STABILITY AND ROBUSTNESS ANALYSIS FOR SWITCHED
SYSTEMS WITH TIME-VARYING DELAYS*
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Abstract. A new technique is presented for the stability and robustness analysis of nonlinear
switched time-varying systems with uncertainties and time-varying delays. The delays are allowed
to be discontinuous (but are required to be piecewise continuous) and arbitrarily long with known
upper bounds. The technique uses an adaptation of Halanay’s inequality and a trajectory based
technique, and is used for designing switched controllers to stabilize linear time-varying systems with
time-varying delays.
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1. Introduction. Switched systems in continuous time have discrete switching
events that use a switching signal that indicates which subsystem operates at each
instant; see, e.g., [23] and [41]. They are encountered in many applications, including
communication networks; see [7, 22, 39, 44, 48]. In addition, delays are frequently
present in models describing engineering processes. The delays can be time-varying
and discontinuous, especially for control over a network, where congestion and failures
in links of the network can lead to sudden changes in the routing, causing the return
trip time to change abruptly. Here and in the sequel, we use ‘discontinuous delays’
to mean delays that are functions of time and that are not required to be continuous,
but which we will require to be piecewise continuous. See [34] for a discussion on
technical problems that arise under state dependent delays, but [34] does not address
switched systems.

Even for systems without switches, stability analysis for systems with time-
varying delays is difficult in general [1], especially when the delay is discontinuous.
Under discontinuous delays, a strategy for stability analysis consists of representing
the systems as switched systems, and then applying switched systems methods. These
facts motivated the recent works [41] and [46], where switched nonlinear systems with
lumped delays are studied, and many other contributions, such as [6] and [40]. See
also [45], for stability results for non-delayed switched systems, assuming the existence
of a stable convex combination of their subsystems.

Here we study switched systems whose switching signal only depends on time. Our
main result is in Section 2; it is a new result that is based on combining Halanay’s
inequality [15] with the main result of [28]. See Appendix A below for a discussion on
our required variant of Halanay’s inequality. A key advantage of the technique is that
it applies to broad classes of systems, including time-varying systems with switchings
and discontinuous delays. This contrasts with much of the literature, where the time-
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varying delays are assumed to be continuously differentiable or the discontinuous part
of the delay is assumed to be small in a suitable sense [10, 29, 43]. Our key assumptions
here are a limitation on the number of switchings on all intervals of a certain length,
and that the delays are bounded from above, but a key feature is that we allow the
(known) upper bounds for the delays to be arbitrarily large. Hence, our work contrasts
with other works that involve delays and switching such as [47] (which constructs a
switching rule that yields stability properties, instead of proving stability properties
for large classes of switching rules as we do here) and [41], which introduces upper
bounds on the delays that make it possible to use Lyapunov-Krasovskii functionals
(or LKFs) to prove stability properties.

We do not assume that all of the subsystems of the switched system are stable, nor
we assume that a common Lyapunov function for the subsystems is available. This
is valuable because there are several techniques for systems with common Lyapunov
functions (e.g., in [16, 27]), but, in many cases, common Lyapunov functions do
not exist, and time-varying delays preclude applying standard invariance principles.
The existence of a common strict Lyapunov function usually implies stability for any
switching signal, and we aim to establish stability results under restricted switching
signals because only this type of result makes it possible to cover time-varying systems
with time-varying delays; see Remark 2.1 below. In Section 3, we apply our main
nonlinear result from Section 2 to a crucial family of linear time-varying systems with
time-varying delays. We show that their stability can be analyzed by finding LKFs
for time-invariant systems with constant delays. We present illustrative examples
in Section 4, and we summarize the benefits of our work in Section 5. A summary
of some of this work appears in the conference paper [33], but this version adds
substantial value relative to [33] by including (i) an input-to-state stability analysis for
nonlinear perturbed delayed switched systems, including constructions of comparison
functions in the final input-to-state stability estimate, (ii) complete proofs, and (iii)
a construction of a switching signal that can reduce the number of required switches
for our application to linear time-varying systems; features (i)-(iii) were not present
in [33], which was confined to systems that do not contain uncertainties and which
only sketched its proofs.

2. Fundamental Result for Nonlinear Switched Systems.

2.1. Notation. We use the following notation and conventions. We omit argu-
ments of functions when the arguments are clear from the context. Let N = {1,2,...}
and Z>o = NU{0}. For any k and n in N, the k£ x n matrix all of whose entries are
0 will also be denoted by 0. The usual Euclidean norm of vectors, and the induced
norm of matrices, of any dimensions are denoted by |- |, and T is the identity matrix
in the dimension under consideration. The floor function is defined by Floor(z) = k
when k € Z>g is such that x € [k, k + 1), and the ceiling function is defined by
Ceiling(r) = min{l¢ € Zso : £ > r} for all » > 0. We let f(t7) denote the limit
from the left of functions at those points t in their domains at which the left limit is
defined. Given any constant 7, > 0, we let Cj, be the set of all continuous functions
¢ : [—7,0] = R™, which we call the set of all initial functions. We define Z; € Ci,
by Z¢(s) = Z(t + s) for all choices of =, s, and ¢ for which the equality is defined.
The notation C9, is used for the set of all constant initial functions. Let K be
the set of all continuous functions g : [0,+00) — [0,+00) such that g(0) = 0, g is
strictly increasing, and lims_, o g(s) = +o0o. Let KL be the set of all continuous
functions f : [0, +00) x [0, +00) — [0, +00) such that (i) for each ¢ > 0, the function

f(s) = B(s,t) is of class K and (ii) for each s > 0, the function g(¢t) = 5(s,t) is



STABILITY AND ROBUSTNESS ANALYSIS FOR SWITCHED SYSTEMS 3

nonincreasing and satisfies lim;_, o g(t) = 0, and | f|z denotes the supremum of any
real valued piecewise continuous function f on any interval Z in its domain, which can
be applied to functions f € Cj,. We assume that the initial times for our solutions are
to = 0, but analogous results can be shown for any initial times ¢y > 0. By piecewise
continuity of a function f that is defined on [0, 4+00), we mean that there is a strictly
increasing unbounded sequence s; indexed by i € Zx>( such that so = 0 and f is
continuous on [s;, s;41) for all 4, where we assume that f has finite left hand limits at
each point in its domain.

2.2. Problem Definition and Preliminary Remarks. We consider nonlinear
time-varying switched systems with piecewise continuous delays 7 : [0, +00) — [0, 7]

(1) #(t) = fow (b, 2(t), 2(t = 7(1)),6(t))

where 7, is a known delay bound, z is valued in R™, o : [0,400) — {1,...,k} is
called the switching signal, k € N and n € N are arbitrary, f; is locally Lipschitz
with respect to its second and third arguments and piecewise continuous with respect
to its other arguments for all ¢ € {1,...,k}, and the unknown piecewise continuous
bounded function ¢ : [0, +00) — RY models uncertainty (with d € N also arbitrary).
We assume that the initial functions ¢ are in Cy,. We confine our analysis to assuming
that we have time-varying piecewise continuous delays 7 : [0, +00) — [0, +00).

Let {t;} be the switching sequence for o, i.e., the times t; > 0 where o changes
to a new value, with to = 0 and o(t) = o(t;) for all t € [t;,t;41) and i. We assume
that there are constants 77 and 73 such that

(2) 0<Ti <tig1—t; <7y foralli e Z>g.

