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Summary

We derive, in an input-output setting, absolute stability results of Popov and
circle-criterion-type for discrete-time non-linear feedback systems, where the lin-
ear part is the series interconnection of an /2-stable shift-invariant linear system
pre-compensated by an integrator. We apply this discrete-time stability theory to
obtain input-output results on low-gain integral control of discrete-time systems
in the presence of actuator and sensor non-linearities. This discrete-time theory
is in turn applied to develop a low-gain sampled-data integral control strategy for
tracking of constant reference signals in the context of L?-stable shift-invariant lin-
ear systems subject to non-decreasing globally Lipschitz actuator non-linearities.
It is shown that applying error feedback using a sampled-data integral controller
ensures that the tracking error is asymptotically small in a certain sense, provided
that (a) the transfer function of the linear system is holomorphic in a neighbour-
hood of 0, (b) the steady-state gain is positive, (c¢) the reference value is feasible
in an entirely natural sense, and (d) the positive-valued (possibly time-varying)
integrator gain is ultimately sufficiently small and not summable. Generalised as
well as ideal samplers are considered together with zero-order hold. In the case of
ideal sampling sensor non-linearities can also be included. The discrete-time and
sampled-data input-output results are applied to infinite-dimensional state-space
settings. Applications of the discrete-time stability theory to numerical linear
multistep methods are also discussed.
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Chapter 1

Introduction

The term absolute stability refers to the study of the stability of an entire family
of systems. Consider the feedback system shown in Figure 1.1, where L is a linear
shift-invariant system and N is a (possibly time-varying) static non-linearity. For
simplicity, we assume that L and N are ‘scalar’ systems, that is, L and N have
only one input and one output channel. A sector condition for N is a condition

of the form
av? < N(t,v)v < apv®, VY (t,v) € Ry x R, (1.1)

where —oco < a; < as < 0o and at least one of the sector bounds a; and as is fi-
nite. Standard examples of sector-bounded non-linearities are given by deadzone
and saturation (see, for example, Figure 1.2), both of which arise naturally in
control engineering. An absolute stability result for the feedback system shown
in Figure 1.1 is a stability criterion in terms of the transfer function or the fre-
quency response of the linear system L and the sector bounds a; and as of the
non-linearity N. Given a linear system L and sector data a; and ay, an abso-
lute stability criterion guarantees closed-loop stability for all non-linearities N
satisfying the sector condition (1.1).

Absolute stability problems and their relations to positive-real conditions have
played a prominent role in systems and control theory and permeate much of
the classical and modern control literature, see Fliegner et al. [19], Haddad and
Kapila [22], Halanay and Réasvan [23], Hu and Lin [28], Khalil [31], Szegd and
Pearson [58], Vidyasagar [62] for the finite-dimensional case, and Corduneanu
[3], Curtain et al. [9, 10], Curtain and Oostveen [11], Desoer and Vidyasagar
[15], Logemann and Curtain [33], Logemann and Ryan [38], Vidyasagar [62] and
Wexler [66, 67] for the infinite-dimensional case, to mention just a few references.
In the finite-dimensional case there are a large number of results available in the
literature, many of which have been obtained by Lyapunov techniques applied
to state-space models with the so-called Kalman-Yakubovich-Popov (or positive-
real) lemma playing a crucial role. In the infinite-dimensional case the literature
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Figure 1.2: Non-linearity with saturation and deadzone

on absolute stability problems is dominated by input-output approaches.

Of particular importance in the context of static non-linearities, are absolute
stability results of circle-criterion type and those of Popov-type, each applicable
to the feedback system shown in Figure 1.1. In recent papers, Curtain, Logemann
and Staffans [9, 10] presented continuous-time absolute stability results of Popov
and circle-criterion type in infinite-dimensions. In [9] these results are applied
in the context of integral control in the presence of input/output non-linearities.
The conjunction of the series interconnection of a stable system pre-compensated
by an integrator and non-linearities with possibly zero lower gain that is, a; =0
in (1.1) (so-called critical cases of circle and Popov criteria) is a distinguishing
feature of [9] and [10]. The approach taken in [9] and [10] is the input-output
approach as opposed to the state-space approach.

While most of the available absolute-stability literature is devoted to continuous-
time systems, there are still a considerable number of references which treat
discrete-time systems; see, for example, [15], [23], [28], [58] and [62]. In this the-
sis we consider a discrete-time absolute stability problem for the feedback system
shown in Figure 1.3. A unique feature of discrete-time integral control is the
different choices of integrator J and Jy, where J is a strictly causal integrator,



whereas integrator Jy has direct feedthrough. The input-output operator G is
assumed to be [?-stable, linear, and shift-invariant. Consequently, G has a trans-
fer function G which is analytic and bounded on the exterior of the closed unit
disc in the complex plane. The (possibly time-varying) non-linearity ¢ is sector
bounded with potentially zero lower gain. Corresponding to the two integrators
J and Jy we consider slightly different positive real conditions. Let ¢ > 0 and
q > 0. For integrator J:

1 0 1 0 * (10 1 * (10 M)x
P+§[qe<e )+ QG(E) + 4G () + —— G Q| 2 el, (12
and for integrator Jy:
P o)+~ Qe g + S @t e)Q] 2 e (13)
5 |1G(e ] e qG*(e o 1 (e >el, (1.

where (1.2) and (1.3) hold for a.a § € (0,27), P : U — U denotes a linear,
bounded, self-adjoint operator, () : U — U denotes a linear, bounded, invertible
operator and U denotes a Hilbert space.

In this thesis, the main motivation for studying discrete-time absolute stability
problems is to develop an input-output theory of low-gain integral control of
discrete-time systems and low-gain sampled-data integral control, in the presence
of static input and/or output non-linearities.

The low-gain integral control problem has its roots in control engineering, where
it is often required that the output y of a system tracks a constant reference
signal r, that is, the error e(t) := y(t) — r should be small in some sense for
large t. It is well-known (see, for example, Davison [14], Lunze [44] and Morari
[46]) that, for exponentially stable continuous-time shift-invariant linear finite-
dimensional systems with positive steady-state gain (that is, G(0) > 0), this can
be achieved by feeding the error into an integrator with sufficiently small positive
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Figure 1.3: Discrete-time feedback system with choice of integrator



gain parameter and then closing the feedback loop.

There is a wealth of recent research on low-gain integral control, see, for example,
Fliegner et al. [17, 18, 19], for the non-linear finite-dimensional case, Curtain et al.
9], Fliegner et al. [16], Logemann and Curtain [33], Logemann and Mawby [34],
Logemann and Ryan [36, 37, 39], Logemann et al. [40], for the non-linear infinite-
dimensional case and Logemann and Townley [42, 43] for the linear infinite-
dimensional case. With the exception of [9] and [39] the above references adopt
a state-space approach. Whilst most of the above references are concerned with
continuous-time systems, there are a number of references which consider discrete-
time and sampled-data systems, see for example, [17, 34, 37, 42].

We now give some additional details on the problems considered. Chapter 2 con-
sists of some preliminaries required for the rest of the thesis. In Chapter 3, we
discuss three key notions; the convolution of two sequences, the Z-transform of
a sequence, and transfer functions of bounded, linear, shift-invariant operators
on [?. We introduce the concepts of asymptotic steady-state gain, [>-steady-state
gain and step error, in discrete-time. We conclude this chapter by proving exis-
tence and uniqueness results for the discrete-time closed loop systems considered
in Chapter 4.

In Chapter 4, we derive discrete-time analogues of the continuous-time absolute
stability results of [9] and [10]. Results of Popov and circle-criterion-type are
presented for both a strictly causal discrete-time integrator J and an integrator
Jo with direct feedthrough. We also derive incremental versions of the circle-
criterion-type results.

In Chapter 5, we apply the discrete-time absolute stability results of Chapter
4 (with strict positive real condition, that is, ¢ > 0 in (1.2) and (1.3)) to the
low-gain integral control problem with input/output non-linearities and output
disturbances, see Figure 5.3. In the case of constant gain and static input non-
linearities it is shown that single-input single-output tracking of constant refer-
ence values is achievable, provided that, the reference value is feasible in some
entirely natural sense, the steady-state gain is positive (that is, G(1) > 0), G(z)
is “well-behaved” as z — 1 for |z| > 1 and the input non-linearity satisfies a
local Lipschitz condition and is non-decreasing. Tracking of constant reference
values is shown to persist in the presence of a large class of output disturbances,
provided the integrator gain is in some interval (0, k£*), where k* is determined
by the quantities

1 .
ig%) {ess infge(o,2mRe [(% + - 1) G(ew)} }
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for the J integrator and

i0
sup {ess infpe(o,2mRe {(q + ,06 ) G(eie)} }
>0 ew —1

for the Jy integrator.

In the case of time-varying gain and static input and output non-linearities, it
is shown that single-input single-output tracking of constant reference values is
achievable, provided that, the reference value is feasible in some entirely natural
sense, G(1) > 0, G(z) is “well-behaved” as z — 1 for |z| > 1, the input/output
non-linearities are non-decreasing and globally Lipschitz continuous. As before,
tracking of constant reference values is shown to persist in the presence of a
large class of output disturbances, provided the time-varying integrator gain is
non-negative, not summable and bounded above in terms of the quantity,

G(eie)}

e —1

essinfye(o2mRe [

for the J integrator and
G(ei9)6i9:|

essinfge(o,2m Re [ cif _ 1

for the Jy integrator.

Chapter 6 is devoted to applications of the results in Chapters 4 and 5 to infinite-
dimensional discrete-time state-space systems. We introduce the concept of a
power stable system and a strongly stable system. We provide a non-trivial
example of a strongly stable system which is not power stable. The absolute
stability results from Chapter 4 with strict positive real condition (that is, € > 0
in (1.2) and (1.3)) are then applied to strongly stable state-space systems and the
absolute stability results with non-strict positive real condition (that is, € = 0 in
(1.2) and (1.3)) are applied to power stable systems. The results from Chapter 5
are applied to strongly stable state-space systems.

To enable applications of the discrete-time integral control results (see Chapter
5) to sampled-data systems, we study sample-hold discretisations of linear, shift-
invariant, continuous-time systems. Previously, using an input-output approach,
Helmicki, Jacobson and Nett [24, 25] studied sample-hold discretisations of dis-
tributed parameter systems belonging to the Callier-Desoer algebra. In Chapter
7, the setting is more general than in [24, 25]. At the basis of our considerations
are the algebra of continuous-time shift-invariant bounded linear input-output
operators on L? and the subalgebra consisting of all convolution operators with
bounded measure kernels. We introduce the concepts of asymptotic steady-state
gain, L*-steady-state gain and step error, in continuous-time. We give results for

11



Figure 1.4: Sample-hold discretisation

continuous-time systems which, under certain natural conditions, guarantee the
existence of the various steady-state gains. The main contributions of Chapter
7 are results on the behaviour of the continuous-time steady-state under sample-
hold discretisations as illustrated in Figure 1.4, where G. is a L2-stable shift-
invariant linear input-output operator, H is the zero-order hold operator and S
is a generalised sampling operator. It is shown that the sample-hold discretisation
of G, defined by G := SG.H, is a [*-stable shift-invariant linear input-output
operator. Furthermore, we show that under a certain mild assumption on G, the
L?-steady-state gain of G, and the [*-steady-state gain of G exist and coincide.
Under suitable restrictions on G., namely that G, is given by convolution with
a (matrix-valued) Borel measure, it is shown that this result remains true if the
generalized sampling operator S is replaced by ideal sampling.

In Chapter 8 we apply the discrete-time theory of Chapter 5 in the context of
sampled-data low-gain integral control. In the presence of a static input non-
linearity both constant and time-varying gains are considered together with gen-
eralised sampling. With the additional inclusion of a static output non-linearity,
we consider time-varying gain with idealised sampling, but restrict to continuous-
time systems given by convolution with measure. Results are presented which
guarantee that the continuous-time tracking error is asymptotically small in a
certain sense, provided that, the reference value is feasible in some entirely nat-
ural sense, the steady-state gain is positive (that is, G.(0) > 0), G. satisfies a
mild assumption, and the positive-valued (possibly time-varying) integrator gain
is ultimately sufficiently small and not summable. The results in Chapter 8 allow
for a large class of output disturbances. We briefly discuss how through various
choices of weighting function, associated with the generalised sampling operator,
we can weaken some of the technical assumptions imposed in the statements of
the results in Chapter 8.

Chapter 9 consists of applications of the input-output theory developed in Chap-
ter 8 to infinite-dimensional well-posed state-space systems.

In Chapter 10, we apply results from Chapter 4 in order to study an important
area of research in numerical analysis, namely, the long term behaviour of solu-
tions of numerical methods. In particular, we discuss stability of a particular class

12



of numerical methods, the so-called linear multistep methods. Stability analy-
sis of linear multistep methods has previously been considered in Dahlquist [13],
Nevanlinna and Odeh [49] and Nevanlinna [47, 48]. We derive stability results
for linear multistep methods by applying some of the discrete-time absolute sta-
bility theory contained in Chapter 4 to a convolution equation which represents
a general linear multistep method.

In Chapter 11, we briefly discuss future research topics related to this thesis.

Some technicalities have been relegated to the Appendices (Chapter 12).

13



Chapter 2

Notation and preliminaries

Notation

The following notation shall be used throughout the thesis.

We define Z, :=={x €Z| x>0}, R, :={x € R| x>0} and N:=7Z, \ {0}.
Let X be a Banach space and U be a Hilbert space. Let F(Z,, X) denote the
set of X-valued functions defined on Z, and let F(R,, X) denote the set of
X-valued functions defined on R,. For 1 < p < oo, let [P(Z,, X) denote the
[P-space of unilateral X-valued sequences. In the special case X = C, we write
P(Zy) for IP(Z+,C), F(Zy) for F(Z,,C) and F(R,) for F(R,,C). For c € C
and R > 0 define B(c,R) := {z € C | |z — | < R}. We define B := B(0,1).
For a > 0 define E, := {z € C | |z| > a} = C\ B(0,a). For a € R define
C, :={s € C|Re s> a}. Wedenote by T the boundary of the set E; which is
also the boundary of B. A set S C X is called a sphere centred at z € X if there
exists 7 > 0 such that S = {z € X | ||z — z|| = n}. For a function f:7Z, — X
and a subset V' C X, we say that f(n) approaches V' as n — oo if

dist(f(n),V) = inf [|f(n) — v]| = 0.

For aset V C X, we denote by cl(V) or V the closure of V in X and by int(V) the
interior of V. We say that V' C X is precompact if its closure is compact. We use
AB(X1, Xs) to denote the space of bounded linear operators from a Banach space
X, to a Banach space Xy; we write Z(X) for #A(X, X). We define ¥ € F(Z,)
by ¥(n) =1for all n € Z, and 9. € F(Ry) by ¥.(t) =1 for all t € R,.

For 7 > 0, the right-shift operator S, : F(R;, X) — F(R,, X) is defined by,

0, if t € [0,7),
y(t —1), ift > 7.

(Sry)(t) = {

14



We say that G : F(R;, X) — F(R,, X) is (right) shift-invariant if GS, = S,.G
for all 7 > 0.

Let .# denote the integral operator given by
t
(ym@yi/u@w& Vue Ll (R, X), t € R..
0

For any f € L'(T, X), we define the Fourier coefficients of f by the formula,

1 2

f(n) = — f(e®e ™ ap, n € 7.

:27r0

We thus associate with each f € L'(T, X) a function f : Z — X. The Fourier
series of f is

> foe
The subspace of all functions w € F(Z,, X) which admit a decomposition of the
form w = we¥ + w; where wy € X and w; € P(Z,,X) for p < oo is denoted
by mP(Zy,X) == X + P(Z4+,X) (again in the special case X = C we denote
mP(Z,C) by mP(Z,)). Endowed with the norm

[[lme = [Jewol| + [lwa |,

the space mP(Z,, X) is complete. Let C°(R,, X) denote the space of infinitely
differentiable functions defined on R with values in X. A function f € F(Ry, X)
is called piecewise continuous if there exists a sequence 0 =ty < t; < to < ...
such that limy .ty = oo, f is continuous on each of the intervals (x,txi1)
and the right and left limits of f exist at each t;,. We denote the space of all
piecewise continuous functions f € F(Ry, X) by PC(R;,X). For a € R, we
define the exponentially weighted LP-space LP(R., X) = {f € L{ (R, X) |
f(-)exp(—a-) € LP(R;, X)} and endow it with the norm

0 1/p
Whpz(A wﬂvwwﬁ>.

For 8 > 0, we define the weighted [P-space I}(Z,,X) = {f € F(Z,X) |
f()B~) € P(Zy,U)} and endow it with the norm

e 1/p
11y = (S UP)
n=0

We denote by WP(R,, X), where p < oo, the space of all functions f €

15



LP(R,, X) for which there exists g € LP(R,, X) such that f(¢) fo
for all t € R,. We denote by . the Laplace transform.

We begin with several definitions of discrete-time operators that will be used
throughout the thesis.

Discrete-time operators

Definition. We define the right-shift operator S : F(Z,,X) — F(Z.,X) by,

@mmwz{“ .

x(n—1), ifn>1.
The left-shift operator S* : F(Z,,X) — F(Z,,X) is defined by,
(S*z)(n) :=xz(n+1), VneZ,.

Remark 2.1.1. If we consider S : [*(Z,,U) — [*(Z,,U) then the left shift S* is
the adjoint of S on (*(Z,,U). &

Definition. The forward difference operator A : F(Zy,X) — F(Zy,X) is de-
fined by
(Azx)(n) :==z(n+1) —z(n), VneZ,;.

The backward difference operator Ao : F(Zy,X) — F(Z,X) is defined by

z(0), if n =0,
z(n) —x(n—1), ifn>1.

(Noz)(n) == {

We now define two discrete-time integrators.

Definition. The discrete-time integrator J : F(Z4,X) — F(Z4,X) is defined

by,
0 ifn=0
(Jy)(n) =% on .. ’
S oy(), ifn>1.

The discrete-time integrator Jy : F(Z4,X) — F(Z4, X) is defined by,

(Joy)(n Zy VneZy. (2.1)

Let © € F(Zy,X). Define E : F(Z,,X) — F(Zy,X) by z — 2(0)J. We now
state some identities which will be used throughout the thesis.

16



Lemma 2.1.2.

(a) NoJ = JODg =S and NoJy = JoLo = 1.
(b) JA=1—F and AJ = 1.

(c) JoA =8*— E and ANJy = S*.

The proof of Lemma 2.1.2 is routine and therefore omitted.

Shift-invariance and causality

Definition. We say that H : F(Z,,X) — F(Z;,X) is (right) shift-invariant if
HS = SH. Throughout the thesis ‘shift-invariant’ means invariant with respect
to right shifts.

We aim to show that every linear, shift-invariant operator H : F(Z,,X) —
F(Z,,X) is causal.

Definition. Let H : F(Z,,X) — F(Zy,X). Then we define H to be weakly
causal if, x(n) = 0 for n < N implies that (Hz)(n) = 0 for n < N, for all
NeZy, ve€F(Z, X).

Definition. Let Py : F(Zy,X) — F(Z,,X) be the linear map defined by,

f(n), n <N,

(Pnf)(n) = {0 n> N.

Then we say H : F(Z,,X) — F(Z,,X) is causal (non-anticipative) if and only
if
PyHPy =PyH, YNCEZ,.

Equivalently, H is said to be causal if, for all z,y € F(Z,, X),
z(n) =y(n), n<N= (Hzr)(n)=(Hy)(n), n<N, VNEeZL,.

Remark 2.1.3. We say that H : F(Z,,X) — F(Z,,X) is strictly causal if, for
all z,y € F(Zy,X),

z(n) =y(n), n<N= (Hz)(n)=(Hy)(n), n<N, VNEeN.

Note that, in particular, the discrete-time integrator J is strictly causal, whereas
Jo 1s not. O

The following three results are an adaptation of arguments in [61].
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Proposition 2.1.4. If H : F(Zy,X) — F(Zy,X) is linear and weakly causal
then it is causal.

Proof. Suppose that z(n) = y(n) for n < N, where N € Z,. Define z(n) :=
z(n) —y(n) = 0 for n < N. Then by weak causality we have (Hz)(n) = 0 for
n < N andso (H(x—y))(n) =0 for n < N by definition of z. Hence by linearity
(Hz)(n) — (Hy)(n) = 0 for n < N and so we see that (Hz)(n) = (Hy)(n) for
n < N and H is causal. |

Proposition 2.1.5. If H : F(Z,,X) — F(Z.,X) is shift-invariant, then it is
weakly causal.

Proof. Suppose N € Z,, x € F(Z,,X) and that x(n) = 0 for all n < N.
Define, y(n) = x(n + N) for all n € Z,. Then it is clear by definition that
y € F(Z,,X) and that, z = SVly. Since H is shift-invariant, it follows that,

Hzx = HSVtly = SN Hy.
By definition of S we see that, (Hz)(n) = (SY™ Hy)(n) = 0 whenever n < N,

so that H is weakly causal. O

Combining Proposition 2.1.4 and 2.1.5, we have the following corollary.

Corollary 2.1.6. If H : F(Zy,X) — F(Zy,X) is linear and shift-invariant,
then it is causal.

A result on w-limit sets

Definition. For z € F(Z,, X), the w-limit set Q of x is defined to be

Q:={{ € X |z(n;) — £ for some sequence n; — oo}.

We shall require the following result.

Lemma 2.1.7. Let x € F(Z,X) and suppose that {x(n) | n € Z,} is precom-
pact. If (Aox)(n) — 0 as n — oo then, the w-limit set Q) of x is connected.

Proof. First note that since {x(n) | n € Z,} is precompact, x has a convergent
subsequence. Consequently, we deduce that 2 is non-empty. It remains to show
that € is connected. Suppose that 2 is not connected. Then €2 is the union of
two disjoint closed non-empty sets {2; and 25. Since €2 is compact, so are €2 and
9. Hence, there exist open neighbourhoods Uy, Us of €21, 25 in X, such that
U 1 N UQ == @ and

diSt(Ul, Ug) > €, (22)
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/

for some £ > (. Furthermore, there exists sequences n;, n

as j — oo such that

with n; — oo, n; — oo
z(n;) — & € U, J — 00,
W) =& D oo

Hence for N, N’ sufficiently large, z(ny;) € Ur and x(nj,, ;) € U, for all j.
Now consider the sequence m; defined by

n;, if j is even,
m; =
! n’ if 7 is odd.

7

By definition of m;, for M = max{N, N'}, the sequence z(my4;) jumps alter-
nately between the open sets U; and U,. However, by assumption, (Agx)(m;) —
0 as j — oo, contradicting (2.2). O

Measure theory

The Borel g-algebra on R, is the o-algebra generated by the family of open sets
in Ry and is denoted by Bg, . Its members are called Borel sets.

Definition. Let m,n € N. We say that p: B, — C™*" is a C™*"-valued Borel
measure on R, ; if|

(1) 14(0) = O,

(ii) for any sequence {E;} of disjoint sets in Bg,,

i GE) - Z?(En, (23)

observe that the convergence of the series in (2.3) is part of the requirement.

If, in the above definition, m =n =1 and p(E) € R for all £ € Bg_, then p is
also called a finite signed Borel measure. If, in the above definition, m =n =1
and p(E) € Ry for all £ € Bg,, then p is also called a finite non-negative Borel
measure.

Let E be a set. We call {E;}L, a partition of E if U)X | E; = E and E;NE; =0
for all i # j.

Definition. Let p be a C™*"-valued Borel measure on R,. The total variation
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|W|(E) of 1 on a set E' € Bg, is given by

|ul(E) = sup Z l(E
where the supremum is taken over all N € Z, and over all partitions {E;} of £
with Ej S BR+.

Theorem 2.1.8. Let pu be a C™*"-valued Borel measure on R,.. Then the total
variation |p| of p is a finite non-negative Borel measure on R

Proof. The proof of the non-negativity of || is an exact copy of the proof of
the scalar case, see, for example, [51], Theorem 6.2. It remains to show that |u|
is finite. Define y;; : B, — C by

i (E) == ((E))sj, 1<i<m, 1<j<n, E€Bg,.

Then p;; defines a complex Borel measure for 1 <¢ < m, 1 < j < n. Hence it
follows from [51], Theorem 6.4, that

il (Ry) <00,  1<i<m, 1<j<n. (2.4)
Let {Ex}2_, be a partition of R,. Now

Z“N ()l <QZZ|MU (Ek) |—O‘ZZ|NU (Ex) |<O‘Z|NU (R4)

k=1 1,3 1,7 k=1

< Omm|mj|(R+)a (2.5)

where a depends on the choice of norm in C™*". Defining v := anm|u;;|(R;)
we see from (2.4) that 7 < co. Hence by (2.5),

N
l(Ry) = sup Y [|p(Ep)|| <,
k=1
showing that || is finite. O
Corollary 2.1.9. Let p be a C™*"-valued Borel measure on R,. Then
(B < |pl(Ry) < oo,  V E € Bg,,

that s, p is bounded.

Proof. Since |y| is a non-negative measure, |p|(E) < |u|(Ry) for all £ € Bg,
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and so
[u(E)| < [u|(E) < [u[(Ry) <oo,  V E€Bg,.

The following result will be required in Chapter 7.

Theorem 2.1.10. Let p be a C"™*"-valued Borel measure on R,. Let p € N and
¢ be a C"*P-yalued |p|-integrable function on Ry. Then

H | wtasots

A proof of Theorem 2.1.10 can be found in [21], see Chapter 3, Theorem 5.6, of
[21].

< / o) llul(ds).

Definition. The convolution p*v of a C™*"-valued Borel measure ;4 on R, and
v e L (R, C") is the function

loc

s o)(t) = [ ulasyote=s).

defined for those ¢ for which the function s — v(t — s) is locally |u|-integrable.
Note that it follows from [20] (see, [20], Proposition 2.12) that if v is Lebesgue
measurable, then without loss of generality, we may assume that v is Borel mea-
surable in the following sense: there exists Borel measurable v such that v = v
a.e. in the Lebesgue sense. Moreover, by Proposition 8.49 of [20], it follows that
s — v(t — s) is locally |u|-integrable for a.e. ¢ (here a.e. refers to the Lebesgue
measure).

Limits of functions in L (R, X)

Each element of L (R, X) is an equivalence class of locally integrable functions

that coincide almost everywhere on R,. For later purposes we need to make sense
of the limit of ‘functions’ in Li. (R, X). Let f : R, — X be a locally integrable

function and let [f] € Li (R, X) be the corresponding equivalence class of all

loc
measurable functions in F'(R,, X) which coincide with f almost everywhere.

Definition. We say that [f] € Li.(Ry, X) has a limit [ € X as t — oo if, there
exists a representative g : Ry — X of [f] such that lim; . ¢(¢) = (in the usual

sense) and we write lim;_, o [f](t) = L.

Remark 2.1.11. Note that this definition is independent of the choice of rep-
resentative from the equivalence class. If g1, go were two representatives of [f] €
Li (R,, X), such that, lim; . g1(t) # lim; .o g2(t), then, g; and g, would differ

loc

21



on a set of positive measure contradicting the fact that g, and go are representa-
tives of the same equivalence class. &

Definition. We say that a measurable function f : R, — X has an essential
limit at infinity if there exists [ € X such that esssupp,||f(7)) — || tends to 0 as
t — oo and we write esslimy;_ f(t) = L.

Proposition 2.1.12. Let f : R, — X be a measurable function such that [f] €
Li (R, X). Then limy_[f](t) = if and only if esslim;_.. f(t) = I.
Proof. (=) Suppose that lim; ,[f](t) =
g : Ry — X of [f] such that lim; ., g(t)
to > 0 such that, whenever ¢ > t,

[. Then, there exists a representative
= [. Hence, for all € > 0, there exists

lg(t) =1l <e.

Consequently,
sup [[g(t) — 1| <e,

t>to

showing that

i (‘sup lg(6) - 1) =o.

to—00 t>to
Hence, esslim; o f(t) = L.

(<) Suppose that esslim; o f(t) = [. Then,
Jim esssupy|L(T) 1] = 0,
Hence, for all € > 0, there exists tg > 0 such that, whenever ¢ > ¢,
esssupps|| f(T) — 1| <e.

