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Abstract. A class of differential-delay systems with hysteresis is considered. Conditions ensuring
boundedness of solutions and related asymptotic and integrability properties are expressed in terms of
data associated with the linear component of the overall system and a Lipschitz constant associated
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1 Introduction

By way of motivation, consider a damped mechanical system with hysteretic restoring force and subject
to delay. Depending on the nature of the delay, such a system may take one of the following two forms:

2" (t) + ax'(t) + bz (t) + (®(z(- — h)))(t) = 0,

or

2" (t) + az'(t) + bz(t) + (®(z))(t — h) = 0,

with parameters a > 0,0 > 0,h > 0 and a hysteresis (i.e., causal and rate-independent) operator ®.
For example, in situations where the hysteretic term is generated by actuation of feedback signals, the
former structure applies in the context of output or measurement delay, whilst the latter structure
relates to the context of input or actuation delay.

As a second motivating example, consider a damped mechanical system with input hysteresis ¥ and
output/measurement delay A > 0, under the feedback action of integral control with gain parameter
k and constant reference input r, as shown in Figure 1. This system may be expressed as
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Figure 1: Integral control of a system with input hysteresis and output delay

y'(t) +ay (1) + by(t) = (V(2))(8), 2'(t) = K(r —y(t = D)),

which, on writing z(-) = z(- + h) and introducing the hysteresis operator ® given by ®(u) = (¥ (u) —
br), can be re-written in the form

2" (t) + az” (t) + ba'(t) + (®(x(- — h))(t) = 0.

We subsume the above examples in a general investigation of asymptotic behaviour of systems of each
of the following two forms

p(D)z + (®(z))(- —h) =0 or p(D)z+ ®(z(-—h)) =0,

where p is a monic polynomial and D is the differential operator. We determine conditions — expressed
in terms of p, the delay parameter h and a Lipschitz-type constant associated with the hysteresis op-
erator ® — which ensure boundedness of solutions and related asymptotic and integrability properties.

We mention that, in the systems and control community, hysteretic effects have received increasing
attention in recent years: examples include closed-loop position control of Preisach hysteresis [6],
passivity-based control of hysteresis in smart actuators [7], inverse compensation of hysteresis [18, 19],
micro-positioning control problems using piezo electric actuators [11], H*°-control of hysteretic systems
[17] and integral control in the presence of in input hysteresis [12, 14]. Moreover, stability properties of
hysteretic systems have been considered by a number of authors in a variety of contexts: for example,
sufficient conditions for asymptotic stability of oscillations in nonlinear systems with respect to small
hysteretic perturbations have been given in [4], input-output stability results can be found in [2, 7, 13]
and asymptotic/boundedness properties of feedback systems with hysteresis were studied within the
framework of absolute stability in [1, 2, 8, 9, 13, 21]. It is these latter contributions to which the
present paper is similar in spirit: in particular, using suitable extensions of results in [13] as a basis,
we analyze asymptotic and boundedness properties of the solutions of the differential-delay hysteretic
systems formulated above.

The paper is structured as follows. In Section 2, the underlying class of hysteresis operators is defined,
some of their known properties are highlighted, some new properties are derived, and several specific
examples of commonly-occurring hysteretic nonlinearities are provided. Section 3 assembles suitably
generalized results from [13] pertaining to regularity and asymptotic properties of solutions of a general
class of input-output systems (described by a convolution operator) with hysteresis in the feedback
loop. The main contributions of the paper reside in Sections 4 and 5. Firstly, in Section 4, the results
assembled in Section 3 form the framework for the analysis of differential-delay systems with hysteresis
(an existence theory for such systems is developed in the Appendix) wherein conditions are investigated
under which a variety of asymptotic properties, and related boundedness and integrability properties,
of solutions are guaranteed. Secondly, in Section 5 we return to the specific context of systems of second



or third order (akin to the motivating examples above): explicit conditions, in terms of the system
parameters, are given under which the “nice” asymptotic behaviour, alluded to above, is assured.

We conclude the introduction with some remarks on notation.

Notation and terminology. We denote the “punctured” real line by R* := R\ {0}. For h > 0,
define Ry, := [—h, 00).

Let ¢ € R and I be an interval of the form I = [¢,T), where ¢ < T < o0, or I = [¢,T], where
¢ < T < oo. Standard spaces of R"-valued functions defined on I are written in the form C(I,R"),
C™(I,R™), LP(I,R™) etc. If n = 1, that is, in the case of scalar-valued functions, we simply write
C(I), C™(I), LP(I) etc. The space of real-valued locally absolutely continuous functions defined on I
is denoted by I/Vlig (I), i.e., a function f: I — R is in WI}J’Cl(I ) if, and only if, there exists a function
g € LL (I) such that

f(t):f(c)—l—/g(T)dT, Viel.

Of course, if I is compact, then L{ (I) = L'(I) and Wl’l(I) = WHI(I). Furthermore, W™P(I)

loc loc
denotes the space of all real-valued functions f which are m — 1 times continuously differentiable on

I, with locally absolutely continuous derivative of order m — 1, and such that f =: f(9) together with
its derivatives f(*), k=1,...,m, are in LP(I). Endowed with the norm

”fHWWP(I) = Z Hf(k)HLP(I) )
k=0

W™P(I) is a Banach space.

Let a € R. The a-exponentially weighted LP-space of functions I — R is defined as

Ly(D) = {f: f()exp(—a) € L’(I)}

and is endowed with the norm

T 1/p
sz = 15O @bl = ([ letspar)
Similarly, we define the a-exponentially weighted W™ P-space

WaP(I) = {f : f(-)exp(—a-) € Wi"P(I)},

which, endowed with the norm

I llweme iy = 1 () exp(=a ) lwmrr) ,
is a Banach space.

When the correct interpretation is clear from context, we do not distinguish notationally between a
function and its restriction: for example, if u € C(Ry) and I C Ry, is an interval, we write u € W2 (1)

loc
in place of u|; € I/Vlicl(l)

Let hy > hy > 0. An operator ¥ : C(Ry,,R") — C(Ry,,R") is said to be causal if, for all 7 > —hs
and all vy, v9 € C(Rp,,R™), v1 = v9 on [—hq, 7] implies that U(v1) = ¥(ve) on [—ha, 7]. For h > 0 and



I C Ry, an interval with —h € I, we define, for each 7 € I, the operator @, : C(I,R") — C(Ry,R"™)
by
u(t), —h<t<r,

u(T) t>r. ()

(Qru)(t) = {

The following simple, but important, remark shows that, for T € (—hg,00), a causal operator ¥ :
C(Rp,,R") — C(Ry,,R™) can be “localized” to C'(I,R"), with I = [-hy,T) or I = [—hy,T].

Remark 1.1 Let hy > hy > 0 and —hy < T < co. If U : C(Ry,,R") — C(Rp,,R") is causal and I;
(respectively, I3) is an interval of the form [—h;,T) or [—hy,T| (respectively, [—hg,T) or [—hg,T]),
then ¥ “localizes” in a natural way to an operator mapping C'(I1, R") into C'(I3,R"): for v € C(I1,R")
simply set
(W()(#) = (W(Qrv))(t), —ha<t<T TEI.

The causality of U guarantees that this definition does not depend on the choice of 7 and so ¥(v) is a
well-defined function in C(I2,R") for any v € C(I1,R™). We will not distinguish notationally between
the original causal operator and its “localization”. <&

For I = [-h,T), where —h < T < o0, or I = [—h,T], where —h < T < oo, define the delay operator
Ap:C(I) — C(I+h) by
(Apz)(t):==x(t—h) Ytel+h. (1.2)
By B(X), we denote the class of bounded linear operators from a linear normed space X into itself.
An operator G € B(L?(Ry)) is said to be shift-invariant if
S;G=GS;, V1>0,
where S, € B(L?(Rg)) denotes the right shift by 7, that is,
u(t—71) fort >,
(Sru)(t) =
0 for t < 1.
It is well-known (and easy to show) that shift-invariant operators are causal. Moreover, if G €
B(L*(Ry)) is shift-invariant, then G has a transfer function G € H*, i.e.,
L(Gu) = G(Lu), Yue L*(Rg),

where H*° denotes the algebra of complex-valued bounded analytic functions defined on the open right-
half of the complex plane and £ denotes Laplace transformation. In particular, if G is a convolution
operator with kernel g € L'(Ry), then the transfer function of G is equal to the Laplace transform of
the kernel, 7.e., G = Lg.

Finally, 6 : R, — R denotes the function which is identically equal to 1, that is, 8(¢t) = 1 for all
t € Ry,.

2 Hysteresis operators

In this section, we define and discuss a class of hysteresis operators. For more information on the
mathematical theory of hysteresis operators see, for example, [3, 5, 10, 20]. Our treatment of hysteresis
operators has been strongly influenced by [3, 5].



2.1 Definitions and properties

Let h > 0. A function f : R, — Ry, is a time transformation (on Ry) if f is continuous and non-
decreasing with f(—h) = —h and lim;_,~ f(t) = o0; in other words, f is a time transformation if it
is continuous, non-decreasing and surjective. An operator ® : C(Ry) — C(Ry) is rate independent if,
for every time transformation f,

O(uo f)=®(u)o f.

Following [3, 5, 20|, we say that ® : C(Ry,) — C(Ry,) is a hysteresis operator if ® is causal and rate
independent.

The numerical value set, NVS @, of a hysteresis operator @ is defined by
NVS® := {(®(u))(t) : u € C(Ry), t € Ry}

For w € C([—h,a]) (with & > —h) and 7,6 > 0, we define

C(w; d,7) = {v € C([=h,a+7]) 1 v|—pa = w,, J[fnax | lu(t) — w(a)| < (5}, (2.1)
€la,a+y
that is, the space of all continuous extensions v of w € C([—h, a]) to the interval [—h, « + ] with the
property that |v(t) — w(a)| < § for all ¢ € [a, 0 + 7].