The constant 7Ty is the (minimal) dwell time, and the sequence {¢;} is called a partition
of [0,400).” See [37], and [21] for design methods that minimize dwell times to ensure
stability of delay systems. These papers develop stability results under the assumption
that inf{¢; 11 —t; : ¢ > 0} > 0 and other assumptions (usually requiring all subsystems
to be stable) [6]. In recent years, there has been a considerable effort in trying to find
the smallest allowable dwell times for a given switched system [21]; see Remark 2.3
for further background. We next state our technical assumptions; see the end of this
subsection for their motivations.

ASSUMPTION 1. There are k locally absolutely continuous functionals denoted by

V; 10, 400) x Cipy, — [0, +00) forj =1,2,...,k, real numbers aq, . .., oy, nonnegative
constants By, ..., Bk, a continuous function W : R™ — [0,400), class K functions
x1 and X2, and class Koo functions I'y, ..., Ty such that

(3) x1([9(0)]) < Vj(t, ¢) < x2(|¢loc)

hold for all ¢ € Cin, t € [0,400), and j € {1,2,...,k} and such that

(4)  Voun ) < o) Vore) (8 2t) + Bo(t) SUPseft—ry 0 W((€)) + Lo,y (16()])
holds almost everywhere along all trajectories of
L(t) = foru (tx(t), 2(t — 7(t)), 6(t))

for almost all t € [t;,tix1), all i € Z>o, and all choices of the unknown function
§:[0,+00) — R4,
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Notice for later use that the preceding assumption implies that V;(¢,z;) is an
absolutely continuous function of ¢ for each j. Notice that some of the «;’s can be
nonnegative and that no common Lyapunov function is needed; see Remark 2.1 for
related discussions.

ASSUMPTION 2. The functions V; and W from Assumption 1 admit a constant
w > 1 such that

(5) W(¢(0)) < Vi(t, ¢)
and
(6) Vi(t,¢) < uVj(t, ¢)

hold for all ¢ € Cin, alli and j in {1,...,k}, and all t € [0,+0c0).

ASSUMPTION 3. There are constants T > 1, + T2 and N(T) > 0 such that the
inequality

(7) ftt,T O‘U(Z)dg < _A(T)
holds for all t > T.

With the above notation, we can now find a constant v > 0 such that

t
(8) / Ba(s)ef: s < v
t—T

holds for all ¢ > T'. Note that v exists because a,(5) and [,(,) take only finitely many
possible values. Let N(r,t) denote the number of switching instants ¢; on [t —r,t) for
all r € (0,¢] and ¢t > 0, and define

L(r) =sup N(r,t)
>0

(which is finite, by (2)). Our final assumption is:
ASSUMPTION 4. The inequality

L(T)+1 ,—\(T EM+2_q
(9) pl (M +Le=XT) 4 b=

—L(T)-1|lvu<1

is satisfied.
The following remarks summarize notable features of the preceding assumptions.

Remark 2.1. Each «; in Assumption 1 can be positive or negative, so some sys-
tems &(t) = fi(t,z(t),z(t — 7(t)),0) for some i’s may be unstable. In this case, to
have global asymptotic stability for (1) when § = 0, the instability of the unstable
subsystems &(t) = f;(t, z(t), z(t — 7(¢)),0) should be compensated in a certain sense
by the stability of other subsystems, and times ¢ € [t — T\, ¢] when o, (p) takes positive
values must be in some sense compensated by other times £ € [t — T',t] when agy)
takes negative values in order for (7) to hold for all ¢ > T (as we illustrate in our
examples below), which is why we cannot extend our result to switchings without
restriction. Then (9) will also be satisfied when A(T') > 0 is large enough and v is
small enough, which will hold when Assumption 1 is satisfied for small enough con-
stant §;’s. Assumption 1 does not make it possible to apply Razumikhin’s theorem
or its extensions in [30] and [49] or Halanay’s inequality to prove global asymptotic
stability, because several Lyapunov functions are involved.
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Remark 2.2. When a common Lyapunov functional is available, i.e., V3 = V; for
all j € {2,...,k} and § = 0, the problem solved below can be solved using [30] and
[49]. Recall that global uniform exponential stability of a switched system does not
imply that its subsystems have a common Lyapunov function; see [23, Section 2.1.5].
Also, if a switched system is input-to-state stable (or ISS) under arbitrary switching,
then uniform (with respect to the switching signals) ISS is equivalent to the existence
of a common ISS Lyapunov function; see [26]. Using [32, Lemma A.1], we can extend
our result to cases where the «;’s and 3;’s are time varying. For simplicity, we do not
present this extension. Setting

U(ta ¢) = Vo’(t) (ta (b)a
Assumption 1 gives

(10)  U®t) < a®)U(t,z) +b(t) sup  W(z(£)) + max{T;(|6(t)]) : 1 <i < k}

Le[t—Tp,t]

almost everywhere, where a(t) = a,) and b(t) = B,@). Inequality (10) does not
make it possible to conclude as in [30], because U is discontinuous. The proof of our
main result will show that if the y;’s from Assumption 1 are quadratic functions, then
z(t) converges exponentially to zero when § = 0. The inequalities (6) in Assumption
2 are a standard assumption; see [23]. The fact that we do not assume periodicity of
the systems in time also puts our switched delay systems results outside the scope of
existing results, e.g., since the Floquet approach for eliminating the time dependencies
would not apply without periodicity.

Remark 2.3. The constant 7z in (2) is the maximal dwell time; see, e.g., significant
works such as [3, 4, 5] on linear systems. In the average dwell time case, our use of
Tz is also called the reverse dwell time condition; see, e.g., the work [17] that uses
common Lyapunov functions. See also the foundational literature [12, 18, 23, 35] for
average and minimal dwell times. Also, conditions of the form (2) are called ranged
dwell time conditions and can be relaxed in the presence of (mode-dependent) ranged
dwell time conditions; see [3] and its references. See also [9, 34] which study stability
under minimal and average dwell times in the case of switching between a family of
asymptotically stable systems; and see [8, 12, 42] for other notable works related to
finding smallest dwell times, which are not about delay systems. Other significant
works that include both delays and switches include the works [24, 25], which employ
a common Lyapunov functional approach that we do not require here, since as we
noted in the introduction, one of our objectives in this work is to cover cases where
the common Lyapunov functionals may not be available. Therefore, while works such
as [24, 25] can be applied when all of our «;’s are negative and a common Lyapunov
functional is known, our ability to cover much more general cases where some of the
subsystems can be unstable using our novel Halanay and trajectory based approaches
makes our work significantly novel and valuable.

2.3. Main Result. With the notation introduced above, and by letting p €
(0,1) denote the constant left side of (9), we next state our main result, in which the
final estimate is a special case of input-to-state stability [20] (which includes global
asymptotic stability of (1) to the origin in the special case where the perturbation
d is the zero function). The result is novel and significant, even in the special case
where § is 0, due to its use of the contractiveness condition in (9) and its allowing
discontinuous arbitrarily large 7’s and nonlinear systems.
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THEOREM 2.4. Let the system (1) satisfy Assumptions 1-4. Then the functions
and the positive constants

In(p)

B(s,0) = xi* (2 max {26 Tr, (=T =70), eT+Tb_e} eR*“*T?xg(s)> )

R,
F(r) = 2X1_1 <2max {B*,Qa*Tg > e]a*n}max{n(r) 11<i < r}) ,
j=1

(11)

1

R, = Ceiling (%) +1,

Ay = max{l,max {ozi +pbi1<i< k}}, and B, = %T@ma"i loi | T

are such that f € KL, 7 € Koo, and

(12) |2(t)] < B(2—r,0,t) +7(1

holds for allt > 0 along all solutions of (1) for all choices of the piecewise continuous
bounded function § : [0, +00) — R%.

