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Abstract. Input-to-state stability (ISS) of a class of differential inclusions is proved. Every
system in the class is of Lur’e type: a feedback interconnection of a linear system and a set-valued
nonlinearity. Applications of the ISS results, in the context of feedback interconnections with a
hysteresis operator or a quantization operator in the feedback path, are developed.

Key words. absolute stability, circle criterion, differential inclusions, input-to-state stability,
hysteresis, nonlinear systems, quantization

AMS subject classifications. 34A60, 34C55, 34D05, 47J40, 93C10, 93D05, 93D10

DOI. 10.1137/070711323

1. Introduction. Classical absolute stability theory, with origins in [18], is con-
cerned with the analysis of systems of Lur’e type, that is, feedback interconnections
of the form shown in Figure 1.1, consisting of a linear system L in the forward path
and a static sector-bounded nonlinearity f in the (negative) feedback path. The
methodology seeks to conclude stability of the overall system through the interplay
or reciprocation of inherent frequency-domain properties of the linear component L
and sector data for the nonlinearity f. Accounts of the classical theory can be found
in, e.g., [7, 10, 13, 19, 21, 23]. The present paper adopts a similar standpoint but
differs from the classical framework in three fundamental aspects: (i) in contrast with
the literature, wherein the focus is on global asymptotic stability and L? or L™ sta-
bility, input-to-state stability (ISS) issues are addressed here; (ii) nonlinearities of
considerably greater generality are permitted in the feedback path; (iii) the sector
conditions of the classical theory are significantly weakened. With reference to (i),
conditions on the linear and nonlinear components are identified under which ISS of
the interconnection is guaranteed. With reference to (ii), a framework is developed
of sufficient generality to encompass not only static nonlinearities but also causal
operators (and hysteresis, in particular) and quantization operators in the feedback
path. With reference to (iii), through the concept of a generalized sector condition,
the investigation is extended to include nonlinearities which satisfy a sector condition
only in the complement of a compact set: a theory is developed pertaining to ISS with
bias. We proceed to outline these features more precisely.

With reference to Figure 1.2, the focus of the paper is a study of absolute stability,
ISS, and boundedness properties of a feedback interconnection of a finite-dimensional,
linear, m-input, m-output system (A, B, C') and a set-valued nonlinearity ®. Through-
out, we assume that A is a set-valued map in which input or disturbance signals are
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Fic. 1.1. Classical feedback interconnection.
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Fi1G. 1.2. Interconnection of a linear system (A, B,C) and a set-valued nonlinearity ®.

embedded. We seek an analytical framework of sufficient generality to encompass
inter alia feedback systems with causal operators (and, in particular, hysteresis op-
erators) in the feedback loop. To illustrate this, let F' be a causal operator from
dom(F) C L (Ry,R™) to L{ (Ry,R™), where Ry := [0,00) and consider the feed-

back system (structurally of Lur’e type), with input d € L2 (R4, R™), given by the
functional differential equation

(1.1) i(t) = Az(t) + B(d(t) — (F(Cx))(t)).
By causality of F'; we mean that, for all y, 2 € dom(F') and all a > 0,

Ylo,a] = 2l0,0) = FW)lj0,a] = F(2)l[0,a)-

To associate (1.1) with the structure of Figure 1.2, assume that F' can be embedded
in a set-valued map ® in the sense that

yedom(F) = (F(y))(t) € ®(y(t)) for a.e. t € Ry.

If the input d is such that d(t) € A(t) for almost all ¢, then any solution of (1.1)
is a fortiori a solution of the feedback interconnection in Figure 1.2. In this sense,
properties of solutions of the feedback interconnection are inherited by solutions of
(1.1). Under particular regularity assumptions on A and ®, generalized sector condi-
tions on @, and positive-real conditions related to the linear component (4, B, C), we
establish ISS (in the sense of [20] but extended to differential inclusions) and bound-
edness properties of solutions of the system in Figure 1.2. The approach is partially
based on that of Arcak & Teel [1]. In particular, some of the arguments adopted
in the proof of Lemma 5.1 of the present paper are generalizations, to a differential
inclusions setting, of arguments in [1]. The paper is structured as follows. In section
2, we make precise the nature of the maps ® and A and state an existence theorem
which underpins the stability analysis of the differential inclusion formulation implicit
in Figure 1.2. The main results, Theorems 3.4 and 3.5 (and Corollaries 3.6 and 3.7),
are assembled in section 3. For clarity of presentation, the proof of Theorem 3.4 (re-
spectively, Theorem 3.5) is presented separately in section 4 (respectively, section 5).
In section 6, the results in Theorem 3.4/Corollary 3.6 are applied in the context of
single-input, single-output feedback interconnections with a hysteresis operator F' in
the feedback loop. New absolute stability and boundedness results are obtained for
Lur’e systems with Preisach hysteresis (see, e.g., [3, 9, 12, 16, 17] for earlier stability
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DIFFERENTIAL INCLUSIONS: INPUT-TO-STATE STABILITY 1033

results for hysteretic feedback systems). In the final section, quantized feedback sys-
tems are considered: these constitute an area of growing importance (see, e.g., [4, 8] in
a linear systems context). Specifically, in section 7, nonlinear feedback systems with
uniform output quantization (parameterized by v > 0) are investigated. Through
an application of Theorem 3.5/Corollary 3.7, we establish robustness with respect to
quantization in the following sense: if, in the absence of quantization (v = 0), the
feedback system is ISS, then, in the presence of quantization (v > 0), the feedback
system is ISS with bias and is such that the unbiased ISS property of the unquantized
system is “approached” as v | 0.

Notation and terminology. The open right-half complex plane is denoted by
C4. For nonempty S C R™, we define |S| := sup{||s||| s € S}. If H is a proper
real-rational matrix of format m x m, then we say that H is positive real if

H(s)+ H*(s) >0, VseCy, snotapoleof H,
where H*(s) := (H(s))*. Moreover, if H € H>® := H>®(C,,C™*™) (and so H does

not have any poles in C ), then
[H || = sup,ec, [[H(s)],

where ||H(s)|| is the matrix norm induced by the 2-norm on C™. Let K denote the
set of all continuous and strictly increasing functions f : Ry — Ry, with f(0) = 0.
We say that a function f is in Ko if f € K and f(s) — oo as s — oo. Finally, L
denotes the class of all continuous functions f : RZ — Ry such that, for each r € R,
the function s — f(r,s) is in K and, for each s € Ry, the function r — f(r,s) is
nonincreasing with f(r,s) — 0 as r — oo.

2. Set-valued nonlinearities and differential inclusions. A set-valued map
y — ®(y) C R™, with nonempty values and defined on R™, is said to be upper
semicontinuous at y € R™ if, for every open set U containing ®(y), there exists an
open neighborhood Y of y such that ®(Y) := U,cy ®(2) C U; the map @ is said to
be upper semicontinuous if it is upper semicontinuous at every y € R™. The set of
upper semicontinuous compact—convex-valued maps

®:R™ — {S C R™| S nonempty, compact, and convex}

is denoted by U. Let A : R, — {S C R™|S # 0} be a set-valued map. The map A
is said to be measurable if the preimage A=Y(U) := {t € Ry, | A(t) N U # 0} of every
open set U C R™ is Lebesgue measurable; A is said to be locally essentially bounded
if A is measurable and the function ¢ — |A(¢)| is in L2 (R4). The set of all locally
essentially bounded set-valued maps Ry — {S C R™|S # 0} is denoted by B. For
A € B, I C Ry an interval, and 1 < p < oo, the LP-norm of the restriction of the
function ¢ — [A(t)| to the interval I is denoted by ||Al|z»(r). For later use, we record
a technicality.
LEMMA 2.1. Assume that ® € U, ®(0) = {0}, and there exists ¢ € Koo, with

e(lyDllyll < (y,v) Yved(y) VyeR™
Then there exists P € Koo such that
[vll <(lyl) Vved(y) VyeR™.

