0

i
/0 E(O1de + 1¢(T) — ¢ ()
2,

where the first equality holds due to the periodicity of A(-). Then,
given any interval [t, t 4+ T], the total variation of A(-) over [t, t +T]
satisfies

t+T _ T T
/ ldAll < T/T-/ IIdA||+/ [[dA|
t 0 0

= 2T+2
3
= uT +a«,

where the inequality is due to the periodicity of A(-) and the fact
that the total variatioq of A(-) over [0, T] is no less than that over
any subinterval of [0, T].

4

Fig. 2. Evolution of system states x;(t) and x,(t).

To apply Theorem 3, we need to compute the constants c, A, and
L, which are from Assumption 1 and (2). We first have

AN < AN+ 11g (Tl
AN+ 1£(8)]
Al +0.5
3.7086

=L

IAN I IA

Note that A = UAU~', where
1 0.2 -3 0
U=[o.2 1]’ A=[o —3.2]'

Therefore, we have

eIl = lue® U~ < [UIU~" e ]l = 1.5,

and

[X5]] = [|efs ey
— ”eASe{([)IS”
< e - et
< 1.5672.55
— Ce—As

The second equality above holds since Aand I commute. Based on c,

A, and L, it can be computed that 2’% = %j =0.7398 > 2/3 = .

Then, condition (iii) in Theorem 3’is satisfied. Hence, the linear
time-varying system is stable.

We select the initial conditions as x;(0) = 1.5 x 10* and
X,(0) = 2 x 10%. The evolutions of system states are shown in Fig. 2,
which are consistent with the conclusion reached by Theorem 3.
Furthermore, it can be seen from Fig. 2 that the system matrix
“jumps” att = 3.

5. Conclusions

In this paper, we have derived a set of generalized stability
conditions for slowly time-varying linear systems and applied it to
derive two sets of stability conditions for switched linear systems.
By doing so we have unified stability conditions for slowly time-
varying linear systems and stability conditions for switched linear
systems.

Several issues remain open for future research. First, there is the
need to build relationships between stability conditions for slowly
time-varying linear systems (see, e.g., Solo, 1994) and switched



118 X. Gao et al. / Automatica 96 (2018) 110-120

linear systems (see, e.g., Zhai et al., 2001; Zhao et al,, 2015) in
the case when the system matrix is unstable for some or even all
time. Second, there is the need to establish relationships between
stability conditions for nonlinear time-varying systems (see, e.g.,
Section 9.6 in Khalil (2002)) and switched nonlinear systems (see,
e.g., Kundu & Chatterjee, 2015; Miiller & Liberzon, 2012), including
the case when unstable subsystems are present. We have obtained
some preliminary results in this direction (Gao, Liberzon, & Basar,
under review). Third, one has to quantitatively improve the result
in Corollary 1 so as to better match the result in Theorem 4.
Finally, one could apply the total variation approach to study
the robustness of the exponential stability of slowly time-varying
linear systems with respect to perturbations (related works can be
found in [lchmann and Mareels (2001) and the references therein).

Appendix. Total variation of a matrix-valued function

Proof of Lemma 1. We consider the case where A(-) has one
discontinuity at d over [a, b], and a < d < b. We show that

b k
| 1t = sup Y ace) -
a PeP i1

d b
=/ ||A(t)||dt+/d lACE)||dt

+ |A) —AwWd)| .

The proof can easily be adjusted to the case where f has no discon-
tinuity or has finitely many discontinuities. We first show that

sup Z lACt:)

PeP

b
< f It + fd JAIde + |Ad) — A@)].

Given any partition P = {t; | i = 0, 1,..., k} of the interval
[a, b] (recall thata =ty < t; < --- < t = b), there exists tx € P
such that t+_; < d < t;+. Then, we have

k
> IAE) — At
i=1
i*—1

= Z IA(t) —
+ Z IAt)

i= %41
Note that

) - =| [ i

tj .
e < [ vaconar
i1
and thus we have

*—1 *—1

NORTRIEDS / A de
i=1 ti—

/ A,

Z:/|m|m

i= 41 i1

/ I dt.

ti—1)ll

— A(ti-1)ll
(A1)

A(ti—a)ll + AL+ ) — Alti—1)l

—A(ti-1)ll -

(A2)

k
> IA®)

i=i*4+1

— A(ti—1)ll

IA

Moreover,

At ) — At 1)l
|Ati) — Ad) + A(d) — A(d™)
+Md)Am1H

< |lA(tz) — A(d)|| + [|A(d) — A(d7)| (A.3)
+ [AdT) = At )|
tpx . d .
< /d IAE)l1de + [|A(d) — A(d™)]| + / IACE) | de.

tix_1q

Combining (A.2) and (A.3), we reach (A.1).
Next, we prove that

sup Z IA6) -

PeP

tl 1)”

(A4)
/HAHM+/HAHM+M —A(d)
which will complete the proof of Lemma 1.
Lete > 0 be given. By the uniform continuity of [ [|A(t)[|dt in

x on [a, d] (Fundamental Theorem of Calculus), there exists §; > 0
such that for any a, € (a, a + é;) and any d; € (d — 81, d), we have

ar d
[ vdnar] < e, | [ i < ez
a

i

which implies that

d d
|| vacnae = [ iAol
ar d .
[ vdenar + [ uacena
a |

< €/6

and hence
d . dl .
/ JAD)d < / JAO)dt + €/6. (A5)

Similarly, there exists §, > 0 such that for any d, € (d, d + §;) and
any b; € (b — 8, b), we have

b b
/d JA)d < /d JAOIdt + € /6. (A6)