0.4

Proof. For the sake of brevity, we use the notation

a’(t) = Qg (1), b(t) = 60(15)7 F(T) = max{l“i(r) i1 <1< k}a

(13)
and U(t, ¢) = Vy)(t, 9)

forallt > 0,7 > 0, and ¢ € Cj,. We can use Assumptions 1-2 to prove that the system
(1) is forward complete. In fact, forward completeness on [0, ¢1] follows by combining
Assumption 1 with the upper bounds W (x(¢)) < uV;(¢, z(¢)) from Assumption 2, and
applying Gronwall’s inequality to the function F(t) = sup{V;(¢,z(¢)) : £ € [0,¢],1 <
j <k} for all t € [0,t1], and then arguing inductively.

We next analyze the behavior of U along the trajectories of (1) for a fixed choice
of §. Observe that Assumption 1 implies that for each ¢ > 0, and for the unique
choices of i € Z> and r € {1,2,...,k} (depending on t) such that ¢ € [t;,t;41) and
o(t;) = r, and for any t. € [t;,t], the inequality

Vi(t, ) < eIV (L, 2y,)

(14) t
I e (B supge s gy W((0) + To(18(5)]) ) ds

is satisfied. This can be shown by first noting that for all p € [¢t;,t;41), condition (4)
from Assumption 1 gives

(15) Vo(p) < a,Volp,xp) + B, sup W(x(6)+T.(15(p)]),

L€ p—7p,p]

and then we can multiply both sides of (15) by the integrating factor e~*r?, then
move the resulting term e~ “ P, V,.(p, z,) from the right side to the left side, and
then integrate both sides over the interval [t,t] to get (14).

It follows that for all i € Z>g, all t € [t;,t;11), and all ¢, € [¢;,¢], the inequality

Ut,z) < el s®8u (e, z,.)

(16) e
+/, el alp)dp (b(s) SUPses—r,,s) W(x(€)) + Fo(s)(‘é(s)D) ds
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is satisfied. We introduce the simplifying notation

(17) £, t) = el g = ugt; 1 t;), and w(t) = sup W(z(0)).

LE[t—Tp,t]
From (16) with the choice t, = t;, and using the simplifying notation U(¢) to mean
U(t,xt), we deduce that if ¢ > 1, then

Ut) < Et:i,)U( ft d€+ft YT(6(£)])de

(18)
pE(t, YU +ft ztwﬁ (0)ae,

IA

where w#(¢) = b(£)w(£) + T(|6(¢)]), and where the last inequality follows from (6) in
Assumption 2.

Next, let t > T, ¢ > 0, and j € Z>o be such that t € [tj,t;4+1), j —1 > ¢ and
t—T € [tj_g—1,tj—q). We first consider the case where ¢ > 2; later in the proof, we
explain the changes needed to cover cases where ¢ € {0,1}. From the first inequality
n (18) (with the choice i = [ — 1, and taking the left limit ¢ — ¢,” in (18)), we deduce
that for all integers [ > 1, the inequality

(19) Utr) < E(tion, t)U (ki) + [i' E(Lt)wH(@)de

is satisfied. Consequently, using (6) in Assumption 2 and the nonnegativity of the
G;’s, we obtain

Uuity) < GU +f E(l,t)wH(0)de
GU(t;_y) < gjgj_lwt;_?)+gjf;j:;sw,tj_l)wﬁ(e)de
(20) j
H GU(t 400 < JI UG-
r=j—q+2 r=j— q+1
« 11 el D E (Lt gn)w(0)dL
r=j—q+2

where we used the fact that ¢ > 2.

By moving the left side terms in the last ¢ — 1 inequalities in (20) to the cor-
responding right sides of the last ¢ — 1 inequalities in (20), and then summing the
inequalities in (20), we obtain

uty) < ﬁ G U(t_g) + Ji7 E( ty)wt(£)de

r=j—q+1
(21) +G; [ E( 1 )wH(0)dl
J
tot I G S ety g)uwb(@)ae.
r=j—q+2

Also, using (16) with the choice t, = ¢ — T (and by letting t — ¢;_ in (16)), we
obtain

(22) Ult; ) < E(t—Ttjy) T) + [P57 E( - )wt (£)d,
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since t =T € [tj_q—1,tj—q)-
Next note that GhGns1---Gj = ,uj’hﬂé'(th_l,tj) if j > h. Hence, if ¢ > 2, then
(21) gives
U(t;) < pIE(tj—q:t DR R (AN O
+ e )t (e)de+ T (AR

Using (22) to upper bound the U(¢;_,) in (23), we conclude that if ¢ > 2, then

(23)

U(tj_) < ng(tj—qatj)g( *th q)U(t*T)
I (i grt) [P0 E( tj—g)wh (£)dl

+J,7, (e)au{uftﬁ LE(W ) wt (£)de
(24) o pat ! e -)wﬁ(e)dz}
= plEt—"T,t;)U )+ f E(l,ty)wH(0)dr

+{u g e e,tj)wﬁ(e)de
ot [, tj)wﬁ(e)de} 4 [T £t wh(e)de

which we can use to upper bound U(t; ) from (18) (with i = j) to get

Ut) < patEE—T, )+ Ji E@ O O+ [T E(E yw(0)de
05) +{,ﬁ Jimre, t)wu(é)dé—i— [T E t)wﬁ(e)de}
It [ E (L Hwh(0)de
< piteXDU(E = T) + A(t) supgeqy—p, g W(2(0)) + As(OT(|8]j0,1))
where

= [} bOEL DAL+ f,7 BOE(L, )AL
+{u2 ff."‘l bOEL,t)dl + ... + pe ff ot b(z)ew,t)dz}
et LU0 E(, Al and AL () = patt [ E(0,1)de,
by (7). Since p > 1 and ¢ < L(T'), our condition (8) on v implies that if ¢ > 2, then

At = [ pb0)eli et de+ (u—1) f,7 0,1y
+{(u —1) [ 0@ )l + .
(26) +(uq*1)ff7jq“ b(e)f:(z,t)de} +(urtl = 1) [ b(0)E W,
< ft b efé a(s)dsqy

+p—14p? =1+ . 4 ptOF 1] ﬁt_T b(0)eli a=)dsqy
WEMF2_g
e

—L(T)—l}z/
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where the last inequality also used the formula for the geometric sum. Also, A.(t) <
pDH1emaxi[edlT for all ¢ > 0. Using (26) to upper bound A(t) in (25), recalling that
p>1and ¢ < L(T'), and using Assumption 2 to upper bound supyejs_-, —7, W(z(¢)),
we conclude that if ¢ > 2, then for all ¢t > T + 7, we obtain

U(t) < /LL(T)Jrlef/\(T)U(t _ T)

27 L(T)+2 __
27) + [7" T L L(T)—1|vp  sup  U()+ AT (|6]j0,) .
Left—T1p—T,t]

where A = pt(MH1emaxi [T~ On the other hand, if ¢ = 0, then we can use (22) to
upper bound U(t;") from (18) to obtain (27) in this case as well (since the quantity
in square brackets in (27) is larger than p). Finally, if ¢ = 1, then (27) again follows,
by arguing as above except with the quantities in curly braces from (23) through (26)
removed.