Proof. By upper semicontinuity of ® and compactness of its values, for every
compact set K C R™, the set ®(K) is compact (see, for example, [2, Proposition 3,
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1034 B. JAYAWARDHANA, H. LOGEMANN, AND E. P. RYAN

p. 42]), and so the function s — 9 (s) := max{||v|| |v € ®(y), |ly|]| < s} is well defined
and nondecreasing on R, with 1(0) = 0. Clearly, ¢(s) < 1(s) V s € Ry, and so
Po(s) — 0o as s — 00. Let 9 € Ko be such that ¢(s) > 9o(s) V s € Ry, for example,
the function ¢ € Ko given by

2s
P(0):=0, ¢(s):=- Yo(o)doe Vs>0
suffices. d
The feedback system shown in Figure 1.2 corresponds to the initial-value problem

(2.1)  @(t) — Az(t) € B(A®t) — d(Cx(t))), «(0)=2" € R", A€ B,

where A € R™*", B € R"™*™_ (C € R™*" and ® € Y. By a solution of (2.1), we mean
an absolutely continuous function z : [0,w) — R", 0 < w < oo, such that z(0) = 2°
and the differential inclusion in (2.1) is satisfied almost everywhere on [0, w); a solution
is maximal if it has no proper right extension that is also a solution; a solution is global
if it exists on [0, 00). Before developing a stability theory for systems of the form (2.1),
we briefly digress to record an existence result.

LEMMA 2.2. Let ® € U. For each 2° € R™ and each A € B, initial-value problem
(2.1) has a solution. Moreover, every solution can be extended to a mazimal solution
x:[0,w) = R™, and if © is bounded, then x is global.

Proof. Let 2° € R™ and A € B be arbitrary. By [6, Corollary 5.2], initial-
value problem (2.1) has a solution, and every solution can be extended to a solution
x : [0,w) — R™ with the property that the graph of = is unbounded. Evidently, « is
maximal, and if z is bounded, then w = co. O

3. ISS: The main results. In the context of differential inclusion (2.1), the
transfer-function matrix of the linear system given by (A, B, C) is denoted by G, i.e.,
G(s) =C(sI — A)~1B.

We assemble four hypotheses which will be variously invoked in the theory devel-
oped below.

(H1) There exist numbers a < b and 6 > 0 such that

(3.1) (ay —v,by —v) <0 Vove d(y) Yy € R™,

G(I +aG)™t € H*®, and (I +bG)(I +aG)~! — 41 is positive real.
(H2) @(0) = {0} and there exist numbers a > 0, § € [0,1), and 6 > 0 such that

(3.2) allyl?> < (y,v) Vuve®(y) VyeR™,
(3.3) lv = ady| < (y,v —ady) Vove d(y)VyeR™, with |y|| > 6,

and G(I + 6aG)~! is positive real.
(H3) There exist ¢ € Ko and numbers b > 0 and § € [0, 1) such that

(34 max{@(lylyll. l[v]*/0} < (y,v) Vve ®(y) VyeR™,

and (6/b)I + G is positive real.
(H4) @(0) = {0} and there exist ¢ € K and a number 6 > 0 such that

(3.5) ellyiDllvll < (y,v) Yoved(y) Yy e R™,
(3.6) ol <(y,v) Yved(y) VyeR™, with [jy| >0,

and G is positive real.
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DIFFERENTIAL INCLUSIONS: INPUT-TO-STATE STABILITY 1035

Remark 3.1. (a) (H1) is a set-valued version of the familiar multivariable sector
condition. A routine calculation shows that (3.1) holds if and only if

a+b b—a m
Hv— st Il Voedy) vy e R™

2 2

(b) If m = 1 (the single-input, single-output case), then the combined frequency-
domain assumptions in (H1), namely, the condition G(I +aG)~! € H* together with
the positive realness of (I + bG)(I + aG)~! — 61, admit a graphical characterization
in terms of the Nyquist diagram of G (see, e.g., [13, pp. 268]).

(¢) Conditions (3.2) and (3.5) can be viewed as the limits of (3.1) and (3.4), respec-
tively, as b — oo.

(d) A sufficient condition for (3.4) to hold is the “nonlinear” sector condition

(3.7) {eW)yll 'y —v, by —v) <0 Vve d(y) Vy e R™,

which is (3.1) with the term ay replaced by ¢(y)||y||~'y (which should be interpreted
as taking the value 0 for y = 0). It is easy to construct counterexamples which show
that (3.7) is not necessary for (3.4) to hold.
(e) If m = 1 and (3.2) holds, then (3.3) is trivially satisfied for any 8 > 1 and any
§ € 10,1). Similarly, if m =1 and (3.5) holds, then (3.6) is satisfied for every 6 > 1.
(f) If (3.4) holds for some ¢ € Ko and for some b > 0, then ®(0) = {0}, and
furthermore, (3.6) is satisfied for any 6 > 0 satisfying ¢(6) > b.

DEFINITION 3.2. System (2.1) is said to be input-to-state stable with bias ¢ > 0
if every maximal solution of (2.1) is global and there exist $1 € KL and B2 € Ko
such that, for all z° € R™ and all A € B, every global solution x satisfies

(38) (@) < max By, 121D, Bo(1 A wposy + )} ¥t € Ry

System (2.1) is input-to-state stable if it is input-to-state stable with bias 0.

System (2.1) has the converging-input-converging-state property if, for all z° € R"
and all A € B with ||Al|fec[t,00) — 0 as t — oo, every maximal solution x of (2.1) is
global and satisfies z(t) — 0 as t — oco. The following lemma shows in particular that
if system (2.1) is input-to-state stable, then it has the converging-input-converging-
state property.

LEMMA 3.3. Assume that system (2.1) is input-to-state stable with bias ¢ > 0,
and let 31 and 32 be as in Definition 3.2. Let x° € R™ and A € B. If A is essentially
bounded (||A| L[0,00) < 00), then every global solution x of (2.1) satisfies

11?1sup lz()] < 11?1sup62(|\A||Loo[t7oo) +¢).

Proof. Let 2° € R™, and let A € B be essentially bounded. Let z be a global
solution of (2.1), let 7 > 0 be arbitrary, and set z,(t) := z(t + 7) and A,(¢) :=
A(t+7)Vt>0. Then, A, € B and z, satisfies the initial-value problem

- (t) — Az, (t) € B(AL(t) — ®(Cz,(t))), z,(0)=x(7).
By ISS with bias ¢,

2t + 1) = e (@) < max {1, [|2(7)]]), B (| Ar | oepog + )}
= max { G (¢, [&(T)[]), Bo(|Allpoprin) +€)} ¥t ERY
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1036 B. JAYAWARDHANA, H. LOGEMANN, AND E. P. RYAN

Therefore, limsup, . |z(t)|| < B2(||AllLscjr,00) +¢) ¥ 7 > 0, from which the claim
follows. 0

We now state the two main results on ISS. The proofs can be found in sections 4
and 5.