A function u € C(Ry,) is ultimately non-decreasing (non-increasing) if there exists 7 € Ry, such that u
is non-decreasing (non-increasing) on [7,00); u is said to be approzimately ultimately non-decreasing
(non-increasing) if, for all € > 0, there exists an ultimately non-decreasing (non-increasing) function
v € C(Ry) such that

lu(t) —v(t)| <e, VtecRy.
We will have occasion to impose some or all of the following six conditions on hysteresis operators

P : C(Rh) — C(Rh)

(N1) If I C Ry, is an interval and u € C(Ry) N W2 (1), then ®(u) € W, (I);

loc

(N2) @ is monotone in the sense that, if I C Ry, is an interval and u € C(Rp,) N W (I), then

loc

(@) (t)u'(t) >0, aetel:;

(N3) there exists A > 0 such that, for all @« > —h and w € C([—h, a]), there exist numbers v, > 0

such that
max [(®(u))(7) — (P())(7)| <A max |u(r) —v(7)], VY u,ve Clw;d,y). (2.2)
TE€lo, 0] T€[a,a+7]

(N4) for all @ € (—h,00) and all u € C([—h,a)), there exists ¢ > 0 such that

d < (1 , Vte|-h,a).
f?%fi]’( () (m)] < ¢ +, Dax [u()|) [—h, )

(N5) if u € C(Ry,) is approximately ultimately non-decreasing and lim; .o u(t) = oo, then (®(u))(t)
and (®(—u))(t) converge, as t — 0o, to sup NVS & and inf NVS @, respectively;



(N6) if, for u € C(Rp), limi—oo(P(u))(t) € int NVS &, then u is bounded.

Note that, in (N3) and (N4), the functions ®(u) and ®(v) are well-defined by Remark 1.1. It is not
difficult to deduce that (N5) implies that NVS @ is an interval.

Whilst (some or all of) these technical assumptions are variously invoked in the later analysis, they
are natural in the sense that they hold for the most commonly-encountered hysteresis operators: relay,
elastic-plastic, backlash, Prandtl, Preisach (see Section 2.2 below for details). Futhermore, we remark
that many hysteresis operators (see, for example, [5, 12]) are Lipschitz continuous in the sense that

sup [(@(w)(7) = (B(v))(7)] < Angﬂg u(T) —o(7)], Vu,ve C(Ry), (2.3)

for some A > 0, in which case (N3) is (trivially) satisfied and, furthermore, (N1) holds (see [12]).

An important and well-known property of hysteresis operators is that they commute with @, for all
7 € Ry. This implies that, if the input to a hysteresis operator becomes stationary at time 7, then the
same is true for the corresponding output. We record the commutativity property, which is an easy
consequence of causality and rate independence, as follows.

Proposition 2.1 If ® is a hysteresis operator, then
PQ,=Q; P, VreR,, (2.4)

where Qr : C(Ry) — C(Ry) is given by (1.1).

Proof. Let 7 € Ry and T > 7. Define the time transformation f : R, — Rj by

t on [—h, 7]
fi&)=< 7 on [1,T]
t—71 on (T,00).

Then (Q+v)|j—p,m) = (vo f)l—pm for all v € C(Ry), and so, invoking causality and rate independence,
we have

((Qru)) (1) = (B(uo ) () = (B(w) 0 )(t) = (QBW)(®) Vt € [~hT], Yuec C(Ry).
Since 7 € Ry, and T > 7 are arbitrary, (2.4) follows. O

Section 4 (the main contribution) of the paper is devoted to a study of differential systems with delay
impinging on the hysteresis in one of the forms A, ®(u) or ®(Apu). Anticipating the methodology of
Section 4, which involves the reduction of systems with the latter type of delay to systems with the
former type of delay, we proceed to associate, with any hysteresis operator ® (with domain C'(Ry)), a
hysteresis operator ® (with domain C(Rp)): the operator ® plays a central role in the reduction.

Let ® : C(Rg) — C(Rg) be a hysteresis operator and let h > 0. Define @ : C(R;,) — C(Ry) by
(®(w)(t) == (®(Apu))(t+h), Vt>—h, Yuec C(Ry) (2.5)

and note that 3
(P(Apu))(t) = (Ap®(w))(t), Vt>0, Yue CRy). (2.6)



Proposition 2.2 Let ® : C(Rg) — C(Rg) be a hysteresis operator, let h > 0 and let ® : C(Ry,) —
C(Rp,) be the associated operator defined by (2.5). Then ® is a hysteresis operator. Moreover, if ®
satisfies some or all of hypotheses (N1)-(N6) (in the context of operators with domain C(Ro)), then ®
satisfies the same hypotheses (in the context of operators with domain C(Rp,)).

Proof. The proof of causality of ® is trivial and is therefore omitted. We will prove rate-independence.
Let f5, be a time transformation on Ry. Define a time transformation on Rgy by

ft):=fut—h)+h, Vt>0.
Let u € C(Ry,). Then,
(o) o £)(0) = (An) (F(1)) = u(F(1) — b = ulfalt — b)) = (wo f)(t —B), Vi 0,

whence

(Apu)o f = Ap(uo fp). (2.7)
By (2.5), together with rate-independence of ® and (2.7), we have

(D(w))(fa(t) = ((Apw))(fa(t) +h) = (R(Apu))(f(t +h)) = (B((Anu) o f))(t+ h)
= (@(An(uo f))(t+h) = (®(uo fu))(t), Vit=-h,

proving rate-independence of ®. Finally, it is straightforward to show that, if ® satisfies some or all
of the hypotheses (N1)-(N6), then ® satisfies the same hypotheses. O

Let @ : C(Ry) — C(Rp) be a hysteresis operator. For every = € R, set
Ra(a) = {(@(w)(1) : u € C(Ry), u(1) = z}
Define ¢_ : R - RU{—o0} and ¢4 : R — RU{oco} by
¢_(z) := inf Rg(z) and o+ (x) :=sup Rg(x),
respectively. It follows from rate-independence that
{(®(w)(t) :ue C(Ry),u(t) =2} = Re(x), VaxeR, Vte (—h,o0). (2.8)

Moreover, using causality and Proposition 2.1, we see that

and thus,

{(®(u))(=h) :u e C(Ry),u(—h) =z} C Rp(x), VzeR.
Consequently,

- (u(t)) < (B(u)(t) < pi(u(?)), VieRy, VueCRy).

We say that the pair (¢_, ¢+ ) is the envelope of ®. It follows from (2.8) that the envelope is “tight”.
For £ € R, we define

La(§) :={zeR:p (2) <{<pi()} (2.9)



Proposition 2.3 Assume that ® is a Lipschitz continous hysteresis operator (that is, (2.3) is satisfied
for some X\ > 0) with envelope (p_,p1). Then the following statements hold:
(i) If z € R is such that p_(x) > —o0, then _ is continuous at x.
(ii) If z € R is such that p4(z) < 00, then w4 is continuous at x.
(iii) If u € C(Ry) is bounded and limy_,oo (®(w))(t) = & for some £ € R, then

lim dist (u(t), Lo(§)) — 0.

t—o00

Proof. We prove assertion (i) by a contradiction argument. Suppose that the claim is not true. Then
there exist z € R, a sequence (z,) in R and € > 0 such that lim, ., =, = = and

(a) p_(zn) —p—(z) < —e, YneN or (b) p—(zp) —p—(z) >e, Vn eN.
If (a) holds, then there exists a sequence (vy,) in C(Ry) with v, (1) =z, for all n € N and such that
(®(vn))(1) — p—(2) < —£/2, VneN.

Since x, — x as n — 00, Uy = vV, — Tn + ¢ € C(Ry) is such that u,(1) = z for all n € N
and sup;eg, |vn(t) — un(t)] — 0 as n — oco. Using the Lipschitz continuity of ®, we obtain that
(®(vn))(1) = (®(un))(1) — 0 as n — oo. Consequently, there exists N € N such that

(@(un))(1) < () —€/4, Vn=N,

which yields the desired contradiction, since, by the definition of p_, (®(uy,))(1) > ¢_(z) for all n € N.
If (b) holds, then there exists a sequence (wy,) in C(Rp) with wy (1) = x for all n € N and such that

(@(wn))(1) —o—(xn) < —€/2, VneN

Since z,, — = as n — 00, Uy = W, — & + x, € C(Ry) such that u,(1) = z, for all n € N
and supyeg, |wn(t) — un(t)] — 0 as n — oo. By Lipschitz continuity of ®, we have (®(wy))(1) —
(®(up))(1) — 0 as n — oo. Consequently, there exists N € N such that

(@(un))(1) < @(xn) —€/4, Vn=N,

which yields the desired contradiction, since, by the definition of ¢_, (®(uy))(1) > p_(z,) for all
n € N.

Assertion (ii) follows by an argument analogous to that used in establishing assertion (i).

It remains to prove assertion (iii). Again seeking a contradiction, suppose that the claim is not true.
Since u is bounded, we conclude that there exist a sequence (¢,) in R and v* € R such that ¢, — oo
and u(t,) — u* as n — oo, and p_(u*) > £ or ¢4 (u*) < £. Invoking assertions (i) and (ii), it follows
that liminf,, . [(®(u))(tn) — &| > 0, contradicting the fact that (®(u))(t) converges to £ as t — oo.

g



2.2 Examples of hysteresis operators

Below, we describe some important classes of hysteresis operators satisfying (N1)—(N6).

Relay (passive, positive) hysteresis. Relay (also called passive or positive) hysteresis, is discussed
in a mathematically rigorous context in a number of references, see for example [12] and [16]. Figure 2
illustrates schematically the action of relay hysteresis, one of the simplest of hysteretic phenomena. The
corresponding operator is denoted by R.. Whilst conceptually clear, a precise mathematical definition
of relay hysteresis is notationally cumbersome. Let by, b; € R with by < by and let ¢ : [bg,00) — R

Re(u)
<= 0

blo / b.l .