That is,
(1) =1 <e, a.e. T >t > t.

Consequently, there exists a sequence t,, T oo (n € N) such that
If() =1 <1/n,  ae t>t,

Define g : R, — X by

f(t)> S [Ovtl)a
g(t) == { f(1), t € [tn, tnyr) and [[f(8) = 1] <1/n,
l, t € [tn,tusr) and || f(£) = || > 1/n.
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Then ¢(t) = f(t) a.e. and lim;_ ., g(t) = . Hence lim; . [f](t) = L. O

Throughout the rest of the thesis we shall not use the notation [f]: we simply
write f € L} (R, X) with the understanding that f is the equivalence class of

loc
all measurable functions which coincide with f almost everywhere.

In later chapters we require the following results.

Proposition 2.1.13. Let f € LP(Ry, X) for some p € [1,00). Then for all
e > 0, the Lebesgue measure of the set E .= {t > T | ||f(t)|| > €} tends to 0 as
T — oo.

Proof. Let m denote the Lebesgue measure. Since f € LP(R,, X) for some
p € [1,00) we have

AT) = / RIS /E VF(@®)Pdt > Pm(E), ¥e> 0.

Consequently, m(E) < ~(T)e™? for all € > 0. Since limy_., y(T) = 0 it follows
that m(F) — 0 as T — oc. O

Proposition 2.1.14. Let f,f € L*(R.,U) where U denotes a Hilbert space.
Then lim;_, f(t) = 0.

Proof. Note that,

%(Ilf(t)IIQ) = (f(£), f(1)) + (1), (1)) = 2Re (f(1). [(2)).

Hence it follows that
IF N = [I£(0)]* = 2Re /0 (f(r), f(r)) dr. (2.6)
Since f, f € L*(R,,U) we have

2Re/0 <f(T),f(T)>dT—>l, t — oo.

Consequently, by (2.6) we see that lim;_ ||f(¢)|| =: f> exists. Noting further
that f € L*(R,,U), we deduce that f> = 0. O
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Chapter 3

Convolutions of sequences,
% -transforms and transfer
functions of discrete-time
operators

In this chapter we discuss three key notions; the convolution of two sequences,
the Z-transform of a sequence, and transfer functions of bounded linear shift-
invariant operators on [*(Z, U). We introduce the concepts of asymptotic steady-
state gain, [%-steady-state gain and step error in discrete-time. This is done in
the general context of the algebra of all shift-invariant bounded linear input-
output operators on [*(Z,,U). We conclude this chapter by deriving existence
and uniqueness results for the discrete-time equations which are to be considered
in later chapters.

3.1 Convolutions of sequences

Definition. Suppose x € F(Z,,#(X)) and y € F(Z,,X). Then their convolu-
tion z xy € F(Zy, X) is defined by,

(zy)(n) =Y x(n—7y() =Y =(j)y(n—j).

j=0 7=0

The convolution product in the space F'(Z,) is commutative and the sequence §
defined by
1, n=0,
o(n) '_{ 0, neN,
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is the unit element. A sequence a € F(Z;) is invertible (that is, there exists
a™' € F(Zy) such that a*x a™' = a™! x a = 6) if and only if a(0) # 0.
Note that Joz of x € F(Z,, X) can be represented by convolution with :

n

(Jox)(n) =Y _x(j) = (I *x)(n).

=0
The following result is a standard result on convolution of sequences.

Lemma 3.1.1. Assume that a € 1*(Z,) and let 1 < p < oo. The following
statements hold:

(a) |la*b|p < ||al|lx]bllw for allbe P(Zy, X).
(b) Ifbe F(Zy,X), then

lim b(n) =0 = lim(ax0b)(n)=0.
Proof. We refer to [15], p. 244, for the proof of part (a). To prove part (b),

assume that b(n) — 0 as n — oo. For every n € Z,, let m,, denote the largest
integer less than or equal to n/2. Since

@sB)(m) =3 atn—kpm) + 3 aln— Kbk,

we obtain

I(ax b)) < (bl > la(k)] + falls kS>UI/)2||b(k)||-

k>n/2

By assumption b(k) — 0 as k — oo and since a € [',

lim > la(k)| = 0.

k>n/2

Consequently, (a *b)(n) — 0 as n — oo. a

We now show that every linear shift-invariant operator on F(Z,, X) is a convo-
lution operator.

Proposition 3.1.2. Let H : F(Z,,X) — F(Z,, X) be linear and shift-invariant.
Then,

(Hy)(n) =Y h(n—k)y(k),  VyeF(Z,X), nely,
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where, for eachn € Z,, h(n) : X — X is defined by
h(n)§ := (H(£0))(n), §€X.

Proof. Let y € F(Z,,X). By causality of H,

(Hy)(n) = (H(gy(lﬁ)S%)) (n), VnezZ,.

Using first the linearity of H, then the shift-invariance of H, and finally the
definition of h, we see that,

n

(Hy)(n) = (H(gyw)ska))(n) S (Hy RS )

— S (SFH(y(k)9))(n)
= S (Hy(k)o)(n — k)

Remark 3.1.3. Note that if dimX < oo and H € HB(I*(Z., X)) is shift-
invariant, then the convolution kernel h of H, as defined in Proposition 3.1.2,
is in [*(Z,, $(X)). To see that this is not the case if X is infinite-dimensional,
we consider the following example. Let X = [*(Z;,R) and {e’};ez, be the stan-
dard orthonormal basis of X. Let v € X. Then,

v = Zvjej.
=0
Define k(j) € #(X) by

k(j)v = v;el, veX.

Then, for each j € Z,, ||k(j)||lx = 1, so that k ¢ [*(Z,,B(X)). Define T :
F(Zy, X) — F(Z+. X) by

n

(Tu)(n) =Y k(n—jlu(j), Vu€F(Z X).

J=0

26



Let w € I*(Z,, X). Then,

00 n 00 n 2
ZII Tu)()l% =Y || D k(n —j)ulj Z Zunj (3.1)
n=0 !l j=0 =0
Since the {e/};ez, form an orthonormal basis of X, we have
n 2 n
Zun—j(j>6] = Z(un—j(j))2' (3.2)
j=0 X =0
Combining (3.1) and (3.2) we obtain,
D ITu)m)IE =Y (i)
n=0 n=0 j=0
Setting u,_;(j) := 0 if j > n, we have,
D ITw)mIE =YD (i)=Y > (g
n=0 n=0 j=0 7=0 n=0
= > (un(0)* + Z(unfl(l)) +
n=0 n=0
= [[u(O)[I% + lu(D)% +
= Z lu(n) 1%
= HUH12(Z+,X)- (3:3)

Hence we see from (3.3) that, Tu € 1*(Z4, X) and ||Tulli2z, x) = |ullz@z, x), so
that T € B(1*(Zy, X)). &

Corollary 3.1.4. Let G, H : F(Z,) — F(Zy) be linear shift-invariant operators.
Then, GH = HG.

Proof. Let v € F(Z,). Since G, H : F(Zy) — F(Z,) are linear and shift-
invariant it follows from Proposition 3.1.2 that there exists h,g € F(Z,) such
that

(Ho)(n) = (hxv)(n),  Ywve F(Zy),

and

(Gu)(n) = (g*v)(n),  VwveF(Zy)
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Noting that the convolution product in F(Z, ) is commutative it follows that,

(HGv)(n) = (h*g*v)(n) = (g*xh*xv)(n) = (GHv)(n).

3.2 The Z-transform

Definition. The Z transform of a € F(Z,, X) is defined by,
a(z) = (Z(a)(z) = Y alj)="7, (3.4)

where z is a complex variable. We say that a is Z-transformable if the series in
(3.4) converges for some z = z5 € C\ {0}, in which case it converges absolutely
for all z € C with |z| > |z|.

Remark 3.2.1. It is an elementary fact from the theory of power series, (see e.g.
[2] p.31), that a is Z-transformable if and only if

rq = limsup [Ja(n)||"/" < oo, (3.5)
in which case (3.4) converges absolutely if |z| > r, and diverges if |z| <7,. <
For n > r, we have that

a(ne') = i(a(k‘)ﬁ_k)@_iw» 0 €10,2m),
k=0

showing that the function # ~— a(ne') is the discrete Fourier transform of the
sequence (a(k)n *)rez,. If a € F(Z4,X) is 2 -transformable, then, for every
n > rg, the function a is holomorphic and bounded on E,. Conversely if n > 0
and A : E, — X is holomorphic and bounded, then a € F(Z,, X) defined by

1 no[m o
a(n) = - A(2)2" tdz = ;_w i A(ve)e™ df,  where v > 1,

2=

is the unique Z-transformable sequence (with r, < n) such that a(z) = A(z) for
all z € E, and we write a = 277 1(A).

Under the Z-transform, convolutions become multiplications, that is, if a €
F(Zy,A(X))and b € F(Z,,X) are Z-transformable, then axb is 2 -transformable
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and

—

(a*b)(2) = a(2)b(2), z € Cs.t. |z] > max{ry, m}.

3.3 Transfer functions of discrete-time opera-
tors

In order to discuss transfer functions of bounded linear shift-invariant operators

on [*(Z,,U), we first need to define the Hardy-Lebesgue spaces H* and H*. To

this end, we have the following result; a proof of which can be found in [51] (see,
Theorem 17.6 in [51]).

Theorem 3.3.1. If f: C — X is holomorphic on E; U {oo}, and if

T 1/2
(i) = (g [ Ifeenpas)

Moo (f;r) sup || f(re”)]],

0€[0,27)

then My and My, are monotonically decreasing functions of r for r > 1.

Definition. Let f : C — X be holomorphic on E; U {oo}. Setting,
1z = tim M(fi7), [l = lim Moo(f37),

the Hardy-Lebesgue spaces H*(Ei, X) and H*(E;, X) are defined to consist of
all f for which || f|lg2z < oo and ||f|lg~ < o0, respectively. Note that if f €
H*>(E, X), then || f||g= = sup,cg, || f(2)]|. Moreover, H*(E;, X) C H*(E, X)
and || fllge < £~ for every f € H(Bx, X).

The basic properties of H*(E;, X) are stated in the following theorem.

Theorem 3.3.2. (a) A function f:Ey — X isin H*(Ey, X) if and only if there
exists x € 1*(Zy, X) such that = f. Moreover, || f||z2 = ||z

(b) If f € H*(Ey, X), then f has radial limits f*(e?) at almost all points of T
and f* € L*(T, X). The nth Fourier coefficient of f* is x(—n) if n <0 and 0 if
n > 0, where v € 1*(Z,, X) is such that & = f.

(c)The mapping f — f* is an isometry of H*(Ey, X) onto the subspace of
L3(T, X) which consists of those g € L*(T, X) which have g(n) =0 for alln >0
(where g(n) denote the Fourier coefficients of g).
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Proof. Using the fact that h € H?(E;, X) if and only if the function g(z) :=
h(1/z)is in H*(B, X), for all z € B, the proof of the scalar case, see, for example,
Theorem 17.10 of [51], carries over word for word to obtain the claim. O

Now let u,v € [*(Zy,U) with associated Z-transforms @, 9. By Theorem 3.3.2
we know that 4,0 € H?(E;,U) and that the radial limits,

ﬁ(ew) = limﬁ(reie)
r|l

o(e”y = limd(re®)
r|l

exist for almost all # € [0,27). We now state a theorem we shall require in
Chapter 4.

Theorem 3.3.3 (Parseval-Bessel). For u,v € [*(Z,,U) we have that

N 1 o ~0 10N\ A~ 10
;@(n),v(n» :%/0 (a(e?), 5(e?)) db.

Proof. A proof of the Parseval-Bessel Theorem can be found in [51], page 92.
The above statement is slightly different, but follows from the version in [51]
combined with Theorem 3.3.2 (a). O

Let G € B(1*(Z,,U)) be shift-invariant. Then G has a transfer function G €
H>*(E,,#(U)) in the sense that,

(Z(Gu))(z) = G()(Z()(2),  Yuel*(Zy,U), z €Ey.
We see this from the following theorem.

Theorem 3.3.4. Let G € B(I*(Z,U)) be shift-invariant. Then there is a unique
G € H®(E,,#B(U)) such that, for any u € I>(Z,,U), denoting y = Gu,

7(z) = G(2)u(z), vV z € E;. (3.6)
Moreover, ||G|| = ||G|| gee-

Remark 3.3.5. A proof of Theorem 3.3.4 can be found in [50] (see [50], The-
orem B, p.15). The statement of the result in [50] is rather different to the
statement of Theorem 3.3.4 and requires the following translations. In the nota-
tion of [50], S, T" and A are replaced by S, G and G, respectively. In [50], S is
given by multiplication by z on H?*(B,U) and corresponds to S via the isomet-
ric isomorphism between H?(B,U) and [*(Z,,U). The bounded linear operator
T : H*B,U) — H*(B,U) is assumed to be S-analytic, that is, S and T' com-
mute. Again via the isometric isomorphism between H?(B,U) and [*(Z,,U) this
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is equivalent in our terms to G € ZB(I1*(Z,,U)) being shift-invariant. Finally,
noting that h € H>®(E,, Z(U)) if and only if the function ¢g : z — h(1/z) is
in H*(B, A(U)), it follows that A in [50] represents the transfer function G as
defined in the statement of Theorem 3.3.4. &

In the following set of examples we compute the transfer functions of the shift-
invariant operators S, /g, J and Jj.

Examples 3.3.6. (a) Let x € F(Z;,U) and z € E;. We compute the Z-

transform of Sz as follows

e¢] oo

_ > : 1 , 1
— AT _ - 1)~ 4
B2)(:) = Y (S0)()=7 = D ali =)= = 23 ali— D=0 = Za(e)
Jj=0 j=1 =1
In particular we note that the transfer function of S is given by 1/z.

(b) Another routine calculation, using the fact that Ay = I—S, shows the transfer
function of Ag is given by (z —1)/z.

(c) Using the fact that by Lemma 2.1.2 part (a) AogJ = S, and (a) and (b), we
conclude that the transfer function of J is given by 1/(z — 1).

(d) Using the fact that by Lemma 2.1.2 part (a) AgJy = I, and (b), we conclude
that the transfer function of Jy is given by z/(z — 1). &

3.4 Discrete-time steady-state gains and step
error

Let G € H*(E;, #(U)) denote the transfer function of a shift-invariant operator
G € B(1*(Z,,U)). By shift-invariance, G is causal, and therefore G extends to a
shift-invariant operator from F(Z,,U) into itself as follows: Let u € F(Z,,U).
We extend G to an operator F(Z,,U) — F(Z,,U) by setting

(Gu)(n) = (G(Pyu))(n),  neN,

where N :={0,1,...,N} and N € Z,. By causality of G this definition yields
a well-defined extension of G to F(Z;,U). We shall use the same symbol G
to denote the original operator on [*(Z,,U) and its shift-invariant extension to

F(Z.,U).
Definition. If there exists an operator I' € #(U) such that

lim (G(9¢))(n) =T¢, VEeU,

n—oo
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then we say that I' is the asymptotic steady-state gain of G. Moreover, if there
exists an operator I' € A(U) such that

G(0§) — VT € (24, U), VEEU,

then I' is said to be the [(*-steady-state gain of G. If the asymptotic steady-state
gain or the [?-steady-state gain of G exist, then, for £ € U, the function

0* = G(9€) — IT¢

is said to be the step error associated with &.

The asymptotic steady-state gain and the [>-steady-state gain may or may not
exist. The existence of the [*-steady-state gain implies the existence of the asymp-
totic steady-state gain. The converse is not true. If they both exist, then they
coincide.

Trivially, under the additional assumption that G is the input-output operator of
a finite-dimensional [2-stable state-space system (i.e., G is rational), the asymp-
totic steady-state gain and the [2-steady-state gain exist and are given by G(1);
furthermore, there exist M > 0 and 8 € (0, 1) such that ||o(n)| < Mp"|¢]| for
alln € Z, and for all £ € U =R™.

Throughout the thesis we shall often impose the following assumption on G.

(A) There exists I' € (U) such that

1

lim sup 1
Z _—

z—1,2€Eq

(G(z) — F)H < . (3.7)

Remark 3.4.1. If G extends analytically into a neighbourhood of 1 (which in
particular is the case if G € A(I3(Zy,U)) for some 3 € (0,1)), then (A) holds
with I' = G(1). Furthermore, if G is the transfer function of a strongly stable
discrete-time state-space system (see Chapter 6) with the additional property
that 1 is in the resolvent set of the generator of the discrete-time semigroup
(which is trivially true for power-stable systems), then (A) holds. &

Note that, by assumption (A),

z

2o 55(2) = (G(z) — )¢ € H®(Ey, BU)), Veel.

z—1
Consequently, by Theorem 3.3.2 part (a),

lo*llie = 15(2) |2 < 155 (2)llmre <AMEN,  VEETU,
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where v := sup, g, ||(2/(2—1))(G(2) —T')||, showing that the operator ¥ : £ — o*
is in B(U,1*(Zy,U)). In particular, if assumption (A) holds, then T is the [*-
steady-state gain of G. Using Remark 3.4.1, it can be easily shown that, if
G € B(I3(Z,U)) for some § € (0,1), then ¥ € B(U,13(Z,,U)), in which case

we have
lo* )87 < oz @ vy = 1Z€llz@. o) < IZNIEN, VneZy, VEET,
(where ||3|| denotes the operator norm of ¥), showing that
lo* ()l < IZN8"lIEN, YneZy, VEEU.

The following result gives a time-domain characterization of assumption (A).

Lemma 3.4.2. Let G € B(1*(Z,,U)) be shift-invariant with transfer function
G and let T" € B(U). Then (3.7) holds (i.e., G satisfies assumption (A)) if and
only if GJ —T'J € B(1*(Z,,U)).

Proof. (=) Suppose that G satisfies assumption (A). Consider the operator
GJ—T'J. By shift-invariance of G and J it follows that GJ —1I'J is shift-invariant
and its transfer function is given by

1
z—1

(G(z) =T, z € E;.

From assumption (A) and the fact that G € H*(E;, #(U)), we conclude that,
2 (G(2) = T)/(z — 1) € H®(E;, B(U)) C H*(E,,#(U)) and so, by Theorem
332 (a), GJ —TJ € B(*(Z.,U)).

(<) Suppose GJ — T'J € B(I*(Z,,U)). As before, since G and J are shift-

invariant, it follows that GJ — I'J is shift-invariant. Consequently, GJ — I'J has
a H*(E;, A(U)) transfer function. Since this transfer function is given by

1
z—1

(G(z) = T), z € Ey,
it follows that assumption (A) holds. O

Remark 3.4.3. Note that Lemma 3.4.2 remains true if J is replaced by Jy. <

Furthermore, we have the following result on the behaviour of Gu for converging
inputs u.

Proposition 3.4.4. Let G € B(1*(Z,U)) be shift-invariant with transfer func-
tion G. Assume that (A) is satisfied.
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(a) If u € F(Zy,U) s such that u — Ju™ € 1*(Zy,U) for some u™ € U, then
Gu —9Tu™® € 1*(Z4,U).

(b) Ifu € F(Z,,U) is such that Nou € 1*(Zy,U) and u™ :=lim,, .o, u(n) exists,
then lim, .. (Gu)(n) = T'u®™.

Remarks 3.4.5. (i) Note that if u — Ju™ € [*(Z,,U) for some u> € U, then
lim,, oo u(n) = u™® and Agu € [*(Z,,U). Furthermore, it is easy to see that
there exist sequences u € F(Z,,U) such that u® := lim, . u(n) exists and
Nou € X(Zy,U), but u — du> & 1*(Zy,U), for example, with U = R, u(n) =
u®+1/v/n+1, for all n € Z, and some u*> € R. This shows that the hypothesis
on u in part (b) is ‘strictly weaker’ than that in part (a).

(ii) Noting that Agu = SAu + Ju(0), Proposition 3.4.4 remains true with A
replaced by A. &

Proof of Proposition 3.4.4. (a) Note that,
Gu — 9T'u™ = G(u — Yu™) + GYu™ — ITu™. (3.8)

Since by assumption G € Z(1*(Z,,U)) and u — Ju™ € [*(Z,,U) it follows that
G(u — Ju>®) € 1*(Zy,U). Furthermore, since assumption (A) holds, T is the
[%-steady-state gain of G and so GYu>® — ITu> € [*(Z,,U). Consequently, it
follows from (3.8) that Gu — 9Tu™ € I*(Z,,U).

(b) Setting H := GJy — I'Jy, it follows from the shift-invariance of G that,
HAou = Gu — Tu. (3.9)

By assumption (A) and Lemma 3.4.2 we have that H € ZB(I1*(Z,,U)). Conse-
quently, since by assumption Agu € (?(Z,,U), we have

lim (H(Aou))(n) = 0.

n—oo

Hence it follows from (3.9) that

lim (Gu)(n) = lim I'u(n) = I'u™.

n—od n—oo

O

Occasionally, it will also be necessary to impose the following assumption on G.

(A’) There exists I', IV € Z(U) such that

1

m(G(Z) ~I'—(z-1I)

lim sup < 00. (3.10)

z—1,2€Eq
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Remarks 3.4.6. (i) Note that if G satisfies assumption (A’) (i.e., (3.10) holds),
then G satisfies assumption (A) (i.e., (3.7) holds).

(ii) If G extends analytically into a neighbourhood of 1 (which in particular is the
case if G € B(I3(Z4,U)) for some 3 € (0,1)), then (A’) holds with T' = G(1) and
I = G/(1) = lim,—1(G(2) — G(1))/(z — 1). Consequently, if G is the transfer
function of a strongly stable discrete-time state-space system (see Chapter 6)
with the additional property that 1 is in the resolvent set of the generator of the

discrete-time semigroup (which is trivially true for power-stable systems), then
(A’) holds. &

The following result gives a time-domain characterization of assumption (A’).

Lemma 3.4.7. Let G € B(1*(Z,,U)) be shift-invariant with transfer function
G and let I, TV € B(U). Then (3.10) holds (i.e., G satisfies assumption (A")) if
and only if (GJ —TJ)J —T1"J € B(I*(Z,,U)).

Proof. (=) Suppose that G satisfies assumption (A’). Consider the operator
(GJ—-TJ)J—T1"J. By shift-invariance of G and J it follows that (GJ—-I'J)J—I"J

is shift-invariant and its transfer function is given by

1 )
m(G(z)—F—(z—l)F), z € Ey. (3.11)

From assumption (A’) and the fact that G € H*(E,, Z(U)), we conclude that,

1 ! 00 2
sz(G(z)—F—(z—l)F) € H*(E,, Z(U)) € H*(E1, #(U))

and so, by Theorem 3.3.2 (a), (GJ —TJ)J —T"J € B(I*(Z.,U)).

(<) Suppose (GJ —T'J)J —T"J € B(I1*(Z,U)). As before, since G and J are
shift-invariant, it follows that (GJ —I'J)J —I"J is shift-invariant. Consequently,
(GJ —=TJ)J —TI"J has a H®(E,, ZA(U)) transfer function. Since this transfer
function is given by (3.11), it follows that assumption (A’) holds. O

Remark 3.4.8. Note that Lemma 3.4.7 remains true if J is replaced by Jy. <

3.5 Existence and uniqueness results

In this section we discuss existence and uniqueness results for general discrete-
time equations with non-linearities. Consider the following equation

u=r—J(G(pou)), (3.12)
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where r : Z, — U is a given forcing function, G € Z(I*(Z,,U)) is shift-invariant,
@ Zy xU — U is a time-dependent non-linearity and ¢ ou denotes the function
n +— (n,u(n)). Recall that by shift-invariance, G is causal and therefore G
extends to a shift-invariant operator from F(Z,,U) into itself. A solution of
(3.12) is a function u € F(Z,,U) satisfying (3.12). Recall the following notation:
for N € Z,, let N :={0,1,...,N}. We have the following result on existence
and uniqueness of solutions of (3.12).

Proposition 3.5.1. Let G € B(1*(Z,U)) be shift-invariant, p : Zy x U — U
be a time-dependent non-linearity and r : Z, — U be a given forcing function.
Then (3.12) has a unique solution u : Z, — U.

Proof. For N € Z, we define Gy : F(N,U) — F(N,U) by

(Gyv)(n) := (Gun)(n), neN, ve F(N,U) (3.13)
where
_ Juln),  neN,
vy (n) = {0’ n> N (3.14)

Hence, by causality of G, for each N € Z, and v € F(Z,,U),
(Gu)(n) = (Gyv|n)(n),  neN.

Define recursively,

u(0) = r(0)

u(l) = r(1) = (Go(pou))(0)

u(2) = r(2) - Z(Gl(so ou))(j)
un+1) = r(n+1)— (Gnlpou))(g).

Jj=0

Then u solves (3.12). Furthermore, it is clear by the recursive construction that
w is unique: if v is a solution of (3.12), then v(0) = r(0) = u(0), hence,

v(1) = (1) = (Go(p 0 v))(0) = r(1) = (Go(p o u))(0) = u(1)
and so on iteratively. O

We now introduce a discrete-time integrator with direct feedthrough. Consider
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the following discrete-time equation,
u=r—Jo(G(pou)), (3.15)

where ¢, G and r are as before. A solution of (3.15) is a function u € F(Z,, X)
satisfying (3.15)

Example 3.5.2. The following example shows that an equation of the form
(3.15) does not always have a solution. Let U = R. Define ¢ : R — R by,

E+1, if £ <—1,
-1, e,

set G = —1 and let r = 2¢. Then, by (3.15),
u(n) =2+ ¢(u(j), VneZ,. (3.16)

Define f : R — R by f(&) := & — ¢(&) for all £ € R, that is,

1, if €< 1,
f(g) = é'a 1f§€ [_171}7
1, if€> 1,

It follows from (3.16) that

Noting that 2 ¢ imf we see that (3.16) does not have a solution. &

The following result gives a condition under which (3.15) has solutions and more-
over, provided it exists, when a solution is unique.

Proposition 3.5.3. Let G € B(1*(Z,,U)) be shift-invariant, ¢ : Z, x U — U
be a time-dependent non-linearity and r : Z, — U be a given forcing function.
Define G(00) := lim.| oo G(2). Then, there exists at least one solution (a unique
solution, respectively) of (3.15) if, for everyn € Z., the map f, : U — U defined
by

(&) =&+ G(oo)p(n, &), V (n,&) €Zy xU, (3.17)
is surjective (bijective, respectively).

Remark 3.5.4. Note that if G(oo) = 0 then f, = I for all n € Z, and (3.15)
has a unique solution. O
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Proof of Proposition 3.5.3. Define M : F(Z,,U) — F(Z.,U) by M = JoG.
It follows from (3.15) that
u+ M(pou)=r. (3.18)

By linearity and shift-invariance of G and Jy, M is also linear and shift-invariant.

Consequently, by Proposition 3.1.2, M is a convolution operator with convolution
kernel k € F(Z,,%(U)), that is,

(Mu)(n) = (k*u)(n) = Z k(n — j)u(j).

Defining M := M — k(0)1, (which is also a convolution operator) from (3.18) we
have,

u(n) + k(0)(p o u)(n) = r(n) — (M(pou))(n). (3.19)
Since r is given, the RHS of (3.19) can be determined by only knowing the values
u(0),...,u(n—1) but, u(n) could still explicitly occur in the term k(0)(pou)(n).
Denoting the transfer function of M by M we have,

M(z) = G(z), z € K.