THEOREM 3.4. Let linear system (A, B, C) be stabilizable and detectable. Assume
that (H1) holds. Then, every mazimal solution of (2.1) is global and there exist
positive constants ci, co, and € such that, for all 20 € R™ and A € B, every global
solution x satisfies

lz(t)]| < cre™ |2 + col|All g,y Vit € Ry

In particular, system (2.1) is input-to-state stable.

THEOREM 3.5. Let linear system (A, B, C) be minimal. Assume that at least one
of hypotheses (H2), (H3), or (H4) holds. Then system (2.1) is input-to-state stable.

In [1] it is has been proved, for single-valued ® and A, that if (H4) holds, then (2.1)
is input-to-state stable. Therefore, Theorem 3.5 can be considered as a generalization
of the main result in [1].

In the following two corollaries (to Theorem 3.4 and Theorem 3.5, respectively),
we will consider not only nonlinearities satisfying at least one of the conditions (3.1),
(3.2), (3.4), and (3.5) for all arguments y € R™, but also nonlinearities ® € U with
the property that there exist a set-valued map ® € U satisfying at least one of the
conditions (3.1), (3.2), (3.4), and (3.5) and a compact set K C R™ such that

(3.9) yeRMEK = ®(y) C (y).

For example, single-input, single-output hysteretic elements can be subsumed by this
set-valued formulation provided that the “characteristic diagram” of the hysteresis is
contained in the graph of some ® € U; see section 6 for details.

COROLLARY 3.6. Let linear system (A, B,C) be stabilizable and detectable. Let
® € U be such that there exist a set-valued map deld and a compact set K C R™
such that (3.9) holds. Assume that (H1) holds with ® replaced by ®. Then, every
mazimal solution of (2.1) is global and there exist positive constants c1, co, and €
such that, for all 2° € R™ and A € B, every global solution x satisfies

@)l < cre™ |2 + ca([All Lo + E) Vi€ Ry,
where
(3.10) E = sup,c g SUDyea(y) 5y I — -

Proof. First, we remark that, by upper semicontinuity of ® and ® € U, together
with compactness of their values and compactness of K, E is finite. Let 2° € R” and
A € B. By Lemma 2.2, (2.1) has a solution, and every solution can be maximally
extended. Let z : [0,w) — R™ be a maximal solution of (2.1) and write y := Cuz.
Define z € Li ([0,w),R") by z := & — Az. Since z(t) € B(A(t) — ®(Cx(t))) for
almost every t € [0,w), there exist functions d, v : [0,w) — R™ such that

(d(t),v(t) € A(t) x D(y(t)) Vte[0,w), z(t)=B(d(t)—v(t)) for ae.t e [0,w).

For each t € [0,w), let ¥(t) € ®(y(t)) be the unique point of the closed convex set
D(y(t)) closest to v(t) € ®(y(t)). Then

yt)e K = |u@t)—o@I <E, yt) eR™K = |u(t)—0(t)] =0.
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Define A € B by A(t) = A(t) + Bg (where Br denotes the ball of radius £ > 0
centered at 0 in R™) and d : [0,w) — R™ by d(¢) := d(t) — v(t) + 0(t). Then

2(t) = B(d(t) — 9(t)), d(t) €A, b(t) € B(y(t)) for ae. t € [0,w),
and so the solution z of (2.1) is also a solution of
(3.11) i(t) — Az(t) € B(A(t) — ®(Cz(t)), (0) = 2°.

An application of Theorem 3.4 to (3.11) yields the claim. O

COROLLARY 3.7. Let linear system (A, B,C) be minimal, and let ® € U be such
that there exist a set-valued map ® € U and a compact set K C R™ such that (3.9)
holds. Assume that at least one of the hypotheses (H2), (H3), or (H4) holds with
® replaced by . Then system (2.1) is input-to-state stable with bias E, where the
constant E is given by (3.10).

Proof. The proof is identical to that of Corollary 3.6 with one exception: instead
of invoking Theorem 3.4 at the end of the proof, an application of Theorem 3.5 to
(3.11) completes the argument here. O

Remark 3.8. If the hypotheses of Corollary 3.6 (respectively, Corollary 3.7) hold,
then there exist positive constants ¢, c2, e (respectively, functions 8; € KL and s €
Koo) such that (3.8) holds, with ¢ = F given by (3.10). We emphasize that c1,ca, e
(respectively, 81 and (2) are determined by data associated with only (A, B,C) and
®. In particular, they do not depend on ®. This observation is of importance in the
analysis of quantized feedback systems in section 7.

4. Proof of Theorem 3.4. The following lemma will play an essential role in
the proof of Theorem 3.4

LEMMA 4.1. Leta < b and set k := (a+b)/2 and X\ := (b—a)/2. IfG(I+aG)~ ! €
H® and there exists § > 0 such that (I + bG)(I + aG)~t — 61 is positive real, then
G(I+rkG)"t € H® and |G(I + kG) ™| ges < 1/A.

Proof. Setting 1 := ||G(I + aG)™!|| g, we have that

(I 4+aG*(5)) *G*(s)G(I +aG(s)) ' <n’I VseCy.

By hypothesis,

(I +bG(s))(I +aG(s))™" + (I +aG*(s)) (I +bG*(s)) > 26 Vs e Cy.
Setting € := §/n?, we obtain that

2¢(1 +aG*(5)) "' G*(5)G(s)(I +aG(s)) ™!
< (I +bG(s)I +aG(s)) t + (I +aG*(s) (I +bG*(s)) Vs € Cy.

Therefore,

2eG*(s)G(s) <21+ (a+b)G*(s) + (a + b)G(s) + 2abG™ (s)G(s) VseT,
where I' := {s € C4 | s not a pole of G}. Consequently,

—(ab—¢e)G"(s)G(s) < I+ kG*(s) + kG(s) Vsel.

Setting p := m, it follows that

N p?G*(5)G(s) < I + KkG*(s) + KG(s) + KG* (5)G(5s)
= ([ + kG (s))(I+rG(s)) Vsel,
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1038 B. JAYAWARDHANA, H. LOGEMANN, AND E. P. RYAN

which, in turn, implies that
P21+ wG*(5))71G* (s)G(s)(I 4+ kG(s)) ™ < AT2T Vs €Ty,

where [y := {s € I'| det(s] + kG(s)) # 0}. We may now infer that G(I + kG)~! €
H®°, and since p > 1, |G(I + £G) Y g < 1/ 0

Proof of Theorem 3.4. Let x be a maximal solution of (2.1) defined on the maximal
interval of existence [0,w), where 0 < w < co. We first show that w = co. Seeking a
contradiction, suppose that w < co. A routine application of the generalized Filippov
selection theorem (see [22], p. 72) shows that there exists a measurable function
w: [0,w) — R™ such that w(t) € A(t) — &(Cz(t)) for a.e. t € [0,w) and

#(t) = Az(t) + Bw(t) a.e.t€[0,w).
Setting x := (a +b)/2 and A,, :== A — kBC, we have

(4.1) z(t) = et 4 / t e Blw(r) 4+ kCa(7))dr Vit € [0,w).
0

Since w(t) € A(t)—®(Cx(t)) for a.e. t € [0,w), there exist functions d, v : [0,w) — R™
(not necessarily measurable) such that w(t) = d(t) — v(t), d(t) € A(t) and v(t) €
®(Cx(t)) for a.e. t € [0,w). Setting A := (b — a)/2 and invoking the sector condition
(3.1) combined with part (a) of Remark 3.1, we may infer that
(4.2) Jw(r) + xCx(7)|| = [ld(7) = (v(r) = £Cx(7))]|

< Al + I(0(r) — hCa(r) | < [AC)] + N Ca(r)]| for ae. 7 € [0,w).