/
Pr —

Figure 2: Relay hysteresis

and @1 : (—o0,b1] — R be non-decreasing and globally Lipschitz with the same Lipschitz constant
[ > 0 and such that pg(bg) = p1(bg) and ¢(b1) = w1(b1). For u € C(Ry) and ¢ > —h define

S(u,t) == u" ({bo, b1 }) N [=h, 1], 7(u,t) = { rilzllx St i g&z:g i 37

Following [16], for ( € {0,1}, we define an operator R¢ : C(Ry) — C(Ry) by

e1(u(t)) if u(t) < by,
wogugtgg - “Et; ZE) ), T(u,t) # (7(u,1))
u(t)) ifu(t) € (bo,b1), 7(u,t —1 and u(7(u,t)) = by,
ReDO = Cotult)) it u(t) € (orbr), r(u,8) 1 and ulrwnt) — b0, 10
wo(u(t)) if u(t) € (bo,b1), 7(u,t) = —1 and ¢ =0,
e1(u(t)) if u(t) € (bg,b1), T7(u,t) = —1 and ¢ =

The number ¢ plays the role of an “initial state” which determines the output value (R¢(u))(t) if
u(s) € (bo,b1) for all s € [—h,t]. From [12] we know that R¢ satisfies (N1)-(N6) (with A = [ in
(N3)). We note that NVSR¢ = im ¢ Uim . It is clear that R is Lipschitz continuous if and only
if wo(v) = 1(v) for all v € [by, b1], i.e., if and only if R, “degenerates” into a static nonlinearity.

Backlash hysteresis (play operator). A discussion of the backlash operator (also called play
operator) can be found in a number of references, see for example [3], [5], [10] and [12]. Let r € Rg
and introduce the function

v—r, fw<v-—r
by :R? =R, (v,w)+— max{v—7, min{v+7rw}} = w, ifwelv—rv+r]

v+r, fw>v+r.



Let Cpm(Rp) denote the space of continuous piecewise monotone functions defined on Ry. For all
r € Ry and all £ € R, we define the operator B, ¢ : Com(Rp) — C(Rp) by

[ be(u(0),€) for t = —h,
(Bre(w)(t) = { br(u(t), (Bye(u))(t:)) fort; <t <tipr,i=0,1,2,...,

where —h = t) < t; < tg < ..., lim,_,ot, = 00 and u is monotone on each interval [t;,¢;+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 3 illustrates how B, ¢ acts. It is well-known

“JK,
AN

Figure 3: Backlash hysteresis

that B, ¢ extends to a Lipschitz continuous operator on C(Ry,) (with Lipschitz constant A = 1), the
so-called backlash operator, which we shall denote by the same symbol B, ¢. It is also well-known
(and easy to check) that B, ¢ is a hysteresis operator.

As shown, for example, in [12], B, ¢ satisfies (N1)~(N6) (with A\ = 1 in (N3)). It is obvious that
NVSB, ¢ = R.

Elastic-plastic hysteresis (stop operator). The elastic-plastic operator (also called stop operator)
is discussed in a mathematically rigorous context in a number of references, see for example [3], [5],
[10] and [12]. To give a formal definition of the elastic-plastic operator, for each r € Ry define the
function e, : R — R by
—r, ifvo<—r
er(v) = min{r, max{—r,v}} = < v, ifvel-rr].

T, ifvo>r

For all r € Ry and all £ € R, we define an operator &, ¢ : Cpom(Rp) — C(Ry) by

er(u(0) = &) for t = —h,
(Er,g(u))(t) - { er(u(t) — u(tl) + (8T’§(u))(tz)) for t, <t< ti+1, 1= 0, 1,2, R

where —h =ty < t; <t2 < ... lim, o t, = 00 and u is monotone on each interval [¢;,t;1+1]. Again, £
plays the role of an “initial state”. The operators &, ¢ and B, ¢ are closely related:

Ere(u) +Bre(u) =u, Yuec Cpom(Ry), (2.11)

see, for example, [5], p. 44. Figure 4 illustrates how &, ¢ acts. It follows from (2.11) and the properties
of B, ¢ that &, ¢ extends to a Lipschitz continuous hysteresis operator on C(Rj) (with Lipschitz

10



constant A = 2). This extension, which we denote by the same symbol &, ¢, is called the elastic-plastic
operator.

As shown, for example, in [12], &, ¢ satisfies (N1)-(N6) (with A = 2 in (N3)). Trivially, NVSE, ¢ =
[—T, T} .

Erg(u)

r

|-
/

-r

Figure 4: Elastic-plastic hysteresis

Prandtl and Preisach operators. All the hysteresis operators considered so far model relatively
simple hysteresis loops. The Preisach operator described below, encompasses both backlash, elastic-
plastic and, more generally, Prandtl operators. It represents a far more general type of hysteresis which,
for certain input functions, exhibits nested loops in the corresponding input-output characteristics.
Let £ : Ry — R be a compactly supported and globally Lipschitz function with Lipschitz constant
1. Furthermore, let p be a signed Borel measure on Ry such that |u|(K) < oo for all compact
sets K C Ry, where |u| denotes the total variation of p. Denoting the Lebesgue measure on R by
ur, let w @ R x Ry — R be a locally (ur, ® u)-integrable function and let wg € R. The operator
Pe : C(Ry) — C(Ry,) defined by

e ()0
(Pe(w) (1) :/0 / wis, P)up(ds)u(dr) +wy, YueCRy), VE€R,,  (212)

is called a Preisach operator, cf. [5], p. 55. It is clear that P¢ is a hysteresis operator. Under the
assumption that the measure p is finite and w is essentially bounded, the operator P¢ is Lipschitz
continuous with Lipschitz constant |u|(Ro)||w||eo, see [12]. Furthermore, if we additionally assume that
w and w are non-negative, then, as shown in [12], (N1)—(N6) hold (with A = pu(Rp)||w||ec in (N3)).

Setting w(s,r) =1 and wy = 0 in (2.12), we obtain the Prandtl operator

@)= [ (B () On(dr) . Vue CR). Ve R, (2.13)

For h = 0, £ = 0 and the measure p given by u(E) = pr(£ N[0,5]), the Prandtl operator (2.13)
becomes

5
(Po(u))(t) —/ (Bro(w)(®)dr, Vue C(Ry), Vie R
0
and is illustrated in Figure 5.

Finally, we mention that Preisach operators can often be written as “weighted sums” of relay switches.
More precisely, if u is the Lebesgue measure on Ry, w € L'(R x Ry), £ = 0 and

([t [ [ )
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Figure 5: Example of Prandtl hysteresis

then the Preisach operator (2.12) can be written as

( / / <u>)<->dsdr) . Yue Oy,

where 8, s is the relay switch operator illustrated in Figure 6 (see [5] for details). More formally,
(8r,5(w))(t) is given by the right-hand side of (2.10) with by = s—r, by = s+7, po(v) = 1, 1 (v) = —1
and

1 ifs>0,
C:C(S):{o if 5 < 0.
Sr.s(u)
1
| ;
|
H .
s—rI Is+r "
0 I
-1

Figure 6: Relay switch hysteresis

2.3 Generalized sector condition
Definition 2.4 An operator ® : C(Ry) — C(Ry) is said to satisfy a generalized sector condition if
there exist 71 < 0,72 > 0 and o € R such that, for all w € C(Ry,) and ¢ > —h,

u(t) >m = (2(u))(t) = ou(t),
ult) < = (P(u))(t) < oul(t).

If 0 > 0, then we say that ® satisfies a positive generalized sector condition. <&
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For every ¢ € R and r > 0, the backlash operator B,. ¢ satisfies a positive generalized sector condition
with arbitrary 0 < 0 < 1and 7y = —r/(1 — o), 72 = /(1 — o) and the elastic-plastic operator satisfies
a generalized sector condition with arbitrary —co < o0 <0 and 1 =71/0, 70 = —1/0.

We show that, under certain assumptions, the Preisach operator P¢ defined in (2.12) (and hence, a
fortiori, the Prandlt operator defined in (2.13)) satisfies a positive generalized sector condition.

Proposition 2.5 Let P be the Preisach operator defined in (2.12). Assume that the measure i is
non-negative, with

0<p:=p(Ry) <oo and O<a:—/oor,u(dr)<oo

Assume further that i

0 < By :=essinf(s )crxmrow(8,7) and B2 1= essSUP(s,)crxr,W(S;7) < 00.
Then, for every 0 < e < pB1, we have

)| > (afe)/e = (Pe(w))B)u(t) > (pBr —e)u(t), Yue C(Ry), Vt € Ry, (2.14)
i.e., P¢ satisfies a positive generalized sector condition.
Proof. Note initially that, by the definition of the backlash operator, we have
(B, e(ry(u)(t) € [u(t) —ru(t) +r] Vue C(Ry), VtERy, Vr €Rg.