Clearly,
kE(0) = lim M(z) = lim G(z) =: G(c0).

|z]—o0 |z]—o0
It follows from (3.19) that

fu(u(n)) = r(n) = (M(pou))(n),

where f,, is defined by (3.17). Suppose now that for all n € Z,, the map f, is
surjective. Denoting the preimage of f, by f, ! for all n € Z,, we can construct
a solution of (3.15) as follows: We define u € F(Z,U) recursively by,

u(0) € fo ' (r(0) — (Mo(p 0 u))(0))

u(l) € fi'(r(1) — (Mi(pou)(1))

—~

u(n) € fy(r(n) = (Mu(p o u))(n))
where, for N € Z,, My : F(N,U) — F(N,U) is defined by
(Myv)(n) :== (Muvy)(n), neN, veF(N,U),

and vy is given by (3.14). If, further, f, is injective for each n € Z, then the
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preimage of f.1(£), £ € U, consists of exactly one point and we see that the
solution constructed above is unique. O

3.6 Notes and references

Most of the results in this chapter are well known. Whilst difficult to locate, the
proof of Lemma 3.1.1 is standard and included for completeness. Proposition
3.1.2 is well known, however, in many cases in the literature it is stated for the
special case X = R. A proof of Proposition 3.1.2 in the general Banach space
setting is difficult to locate in the available literature, consequently, we include
a proof for completeness. We remark that the existence of a transfer function
for a bounded linear shift-invariant operator on (*(Z,,U) (see Theorem 3.3.4),
is essential for the development of the thesis. We note that Lemma 3.4.2, which
gives a time-domain characterization of assumption (A), is a key observation
which will be required throughout the thesis. Proposition 3.4.4 is new and in
the context of this thesis is important in studying low-gain integral control of
discrete-time systems subject to input and output non-linearities, (see Chapter
5). The existence and uniqueness results in §3.5 seem to be new, the proofs of
which are fairly routine.
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Chapter 4

Absolute stability results for
infinite-dimensional discrete-time
systems

In this chapter we present input-output absolute stability results for discrete-time
systems. We derive stability results of Popov-type and circle-criterion type.

We begin by considering an absolute stability problem for the feedback system
shown in Figure 4.1. The input-output operator G is linear, shift-invariant and
bounded from 1%(Z,,U) into itself, ¢ : Z, x U — U is a time dependent non-
linearity and r : Z, — U is the input of the feedback system (or forcing function).

From Figure 4.1 we can derive the following governing equations,
u=r-—71, v==G(pou), y = Ju,
where ¢ o u denotes the function n — (n,u(n)). Equivalently,
u=1r—(JG)(pou). (4.1)

It follows from Lemma 3.5.1 that there exists a unique solution u to (4.1).
Throughout this chapter we impose assumption (A) on G, the transfer func-
tion of G, with I' = G(1) := lim,;.cr, G(2). Note that the existence of
lim, . .er, G(2) is implied by imposing assumption (A).

4.1 Absolute stability results of Popov-type

We require the following lemma the proof of which can be found in Appendix 1.
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Figure 4.1: Discrete-time feedback system with .J integrator

Lemma 4.1.1. Forv € F(Zy,U), we have the following formula,

Re g <v<n),:§u(k)> _ % ki:ov(k)HQ - %kzi B2, VYmeN,

Throughout the rest of this section we assume that U = R, that ¢ is time-
independent and consider the absolute stability problem shown in Figure 4.1.
The following result is a stability criterion of Popov-type in an input-output
context.

Theorem 4.1.2. Let G € B(1*(Z,R)) be a shift-invariant operator with transfer
function G satisfying assumption (A) and let ¢ : R — R be a measurable non-
decreasing non-linearity. Assume that G(1) > 0 and there exists numbers q¢ > 0,
e >0 and a € (0,00) such that

p(v)v > ég@Q(v), VoveR, (4.2)

and

1 q 1 0
- — N > .. . 4.
. + Re [(ei(’ + 62‘6,_1)G(e )} > g, a.a. 0 € (0,2m) (4.3)

Let r € m*(Z,,R) and let u: Z, — R be the unique solution of (4.1). Then the

following statements hold.

1. There exists a constant K (which depends only on q, €, a and G, but not
on r) such that,

lullize + | Doulliz + o 0 ullie + (I 0 wulln) '/

n

> (pou)(j)

J=0

+ sup < K||7|| me- (4.4)

n>0
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2. The limits

n—oo

u™ = lim u(n), lim Z(gp ou)(j), (4.5)
n—oo =
exist, are finite and, if ¢ is continuous, p(u™) = 0.
Proof. We have,

u+ (JG)(pou) =r, (4.6)

or equivalently,

Dou+ SG(pou) = Agr. (4.7)
We now write (4.6) in a slightly more convenient form, namely,
u+ H(pou)+G(l)J(pou) =r, (4.8)
where H := J o G — G(1)J. It is clear that this operator is shift-invariant with
transfer function H given by,

H(:) = - ! [G(z)-G),  z€E, (4.9)

From assumption (A) and from the fact that G € H*(E;), we conclude that
H € H*(E,), and hence H € B(I*(Z,,R)).

We multiply (4.7) by ¢ and to this add (4.8) to obtain

q(Dou)(j) + u(f) + Golp o u)(j) + G(1)(J(¢ o u))(j)
=q(Lor)() + (), VijeELy, (4.10)

where we have defined the operator G, by
G, =¢SG+ H.
Invoking (4.9), we see that the transfer function G, of G, is given by

Gy(z) := gG(z) + ZlTl[G(z) — G(1)], z € E;.
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Multiplying through by (¢ o u)(j) and summing from 0 to n in (4.10) yields,

n

quou )(Dow)(5) + (o u)(j)ulj)

J=0

<.
|

n 1

+Z (pou) ¢OU))(')+G(1)Z(¢OU)U) (pou)(k)

0

B
Il

n n

=q ) (pou)(j)(Lor)(y +Z pou) . (4.11)

An application of Lemma 4.1.1 to the last term on the LHS of (4.11) yields,

n 7j—1

G Y (e on) e oun)h
-S| (Twewn) - X wout()] a1

j=0 7=0

Combining (4.12) with (4.11) gives,

CJZ pou)(j)(Lou)(j )+Z(¢OU)(J‘)UU)+Z(<POU)(])(Gq(sOOU))(j)

+¥(;«o cu)) - S > (pou’0)
=a)_(pouw)())(Lor)() + D_(¢ou)(i)r() (4.13)

We note that,
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Taking z = ¢ with § € (0,27),

1 —1 0 —1 0—1
Re = Re (2—2) :Re( 6, 2> = cos 5 —
z—1 |z — 1] et — 1] (cosf —1)" +sin“0

~cosf—1
 2(1—cosf)
B 1
= -3

and we obtain,

i\ q 1
ReGq(e ) =Re [(eﬁ—l— T

)G(ew)] + %, a.a. 0 € (0,2m). (4.14)
Combining (4.14) with (4.3) we see that,

ReGyfe) = R | (5 + 1 e + S

el el 1 2
1 G(1)
> g —-=4 —, 4.1
Ze— - + 5 (4.15)
Define v : Z — R by

: pou)(j), H0<j<n,

v(j) = {( ) : (4.16)
0, otherwise.

Applying Theorem 3.3.3 and taking real parts,

1 2

S oG = 5 [ Re ot e | as
— o |l e, @ as
_ ! 2W|@(ew)FI{e(}qQ¥9)d9. (4.17)

27 Jo

Using (4.15) and applying again Theorem 3.3.3, we obtain,

27 27
L wﬁWMGm%WZE(“£+EQ>/IMWWw
0

2m J, 2m a 2

— (5— é + @) in(j).

Jj=0
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Invoking (4.16) and (4.17), we conclude that,

n

> oni)Gulg o) 2 (= 1+ S S wonrtn. (@)

Applying (4.18) to (4.13) gives,

a2 _(pou)(i)(2ow)(j) + 3_(w o w)(j)ul)
t(e= 1) Loty + SR (Liwonn)

n

< qu o u)(5)(Lor)(§) + Z(so o u)(j)r(5). (4.19)

Define ®(v) := [ ¢(0)do for all v € R. Using the fact that ¢ is non-decreasing
we can estimate the first term on the LHS of (4.19) as follows,

" () u(0)
Seon@emi) 2 Y [ T deyos [ o)
j= J_u(n)

= /0 (o) do
= ®(u(n)), VneZ,.

Using this estimate in (4.19) we obtain,

<qp_(pou)(j)(Lor)(j) +Z(SDOU)(J')T(J')- (4.20)

By assumption r = r; + 91, where r; € l2(Z+,R) and ro € R. Using this
decomposition of r we can write the last term on the RHS of (4.20) as,

n n

Y (pouw)(§)r() =Y (pou)(i)rili) + Z(w o u)(j)ra- (4.21)

J=0 J=0
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Using (4.21) in (4.20) gives,

< qZ(so o u)(5)(Lor)(§) + Z(so o u)(j)r1(j)- (4.22)

GéD(j;(wou)(j)) —;(gpou)(])r2
-G (Steen e n) ~jeE

(S0t -6 ) - e
ST peain a2

Now the RHS of (4.24) can be estimated as follows (since ab < 3ea® 4 b?/(2¢) for
non-negative numbers a and b)
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Combining (4.25) and (4.24) and simplifying we obtain,

a®(u(m) + Y_(pow(ul) - D" (powP() +5 Y (poul()
& <Z:;<s0 ou)(j) - [G<1>]1r2)
< 32 Y b))+ GF + 5IG) 126

The RHS of (4.26) can be estimated as follows,

n

1

52 2 B+ + S GO

o0

IN

oo S o)) + G + 5G] P

o

g <

IN

=P Bor )+ ) + G

J=

q2 2 1 2 1 -1 2
= ;IIAoTsz + E”T1Hl2 +5(G)] e

]

2

q 1 1 _
g(Qllﬁllz2 + [ra])® + gll?"lll?z + §[G(1)] Hraf?
8(]2 2q2 1 1 _

?||7“1||122 + ?|7"2|2 + g||7“1||z22 + i[G(l)] Hrol?

< Lir|? (4.27)

m2»

IN

IA

where L depends only on ¢, and G(1) and we have used the fact that Agr =
r1 — Sry 4 190 and so [[Aer|liz < 2||r1liz + |r2|. Combining (4.27) with (4.26)
gives,

B(u)+ 3 [(po @) - HoowP )] + 53 (pow )
+ %(Z(@ou)(g’) - [G(l)]‘lrg) < L|r|?.,  VneZ,  (4.28)

J=0
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By sector condition (4.2) we have that,

3 [w o w)(G)uli) — L(pouw?()] = 0.

- a
j=0

We also note that, by (4.2), ® is non-negative, as are all the other terms on the
LHS of (4.28). Furthermore, the RHS of this inequality is entirely dependent on
r and in particular does not depend on u. Inequality (4.28) is the key estimate
from which we shall derive the theorem.

Proof of Statement 1: In the following, K > 0 is a generic constant which will be
suitably adjusted in every step and depends only on ¢, €, a and G, but not on n,
w or r. From (4.28) we obtain,

—Z wou)’(j) < L||r|3., VneZ,.

Hence,
|l oulle < Kl|r||me- (4.29)
Again, by (4.28),
G 1 n - B 2
ER(Swouti) - G ™) <Lirs  Vnez.
5=0
Hence,
n 2
(teoni) - (G n)| < Kl
5=0
Now this implies that,
D (pou)(y )‘—I[ (D] 'rs| S K7z, VneZy,
=0
and so
ngou ’<K\|erz VneZy.
=0
Hence,
sup | S 00)()| < Kl (4.80

J=0
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Again starting with (4.28) we obtain the following inequality,

n

3 [«a o u)(j)u(j)

j=0

1
(po U)z(j)] <L|r|?:;, VnezZ,.

a

It follows that

n o0

N 1 ‘
0< Y (pouw(i)uf) < Llrl2z+ =) (pou)())
j=0 a Jj=0
S K||r||$n27 Vn€Z+,

where we have used (4.29). Consequently,

(I 0 wulln)'’? < Klfr|lme. (4.31)
Since H € H*(E,) C H?(E,), by Theorem 3.3.2, there exists h € [>(Z,,R) such
that,

o

H(z) = h(z) = Y h(k)z"".

k=0

(HO)()] = 1S b — k(b)) < (Z 02) /(Z |v<k>|2)1/2
< el (432)
Applying (4.32) with v = ¢ o u and using (4.29) gives,

(H(p o)) < Iallelle o ulle < Kl (433)

Invoking (4.8) we have,

u()] < [(H(p o w) ()] + G (g ow)(G)] + r(H)|
(H(pow)(G)| +GMI(J(p o u)(G)] + [rllma- (4.34)

Taking the supremum and applying (4.30) combined with (4.33), we obtain from
(4.34),

IA A

[ullie = supfu(n)] < Klr{lm- (4.35)
By (4.7), we have that
Dou = Dor — SG(p o u). (4.36)

Since p o u € I*(Z,,R) by (4.29), G € B(I*(Z,,R)) and Ngr € 1*(Z,,R) we
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conclude that Agu € I*(Z,,R). Furthermore, by (4.29) the [>-norm of the RHS
of (4.36) is bounded by K||r||,.2, and thus ||[Agul|;z < K||r||,n2. Combining this
with (4.29), (4.30), (4.31) and (4.35) it is clear that (4.4) holds.

Proof of Statement 2: We note that by (4.13)

P (S woun) - woutin,

7=0 7=0

:@Z (pou)’(j —qupou )(Dou)(4)

- Y (eeniul) = (e e )()(Galv o W)

+q2 pow)()(Lor)(G) + S pow(inG).  (437)

J=0

Completing the square on the LHS of (4.37) as in (4.23) we obtain,

R (Xt - G

J=0

[G)]'re” - Z(w ou)(7)u(i) = p_(¢ou)(5)(Ge(v o))

3

N | —

+ 3 (eown() + ? > (o u?()

j=0

+q¢» (pou)(j)(Dor)(j) — ¢ Z wou)(7)(LDou)(j). (4.38)
=0
By statement 1, pou € I*(Z4,R), Nqu € I*(Z,R) and (pou)u € I1(Z,,R). Since
r1 € *(Z4,R) and G, € B(1*(Z,,R)) it follows that, (¢ o u)G,(pou), (pou)r,
(pou)? (pou)(Aor) and (¢ o u)(Agu) are in ['(Z,R), and the RHS of (4.38)
has a finite limit as n — oco. Hence,

A:= lim (i«o ou)(j) - [G(l)]lm)Q

n—o00 =
exists and is finite. The problem now is that asn — oo, > 77 (¢ou)(j) could jump

between small neighbourhoods of the points [G(1)]~'r, & v/A and not converge
to either of them. To see that this is not the case, we set w(n) := 37 (pou)(j).
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By statement 1, (¢ o u)(j) — 0 as j — oo since ¢ ou € [*(Z,,R). Hence,
(Aw)(n) = (pou)(n+1) — 0 and we see that w(n) = >°7_(¢ o u)(j) must
converge to one of the points [G(1)]~'ry & +v/A. To prove that lim,,_., u(n) exists,
it is sufficient to show that,

n—oo

lim (u(n) +G(1)(J(po u))(n)) =7y, (4.39)

By (4.8), (4.39) is equivalent to the claim that lim, . (H (¢ o u))(n) = 0. The
later follows from the fact that, H € B(1*(Z,,R)) and pou € I*(Z,,R) by (4.4),
showing that H(pou) € I*(Zy,R). Consequently, H(p ou)(n) — 0 as n — oo,
implying that (4.39) holds. Therefore, u> := lim, ., u(n) exists and is finite.
Finally, noting that by statement 1, ¢ o u € [*(Z,,R) and assuming that ¢ is
continuous, it is clear that p(u>) = 0. O

We now assume that ¢ = 0 in the positive-real condition (4.3) and consider the
absolute stability problem shown in Figure 4.1.

Theorem 4.1.3. Let G € AB(I°(Z,,R)) be a shift-invariant operator with trans-
fer function G satisfying assumption (A) and let ¢ : R — R be a measurable

non-decreasing non-linearity. Assume that G(1) > 0 and there exists numbers
q >0 and a € (0,00) such that (4.2) holds and

1 q 1 0
- — > .a. . .
. + Re {(ei" + - 1>G(e )} >0, a.a. 0 € (0,2m) (4.40)

Let r € mY(Z,,R), and let u : Zy — R be the unique solution of (4.1). Then
there exists a constant K > 0 (which depends only on q and G, but not on r)
such that,

n

> lpoui)| + (o u)tu = Lpowll)* < Klrlh. (441

J=0

|| w|[;== + sup
n>0

Remark 4.1.4. We claim that under the assumptions of Theorem 4.1.3, (4.40)
can not be satisfied for a = co. To this end consider the function G, defined by,

1
z—1

Gy(=) = 1G() + —[G(:) -G, z€Ey,

which has been used in the proof of Theorem 4.1.2. From assumption (A) and
the fact that G € H>*(E,), we have that G, € H*(E,). Since

lim Gy(z) =0,

|z| —00,2€E1
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we see that by the property of z — e=%«(*) ¢ H>(E,),

—Gy(e”)

1 < sup |e G| = ess SUDge (0,2m)|€
z€E, ’

where éq := essinfpe(g.2mRe Gy(e?). Hence éq < 0 and, consequently,

ess infpe(o.2mRe Gy (")

. q ; 1
= €SS lnfge(o 271- |:(—9 + )G’(e 9) — ei@ — 1G(1):|
G(1
= ess infge(o 27r |:(% + )] + é ) <0. (4.42)
Since G(1) > 0, it follows from (4.42) that

: q 1 i0 G(1)
essinfyc (o2 Re {(@ + - 1)G<6 )} < ——7

This implies that if (4.40) holds, then a < 2/G(1) < 0. &

Proof of Theorem 4.1.3. Defining,

n

o(n) =3 (pou)(j), VneZ, o(-1):=0,

J=0

and setting ¢ = 0 in (4.20) we obtain,

"+ Y {«o W)l - 4lpoui))] + et
< qz pou)(y)(Lor)(7) + p_(eow)(G)r(s), (4.43)
where ®(v) = fo p(o)do for all v € R. By assumption r = 71 4 rot), where

relt (Z+, R) and ry E R. Using this decomposition of » we can write the RHS
of (4.43) as

=D lo(h) — oG = Dlla(Lor)(4) + ()] + a(n)rs. (4.44)
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Partial summation yields the identities,

n

Y o) = ol = DI () = Y a(DN((Lor)(G) = (Bor)(j + 1))

: : +o(n)(Loer)(n+1) (4.45)
and
>_[0G) = oG = 1lr() = 3_o()lri() = i+ 1)

+o(n)ri(n+1). (4.46)

Combining (4.46) and (4.45) with (4.44) we obtain, from (4.43),

() + 3 {«o cw)ul) - Hpou))] + ot
<43 o) ((Bor)(4) = (Bar) + 1) + g0 (n)(Bor)n + 1)

+ o(N)ri(g) —rm(G+ D] +on)ri(n+ 1)+ o(n)rs. (4.47)

J=0

The RHS of (4.47) can be estimated as follows,
q Z ((Bor)(5) = (Bor)(G + 1)) + qo(n)(Aor)(n + 1)

+Z J)—ri(G+ Dl +on)ri(n+1) +o(n)r

< 2qIIAoTHzl Qax [o(7)] +glom)l|Bor(n + 1] + 2[ri[ln max |o(j)]

+o(m)l[r(n+ D]+ |o(n)||re|
< max |o(7)|(3¢/|Aorllin + 3[[rallin + [r2])

0<j<n

< max |o(7)[(3q(2[[rlle +[ra]) + 3lrlln +[ra])

0<5<
< L max |o())|]|7]|m:, (4.48)

0<j<n

where L > 0 is some constant depending only on ¢. Combining (4.48) with (4.47)
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gives,

() + 3 (0o wi)ut) - Hpoui))] + ot
< L gmax [o() [l (4:49)

In the following, K > 0 is a generic constant which will be suitably adjusted in
every step and depends only on ¢ and G, but not on u, r or n.

Since ® is non-negative, the first term on the LHS of this equation is non-negative
and by sector condition (4.2), the second term on the LHS of (4.49) is also non-
negative. Hence, from (4.49) we obtain,

n

S (g u><j>' < Klrl, ¥ neZy,

Jj=0

lo(n)] =

which in turn implies that

n

Zwou)m\ < K. (4.50)

J=0

|lo |l = sup
n>0

Using (4.50) in (4.49) shows that,

1
(I o u)(u = ~(p o)) [11)"/* < Kr|lm:- (4.51)
Since G is shift-invariant, it commutes with J, and hence, from (4.6),

u(n)] = |r(n) = (J(G(pou)))(n)|
< ()| + (G(J (@ o w)))(n)]
< |7l NGl ree -

Taking the supremum and applying (4.50) we obtain,

[[ull1e = sup |u(n)| < K||r{|m:.
n>0

Together with (4.51) and (4.50) it now follows that (4.41) holds. O
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4.2 Absolute stability results of circle-criterion-
type

We now consider the absolute stability problem shown in Figure 4.1 where ¢ is
time-dependent. Recall that U denotes a (possibly complex) Hilbert space.

Theorem 4.2.1. Let G € B(I*(Z,U)) be a shift-invariant operator with transfer
function G satisfying assumption (A) with G(1) invertible, and let ¢ : 7, X
U — U be a time-varying non-linearity. Assume that there exist self-adjoint
P e B(U), invertible Q € B(U) with QG(1) = [QG(1)]* > 0 and a number
e > 0 such that

Re (¢p(n,v), Qu) > (p(n,v), Pp(n,v)), VneZ,, vel, (4.52)

and

L1 QG (") + !

— - . * 6 * > ]’ a. 2 ) 4'
2 619_1 6_19_1G(€ )Q = &l, a.a 96(0, 7T) ( 53)

P+

Let r € m*(Z,,U), that is, r = 11 + rot with ry € 1>(Z,,U) and ro € U, and let
u: Zy — U be the unique solution of (4.1). Then the following statements hold.

1. There exists a constant K (which depends only on e, P, Q and G, but not
on r) such that,

lulliz + | Aulliz + I 0 ulliz + (I[Re (¢ 0 w), Qu|[n)*2

Zn:goou
=0

+ sup

n>0

‘ < Krle. (4.54)

2. We have,

n

lim <u(n) + G(1)

n—oo

(oo u><j>) oy (4.55)

=0
in particular, lim,, ., u(n) ezists if and only if lim, o > 77 (pou)(j) ewists,
in which case

lim u(n) =y — G(1) lim Z(gp ou)(j). (4.56)

n—oo

3. There exists a sphere S C U centred at 0, such that

lim dist(u(n), G(1)[QG(1)]7*/2S8) =0, (4.57)

n—oo
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in particular, if dim U = 1, then lim, o u(n) and lim, .o Y 7_(p o u)(5)
ex1st.

4. If we relax condition (4.52) and only require that for some ng > 0,
Re (p(n,v), Qu) > (¢(n,v), Po(n,v)), V' n>mngveUl, (4.58)

then the LHS of (4.54) is still finite (but no longer bounded in terms of
|7 |lm2) and statements 2 and 3 remain valid.

5. Under the additional assumptions

(B) ¢ does not depend on time,
(C) ¢ 1(0) N B is precompact for every bounded set B C U,

(D) infyep ||p(v)]] > 0 for every bounded, closed set B C U such that
' (0)NB =0,

we have that lim,, ., dist(u(n), ¢*(0)) = 0.

6. If the additional assumptions (B)-(D) of statement 5 hold and if the in-
tersection cl(p=1(0)) N G(1)[QG(1)]~V/28S is totally disconnected for every
sphere S C U centred at 0, then u(n) converges as n — 00.

Remark 4.2.2. Note that if dimU < oo then assumption (C) always holds. If
dimU < o0, ¢ is time-independent and ¢ is continuous, then assumption (D) is
satisfied. <&

Before proving Theorem 4.2.1, we state a slightly simplified version of this result
(where P and () are scalars and P > 0) in the form of a corollary which is
convenient in the context of applications of Theorem 4.2.1 to integral control
(see Chapter 5).

Corollary 4.2.3. Let G € B(1*(Z,U)) be a shift-invariant operator with trans-
fer function G satisfying assumption (A) with G(1) invertible, G(1) = G*(1) >
0, and let p : Z, x U — U be a time-varying non-linearity. Assume that there
exists numbers € > 0 and a € (0,00) such that

1
Re (¢(n,v),v) = ~[lp(m 0)[?,  VwveU, (4.59)
and
1 1 1 , 1 .
a +26z9_1G(6)+€,z9_1G(6) > el a.a. 0 € (0,2m)

Then for all r € m*(Zy,U), the conclusions of Theorem 4.2.1 hold with P =
(1/a)] and Q = I.
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Proof of Theorem 4.2.1. We have,
u+ (JG)(pou)=r. (4.60)
We now write (4.60) in a slightly more convenient form, namely,
u+ H(pou)+ G(l)J(pou) =r, (4.61)

where H := J o G — G(1)J. It is clear that this operator is shift-invariant with
transfer function H given by,

H(z) = (G(z) - G(1)], z€E,. (4.62)

z—1

From assumption (A) and from the fact that G € H*(E;, Z(U)), we conclude
that H € H*(E,, #B(U)), and hence H € B(1*(Z,U)).

Applying @ to (4.61) we obtain,

Qu(j) + (Golpou)(j) + QG(L)(J(pou)(j) =Qr(j), VjeZy, (463)

where we have defined the operator Gg by Gg := QH. Invoking (4.62) we see
that the transfer function Gg of G is given by

1
z—1

Gg = QIG(z) — G(1)], z € K.

Forming the inner product with (¢ o u)(j), taking real parts and summing from
0 to n in (4.63) yields,

n n

Re Y ((pou)(5), Qu(j) + Re Y ((wou)(j), (Golyou))())

j=0 7=0

—_

<.

n

+Re Y ((pou)(i). QG(1) Y (pou)(k)

0

= Re Y (0 0 w)(1). Qr(7). (4.64)

e
I

J=1

Since, by assumption, QG(1) = [QG(1)]* > 0, the square root [QG(1)]'/? of
(QQG(1) exists and hence, an application of Lemma 4.1.1 to the last term on the
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LHS of (4.64) yields,

—_

Re Z((so ou)(5), RG(1) p_(pou)(k))

0

.

i

-1

= Re Z([QG(l)]I/z(wou)( 7): D QG (0 u)(k))

0

b.

f

— %H[QG(I)]W Z((pou i Z I[QG(1 1/2 (ouw)()2.  (4.65)

J=0

Combining (4.65) with (4.64) gives,

n n

Re Y (9 0 w)(3), Quii)) + Re Y (6 ow)(). (Cale 0 w)()
.\ 1H[@G<1>P/2Z<soou><j>

7=0

- —ZH QG(L)]*(pou)()*

= Re Z«so o u)(5), Qr(5)). (4.66)

We note that,

1 1
Gole) + G4(2) = — QIG() - Gl + (2 QIG() - Gl
1 1 1 1
- Q66 + G - (o ec)
Taking 2z = ¢ with 6 € (0,27) yields,
1 1 :e’ia—l—l—e"e—l:e’i9+e"0—2:_1

ei@ -1 + €—i0 -1 (610 _ 1)(6—19 _ ]_) 9 _ 610 _ e—z@

and we obtain,

) ) ) 1 )
0 x (160 0 *( 10 *
Gale) + Gyle") = ——QG(e") + —5—G*(¢")Q

+ QG(1), a.a.0e€(0,2m). (4.67)

o8



Combining (4.67) with (4.53) we see that,

1 . . [ 1 4 1 . QG(1)
el i6 * (10 —— . 0 A 0
51Gale) + Gole?)] = 3| QG + G| + %G
G(1
Z€I—P+Q2(). (4.68)
Define v : Z — U by
. ou)(j), if0<yg<n,
v(j) = (@ ou)7) ] (4.69)
0, otherwise.