Therefore, our choice of the constant p € (0,1) (which was chosen to be the left
side of (9)) and the choices wW(¢) = U({ + T + 1) give W(t) < p|w|—1—r, ¢ + d(t) for
all ¢ > 0, where

d(t) = AT(|§

0.7 +p+1])-

We can therefore use [28, Lemma 1] (which we also state in Appendix A below) with
the choice T, = T + 7, and Assumption 4 to obtain

(28) U(t) < 20T

Uljo.1.] + B-L(16]j0.¢7)

for all ¢ > T,. Also, Assumptions 1-2 and our choice of a, in (11) give

(29) FViltsw1) < av (Subgepr, g Villsze) + Tilld]0,0) )
for almost all ¢ € [t;,t;4+1) and all i € Z>o. Integrating both sides of (29) (with

i = 0(0)) over [0,¢] and then using Gronwall’s inequality gives F(t) < e T2(F(0) +
axT2I'(|0]j0,47)) for all ¢ € [0,¢;) and therefore also

(30) Ft) < T2 F(0) +a. Tz (e“‘“”’z + ea*ﬁ)r(w[o,t])

for all t € [0,t2), where
F(t) =sup{V; (£, z(£)) : £ € [0,1],1 < j < k}.
Reasoning inductively gives
R,
(31) Ft) < T F ) + T 3 e Pl
j=1
for all t € [0,tR, ), and our choice of R, in (11) gives tg, > T1 R« > Ti. Hence, for all

t € [0, T%], we have

R.
(32 xae)) < U@ < eR*a*ﬁxmn_w)+a*7'2(2eja*7’2)r<|5|m,ﬂ>,

=1
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by Assumption 1. Using the subadditivity property x;(a+b) < x:(2a) + x;(2b) of our
functions y; € Ko for all @ > 0 and b > 0 (which follows by separately considering
the cases a > b and a < b), (28) and (32) give

()] < 7! (261“%?@4*)

U|[0,T*]> +x1" (2B.T(16j0,11))

_ In(p) ¢y
(33) < Ayt (46 T2 (t T*)eR*a*TzXQ(MH_Tb’O]))
1 By jaTe \ T -1 T
G (47(2 )ma[o,ﬂ))m (2B.T(5l0.0))
]:

for all t > T, and

)] < X3t (2t X (al g 0)

(34) R. _
+x1* 2a*7'2( > e”‘l*ﬁ>r(|5|[tht])

j=1

for all ¢ € [0,T%]. The theorem now follows by choosing the maximum of the two right
sides in (33)-(34). |

3. Application to Linear Time-Varying Systems. Theorem 2.4 is valuable
because of its ability to handle arbitrarily large nonconstant delays in large classes
of nonlinear switched systems. We next apply Theorem 2.4 to a fundamental family
of linear time-varying systems with time-varying lumped delays. In the rest of this
paper, we assume that the initial functions for our systems are constant on (—oo, 0]
(but see Remark 3.6 for ways to relax this assumption). For simplicity, we do not
assume that the systems in this section have switches, but we illustrate connections
with switched systems. Throughout this section, we assume that the perturbations in
the system are 0 (in which case Theorem 2.4 gives global asymptotic stability), but
since the systems are linear, it is straightforward to extend the results to follow to
allow perturbed systems. A notable feature in this section is that we do not require our
time-varying linear systems to be periodic, so it is not possible to use Floquet theory
to reduce the problems to simpler problems for linear time invariant systems, and in
addition, the Floquet method does not in general provide an explicit transformation
that can eliminate the periodic dependence.

3.1. Problem Definition and Preliminary Remarks. In this subsection we
consider the system

(35) z(t) = A(t)x(t) + B(t)xz(t — 7(t))
where z takes values in R” for any n € N and ¢ > 0, with a constant initial function
¢ € CY . The following assumptions are in effect in this subsection:

ASSUMPTION 5. The functions A, B and T are piecewise C', and there are con-
stants ap, by, and 1, such that |A(t)| < ap, |B(t)| < by, and 7(t) < 7 hold for all
t>0.

ASSUMPTION 6. There exist an integer k € N, a switching signal o : [0,4+00) —
{1,2,...,k} whose switching instants {t;} admit positive constants T1 and Tz that
satisfy (2), a finite set {(A;, Bi, 1) 14 € {1,2,...,k}} in R™*™ x R"*™ x [0, +00), and
nonnegative constants @, b, and T such that

(36) [A(t) = Asy] T, [B(t) = Boy| b and  |7(t) = 7o) <7
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hold for allt > 0.

See Appendix D for an illustration of how such switching signals can be found to
satisfy the preceding assumption.

ASSUMPTION 7. For each i € {1,...,k}, there exist a locally absolutely continu-
ous function V; : Ciy — [0, +00), a real constant «;, and a positive constant v; such
that for all piecewise continuous functions §; : [0,+00) — R™, the time derivative of
Vi along all trajectories of

(37) 2(t) = A;z(t) + Biz(t — 1) + 6:(t)
satisfies
(38) Vi < aiVi(z) +ildi(0)°

for almost all t, where the triples (A;, B;, 7;) are from Assumption 6. Moreover, there
are constants ¥1 > 0 and Yo > 0 such that for all ¢ € Ci, and all i € {1,...,k}, we
have

(39) U1|¢(0)* < Vi(9) < Walol_,, g -

Also, the a;’s satisfy Assumption 3 with o as defined in Assumption 6. Finally, there
is a constant p > 1 such that Vi(¢) < pV;(¢) holds for all (i,5) € {1,...,m}* and for
all ¢ € Ciy.

ASSUMPTION 8. Assumption 4 is satisfied, where v is a constant that satisfies (8)

as before, and o, p, and the «;’s are defined as in Assumptions 6-7, and the 3;’s are
defined by

i [a+ b b (ap + b))
(40 - i

fori=1,2,... k.

Before stating our main result of this section, we point out several notable features
of Assumptions 5-8.

Remark 3.1. In Assumption 6, we can always choose @ = ap + max; |4;], b=
by + max; | B;| and T = 7, + max; 7;. However, these choices will not in general provide
the smallest possible values for the left side of (9) in Assumption 4. We can view
the triplets (A4;, B;, 7;) as the coefficient matrices and constant delays of linear time
invariant systems; then time varying perturbations around these systems (along with
switchings) determine the linear time-varying system (35). Therefore, stability of the
linear time invariant switched systems together with certain conditions on the bounds
defined in Assumption 6 will guarantee stability of the linear time-varying system.

Remark 3.2. Assumption 6 covers the important special case where A, B, and 7
all have some period P > 0, by choosing ¢; = iP/k and

(Ai, Bi, i) = (A(iP/k), B(iP/k), 7(iP/k))

for all i € {1,2,...,k}, in which case the system (37) is

(41) 2(t)=A (f) z(t) + B (ZZ:) z (t -7 (ZZ:)) +4;(t),
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and we take the switching signal o defined by o(t) = i for all ¢t € [{P/k, (i + 1)P/k)
and ¢ € {1,...,k}. However, Assumption 6 is much more general, e.g., because we
do not require periodicity of the coefficient matrices or periodicity of the delay, nor
do we require the ¢;’s to be evenly spaced. Even when A, B and 7 are periodic, it
is worth trying to find a switching sequence with fewer switching instants {iP/k} on
each interval, since doing so can help keep p small for given choices of u and v, where
p is the left side of (9) as before. These comments motivate Appendix B below.