Therefore,
A LA
()] < lle “t$0||+||3||/0 e[| A(r)|dr

t
+AIIBIIIICII/0 le*=C=D ) Jlz(r)lldr - Vi € [0,w).

Since (by supposition) w is finite, we conclude that, for some constant ¢ > 0,

el <e(1+ [ t le(nllar) ¥ee o)

By Gronwall’s lemma, it follows that the maximal solution x is bounded on [0,w),
contradicting (via Lemma 2.2) the supposition that w < co. Consequently, w = co.

Defining Gy (s) := G(I + kG(s))™! = C(sI — A,)"!B, it follows from (H1), via
Lemma 4.1, that G, € H® and ||Gg|lg= < 1/A. Moreover, by stabilizability and
detectability, A, is Hurwitz. Let € > 0 be sufficiently small so that A, + el is Hurwitz
and
(4.3) v:= sup [|Gu(s)]] <1/A.

Res>—¢

Set y := Cz and, for all t € R, define y.(t) := e“'y(t) and w.(t) := etw(t). It follows
from (4.1) that

t
Yo (t) = CeAnteDtgh o / CeA=teD=T) B (1) + ky.(7))dr Vit e Ry,
0
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Setting ko := (f,~ ||C’e(Aﬁ+d)T||2d7')1/2 < 00, we obtain that

(4.4) I19ell g0, < koll2®ll + Yllwe + Kyell 20, Vi € Ry
By (4.2),
(4.5) l[we(7) + Ky ()| < 1A()| + Allye (7)) for ae. 7€ Ry,

where A (7) := e"A(7) V 7 € R4. From (4.3), we see that yA < 1: setting ky :=
1/(1 —~4)) and invoking (4.4) and (4.5), we have

(4.6) lyellrzo.g < k1 (koll2®ll + V| Acllz2p0,) Vit € Ry

By (4.1),
eta(t) = e(AnteD)t 0 4 /Ot e(A"‘er)(t_T)B(ws(T) + kye(1))dT VteRy,
which together with (4.5) yields
[a(t)]e®* < k||| + || B]| /Ot [eA=F=DED (AT + Mlly=(T)])dT -Vt € Ry,

where ky := sup,~ [le(A=+eD!||. Invoking Hélder’s inequality to estimate the integral
on the right-hand side of the above inequality, we conclude that there exists a constant
ks > 0 such that

lz(@)]le” < kallz®ll + k(| Acll 20, + Myl L2p0.q) Vit € Ry
Combining this with (4.6), we conclude that
H$(t)||€€t < (kz + /\koklkg)H(EOH + kg(]. + )\’Ykl)”AE”LQ[O,t] Vte RJr.

NOtiDg that ||A5||L2[O,t] S (est/\/%)HAHLoo[W] Vte R+, setting Cc1 = l€2 + Akoklkg
and cp = k(1 + Ayk1)/v/2¢, we conclude that

le(@)]l < cre= 2] + ol Allz~pg Vi€ Ry

This completes the proof. a

Remark 4.2. Theorem 3.4 can be considered as a refinement of the classical circle
criterion (see, for example, [7, 13, 21]). In particular, it shows that, under the standard
assumptions of the circle criterion, ISS is guaranteed. The exponential weighting
technique used in the proof of Theorem 3.4 is well known and has been used to prove
stability results of input-output type (see [7, section V.3] and the references therein).
The application of this technique in an ISS context seems to be new. In particular,
whilst the standard textbook version of the circle criterion for state-space systems
is usually proved using Lyapunov techniques combined with the positive-real lemma
(see, for example, [13, Theorem 7.1] or [21, p. 227]), the above proof of Theorem 3.4
provides an alternative, more elementary approach. Moreover, the methodology can
be extended to an infinite-dimensional setting; see [11].
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5. Proof of Theorem 3.5. In this section, we provide a proof of Theorem
3.5. In contrast to the proof of Theorem 3.4, we adopt a Lyapunov argument. In
particular, we prove Theorem 3.5 by establishing the existence of a Lyapunov function
with special properties (a so-called ISS Lyapunov function) if any one of hypotheses
(H2), (H3), or (H4) hold. This we do in two preliminary lemmas.

LEMMA 5.1. Let linear system (A, B,C) be minimal. Assume that either (H3) or
(H4) holds. Then there exist a1, e, a3, € Koo, and a continuously differentiable
function V : R™ — Ry such that

ar([lz])) < V(z) < aa(flzl]) VzeR,
(5.1) max (VV(x), Az + B(d —v)) < —as(||z]]) + ca(l|d]))

veP(Cx)
V (z,d) € R" x R™.
Proof. By Lemma 2.1, there exists ¢ € K such that
5.2) vl <@(lyl) VyeR™ Voedy).

(

(If (H3) holds, then we may take 9 : s — bs in (5.2).) Combining (5.2) with either
(H3) or (H4) yields
(

5.3) e(llyDlyll < (o) <LylDllyll ¥y eR™ Voe d(y).

If (H3) holds, then (§/b)I + G is positive real for some ¢ € [0, 1); if (H4) holds, then
G is positive real. Introducing the following notational convenience

N 1/b if (H3) holds,
o 0 otherwise,

both possibilities are captured by the statement that JAI + G is positive real for some
§ € [0,1). This implies, via the positive-real lemma, the existence of a real matrix L
and a symmetric, positive-definite real matrix P such that

(5.4) PA+ATP=—-LTL, PB=CT — /LT, Kk:=20\
We also record that

(5.5) Mol? < (y,v) Voedy) VyecR™

Now, define Vj : R" — R, = — (z, Pz). Then, invoking (5.4),

(VVo(x), Az + B(d — v)) = 2(Pz, Az) + 2(BT Pz, (d — v))
< —|ILa|® + 2(Cx, (d — v)) — 2V/k(La, (d - v))
= —|| Lz + VK(d —v)||* + kl|d — v||* + 2(Cx, (d — v))
vz eR", V(dv)eR™x ®(Cz),

from which, together with (5.5), we may infer

(VVo(), Az + B(d — v)) < &lld||* + 2«[v]||d]| + &llv]|* + 2llyll[|d]| - 2y, v)
< 2(1+28)|lylllld]| + #[ld]|* = 2(1 = 6)(y, v)
(5.6) VzeR" V(dv)eR™xd(y), y=Cux.
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Observe that, for all y € R™ and all (d,v) € R™ x &(y),

2(1+29)|ld]| < (1 = d)e(llyl) =

2(1+20)[[dlllyll < (1 = 0)e(llyDllyll < (1 = 8){y, ),
2(1+29)|ld]| > (1 = d)e(llyl) =

2(1+ 28)[|dllly]l < 2(1 +28) ||l ™" (2(1 + 24)1dll/ (1 - 8))
and so, defining v € Ko by 7(s) := 2(1 4+ 28)s =1 (2(1 + 25)s/(1 — §)), we have
(5.7) 21+ 28)[[dll[lyll < (L =)y, v) +~(dl]) VyeR™ V(dv)€R™ x d(y).

The conjunction of (5.6) and (5.7) gives

(5.8) (VVo(x), Az + B(d —v)) < —(1 = 8){y, v) +~(|ldll) + #d]*
VaeR" V(dv) e R" x &(y), y =Cx.