By Theorem 3.3.3,

Re Y- (00), (Go))) = 5 [ Re(ile”), (Ga)e))
1 27

-3 Re (0(e”), Go(e®)i(e”)) df.  (4.70)

Using (4.68), noting that QG(1) = [QG(1)]* > 0 and applying again Theorem
3.3.3, we obtain,

1 [ ‘ ‘ _
— Re (6(e), Gg(e®)i(e™)) df
2 Jo

o R CRERCAE e
. 2’r<@( ><1 p+E0 )>@(e >>d9

_ —/27r5||v )12 49 — / (0(e?), Po(e™)) db

ﬁ " QG o) as
—aZr\v OIE =3 ZH@G G
7=0
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Invoking (4.69) and (4.70), we conclude that,

n

Re Z((WU)( ), (Galw o u)) ()

>€Z||gpou DI? =D _Apou)(h), Py ou)(5))

7=0

+5 ZHQG N (pouw)()I*. (471

Applying (4.71) to (4.66) gives,

Re Z((@OU)(j%QU(j» - Z<(900U)(J) P(pou)( +6ZH pou)(5)l?

vy eemr(Leonn)

J=0

2 n

<Re Y {(pou)(i),Qr(j))  (472)

J=0

By assumption r = r; + 790, where r; € [*(Zy,U) and 7, € U. Using this
decomposition of r we can write the term on the RHS of (4.72) as,

Re Z((@ou)( Rez pou)(y),Qri(j +Rez pou)(y),Qrs).
H) (4.73)
Using (4.73) in (4.72) gives,
Re Z((@OU)(]’),Qu(i» = 2_{pou)(y), Plpou) +8ZH pou)(7)|*
%H[Qeaﬂlﬂ(jO(soou)(ﬁ)
< Re Z((SO ou)(7),@r1(7)) + Re Z<(90 o u)(j), @ra). (4.74)

Completing the square on the expression,

n

o [CEEOED SEIE

7=0

—Rez pou)(j),Qrs),
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we obtain,

%H[anﬂvziwowo) 2

5 [CEOED EIG
e ([QG(I 3 0 (1), QGG ra )
- %H[@Gm]m(;w W) - 1G] )
S IQG Gl (475

So using (4.75) in (4.74) yields the following,

Re Z((@OU)(]’%QU(J’” - Z((@OU)(J) P(pou)( +€Z|| pou)(5)|”

; [@G(l)]m(z«o ou)) - G )

<Rez pou)(j),@r(i) + 5 H[QG( NG 2. (4.76)

Now the first term on the RHS of (4.76) can be estimated as follows (since
ab < 1ea® + b?/(2¢) for non-negative numbers a and b)

Rez pou)(j), Qri(j <ZH900u )IHQri()]

1
52 pou)(j)|I* + ZHQm W2 (4.77)
=0
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Combining (4.77) and (4.76) and simplifying we obtain,

Re D ((¢ 0 u)(j), Qu(i) — P(pou)(j leou @IF
%H[QG(W(Z«O ou)(j) - [G(l)]lm)

§=0

< 52 2 IenG)IF + FIQG G ol

£
2
o1

Il + 3 1RGN G Pl
<Ll Ve, (4.78)

where L depends only on €, G and ). By the sector condition (4.52) we have
that,

Re ((pou)(j), Qu(j) — P(pou)(j) 20,  VjeZy,

showing that the first term on the LHS of (4.78) is non-negative. We also note
that all the other terms on the LHS of (4.78) are non-negative. Inequality (4.78)
is the key estimate from which we will derive the theorem.

Proof of Statement 1: In the following, K > 0 is a generic constant which will be
suitably adjusted in every step and depends only on ¢, P, () and G, but not on
n or r. From (4.78) we obtain,

—ZH pou)(H)|* < Llr||2., VneZ,.

Hence,
lpoullz < K||7]|mz- (4.79)

Again, by (4.78),

2

< L||r|? VnezZ,.

m2»

3 ecwr(Seeeno - i)

J=0

Since QG (1) is invertible (by assumption), [QG(1)]'/? is invertible and therefore,

2

[(Soteeni) - e )| < &z,

j=0
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Now this implies that,

n

Z(@OU)()H—H[ O o)l < Kl V€ Zy,

Jj=0

and so,

H < K|r|lme, VYnezZ,.

Hence,
n

> (poui )| < Kl (480

sup
n>0

Again starting with (4.78), we obtain the following inequality,

Re Z<(90 ou)(j), Qu(j) — Pleou)(s)) < LlIrlz2  Vn€Zs.

Since,

[Re (¢ 0 u)(7), Qu(j))| < [Re((¢ou)(5), Qu(j) — P(pou)(j))]
+ [Re((pou)(j), P '

it follows that,

Z Re (¢ 0u)(j), Quii))| < Lllr|[72 + 1Pl Z (e 0 u)*(7)l

< KHerQ: VTLGZ-‘M
where we have used (4.79). Consequently,
(IRe {(¢ 0 u), Qul|n)"* < K |rma- (4.81)

Since H € B(1*(Z,,U)), we have that
I(H) G < [ Holle < [ H vl Vj € Zy, velP(Zy,U).
Combining this with (4.79) gives,

I(H (pouw) (I < [HHl@oulle < Klfr{lme. (4.82)
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Invoking (4.61) we have,

< [(H(pow) () + G (@ o u) @I + Il
< [(H(pow)(G) + IGDIII (@ o u) @D+ lIrllme. (4.83)

Taking the supremum and applying (4.80) combined with (4.82), we obtain from
(4.83),

[l = sup [u(m)]| < Kl[rl[m>- (4.84)

By (4.60) we have that,

Au = Ary — G(pou)
and since g ou € I*(Zy,U) by (4.79), G € B(1*(Z;,U)) and ry € 1*(Z4,U)
we conclude that Au € [*(Z,,U). Furthermore, it follows from (4.79) that

| Aul;z < K||7]|m2. Combining this with, (4.84), (4.81), (4.80), (4.79), it is clear
that (4.54) holds.

Proof of Statement 2: By (4.61), equation (4.55) is equivalent to the claim that

lim (H(powu))(n) =0.

n—oo

Since H € B(1*(Z,,U)) and pou € I*(Zy,U), we conclude that H(p ou) €
I1(Z,U). Thus H(pou)(n) — 0 as n — oo. It is now clear that if lim,, . u(n)
exists, then, by (4.55), lim, . > 7_o(¢ 0 u)(j) exists and (4.56) follows trivially.

Proof of Statement 3: From (4.66) and (4.75) we have,

2

3eer( e nm - ewi )

J=0

n

- %H[QG(l)]”Q[G(lﬂ‘lerIQ ~Re Y- {( o)), Quij)

§=0

—Rez wou)(j), (Goleou)) ZH QG()]'*(pou)(j)?
+Re Z wou)(j),Qri(j)). (4.85)

The RHS of (4.85) has a finite limit as n — oo, since Re ((¢ o u), Qu), {(¢ o
u),Go(pou)), ((pou),Qri) and ||(¢ ou)||* are in I'(Z,). Hence we have that,

i 06 ( Lo - () )

n— 00 -
j=0
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exists. Set

vt [loe( Yeont) - 6w @so
Now using (4.55) and writing f(n) := > (¢ o u)(j) we have,
lim (u(n) —ry + G(1)f(n)) = 0. (4.87)

n—oo

Let g(n) := [QG(1)]Y2(f(n)—[G(1)]'ry). From (4.86) we have lim,, .. ||g(n)| =
A, that is, g(n) approaches the sphere S of radius A centred at 0 as n — oco. So
by (4.87),

0= lim (u(n) s + G(1)f(n) = lim (u(n) + [G]QG()]g(n))
and we see that u(n) approaches the set G(1)[QG(1)]7/2S. Finally if dim U = 1,
then the sphere S consists of just one or two points. To see that the sequence
u(n) does not oscillate between small neighbourhoods of each of these two points,
we observe that (Au)(n) — 0 as n — oo (since Au € I*(Z,U) by statement 1).
Therefore we conclude lim,, .., u(n) exists. It is then clear from statement 2 that
lim,, oo D07 o( 0 u)(j) exists.

Proof of Statement 4: In proving statement 4, we use (4.78), the only problem
being that the sector condition now only holds whenever j > ng. Hence the first
term on the LHS of (4.78) could have either sign. However, setting

I':=Re i
§=0

we see from (4.78) that for all n > ny,

(0 W)(), Quij) — Plgo u><j>>\

Re Y {(pou)(h). Qu(j) = Pleo () + 5D o W)l

ra|ee (X ieon - @)
<D o Y IenG)I + S lIQGI Gl (489

Now by (4.58), the first term on the LHS of (4.88) is non-negative. Statements
1-3 can be derived from (4.88) by arguments identical to those used previously in
this proof with no further changes, except that the RHS of (4.54) is now bounded
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in terms of ||r||,,2 and T.

Proof of Statement 5: Assume that the additional assumptions (B), (C) and
(D) are satisfied. Since u is bounded, there exists a closed bounded set B C U
such that u(n) € B for all n € Z,. Tt follows from (C) that »='(0) N B is
precompact. Let n > 0. Consequently, for given n > 0, ¢='(0) N B is contained
in a finite union of open balls with radius 7, each ball centred at some point
in cl(¢~1(0) N B). Denoting this union by B,, we claim that u(n) € B, for all
sufficiently large n. This is trivially true if B C B,. If not, then the set C' :=
B\ B, is non-empty. Moreover, C'is bounded and closed with ¢~1(0)NC = () and
so inf,ec [|o(v)]| > 0 by (D). We know from statement 1 that @ owu € I*(Zy,U),
hence lim,,_..(¢ou)(n) = 0, and so also in this case u(n) € B, for all sufficiently
large n. This implies that

lim dist(u(n), ¢ '(0)NB) =0 (4.89)
and, a fortiori,
lim dist(u(n), ¢~ '(0)) =0, (4.90)

completing the proof of statement 5.

Proof of Statement 6: To verify statement 6, we note that, by (4.89) and precom-
pactness of o~ 1(0)N B, the set {u(n) : n € Z, } is precompact. Consequently, the
w-limit set Q of u is non-empty, compact and is approached by u(n) as n — oc.
Invoking (4.90), we see that Q C cl(¢1(0)). Furthermore, by statement 3, we
know that u(n) approaches G(1)[QG(1)]~Y/2S for some sphere S C U centred at
0, hence Q C G(1)[QG(1)]7/2S. Hence,

Q C (e 10)) N G(1)[QRG(1)] %5 . (4.91)

Since, by statement 1, (Au)(n) — 0 as n — oo, it follows from Lemma 2.1.7 that
Q) is connected. On the other hand, by hypothesis, cl(¢~(0))NG(1)[QG(1)]~1/2S
is totally disconnected, implying via (4.91) that € is totally disconnected. As a
consequence, {2 must consist of exactly one point, or, equivalently, u(n) converges
as n — o0. U

We now assume that € = 0 in the positive-real condition (4.53) and consider the
absolute stability problem shown in Figure 4.1.

Theorem 4.2.4. Let G € B(1*(Z.,U)) N B®(Z,U)) be a shift-invariant
operator with transfer function G satisfying assumption (A) with G(1) invertible,
and let p : Z, x U — U be a time-varying non-linearity. Assume that there exist

self-adjoint P € B(U), invertible Q € B(U) with QG(1) = [QG(1)]* > 0 such
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that (4.52) holds and

) 1 )
QG (") + —— 1(;*(@19)@* >0, aa fc(0,2r). (4.92)

1 1
P+ —|—
+2 e? —1

Letr € mYZ,,U) and let u : Zy — U be the unique solution of (4.1). Then the
following statements hold.

1. There ezists a constant K > 0 (which depends only on P, @ and G, but
not on r) such that,

|lullic+(||Re {(p o u), Qu — P(po u))||l1)1/2

n

S (o u><j>H < K. (4.93)

=0

+ sup
n>0

2. Under the additional assumptions (B), (C) (see Theorem 4.2.1) and

(E) inf,ep Re (p(v), Qu — Pp(v)) > 0 for every bounded closed set B C U
such that p='(0) N B =0,

we have that lim,,_,., dist(u(n), o=1(0)) = 0.

3. If the additional assumptions of statement 2 hold and ¢ is continuous,
then lim,, .o (Au)(n) = 0. If, further, =(0) is totally disconnected, then
lim,, oo u(n) =: u™ exists with u™ € ¢~1(0).

Proof. Defining,
o(n) =) (pou)(j), VYneZy o(-1):=0,
=0

and setting € = 0 in (4.72) we obtain,

2

Re 3 (¢ 001, Quli) — Ple o w(i) + 5 [RG (I o)

n

<Re Y ((pou)(),Qr(y)). (4.94)

=0

By assumption r = r; + 79, where r; € I[Y(Z,,U) and 7, € U. Using this
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decomposition of r we can write the right-hand-side of (4.94) as

Re Y ((pou)(7),Qr() = Re Y _(0(j) = o(j = 1),Qr1(j)) + Re {o(n), Qra).
- - (4.95)
Partial summation yields the identity,
D_(o0() = oli=1),Qn()) = 3 _(0(1).Qn() = @ri(i +1))
+(o(n),Qri(n +1)). (4.96)
Combining (4.96) with (4.95) and (4.94) we obtain,
Re 3 (¢ 001, Quli) — Ple o w(i) + 5 [RG I o)
<Re Z(a(j), Qri(j) — Qri(j + 1)) + Re(o(n), Qri(n + 1))
+Re (a(n),Qrsy). (4.97)

The RHS of (4.97) can be estimated as follows,

n

Re Y (0(j),Qri(j) — Qri(j + 1)) + Re (0(n), Qri(n + 1)) + Re (a(n), Qra)

j=0
< 2[[@rflp max o () + lo(m)[ll@ri(n +1)

< ||Q| max ||0( N@lrellir + (7ol + llral])

0<j<n

< 31Q1 goasx () (199

|+ [le () Il @r=ll

Combining (4.98) with (4.97) gives,

n

Re Y (¢ o u)(4). Qu(j) — Plpou)(i)) + WQG(MU?()

J=0

2

< 3[|QIl max lo(7)[[l[rflm- (4.99)

0<j<n

Proof of Statement 1: In the following, K > 0 is a generic constant which will be
suitably adjusted in every step and depends only on P, () and G, but not on n
or 7.

By sector condition (4.52), the first term on the LHS of (4.99) is non-negative
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and so, from (4.99) we obtain,

n

> (pou) < Kl Vneze,

j=0

lo ()]l =

which in turn implies that,

o || = sup

(¢ 0 u)( H < K[r|l . (4.100)
=0

Therefore, using (4.100) in (4.99) shows that,
(IRe (0 u),Qu — P(p o u))||u)? < Krm. (4.101)
Since G is shift-invariant it commutes with J, and hence from (4.60),

[u()]| = [lr(n) = (J(G(p o)) (n)]]
< r)ll + [(G(I(p o w)) ()]

< |[7llmr + Gl i,

where we have used the fact that G € Z(1°°(Z,,U)). Taking the supremum and
applying (4.100) we obtain,

[l i = sup [Ju(n)[| < KI|r[m.
n>0

Together with (4.101) and (4.100) it is clear that (4.93) holds.

Proof of Statement 2: To prove statement 2, assume that the additional assump-
tions (B), (C) and (E) are satisfied. Since u is bounded, there exists a closed
bounded set B C U such that u(n) € B for all n € Z,. It follows from (C) that
0 1(0)N B is precompact. Let n > 0. Consequently, for given n > 0, o= *(0)N B is
contained in a finite union of open balls with radius 7, each ball centred at some
point in cl(¢~(0) N B). Denoting this union by B,, we claim that u(n) € B,
for all sufficiently large n. This is trivially true if B C B,,. If not, then the set
C := B\ B, is non-empty. Define ¢ : U — [0, 00) by

¥(v) := Re (p(v), Qu = Pp(v)) .

Since C' is bounded and closed with ¢=1(0) N C' = ), assumption (E) implies
that inf,cc ¥ (v) > 0. We know from statement 1 that ¢ o u € '(Z,), hence
lim,, o0 (¢ 0 w)(n) = 0, and so also in this case u(n) € B, for all sufficiently large

69



n. This implies that

lim dist(u(n), ¢ '(0)NB) =0, (4.102)

n—oo
completing the proof of statement 2.

Proof of Statement 3: Finally, to prove statement 3, note that, by precompactness
of ¢™1(0) N B and (4.102), the set {u(n) : n € Z,} is precompact. This together
with (4.102) and the continuity of ¢ shows that

Tim (0 w)(n) = 0. (4.103)
Applying A to (4.60) yields
Au = Ary — (G(pou)). (4.104)
To see that
JLIEO(G(QO ou))(n) =0, (4.105)

we observe the following. Set v := powu. Let ¢ > 0 and let N; € N be such that,

€
o)l < o7z, Vo= N,
2/l

where we have used (4.103) and the fact that G € B(I*°(Z,,U)). Define v; €
F(Z,,U) by
0, 0<n< Ny,
vi(n) =
U(”)? n > N17

so that [[v1];= < €/(2]|G]|). Defining vy := v — v; we have trivially that vy €
I1(Z,U), so that Gvy € [*(Z,,U). Consequently, there exists Ny € N such that,

[(Gu)(m) <5, V=N,

DO | ™

Finally, since Gv = Gv; + Gug, using the fact that G € B(1*°(Z,U)),

(Go) ()| < [(Gu) ()] + [[(Gua) ()] < (|G fliee + [[(Guz) ()]

e €
Hence we see that (4.105) holds. Furthermore, Ary € [Y(Z,,U), and so, by
(4.105) and (4.104),

lim (Au)(n) =0.

n—oo

Consequently, by Lemma 2.1.7, the non-empty and compact w-limit set €2 of w is
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connected. Since Q C ¢~ 1(0) and, by hypothesis, ¢~1(0) is totally disconnected,
we obtain that € is a singleton, or, equivalently, u(n) converges as n — co. O

Taking P = (1/a)l (where a € (0,00)) and @) = I a result similar to Corollary
4.2.3 can also be obtained from Theorem 4.2.4.

4.3 The J, integrator

We now change the integrator J to an integrator with direct feedthrough. In
this subsection we derive results analogous to those in §§4.1 and 4.2 for the Jy
integrator (see, (2.1)). We consider an absolute stability problem for the feedback
system shown in Figure 4.2 where ¢, G and r are as before.

Figure 4.2: Discrete-time feedback system with J, integrator

From Figure 4.2 we can derive the following governing equations,
u=r—uy, v=G(pou), y = Jyv.

Equivalently,
u=r1r—(JoG)(pou). (4.106)

Lemma 3.5.3 provides a condition under which (4.106) has a solution.

Lemma 4.3.1. Forv € F(Zy,U), we have the following formula,

Re i <v(n), iv(k)> _ % év(k)

k=0

2 m
1
+§§;M%W3 VmeZ,.
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Proof. The case m = 0 is clear. For m € N, noting that

Rez< Z (k:)> = Re i<v(n),§v(/~c)> ZHU I,

k=0 n=1 k=0
the claim follows from Lemma 4.1.1. O

We begin by deriving results analogous to those in §4.1. We assume that U = R,
that ¢ is time-independent and consider the absolute stability problem shown
in Figure 4.2. The following result is a stability criterion of Popov-type in an
input-output context.

Theorem 4.3.2. Let G € B(1*(Z,,R)) be a shift-invariant operator with transfer
function G satisfying assumption (A) and let ¢ : R — R be a measurable non-
decreasing non-linearity. Assume that G(1) > 0 and there exists numbers q > 0,
e >0 and a € (0,00] such that (4.2) holds and

1 20 )
P Re [(q + ei:— 1>G(ew)} > g, a.a. 0 € (0,2m). (4.107)

Let r € m*(Zy,R) and let v : Z, — R be a solution of (4.106). Then the
conclusions of Theorem 4.1.2 hold.

Proof. We have,
+ (JoG)(pou) =r, (4.108)

or equivalently,
DNou~+ G(pou) = Dor. (4.109)

We now write (4.108) in a slightly more convenient form, namely,
u+ H(pou)+ G(1)Jo(pou) =r, (4.110)
where H := Jyo G — G(1)Jy. It is clear that this operator is shift-invariant with

transfer function H given by,

H(z) = - -[G(x) - G()],  z€E. (4.111)

From assumption (A) and from the fact that G € H*(E,), we conclude that
H € H>(E,), and hence H € B(1*(Z,R)).

We multiply (4.109) by ¢ and to this add (4.110) to obtain

q(Dou)(j) + ulj) + Gole o u)(j) + G(1)(Jo(p o u))(j)
= q(Lor)(7) + 7)), Vi€ Ly, (4.112)
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where we have defined the operator G, by
G, =qG+ H.

Invoking (4.111), we see that the transfer function G, of G, is given by

z
z—1

G,(2) :=qG(2) + (G(z) — G(1)], z € E;.

Multiplying through by (¢ o u)(j) and summing from 0 to n in (4.112) yields,
qz o u)(7)(Low) (j) + Z(so o u)(5)ulj)
=0

n

+Z pou)(j)(Gelpou)) ’)+G(1)Z(<POU)(J')Z(<POU>(/€)

= qz«o ou)(f)(Lor)(j) + Y (pou)(j)r(j).  (4.113)

J=0

An application of Lemma 4.3.1 to the last term on the LHS of (4.113) yields,

qu@ou )(Dou)(j +Z¢ou +Z¢ou Gyl o))

+ @(Zowou)o)) v @Zﬁww?m

—qz (pou)(5)(Dor)(j )+Z(¢OU)(J')T(J')- (4.114)

We note that,

Re G,(z) = Re (qG(z) + ] G(z) — G(l)])

= Re Kq + ﬁ)G(Z)] ~ G(1)Re —.
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Taking z = ¢ with § € (0,27),

Re —— — Re (Z(Z - 12)) _ <6i9<6i9 - i)) _ cos 6(cos —21) —1—.512112 0
21 [z =1 e — 1| (cosf —1)" +sin’6

cos? 6 + sin? 6 — cos

2(1 — cos )
1 —cosd
~ 2(1 —cosb)

Y

DO | —

and we obtain,
o0

e? —1

Re G, (") = Re Kq + >G(e“’)} — @ a.a. € (0,2m). (4.115)

Combining (4.115) with (4.107) we see that,

ReG(e) = e (a+ =7 )a(e] - S

e —1 2
1 G
- — 4.116
>e— - 5 ( )

Using (4.116) and arguments similar to those used to derive (4.18) in the proof
of Theorem 4.1.2, it follows that,

. . . 1 G\ ¢ .
> (o ni)Gylwon)) = (e 3 - S S (eowrt). (@
: a 2 :
j=0 7=0
Applying (4.117) to (4.114) we obtain (4.19). Arguments identical to those used
in the proof of Theorem 4.1.2 can now be invoked to complete the proof. O

We now assume that € = 0 in the positive-real condition (4.107) and consider the
absolute stability problem shown in Figure 4.2.

Theorem 4.3.3. Let G € B(1°(Z4,R)) be a shift-invariant operator with trans-
fer function G satisfying assumption (A) and let ¢ : R — R be a measurable
non-decreasing non-linearity. Assume that G(1) > 0 and there exists numbers
q >0 and a € (0,00] such that (4.2) holds and

1 ¥ 0

’ + Re [(q—i— o 1>G(e )} >0, a.a. 6 € (0,2m). (4.118)

Let r € m"Z,R), and let u : Z; — R be a solution of (4.106). Then the
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conclusion of Theorem 4.1.3 holds.

Proof. Obtaining (4.19) as in the proof of Theorem 4.3.2 and setting ¢ = 0 in
(4.19), the claim can be proved by invoking the same arguments used in the proof
of Theorem 4.1.3 with J replaced by Jy. O

We now derive results analogous to those in §4.2. We consider the absolute
stability problem in Figure 4.2 where ¢ is time-dependent.

Theorem 4.3.4. Let G € B(1*(Z,,U)) be a shift-invariant operator with transfer
function G satisfying assumption (A) with G(1) invertible, and let ¢ : Z, X
U — U be a time-varying non-linearity. Assume that there exist self-adjoint
P e BU), invertible Q € AB(U) with QG(1) = [QG(1)]* > 0 and a number
e > 0 such that (4.52) holds and
i0 —if

G ¢
Q (6 )_'_e_ze_l

1 e
P4 ==
+2 e? —1

G*(e)Q*| > eI, aa.0c(0,2r). (4.119)
Letr € m*(Z,,U), and let u : Z, — U be a solution of (4.106). Then statements
1-6 of Theorem 4.2.1 hold.

Before proving Theorem 4.3.4, we state a slightly simplified version of this result
(where P and () are scalars and P > 0) in the form of a corollary which is
convenient in the context of applications of Theorem 4.3.4 to integral control
(see Chapter 5).

Corollary 4.3.5. Let G € B(1*(Z,U)) be a shift-invariant operator with trans-
fer function G satisfying assumption (A) with G(1) invertible, G(1) = G*(1) >
0, and let p : Zy x U — U be a time-varying non-linearity satisfying (4.59) for
some a € (0,00]. Assume that there exists a number ¢ > 0 such that,

1 1 ei@ e—i@

I+ o : “(e?)| > el a0 2m).  (4.12
a +2 619_1G(€ )+e*“9—1G(6) >el, a.a. 0 € (0,2m). ( 0)

Then for all r € m*(Zy,U), the conclusions of Theorem 4.3.4 hold with P =
(1/a)I and Q = 1.

Proof of Theorem 4.3.4. We have,
u+ (JoG)(pou) =r. (4.121)
We now write (4.121) in a slightly more convenient form, namely,

u+ H(pou)+ G(1)Jo(pou) =r, (4.122)
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where H := Jyo G — G(1)Jy. It is clear that this operator is shift-invariant with
transfer function H given by,

H(z) = - -[G(x) - G(1)],  z€E. (4.123)

From assumption (A) and from the fact that G € H*(E,, Z(U)), we conclude
that H € H*(E,, B(U)), and hence H € B(1*(Z,,U)).

Applying @ to (4.122) we obtain,
Qu(j) + (Golpow)(j) + QG(L)(Jo(pou)(j) = Qr(j),  VjE€Zy, (4.124)

where we have defined the operator G by Gg = QH. Invoking (4.123) we see
that the transfer function Gg of G is given by

Gg = QIG(2) — G(1)], z € E;.

Forming the inner product with (¢ o u)(j), taking real parts and summing from
0 to n in (4.124) yields,

Re Z((wOU)(J'L ) + Re Z (pou)(5): (Golp o))

+ Re Z((so ou)(5), QG(1) Y (pou)(k))
= Re Z((s& o u)(5), Qr(5)). (4.125)

Since, by assumption, QG(1) = [QG(1)]* > 0, the square root [QG(1)]'/? of
(QQG(1) exists and hence, an application of Lemma 4.3.1 to the last term on the
LHS of (4.125) yields,

Re Y (¢ ou)(j), QG(1) Y _(pou)(k))
= Re Y ([QG(1)]"*(pou)(j), Z[QG( DY (p 0 u)(k))

j=0 k=0

— %H[QGG)]U? Z(@Ou) ZH QG 1/2 SOOU)(j)HQ. (4.126)
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Combining (4.126) with (4.125) gives,

n n

Re ) ((pou)(j),Qu(j) + Re Y ((pou)(j). (Golpou))()))

j=0 7=0

+ g |lecr Yo nn

2

+ 3 DRG] p 0 w() P

= Re Z((@OU)(]’),QTU)% (4.127)

We note that,

Gol2) + Gh(2) = ——QIG(=) — G(1)] + (

z

- 21066 + 6 -

z—1 i z—1
Taking z = ¢ with 6 € (0,27) yields,

eif N o0 B eiﬁ(e—ie . 1) + e—i@(eie . 1) B 9 _ =i _ b _,
et — 1 | - (eie _ 1)(649 _ 1) - 9 _ i _ o—if -

and we obtain,

if ; o—if Y
QG(e") + G (")Q

- QG(1), aa.fe(0,2m). (4.128)

e
el —1

Gol(e”) + Gy(e”) =

Combining (4.128) with (4.119) we see that,

QG(1)
5

51Ga(e”) + Gy(e)] 2 T — P - (4129)

Using (4.129) and arguments similar to those used to derive (4.71) in the proof
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of Theorem 4.2.1, it follows that,

Re Z<(s0 o u)(7), (Golp ou))(5))
> SZ I o W) =D _{(wouw)(), Ply o u)()))

j=0

5 QG 2o w()I. (4130

Applying (4.130) to (4.127), we obtain (4.72). Arguments identical to those used
in the proof of Theorem 4.2.1 can now be invoked to complete the proof. O

We now assume that € = 0 in the positive-real condition (4.119) and consider the
absolute stability problem shown in Figure 4.2.

Theorem 4.3.6. Let G € B(1*(Z,U)) N B(>(Zy,U)) be a shift-invariant
operator with transfer function G satisfying assumption (A) with G(1) invertible,
and let ¢ : Z, x U — U be a time-varying non-linearity. Assume that there exist
self-adjoint P € AB(U), invertible Q) € AB(U) with QG(1) = [QG(1)]* > 0 such
that (4.52) holds and

1 ei@ ) e—i@
P+ - QG () +

*( 10 *
5| 5o 1 p— 1G (e”)Q*| >0, a.a. 0 € (0,2m). (4.131)

Let v € m"(Zy,U), and let u : Zy — U be a solution of (4.106). Then the
conclusions of Theorem 4.2.4 hold.