Remark 3.3. For systems (37) linear matrix inequalities (LMIs) [14] make it pos-
sible to construct time-invariant quadratic LKFs. In Appendix C, we explain how
to construct LKFs to satisfy (38)-(39). We do not require the constants «; to be
non-positive. Thus, we can allow some of the systems (37) to be unstable.

Remark 3.4. Since we only require 7(t) to be piecewise C! and bounded (instead
of C1), sampling (and many other cases) can be handled. Indeed, sampling can be
represented as sawtooth shaped delay functions, whose values are 0 at the sampling
times [11]. The present set-up allows non-uniform sampling and drifts in the sampling
clocks. This further motivates our work, because controls are typically implemented
using sampled observations. While hybrid systems methods [13, 19, 36] can be spe-
cialized to sawtooth delays, hybrid systems works such as [24, 25] that cover delays
employ common Lyapunov functionals that are not needed here.

3.2. Stability of the Linear Time-Varying System. The main result of this
subsection is a stability result for the linear time-varying system (35); see Remark 3.6
for the potential benefits of our approach as compared to analyzing the time-varying
system directly. Our main result in this subsection is:

THEOREM 3.5. If the system (35) satisfies Assumptions 5-8, then it is uniformly
globally exponentially stable to 0.

Proof. For each j € {1,2,...,k}, we can rewrite (35) as

2(t) = Ajx(t) + Bzt — 1) + [A(t) — Ajlz(t) + [B(t) — Bjlz(t — 7))
+ B(t)[x(t — 7(t)) — x(t — 75)] .

Consequently, the system (35) can be represented as this system with switches:

(t) = Asma(t ) + Boyx(t — 7o) + A(t, 0(t), x¢), where
(43) (A, j, @) < H (t) Ajla(t)| + [[B(t) — Bjla(t — 75)]
O fme s 7O A@ () + B(o(C — 7(0))] de

for allt € [t;,tj+1) and j € Z>o, by extending A and B to be constant on (—oo, 0] and
recalling our assumption that throughout this section, the initial functions are also
constant on (—oo, 0]. (This assumption was needed in order to apply the Fundamental
Theorem of Calculus to get (43) for all values of ¢ > 0.)

Assumption 6 implies that

(42)

At o(t),z)] < alat )|+E|x<t—n<t)>\
0 [ L7 (o (0)] + bola(e — 7€)} e

(44) < alx(t )|+b|ﬂc( ~To))|
+ 0T (ab + bb) SUP e [t —27, —max, 7,1 |T(0)]

[@+ b+ b (ap + bb)] SUPpe(t—27, —max, .1 [2(O)] -

IN
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We deduce from Assumption 7 that

Vo (t) < agey Vo (24)

Yooy [a+D+byT(ap+by)]?
+ (t)[ \I;ti AR ] SupZG[tf?rbfmaxi Ti,t] \Ill ‘.’E(@)P

(45)

for almost all ¢ > 0. Hence, Assumptions 1-4 are satisfied by (43), with W (z) = ¥y |x|?
and § = 0. Then Theorem 2.4 allows us to conclude global uniform asymptotic
stability to 0. In fact, the proof of Theorem 2.4 (specialized to the cases where 6 = 0)
provides an exponential decay estimate on U(t,z;) = V,)(t,z¢). By using (39), we
deduce that (35) is also uniformly globally exponentially stable to 0. This completes
the proof. 0

Remark 3.6. Our analysis shows that we can replace the assumption that the
initial functions are constant on (—oo,0] by the assumption that they are constant
on [—max{7, max; 7;},0]. Some advantages of the approach in this and the next
subsection are that we do not require the delays to be C*!, and that in the special case
of C*t delays 7(t), we allow 7(¢) > 1 to hold for some choices of ¢. This has implications
for communication network applications, since for example, when packets are delivered
over a network and arrive in the wrong order, ¢ — 7(¢) can have an inverse but the
bound 7(¢) < 1 on the derivative does not hold and the delay is not continuous in
time. Moreover, our delay compensating feedback controls in the next subsection do
not contain any distributed terms that usually arise from reduction model controllers.

3.3. State Feedback Design for Linear Time-Varying Systems with In-
put Delay. In this subsection, we show how a control law with switchings (and a
piecewise constant gain) can be used to stabilize a time-varying system that need not
have switchings. Consider the system

(46) () = A(t)x(t) + Bo(t)u(t — 7(t))

under the feedback u(t — 7(t)) = K,)x(t — 7(t)), t > 0, where x takes values in R"
for any n € N, u is valued in R? for any p € N, and the initial function ¢ € C%, is
constant on (—oo, 0]. Assume:

AsSUMPTION 9. The functions A, By and T are piecewise C', and there exist
constants ay, by, and 1, such that

(47) |[A@®)] < ap, |Bo(t)| <bop, and 7(t) <
hold for all t > 0.

ASSUMPTION 10. There exist an integer k € N, a switching signal o : [0, +00) —
{1,2,...,k} whose switching instants {t;} admit positive constants T1 and Tz that
satisfy (2) for all i € Z>o, a finite set {(A;, Bo,i,7i) : ¢ € {1,2,...,k}} in R™*"™ x
R™" x [0, 4+00), and nonnegative constants @, by, and T such that

(48) |A(t) — Ag(t)| <a, |Bo(t) — BO,a(t)| < BO and |T(t) — Tg(t)| <T

hold for all t > 0.

ASSUMPTION 11. For each i € {1,...,k}, there exist a locally absolutely contin-
wous function V; : Ciyy, — [0,400), a matriz K; a real constant «;, and a positive
constant y; such that along all trajectories of
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for all piecewise continuous functions 0; : [0,400) — R™, the time derivative of V;
satisfies

(50) Vi < aiVilze) + il 0 (1)

for almost all t, where the triples (A;, By, ;) are from Assumption 10. Moreover,
there are constants ¥1 > 0 and ¥y > 0 such that for all ¢ € Cyy, and alli € {1,..., k},
we have

(51) T |6(0)[? < Vi) < Walol? ., o

Also, the «;’s satisfy Assumption 3 with o as defined in Assumption 10. Finally, there
is a constant > 1 such that Vi(¢) < uV;(¢) holds for all (i, j) € {1,...,m}* and for
all p € C2..

ASSUMPTION 12. Assumption j is satisfied, where v is a constant that satisfies
(8) as before, and o, p, and the a;’s are defined as in Assumptions 9-11, and the B;’s
defined by

~i[arbroyT(an+by)]

with b=by max |K;| and by, =b max |K;| fori=1,2,... k.
0 sefio, k}| il LR L k}| il f

We can now prove:
THEOREM 3.7. If the system (406) satisfies Assumptions 9-12, then (/6) in closed
loop with the control law

(53) u(t —7(t)) = Koyt — (1))

is uniformly globally exponentially stabilized to 0.
Proof. The closed loop system is

(54) z(t) = A(t)x(t) + B(t)z(t — 7(t))

with B(t) = Bo(t)Ky(). Let B; = By;K; fori=1,2,... k. Then

(55) [B(t) = B 1)l = |Bo(t) Ko () — Bo,o(ty Koy < [Bo(t) = Bo,o) 1Ko )l -
From Assumption 10, it follows that

56 B(t) — By»y| <by max |K;|.

(56) B~ Bagy] <o max, ||

Also, using Assumption 9, we can prove that |B(t)| < bopmaxjeqi,... xy |K;| for all
t > 0. One can now check that Assumptions 9-12 imply that the system (54) satisfies
Assumptions 5-8. Then Theorem 3.5 allows us to conclude. 0

A key feature that makes the preceding result useful is the design of the feedback
gains K;, once the sequence {(A;, By, 7;)} of triples is fixed.