Let H € R®*™ be such that A — HC is Hurwitz. Let Q = Q7 > 0 be such that
QA—-HC)+(A-HC)'Q =31

and define W : R™ — R, by W(z) := (z, Qx).
Writing ko := max {2||QB||, 2||QH||, |QB]|*}, we have
(VW (z), Az + B(d —v)) = 2(Qxz, (A — HC)x + Hy + B(d — v))
=3z + 2(H" Qx,y) + 2(B" Qu,d — v)
=2||z]1* + kol (lyll + lloll) + kolld]]*
(5.9) Vo eR"YV (dv) e R" x O(y), y=Cu.

IN

Since either (H3) or (H4) holds and invoking part (f) of Remark 3.1 in the former
case, we may infer the existence of § > 1/2 such that

(5.10) yeR™, fyll=20 = (y,v)>|v]| Yoved(y).

Define fo € Koo by fo(s) := s + 1(s), the continuous, nondecreasing function fi :
(0,0] — (0,00) by

= min t@(t)
Lls) = i TR R

0, s =0,
fa(s) = { min{s, fi(s)}, se€(0,6],
f1(0) + (s —0), s>0.

Observe that

F1(0) = 0p0) _ 0060) _0¢00)

O +(0)> ~200(0) — ¥(0) ~

where we have used that 6 > 1/2. It follows that f2(0) = f1(0), and therefore, fs
is continuous. Clearly, fs is unbounded, and moreover, it is readily verified that fo
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is nondecreasing. Write f3 := fao fi ! (continuous, nondecreasing, and unbounded,
with f3(0) = 0) and observe (for later use) that

(.11) lyl <0 = fsUlyll+ 2y Uyl + 2 lyl))? = (fs 0 fo)lylD (folllyl))?
= f2(lly Doy < f Uy ol < llyllelyl).

Next, we introduce functions n € Ko and o (continuous, nondecreasing, and un-
bounded, with ¢(0) = 0) given by

1 S
ns= =/
ko V QI

Let s* > 0 be the unique point with the property n(s*)o(s*) = 1 and define the
continuous function p : Ry — R4 by

_J oo(s), 0<s< 8%,
pls) = { 1/n(s), s> s*.

= fzon.

Finally, define R € K, by

and Vi : R" = Ry, z— R(W(x)). Note that

a) p(s) <o(s) <o(s™) =k Vs eRy,
|

(
(b) p(W(@))llzll < ko/IIQUIQ =: k2 ¥z € R,

() p(W(@))[2l* = [|lz] min {|l] fs(ll[l/k2)) . Ko} ¥z €R".
) 12)(a

Invoking (5.9) and (5.

(5.12)

)
)
2)

), we have

(5.13)
(VVi(), Az+ B(d—v)) < =2p(W ())l|2]|* + p(W () kollz[| (Ilyll + |v]]) + kokx |d]*
Vo eR"V (d,v) € R™ x &(Cx).

We proceed to obtain a convenient estimate of the term p(W (z))ko ||| (ly|| + [|v])-
Write k3 := L min{1, p(6)}. By (5.3) and (5.10), we have

Iyl =6 = 2(y,v) > [lv[l + llylle(lyll) = (vl + [lylle®) > 2ks([lv]| + [ly])
Y oue d(y),

which, in conjunction with (5.12)(b), gives
(5.14) zeR", y=Cu, |ly]| >0 =

oV @)kl (Il + o) < 22 0) ¥ v € @(0),

Invoking (5.2), (5.3), and (5.11), we have

Iyl <0 = fs(llyll + vyl + [lv])®
< fs(llyll + 2y Ayl + 2wy )* < llylleliyl) < (y,v) Vv e (y)
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from which, together with the observation that

zeR" y=Cr, ved@y), k(lyl +ol) = llzl =
p(W (@) < o(lQIll=l*) < o IQIUyI+ I1v)*) = fs(lyl + [lvl),

we may infer
(5.15) z €R", y=Cx, ved(y), ko(llyl +lvl) = ll=ll, [yl < =

2
p(W (@)kollzll (lyll + llv]l) < p(W (@))ll=]* + kffp(W(x))(llyll +lvl)?
2

< (W@ + 24y, 0).

Clearly,

(5.16) z€R", y=Cux, ved(y), kollyll +lvl) < l=ll, [yl <6 =
p(W (@))ko 1]l (llyll + llo]l) < p(W ()]
Combining (5.15) and (5.16), we have

(517) zeR", y=Cu, |yl <6 =

k2
p(W@)kollll(lyll + [[vl]) < p(W(@)l|z]* + Z(y,0) ¥ v e D(y).
Writing k4 := max {koka/ks , k3 /4}, we conclude from (5.13), (5.14), (5.17) that
(5.18) (VVi(x), Az + B(d— ) < —p(W (@) 2l]? + kay, v} + koki | d]
Vo eR"V (d,v) € R" x &(Cx).

Now define V := k4Vj + (1 — 0)V1. Then, combining (5.8) and (5.18), we arrive at

(5.19) (VV(z), Az + B(d —v))
< —(1=8)p(W (@) |z]* + (1 = &)kokr + wka)[|d]|* + kay(]|d])
VaxeR" V(dv) e R" x®(y), y=Cu.

Finally, defining a1, as, as, ay € Ky by
ar(s) == ka||P7Y7s?, az = k|| Plls* + (1 = 6)R(|Q]s?),
as(s) == (1 — d)smin{sfs5(s/ka), ko}, «u(s):= ((1 — §)kok1 + mk4)s2 + kavy(s),

and invoking (5.12)(c), we conclude that (5.1) holds. This completes the proof. O

LEMMA 5.2. Let linear system (A, B,C) be minimal. Assume that (H2) holds.
Then the assertions of Lemma 5.1 are valid.

Proof. Let a > 0, 6 € [0,1), and § > 0 be as in hypothesis (H2). Without loss
of generality, we may assume 6 > 1/2. Note that linear system (A4, B, C), with
Ay := A — 6aBC, is a minimal realization of G(I + daG)~!. Therefore, hypothesis
(H2) implies, via the positive-real lemma, the existence of a real matrix L and a
symmetric, positive-definite real matrix P such that

(5.20) PA +ATP=-L"L, PB=CT.
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Invoking Lemma 2.1, there exists ¢ € Ko, such that (5.3) holds with ¢(s) = as. Now
define ¢1,1; € Koo, and y — ®1(y) C R™ by

v1(s) = p(s) —das = (1 —d)as, Pi(s) :=1(s) —das VseRy,
P1(y) :=={v—day [ve P(y)} VyeR™
In view of (5.3), we have
(5.21) (1 =d)allyl* = er(lyIDllyll < (v o) <allyDllyll ¥y €eR™ Vo e @i(y).
Moreover, by hypothesis (H2),
(5.22) yeR™, [yl=z0 = (yv)=|[v]| YVveIi(y).
Recalling that A; := A — 0aBC, we have
(5.23) {Az —Bv |ve®(Cx)} ={Ajz—Bv|ved (Cx)} VaeR"
Now, define Vj : R® — Ry, @ — (x, Pz). Then, invoking (5.20),

(5.24) (VVy(x), Az + B(d —v)) = 2(Px, Ayz) + 2(BT Pz, (d — v))
< —||La||® +2(Cx, (d - v)) < 2|lylllld]l - 2(y, v)
VazeR" V(dv)eR" x ®(y), y=Cux.