On the other hand, since A(-) is continuous from the right and
has left limit at d, there exist 35 > 0, §4 > 0 such that for any
d; € (d — 83,d)and any d, € (d, d + 84), we have*

lA(d)) — A(d7)Il < €/12,  [JA(d) — A(d,)Il < €/12.
Then,
lA(d) — A(d7)|
= [|A(d) — A(d;) + A(d,) — A(d)) + A(d)) — A(d)l (A7)
< llA(d;) — A(d)]| +€/6

4 As mentioned before, limit and continuity of matrix-valued functions are de-
fined elementwise. To obtain the stated inequalities, one needs to apply the follow-
ing property of matrix norm (Golub & Loan, 2012, Eq. 2.3.8): [|A|| < +/mn max |aj],

ij

where a; is the ijth elementinA,1 <i<m,and 1 <j <n.
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We selecta, € (a,a+§1), b € (b—38,, b),d; € (d—min{é4, 53}, d),
and d;, € (d,d + min{8,, 84}) such that (A.5)-(A.7) hold. Conse-
quently, we have

d b
/ IOt + /d It + | Ad) — Ad)|

4 . by .
< f JA)dt + / VA IdE + 1A(d,) — A

ar dr

+ €/2.

We consider the interval [a,, d;]. Given any partition P; = {tsl |s=
0,1,...,k}of [a,, d], define mesh of P; as

(A8)

mesh(P;) := 1r<nsei>’§1(t; —tl ).

By the definition of Riemann integral, there exists n; > 0 such that
for any partition P1 of [a,, d;] satisfying mesh(P;) < 1y, we have

d
[ v - ZMA e - el = e/s,

which implies that

/ 1A(E)

Recall that A(+) is continuous on (a, d), and [a;, d;] < (a, d). Hence,
A(-)is uniformly continuous on [a,, d;]. That is, each element in A(-)
is uniformly continuous on [ay, d]. Denote by a;(-) the ijth element
in A(- -). Then, there exists §; > 0 such that for any x,y € [a;, d|]
satisfying |x — y| < &;, we have

lé;(x) —

k]

e < > IAEDIE — 6 ) +€/8. (A9)

s=1

a;(y)l < (A.10)

8/\/ (d[ — ar

Taking n, = i mlln 8, we have that (A.10) holds for all a;(-)
<i<m,1<j<n

given thatx, y € [a,, d;] and |x — y| < n,.

Based on n; and 7, defined above, we are able to construct a
partition Py of [a;, d] such that mesh(P;) < min{#n;, n,}. Consider
any sub-interval [tsl_l, tsl] induced by the partition Py, and any
element a,j( -) in A(-). By the Mean Value Theorem, there exists
&j € ( )such that

a(ty ) a(ty_y)

= a(&)(e) —t,_y)
aij(tsl )(tsl - tsl—l) + (aU(SU) -
Then, we have
Ath — At )= Al e =t )+ A- () —tl ),
where A is an m x n matrix whose ijth element, denoted by aj,
equals a;(&;) — a(t]). By the triangle inequality, we have

IAE]) = ACEL DI = TAEDIE — t) — 1A — ),

or equivalently

IAGEDICE, — el ) < IAE)
Furthermore,
IAIl = v/mn max [d

= Jmn H}EJ!X |ag(&;) — ag(th)]

a(tsl ))(tsl - tsl—l)'

— AL DI+ AN — el (A1)

(A12)
€

< 0.
N S(dl - ar)

The first inequality is a property of matrix norm described in foot-
note 4. The second inequality holds since |t} —&;| < [t] —t] || < &

forall1 <i<m,1 <j < n,whichimplies that (A.10) holds for all
1<i<m1<j<n Combining (A.11)and (A.12), we have

IACEOIICE! — )

< JIAE]) — At DIl + (t; —tly).

8(d; — a;)
Note that (A.12) holds for all [t] 1 t 1,s=1,...,kq, and thus the

inequality above holds for all [t, [ 1 b t1. Summmg up both sides over

s=1,...,k; and applying the factthat ) ¢! —t!, =d —a,
1<s<kq

we have

ZMA (e — el 1)<Z||A At 1)||+f

Combining the inequality above with (A.9) (which holds since
mesh(P) < 8;), we have

/ 1At ||dt<Z||A

ar

| + - (A13)

Similarly, we can construct a partition P, = {t52|s =0,1,...,k}
of [d,, b;] such that

€
/HA ||a!r<Z||At2 A DI+ 5

dr s=1

(A.14)

Based on P; and P,, we can construct a partition P of interval [a, b]
as follows:

P=1{ti=01,...,k

1 41 1 2 2 2
= {a.tg.tf, ...t 3. 67, ...t} . b}.

Combining (A.8), (A.13), and (A.14), we have

d b
/ IOt + /d JA) It + | Ad) - Ad)|

d; . by .

S/ IIA(f)IIdtJr/ lA(E)lIde + lA(dy) — Ad)Il
ar dr
+e/2

< ZHA Dl +e/4
+ ZHA 2 )l +e/4
+ ||A( ) — A +€/2

= kZ IACE)) — At )l +k22 I1A(E2) — Ae2_)Il
S: | — A + € -
kq ky

< ZHA(t:)— LI+ DA = A
Pl -al
+ [1A(tg) — A(@)ll + IIA(b) — A(t,)Il + €

= ZHA t) — Atir)ll + €

< supZnA ) — Alti-)l| + €.

PeP
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Since the above inequality holds for any ¢ > 0, we conclude the
validity of (A.4). O
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