Let ¢ € (0, pB1) and define 7 := (af2)/e. Let u € C(Ry,) and t € Ry,
Case 1. Assume that u(t) > 7. Writing E; = [0, u(t)] and Es = (u(t), 00), it follows that

e = ([ + [ ) [ vt rmstasan

> 5 [E (u(t) — ) pu(dr) + B / (u(t) — ) pu(dr)

Eo>
— (Bip(B) + Bon(En))ult) — By / r u(dr) — B /  u(dr)
E Es

> pBru(t) — afe = pPru(t) — T,

and so we may conclude that

ut) 27 = (Peu)(t) = (pB1 — &)u(?). (2.15)
Case 2. Now assume that u(t) < —7. Writing Fy = [0, —u(t)] and E2 = (—u(t), 00), we have

vt < ([ +[ ) / (5, r)yus (ds)pu(dr)
< B1/E (u(t) +7) pldr) + 52/E (u(t) +7) pldr) < pbru(t) + afs = pPru(t) + €7,
from which we may infer that

ut) < =1 = (Peu)(t) < (pBr = e)ult). (2.16)
Since u € C(Ry) and t € Ry, are arbitrary, the conjunction of (2.15) and (2.16) yields (2.14). 0
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Example 2.6 The Prandtl operator shown in Figure 5 satisfies a positive generalized sector condition:
in particular, (2.14) holds with p =5, « =25/2, 31 =1 =33 and ¢ € (0, 5). O

Remark 2.7 If the (signed Borel) measure p satisfies any of the following three conditions

(i) w is non-negative, regular and has compact support,
(ii) p =02y n0r,, where 0., is the unit mass at r, > 0, v, > 0, and Y7, yprn < 00,

(iil) p(dr) = f(r)dr, with f >0, f € L'(Ro) and f(r) = O(r~2*9)) as r — oo for some & > 0,

then the hypotheses on p in Proposition 2.5 hold. &

3 Asymptotic behaviour of solutions of feedback systems with hys-
teresis

In the following we derive generalizations of certain results from [13], the purpose of which is to
facilitate the main investigation in Section 4.

We first consider the feedback system shown in Figure 7, where G is a convolution operator with
kernel g, ® : C(Ry) — C(Ry) is a hysteresis operator, 7 and ry are input and disturbance signals,
respectively.

+

- n o ~
- ]y
=
1 2 |

Figure 7: Feedback system with hysteretic nonlinearity

T2

This system is described by

y=gxri+ra—gx®(y), ylno =e € C([=h0]), r(0)=(0), (3.1)

where * denotes convolution. A solution of (3.1) on [—h,T) for some 0 < T < oo is a function
y € C([—h,T)) satistying (3.1).

The following result extends part (a) of Theorems 4.1 in [13], which pertains to the case h = 0, to the
general case of h > 0: the essence is to show that, by a suitable re-formulation of the problem, the
latter case can be reduced to the former.

Theorem 3.1 Let g € L2(Rg) for some a < 0 be a function of locally bounded variation. Let
ri,Te € Wli’cl(Ro) with r,rh € L2(Rg) and r2(0) = ¢(0). Let ® satisfy (N1), (N2) and (N3) with
associated constant A > 0. Assume that

in%Re G(iw) > =1/, (3.2)
we
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where G denotes the Laplace transform of g (or, equivalently, G is the transfer function of G). Then
(3.1) has a unique solution on Ry, which is locally absolutely continuous on Ry and there exist constants
B € (a,0) and v > 0 (both dependent on g and A, but independent of r1,r2 and @) such that

191l ow o) + 1 W) oo o) + 161l 22 o) + 1@ W)Y 1] 2 (r5)
<Al 2 o) + 172l 22 (Rg) + 1 (O)] + [r2(0)] + [(@())(0)])  (3.3)

and y(t), (P(y))(t) converge, at exponential rate, to finite limits as t — oo.

In Theorem 3.1, it is assumed that the linear component of the system is described by a convolution
operator with kernel in L2 (Rg) for some o < 0. This implies that the linear subsystem is input-output
stable and, in particular, does not contain any integrators.

The next result, Theorem 3.2, applies to a class of linear systems containing an integrator. Before
stating Theorem 3.2, we consider the feedback system shown on Figure 8, where the operator G €
B(L*(Rp)) is assumed to be shift-invariant and ® : C(R;) — C(Ry,) is a hysteresis operator. The
integral equation

y(t) = / (Gr)(r)dr + (1) - / (GB(y))(7)dr, Yl = @ € C=h.0]). r(0) = (0) (3.4)

describes the system shown in Figure 8. The solution concept for the initial-value problem (3.4) is the
same as that for (3.1). We impose the following assumption on G:

+ — t +
1 O G J O 79
N Yy
]
12|

Figure 8: Feedback system with integrator and hysteresis

(L) The limit G(0) := ohén OG(S) exists, G(0) > 0 and
s—0,Re s>

limsup [(G(s) — G(0))/s| < cc.
s—0,Re s>0

The following result extends Theorems 4.5 of [13], which pertains to the case h = 0, to the general
case of h > 0.

Theorem 3.2 Assume that G (the transfer function of G) satisfies assumption (L), ® satisfies (N1)-
(N5) and 0 € closNVS ®. Let A > 0 be the constant associated with (N3). Assume that
G (iw) 1

inf R — 3.5
weR i T A (3:5)

Then, for all 11 € L*(Rg) and o € I/Vli’cl(Ro) with vy, € L*(Ry), r2(0) = ¢(0), there erists a
unique solution of (3.4) defined on Ry, which is locally absolutely continuous on Ry. Furthermore,
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limi oo (®(y))(t) = 0 and there exists a constant v > 0 (depending only on G and A, but not on ri,rs
and ) such that

1R oo (o) + P 122 o) < V(Ir1ll2me) + 2]l 22(Rp) + [(2(9))(0)]). (3.6)
Under the additional assumptions that (N6) holds and 0 € int NVS ®, y is bounded.
Proof of Theorems 3.1 and 3.2. For the particular case of h = 0, proofs of Theorems 3.1 and 3.2
can be found in [13]: specifically, Theorem 3.1 is subsumed by part (a) of Theorem 4.1 in [13] and
Theorem 3.2 is subsumed by Theorem 4.5 in [13]. We complete the proof by showing that the general

case of h > 0 can be reduced to the particular case of h = 0. To this end, with each u € C(Ryp), we
associate a function @ € C(Ry) defined by

sy < {70 =20+, tel-h0)
u(t), t > 0.
Now define an operator ¥ : C(Rg) — C(Rg) by
(T(u))(t) :== (®())(t), VueCRgy), VteR,.

It is routine to show that W is a hysteresis operator; moreover, if ® satisfies some or all of the hypotheses
(N1)-(N6) (in the context of operators with domain C'(Ry)), then ¥ satisfies the same hypotheses (in
the context of operators with domain C(Ry)); furthermore, if ® satisfies (N5), then the interiors of
the numerical value sets of ¥ and ® coincide. It is clear that a function y € C(Ry,) solves (3.1) if, and
only if, the restriction yo = y|r, satisfies

Yyo=g*xr1+12— g% ¥(yo). (3.7)

Consequently, an application of part (a) of Theorem 4.1 from [13] to (3.7) establishes the assertions
of Theorem 3.1. Similarly, y € C'(Ry) solves (3.4) if, and only if, the restriction yo = y|gr, satisfies

yolt) = /0 (Gra)(r)dr + ralt) — /0 (GU(yo))(r)dr, Vi€ R (3.8)

Theorem 4.5 in [13], applied to (3.8), yields the assertions of Theorem 3.2. O

4 Differential-delay systems with hysteresis

We now arrive at the main focus of the paper. In particular, we will investigate boundedness and
related asymptotic and integrability properties of solutions of the following two initial-value problems:

p(D)z 4+ Ap®(z) = 0, (4.1a)
zl_no = ¢ € C([=h,0]), z®(0)=a4, k=1,...,n—1 (4.1b)
and
p(D)x + ®(Apz) =0, (4.2a)
2l = ¢ € C([=h,0]), zW(0)=ay, k=1,....n—1. (4.2b)
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Here h > 0, p(s) == > 1_, aps® is a monic polynomial of degree n with real coefficients, D denotes
differentiation with respect to t, Ay : C(Rp) — C(Rp) is the delay operator given by (1.2) (with
I = Ry) and @ is a hysteresis operator. In problem (4.1), ® maps C(Rp) into itself, whereas, in
problem (4.2), ® maps C(Ry) into itself.

A solution of (4.1) (respectively, (4.2)) on the interval [—h,T") for some 0 < T" < oo is a function
v € C([~h,T)) such that the restriction x|jop) is in C™([0,T)) and satisfies (4.1a) (respectively,
(4.2a)), and (4.1b) (respectively, (4.2b)) holds; a solution is said to be global if T' = occ.

Proposition 4.1 If ® satisfies (N3) and (N4), then each of the initial-value problems (4.1) and (4.2)
has a unique global solution (no finite-escape time).
Proposition 4.1 is proved in the Appendix.

We proceed to consider two specific cases:
Case A, wherein p is assumed to be a Hurwitz polynomial;
Case B, wherein p is given by p(s) = sq(s) for some Hurwitz polynomial ¢ of degree n — 1.

As we shall see, the latter case arises naturally in the context of feedback systems with integral control.

4.1 Case A
In the context of the initial-value problem (4.1), we have the following result.

Theorem 4.2 Assume that every root of p has negative real part. Let ® : C(Ry) — C(Ry) satisfy
(N1)-(N4) with associated constant A and let x be the unique global solution of (4.1). If

:;relﬂfQ Re (e7“" /p(iw)) > =1/, (4.3)

then x has the following properties.

(i) There exist constants B = [B(p,h,\) <0 and v = v(p, h,\) > 0 such that

[l llwn.oe o) + 12(@) | Lo o) + 12" lwn—12 gy + (2 (2)) 22 Ro)

0 4.4
<A(leO) + Y [zr] + 12() lle-na)- .
k=1

(ii) limy_oo2®(t) = 0, k = 1,...,n, the limits £>° = lim; oo x(t) and ®® = limy_oo(P(z))(t)
exist and all limits are approached at exponential rate; moreover,

O = —qpx™. (4.5)

Proof. Let w: Ry — R and v : Ry — R be the solutions of the initial-value problems
p(D)w =0, w®(0)=0,k=0,...,n—2, w™ D) =1

and
p(D)w=0,  v(0)=p0), vMO0) =24 k=1,...,n -1,
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respectively. Let = be the unique global solution of (4.1) (which exists by virtue of Proposition 4.1).
Viewing (4.1a) as the linear system p(D)x + f = 0, with forcing function ¢t — f(t) := (Ap®(x))(¢),
a routine calculation (an application of the variation of parameters formula for a linear n-th order
system) shows that x satisfies

t
z(t) = v(t) — /0 w(t —7)(Ap®(z))(T)dr, Y t>0. (4.6)
Set .
/0 wt — 7Y (Ar®(@))(r)dr, € [0,h]
h
/0 wt — 7)(Dp®(@))(r)dr, ¢ h

and denote by g the right shift of w by h:

_Jo, te[0,h)
9(t) = {w(t —h), t>h. 48)

(4.7)

Note that p € C"1(Rg) N C™(Rg \ {h}). Whilst the function p(»~1) is not differentiable at t = h, its
left and right derivatives exist at this point and so p(™ can be considered as a function in C(Rg \ {h})
with a jump discontinuity at ¢ = h. Similarly, g € C"2(Rg) N C" *(Rg \ {h}) and g™V can be
considered as a function in C(Rg \ {h}) with a jump discontinuity at ¢ = h.