Remark 3.8. At each time t > 0, Theorem 3.7 says to utilize the control value
u(t — 7(t)) from (53) in the system (46). This control value is computed at each time
t > 0 in terms of (i) the past value of the state vector x at time ¢ — 7(¢) and (ii) the
current value o(t) of the switching signal, which is used to determine the choice of
the gain matrix K, in (53). Hence, at each time ¢ > 0, no future knowledge of the
switching signal is needed to compute the control.
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4. Examples. While our work requires several assumptions, we can provide gen-
eral constructive conditions where the required Lyapunov functions or functionals are
being constructed. For instance, if Assumptions 1-4 are satisfied except with the de-
lay bound 73 replaced by 7, = 0 for some functions V; and with 7" > 75, then we
can impose standard growth conditions on the dynamics to satisfy the assumptions
for small enough 7, > 0. This can be done by transforming each of the V;’s into a
Lyapunov-Krasovskii functional. See earlier work [31] where analogous transforma-
tions were done in the absence of switching for the special case where the a;’s are
negative, but similar reasoning applies in our more general case where the systems
have switching and where some of the «;’s can be nonnegative. See also Appendix C
below for general Lyapunov constructions. The following examples illustrate how to
satisfy our assumptions.

4.1. Periodic System. Consider the switched linear system

(57) #(t) = Agpyx(t) + Ba(t — 7(t))
with z valued in R?, 7 valued in [0, 73] for any bound 7, > 0,

-2 -1 b b
(58) Ay =1, A2:|:_1 _2]7andB:{b b}

with b > 0 being a constant, and o : [0,4+00) — {1, 2} being periodic of some period
P > 0 and defined by o(t) = 1 when ¢ € [0,P/2) and o(t) = 2 when ¢t € [P/2,P).
Assume that P > 27,/3. We provide conditions (on b and P) ensuring that the origin
of (57) is uniformly globally asymptotically stable.

We use the positive definite quadratic functions V;(x) = v/3|z|?/2 and Vi(x) =
22 + 2129 + 3. Then for all t € [iP, g + iP) and integers i € Zx>(, we have

(59) (1) < -2Vi(2() + 46 sup Vi(e(0))

LE[t—Tp,t]
and when t € [277 + g, P+ 73) and i € Z>q, we instead have
(60) Va(t) < —2Va(x(t)) + (4v3)b sup  Vi(x(0)),
¢

E[t—Tp,t]
along all solutions of (57), where we used the triangle inequality to get the coeflicients
of b in (59)-(60). Also, Va(x) < v/3Vi(x) and Vi(z) < v3Va(z) hold for all 2 € R
Then, with our notation from Assumptions 1-2, we can choose W = Vi, Ty = P/2,
any constant T; € (0,P/2), u = V3, a1 = =2, ag = =2, B1 = 4b, and S = (44/3)b.
Also, choosing T' = 2P, our assumption that P > 27,/3 gives T = P/2 + 3P/2 >
P/2+ 1, = T2 + 7, and we also have

[ ao@dt = —2T = —4P

for all ¢ > T. Thus, Assumption 3 also holds, with A(T) = 4P, so Assumptions 1-3
are satisfied. Also, we can choose v = (2v/3)b(1 — e~*7). Moreover, L(2P) = 4.
From (9) and Theorem 2.4, we deduce that if

=93P 4 [ 2~ 5| 6b (1- e *P) < 1,

then (57) is uniformly globally asymptotically stable to 0. Roughly speaking, the
system (57) is uniformly globally asymptotically stable to 0 if P is large enough and
b is sufficiently small.

PE@+1=NT) [&T*l — L(T) — 1} Vi
(61)
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4.2. Switched State Feedback Design for a Non-Periodic System. We
apply Theorem 3.7 to the linear system

(62) &(t) = A(t)x(t) + Bou(t — 7(t))

with a time-varying delay 7, where By = [0 1], 7 is defined on intervals of the form
[iP, (i + 1)P) for all integers i« > 0 by (a) 7(t) = 75 if t € [iP, (i + ¢;)P) and (b)
T(t) =7 if t € [(i + ¢;)P, (i + 1)P) where 75 € [0,1/12] and 7, € (1/12,P] and P > 0
are all given constants and the constants ¢; admit constants ¢ > 0 and g € (0,1) such
that ¢ < ¢; < ¢ for all i, and where the function A : [0, +00) — R?*2 is defined by

A(t) = { _01 8 } for all t € [iP, (i + ¢;)P) and i > 0

(63) . 9

and A(t) = [ 4

} for allt € [(i 4+ ¢;)P, (i + 1)P) and i > 0.

Step 1. We choose the switching times to; = jP and tg;41 = q;P+jP for all j >
0, and define o by o(t) = 1 when t € [ty;,t2j41) and o(t) = 2 when t € [taj11,t(j41))
for all j € Z>o. Set A,y = A(t) for all t > 0. We select u(t —7(t)) = Kopyz(t—7(t)),
with

(64) Ki=[0 —e™] and K, =0.

The eigenvalues of Ay + BoK; are {—1,—e "=}, and those of Ay + ByKy = Ay are
+4/3i, so the feedback system corresponding to the mode o(t) = 2 is not asymptoti-
cally stable to 0 when the delay is 0.

Step 2. We study properties of the subsystem

Z.l (t) = —21 (t) + 511(t)

(65)
Zg(t) = —e_TSzg(t — TS) + (512(t)
for the mode o(t) = 1, where §; = (011, d12); see (49). Set

5(22,t) = ftt—rs eQ(m—t)Z%(m)dm + 622(t)7

(66) :
where Z(t) = z(t) — [,__ €™ "zo(m)dm.
Along all solutions of (65), we have

$() = —2f, R (m)dm + () et - 7)
+12Z(t)(012(t) — Z(t)) .

(67)

We can use Young’s and then Jensen’s inequalities to get

2(t) = {Z(t)—l—f:_n e’"_tZQ(m)dm}2
(68) < %(i@ em_tzQ(m)dm) +322(1)
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since (a + b)? < 1.5a% + 3b% holds for all @ > 0 and b > 0. Using (68) to upper bound
23(t) in (67) gives

(69) S(t) < — f:ﬁﬁ e2m=t22(m)dm — 92%(t) + 12{Z(t)} {012(1)} ,

since 7, < 2/3. By applying the triangle inequality ab < 0.5(a? + b?) where a and b
are the terms in curly braces in (69), it follows that the time derivative of Vi (z;) =
S(z2.4) + 323 (t) along all solutions of (65) satisfies

Vi(t) < =323 — [1_ e2"022(m)dm + 6]6, ()| — 32%(t)

(70)
< —iVilz) +6161(8)2,

since 621 (t)d11(t) < 323(t) + 36%,(¢) holds for all t > 0.
Step 3. We study properties of the subsystem
(71) 21 = 21 + 222 + 021, 22 = —221 — 22 + 22,

corresponding to the switching mode o(t) = 2, using the functions Uy (2) = 2% + 23 +
2129 and

(72) Us(z) = Ur(2(t)) + % [, 2 (m)dm.

Along all solutions of (71), we have Uy (t) < L23(£)+{221(t) +22(t) } {021 (1)} +{222(t) +
z1(t)}{é22(t)}. By applying Young’s mequahty ab < 0.25a% + b? twice (with a and b
being the corresponding terms in curly braces), we obtain Us(t) < 2Us(z) + |82(t)?
along all solutions of (71).