Proof. Obtaining (4.72) as in the proof of Theorem 4.3.4 and setting e = 0 in
(4.72), the claim can be proved by invoking the same arguments used in the proof
of Theorem 4.2.4 with J replaced by Jy. O

As before taking P = (1/a)l (where a € (0,00]) and @) = I a result similar to
Corollary 4.3.5 can also be obtained from Theorem 4.3.6.

4.4 Incremental sector conditions

For ease of application (see Chapter 10), the results in this section are stated for
the Jy integrator.

In this section we derive versions of Theorems 4.3.4 and 4.3.6 which yield stabil-
ity properties of the difference of two solutions of (4.106). In this context, the
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following incremental sector condition

Re (p(n,&1) — (n, &), Q6 — &2))
> <(p(n7§1) - ¢<n7£2)7p<90<n7£1) - 90(717 §2>>>7 Vne Z+, f1,§2 eU (4132)

is relevant. Note that if ¢ is unbiased, that is,
(P(n, 0) = 07 nc Z+7
then trivially (4.52) is implied by (4.132).

Corollary 4.4.1. Let G € B(1*(Z,U)) be a shift-invariant operator with trans-
fer function G satisfying assumption (A) with G(1) invertible and let ¢ : Z X
U — U be a time-varying non-linearity. Assume that there exist self-adjoint
P e BU), invertible Q € AB(U) with QG(1) = [QG(1)]* > 0 and a number
e > 0 such that (4.132) and (4.53) hold. Let ry,ry € F(Z,,U) and suppose that
ri—1ry € m*(Zy,U), that is, r1 — 9 = vy + vt with vy € I*(Z,,U) and vy € U.
Let uy : Zy — U, uy : Zy — U be solutions of (4.106) corresponding to forcing
functions r1 and ro, respectively. Then the following statements hold.

1. There exists a constant K (which depends only on e, P, Q and G, but not
on T or ry) such that,

lur — ualliee + [[A(ur — u2)liz + [l 0 ur — 0 usl|2
+(IRe (¢ 0 uy — ¢ o ug, Q(uy — ug))|n)"?

S (pom)(j) — (po u2><j>\

J=0

+ sup
n>0

S KHTl — 7’2”m2. (4133)

2. We have,

n

lim (ul(n) —uz(n) + G(1)

n—oo

(pou)(j) - (po U2><j>>) o

J=0

in particular, im, . (u1(n) — ug(n)) exists if and only if

Tim (e o w)(i) - (o w) ()

Jj=0
exists, in which case
n

lim (uy(n) — us(n)) = vz — G(1) lim » ((powr)(j) = (w0 uz)(4)).

n—oo n—oo

J=0
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3. There exists a sphere S C U centred at 0, such that

lim dist(uy(n) — us(n), G(1)[QG(1)]7Y/25) =0,

in particular, if dim U = 1, then lim,,_(u1(n) — us(n)) exists.

4. If we relax condition (4.132) and only require that for some ng > 0,

Re <90(n7 fl) - 90(717 52)7 Q(gl - 52»
> <90(n7§1> - ¢(n7£2)7 P((p(nagl) - Qp(n7€2))>7 Vn> No, 51752 € Ua

then the LHS of (4.133) is still finite (but no longer bounded in terms of
|71 — 72| m2) and statements 2 and 3 remain valid.

Proof. By (4.106)
up —ty =11 — 1y — (JoG)(p 0wy — pouy). (4.134)
Define ¢ : Z, x U — U by
b(n,§) = o(n, £ +us(n)) — p(n,uz(n)),  (n,§) € Zy x U. (4.135)
Then 4 is unbiased,
b(n, ur(n) —ux(n)) = p(n,us(n)) — p(n,uz(n)), Vn ey,

and it follows from (4.132) that,

Re (¢(n, £), QE)
= Re (p(n, € + uz(n)) — ¢(n, uz(n)), QE)
2 (o(n, € + uz(n)) — @(n, uz(n)), P(e(n, € +uz(n)) — ¢(n, uz(n))))
= (¥(n,8), PY(n,€)),  (n,§) € Zy x U. (4.136)

It now follows from (4.134), with r := r — ry that,
uy —us =1 — (JoG) (Y o (ug — ua)). (4.137)

Since by assumption r = r; — ry € m*(Z,,U) and, by (4.136), v satisfies (4.52)
and, all the other assumptions of Theorem 4.3.4 are satisfied, we may apply

Theorem 4.3.4 to equation (4.137). Statements 1-4 now follow from statements
1-4 of Theorem 4.3.4. a

Corollary 4.4.2. Let G € B(1*(Z,,U)) N B(>(Z,,U)) be a shift-invariant
operator with transfer function G satisfying assumption (A) with G(1) invertible
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and let ¢ : Z, x U — U be a time-varying non-linearity. Assume that there
exist self-adjoint P € AB(U), invertible QQ € AB(U) with QG(1) = [QG(1)]* > 0
such that (4.132) and (4.131) hold. Let ri,ro € F(Z.,U) and suppose that
ri—ry € mYZy,U). Letuy : Zy — U, uy : Zy — U be solutions of (4.106)
corresponding to forcing functions r1 and ry, respectively. Then, there exists a
constant K (which depends only on P, Q and G, but not on ry or ry) such that,

l[ur — |+ (||Re {p 0 uy — @ 0 ug, Q(uy — uz) — P(p 0w — pouy)y|n)?

n

S (pouw)(i) - (po w)(j)H < Klri—rall. (4.138)

Jj=0

+sup
n>0

Proof. By assumption r = r; —ry € m'(Z,,U). Consequently, ¢ (as defined
by (4.135)) satisfies (4.52) and, all the other assumptions of Theorem 4.3.6 are
satisfied. Applying Theorem 4.3.6 to (4.137), we obtain (4.138). O

Remarks 4.4.3. (a) It is also possible to obtain versions of Theorems 4.2.1 and
4.2.4 with incremental sector conditions.

(b) Suppose that ¢ is time-independent. Then ¢ given by (4.135) is time-varying.
Consequently, using the approach in this section, it seems difficult to obtain ver-
sions of Theorems 4.1.2, 4.1.3, 4.3.2 and 4.3.3 with incremental sector conditions.

&

4.5 Notes and references

While most of the available absolute-stability literature is devoted to continuous-
time systems, there are still a considerable number of references which treat
discrete-time systems; see, for example, [15], [23], [28], [58] and [62].

In the finite-dimensional case there are a number of results available in the lit-
erature, many of which have been obtained by Lyapunov techniques applied to
state-space models with the positive real lemma playing a crucial role, see, for ex-
ample, [23], [28] and [58]. In the infinite-dimensional case, often an input-output
approach is taken. There are several distinguishing features of the stability re-
sults in this chapter. Firstly, the linear system is the series interconnection of
an input-output stable linear system and an integrator (meaning, in particular,
that the linear system is not input-output stable), such systems are often referred
to as ‘marginally stable’. Furthermore, the non-linearities in this chapter satisfy
a sector condition with lower-gain possibly zero, which, in particular, allows for
saturation and deadzone effects. By contrast, in the discrete-time input-output
absolute stability results contained in [15] and [62], if the lower-gain is allowed
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to be zero, the linear part is assumed to be input-output stable (in particular, it
is not allowed to contain an integrator); see, for example, [15], pp. 99-108, 191-
194, and [62], pp. 370-371 . Furthermore, we remark that in the discrete-time
input-output absolute stability results available in the literature the assumptions
imposed on the impulse response of the linear system (where it is usually assumed
that the convolution kernel of G is in [') are more restrictive than in most of the
results in this chapter the only exceptions being Theorems 4.1.3 and 4.3.3. We
note that in particular, small-gain arguments can not be used to prove the results
in §84.1-4.4.

The results in §§4.1-4.3 form the discrete-time analogues of the continuous-time
absolute stability results contained in [9] and [10]. Note that in contrast to the
continuous-time Popov-type results of [9] and [10], which were obtained in an
infinite-dimensional Hilbert space setting, the results in §4.1 are only stated for
the special case U = R. The reason for this restriction is we need to obtain a
positive lower bound for the term ) 7 (pou)(j)(Lou)(j), (see proof of Theorem
4.1.2). To obtain this bound we assume that ¢ is measurable, so that ¢ is
integrable, and non-decreasing and make use of the intermediate-value theorem.
Consequently, it seems difficult to extend such an approach to a general Hilbert
space setting. As a relatively minor point, the circle-criterion-type results in
§4.2 are obtained in an infinite-dimensional complex Hilbert space setting, the
analogous continuous-time results of [9] and [10] only being obtained for real
Hilbert spaces. We observe that with ¢ = 0 in the circle-criterion-type results we
can consider time-varying non-linearities whereas, in the Popov-type results only
time-independent non-linearities can be considered.

We now make some further comments on the results in §§4.1-4.3. The stability
results in §§4.1-4.3 which impose a strict positive real condition (that is, € > 0)
allow us to choose reference values r from the space m?(Z,, U). In contrast to this,
the stability results in §84.1-4.3 which impose a non-strict positive real condition
(that is, ¢ = 0) only allow us to choose reference values r from m!(Z,,U), a
smaller space than m*(Z,,U).

In contrast to the results in §§4.1 and 4.2, the results in §4.3 (that is, results
containing an integrator with direct feedthrough) hold for a larger class of sector
bounded non-linearities. In particular, the Popov-type results in §4.3 hold for
sector bounded non-linearities with upper sector bound a = oo, allowing us to
consider cubic non-linearities, a situation which was not possible in §4.1.

The results in §4.4 provide us with versions of Theorems 4.3.4 and 4.3.6 with
incremental sector conditions, yielding stability properties of the difference of
two solutions of (4.106). In particular, if we consider the linear system in Figure
4.2 as an operator r — u, the results in §4.4 give us some kind of global continuity
property of the system. The corresponding results in §4.3 only give us a continuity
property at 0.
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The results in §§4.1-4.3 with strict positive real condition form the basis of §2 of

[5]-
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Chapter 5

Low-gain integral control of
infinite-dimensional discrete-time
systems in the presence of
input/output non-linearities

In this chapter we apply Theorem 4.1.2, Theorem 4.3.2, Corollary 4.2.3 and Corol-
lary 4.3.5 to derive results on low-gain integral control with output disturbances
in the single-input-single-output setting.

5.1 Integral control in the presence of input non-
linearities

Consider the feedback system shown in Figure 5.1, where p € R is a constant
reference value, k € R is a gain parameter, u° € R is the initial state of the
integrator (or, equivalently, the initial value of u), ¢ : R — R is a static input
non-linearity and G € Z(I1*(Z,R)) is a shift-invariant operator with transfer
function denoted by G. The function g models the effect of non-zero initial
conditions of the system with input-output operator G and the function d is an
external disturbance.
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Figure 5.1: Low-gain control problem with constant gain and J integrator

From Figure 5.1 we can derive the following governing equations,
y=g+d+G(pou), e=pd—uy, u=u' + kJe,

or, equivalently
u=uY+kJ(pY—g—d— Glpou)). (5.1)

Since u°, k, p, g and d are given, it is clear from Proposition 3.5.1 that (5.1) has
a unique solution. Trivially, (5.1) can be written as an initial-value problem,

(Au)(n) = E[p = (g(n) +d(n) + (G(pow))(n)], n>1, u(0)=u"€R.

The aim in this section is to choose the gain parameter k£ such that the tracking
error,

e(n) == p—yn)=p—(9(n) +dn) + (Glpou))(n)) = (Du)(n)/k

converges to 0 as n — oo. We define,

f7(G) :=sup {ess infge (0,2 Re [(% + ewl_ 1) G(eiG)} } (5.2)

q>0

If the transfer function G of G satisfies assumption (A), then —oo < f,;(G) <
—G(1)/2 (see Appendix 2, Proposition 12.1.3 (i), for more details).

For a € (0,00) we let .#(a) denote the set of all functions ¢ : R — R satisfying
the sector condition
0 < p(v)v < av?, Vv eR.

We denote by .#(c0) the set of all functions ¢ : R — R satisfying,

0 < ¢(v)o, VoveR.
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Lemma 5.1.1. Let ¢ : R — R be locally Lipschitz continuous and non-decreasing.
Let £ € R and define ¢ : R — R by

plw) :=pw+8) —pE), VYwekR

Then ¢ € L (00) and, if ¢ — p(0) € L (a) for some a € (0,00), then there exists
b e (0,00) such that p € (D).

Proof. It follows easily from the fact that ¢ is non-decreasing that
o(w)w > 0, VweR,

showing in particular that ¢ € #(c0). Assume now that ¢ — ¢(0) € .(a) for
some a € (0,00). Write

P(w)w = p(w + Ew — p(§w
= (p(w + &) = ¢(0))(w + &) + »(0)(w + £)
—pw+EE—p(§w, weR.

It follows that

Pw)w < a(w+€)* + (0)(w + &) — p(w + & —p(Ew,  weR.

Consequently,

w w? w

Hw)w < <a+ 2a€ a_ﬁ; L 20 w0 so(wté)f B w(£)>w27 wER.
w w w

Noting that ¢ is linearly bounded, it follows that for all 6 > 0 there exists R > 0
such that
o(w)w < (a+ 8)w?, lw| > R. (5.3)

Now suppose that |w| < R. Since ¢ is locally Lipschitz continuous and non-
decreasing it follows that there exists A > 0 such that,

0 < P(w)w = [Pw)w| < |p(w + &) — @(&)||w]
< Mwl* = M?,  |w| < R. (5.4)

Combining (5.3) and (5.4) we see that there exists b € (0, 00) such that,
P(w)w < bw?, YV weER,

showing that ¢ € .7 (b) for some b € (0, c0). O

Theorem 5.1.2. Let G € B(1*(Z,R)) be a shift-invariant operator with transfer
function G. Assume that assumption (A’) holds with G(1) > 0, that Jg €
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m?*(Z.,R), d = dy + dy9 with Jdy € m*(Z,,R) and dy € R. Let p : R —
R be locally Lipschitz continuous and non-decreasing. Let p € R, assume that
(p—dy)/G(1) € imp and let u be the solution of (5.1). Under these conditions
the following statements hold.

1. Assume that ¢ — p(0) € L (a) for some a € (0,00). Then there exists a
constant k* € (0, 00) (depending on G, and p) such that for all k € (0, k*),
the limit lim,, ., u(n) =: u™ exists and satisfies p(u>) = (p — do)/G(1),

e=Au/k € l*(Z,,R) and pou— pu®)dcl*(Z,,R).
In particular, lim, . e(n) = 0.

2. Assume that ¢ is globally Lipschitz continuous with Lipschitz constant \ >
0. Then the conclusions of statement 1 are valid with k* = 1/|\f;(G)].

Remarks 5.1.3. (i) Theorem 5.1.2 ensures that the tracking error is in [*(Z,, R)
and consequently, e(n) converges to 0 as n — oo.

(ii) Note that in statement 2 of Theorem 5.1.2 the constant k* depends only on
G and the Lipschitz constant of ¢, but not on p.

(iii) Let f € F(Zy,R). Then Jf € m*(Zy,R) if and only if (Jf)(n) converges
to a finite limit as n — oo and n — Y _,-  f(k) is in I*(Z4,R) (see Appendix 3
Proposition 12.1.5 for more details). Hence sufficient conditions for g and d; to
satisfy the assumptions in Theorem 5.1.2 are that (Jg)(n), (Jd;)(n) converge to
finite limits as n — oo and the functions n — > 7~ g(k), n— > "> di(k) are

in *(Z,,R).

(iv) If f € F(Z,,R) is such that j — f(7)j is in [*(Z,R) for some o > 1 then
felMZy,R) and n — 372 |f(j)] € I*(Z4,R) (see Appendix 3, Proposition
12.1.6 for more details). Hence sufficient conditions for g and d; to satisfy the

assumptions in Theorem 5.1.2 are that, j ~— ¢(4)j° is in (*(Z,,R) and j ~—
di(7)77 is in I*(Z,,R) for some 3, > 1.

(v) In general dj is unknown, but it is reasonable to assume that dy € [a, b], where
a and b are known constants. The condition

(0 —a)/G(1),(p—b)/G(1) € imp

does not involve dy and is sufficient for (p —dy)/G(1) to be in imp. Furthermore,
if ¢ is continuous, limg_o ¢(§) = oo and limg__ p(§) = —oo, the assumption
(p—dy)/G(1) € imp is automatically satisfied. &

Theorem 5.1.2 gives an input-output point of view of the low-gain integral control
problem with input non-linearities and output disturbances. We emphasize that
Theorem 5.1.2 applies to strongly stable state-space systems (see Chapter 6).
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Proof of Theorem 5.1.2. Chose some u” € R such that p(u”) = (p—ds)/G(1)
(such a u” exists, since, by assumption, (p — dy)/G(1) € imyp). For any k € R
we know that (5.1) has a unique solution u defined on Z,. We define a function
v:Zy — R by,

vi=u—ufv. (5.5)

Moreover, we define ¢ : R — R by,

P(&) =pll+u’) —p(u), VEeR (5.6)
Then by (5.1),
v =u"d —uV + kJ(p¥ — g —d) — kJ(G(p(u —u” + u))
= u — u’V + kJ(p¥ — g — d) — kJ(G(p(v + u)))
= u) — ) + kJ(p) — g — d) — kJp(u”)GY — kJ(G($ o v)).
Hence it follows that,
v=r—kJ(G(pow)), (5.7)

where the function r is given by
r=u’d —ufd — kJ(g+di + p(u”)GY — (p — do)V). (5.8)

In order to apply Theorem 4.1.2 to equation (5.7), we first show that r €
m?(Z,,R), that is, r satisfies the relevant assumption in Theorem 4.1.2. Since
by assumption Jg, Jd; € m*(Z,,R), we immediately see that

u' — u’d — kJ(g+ dy) € m*(Z,,R).
Therefore by (5.8) it is sufficient to show that the function
n = (J(pW)GY = (p = d2)0))(n) = pW’)(J(GV = G(1)0))(n)

belongs to m*(Z,,R), where we have used that p(u?) = (p — dy)/G(1). Note
that

J(GY — G(1)9) = J(GY — G(1)9) — G'(1)9 + G/(1)v. (5.9)
By assumption (A’), J(GY — G(1)9) — G'(1)9 € I*(Z,,R). Hence it follows from
(5.9) that J(GY — G(1)9) € m*(Z,,R).
Proof of Statement 1: Since ¢ is non-decreasing and ¢ — ¢(0)

(
€ (0,00), it follows from Lemma 5.1.1 that there exists b €
¢ € L(b). Define k* := 1/|bf;(G)], let k € (0,k*) and set ¢ :=

€ S (a) for some
(0,00) such that
5(1/b+k£1(G)).
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Then € > 0 and we can choose some ¢ > 0 such that

. 1 i 15 e—1
essinfpe(o2mRe [(e%’ + o 1>G(e 9)} > f1(G) — = ( - b), (5.10)

Thus

1 1 .
;7 Re [(;% + 1>kG(e’9)1 > e, a.a. 0 € (0,2m),
and (4.3) holds with a replaced by b and G replaced by kG. An application of
Theorem 4.1.2 to (5.7) now yields that lim, .., v(n) exists and is finite, pov €
I*(Z,,R) and Agv € I*(Z4,R). Consequently, we have lim,, ., u(n) =: u™ exists
and is finite,
p(u™) = p(u’) = (p — d2)/G(1),
and
pou—p(u*) € *(Zs,R).

We note that Av = Aw and since Agv € 12(Z4,R) we have Au € I*(Z,,R). Tt
now follows that e = Au/k € [*(Z,,R) and hence, lim,, .., e(n) = 0.

Proof of Statement 2: By hypothesis ¢ is globally Lipschitz. Denoting the Lips-
chitz constant of ¢ by A > 0, it follows that

o(v)v = [p(v+u”) — p(u)]v < M(v+u”) —u’||v] = W?, YveR.

Since ¢ is non-decreasing it is also clear that ¢(v)v > 0. Consequently, it follows
that @ € .()\). Now the arguments in the proof of statement 1 apply with b
replaced by A. O

We now change the integrator J to Jy and consider the feedback system shown in
Figure 5.2, where the function g models the effect of non-zero initial conditions
of the system with input-output operator G and ¢ € R is the initial state of the
integrator.

cv) g+d
p € +i u ‘4 Y
kJy | " % G | n ——>

Y

Figure 5.2: Low-gain control problem with constant gain and J; integrator
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From Figure 5.2 we can derive the following governing equations,
y=g+d+G(pou), e=pd—y, u = cv+ kJoe,

or, equivalently

u=ci+kJy(pd — (g +d+G(pou)). (5.11)

For given ¢, k, p, g and d, it follows from Proposition 3.5.3 that (5.11) has at
least one solution (a unique solution, respectively) if the map f : R — R defined
by

f(&) =&+ kG(o0)p(§),  E€R,

is surjective (bijective, respectively). Since NgJy = Joo = I, (5.11) is equivalent
to
Nou = cd + k[pd — (g +d+ G(pou)).

We define,

f5(G) :==sup {ess infgeo,2mRe [(q + ei:ij )G(ez‘e)} } (5.12)

>0 1

If the transfer function G of G satisfies assumption (A), then —oo < f;,(G) < o0
(see Appendix 2, Proposition 12.1.4 (ii), for more details).

Theorem 5.1.4. Let G € B(1*(Z,,R)) be a shift-invariant operator with transfer
function G. Assume that assumption (A’') holds with G(1) > 0, that Jog €
m?(Z,,R), d = dy + do¥ with Jody € m*(Zy,R) and dy € R. Let ¢ : R —
R be locally Lipschitz continuous and non-decreasing. Let p € R, assume that
(p—d2)/G(1) € img and let u be a solution of (5.11). Under these conditions
the following statements hold.

1. Assume that ¢ — p(0) € L (a) for some a € (0,00). Then there exists a
constant k* € (0, 00| (dependmg on G, ¢ and p) such that for all k € (0, k"),
the limit llmnﬁoou(n) u®™ exists and satisfies p(u™) = (p — do)/G(1),

1
= E(Aou —c6) € X(Z,,R) and pou— ou™) e *(Z,,R).

In particular, lim,,_,o e(n) = 0. If f;,(G) = 0, then the above conclusions
are valid with k* = co.

2. Assume that ¢ is globally Lipschitz continuous with Lipschitz constant \ >
0. Then the conclusions of statement 1 are valid with k* = 1/|\f;,(G)|,
where 1/0 := oo.

3. Under the assumption that f;,(G) > 0, the conclusions of statement 1 are
valid with k* = oo.
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Remark 5.1.5. Note that the range of gains guaranteed to achieve tracking
(specified by k*) is potentially larger than in Theorem 5.1.2. In particular, k* =
oo is feasible if f,(G) > 0. &

Proof of Theorem 5.1.4. Chose some u” € R such that p(u”) = (p—ds)/G(1)
(such a u” exists, since, by assumption, (p—dy)/G(1) € imyp). Let u be a solution
of (5.11). Let v : Z, — R and ¢ : R — R be as defined in (5.5) and (5.6). A
straightforward calculation invoking (5.11) and similar to the argument leading
to (5.7) in the proof of Theorem 5.1.2, shows that v satisfies

v=r—kJo(G(pow)) (5.13)
where the function r is given by,
r=c)—ufd —k(Jo(g+ di + p(u’)GY — (p — da)?). (5.14)

In order to apply Theorem 4.3.2 to equation (5.13) we first show that r €
m?(Z,,R) that is, r satisfies the relevant assumption in Theorem 4.3.2. This
can been shown in a similar way to the corresponding argument in the proof of
Theorem 5.1.2.

Proof of Statement 1: Since ¢ is non-decreasing and ¢ — ¢(0)
a € (0,00), it follows from Lemma 5.1.1 that there exists b €
@ € Z(b). Define

€ #(a) for some
(0,00) such that

e 1/|bf(G)], if f,,(G) <0,
oo if £,(G) > 0.

We may assume that fj,(G) < oo because the case fj,(G) = oo is included in
statement 3. Therefore k* € (0,00]. Let k € (0,k*) and set € := 3(1/b+kf,(G)).
Then € > 0 and we can choose some ¢ > 0 such that
: e’ i0 €
essinfpcoomRe || ¢ + ] G| > f1,(G) — P (5.15)

Thus

1 et ”
Z v > .a.
b+Re [(q#—ew_l)kG(e )] > e, a.a. 0 € (0,2m),

and (4.107) holds with a replaced by b and G replaced by kG. An application of
Theorem 4.3.2 to (5.13) now yields that lim, . v(n) exists and is finite, pov €
I(Zy,R) and Agv € I*(Z,,R). Consequently, we have lim,, .., u(n) =: u™ exists
and is finite,

p(u™) = (u”) = (p— d2)/G(1),
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and
pou—puX)el®(Z,R).

We note that Av = Au and since Agv € [*(Z,R) we have Av € [*(Z,,R) and
hence Au € I*(Z,,R). It is then clear that Agu € I*(Z,,R) and so

e= %(Aou —cb) € I*(Z,,R),

and hence, lim,_,. e(n) = 0. It remains to show that if f; (G) = 0, then the
above conclusions are valid with £* = oo. If f;(G) = 0, then for every k > 0
there exists ¢ > 0 such that (5.15) holds.

Proof of Statement 2: As in the proof of statement 2 of Theorem 5.1.2, we can
show that ¢ € .#()\). Now the arguments in the proof of statement 1 apply with
b replaced by .

Proof of Statement 3: 1t is clear by the non-decreasing property of ¢ that p(v)v >
0 for all v € R and so ¢ € .¥(00). Since f;,(G) > 0, we can choose some ¢ > 0
such that

i0
essinfge(o2m Re {(q_y '96 1)G(eie)} >
ew —

This implies that, for any & > 0,

0 ] 1

Re Kq%— 06 1)]{7(;(610)} > §fJO(G>, a.a. 0 € (0,2m).
el —

Therefore (4.107) holds with a = oo, G replaced by kG and e replaced by

$kf5,(G). As in the proof of statement 1, the claim now follows from Theorem

4.3.2. O

5.2 Integral control in the presence of input and
output non-linearities

In this subsection we generalise the feedback scheme in § 5.1 to allow for a time-
varying gain and non-linearities in the output as well as in the input.

Consider the feedback system shown in Figure 5.3, where x : Z, — R is a
time-varying gain, the operator G € %(I*(Z,,R)) is shift-invariant with transfer
function denoted by G, ¢ : R — R and ¢ : R — R are static input and output
non-linearities, respectively, p € R is a constant reference value, u° € R is the
initial state of the integrator (or, equivalently, the initial value of «), the function
g models the effect of non-zero initial conditions of the system with input-output
operator G and the function d is an external disturbance.
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Figure 5.3: Low-gain control problem with time-varying gain and .J integrator

From Figure 5.3 we can derive the following governing equations,
w=g+G(pou), y=Y(w)+d, u = v+ J(k(pd —v)),
or, equivalently
u = v+ J(k(pd —d — (g + G(poun)))). (5.16)

Since u°; K, p, g, d and v are given, it is clear from Proposition 3.5.1 that (5.16)
has a unique solution. Trivially, (5.16) can be written as an initial-value problem,

(B)n) = r{n)(p = d(m) = p(a(m) + (G o)) nzl’} (5.17)

The objective is to determine gain functions « such that the tracking error

(n) :==p—y(n)=p—dn)—¢(gn) + (Glpou))(n))

converges to 0 as n — oco. We introduce the set of feasible reference values

Z(G,,9) == {P(G(1)v) | v € imp}.

It is clear that Z(G, ¢,) is an interval provided that ¢ and ¢ are continuous.

g

The following result shows that if ¢ is continuous and v is continuous and mono-
tone, then p € Z(G,p,1) is close to being a necessary condition for tracking
insofar as, if tracking of p is achievable, whilst maintaining boundedness of p o u

and w, then p € Z(G, ,v).