Equation (4.6) can be rewritten as
£(t) = plt) — (g D))(B), V>0, (49)

Note that (4.9) is of the form (3.1) (with r; = 0, r2 = p). The key idea is to apply Theorem 3.1 to
(4.9). Denoting the transfer function of the operator u +— g * u by G, we have

efsh

p(s)

and so, by hypothesis (4.3), condition (3.2) of Theorem 3.1 holds. We proceed to show that the other
hypotheses of Theorem 3.1 hold in the context of (4.9). Clearly, p € I/Vlicl (Ro) and p(0) = ¢(0). By
the hypothesis on p, there exists o < 0 such that the real part of each root of p is less than «a and it
follows that both g and p’ are in L2 (Rp). All hypotheses of Theorem 3.1 are now in place.

G(s) = (Lg)(s) =

To prove assertion (i), we first invoke Theorem 3.1 to infer the existence of constants 5 € («,0) and
~v1 > 0 (dependent only on p, h and A) such that

2] 2o (o) + @)L o) + 12"l 22 (o) + 1@ (2)) [l 220
< (162 gy + (O] + [(2(£))(0)]). (4.10)

To establish (4.4), we proceed to estimate ||z|yyn.0o(ry), ||$/||Wg—l,2(R0), | pllrn.c0 (r) and ||p||W§’2(Ro)

in terms of ®(y) and the initial conditions. Since 5 € («,0), it follows that
n—1
lollwroe o) + lollyyr2 gy < 72(10(0)] + > Lzl + 2@ leq-nop) (4.11)
k=1
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for some constant v > 0 (dependent only on p and h). Therefore the right-hand side of (4.10) can be
majorized by v3(|¢(0)] + Y271 |zk| + [®(2)lc(j—n,0)) for some constant y3 > 0 (dependent only on p,
h and \). Consequently,

2] o0 (o) + 1@l o) + 12"l 22 (o) + 1@ (2)) [l 22 (R0
< 73(l%(0 HZ!&%HH@ Plle-nom)- (4.12)

Differentiating (4.9), we obtain
a® = pF) — g®) wP(z), k=1,....n—1 (4.13)
and
2®) = p®) _(&(2))(0)g* Y — gV s (B(2))', k=1,...,n. (4.14)
From (4.13), it follows that

[Nz mo) < 16D lzemo) + 1@ |z o) lg™ N1 Re), b =1, = 1.
Using (4.11) and (4.12), together with the fact that = solves (4.1), we obtain that

o ey < 3006+ 3 o] + 1) onon)s b= L. (4.15)
k=1
for some constant 74 > 0 (dependent only on p, h and \). Invoking (4.14), an argument similar to
that leading to (4.15) gives

[t lyyn-12(Ro) <75 (lo(0 |+Z|$k|+ 12()ll(-n.0p) (4.16)

for some constant 5 > 0 (dependent only on p, h and A). Combining (4.12), (4.15) and (4.16) yields
the existence of a constant v > 0 (dependent only on p, h and X) such that (4.4) holds.

To prove assertion (ii), first note that
p" e LP(Ry), g% Ve L2Re)NLO([Ry), k=1,...,n.
Combining this with the fact that (®(x)) € L%(Ro) and invoking (4.14), yields

lim e Pt2® (1) =0, k=1,...,n. (4.17)
t—o00
Again using the fact that (®(x)) € L%(Ro), we deduce that the limit ®*° := lim; oo (P(2z))(t) exists,
is finite and is approached exponentially fast. Combining this with (4.17) and (4.1) and recalling that
ap # 0 (by hypothesis on p), we conclude that x(t) converges exponentially fast to a limit 2 as
t — co. Therefore, agz™ + &> = limy_.o (p(D)z + Ap®(z))(t) = 0, whence (4.5). O

Remark 4.3 For many hysteresis operators, (4.5) can be used to obtain quantitative estimates of the
limits > and ®*°. For example, in the case of relay hysteresis, (z°°, ®°) is one of at most two points
of intersection of the graph of the nonlinearity and the line with slope —ag passing through the origin
(see Figure 9); in the case of backlash hysteresis (see Figure 10), 2*° € [—r/(1 + ag), /(1 + ap)] and
O € [—apr/(1+ ag),aor/(1 + ag)]; for the elastic-plastic operator, ™ € [—r/ag,r/ag] (see Figure
11), whilst ®* € [—r,r] (the latter does not provide additional information). <&
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Figure 9: Relay hysteresis, (z°°, @) € {P,Q}

Figure 10: Backlash hysteresis, (>, ®*°) € [P, Q)]
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Slope —ag
c o r
/ / u
_/r‘ Q\\
Figure 11: Elastic-plastic hysteresis, (z°°, ®*°) € [P, Q)]
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Next, we consider the initial-value problem (4.2) (in which ® maps C(Rp) into itself).

Theorem 4.4 Assume that every root of p has negative real part. Let ® : C(Rg) — C(Rg) satisfy
(N1)-(N4) with associated constant X and x be the unique global solution of (4.2). If (4.3) holds then
x has the following properties.

(i) There exist constants 3 < 0 and v = v(p, h, A) > 0 such that

[ [lwnoo ) + 1P(ART) || oo ([n,00)) + |\33'||W571,2(R0) + (@A) | 22 (1,00))

" (4.18)
<y(leO)] + D |zl + 12(Ar0) (o, -
k=1
(ii) limg oo ¥ (t) =0, k= 1,...,n, the limits
x> = tlgélo xz(t) and O := tlig(@(Ahx))(t)
exist and all limits are approached at exponential rate; moreover,
P = —apa™.
Proof. Note that, by (2.6), the differential equation (4.2a) can be written in the form
p(D)z 4+ Ap®(z) =0, (4.19)

where ® : C(R) — C(Ry,) is the operator defined by (2.5). Hence, an application of Proposition 2.2
and Theorem 4.2 establishes the claim. O

Remark 4.5 (i) Consider (4.1a) with forcing (or disturbance) f € C(Ry), i.e.,

p(D)zr + Ap®(z) = f,

i } (4.20)
x|[,h7o]:g0€C'([—h,0]), $( )(0):xk, kzl,...,n—l

An analysis of the proof of Proposition 4.1 shows that, under the same hypotheses, its assertions
remains valid in the context of the initial-value problem (4.20). Moreover, if the assumptions of
Theorem 4.2 hold and if f € WI})CI (Ro) with f’ € L2(Rg) for some o < 0, then the conclusions of
Theorem 4.2 remain valid for the initial-value problem (4.20) with 5 € (a,0) and 7 > 0 independent
of f and the initial conditions, provided that the term ’y(Hf’HL%(RO) +1f(0)|) is added to the right-hand
side of (4.4) and (4.5) is replaced by ®>° = f*° —qpx>, where f*° := limy_, o, f(¢). This can readily be
shown by modifying the proof of Theorem 4.2, the only modification being that Theorem 3.1 is now
applied in the context of the equation z = w * f + p — g * ®(x) (which replaces (4.9)). Finally, under
the same assumptions on f, a similarly modified version of Theorem 4.4 holds for the initial-value
problem (4.2) with forcing f.

(ii) A remark analogous to Remark 4.3 applies to Theorem 4.4. <&
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4.2 Case B

Next we consider the initial-value problems (4.1) and (4.2) in the case wherein p takes the following
form

p(s) = sq(s),  where q(s ZakJrlS (4.21)
The next result relates to the initial-value problem (4.1).

Theorem 4.6 Assume that p is of the form (4.21) and every root of q has negative real part. Let
O : C(Ry) — C(Ry) be a hysteresis operator satisfying (N1)-(N5), with associated constant X\, and
assume that 0 € closNVS ®. If

wigﬂg* Re (e7™“" /p(iw)) > =1/, (4.22)

then the unique global solution x of (4.1) has the following properties.

(i) limy_oo z®)(t) =0, k = 1,...,n. Furthermore, there exists v = y(p, h, \) > 0 such that
12" lwn-1.00 (o) + 12(@) | 220 (Ro) + (2 (2)) [l L2 (o) < Z 2| + 12()le(-nop)-  (4.23)

(ii) If (N6) holds and 0 € int NVS @, then x is bounded.
(iii) If (N6) holds, 0 € int NVS ® and ® is Lipschitz continuous, then
tliglo dist (x(t), Ls(0)) =0,
where Ly (0) is given by (2.9).