Observe that, for all y € R™ and all (d,v) € R™ x ®41(y),

2||dll < ea(llyll) = 2lldllllyll < e (lyIDIyll < (y, ),

2lld > e1(lyl) = 2lldllllyll < 2lldlle1 " 2]dll)

and so, defining v € Ko by 7(s) := 257 *(2s), it follows from (5.24) that

(5.25) (VVo(z), Arz + B(d —v)) < —(y,v) +~(/[d]])
VaeeR" V(dv) e R™ x Pi(y), y=Cu.

The conjunction of (5.23) and (5.25) yields

(5.26) (VVo(2), Az + B(d —v)) < —(y, v) + dally||* +~(|ld|])
VaeeR" V(dwv)eR™ xd(y), y=Cu.

Let H € R™*™ be such that A; — HC' is Hurwitz. Let Q@ = QT > 0 be such that
Q(A, — HC) + (A, — HO)TQ = —3I

and define W : R” — R by W(z) := (z, Qz). The same construction as in the proof

of Lemma 5.1 (with A; replacing A and ®; replacing ® therein) yields a function f3

(continuous, nondecreasing, and unbounded, with f3(0) = 0), a continuous function

p: Ry — Ry, with primitive R € K, and positive constants cg, c1, 2, c3 such that,
on writing V5 : R" — Ry, x — R(W(z)), the following counterparts of (5.12)(c) and
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(5.18) hold:
(5.27) p(W (x))||2|* > [lz] min {co, ||| fs(c1]|z[)} ¥ 2 € R",

(VVi(e), Az + B(d - v)) < —p(W (2))[z|* + e2{y, v) + es]|d]®
Vo eR"YV (dv) € R" x ®1(y), y = Cx.

In view of (5.23), the latter yields

(5.28) (VVi(2), Az + B(d — v)) < —p(W (2))|lz|* + c2(y, v) — c2ally||* + cs]|d]*
VaeR"Y (dov) e R" x (y), y=Cu.

Now define V := ¢oVp + V4. Then, combining (5.26) and (5.28), we have

(5.29) (VV(x), Az + B(d —v)) < —p(W(2))|[z]|* + cov(||dl]) + e3l|d||®
Vo eR"V (d,v) € R” x &(Cx).

Finally, defining a1, as, as, ay € Ky by
ai(s) = clPTH 7%, e = e Plls® + R(|QIls?),
as(s) := smin{co, sfs(c15)}, au(s) = cay(s) + c35>

and invoking (5.27), we may conclude that (5.1) holds. This completes the
proof. a

We are now in a position to prove Theorem 3.5. The argument developed below
is not new and can be found (usually in form of sketch proofs) in the literature (see
[20] and the references therein). For completeness, we provide a detailed proof.

Proof of Theorem 3.5. If either (H3) or (H4) holds (respectively, if (H2) holds),
then Lemma 5.1 (respectively, Lemma 5.2) ensures the existence of a1, as, a3, a4 €
Ko and continuously differentiable V' such that aq(||z|]) < V(z) < aa(||z]) ¥V = € R™
and

(5.30) (VV(z), Az + B(d —v)) < —as([|lz]) + aa(l[d])
VaeR" V(dv) e R" x &(Cx).

Let 2° € R™ and A € B. By Lemma 2.2, (2.1) has a solution, and every solution
can be maximally extended. Let x : [0,w) — R™ be a maximal solution of (2.1). By
(5.30), we have

(5.31) (Vo) (t) <as(|A(t)]) for ae. t € [0,w).

Seeking a contradiction, suppose that w < co. Then, by local essential boundedness
of A and continuity of a4, there exists ¢ > 0 such that as(JA(t)]) < co V ¢t € [0,w).
Now, by the final assertion of Lemma 2.2, x is unbounded, which contradicts the fact
that, by (5.31), ai1(||z(®)]]) < V(z(t)) < V(2Y) + cow V t € [0,w). Therefore, every
maximal solution of (2.1) is global.

Write a5 := a3 0 iy * € Koo and define ag : Ry — Ry by

2 S
ag(s) == B //2 as(t)dt ¥ s>0, ag(0):= 1811101 ag(s) = 0.
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Since a5 € Ko, we have a5(s/2) < ag(s) < as(s) V s € Ry, and moreover, ag
is differentiable on (0,00), with derivative ag(s) > 0V s € (0,00). Now define
a7 : Ry — Ry by ar(s) := min{1, s}ag(s). Clearly, ar is locally Lipschitz, az(0) = 0,
and 0 < az(s) < as(s) ¥ s > 0. Define the locally Lipschitz function

—047(4-)/2, C 2 07

Z:R R, <|—>Z(C):={ ar(—¢)/2, ¢ <0,

and consider the scalar system

A(t) = Z(2(1)).

Since Z(0) = 0 and ¢Z(¢) = —|¢lar(|¢])/2 < 0V ¢ # 0, it follows that 0 is a
globally asymptotically stable equilibrium of this system which, together with the
local Lipschitz property of Z, ensures the existence of a continuous global semiflow
B:Ry xR — R (and so, for each 2 € R, z : Ry — R, t — 3(t, 2°), is the unique global
solution of the initial-value problem # = Z(z), 2(0) = 2% moreover, 3(t,2") — 0 as
t — 00). Let By := B|r, xr, be the restriction of § to Ry x R,. Evidently, 5y € LL.
Now define 51 € KL by

Bu(t,s) = a1 (Bo(t, az(s)))
and define (B2 € Ko by
Ba2(s) == (ozfl oo ozgl)(20<4(s)).

Let 2° and A € B be arbitrary, and let  be a global solution of (2.1). Let t € Ry be
arbitrary. By (5.30), we have

(5.32) (Vox)'(r) < —as(l|lz()I]) + as(|AM)]) < —as(|z(7)]]) + ca(|All <o)
for a.e. 7 € [0, ¢].

Clearly,
V(z(t) < (azoazt)Caa(|AllL=or) = le@)l < B2 AllL<10.0)-
Moreover,
V(z(t)) > (az0 a3 ') Caa(All =) = as(llz®)]) > 20a(| Al Lp0,9),

which, together with (5.32), yields

V(x(t) > (az0a5") 2as(|AllL=p,9))
= (Vou)'(r) < —jas(llz(T)l) < —305(V((7))) < —3a7(V(x(7)))
=Z(V(z(r))) for a.e. T €[0,¢],

and so

V(x(t) > (az0a5") 2aa(|All=o,.0)
= V(x(t) < Bo(t, V(%)) = [z(®)] < Bult, |2°]).

Therefore, ||z(t)|| < max {81 (¢, [|2°]), B2(|A]lLeo,)} V t € Ry 0
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+

F1G. 6.1. Interconnection of linear system (A, B, C) and hysteresis operator F.

6. Hysteretic feedback systems. We return to the feedback interconnection
of Figure 1.2, but now in a single-input (¢ — d(t) € R), single-output (¢ — y(t) € R)
setting and with a hysteresis operator F' in the feedback path, as shown in Figure
6.1. We deem an operator F' : C(Ry) — C(Ry) to be a hysteresis operator if it is
both causal and rate independent. By rate independence, we mean that F(y o () =
(Fy) o ¢ for every y € C(R4) and every time transformation ¢ : Ry — Ry (that is, a
continuous, nondecreasing, and surjective map). Conditions on F' which ensure well-
posedness of the feedback interconnection (existence and uniqueness of solutions of the
associated initial-value problem) are expounded in, for example, [16] and [17]. Whilst,
in principle, the ensuing analysis is applicable in the context of any causal operator
F that can be embedded in a set-valued map ® € U, for clarity of presentation, we
focus on the class of Preisach operators.