Anticipating the treatment in Chapter 6 we obtain the following proposition.

Proposition 5.2.1. Let G € B(I*(Z,,R)) be shift-invariant with transfer func-
tion G satisfying assumption (A). Assume further, that G has a power stable
state-space realisation. Let ¢ : R — R be continuous and b : R — R be con-
tinuous and monotone. Let u € F(Z,,R) be such that ¢ ou € [*°(Zy,R) and
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g € F(Z,,R) be such that g(n) — 0 asn — oco. If w € F(Zy,R) given by
w =g+ G(pou) is such that

lim ¥ (w(n)) = p, (5.18)

n—oo

then p € Z(G, p, ).

The proof of Proposition 5.2.1 can be found in Appendix 4.
We define,

. 5.19

If the transfer function G of G satisfies assumption (A), then —oo < fy (G) <
—G(1)/2 (see Appendix 2, Proposition 12.1.3 (ii), for more details).

. G(e"
fo,7(G) := essinfye(o 2r)Re [ ( )]

Theorem 5.2.2. Let G € B(1*(Z,R)) be a shift-invariant operator with transfer
function G. Assume that assumption (A) holds with G(1) > 0, g € I*(Z,R),
d = dy + dy¥ with d; € ll(Z+,R), dy € R and n +— Z;in|d1<j)| c l2(Z+,R),
w:R—= R and Y : R — R are non-decreasing and globally Lipschitz continuous
with Lipschitz constants \y > 0 and Ay >0, p—dy € Z(G,¢,v) and k : Z, — R
18 bounded and non-negative with

limsup k(n) < 1/|A\A2fo.7(G)|. (5.20)

n—oo

Let u : Zy — R be the unique solution of (5.16). Then the following statements
hold.

1. The limit (v o u)® :=lim, .o, p(u(n)) exists and is finite and

N(pou) € P(Zy,R).

2. The signals w = g+ G(pou) and y = 1 ow +d have finite limits satisfying

lim w(n) = G(1)(¢ o u)™, lim y(n) = Y(G(1)(¢ o u)>) + da.

3. If k ¢ IN(Z4,R), then lim,_., y(n) = p, or equivalently, lim,,_.., e(n) = 0.
4. If p—dy is an interior point of Z (G, p, ), then u is bounded.

Remarks 5.2.3. (i) A sufficient condition for d; to satisfy the assumptions in
Theorem 5.2.2 is given in Remark 5.1.3 (iv).

(ii) Note that it is not necessary to know fy ;(G) or the constant A\ in order
to apply Theorem 5.2.2. If k is chosen such that k(n) — 0 as n — oo and

94



k & 1NZy,R) (e.g. K(n) = (1 +n)? with p € (0,1]), then the conclusions of
statement 3 hold. However, from a practical point of view, gain functions x with
lim,, . £(n) = 0 might not be appropriate, since the system essentially operates
in open loop as n — oo.

(iii) In general dy is unknown, but it is reasonable to assume that dy € [a,b],
where a and b are known constants. The condition

p—a,p—bE%(G,gp,dj)

does not involve dy and is sufficient for p—ds to be in Z(G, ¢, ¥). Furthermore, if
¢ and 9 are continuous, limg_ .o, ¢(§) = 00, lime_,_o ©(£) = —00, lime_,oc P (§) =
oo and limg_,_ o Y(§) = —00, Z(G, ¢, 1) is the whole real line and it is clear that
p—ds € Z(G,p,1). O

Theorem 5.2.2 gives an input-output point of view of the low-gain integral control
problem with input and output non-linearities as well as output disturbances. We
emphasize that Theorem 5.2.2 applies to strongly stable state-space systems (see
Chapter 6).

Proof of Theorem 5.2.2. Let u : Z, — R be the unique solution of (5.16). We
shall prove Theorem 5.2.2 by applying Corollary 4.2.3 to the equation satisfied
by the input signal

w=g+G(pou)

of the output non-linearity ¢, modified with an offset which depends on p and
dy. Since p — dy € Z(G, p, 1)), there exists ¢” € imy satisfying

P(G(1)p") = p — do.

We define
W =w— G = g+ G(p ou) — G(1)p"V,

D) = P(E+G)) —p+dy,  VEER,
Note that ¥(0) = 0. We observe that,

(5.21)

P(E)E = (€ + G(1)p?) — p+ da)é
= [+ G()p") —p(G(1)e”))E, VEER.

By the non-decreasing property of ¢ we see that [/ ({+G(1)¢”)—¢(G(1)¢”)]§ > 0
and hence 1(£)¢ > 0 for all £ € R. Since 9 is globally Lipschitz with Lipschitz
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constant Ao,

V()€ = [W(E+G(1)¢") —(G(1)¢")]¢
< A€+ G(1)e” = G(1)¢”[[¢]
= M\o€2, vV EeR.

Hence we obtain, B
0 < P(6)€ < X2, vV EéeR. (5.22)

Using (5.17),
Au = k(p)—d—(g+Glpou))) = k(pd —d—(@+G(1)¢*)) = —k(d +1 o).

Defining

)

(A(pou))(n)
bu(n) ;:{ Gow -+ {2w)n) 7

0
0, if (Au)(n)=0

Y

it follows that,

(A ow))(n) = bu(n)(Au)(n) = =by(n)k(n)di(n) — by(n)k(n)i(w(n))
= —di(n)— (No@)(n), VneZ, (523)

where the function N : Z, x R — R is defined by
N(n, &) :=bu(n)r(n)(&), ¥ (n,§) €Zy xR
and d; : Z, — R is defined by
di(n) == by(n)k(n)dy(n), VY neZ,.

Since ¢ is non-decreasing and globally Lipschitz with Lipschitz constant A\, we
see that 0 < b,(n) < A;. Combining this with (5.22) yields

0< N(n, )¢ < Mhak(n)€2, Y (n,6) € Zy x R. (5.24)
It follows from (5.23) that,
pou= )y — Jd, — J(N o). (5.25)

Applying G to both sides of (5.25), and using the fact that by shift-invariance,
G commutes with J we obtain

Gpou) = p(u’)GY — GJd, — J(G(N o 0)).
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Invoking (5.21) yields
w=r—J(G(Now)), (5.26)

where

ri=g—G(1)g"9 + p(u’)GY — GJd,.

Proof of Statement 1: Clearly, (5.26) is of the form (4.1) with u and ¢ replaced
by w and N, respectively. Therefore we may apply Corollary 4.2.3, provided the
relevant assumptions are satisfied. By (5.20) there exists a > 0 satisfying

M limsup k(n) < a < 1/|fo.5(G)]. (5.27)

n—oo

By the definition of fj ;(G), there exists € > 0 such that

1 G 60
-+ Re 9<€ ) > e, a.a. 0 € (0,2m).
a e’ 1

Moreover, it follows from (5.24) and (5.27) that there exists ng > 0 such that
0 < N(n,§)¢ < a&?, Vn € ng,o0)NZy, VEER.

The above two inequalities show that (4.53) and (4.58) hold with ¢, @, and P
replaced by N, I, and 1/a, respectively. In order to apply Corollary 4.2.3, it
remains to verify that r € m?(Z,,R). To this end note that

r=g+G(1)(e®)9 — ") + o) (GY — G(1)9) — GJd,. (5.28)
Since b,, k are bounded and non-negative, d1~€ IY(Z,,R) and by assumption

n— 3 |di(d)] € I>(Z,,R), we deduce that d, = b,xd; € I'(Z,,R) and

nv—>Z|d1 )| € 13(Z,,R). (5.29)

Now since dy € I*(Z,R) there exists o € R such that,

lim (Jd,)(n) = o.

n—oo

From (5.29) we deduce that Jd, — o0 € 12(Z,,R). We have,
GJd, = G(Jd, — o¥) + o GY. (5.30)
By assumption (A), G(1) is the [*-steady-state gain of G and so (GY — G(1)9) €

I*(Z4,R). Consequently, GJ € m*(Zy,R). Using this, the fact that G €
B(*(Z,R)) and Jd; — oV € 1*(Z,,R), we deduce from (5.30) that GJd; €
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m?(Z.,R). Furthermore, since (G — G(1)9) € [*(Z,,R) and by assumption
g € 1*(Z,,R), we conclude from (5.28) that r € m?*(Z,,R). An application of
statement 4 of Theorem 4.2.1 to (5.26) combined with (5.23) now yields that

A(pou) = —di — (N o @) € I(Z4,R).
Furthermore, by the same theorem and (5.25),

lim (pou)(n) = ¢(u’) — o — lim (J(N o w))(n)

n—oo n—oo
exists and is finite, completing the proof of statement 1.

Proof of Statement 2: By statement 1, A(p ou) € [*(Z4,R) and (p o u)>® =
lim,,_,o0(¢ © u)(n) exists and is finite. Hence an application of Proposition 3.4.4
(b) yields,

lim (G(pou))(n) = G(1)(pou)™.

n—oo

Since w = g + G(p ou) and g € I*(Z,,R) we obtain,

lim w(n) = G(1)(p o u)™.

n—oo

Consequently,

y>™ = lim y(n) = lim (Y ow)(n) + da = Y(G(1)(p o u)*™) + da,

n—oo n—oo

where we have used that d; € I'(Z,,R).

Proof of Statement 3: We know by statement 2 that y(n) — y> as n — oo.
Seeking a contradiction, suppose that y> < p (the case y> > p can be treated in
an analogous way). Setting € := p — y* > 0 and taking ny > 0 large enough, we
have p — y(n) > /2 whenever n > ng. Hence we see that,

(Bu)(n) = K(n)(p — y(n) 2 K(m)S, ¥ n > np.

g
2a

Summing the above inequality from ny to m — 1 gives
c m—1
u(m) > u(ng) + 3 Z k(k) — oo, m — oo.

Consequently, since ¢ is non-decreasing,
@ :=supp(v) = (pou)”.
veER

Hence, by statement 2, y*° = ¢(G(1)p) + da. Since p — dy € Z(G,p,v) (by
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assumption) and using the fact that ¢ is non-decreasing and G(1) > 0, we obtain
p <supZ(G,0,¢) +dy = P(G(1)P) + dy = y™,

contradicting the supposition that y> < p. Setting ¢ := inf,cr p(v), an anal-
ogous argument shows that if 3> > p, then necessarily y> = ¥(G(1)p) + ds,
which likewise leads to a contradiction since p > ¥(G(1)p) + ds.

Proof of Statement 4: By statement 1, the limit (¢ o u)*® = lim, (¢ o u)(n)
exists and is finite. We consider the following cases:

CASE 1: k ¢ IY(Z4,R).

If k ¢ IY(Z,,R), then by statements 2 and 3, p—dy = ¥(G(1)(pou)*>). Unbound-
edness of u would imply that there exists a sequence (v,,) with lim,,_. |v,| = 00
and such that,

p—do = lim Y(G(L)e(vn)).

Since the function v — ¥(G(1)p(v)) is non-decreasing, this would in turn yield
p—dy = supZ(G,p,) or p—dy = inf Z(G, p,1), showing that v must be
bounded if p — ds is an interior point of Z(G, ¢, ).

CASE 2: k € INZ,,R).

By statement 2 we know that pd — y is bounded. With x € I*(Z,,R) it now
follows that x(pd —y) € I*(Z,,R). Since Au = k(pd — y), we conclude that u is
bounded. O

We now change the integrator J to Jy and consider the feedback system shown
in Figure 5.4, where ¢ € R is the initial state of the integrator.

cv g d
pd e tyu +yw + Yy
P =J4>£—><P - 4>£—> A,L_,
+ it il e e

Figure 5.4: Low-gain control problem with time-varying gain and .J, integrator

From Figure 5.4 we can derive the following governing equations,
w=g+G(pou), y=vw)+d  u=c+ Jo(r(pd—y)),
or, equivalently

u=ci~+ Jo(k(pd —d— (g + G(pou)))). (5.31)
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Note that if G(oco) = 0, then (5.31) has a unique solution. Since NgJy = JoLy =
I, (5.31) is equivalent to

DNou =6+ k(pY —d— (g + G(pou))). (5.32)
We define,
) G 0\ ,i0
Jo,7,(G) = essinfpe o 2m)Re [%} (5.33)

If the transfer function G of G satisfies assumption (A), then —oo < fo5,(G) <
G(00)—G(1)/2, where G(00) := lim|.| o0 -ck, G(2) (see Appendix 2, Proposition
12.1.4 (ii), for more details).

Theorem 5.2.4. Let G € B(1*(Z,,R)) be a shift-invariant operator with transfer
function G. Assume that assumption (A) holds with G(1) > 0, g € I*(Z,,R),
d = dy + dy¥ with dy € IY(Z,,R), dy € R and n > ldi(d)] € *(Z,,R),
p:R—= R and 1 : R — R are non-decreasing and globally Lipschitz continuous
with Lipschitz constants \y > 0 and Ay > 0, p—dy € Z(G,0,V) and k : Z, — R
15 bounded and non-negative with

limsup £(n) < 1/[A1A2fo,5,(G)], (5.34)

n—oo

if fo.5,(G) <0, where 1/0 := oo. Let u : Zy — R be a solution of (5.31). Then
the conclusions of Theorem 5.2.2 hold.

Remark 5.2.5. Note that the range of gains guaranteed to achieve tracking
(specified by (5.34)) is potentially larger than in Theorem 5.2.2. In particular, if
fo0.5,(G) > 0 then condition (5.34) need no longer be imposed on the gain k. <

Proof of Theorem 5.2.4. Let u : Z, — R be a solution of (5.31). We shall
prove Theorem 5.2.4 by applying Corollary 4.3.5 to the equation satisfied by the
input signal

w=g+G(pou)
of the output non-linearity v, modified with an offset which depends on p and

dy. We invoke arguments identical to those leading up to (5.22) in the proof of
Theorem 5.2.2. Using (5.32),

Nou =6+ k(pd —d — (g + (G(pou)))
=cd + k(pd —d —Y(w + G(1)p"))
:c5—/<a(d1+120737),
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where w, 1; are given by (5.21). Defining,

ba(r) = {—%%fz;%"% i (Bow)(n) #0.
0, if (Agu)(n) =0,
it follows that,
(Dol o u))(n) = bu(n)(Dou)(n) R
= cbu(n)o(n) — bu(n)r(n)ds(n) — bu(n)r(n)y(w(n))
= cby(n)d(n) —di(n) — (Now)(n), VneZ,, (5.35)

where the function N : Z, x R — R is defined by
N(n,&) = bu(n)r(n)(&), ¥ (n,§) €Zy xR
and d; : Z, — R is defined by
di(n) == by(n)k(n)dy(n), VY neZ,.

Since ¢ is non-decreasing and globally Lipschitz with Lipschitz constant A\, we
see that 0 < b,(n) < Ay for all n > 1. Combining this with (5.22) yields

0< N(n, )¢ < Mhak(n)€2, ¥ (n,&) € NxR. (5.36)
It follows from (5.35) that,
@ ou = cby(0)0 — Jody — Jo(N o w). (5.37)

Applying G to both sides of (5.37), and using the fact that by shift-invariance,
G commutes with J; we obtain

G(pou) = chy(0)GY — Gody — Jo(G(N o ).
Invoking (5.21) yields
w=r—Jy(G(N ow)), (5.38)

where

ri=g— G(1)p"9 + cb,(0)GY — GJyd,.

Proof of Statement 1: Clearly, (5.38) is of the form (4.106) with u and ¢ replaced
by w and N, respectively. Therefore we may apply Corollary 4.3.5, provided the
relevant assumptions are satisfied. We first assume that fy ;,(G) < 0. By (5.34)
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there exists a > 0 satisfying

MAglimsup k(n) < a < 1/|fo.5,(G)|. (5.39)

n—oo

By the definition of fy j,(G), there exists € > 0 such that

1 G (eio)ew

—+ Re >¢
a

G 25 a.a. 0 € (0,2m).

Moreover, it follows from (5.36) and (5.39) that there exists ng > 1 such that
0 < N(n,&)¢ < a€?, Vn € ng,o0)NZy, VEER.

The above two inequalities show that (4.119) and (4.58) hold with ¢, @, and P
replaced by N, I, and 1/a, respectively. Note that if fo 5, (G) > 0, it immediately
follows that there exists € > 0 such that

G(ew)ew

R .
¢ e? —1

> e, a.a. 0 € (0,2m).

Moreover, it follows from (5.36) that
0< N, 8¢ vV (n& eNxR.

The above two inequalities show that for the case fy ;,(G) > 0, (4.119) and (4.58)
hold with ¢ and @ replaced by N and I, respectively, and a = oo. In order to
apply Corollary 4.3.5, it remains to verify that r € m?(Z,,R). To this end note
that

r =g+ G(1)(chy(0)0 — ©”9) + cby (0)(GY — G(1)V) — GJyd,. (5.40)
A similar argument to that in the proof of Theorem 5.2.2 shows GJod; € m?(Z,,R).
By assumption (A), G(1) is the [*-steady-state gain of G and so (GY — G(1)9) €
I*(Z,,R). Consequently, since by assumption g € [*(Z,,R), we conclude from

(5.40) that » € m*(Z,,R). An application of statement 4 of Theorem 4.3.4 to
(5.38) combined with (5.35) now yields that

No(pou) =ch,d —dy — (N ow) € I*(Zy,R).

Hence it in turn follows that A(p o u) € 12(Z,,R). Now since d; € I'(Z4,R)
there exists o0 € R such that,

lim (Jdy)(n) = o.

n—oo
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Furthermore, by Theorem 4.3.4 and (5.37),

n—oo

lim (p ou)(n) = cb,(0) — o — nlljg@ Z(N ow)(k)
k=0

exists and is finite, completing the proof of statement 1.

The proof of statements 2, 3 and 4 are similar to the proofs of statements 2, 3
and 4 of Theorem 5.2.2 and therefore are omitted. O

5.3 Notes and references

The main results in this chapter, Theorems 5.1.2, 5.1.4, 5.2.2 and 5.2.4, form
the basis of §4 of [5]. The aforementioned results are the discrete-time ana-
logues of results in [9]. We emphasize that the main results in this chapter apply
to strongly-stable discrete-time state-space systems (see Chapter 6). Previous
results on discrete-time integral control, see [17], [34], [37], [42], are obtained
only for power stable discrete-time state-space systems using state-space meth-
ods. In this Chapter we adopt an input-output approach to the low-gain in-
tegral control problem. Note that in [42] results are obtained for power-stable
infinite-dimensional state-space systems and in particular, tracking of vector-
valued reference signals is considered. However, [42] only treats the linear case
not allowing non-linearities in the input or output channel. Moreover, in [34]
and [37] only input non-linearities are considered, although in [34] the emphasis
is slightly different and the input non-linearity is of hysteresis-type. Whilst the
results in [17] allow for input and output non-linearities, these results only apply
to finite-dimensional, power-stable state-space systems. We note that Theorems
5.2.2 and 5.2.4 allow for both input and output non-linearities. Note that in the
main results of this chapter, tracking of feasible reference values is still achieved
in the presence of a large class of output disturbances. Proposition 5.2.1 is new as
stated in the input-output setting, but is similar to the discrete-time state-space
version contained in [34], (see [34], Proposition 3.2).
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Chapter 6

Absolute stability results for
infinite-dimensional discrete-time
state-space systems with
application to low-gain integral
control

This chapter is devoted to applications of the results in Chapters 4 and 5 to
infinite-dimensional discrete-time state-space systems.

6.1 Power stable and strongly stable discrete-
time state-space systems

Consider the discrete-time system

z(n+1) = Az(n) + Bv(n), 2(0) = 2" € X, (6.1a)
w(n) = Cx(n) + Dv(n), (6.1b)

with state-space X, input space U, and output space Y = U and generating
operators (A, B,C,D). Here X and U are Hilbert spaces, A € #(X), B €
BU,X), CeBX,U),and D € B(U).

We shall use the following notation. We write || - || := || - ||z, 0y and || - [|ip ==
| - ||z ,x) for the IP-norm of X-valued sequences, where 1 < p < co. We denote
the spectrum and the spectral radius of A by spec (A) and r(A), respectively. It

104



is well known that
r(A) = lim [|A"|"".
As usual the resolvent set of A is defined by res(A) := C \ spec (A).

From (6.1a) we obtain for the solution  of (6.1a),

0

Ang0 L A(=D=5 By(4 > 1
x<n) _ { x”+ Z]:O U(]), n = 0> (6.2)
x, n =0.

Note that (6.1b) and (6.2) yield the following formula for the input-output oper-
ator G:

n—1 —1)—3 :
loA-D)-ip D >1
> i)+ Do), nz e pz, ). (6.3)

(Gu)n) = {DU(O), n=0,

We denote by G the transfer function of the system (6.1), which, for |z| > r(A),
is given by

G(z)=C(zI — A~ 'B+D.

We say that A € ZA(X) is power stable if there exists an M > 1 and v € (0,1)
such that
|A™ < My*,  VneZ.

We say that A € B(X) is strongly stable if lim,, ., A"z =0 for all z € X.

The following lemma gives two simple characterisations of power stability.

Lemma 6.1.1. The following statements are equivalent:
(i) A € B(X) is power stable;

(i) r(A) < 1;

(iii) 2+ (2 — A)~t € H*(E,, B(X)).

A proof of Lemma 6.1.1 can be found in [32] (see, Lemma 1 in [32]).

It is clear that if A is power stable then A is strongly stable, however, the converse
is not true as seen from the following example.

Example 6.1.2. Let X = [*(Z,,R) and define A € B(I*(Z,R)) by
A= diag,,cz, (An),

where A\, € (0,1), n € Z,, with \,, — 1 as n — co. We claim that A is strongly
stable, but not power stable. We have,

AP = diag, ez, ()"
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and 7(A) = 1. Hence by Lemma 6.1.1, we see that A is not power stable. Let
r € 1*(Z,,R). Then,

(Afz)(n) = Mx(n), ne€Zy and ||AFz|h = A2Fa?(n).

n
n=0

Let € > 0 be given. Then there exists N € N such that, Y >\ 2%(n) < /2 and
S0,

3 A (n) < g VkeN.
n=N

Clearly there exists ko > 0 such that

N

3 A% (n) < g YV k> k.
n=0
Hence,
A (|7 = > AFaP(n) <&, V> k,
n=0
showing that A is strongly stable. &

We say that system (6.1) is strongly stable if the following four conditions are
satisfied:

(i) G is [*-stable, that is, G € %B(I*(Z,,U)), or, equivalently, the transfer
function G € H*(E, A(U)).

(ii) A is strongly stable.

(iii) There exists o > 0 such that,

S am)| salele, VoerE.v. (64
j=0

(iv) There exists 8 > 0 such that,

0o 1/2
(ZIICA%HQ) <Blall,  VzeX. (6.5)
=0

The system (6.1) is called power stable if A is power stable. It is easy to check
that if system (6.1) is power stable, then system (6.1) is strongly stable. It is
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also clear that the converse is not true (trivial counterexample: A as defined in
Example 6.1.2, B =0, C' =0 and D = 0). Non-trivial counterexamples also exist
as seen from the following example.

Example 6.1.3. We give a non-trivial example of a strongly stable system which
is not a power stable system. Let X = [*(Z,,R) and let A € B(I*(Z+,R)) be
given by

A = diag,cz, (M)

for some A\, € (0,1), n € Z,, with A\, — 1 as n — co. Let B € B(R,[*(Z.,R))
be given by
b(0)

Eeh=¢|01) |, VeeR,
where

b(n) = (1 —=X,)"(n+1)7°, VneZy,
and v > 1/2 and § > 1/2. Define C € Z(I*(Z,,R),R) by

Cx = (b,z) = (b(0) b(1) ...) [ =(D) |,  Vazei(Z.,R),

and set D = 0. Then for z € E4,

_ . 1
(2 — At = diag,¢cz, (m)

and so

G(2)=C(zI —A)'B+D = g (Z _1>\nb2(n)>.

We first show that G is in H*(E,). Let z € E;. We have,

GEI< Y ().

n=0

Note that since z € E; and A\, € (0,1) for all n € Z,
lz =X > 2| = A >1—= A\, >0, Vné€Zs;.

Consequently,
1 1

L. :
|Z_/\n|<1_)\n, VneZy (6.6)
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Hence it follows that

G(2)] < 2 (|Z _1)\n|b2(n)> = (1 _lAan(n)>
3= AT 1))

Note that since v > 1/2 and A, € (0,1) for all n € Z,, the function n —
(1 — X\,)? ! is bounded, taking values in (0, 1]. Consequently, since § > 1/2

G(2)[ <D (n+1) < o

n=0

Since z € [E; was arbitrary it follows that

sup |G(z)] < oo,
z€Eq

showing that G is convergent and bounded for each z € E;. It remains to show
that G is holomorphic on E;. Define f, : E; — C by

1
fu(2) == P b2 (n), VzeE, neZ,.

Using the definition of b and (6.6), it follows that
0<fu(2) <(1=2)""tn+1)"%, VzeR, neZ,.

As before, since v > 1/2 and A, € (0,1) for all n € Z., the function n —
(1 — X,)»~1 is bounded, taking values in (0,1]. Consequently, since & > 1/2 it
follows that

[e.9]

S (- A)P 1) <

n=0

An application of the Weierstrass M-test now shows that

> 5ula) = 30 B ) = GLe)

converges uniformly on E; to G. Noting that for each n € Z., f, is holomorphic
on [Eq, it follows that the uniform limit of the f,,’s, that is G, is holomorphic on E;.
Combining this with the fact that G is bounded on E; we see that G € H>*(E;).

Note that it follows from Example 6.1.2 that A is strongly stable, but not power
stable.
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To see that (6.4) holds, we observe the following. Let v € [*(Z,,R). Then,
0o A o] 2 00 0o ) 2
S A Bu)) (ZW )| = S pwE( e
=0 k=0 =0

Note that (for fixed k) by Holders inequality,

gusz < (iuﬂ?)m(gwuw)m _ (ﬁ)”znvux. 68

J=0

o0

k=

Combining (6.7) and (6.8) we obtain,

S4B <3 ol (6.9)
: 1—=A
§=0 X k=0 k
Using the definition of b, it follows that
(1= ) M1+ N) (K
Z& 2%1—MW+M 2 B+ )T R+ 1)

Since y > 1/2 and A\, € (0,1) for all k € Z, it follows that (1—X.)?71/(1+ ) €
(0,1). Consequently, noting that § > 1/2,

k 1 ) 1
2 T <§ + (6.10)

k=0

Combining (6.9) and (6.10) we obtain,
> AIBu(j)
=0

with o = (372, (k +1)~%)Y2. Hence, (6.4) holds.
Finally we show that (6.5) holds. Let x € X = [*(Z,,R). Then,

ZXE]W’ )% (6.11)

7=0

< allvllx = allvlls

[e.9]

i |CAIz|* = Z
=0

J=0

o0

> Mb(k)x(k

k=0

Again (for fixed j) by Holders inequality,

[ 4 0 ' 1/2 0 ' 1/2
S INb(k)e(k)] < (Z MibUf)IQ) lafle = (Zwb(k)\?) Jalx.
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Combining this with (6.11) yields

S oA <3 (Z w;b(kn?) Jall% (6.12)
§=0 k=0

j=0 =
Note that
(S ) =SS e = 3 LW
> (S pbwr) = 3 S = 3
7=0 k=0 k=0 j=0 k=0

Using this in (6.12), it follows from (6.10) that

- - 1/2 o b2(k‘) 1/2
(JZ; N ) = (; 1-— )\2> zlx < Bllz|x,

k

with = a > 0. Hence, (6.5) holds.

With (A, B,C, D) as defined above we have seen that system (6.1) is a strongly
stable discrete-time system but not a power stable system. &

Remark 6.1.4. Let A := {\, },,cz, U{1}, where the {\,},cz, are as in Example
6.1.3. We remark that the transfer function G constructed in Example 6.1.3 is
holomorphic on C\ A. To see this, let K C C\ A be non-empty and compact.
Then there exists € > 0 such that dist(K,A) > . Consequently, for z € K we
have |z — \,,| > €. Hence it follows that |G(z)| < (1/e) > .2, b*(n). Arguments
similar to those in Example 6.1.3 show that G is holomorphic on K. Hence,
we deduce that G is holomorphic on C\ A. Moreover, G has poles at each \,,
n € Z,, an essential singularity at the point 1 and is uniformly bounded on the
exterior of the closed unit disc. &

To obtain state-space versions of the results in Chapters 4 and 5, we require
the following lemmas. The proofs of the following three results can be found in
Appendix 5.