(iv) If @ satisfies a positive generalized sector condition with thresholds 71 < 0,75 > 0 and sector
bound o > 0, then

@l o) < max{ =7, 72, 1 Z 24l + 1120 lonop) } (4.24)
and
tlim dist (z(t), [r1,m2]) =0. (4.25)

Moreover, if 11 < 0 and 19 > 0, then there exists T > 0 such that

xz(t) € [r, ], Vt>T. (4.26)

Proof. Recall that = satisfies the integral equation (4.9). In view of (4.21), g can be written as

g =0 go,
where gg is such that
e—sh
Lgo)(s =: G(s
(La0)(s) = 5 = Gls)



Hence .

x(t) = p(t) — ; (go * ®(x))(r)dr, Vt>0, (4.27)

where p is given in (4.7). Note that (4.27) is of the form (3.4) (with 7 = 0, r2 = p) and that G is
the transfer function of the operator u — go * u. The key idea is to apply Theorem 3.2 to (4.27).
To this end, we note that, trivially, p € VVI%)’(}(RQ), o € L*(Rg) and p(0) = ¢(0). Furthermore,
G(0) =1/a; > 0 and, by (4.22),

inﬂ£ Re G(iw)/(iw) > —1/A,
weR*

showing that (3.5) holds. By Theorem 3.2, we may now infer the existence of a constant v; > 0
(dependent only on p and \) such that

12 (2) || oo o) + I1(@(2)) | L2Ro) < 11 (10 | 22(R0) + [(2())(0)])- (4.28)
Furthermore,

1A' z2(Re) < 72 lek|+||<1> Meq-no) (4.29)

for some 2 > 0 (dependent only on p, h and )\).
Differentiating (4.27) and invoking (4.2), we obtain

) = pb=) — o= e ®(2), k=1,...,n— 1. (4.30)

The convergence
lim 2™ () =0, k=1,...,n

t—o0

and the estimate

12 lyyn 100 o) < 3( D 2kl + 12(0) | o-nop)) (4.31)
k=1
for some «y3 > 0 (dependent only on p, h and A) follow from (4.30) via arguments similar to those used
in the proof of Theorem 4.2. Combining (4.28), (4.29) and (4.31) we arrive at (4.23).

Assertion (ii) is an immediate consequence of Theorem 3.2. To prove assertion (iii), note that z is
bounded (by (ii)) and lim;_,« (®(z))(t) = 0 (by (i)): the claim now follows from part (iii) of Proposition
2.3. Finally, to prove assertion (iv), note that, by the positive generalized sector condition,

a(t) &[] = Jz(t)] < %I(‘P(fﬂ))(t)l,

which, in conjunction with (4.23), gives (4.24). Furthermore, since (®(x))(t) converges to 0 as t — oo,
(4.25) and (4.26) also follow. O

Remark 4.7 (i) It is not difficult to show that, with suitable modifications, Theorems 4.2 and 4.6
remain true for multiple point delays and distributed delays. More precisely, assume that (4.1a) is

replaced by
0

(p(D)z)(t) +/ (@(2))(t +7)dv(T) =0, V=0,

—h
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where v is a function of bounded variation on [—h,0]. If the term e~®" in (4.3) and (4.22) is replaced
by the term ff’h e™“Tdv(7), then the assertions of Proposition 4.1, Theorem 4.2 and Theorem 4.6
remain valid.

(ii) Part (iv) of Theorem 4.6 (and (4.25) in particular) quantifies the asymptotic behaviour of the
solution under the assumption that the hysteresis operator ® satisfies a positive generalized sector
condition. By contrast, part (iii) applies to many hysteresis nonlinearities which are bounded or have
sub-linear growth (in the sense that their envelopes are bounded or have slower than linear growth):
these nonlinearities do not satisfy a positive generalized sector condition. Prototype examples of such
hysteresis nonlinearities are “saturated” backlash operators of the form B, ¢ o ¥; or X; o B, ¢ with
[ > 0, where the saturation operator ¥; : C(Ry) — C(Ry) is defined by

u(t), if |u(t)| <1,
(Ci(w)(t) =4 . .

Isign(u(t)), if Ju(t)] > L.
If ® is such a hysteresis operator which, in addition, is Lipschitz continuous, satisfies (N6) and has 0
in its numerical value set, then the solution approaches the set Ls(0) = {z € R| p_(2) <0 < p1(2)},
where (¢_, p4) is the envelope of ®.

(iii) Theorem 4.6 asserts boundedness of x, provides quantitative information on its asymptotic be-
haviour, and establishes that (®(x))(t) — 0 as t — oco. However, under the hypotheses of Theorem
4.6, it is not generally the case that z(t) converges as t — oo: a counterexample is provided below. <&

Example 4.8 Non-convergence of the solution of (4.1) under the hypotheses of Theorem 4.6.
Consider the delay-free (h = 0) second-order system with backlash hysteresis B, ¢ (as defined in
Subsection 2.2):

2"(t) + a2’ (t) + (Bre(x))(t) =0, z(0) ==z, 2'(0)=z1, a>0. (4.32)

As previously remarked, B, ¢ satisfies (N1)-(N6), with A = 1 in (N3). Note further that Ly, _,(0) =
[—r,7] (recall definition (2.9)). In this case, p(s) = s + as and so hypothesis (4.3) holds provided
that a > 1. Therefore, assuming a > 1, Theorem 4.6 implies, inter alia, that the (unique) solution
of (4.32) is bounded and approaches the interval [—r,r|, whence Q(x) C [—r, 7], where Q(z) denotes
the w-limit set of 2. Moreover, 2/(t) — 0 as t — oco. However, it is not necessarily the case that z(¢)
converges as t — oo, as will now be shown.

Consider the delay-free case h = 0 (in which case, (4.3) is equivalent to the condition a > 1), with
initial conditions £ > 0, xp = { — r (this implies that (B, ¢(x))(0) = &) and z; > 0. Let x be the
unique solution of the corresponding initial-value problem. We claim that, if 1 < a < 2, then x(t)
does not converge as t — oo: in particular, we will show that Q(z) = [—r,r]. With reference to Figure
12, let 11 and I3 be the lines (each of slope 1) passing through (—r,0) and (r,0), respectively. Observe

that A = (2(0), (B ¢(2))(0)) = (§ —7,€) € lv.
Define

tr =inf{t > 0: (z(t), (Bre(2))(t) & 11}
and note that ¢t; > 0. Then,

2'(t) + ax'(t) + z(t) +r=0, Vtel0,t), (4.33)
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Figure 12: Non-convergence of x

whence,
z(t) = —r + e~ %/2(cy sin at + ¢ cos at)
. Yteloh), (4.34)
2! (t) = e9/? ((—% — acg) sinat + (—% + acy) cos at)
where o = /1 — (a/2)? > 0, and the constants ¢; and cg are determined by the initial conditions:

specifically, co = £ > 0 and ¢; = (221 + af)/(2«). Noting that 2/(¢t) < 0 for all t € [0,¢1), we may
conclude from the second of equations (4.34) that t; < co. Moreover, at time ¢, the following must
hold: #'(t1) = 0, 2”(t1) > 0. Therefore, (B, ¢(x))(t1) = x(t1) +r < 0. Suppose z(t1) = —r. Then, by
(4.34), we have

cisinat] + cocosat] = 0 = —co sinaty + ¢1 cos aty

which implies that ¢; = 0 = ¢», contradicting the fact that co = £ > 0. Therefore
(B e(x))(t1) = x(t1) + 7 =: 21 <O0.

Writing B = (x(¢1), z1) and with reference to Figure 12, we may conclude that the solution is such
that, on the interval [0,¢;], the path AB is traced: from B (at time ¢;), the solution x is such that
the path BC' is then followed, with generating equation

2"(t) + az'(t) + 2 =0,

until time to given by
ty := inf{t >t (.%'(t),2’1> € lg} >,

Consequently,

z(t) = x(t1) + ‘Z—ﬂ[(t —t1) — 1(1 — ema(t=1))]
al ‘ L Vielnt).
2/(t) = 71(1 _ efa(tftl))

Re-applying the above argument mutatis mutandis, we may conclude that, from C' (at time ty with
@'(t2) > 0), the solution is such that path CDE is followed, where D = (z(t3), (B, ¢(x))(t3)) with
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ts := inf{t > to : (x(t), (Br,e(x))(t)) & l2} and (B, ¢(x))(t3)) > 0. The above construction may be
repeated indefinitely from which, together with the fact that, by Theorem 4.6, (B, ¢(x))(t) — 0 as
t — 0o, we may conclude that Q(x) = [—r,7].

The above analysis is readily extended to conclude that, with 1 < a < 2, Q(z) = [—r,r] for all
initial conditions such that (B, ¢(x))(0) # 0. Finally, we note that, with (B, ¢(x))(0) # 0, the limit
lim;_, o z(t) may exist (equivalently, Q(z) may be a singleton) in the case where a > 2. For example,
assume ¢ > 0, 2(0) = £ — r (then (B, ¢(x))(0) = £ > 0) and 2/(0) = 0. Then (4.33) again applies,
whence

—r+ (et — qe™2t) if a > 2,
x(t) = az — a1 Vitelot),
—r+ &1 +t)et if a =2,
where a1 = (a/2) — v/(a/2)? — 1 and ag = (a/2) + /(a/2)? — 1. In this case, t; = oo and z(t) — —r
as t — oo. <&

Finally, we focus on the initial-value problem (4.2). Writing the differential equation (4.2a) in the
form (4.19) and using Proposition 2.2 and Theorem 4.6, we arrive at the following result.