Preisach and Prandtl hysteresis. The Preisach operator described in this
section encompasses both backlash and Prandtl operators. It can model complex
hysteresis effects: For example, nested loops in input-output characteristics. A basic
building block for these operators is the backlash operator. A discussion of the backlash
operator (also called play operator) can be found in a number of references; see, for ex-
ample, [5], [14], and [15]. Let 0 € Ry and introduce the function b, : R? — R given by

v — 0o, ifU2<U1—U,
by (v1,v2) := max {Ul — o, min{v; + 0,1}2}} =< vy, if vy € 1 — a,v1 + 7],

v1+o, ifve>wv+o.

Let Cpm (R4 ) denote the space of continuous piecewise monotone functions defined
on Ry. For all 0 € R} and ¢ € R, define the operator By, ¢ : Cpm(R4) — C(R4) by

bo( (0)7<) fI‘t:O,
BG’C(y)(t) - { bg(Z(t), (Bg7c(u))(ti)) fZI‘ t, <t< ti+1, 1= 0, 1, 2, Ceey

where 0 = tg < t1 <ty < ..., lim, . t, = 00, and u is monotone on each interval
[ti, ti+1]. We remark that ¢ plays the role of an “initial state.” It is not difficult to
show that the definition is independent of the choice of the partition (¢;). Figure 6.2
illustrates how By, ¢ acts. It is well known that B, ¢ extends to a Lipschitz continuous
hysteresis operator on C'(R4.) (with Lipschitz constant L = 1), the so-called backlash
operator, which we shall denote by the same symbol B, ¢.

Let £ : Ry — R be a compactly supported and globally Lipschitz function with
Lipschitz constant 1. Let u be a regular signed Borel measure on R;. Denoting
Lebesgue measure on R by pyr, let w: R x Ry — R be a locally (ur, ® p)-integrable
function, and let wo € R. The operator Pg : C(Ry) — C(Ry) defined by

0o r(Bg,eo)(y))(t)
(61) (Pew)(t) = / / P (s, o) (ds)(do) + wo
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Fic. 6.2. Backlash hysteresis.
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F1G. 6.3. Example of Prandtl hysteresis.

is called a Preisach operator: This definition is equivalent to that adopted in [5,
section 2.4]. It is well known that P¢ is a hysteresis operator (this follows from the
fact that By, ¢(r) is a hysteresis operator for every o > 0). Under the assumption
that the measure p is finite and w is essentially bounded, the operator P¢ is Lipschitz
continuous with Lipschitz constant L = |u|(R4)||w|eo (see [15]) in the sense that

sup |Pe(y1)(t) — Pe(y2)(t)] < L sup [yi(t) — y2(t)] Vy1,92 € C(Ry).
teR4 teR4

This property ensures the well-posedness of the feedback interconnection.
Setting w(-,-) = 1 and wp = 0 in (6.1), we obtain the Prandtl operator P :
C(R4) — C(R4) defined by

62 PO = [ Brco@)Ouldo) YucCR) VeE R

For £ = 0 and y given by u(E) = [, x[0,5](0)do (where x[o 5 denotes the indicator
function of the interval [0, 5]), the Prandtl operator is illustrated in Figure 6.3.

The next proposition identifies conditions under which Preisach operator (6.1)
satisfies a generalized sector bound. For simplicity, we assume that the measure pu
and the function w are nonnegative (an important case in applications), although the
proposition can be extended to signed measures u and sign-indefinite functions w.
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PROPOSITION 6.1. Let P¢ be the Preisach operator defined in (6.1). Assume
that the measure p is nonnegative, a; = u(Ry) < oo, ag := fooo ou(do) < oo,
b1 == essinf(s 5)erxr, W(s,0) > 0, by 1= essSUP(, ;)ecrxr, W(S,0) < 00, and set

(6.3) ap :=aiby, bp:=aiby, cp:=azbs+ |wol.
Then, for ally € C(R4) and all t € R4,
(6.4) y(t) 20 = apy(t) —cp < (Pe(y))(t) < bpy(t) + cp,
(6.5) y(t) <0 = bpy(t) —cp < (Pe(y))(t) < apy(t) + cp,
and furthermore, for every n > 0,
(6.6) )| = cp/n = (ap —n)y*(t) < (Pe(w)(®)y(t) < (bp +n)y*(1).
Proof. Let y € C(Ry) and t € R4 be arbitrary. Note initially that, by the
definition of the backlash operator,

(Bog(o) ) () € [y(t) — o,y(t) + 0] Vo €Ry.

Case 1. Assume y(t) > 0. Writing E := [0, y(t)] and E3 := (y(¢), 00), we have

(Pey) () > ( / + /| ) / " (o Y (ds)(de) — ol
n [ () - o)ude) + by /| (0(t) - 0)pdo) ~ |

— (byu(Er) + bopu(E))y(t) — by /

Eq

o u(do) — by / o u(do) — ol

E>
2 albly(t) — agbg — |U}Q| = apy(t) — Cp.

Moreover,

0o ry(t)+o
(Pey) (1) < / / w(s, o) (ds)u(do) + uo|
< b2/0 (y(t) + o) u(do) + |wo| < arbay(t) + azbe + [w°| = bpy(t) + cp.

This establishes (6.4).

Case 2. Now assume y(t) < 0. The argument used in Case 1 applies mutatis
mutandis to conclude (6.5).

Finally, inequality (6.6) is a straightforward consequence of (6.4) and(6.5). O

For example, the Prandtl operator in Figure 6.3 satisfies the hypotheses of Propo-
sition 6.1.

Let P: be a Preisach operator satisfying the hypotheses of Proposition 6.1. Let
ap, bp, and cp be given by (6.3) and define ®, d €U by

B(y) {fveR |apy—cp <v<bpy+cp}, y=>0,
- fveR | bpy—cp <v<apy+cp}, y<O0.

O(y) == {veR| (ap —n)y* <vy < (bp + )y},
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where n > 0. In view of (6.4) and (6.5),
yeCRy) = (Pe(y)t) € @(y(t)) VieR,.
Moreover, writing K := [—cp/n, c¢p /1], we have
d(y) C d(y) VyeR\K and E:= SUPye i SUPyea(y) Nf5eq(y) v — O = cp.

Let linear system (A, B, C) (with transfer function G) be stabilizable and detectable.
Write a := ap — 1, b := bp + 7, and assume that G/(1 + aG) € H*, and for some
§ €(0,1), (1 +bG)/(1 4 aG) — § is positive real. Then hypothesis (H1) holds with
m=1and ® replacing .

Example. As a concrete example, consider a mechanical system with damping
coefficient v > 0 and a hysteretic restoring force in the form of backlash, with real
parameters ¢ > 0 and (:

(6.7) §(t) +79(t) + Boc(y)(t) = d(?).

Setting w(-,-) := 1, w® = 0, p := J, (the Dirac measure with support {o}), and
&(+) := (in (6.1), we see that B, ¢ = P¢. In this case and in the notation of Proposition
6.1, we have a; = by = by =ap = bp =1 and a2 = ¢p = 0. Choosing n € (0,1), we
have 0 < a < b, where, as before, a = ap — n and b = bp + 1 and by Proposition 6.1,

ly(t)] > o/n = ay?(t) < (Boe(y)) (t)y(t) < by?(t).