Lemma 6.1.5. Assume that A is strongly stable and (6.4) holds. Then there
exists K > 0 such that, for all 2° € X and v € 1*(Z,,U), the solution x of
(6.1a) satisfies

2l < K (12 + [[o]le)-

Moreover, lim,,_,o (n) = 0.

Lemma 6.1.6. Assume that A is strongly stable, 1 € res(A) and (6.4) holds. Let
v € F(Zy,U) be such that Av € 1*(Z,,U). Then for all 2° € X, the solution x
of (6.1a) satisfies

lim (z(n) — (I — A)~'Bu(n)) = 0.

n—oo

110



Lemma 6.1.7. Assume that A is power stable. Then there exists K > 0 such
that, for all z° € X and v € I®(Z,U), the solution x of (6.1a) satisfies

llliee < K (2] + [[olli)-

e}

Moreover, if lim, ., v(n) =: v exists then

lim x(n) = (I — A)~'Bv™.

n—oo

6.2 Absolute stability results for discrete-time
state-space systems

This section is devoted to applications of the results in Chapter 4 to discrete-time
state-space systems.

Let ¢ : Z, x U — U be a (time-dependent) static non-linearity and consider
system (6.1), with input non-linearity v = @ ou (where, slightly abusing notation,
¢ ou denotes the function n +— ¢(n,u(n))), in feedback interconnection with the
integrator Au = —w, that is,

z(n+1) = Azx(n) + B(g ou)(n), z(0) = 2" € X, (6.13a)

u(n+1) =u(n) — Cx(n) — D(pou)(n), u(0) =u’ € U. (6.13b)
Then it is clear by iterating (6.13b), that

u=u"d — J(Cx + D(pou)). (6.14)

We have the following lemma.

Lemma 6.2.1. Define r € F(Z.,U) by

0 _ 5o fig0 > 1
r(n) = {u 2jm0 G e (6.15)

ul, n=0.
Then for u given by (6.13b),

u=r—J(G(pou)). (6.16)
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Proof. We have by (6.2) and (6.3),

Cz(n) 4+ D(powu)(n)

e+ YIS CACDIB(pow)(j) + Digouw)(n), n> 1,
B {C’xO—i—D(goou)(O), n =0,
= CA" 2" + (G(pou))(n), VneZs;.

Therefore by (6.14),

_ [ = Ei5ea = (Glpow)(),  n>1,
u(”) - 0
u’, n =0.
Hence with r as defined in (6.15), it is clear that (6.16) holds. O

Remark 6.2.2. Before stating the main results of this section, we remark that if
system (6.1) is strongly stable, then G € H*(E;, #(U)) and hence G is analytic
on E;. If additionally 1 € res(A), then G extends analytically to a neighbourhood
of 1, so that

1

lirr% 1(G}(z) ~G(1))=G/(1)=-C(I - A) B,

z—1 z —
e e G(2)~ G~ (~ )G(1) _1

z) — —(z—
li =-G"(1

showing that G satisfies assumption (A’) and hence, in particular, assumption
(A). O

In the next two results we assume that ¢ is time-independent and that U = R.

Theorem 6.2.3. Assume that system (6.1) is strongly stable, 1 € res(A) and
G(1) > 0. Let ¢ : R — R be a measurable non-decreasing non-linearity and let
(x,u) be the unique solution of (6.13). If there exist numbers ¢ > 0, € > 0 and
a € (0,00) such that (4.2) and (4.3) hold, then there exists a constant K > 0
(which depends only on (A, B,C, D), q, €, a and G, but not on u® and z°) such
that

2l + [lullie + | Aoulliz + [l 0 ullie < K ([l + [u”]).

Moreover, lim,,_,o, z(n) = 0.

The proof of Theorem 6.2.3 follows from an application of Theorem 4.1.2. The ar-
guments used to prove Theorem 6.2.3 are similar to those used to prove Theorem
6.2.5 and so we omit the proof of Theorem 6.2.3.
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Theorem 6.2.4. Assume that system (6.1) is power stable and G(1) > 0. Let
¢ : R — R be measurable, locally Lipschitz and non-decreasing and let (z,u) be
the unique solution of (6.13). If there exist numbers ¢ > 0 and a € (0,00) such
that (4.2) and (4.40) hold, then, for each R > 0, there exists a constant Kr > 0
(which depends only on R, (A, B,C, D), q, a and G, but not on u® and x°) such
that

[l + [lullie < Kr((l2]] + [u)), (6.17)

for all (x°,u°) € X x R with ||2°|| + |u’] < R.
The proof of Theorem 6.2.4 follows from an application of Theorem 4.1.3. The ar-

guments used to prove Theorem 6.2.4 are similar to those used to prove Theorem
6.2.6 and so we omit the proof of Theorem 6.2.4.

Theorem 6.2.5. Assume that system (6.1) is strongly stable, 1 € res(A) and
G(1) is invertible. Let ¢ : Zy x U — U be a non-linearity. Suppose there exist
self-adjoint P € B(U), invertible Q € AB(U) with QG(1) = [QG(1)]* > 0 and a
number € > 0 such that (4.52) and (4.53) hold. Let (x,u) be the unique solution of
(6.13). Then there exists a constant K > 0 (which depends only on (A, B,C, D),
G, Q, P and ¢, but not on u® and 2°) such that

2l + Ilullie + | Aullie + [l 0 ullie < K (2] + [|u’l])- (6.18)

Moreover, lim,, o, z(n) = 0.

Proof. Let (z,u) be the unique solution of (6.13). By Lemma 6.2.1, u satisfies
(6.16) with r given by (6.15). In order to apply Theorem 4.2.1 to (6.16), we need
to verify the relevant assumptions. It is clear (see Remark 6.2.2), that G satisfies
assumption (A). To show that r € m?(Z,U), we first note that,

n—1
ZC’A%O =CO(I — A2 —CcA™(I — A) 1, Vn>1.
=0

Hence
r(n) =u’ — CA(I — A)'2® + CA™(I — A)~a®, VneZ,.

We remark that since 1 € res(A), we have that (I — A)~! € Z(X). By (6.5), the
function n — CA™(I — A)~'az" € I*(Z,,U). Consequently, r € m?*(Z,,U).

An application of Theorem 4.2.1 shows that there exists a constant K; > 0 (not
depending on r) such that

[ulliee + [[Aulliz + [l o ullp < Kyflr|lme. (6.19)

113



Since ¢ o u € [*(Z,,U), it follows from Lemma 6.1.5 that = € [*(Z.,U),
lim,, o x(n) = 0 and

e < Ko (ll2°l] + [l 0 ullie), (6.20)

for some suitable constant Ky > 0 (not depending on x° and u).

Using (6.5) we have

oo 1/2
e = (Z lCea(r - A)lvaHQ) Tl = CA(L = 4)'20)

j=0

< BT = A) 2| + [lu” = CA(I — A)~"a),
for some 3 > 0. Therefore,
Irllme < Ks(ll2°l] + [1u®]]) (6.21)

for suitable constant K3 > 0 (not depending on x° and «°). Combining (6.19)-
(6.21) shows that there exists a constant K > 0 (not depending on z° and u°),
such that (6.18) holds. O

If o(n,0) = 0 for all n € Z,, then for 2° = 0 and u° = 0, the trivial function
n+— (0,0) is the unique solution of (6.13), called the zero solution.

Theorem 6.2.6. Assume that system (6.1) is power stable and G(1) is invertible.
Let ¢ : Z, x U — U be a non-linearity and (z,u) be the unique solution of
(6.13). If there exist self-adjoint P € AB(U), invertible QQ € B(U) with QG(1) =
[QG((1)]* > 0 such that (4.52) and (4.92) hold, then the following statements
hold.

1. We have x € I*°(Z4,X) and u € [*°(Z4,U). Furthermore, assume that
@ Zy xU — U is such that (n,v) — @(n,v) is locally Lipschitz in v,
uniformly in n. Then, for each R > 0, there exists a constant Kr > 0
(which depends only on R, (A,B,C,D), G, Q and P, but not on u° and
2%) such that

llioe + llullie < Kr(ll2®l] + [lull]), (6.22)

for all (2°,u°) € X x U with ||2°|| + ||«°]| < R.

2. If v satisfies assumptions (B), (C) (see Theorem 4.2.1) and (E) (see Theo-
rem 4.2.4) and, additionally, o is continuous and ©~1(0) is totally discon-
nected, then

lim u(n) € ¢ 1(0) and lim z(n) = 0.

n—oo n—oo
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If further =1(0) = {0}, then the zero solution of (6.13) is globally attrac-
tive, that is
lim u(n) =0 and lim z(n) =0,

n—oo n—oo

for all (2°,u°) € X x U.

Proof. Let (z,u) be the unique solution of (6.13). By Lemma 6.2.1, u satisfies
(6.16) with r given by (6.15). In order to apply Theorem 4.2.4 to (6.16), we need
to verify the relevant assumptions. Since system (6.1) is power stable we have
G € H*(E,, #(U)) for some o € (0,1) and hence G satisfies assumption (A).
To see that r € m'(Z,,U), note that, as in the proof of Theorem 6.2.5, we have

r(n) =u’ — O(I — A)'2® + CA™(I — A)~'a?, VneZ,. (6.23)

It follows from the power stability of A that n +— CA"(I — A)~'2%isin IY(Z,,U)
and hence r € m*(Z,,U).

Proof of statement 1: An application of Theorem 4.2.4 now yields u € [*°(Zy,U)
and that there exists a constant K; > 0 (not depending on ), such that

|w|[ie < K17t - (6.24)
Note that by power stability of A, it follows from (6.23) that
Il < Ko (ll2®ll + [|u°[]) (6.25)

for some constant Ky > 0 (not depending on z° or u°). Combining (6.24) and
(6.25) yields
lullise < Ks([|2°] + u°[]), (6.26)

for some constant K3 > 0 (not depending on 2V or uo).
Since u € [*°(Z,U) and ¢ is locally Lipschitz, it follows that ¢ ou € [*(Z,,U).
Consequently, by Lemma 6.1.7, x € [*°(Z,, X) and there exists a constant K, > 0

(not depending on z° and n) such that
2]l < Ka(|2°(] + [l 0 ulli=).- (6.27)

Let R > 0 and assume that ||2°] +]|u°|| < R. By (4.52), ¢(n,0) = 0 (that is, ¢ is
unbiased). Combining the fact that ¢ is locally Lipschitz with its unbiasedness,
there exists a constant K5 > 0 such that

lo(n, O < Ksliéll,  VneZy, [&ll <k

Consequently, by (6.26), there exists a constant K¢ > 0 (not depending on x° or

u®) such that
(e 0 uw) ()| < Ko(l|2°]| + [lu’]])- (6.28)
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By (6.28), together with (6.27) and (6.26), it follows that there exists a constant
Kpg > 0 such that (6.22) holds.

Proof of Statement 2: If ¢ satisfies assumptions (B), (C) and (E), ¢ is continuous
and ¢ 1(0) is totally disconnected, an application of Theorem 4.2.4 shows that
lim,, . u(n) € ¢71(0). Therefore, lim,, .o (¢ o u)(n) = 0 and so by Lemma 6.1.7
we see that lim,, .., z(n) = 0. Tt is clear that if ¢~ '(0) = {0}, then lim,, ., u(n) =
0 and the last part of statement 2 follows. O

We now consider system (6.1) with input non-linearity v = ¢ o u in feedback
interconnection with the integrator

z2(n+1) = 2z(n) — Cx(n) — D(pou)(n), =z(0)=2"cU,
u(n) = z(n) = Ca(n) = D(p o u)(n),

z(n+1) = Az(n) + B((p ou)(n), =x(0)=a2"¢€ X, (6.29a)
z(n+1) = z(n) — Cx(n) — D(pou)(n), =2(0)=2z"€l, (6.29b)
u(n) = 2(n) — Ca(n) — D(pow)(n), w(0)=welU. (629)

Then it is clear by (6.29b) and (6.29¢), that,
u =29 — Jo(Cx + D(pou)). (6.30)

It can easily be seen that (6.29) has at least one solution (z,u) (a unique solution,
respectively) if, for every n € Z, the map f,, : U — U defined by

fn(&) =&+ Dp(n,£), ¥V (n,§) € Zy x U,

is surjective (bijective, respectively).

We have the following lemma.

Lemma 6.2.7. Define r € F(Z.,U) by
n) = zO—ZCijO, VneZys.

Then,
u=r—Jy(G(pou)). (6.31)

Proof. The proof of Lemma 6.2.7 is similar to the proof of Lemma 6.2.1. O

In the next two results we assume that ¢ is time-independent and that U = R.
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Theorem 6.2.8. Assume that system (6.1) is strongly stable, 1 € res(A) and
G(1) > 0. Let ¢ : R — R be a measurable non-decreasing non-linearity and let
(x,u) be a solution of (6.29). If there exist numbers ¢ >0, € > 0 and a € (0, 00]
such that (4.2) and (4.107) hold then the conclusions of Theorem 6.2.3 hold.

Proof. The proof of Theorem 6.2.8 is similar to the proof of Theorem 6.2.3, but
in this case an application of Theorem 4.3.2 to (6.31) is required. O

Theorem 6.2.9. Assume that system (6.1) is power stable and G(1) > 0. Let
¢ : R — R be measurable, locally Lipschitz and non-decreasing. Suppose there
exist numbers ¢ > 0 and a € (0,00] such that (4.2) and (4.118) hold. Let (x,u)
be a solution of (6.29). Then the conclusions of Theorem 6.2.4 hold.

Proof. The proof of Theorem 6.2.9 is similar to the proof of Theorem 6.2.4, but
in this case an application of Theorem 4.3.3 to (6.31) is required. O

Theorem 6.2.10. Assume that system (6.1) is strongly stable, 1 € res(A) and
G(1) is invertible. Let ¢ : Zy x U — U be a non-linearity. Suppose there exist
self-adjoint P € B(U), invertible Q € B(U) with QG(1) = [QG(1)]* > 0 and
a number € > 0 such that (4.52) and (4.119) hold. Let (z,u) be a solution of
(6.29). Then the conclusions of Theorem 6.2.5 hold.

Proof. The proof of Theorem 6.2.10 is similar to the proof of Theorem 6.2.5,
but in this case an application of Theorem 4.3.4 to (6.31) is required. O

Theorem 6.2.11. Assume that system (6.1) is power stable and G(1) is invert-
wble. Let ¢ : Z, x U — U be a non-linearity. Suppose there exist self-adjoint
P e B(U), invertible Q € B(U) with QG(1) = [QG(1)]* > 0 such that, (4.52)
and (4.131) hold. Let (x,u) be a solution of (6.29). Then the conclusions of
Theorem 6.2.6 hold.

Proof. The proof of Theorem 6.2.11 is similar to the proof of Theorem 6.2.6,
but in this case an application of Theorem 4.3.6 to (6.31) is required. O

6.3 Low-gain integral control of discrete-time
state-space systems subject to input /output
non-linearities

In this section we present ‘state-space’ versions of the results in Chapter 5. We
assume throughout this section that U = R. Let ¢ : R — R be a static non-
linearity, p,k € R and d be an external disturbance. Consider the discrete-time
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system (6.1), with input non-linearity v = ¢ o u in feedback interconnection with
the integrator Au = k(p¥ — d — w), that is,

z(n+1) = Az(n) + B(pou)(n), z(0)=2"¢€ X, (6.32a)
u(n +1) = u(n) + k(p — d(n) — Cz(n) — D(pou)(n)), u(0)=u’<cR.
(6.32b)

Then it is clear by (6.32b) that
u= v+ kJ(py —d — Cx — D(pou)). (6.33)
We now have the following lemma.

Lemma 6.3.1. Define g € F(Z,,R) by g(n) := CA"z° for alln € Z,. Then for
u given by (6.32b),

u=u"d+ kJ(pd — (g+d + G(pou))). (6.34)

Proof. With g(n) := CA"z" we have by (6.2) and (6.3),

Cz(n) + D(p o u)(n)

_JoAra® £ 371 CAPTYTIB(p o w)(5) + D(p o w)(n), n
Cz° + D(p o u)(0), n =0,

— OA + (Glp o w)(n)

=g(n) +(Glpow)(n),  Vne,.

Therefore by (6.33),

wn) = 4 € HFES P = 00 +d0) + (Ceew)G),  nz21,
u?, n=0,
or equivalently, (6.34) holds. O

Theorem 6.3.2. Assume that system (6.1) is strongly stable, 1 € res(A) and
G(1) > 0. Let ¢ : R — R be locally Lipschitz continuous and non-decreasing.
Suppose that d = dy + dy9 with Jdy € m*(Z,,R) and dy € R. Let p € R, assume
that (p — dy)/G(1) € imp and let (x,u) be the unique solution of (6.32). Under
these conditions the following statements hold.

1. Assume that ¢ — p(0) € .#(a) for some a € (0,00). Then there exists a
constant k* € (0,00) (depending on G, ¢ and p) such that for all k € (0, k*),
the limits lim, .o z(n) =: 2 and lim, ., u(n) =: u™ exist and satisfy
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2% = ((p = d2)/G(1))(I = A)'B and p(u™) = (p — da) /G(1),
e=Au/k € *(Z,,R) and pou— p(u™) e l*(Z,,R).
In particular, lim, . e(n) = 0.

2. Assume that ¢ is globally Lipschitz continuous with Lipschitz constant \ >
0. Then the conclusions of statement 1 are valid with k* = 1/|\f;(G)|,
where f;(G) is given by (5.2).

Proof. By Lemma 6.3.1, u satisfies
u=u"d+ kJ(pd — (g+d+ G(pou))). (6.35)

where g(n) := C A"z".

Proof of Statement 1: In order to apply Theorem 5.1.2 to (6.35), we need to
verify the relevant assumptions. It is clear (see Remark 6.2.2) that G satisfies
assumption (A’). By an argument identical to that in the proof of Theorem 6.2.5,
the function n +— (Jg)(n) is in m*(Z, R).

An application of Theorem 5.1.2 shows that there exists £* > 0 (not depending
on 2V and u°) such that if k € (0, k*) then lim,, o, u(n) =: u* exists and satisfies
o(u>®) = (p—dy)/G(1), e € I*(Z,,R) and p o u — p(u™®) € I*(Z,,R). For
the rest of the proof of statement 1, let & € (0,k*). To prove the remaining
assertions in statement 1, let u” € R be such that ¢(u”) = (p—dy)/G(1). Define
z(+) == x(-) — 2 and v(-) := u(-) — w” and set

P&) = +u’) —p(u), VEeR
Noting that
B(Fow)(n) = By(v +u”)(n) — Bp(u?) = B(p ou)(n) — B(p — d2)/G(1),

and
z(n+1)—Az(n) =x(n+1) — Az(n) — (I — A)z™,

it follows easily from (6.32a) that
z(n+1) = Az(n) + B(g ov)(n). (6.36)

Since,
Fov=pou—pu) = pou—puT) € AL,R),

it follows from Lemma 6.1.5 applied to (6.36) that lim, . ||z(n)|| = 0 showing
that x(n) converges to ™ as n — oo.
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Proof of Statement 2: It follows immediately from Theorem 5.1.2 and the proof of
statement 1, that the conclusions of statement 1 are valid with k* = 1/|\f;(G)|.
O

We now consider the discrete-time system (6.1) with input non-linearity ¢ o u in
feedback interconnection with the integrator

z(n+1) =z2(n) — Cx(n) — D(pou)(n), =z(0)=2z"cR,
u(n) = z(n) — Cx(n) — D(p o u)(n),

where z denotes the integrator state. Equivalently,

x(n+1) = Az(n) + B(pou)(n), =z(0)=2"¢€ X, (6.37a)
2(n+1) = z(n) + k(p — d(n) — Cz(n) — D(pou)(n)), =2(0)=z:"€R,
(6.37h)
u(n) = z(n) + k(p —d(n) — Cx(n) — D(pou)(n)), u(0)=u"cR.
(6.37¢)

Theorem 6.3.3. Assume that system (6.1) is strongly stable, 1 € res(A) and
G(1) > 0. Let ¢ : R — R be locally Lipschitz continuous and non-decreasing.
Suppose that d = dy + do¥) with Jod; € m*(Z,,R) and dy € R. Let p € R, assume
that (p — dy)/G(1) € imp and let (x,u) be a solution of (6.37). Under these
conditions the following statements hold.

1. Assume that ¢ — p(0) € L (a) for some a € (0,00). Then there exists a
constant k* € (0, 00| (depending on G, ¢ and p) such that for all k € (0, k*),
the limits lim, .., x(n) =: *° and lim,_ . u(n) =: u™ exist and satisfy

2% = ((p—d2)/G(1)(I = A)7'B and (u™) = (p— d2)/G(1), respectively,
1
e= E(Aou —200) € *(Z,,R) and pou— p(u™) € *(Z,R).
In particular, lim, . e(n) = 0. If f;,(G) = 0 (where f;,(G) is given by
(5.12)), then the above conclusions are valid with k* = co.

2. Assume that ¢ is globally Lipschitz continuous with Lipschitz constant \ >
0. Then the conclusions of statement 1 are valid with k* = 1/|\f;,(G)]
(where 1/0 := 00).

3. Under the assumption that f;(G) > 0, the conclusions of statement 1 are
valid with k* = oo.

Proof. The proof of statements 1 and 2 of Theorem 6.3.3 follow in a similar way
to the proof of Theorem 6.3.2 but in this case an application of Theorem 5.1.4 is
required.
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Proof of Statement 3: Statement 3 follows from statement 3 of Theorem 5.1.4
and arguments similar to those in the proof of statement 1. O

We now consider a discrete-time system with input and output non-linearities.
Let ¢ : R — R and ¥ : R — R be static input and output non-linearities,
respectively, let p € R, k : Z, — R be a time-varying gain, d an external
disturbance, and consider the discrete-time system (6.1), with input non-linearity
v = @ ou in feedback interconnection with the integrator Au = r(pt — d — y)
(where y = ¢ o w), that is,

r(n+1) = Az(n) + B(pou)(n), z(0) = 2" € X, (6.38a)
un+1) =u(n) 4+ k(n)(p —dn) — (Yo (Cx+ D(pou))(n))), (6.38b)
u(0) = u” € R.

Then it is clear by iterating (6.38a) that
u=u" + J(k(pY —d — o (Cx+ D(pou)))). (6.39)

We define the tracking error e(n) := p — d(n) — y(n) for all n € Z,.

Theorem 6.3.4. Assume that system (6.1) is strongly stable, 1 € res(A), and
G(1) > 0. Let p : R — R and p : R — R be non-decreasing and globally
Lipschitz continuous with Lipschitz constants \y > 0 and Ay > 0. Suppose that
d = dl +d219 with d1 S ll(Z+,R), dg € R and n — Z;O:n|d1(j)| c l2(Z+,R),
p—dy € Z(G,p,7) and k : Z, — R is bounded and non-negative with

limsup k(n) < 1/|A\ A2 fo.s(G)],

n—oo

where fo ;(G) is given by (5.19). Let (x,u) be the unique solution of (6.38). Then
the following statements hold.

1. The limit (¢ o w)® = lim, .. p(u(n)) exists and is finite, N(p o u) €
12(Zy,R) and lim,, .o z(n) = (I — A)"'B(p o u)™.

2. If k ¢ IM(Z4,R), then lim,_(d(n) + (Y oy)(n)) = p, or equivalently,

lim e(n) = 0.

n—oo

3. If p— dy is an interior point of Z(G,p, ), then u is bounded.

Proof. Let (z,u) be the unique solution of (6.38). Using (6.39), and invoking
(6.2) and (6.3), a routine calculation, using arguments similar to those used to
prove Lemma 6.3.1, shows that for u given by (6.38b),

u=u" + J(k(pd — d = (g + (Glpou))))), (6.40)
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where g(n) := CA"z°. In order to apply Theorem 5.2.2 to (6.40), we need to
verify the relevant assumptions. It is clear (see Remark 6.2.2) that G satisfies
assumption (A). By (6.5),

S ' 1/2
(Z HCA’JJO||2) < BlI="1,
=0

for some 3 > 0, hence g € [*(Z,,R). Statements 2 and 3 now follow immediately
from the application of Theorem 5.2.2 to (6.40). It remains to show statement
1 holds. Again applying Theorem 5.2.2 to (6.40), we immediately obtain that
(pou)™ :=lim, .. ¢(u(n)) exists and is finite and A(pou) € I*(Zy,R). It then

follows from Lemma 6.1.6 that lim,, ... z(n) = (I — A)"'B(p o u)™. O
Remark 6.3.5. Note that it is also possible to obtain a state-space version of
Theorem 5.2.4 under similar assumptions to those in Theorem 6.3.4. &

6.4 Notes and references

The (non-trivial) example of a strongly stable discrete-time system which is not
a power stable system (see Example 6.1.3), is new. Lemmas 6.1.5, 6.1.6 and
6.1.7, which give asymptotic properties of the state x, are new for discrete-time
systems but analogous results for continuous-time systems are well-known. The
results in §6.2 give state-space versions of the absolute stability theory developed
in Chapter 4. We remark that the absolute stability results in Chapter 4 which
assume a strict positive real condition (that is, ¢ > 0) apply to strongly stable
state-space systems with 1 € res(A), whereas, those absolute stability results in
Chapter 4 with non-strict positive real condition (that is, € = 0) apply to power
stable state-space systems. This mimics the continuous-time absolute stability
theory developed in [9] and [10]; the absolute stability results in [9] being applied
to strongly stable state-space systems with 0 in the resolvent set of the semigroup
generator, and the absolute stability results in [10] being applied to exponentially
stable state-space systems. The results in §6.3 form state-space versions of the
low-gain integral control results in Chapter 5. The results in §6.3 significantly
improve on results in the existing literature in the sense that here the underlying
state-space system is assumed to be strongly stable (a larger class of systems than
power-stable systems, see Example 6.1.3) whereas, the results in [17], [34], [37]
and [42] assume that the underlying state-space system is power-stable. Further-
more, note that the results in [17] are obtained in a finite-dimensional setting, the
results in [34] and [37] do not allow for output non- linearities, and the results
in [42] do not consider any non-linearities. The absolute stability results with
non-strict positive real condition, together with the results in §6.2 and Example
6.1.3, form the basis of §4 of [5].
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Chapter 7

Steady-state gains and
sample-hold discretisations of
continuous-time
infinite-dimensional linear
systems

In this chapter we begin by discussing transfer functions of bounded linear shift-
invariant operators on L?(R ., U). We next introduce the concepts of asymptotic
steady-state gain, L?-steady-state gain and step error in continuous time. Analo-
gous concepts in discrete time were introduced in Chapter 3. Next we introduce
the ideal sampling, generalised sampling and zero-order hold operators and state
basic boundedness properties of each operator. Finally, under a mild assumption
on the continuous-time system it is shown that the existence of the (continuous-
time) L*-steady-state gain implies the existence of the [*-steady-state gain of the
sample-hold discretisation. Moreover, (under a further natural assumption in the
case of sample-hold discretisation with generalised sampling) we see that these
two gains coincide.

7.1 Transfer functions of continuous-time oper-
ators

Recall that X denotes a Banach space, U denotes a Hilbert space and for o € R,
we have C, := {s € C | Re s > a}.
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Definition. Let f: Cy — X be holomorphic. Setting

00 1/2
1= (sup [ o+ i)l )
x>0 J -0

and

[f1[mee == sup || f(2)]],

z€Co

the Hardy-Lebesgue spaces H?*(Cy, X) and H*(Cy, X) are defined to consist of
all f for which || f||g2 < 0o and || f||g~ < 00, respectively.

Let f € H*(Cy,U). Then f has boundary values f*(iy) := lim, .oy f(z + 1y) at
almost all points y € R (see [50], Theorem B, p. 85). Moreover, f* € L*(iR,U)
and || f*|[zz = [|f]| .