Also, our choice of V; and the Cauchy and Holder inequalities give

Vi) < fL. 62<m—t>z2(m)dm+3zf(t)

_ +12[ + (e )dmﬂ

(73) < [ 2Bm dm+3z1()+12z§(t)
+12f 2 =Vdm [ 23(m)dm
< 7ft . dm—|—3zl()+1222(t).

Here and in the sequel, the inequalities and equalities are for all ¢ > 0. Also, using
the fact that the triangle inequality also gives

t . 2
(74) —22(t) [,_, €™ tza(m)dm > —1323( (ft e )dm) )

we can use our bound 75 < 1/12 to obtain

Vi(z) = j;t_TS e2(m=1) 22 (m)dm + 323(t)
2
+6 [ {ft . € m)dm} — 229(1) ttiTS ethQ(m)dm]
> 3—2 tthS e2(m=) 22 (m)dm + 323(t) + %z%(t)

> B 6ft - 2 (m)dm + 2(23(t) + 23(1)),
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by applying Jensen’s inequality to the integral in curly braces, after using (74). We
deduce that
Us(z) < 322+ 23) + 5 [, 23(m)dm < TVi(z).

t—Ts

Also, (73) gives
(75) Vi(z) < 71 23(m)dm +1223(t) + 1223(t) < 24Ua(21) .

Choose V5 = 2U,. Then Vi (z:) < uVa(z) and Va(z) < puVi(z) hold for all ¢ > 0 with
the choice pu = 12.

Step 4. We choose T' = 2P. With the notation of Section 3.3, we can choose
a=0,b=0 T =max{q1—¢}P, 7=0,6 =6 =0,v=0, a; = —3, and
as = 2. We have T = 2P > P+ 1, > To + 1. We deduce that we can take
MT) = 2gP —2(1—¢q)P = 1qT — (1 - ¢)T. In addition, notice that L(T) = 4. Then,
V1 and Vs satisfy (39) for suitable constants ¥; > 0 and Wy > 0.

From Assumption 4, we deduce from Theorem 3.7 that the following is a sufficient

condition for global asymptotic stability: (12)° < e[%ﬁ_l]T, which is equivalent to
(76) 2012 + 4 <,

since T' = 2P. The inequality (76) agrees with our intuition that the interval where
(62) is unstable should be sufficiently small and the switchings should not be too
frequent.

5. Conclusions. We presented a new technique making it possible to establish
the input-to-state stability of switched time-varying systems with time-varying delays
and uncertainties. We used the result for switched controller design for the stability
of a class of linear time-varying systems. Our technique used a novel trajectory based
approach. It applies to a wide family of systems for which no other technique of
stability analysis was available in the literature. When applied to time-varying lin-
ear systems, our result only requires the construction of simple Lyapunov-Krasovskii
functionals. Control designs under suitable optimality properties will be subjects of
future works.

Appendix A: Key Lemma and Discussion on Halanay Inequality. We
restate [28, Lemma 1] which we used in our proof of Theorem 2.4. For a proof of this
lemma, see [28].

Lemma Al. Let T* > 0 be a constant. Let a piecewise continuous function
W [-T*,400) — [0, +00) admit a sequence of real numbers v; and positive constants
7, and Ty such that vg = 0, v;4; — v; € [U4,Up) for all ¢ > 0, W is continuous on each
interval [v;,v;41) for all ¢ > 0, and w(v; ) exists and is finite for each ¢ € Z>(. Let
d : [0,+00) — [0,+00) be any piecewise continuous function, and assume that there
is a constant p € (0, 1) such that w(t) < p|w|—7- 4 + d(t) holds for all £ > 0. Then

— — In(p)
(A1) (1) < ] 1,0 7" + 2zl

holds for all ¢ > 0. (]

The preceding lemma can be viewed as a variant of the following lemma whose
conclusion is referred to as Halanay’s inequality [2, 15]:
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Lemma A2. Consider a positive valued continuous real valued function z(t) that
admits real values ¢y, D, a, and b such that ¢ > b > 0 and D > 0 and such that
#(t) < —ax(t) + bmax{z(t + ) : —D < r < 0} holds for all ¢t > t;. Then there exists
a constant y > 0 such that z(t) < max{z(to +7): =D < r < 0}e~7(=%) holds for all
t > 1p. U

Lemma Al can be viewed as a perturbed discrete time version of Lemma A2,
since in place of having a decay condition on z(¢) in terms of 4(t) with an overshoot
term, we use the constant p € (0, 1).

Appendix B: Construction of a Special Switching Signal.

When we adopt the technique from Section 3, it is useful to minimize the number
of switching instants associated with the function o; see Remark 3.2. This motivates
the construction of the switching signal ¢ in this appendix. For the sake of simplicity,
we consider the case where only A is time-varying, but a generalization to the case
where A, B and 7 are all time-varying is straightforward. Again for simplicity, A is
assumed to be C'! on [0, 4+00); we could have taken A to be C! on any finite length
interval [T}, T5) with 77 > 0, and the arguments would be valid to construct a special
switching signal on this interval. Then, by concatenating consecutive intervals, we
could construct the special switching sequence on [0, +00). We prove the following,
where choosing A larger reduces the number of switches on any fixed length interval:

Lemma A2. Let A : [0,+00) — R™ ™ be bounded and C! and admit a constant
d, > 0 such that sup,~q|A(t)| < ds. Then for each constant A > 0, we can find a
constant k, € N, constant matrices 4; € R™*™ for i = 1,2,...,kq, and a switching
signal o : [0, +00) — {1,2,..., ks } whose switching times {¢;} are such that condition
(2) holds with 71 = A/d, and T2 = 2t; and such that sup,> |A(t) — Ay < 2A.

Proof. Let ap be a constant such that |A(t)] < ap for all ¢ > 0. Let A > 0
be any constant. The boundedness of A implies the following: Fact: There are
k., € N constant matrices A; € R"*™ for i = 1,..., k, such that for each ¢ € [0, +0c0),
there is an [ € Sy, (depending on t) with S, = {1, ..., ke } such that the inequality
|A(t) — A;] < A holds.

For what follows, we can assume that there is no j € S, such that there is an
instant ¢, > 0 such that |A(t) — A;| < 2A holds for all ¢ > ¢.. Indeed, this case is not
interesting and trivial (because if such a j existed, then we can choose the switching
times ¢; that we construct in what follows to be periodic on [t.,+00)). Next, let us
define a strictly increasing sequence {s;} of nonnegative real numbers as follows.

1) Let so = 0. The fact above implies that there is iy € Sy, such that |A(sg) —
Ai0| < A.

2) Let s; > 0 be such that, for all t € [sg, s1), |A(t)—Ai,| < 2A and |A(s1)— A, | =
2A. Then, the fact above implies that there is i; € Sk, such that |A(s1) — Ai, | < A.

3) We proceed by induction. Induction assumption: we assume we have sg, s,
vy S, and I > 0 with 0 =59 < 81 < ... < sy and ig € S, ..., @1 € Sk, such that for
all m € {1,...,1}, we have |A(sp,) — 4;,,_,| = 2A and |A(s;,) — Ai,, | < A; and for all
t € [Sm—1,5m), we have |A(t) — A, _,| < 2A.

4) According to our induction assumption, |A(s;) — A;,| < A. Therefore there is
Si41 > sy such that, for all t € [s;, s141), |A(t) — 44| < 2A and |A(si41) — 4;,| = 2A.
Let ij41 € Sk, be such that |A(s;41) — Aj,,| < A. The induction assumption is
satisfied at the step 7 + 1.