Theorem 4.9 Assume that p is of the form (4.21) and every root of q has negative real part. Let
® : C(Rg) — C(Rg) be a hysteresis operator satisfying (N1)-(N5), with associated constant X\, and
assume that 0 € closNVS®. Let x be the unique global solution of (4.2). If (4.22) holds, then
limy_,oo z¥)(t) =0, k = 1,...,n, and there exists v = v(p, h, \) > 0 such that

12/ [[rn—1.00 (Ro) + 1R(ART) | Lo ((h,00)) + (@A) | L2((ho0)) < V(D |zl + 12(AR0) o))
=1

Moreover, assertions (ii)-(iv) of Theorem 4.6 hold, provided that ||®(p)l|c(—n,0)) on the right-hand side
of (4.24) is replaced by ||P(Ane)llc(o,n)-

Remark 4.10 Theorems 4.6 and 4.9 can be generalized to cover forced versions of equations (4.1)
and (4.2) with forcing f € C(Rg) N L?(Ry) (cf. Remark 4.5, part (i)). o

Example 4.11 Integral control systems

Systems of type (4.2), with monic polynomial p of the form (4.21), arise naturally in the context of
integral control of linear systems with hysteresis and delay. To illustrate this, consider the feedback
system — with measurement delay — shown in Figure 13, where r is a constant reference signal, £ > 0
is the “integrator gain” and ¥ : C(Ry) — C(Ry) is a hysteresis operator and

n—1
a(s) =p(s)/s = Z api1s"
k=0

is a monic Hurwitz polynomial (setting n = 3, aa = a and a; = b, we recover the feedback system
shown in Figure 1). Here, the control objective is to cause the signal y to track asymptotically the
reference signal in the sense that y(t) — r as t — oo.
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T z v
ﬁ kf v ¢Dy=v

Figure 13: Integral control of a system with input hysteresis and output delay

The system illustrated in Figure 13 is described by

q(D)y = (¥(2))(t), t =20, 2(t) =r(r—y(t—h)),t=0; }

) (4.35)
y|[7h,0] = 1/} € C([—h,O]), y( )(O) = Yk, k= 1) ceey = 27 Z(O) = 20-

Therefore,
(p(D)z)(t + h) = k[air — (P2)(t)] Vt>0.

Introducing the hysteresis operator ® : C(Rg) — C(Rg), u — k(¥(u) — a1r) and defining z(-) :=
2(- + h), we have
p(D)x(t) + (®(Apx))(t) =0, t>0. (4.36)

Defining ¢ € C([—h,0]) by
t

o) =20+ & / I — (s)]ds,

—h
and writing
z1 = k[r —¢(0)], xp:=—Kyk—1, k=2,...,n—1

we arrive at an initial-value problem of the form (4.2) with p satisfying (4.21). Now assume that ¥
satisfies (N1)—(N5) and a;r € closNVSW. Then an application of Theorem 4.9 to (4.36) shows that
there exists a number £* > 0 such that for all x € (0, x*), 2/(t) (and hence 2'(t)) converges to zero as
t — oo. Consequently, the tracking objective is achieved, that is

r= lim y(t — h) = lim y(t),

t—o00

t—o00

provided that x € (0, k*). <&

5 Second and third-order systems

This section is devoted to a specific study of systems (4.1) and (4.2), with the monic polynomial
p assumed to be of degree two or three. We show that, in these special cases, the infima in (4.3)
and (4.22) can be evaluated or estimated analytically in terms of the coefficients of p and the delay
parameter h > 0.

Proposition 5.1 Let the polynomial p be given by p(s) = s + a1s + ag, where ag > 0, a; > 0.

(i) If ap =0, then, for all h > 0,

; 1 h
inf Re (e ™" /p(iw)) = — +§1 .

5.1
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(ii) If ap > 0 and h =0, then

1
inf 1/p(2 = 5. 2
int Re(1/plio) = = g (5:2)
(iii) If ap > 0, then, for all h >0,
. ~1 if a3 > 2
inf Re (e=%" /p(iw)) > /a0, Z.f a; = =40 (5.3)
weR —1/(a1v/ao — (a1/2)?), if a? < 2ao.

Remark 5.2 Note that the right-hand side of (5.3) does not depend on h, which makes it possible to
apply Theorems 4.2 and 4.4 to second-order systems with arbitrary delay: for example, if a3 > 2ag > 0,
then (4.3) holds provided that the Lipschitz constant associated with the hysteresis operator is such
that A\ < agp. &

Proposition 5.3 Let the polynomial p be given by p(s) = s(s* + ags + a1), where a; > 0, ag > 0.

(i) If a3 > 2a1 — (a3h/(az + a1h)), then

; h
inf Re(e ™ /p(iw)) = — 6124-72611 (5.4)

(ii) If a3 < 2a1 — (a2h/(az + a1h)), then

inf Re (e ™" /p(iw)) > LAV (a2/2)2' (5.5)

weR* ag(a1 — (az/2)?)

Proof of Propositions 5.1 and 5.3. Routine calculations yield (5.1) and (5.2); (5.4) is established
n [15]. We proceed to prove (5.3) and (5.5). Let a > 0, b > 0, h > 0 and note that
e~ thw _ (b—w?)coswh — awsinwh

Re (iw)? + a(iw) +b (b — w?)2 + (aw)? =: u(w, h). (5.6)

Apart from the specific case h = 0, it does not seem to be possible to analytically determine the
infimum of u with respect to w in (5.6). However, as we will see, it is not difficult to evaluate
infpep, inf,er u(w, k). To this end, recall that, for an arbitrary function of two variables, the order of
taking infima can be interchanged:

inf inf u(w,h) = inf w(w,h)= inf inf u(w,h). (5.7)
heRo weR (hw)ERo xR wER heRo

Observing that the numerator of u (defined in (5.6)) is equal to the inner product of the unit vector
(coswh, sinwh) with the vector (b — w?, —aw), we obtain

me%hy:_¢@—w%l+wm2_ 1

heRo (b—w?)?+ (aw)? \/(b — )+ (aw)? . (5.8)
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and

V(b —w?)? + (aw)? _

1

‘ h —
Sup wlw ) = 25 TR T (aw)?

Invoking (5.7) and (5.8), a direct calculation yields

—1
inf inf u(w,h) = inf
heRg weR

Setting a = a; and b = ag in (5.10) yields (5.3).
It remains only to establish (5.5). To this end note that, by (5.9),
1

B V(b —w?)? + (aw)? '

if a® > 2b

D R Y42
weR \/(b— w?)? + (aw)? {—1/(a\/b— (a/2)?), ifa® <2b.

-1

sup sup u(w, h) = sup = — inf

wER heRg weR /(b — w?)? + (aw)?
Consequently, by (5.10),

1

a/b— (a/2)?’

sup sup u(w, h) = if a?

w€eR heRg

wek /(b — PP+ (aw)?

<2b.

Assume a3 < 2a1 — (a2h/(az + a1h)). Setting a = az and b = aq, it follows from (5.12) that

1

sup sup u(w, ) =

weER aeRy azy/ a1 — (a2/2)2 '
Writing
e~ thw e thw
v(w,h) :=Re —— = Re —— . :
p(iw) iw((iw)? + agiw + ay)
we have

h
v(w,h) =v(w,0) — / u(w, @)da > v(w,0) —h sup u(w,a),
0 a€Ry

Now,
inf v(w,0) = inf — =

VweR" VheRy.

-1

weR* weR* (w — a1)? 4 (agw)?

which, together with (5.13) and (5.14), yields the result

az(ay
nf —iwh . — inf
Jnf Re (7" /p(iw)) Jnf v(w, h)

> inf v(w,0) — hsup sup u(w,a) =

T weR* weR aeRy

Example 5.4 Integral control systems

—(a2/2)%)"

_ 1+h\/a1 — (a2/2)2 ‘

az(ar — (az/2)?)

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

Consider again the prototype system in Figure 1, a particular case of Example 4.11, with ¢(s) =
s2+as+b (a>0and b > 0), hysteresis operator ¥, gain parameter x > 0, delay h > 0, and constant
reference signal » € R. For purposes of illustration, assume that ¥ = B, ., the backlash operator
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and so (N1)-(N6) holds. As in Example 4.11, we introduce the hysteresis ® : C(Rg) — C(Ry),
u— k(¥ (u) — br), for which (N1)-(N6) again hold (with Lipschitz constant A =  in (N3)). Define

B (a + bh)/b?, if a® > 2b — ((b*h)/(a + bh))
7._{ 1+ hy/b—(a/2)2)/(a(b— (a/2)?)), otherwise.

In view of Proposition 5.3, (4.22) holds if k > 0 is chosen sufficiently small so that k < 1/7. As in
Example 4.11, we may now infer that the tracking objective lim;_. y(t) = r is achieved for every
fixed value of gain x € (0,1/7). <&

6 Appendix

This section is concerned with the proof of existence and uniqueness of global solutions to the initial-
value problems (4.1) and (4.2) as claimed in Proposition 4.1. In the following, ||| denotes an arbitrary
norm on R". For w € C([—h,a],R™) (with h,a > 0) and 7, > 0, analogous to (2.1), we define

C(w; 8,7 R") :={v € C([=h, a + 1], R") : v[j_p o) = w, max |u(t) —w(a)]| <6}

t€lonat1]
Consider the following initial-value problem:
W) = (F@)), t=t, (6.1a)
u’[—h,to] = Uup, (61b)

where h > 0, tg > 0 and ug € C([—h,to],R™) (if h = tp = 0, then C([—h, tp], R™) = R™). We assume
that the operator F': C(Rp,R™) — C(Rp,R™) is causal and satisfies the following hypotheses:

(H1) For all « > 0 and w € C([—h,a],R™), there exist § > 0,7 > 0 and a function f : [0,7] — Ry,
with f(0) = 0, continuous at zero and such that for all £ € (0, ]

a+e
/ I(F'(y)) (1) — (F(2))(7)l|d7
< f(e) Jnax ly(1) —2(7)|| Vy,z € C(w; 6,5 R"). (6.2)

(H2) For all @ > 0 and y € C([—h,a),R™), there exists ¢ > 0 such that

max |(F@)(E < e+ max [y@]). VieD.a).

Let I be an interval of the form I = [—h,T] (with to <T < o0) or I = [—h,T) (with t) <T < 0). A
solution of the initial-value problem (6.1) on [ is a function u € C(I,R™) such that u is continuously
differentiable on I N [tp, c0) and satisfies (6.1). Note that, for bounded I, F' “localizes” to an operator
mapping C(I,R"™) into C(I N Ry, R™), that is F'(u) is well-defined when v € C(I,R") (see Remark
1.1).