The transfer function G is given by G(s) = 1/(s®> + vs), G/(1 + aG) is given by
1/(s®> + s +a), and (1 + bGQ)/(1 + aG) — 6 is given by (1 —8) + 2n/(s? + vs + a).
Clearly, G/(14+aG) € H* and a straightforward calculation reveals that, for all n > 0
sufficiently small, (1 + bG)/(1 4+ aG) — § is positive real.

Returning to the general setting, we are now in a position to invoke Corollary
3.6 to conclude properties of solutions of the single-input, single-output functional
differential equation

(6.8) i(t) = Az(t) + B[d(t) — (Pe(Cz))(t)], x(0) = 2°.

We reiterate that, for each 2 € R™ and d € L2,(R;), (6.8) has a unique global

solution. An application of Corollary 3.6 (with A(t) = {d(¢)} for all ¢ € Ry) yields
the existence of constants ¢, ¢y, co > 0 such that, for every global solution z,

(6.9) le@)]) < ere= 2]l + e (Idll o +ep) Yt Ry,

showing, in particular, that (6.8) is input-to-state stable with bias cp. Furthermore,
by Lemma 3.3,

(6.10) tlirgo dit)=0 = liinsup lz(@®)| < caep.

We emphasize that the convergence d(t) — 0 as t — oo does, in general, not imply
convergence of z(t) as t — co. To see this, consider again mechanical example (6.7).
Then, for every v > 0, there exist constants €, c1,c2 > 0 such that (6.9) and (6.10)
hold (with z(t) = (y(¢),y(t)) and cp = o). However, we know from [17, Example 4.8]
that if d = 0 and v € (1,2), then for all initial conditions, limsup,_, y(t) = o and
liminf; . y(t) = —o (equivalently, y has w-limit set [—o, o]), showing, in particular,
that z(t) = (y(t),y(t)) does not converge as t — co.
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av(y)

4v ¢+ o—e

7l —e

=57 —3v
- 37 57
o—e + —2v
O + —4”)/

Fic. 7.1. Uniform quantizer.

7. Quantized feedback systems. Let (A, B,C) be a minimal realization of a
linear, single-input, single-output system with transfer function G. Let f : R — R be
a continuous static nonlinearity with the following property:

(Q1) There exist ¢ € Ko and a number b > 0 such that

e(lyDlyl < fly)y <by* YyeR.

Furthermore, we impose the following assumption:

(Q2) There exists k € [0, 1/b) such that k + G is positive real.

From (Q1) and (Q2), it follows that (H3) holds with ®(y) = {f(y)} and § = kb €
[0,1). Consequently, by Theorem 3.5, the system

(7.1) i(t) = Az(t) + B(d(t) — f(Cz(t))), =(0)=2"€R", de L. (Ry)

is input-to-state stable. Now consider (7.1) subject to quantization of the output
y = Cx, that is, the system

(7.2) @(t) = Ax(t) + B(d(t) — (f 0 4;)(Ca(t))), «(0) =2 €R", d€ L5 (Ry),

where ¢, : R — R, parameterized by v > 0, is a uniform quantizer (see Figure 7.1)
given by

() =2(m+1)y Vye (2m+1)y, (2m+3)y] VmeZ

We interpret the differential equation (with discontinuous right-hand side) in (7.1)
in a set-valued sense by embedding the quantizer ¢, in the set-valued map @, € U
defined by

_ [ e}, ye (2m+1)y, (2m+3)y), meZ,
Qy(y) = { 2my, 2(m+1)y], y=02m+1)y, meZ,

and subsuming (7.2) in the differential inclusion
(7.3) i(t) — Ax(t) € B(A(t) — @, (Cx(t))), =z(0)=2"€R", A€B,
where A : ¢t — {d(¢)} and @, € U is given by

0,(y) = f(Qy(y) = {f ()] €€y}
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Choose ¢ € (0,1) sufficiently small so that (1 + ¢)x < 1/b. Write b := (1 4 £)b and

define ¢ € K by @(s) := p((1 —¢)s) Vs € Ry.
LEMMA 7.1. There exists M € N such that, for every ~v > 0,

YER, [y =M, vedy(y) = @(y)ly| < yv < by’

Proof. Observe that, for all m € N,

2m +4
2m +1

2m + 2
2m + 3

< % < VweQy(y) Vye ((2m+1)y, (2m+3)y].

Therefore, there exists M € N such that

(I-ey?<wy<(l4+e)y’> Vw €Qy(y) Vy=~M.
Since @~ has odd symmetry (Q~(y) = —Q~(—y)), it immediately follows that
(74) I-e)y? Swy<(l+e)y’ Yw €Qyy) ¥yl =vM.

Let y be such that |y| > yM, and let v € ®,(y). Then v = f(w) for some w € Q(y).
Invoking (Q1) and (7.4), it follows that

(75) eyl = p(luDlul L < fywd = fw)y = vy < buy < 1+ )by = by

Since p(lw|) = p(Jw|ly|/|y]) = ¢(wy/|y|) and invoking (7.4) and (7.5), we have

2(lyhlyl = ¢((1 =)Dyl < @(lwlyl < vy < by®.

This completes the proof. a 3
Let M € N be as in Lemma 7.1 and define ® € U by

= oo [ gy, blyll,  y=>o,
(76) @@”‘{[—bw,—awm,y<o

Clearly,

yeR, ved(y) = max{@(y)lyl, v*/b} <y,
and, by Lemma 7.1, we also have ®.,(y) C ®(y) ¥V y € R\ [-yM, yM]. Moreover, by
(Q2) (and recalling that kb < 1), (§/b) + G is positive real for every ¢ € [kb, 1). We
are now in a position to invoke Corollary 3.7 (with K = [—yM,yM]) to conclude the
existence of 81 € KL and 3 € K, which do not depend on v > 0 (recall Remark

3.8) such that, for all v > 0, all z° € R", and all d € L{° (Ry), every global solution
of (7.3), with A : t — {d(t)} satisfies

[z(t)]| < max{Bi(t, |2°]), Bo(ld|| Lo, + Ey)} VEER,,
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where Ey = sup|y|<,n SUPyea, () infﬁeéw(y)w — 0]. Noting that E, — 0 asy | 0 (if
f is locally Lipschitz, then E. = O(v) as v | 0), we may conclude robustness with
respect to quantization in the sense that the quantized feedback system is such that
the unbiased ISS property of unquantized system (7.1) is approached as v | 0.

8. Conclusion. Feedback interconnections consisting of a linear system in the
forward path and a nonlinearity in the feedback path have been considered. Adopt-
ing a differential inclusions framework, nonlinearities of considerable generality are
encompassed, including inter alia both hysteresis operators and quantization oper-
ators. Conditions on the linear and nonlinear components have been identified (in
Theorems 3.4 and 3.5) under which ISS (and a fortiori global asymptotic stability of
the zero state) of the feedback interconnection is assured. The results of this paper are
in the spirit of absolute stability theory: in particular, when specialized appropriately,
classical absolute stability results pertaining to the circle criterion are recovered. In
Corollaries 3.6 and 3.7, hypotheses are imposed on the nonlinearities (namely, gen-
eralized sector conditions) considerably weaker than those posited in Theorems 3.4
and 3.5, under which ISS with bias (and a fortiori asymptotic stability of a compact
neighborhood of the zero state) may be concluded. Applications of the results to
systems with hysteresis and to systems with output quantization have been detailed.
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