Let o be defined by o(t) = i, when t € [sy, Sm+1). Then for all ¢ > 0, the
inequality |A(t) — Ay )| < 2A is satisfied. We next show that 71 < s;41 — s; for all
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i € N; later we transform the sequence {s;} into a new sequence {t;} that satisfies all
of our requirements. For all m € N, we can use the triangle inequality to obtain

[A(sm—1) = A(sm)| = [Alsm—1) = Ai,,_, + Aiimy — Alsm)|

(A.2)
> _|A(8m—1) - Ainzfl‘ + |A7;m71 - A(Sm)l :

Also, for all ¢ € N, we have |A(sq) — A;,_,| = 2A and [A(sq) — A, | < A. We deduce
that

(A3) —|A(sm—1) = Ai,, [ +1Ai,_, —Alsm)| = 2A = [A(sin—1) — Ai,, |
> 2A - A

Combining (A.2) and (A.3), and recalling our choice of d,, we obtain d (8, —Sm—1) >
|A(Sm—1) — A(sm)| > A. Therefore, A < dg(Sm — Sm—1) for all m € N,

If there is no constant 75 > 0 such that s;11 — s; < Ts for all ¢ € N, then we can
replace the sequence {s;} that we constructed above by a new sequence {¢;} which
is composed of the s;’s and additional switching times that are introduced to get a
sufficiently large constant 75 > 0 such that 7; < ;41 —¢; < 75 holds for all ¢ € Z>.
We can construct the ¢;’s as follows. We choose tg = 0 and t; = s;, and we set
L; = Floor((s; — s;—1)/s1) for all integers ¢ > 2. If Lo € {0,1}, then we choose
ts = s92, and so we do not introduce any new switching instants on [0, s2]. On the
other hand, if Lo > 2, then we introduce the switching times ¢;,1 = s1 4 js; for
7 =1,2,...,Ls— 1, and we set {,,11 = s2. By the definition of the floor function,
we have t; € (s1,s92) forall j € {2,3,..., L2} and so — Las1 € [s1,251], so all of the
switching times t; on [0, so] will satisfy T; < t;11 —¢; < 2s1. We continue in the same
way, by introducing the switching times s,_; + js; for j = 1,2,...,£, —1 on the
interval (sp_1,s,) if p > 2 is such that £, > 2, but not introducing any switching
times in the interval (sp_1, sp) for integers p > 2 for which £, € {0,1}. Since s1 > T,
this produces a sequence t; such that 77 < t; — t;_1 < 2sy for all integers i > 1 and
completes the proof. ]

Appendix C: Technical Result.

One can construct LKFs such that (38) and (39) are satisfied. We illustrate the
key steps in one such construction using an example involving two systems, but this
can be directly extended to any arbitrary number of systems. In what follows, 77
plays the role of the constant p appearing in Assumption 2.

Lemma A3. Consider the systems
(A.4) X(t) = A X (t) + Ay X (t — T,) and Z(t) = B, Z(t) + By Z(t — T})

where X and Z are valued in R™ for any dimension n, and A,, Ay, B, and B, are
constant matrices, and where T}, and T, are any nonnegative values. Assume that the
systems admit LKF's of the form

Qu(Xy) = X(O)TPuX(t) + [ Oalt — O)X(0)T R X(¢)d0 and

(A.5)
Qu(Ze) = Z() T PZ(t) + [, 0u(t — O Z(O)T Ry Z(£)de

respectively, where P, € R"*" P, € R"*" R, € R"*™ and R, € R"*" are symmetric
positive definite matrices, and where 6, and 6, are bounded, continuous, and non-
negative valued functions, such that their time derivatives along the corresponding
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systems in (A.4) satisfy
(A.6) Qa(t) < —|X(®)]* and Qu(t) < —|Z(1)],

respectively. Then the functionals

QX)) = Qu(Xy) + L [ e "X ()2l and

(A.7)

Qi(Z0) = Qu(Z0) + 5 ;g e~ 120l
admit positive constants r; > 0 for ¢ = 1,2,...,7 such that
(A8) Qa(t) < —mQu(Xy) and Q(t) < —1nQ}(Z:)

hold along all solutions of the corresponding systems, and such that

13]6(0)[* < Qi(¢) < masupye(_m, o1 [6()]?,

(A.9)
1516(0)[* < Q3 (#) < 6 supse(—, 01 [P(0)]?,

and

(A.10) Qa(¢) <mQp(¢) and Q4 (d) < n7Qy ()

hold for all ¢ € Cyy,.

Proof. The inequalities (A.9) are consequences of the definitions of @, and Qp.
Simple calculations give

sk 1 7t+f 2
a %0 < -4IX0 A (P
Qp(t) < —31Z@)° = 3 [i_q, e HIZ(O)2dL .
We easily deduce that (A.8) and (A.10) can be satisfied. d

Appendix D: Switching Signals that Satisfy Assumption 6. Let f :
[0, +00) — [f, f) and g : [0,4+00) — [g,7) be globally Lipschitz functions having cy
and ¢4 as positive global Lipschitz constants respectively. Let € > 0 be a real number.
We present a systematic way to find vectors V; € R? and a switching function o so
that F(t) = (f(t),g(t))" satisfies |F(t) — V)| < € for all t > 0.

First step. Let s € N and let v > 0 be values to be selected later. For each
ke{l,..,s}, weset fr = f+k(f—f)/s and g = g+ k(g — g)/s. Consider the
set &= {(fr,q)" :k€{0,...,s =1}, 1 € {0,...,s — 1}} of s? elements in &, which we
write as € = {V4, ..., V2 }. We define the sequence t; = iv for all i € Z>.

Second step. For all i > 0, there exists a pair (a,b) € {0,...,s—1} x{0,...,s—1}
such that (f(¢;),9(t:)) € [fa, fat1) X[9b, gp+1) and if (¢, d) € {0, ...,s—1} x{0,...,s—1}
is different from (a,b) then (f(t;),g(t:)) € [fes fer1) X [fd, fa+1). We now define o :
[0,4+00) — [0, +00) as follows: (i) For all ¢t € [t;,t;41), we set o(t) = o(t;). (ii) Choose
o(t;) such that the choice V, 1,y = (fa, gp) ", where (a,b) € {0,...,s—1} x {0, ..., s — 1},
is such that

(A.12) (f(ti),9(t:i)) € [far far1) X [9bs Gor1)-
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Third step. Let ¢ € [0,+00). Then there is ¢ € N such that ¢ € [t;,t;11). Then,
from the definition of o, it follows that F(t) — V) = F(t) = Vo) = F(ti) — Vo) +
F(t) — F(t;). Consequently, (A.12) gives

IA

[F(t) = Vo [ F(ti) = Vol + |F(t) = F(L)]

LG =02+ @— g2+ |F(t) - Fita)l

(A.13)

IN

Since f and g have the global Lipschitz constants c; and c, respectively, we deduce

that
LW =2+ G-g2+t-t)\ 3+
< LJF-0P+@-gr g+

Fourth step. Choosing s and v such that 2|[(f — f,§ — g)] < s and v <
€/(2|(cy,cq)|) then gives

(A14) i a-grnfara < e

Thus [F(t) — Vo)l < € for all £ > 0. We can extend this result to matrices of any
dimension, by applying analogous arguments to each matrix entry, which provides
switching signals that satisfy Assumption 6.

[F(t) = Vo

IN
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