Lemma 6.1 For everytyg > 0 and every ug € C([—h,to], R™), there exists a unique solution u of (6.1)
defined on Ry, (no finite escape-time).
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Remark 6.2 In the proof of Proposition 4.1 at the end of this Appendix, we will apply Lemma 6.1
with tg = 0. However, to prove extended uniqueness (see Step 2 in the proof below), it is convenient,
even in the case typ = 0, to have existence and uniqueness on a small interval (see Step 1 in the proof
below) for general ¢ty > 0. For this reason we consider the initial-value problem (6.1) for ¢ > 0. <

Proof of Lemma 6.1. We proceed in three steps.
Step 1. Existence and uniqueness on [—h, tg + ¢] for small £ > 0.

By (H1) (with a = ¢y and w = wyg), there exist 6 > 0, v > 0 and f : [0,7] — R, with f(0) = 0,
continuous at zero and such that, for all £ € (0, 7],

to+e
/ [(F(y) (1) = (F(2))(7)l[dr < f(e) max [ly(r) —2(7)[| Vy,z € Cluo;6,&;R").  (6.3)

to TEto,to+¢]

Let I'®, parameterized by ¢ € (0,], denote the operator defined on C([—h,ty + €], R™) by

U()(t), t e [—h,to]

@) () = {uo(to) + [} (F(@)(r)dr, te€ (to.to+el.

Endowed with the metric

(y,2) = max |y(r) —2(7),
TE[toJo-‘rE}

C(up; d,¢; R™) is a complete metric space. We will prove that for all € € (0,~] sufficiently small, ' is
a strict contraction on C(ug;d,e; R™). To show that

Fa(e(uoa 0, € Rn)) - e(’LL(], d,€; Rn)v
for sufficiently small € > 0, define v € (Ry,, R™) by

o(t) i {uo(t), —h<t<t

UO(to), t>1g.

If restricted to the interval [—h,to+ €], v belongs to C(ug;d, e;R™). We do not distinguish notationally
between v and its restriction. Let y € C(ug;d,;R™) and t € [to, to + €]. Then, invoking (6.3),

to+e
1T=()(#) = uolto)|| < / I(E(y))(7)lldT

(;fo-l—é to+e
< / ||<F<y>><f>—<F<v>)<¢>||df~+ / |(F @) ()lldr
< f0)__max_ () = uolto)]|+ )
< FE@5+ ).

where
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Since f(e) and f(e) converge to 0 as | 0, it follows that, for all sufficiently small & > 0,
1T (W) (#) —uo(to)| <8, Vit € to,to +e], Vy € €(uo; 6,6R").

Thus I'(C(up; 0,;R™)) C C(ug; d,e;R™), provided that € > 0 is sufficiently small. Furthermore,
using(6.3) , we obtain that, for all y,z € C(ug;J, e;R™) and for all ¢ € [to, to + €],

to+e
1T (w)(#) = (T () (D] S/ I(E@) () = (F(2))(7)lldm < f(e) max ly(r) — 2(7)[[.

to TE[to,to+<]

Since f(e) < 1 for all sufficiently small € > 0, there exists €* € (0, ] such that, for every ¢ € (0,£*], I'®
is a strict contraction on C(ug;d, £; R™). Hence I'® has a unique fixed point in C(up; d, e; R™) for every

€ (0,e*]. In particular, there exists a unique solution u of (6.1) in C(ug;d,c*;R™). However, at this
point we cannot exclude the situation that there may exist other solutions on the interval [—h, to +&*|
which do not belong to C(uo;d,c*;R™). To establish uniqueness in C([—h, ty + €], R™) for sufficiently
small € > 0, we define

infS, S#0

Si={t €[0,e] : |lulto +t) —uolto)|| =}, ™= {5*, S=0.

It is clear that ¢** € (0,¢*] and that u restricted to the interval [—h, g + **] is the unique solution of
(6.1) on this interval.

Step 2. Extended uniqueness.

Let u; € C([—h,t1),R"™) and ug € C([—h,t2),R™) be solutions, where t1,t2 > to. Set t3 := min{t;, t2}.
We claim that uq = ug on [—h,t3). Seeking a contradiction, suppose that the claim is false. Then

= inf{t S [—h,t3) DU (t) 75 UQ(t)} < t3.

By Step 1, we have that t* > ¢y. Define ufj(t) := ui(t) = ua(t) for all t € [—h,t*]. Again by Step
1 (applied in the case tp = t* and up = uf), there exists ¢ € (0,3 — ¢*) and a unique solution
u € C([—h,t" +¢],R™). It follows that ui(t) = wua(t) = u(t) on [—h,t* + €], which contradicts the
definition of t*.

Step 3. Existence on Ry,.

Let T be the set of all 7 > ¢y such that there exists a solution u” of (6.1) on the interval [—h, 7). By
Step 1, T # (). Let T := sup T and define a function u : [—h,T) — R™ by setting

u(t) =u"(t), forte[—h,T), where T € T.

By Step 2 the function u is well-defined, i.e., the definition of u(t) for a particular value ¢ € [—h,T)
does not depend on the choice of 7 € TN (¢,00). Moreover, it is clear that u is a solution of (6.1) on
the interval [—h,T). It remains to show that T' = co. Seeking a contradiction, suppose that T' < oo.
Observing that

max_[[u(r)] < [lulto)] + / max [|[(F(w)(o)lldr, Vi€ [to,T),
T€[to,1] €[to,7]

and invoking assumption (H2) (with o = T and y = u), shows that there exists ¢ > 0 such that

t

max_|u(7)|| < ||u(to)]] + T + ¢ max _|u(o)||dr, VtE [ty,T).
E[t } to UE[ 0,7’]
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An application of Gronwall’s lemma to the function ¢ — max ¢, 4 [|[u(7)| now yields

lu(®)]| < max, lu(r)Il < (lutto) || + T)e ™) Vi € [to,T),
T 0,

showing that u is bounded. Consequently, by (H2), F'(u) is bounded, which combined with

u(t) = u(to) —i—/ (F(w)(r)dr, Vtelty,T),

to

implies that lim; .7 u(t) exists. Setting

) u(t) for t € [-h,T),
u =
g limy,pu(t) fort=T

and using Step 1 (with t9 = T and ug = ur), shows that the solution u can be extended to a solution
defined on [—h,T + ¢). Consequently, supT > T + ¢, contradicting the definition of 7' O

For convenience, we record the following lemma which is useful in the proof of Proposition 4.1.

Lemma 6.3 If ® : C(Ry,) — C(Ry) is a hysteresis operator satisfying (N3), then the following holds:

(N3%) There exists A > 0 such that, for all « > —h and w € C([—h,a]), there exist numbers v,0 > 0
such that

max _[(®(w))(7) — (®(v))(7)|

TE€|a,a+e€]

<A ?1ax | lu(T) —v(7)|, Y u,velC(w;d,y), Vee(0,y]. (6.4)
TE|a,a+€

Proof. Let A be the constant associated with (N3), let @« > —h and let w € C([—h,a]). By (N3),
there exist v, > 0 such that (2.2) holds. Letting ¢ € (0,~] and invoking the operator @), defined in
(1.1), we see that, by (N3) and causality of @,

max |(@(u))(r) = (®(0))(7)] < max [(D(Qatew))(T) = (P(Qatev))(7)|

T€[a,ate€] TE,a+7]
< )\ max |(Qa+5u)(7—) - (Qa+sv)(7—)|

T€[a,a+7]
=\ max |u(T)—v(T)]
TE€[o,a+€]

for all u,v € C(w;d,7). a

Proof of Proposition 4.1. We prove the existence and uniqueness of global solutions of (4.1). The
corresponding result for the initial-value problem (4.2) then follows by appealing to to Proposition
2.2 by reducing the latter problem to the former with the operator ® (defined in (2.5)) replacing ®
(recall that (4.2a) can be written in the form (4.19)).
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Set up := z*Y k=1,..., n, and rewrite (4.1) as

uy = ug, ur(t) = p(t), YVt € [~h,0],
uy =uz,  ug(t) ==z, Vte[=h,0],
, (6.5)
Uypy_1 = Un, unfl(t) = Tp—1, Vte [—h, 0] ,
n—1
Up = — Zakukﬂ — Ap®(u1), un(t) =, , YVt € [~h,0].
k=0

Defining the causal operator F' : C(Ry,R") — C(Rg,R") by

y2|R,
F(yla"'7yn> = ynhRO I
n—1
— ) arrialr, — An®(y1)
k=0

the initial-value problem (6.5) can be written in the form (6.1) (with tp = 0). By Lemma 6.1, it is
sufficient to show that F' satisfies (H1) and (H2). Invoking (N4), it follows trivially that (H2) holds.
It remains to establish (H1). To this end, let v1,v2 > 0 be such that

L& <N < 2 Y 1kl VE= (&, &) €R™
k=1 k=1

(such constants exists due to equivalence of norms on R™).

Let « > 0 and w € C([—h, a],R™) be arbitrary. It follows from (N3) and Lemma 6.3 that there exist
~v > 0 and ¢ > 0 such that, for all ¢ € (0,v] and all y = (y1,...,yn), 2 = (21,. .., 2n) € C(w;d,v; R™),

L [(@()(7) — (@) <A_max () = a(7)]. (6.6)

Consequently, for all € € (0,7] and all y = (y1,...,Yn), 2 = (21,...,2n) € C(w;d,v; R™),

a+e
| I @ - FE) @
a+te n
sz/ (Z\yk(T)—Zk(T)H
@ k=2

n—1
D ar(yrr1() = zr41(7) + (A (y1))(7) — (‘I’(21))(T))D dr
k=0

n—1
< 2€ ('711(1 +> lag]) max Iy =2+ A max () - 21(7)!>

0 T€[a,a+ TE€a,ate]
n—1
<o tee(L4 ) lagl +A) max ly(r) = =(7),
o TE[a,ate€]
showing that (H1) holds with f(¢) = 77 'y2e(1 + Zz;é lak| + A). O
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