Theorem 7.1.1 (Paley-Wiener). Let f € H*(Cy,U). Then, there exists g €
L*(R,,U) such that Lg = f and || f||gz = V27 ||g| -

Let G, € B(L*(R,,U)) be shift-invariant. As is well known (see, for example,
[64], Theorem 2.3), G. has a transfer function G, € H*(Cy, Z(U)) in the sense
that

(Z(Geu))(s) = Ge(s)(L(uw))(s), Vue L*(Ry,U), s € Cy.

By shift-invariance, G. is causal, and therefore G. extends to a shift-invariant op-
erator from L7 (R, U) into itself. We shall use the same symbol G, to denote the
(R-i—? U)

original operator on L?(Ry,U) and its shift-invariant extension to L

7.2 Continuous-time steady-state gains and step
error

Let G. € Z(L*(R,U)) be shift-invariant.
Definition. If there exists an operator I'. € Z(U) such that

lim (Gu(0.6))(1) =T, VEEU,

then we say that I'. is the asymptotic steady-state gain of G.. Moreover, if there
exists an operator I'. € Z(U) such that

Gc(ﬁcg) - ﬁcrcg € L2(R+a U) ) Vf € U,
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then I, is said to be the L*-steady-state gain of G.. If the asymptotic steady-state
gain or the L2-steady-state gain of G, exist, then, for £ € U, the function
0% = G (9.£) — 9.

c

is said to be the step error associated with &.

The asymptotic steady-state gain and the L?-steady-state gain may or may not
exist. In contrast to the discrete-time case (see Chapter 3), the existence of one
does not imply the existence of the other. Trivially, if they both exist, then they
coincide. If T, is the L2-steady-state gain of G, then it is not guaranteed that
o8(t) — 0 as t — oco. However, since 05 € L*(R,, U), it follows from Proposition
2.1.13 that o%(t) converges to 0 in measure as ¢ — oo in the sense that, for every
e >0,
Tim m ({t> T lof(0)] > £}) = 0.

where m denotes the Lebesgue measure.

Of course, under the additonal assumption that G, is the input-output operator
of a finite-dimensional state-space system (i.e., G. is rational), the asymptotic
steady-state gain and the L?-steady-state gain exist and are given by G.(0);
furthermore, there exist M > 0 and a < 0 such that ||o$(t)| < Me*t||€]| for all
te R, and for all £ € U = R™.

We introduce the following assumption on the transfer function G of G..

(Ac) There exists I'. € Z(U) such that

1(G0(3> —-T.)

. < 00. (7.1)

lim sup
s—0,s€Cq

Remark 7.2.1. If G, extends analytically into a neighbourhood of 0 (which in
particular is the case if G, € B(L2(R,,U)) for some a < 0), then (A.) holds with
I'. = G.(0). Furthermore, if G, is the transfer function of a strongly stable well-
posed state-space system (see Lemma 9.1.6 for more details) with the additional
property that 0 is in the resolvent set of the semigroup generator (which is trivially
true for exponentially stable well-posed systems), then (A.) holds. O

Note that if G, satisfies assumption (A.), then it follows easily from Theorem
7.1.1 that there exists a constant v > 0 such that

logllze <aligl,  YeeU,

showing that the operator ¥, : € — 0% is in B(U, L>(R,,U)). In particular, if
assumption (A,) holds, then T, is the L-steady-state gain of G.. Using Remark
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7.2.1, it can be easily shown that, if G. € Z(L2(R,,U)) for some o < 0, then
5. € B(U, L2(R,,U)).

The next result gives a time-domain characterization of assumption (A.).

Lemma 7.2.2. Let G. € B(L*(R.,U)) be shift-invariant with transfer function
G. and let T'. € B(U). Then (7.1) holds (i.e., G, satisfies assumption (A.)) if
and only if G..% —T..% € B(L*(Ry,U)).

Proof. (=) Suppose that G, satisfies assumption (A.). Consider the operator
G.¥ — I'..#. By shift-invariance of G. and .# it follows that G..¥ — I'..# is

shift-invariant and its transfer function is given by
(Gc(s) - Fc)/sa RS CO-

From assumption (A.) and the fact that G. € H>*(Cy, Z(U)), we conclude that,
s (G(s) —T.)/s € H®(Cy, B(U)) and so G..¥ —T'..¥ € B(L*(R,,U)).

(<) Suppose G..¥ —T'..% € B(L*(R,,U)). As before, since G. and .# are shift-
invariant, it follows that G..# —I'..# is shift-invariant. Consequently, G..¥ —I"..%
has a H*(Cy, Z(U)) transfer function. Since this transfer function is given by

(Ge(s) —=T.)/s, s € Cy,

it follows that assumption (A.) holds. O

We emphasize that assumption (A.) does not guarantee that I, is the asymptotic
steady-state gain of G, (or, equivalently, that o$(t) — 0 as t — oo for every
¢ € U). However, the following result holds.

Proposition 7.2.3. Let G. € B(L*(R,,U)) be shift-invariant with transfer
function G.. If assumption (A.) holds and if limy_..(G.u)(t) = 0 for all u €
C>®(Ry,U) with compact support, then

lim o$(t) =0, véEeU.

c
t—o00

Proof. Let £ € U be arbitrary. Choose 97 in C*°(R,,R) such that
9¥1(0) =0, () =1, Vi>1.
Moreover, define ¥y := 9, — ;. Setting H. := G..¥ — I'..#, we have that
Go(Vef) = Go(91€) + Go(92€) = Ho(1h€) + hT o€ + Go(12€) .

Obviously, 95 is in C*°(R,,R) and has compact support. Therefore, by hypoth-
esis, limy o (G.(92€))(t) = 0. Hence, by choice of 91,

Jim (D1()T6 + (G(:6)) (1)) = T
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Therefore it remains to show that

lim (H.(:€))(t) = 0. (7.2)

t—o0

It follows from assumption (A.) and Lemma 7.2.2 that H. € %(L*(Ry,U)).
Clearly, ¥, € L*(R;,R) and so

Ho(0:€) € L*(Ry, U). (7.3)

By shift-invariance, G, commutes with .#, and so

%(Hc(ﬁlg)) — GL(h€) — iTE € I2(R,UT).

Combining this with (7.3), we conclude from Proposition 2.1.14 that (7.2) holds.
O

Furthermore, we have the following result on the behaviour of G.u for converging
inputs .

Proposition 7.2.4. Let G, € B(L*(R.,U)) be shift-invariant with transfer func-
tion G.. Assume that (A.) is satisfied.

(a) If u € L (Ry,U) is such that u™ = limy . u(t) exists and u — Y u> €

loc

LRy, U), then Gou — 9T u™ € L2(R., U).

(b) Assume that G. has the additional property that lim;_.(G.u)(t) = 0 for all
u € C®(Ry,U) with compact support. If u € Wi (R, U) is such that 1 €
L3Ry, U) and u™ :=limy o u(t) exists, then lim; . (G.u)(t) = T .u™.

Proof. (a) Note that,
Geu— 9w =Go(u—9u>) + Gu™ — 9. u™. (7.4)

Since by assumption G. € B(L*(R,,U)) and u—9J.u> € L*(Ry,U) it follows that
G.(u—9.u>) € L*(R,,U). Furthermore, since assumption (A.) holds, T, is the
L*-steady-state gain of G, and so G.9.u>® — 9. u>* € L*(R,,U). Consequently,
it follows from (7.4) that Gou — 9 .Lu™ € L*(R,, U).

(b) Setting H, := G..¥ —T'..7, it follows that,
H. = Gou — Tou — (G ,u(0) — Tedou(0)) = Gou — Tou — 040, (7.5)

It follows from assumption (A.) and Lemma 7.2.2 that H. € Z(L*(R,,U)). By
assumption u € L*(R,,U) and so

Ha € L*(Ry,U). (7.6)
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By shift-invariance G, commutes with .#, and so
d, .. : . 2
E(Hu) =Gau—Tae L*(Ry,U). (7.7)

Combining (7.6) and (7.7), we see from Proposition 2.1.14 that lim; .. (Hu)(t) =
0. Consequently, it follows from (7.5) that

lim ((Geu)(t) — Tou(t) — 0O (t)) = 0. (7.8)

t—o0

Invoking Proposition 7.2.3 with £ = u(0) we see that lim;_,« ot (t) = 0 and so,
from (7.8) we have

lim (Gu)(t) = tlim Cou(t) =Tu™.

t—o0

7.3 Hold and sample operators

We begin this section by introducing the notion of a hold operator, an ideal
sampling operator and a generalised sampling operator. Let 7 > 0 denote the
sampling period.

Definition. The hold operator H : F(Z,,U) — L?

loc

(R4, U) is given by
(Hu)(t) := u(n), t € [nT,(n+1)7).

The operator H is also known as zero-order hold. We define the ideal-sampling
operator, Sy : F(R,U) — F(Z+,U) by

(S1y)(n) :=y(nt), VneZ,.

For a given function w € L*(0,7) (said to be the weighting function) with the

property
w(s) >0, ae. s€e|0,71]

the generalised sampling operator S : L2 (R, U) — F(Z,,U) is defined by

loc

0, if n=0,
Jo w(s)y((n—1)7+s)ds, ifn>1.

(Sy)(n) == {

Remark 7.3.1. It is also possible to define a generalised sampling operator
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g:L2

loc

(R..U) — F(Z,,U) by
(Sy)(n) = /OTw(s)y(nT +s)ds, VneZ,.

We note that all the results in this chapter remain true if S is replaced by S.
However, if generalised sampler S is used in sampled-data control (see Figure
7.1), then the output of the discrete-time controller K (a causal operator from
F(Z,U) into itself) is given by the sequence K (S(y)), where y is the continuous-
time plant output. In combination with zero-order hold this leads to a continuous-

time control signal u of the form
u=f+HK(Sy),

for some given f € L2 (R, ,U). To compute u(t) for t € [n7, (n+1)7), knowledge

of (K(Sy))(n) is required at time ¢t = n7. However, whilst (Sy)(n) is available at
time ¢ = (n + 1)7, it is not known at time t = n7. Therefore (K (Sy))(n) should
only depend on (gy)(j) for 0 < 7 < n —1, but not on (gy)(n) We conclude
that K needs to be strictly causal for the sampled-data system to be well-defined.

With generalised sampler given by &, the assumption of strict causality of the

discrete-time controller K is not required. &
.
+
o " Y oG J
K | 5

Figure 7.1: Sampled-data feedback system

Proposition 7.3.2. Let a € R and set 3 := e*". Then the hold and sampling
operators have the following properties:

(i) H e ‘%(l%(z-i—v U)’ Li(R-&-? U))7
(ii) S € ‘%(Li(R-H U)7 l%(Z-H U)),
(i) S; € BWW2(RL,U), 2(Z.,U)).

Proof. (i) The linearity of H is clear from the definition of H. Let a € R and
set 3 := e, Let u € I3(Z,U). First note that,

I(Hu)(®)e™|1* = [lu(n)e™™|*, ¥t € [nr,(n+1)7).
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Using the estimate e~ < el®ITe=e"7 for all ¢ € [n7, (n + 1)7), we obtain
[(Hu) (e < e |fu(n)e™"7||? = I |[u(n) 3", Yt € [n7, (n+1)7).

Hence it follows that

/0 ) (e P dt < reel S Ju()5 P

J=0

and so, [[Hullz < v/7e*|[ullz and H € B(5(Z,U), LE (R, U)).
(ii) Linearity of S is clear by the definition of S. Let y € L2(Ry,U) and set
B :=e*". Forn>1,

sl = | ([ wton = 1r 45 ds) e
- H </oTw(8)y((” — 17 +5) ds> g—a(n—1)r o7

/ w(s)y((n — 1)r + s)e @749 gg
0

< elal

IN

el / lw(s)y((n — 1) + 3)670‘((”’1)”5)\] ds
0

IN

. 1/2
ol 0 ( [ ot = 17 4+ sy vriope ds)
0

nr 1/2
_ ea'fnwnm,ﬂ( /( | ||y<s>e-%||2ds)
n—1)7

where, the first inequality follows from the estimate e=®7 < el®lTe=2s  for all
s € [0,7] and the third inequality follows from the fact that w € L?(0,7), y €
L2(R,,U) and Hoélder’s inequality. Hence it follows that

D IESn@BTIE =D 1(Sy) ()™

|20 3 /( e s
7’L:1 n— T

= T 2 / ly(s)eo|? ds.

IN

Consequently,

alT

lajr
ISyl < ez lwll2 0.0 lyllzz
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and we see that S € B(L2 (R, U), I3(Z,,U)).
(iii) Let f € Wh2(R,,U). We define an extension g of f in the following way,

_ ) f), t>0,
9(t) = {f(—t), t<0.

Then g is an even function, g € W'*(R,U) and ||g|lwrz®ey = 2| fllwrzw, v)-
Applying Proposition 2.1 of [30] (with s = 1 in the notation of [30]), we deduce
that

1S9l @0y < Yglwre@u), (7.9)
for some v > 0. Since g is even, S;g is even and [|Sig|p@zuy = 2/|Siflle@v)-

Consequently, it follows from (7.9) that

HSIfHZQ(Z+,U) < ’YHfHleQ(R+7U)>
that is, Sy € BZ(W2(R,,U),1*(Z,,U)). O

Where appropriate, we shall impose the following assumption on the shift-invariant

operator G, € Z(L*(R;,U)).
(Be)

lim (G.v)(t) =0, Yve POR,,U)NL*(R,,U) with v(t) — 0 as t — oo.

t—00
(7.10)
It will be explicitly stated when we assume assumption (B.) holds.

Remark 7.3.3. If U = R™ for some m € N, a sufficient condition for assumption
(Bc) to hold is that the convolution kernel of G, is a R™*™-valued Borel measure
on R, (see, for example, [21], Theorem 6.1 part (ii), p. 96). &

We require the following notation. Recall that 7 > 0 denotes the sampling period.
Suppose that ¢t € Ry. Then t € [n,7, (n; + 1)7), where

ny = |t/7] (7.11)

is the integer part of ¢/7, that is, the greatest integer m such that m <t¢/7.

We have the following result on the behaviour of G.Hv for converging sequences
v.

Proposition 7.3.4. Let G, € B(L*(R.,U)) be shift-invariant with transfer func-
tion G, satisfying assumption (A.). If v € F(Zy,U) is such that Av € 1*(Z,,U)
and v>° = lim, ., v(n) ezists, then

GCHU = kcl + kc2
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with imy_ o ket (t) = Tov™ and ke € L*(Ry,U). If additionally (B.) holds then,
limy o kea(t) = 0 and
lim (G.(Hv))(t) = T'.v™.

t—o00
Proof. Note that for all t € R

(F (H(Av)(t) = 7(J(Av))(ne) + (¢ — m7) (H(Av))(2)
=T1v(ny — 1) — 79.(t)v(0) + (t — ny7)(H(A))(t)
= 7(Hv)(t) — 70.(t)v(0) + (t — ne7) (H(Aw))(t), (7.12)

where n; is given by (7.11). Set h.(t) := (t — n,7)(H(Av))(¢t) for all t € Ry.
Using (7.12) it follows that, for t € R,

(Ge(F (H(A0))(1) = T(Ge(Hv))(t) = 7(Ge(Pev(0))) (1) + (Gehe)(t).  (7.13)

Setting H, := G..# —TI'..#, it follows from (7.12) and (7.13), with rearrangement,
that

1 1
G.(Hv) = ;HC(H(AU)) + ;Fchc + T Ho

1
+G.(V.0(0)) — Tw(0)d, — =G he. (7.14)
T
With . )
R ;HC(H(AU)) + ;Fchc +T' Hv
and

1
ke = G (9.0(0)) — T'w(0)d, — ;Gchc,
it is clear from (7.14) that G.(Hv) = ko + keo. We claim that

lim ke (1) = D™, (7.15)

To this end note that since Av € [(Z,,U), it follows that H(Av) € L*(R,,U)
and (H(Awv))(t) — 0 as t — oco. Noting that the function

t—t—mT=t—"7|t/T], tER,
is bounded (it takes values in [0, 7)), it follows that h. € L*(R,,U) and moreover,

lim he(t) = 0. (7.16)

It follows from assumption (A.) and Lemma 7.2.2 that H, € Z(L*(R,,U)) and
so H.(H(Av)) € L*(R,,U). Furthermore, the derivative of H.(H(Av)), namely
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GHAv — T HAv, is in L*(R,,U) and we deduce that

lim (. (H(A0)))(t) = 0. (7.17)

t—o0

Combining (7.16), (7.17) with the fact that v* := lim, .., v(n) exists, it fol-
lows that (7.15) holds. Tt remains to show that k.o € L*(R,,U). Since G. €
B(L*(R.,U)) and h, € L*(R.,U) it is clear that G.h. € L*(R,,U). Further-
more,

G.(V.v(0)) — T0(0)d, = 0;’(0)

and, by assumption (A,.), ot € L2(R,,U). Consequently, ke € LA(R,,U). If
additionally (B.) holds, replacing £ by v(0) in Proposition 7.2.3, it follows that

lim o?© () = lim [(G.(9.0(0)))(t) — Tev(0)d.(t)] = 0. (7.18)

t—oo © t—o0

Using (7.16) and the fact that h. € PC(R,,U) N L*(R,,U), we obtain

lim (Gohe)(t) = 0.

t—oo

Consequently, it is clear that given (B.) holds, lim;_,, k.2(t) = 0 and

lim (Go(H0))(t) = Jim ke (£) = Tev™.

t—o0

7.4 Sample-hold discretisations

Sample-hold discretisation with generalised sampling

Let G, € B(L*(R,,U)) be shift-invariant and let u € L*(R,,U). Due to the
potential irregularity of G.u, ideal sampling of G.u is meaningless. Therefore we
consider generalised sampling of G'.u. The sample-hold discretisation G of G, is

defined by
G :=SG.H. (7.19)

Proposition 7.4.1. Let G. € Z(L*(R,,U)) be shift-invariant. Then for G given
by (7.19), G € B(I1*(Z+,U)) and is shift-invariant.

Proof. Boundedness and linearity of G follow immediately from Proposition
7.3.2. Let u € I*(Zy,U). To see that G is shift-invariant we must show that

(SGu)(n) = (GSu)(n), VneZ;.
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We consider the following cases.
CASE 1: n = 0. It is clear by the definition of S and G that

0= ((SG)u)(0) = ((GS)u)(0).
CASE 2: n = 1. First note that
(S(Gu))(1) = (Gu)(0) = (S(GHu))(0) = 0.

By definition of G,

(G(Su))(1) = /0 " w(s)(GHSU)(s) ds.

Noting that
(HSu)(s) = (Su)(0) =0, Vselo,7),

it follows from causality of G. that (G.HSu)(s) = 0 for all s € [0, 7). Hence we
see that (SGu)(1) = (GSu)(1) = 0.
CASE 3: n > 2. We note that

(S(Gu)(n) = (Gu)(n=1) = [ w(s)GoHta)((n =27+ 5)ds
- /0 " w(3)(S, G Hu) (n — 1)r + 5) ds.
Consequently, by shift-invariance of G, it follows that
SG0)m) = [ w8 M0~ 17 +9)ds.
Noting that
(G = [ w(s)GHSW((n 17+ 5)ds

it remains to show that G.S;H = G HS. Let ¢t > 7. Then t € [T, (ny + 1)7),
where n; > 1 is given by (7.11). By definition of H, S and S,

(HSu)(t) = (Su)(n) = u(n, — 1),

and

(S;Hu)(t) = (Hu)(t — 7) = u(ny — 1).

So we have that

(S, Hu)(t) = (HSu)(t), Vt>r1.
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Furthermore, if t € [0, 7), then
(S, Hu)(t) = 0 = (HSu)(1).

Consequently,
(S, Hu)(t) = (HSu)(t), ViteR,

and so we see that
(G.(S;Hu))(t) = (G(HSu))(1), VteR,.

Hence ((SG)u)(n) = ((GS)u)(n) for all u € I*(Z,,U), n € Z, and we see that G
is shift-invariant. O

We require some preliminary results.

Lemma 7.4.2. S H —7HJy € B(1*(Z,,U), L*(R,,U)).

Proof. Let t € R, and u € [>(Z,U). Then by definition of H,

(S (Hu))(t) = / " (Hu)(s) ds + / (Hu)(s) ds = 7(Ju)(n) + (¢ — ner)u(ng)

and
(H(Jou)(t) = (Jou)(ne),
where n; is given by (7.11). Hence it follows that

I((FH = 7HIo)u) )| = lI7(Ju)(ne) + (& = mr)u(ng) — 7(Jou) ()|
= [t = nm)u(ng) = Tu(n)|
< (t = n)[ulng) | + 7lluln)|
< 27Ju(ny)|| ViteR,. (7.20)

By (7.20) N
/OOO I((FH = THIo)u)(B)]* dt < 4r° Y [u(n)|.
n=0
Hence it follows that
I(IH — THJo)ul| 2 < 27%||ul2

and we see that S H — 7HJy € B(I*(Z,,U), L*(R.,U)). O
Lemma 7.4.3. Let w € L*(0,7). Then

(/OTw@) ds)S — SH.
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Proof. Let u € [*(Z,,U). We shall show that

( JEC ds) (Su)(n) = (SHu)(n) ¥ n e,

CASE 1: n=0.

Clearly (S(Hu))(0) = 0 by the definition of S and also ( [ w(s)ds)(Su)(0) = 0
by definition of S.

CASE 2: n > 1.

We have

(S(Hu))(n) = /0 w(s)(Hu) ((n — )7 + s) ds. (7.21)

Consider (Hu)((n — 1)7 + s) where 0 < s < 7. Set t = (n — 1)7 +s. Then
t € [(n—1)7,n7) and by definition of H,

(Hu)(t) = u(n —1).

Hence from (7.21) we see that
s = [“wisyutn = s = ([Twis)dsJutn 1)

— ([ wras) s

which shows ([ w(s)ds)S = SH. 0

The following result is the key result of this subsection and shows that if assump-
tion (A.) holds for G., then G given by (7.19) satisfies assumption (A).

Theorem 7.4.4. Let G. € B(L*(R.,U)) be shift-invariant and suppose that
G € B(I*(Z,,U)) is given by (7.19). If the transfer function G. of G, satisfies
assumption (A.), then the transfer function G of G satisfies assumption (A) with
I'= ([, w(s)ds)T..

Remark 7.4.5. If additionally

[ weas=1,

it follows from Theorem 7.4.4 that the L?-steady-state gain of G. and [?-steady-
state gain of GG coincide. &

Proof of Theorem 7.4.4. By Lemma 3.4.2 it is sufficient to show that
GJo—TJy € B(I*(Zy,U)). (7.22)
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Since (A.) holds, it follows from Lemma 7.2.2 and Proposition 7.3.2 that
S(GI —T.IVH € B(*(Z.,U)).
Therefore, (7.22) is equivalent to the claim
GJo—TJy — %S(Gcﬂ —T.9)YH € B(I*(Zy,U)). (7.23)
Using (7.19) we have,
Gy~ Ty~ 28(Cod —Tet M
=SGHIy—TJy — %SGCJH + %FCSJH
= %SGC(THJO —IH)-TJy+ %FCSﬂH. (7.24)

By Lemma 7.4.2, Proposition 7.3.2 and the fact that G, € B(L*(R,,U)), we
have

1
;SGC(THJO — IH) € B(I*(Z,U)).

Combining this with (7.24), we see that, in order to verify (7.23) (and hence
(7.22)), it is sufficient to prove that

1
~TJy+ -T.SIH € B(*(Z,U)). (7.25)
T
To this end note that by Lemma 7.4.3 and the definition of T" it follows that,

1 r
Lo+ —TeSIH = —=(S(IH = THI)) = Do + TeSHJo

_ %(g(fﬂ — THJy)) — Ty + (/ w(s) ds) r.SJq
_ %(3(%{ _7HJy)) =T (7.26)

Consequently, by Lemma 7.4.2 and Proposition 7.3.2; it follows from (7.26) that
(7.25) holds. O

Sample-hold discretisation with ideal sampling

We assume throughout this subsection that U = R™ for some m € N and the
operator (. is given by convolution with a R™*™-valued Borel measure pz on R,
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that is,

Geu = p* u, Vue L (R, R™). (7.27)
We note that by standard properties of convolution of a measure and an LP
function (see, for example, [20], p. 271), G. € B(LP(R;,R™)) for 1 < p <

0o. The transfer function G. € H>(Cy, C™*™) of G. is given by the Laplace
transform of p, that is

G.(s) = (L()(s) = / Tetu(dt),  VseCo

In fact, .Z(u) is defined and continuous on Cy. Therefore G, extends to a con-
tinuous function on Cy. It is clear that G, has an asymptotic steady-state gain
I'. € R™™ which is given by

[e = Ge(0) = (Z(1)(0) = n(Ry).
Remark 7.4.6. The specific example of the measure p given by

dt

p(dt) = At

e €(0,1/2),

shows that G. given by (7.27) does in general not have a L*-steady-state gain.
To see this we observe the following:

t
1
V)(t) =T .(t) = | ——————ds—T.0.(t
(= 9)() =T0:(0) = [ s ds =Tt
1 1 1
= —— -—T..
e(l+1)F Tz
Since € € (0,1/2), it follows that
L*(Ry,R™).
= (1 +t)€ ¢ ( +> )
Consequently,
p*d.— T, ¢ L*(Ry,R™)
for any choice of I'.. &

The sample-hold discretisation G of G. is now defined by

G = S;G.H. (7.28)
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Let {Ejg}rez, be the family of subsets of R, given by
Ey = {0}, Ey:=((k—1)T,k7], keN.

The following result shows that G is shift-invariant and G € #(IP(Z;,R™)), for
1 <p< oo

Proposition 7.4.7. Let G, be given by (7.27), where p is a R™*™-valued Borel
measure on Ry. Then the sequence g € F(Z,,R™ ™) given by

9(k) == p(Ex), keZy,
is in IN(Z,,R™ ™) and moreover, the operator G defined by (7.28) satisfies
Gu=gx*u, VueF(Zy,R™).

Consequently, G is shift-invariant and G € B(P(Z,,R™)) for 1 < p < oo.

Proof. By direct substitution we have

(Gu)(k) = ((SiGH)u)(k) = (GHu)(kT)
= (px Hu)(k7)

— [ syt~ 5

0
k

=Y [ utdsyuti )
j=0 7 Ei
k
=Y gkyulk - j).
=0
To see that g € I*(Z,,R™*™), observe that by the finiteness of ||

Dl =D (Bl < Y |ul(Er) = /Ooo |ul(ds) < [ul(Ry) < oo.

Hence with u € [P(Z,,R™) for 1 < p < o0, it follows that,

|Gullr = llg * ull < llgll lullw

and we see that G € ZB(I"(Z,R™)). O

Note that by Proposition 7.4.7 the convolution kernel of G is summable, that
is Gu = g * u, where g € I1(Z,,R™™). Consequently, the transfer function
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G € H>®(E,,C™ ™) is given by
G(z) = (Z(9)(z) =D gn)z", Vzek.

In fact Z(g) is defined on and continuous on E;. Therefore, G extends to a
continuous function on E;. It is clear that G has an asymptotic steady-state gain
I which is given by

['=G(1) = (Z(9)(1) =) _g(n).

Similar to the continuous-time case (see Remark 7.4.6), G' does in general not
have a [2-steady-state gain.

We require the following preliminary result.

Lemma 7.4.8. (1/7)S;5H = J.
Proof. Let v € F(Z;,R™). Then,

(S1(7 (Hu)))(n) = (5 (Hu) (n7) = / " (Hu)(s) ds.

It follows from the definition of H that,

nr 0 ifn=20
H ds =< " ’
JAGRCE {rzy;éum >
= 7(Ju)(n).
It is then clear that (1/7)S;H = J. O

The following result is the ideal sampling counterpart of Theorem 7.4.4 and shows
that if assumption (A.) holds for G. given by (7.27), then G given by (7.28)
satisfies assumption (A).

Theorem 7.4.9. Let G. be given by (7.27), where pu is a R™*™-valued Borel
measure on Ry, and let G be given by (7.28). If the transfer function G, of G.
satisfies assumption (A.), then the transfer function G of G satisfies assumption

(A) and ' = G(1) = G.(0) =T...

Remark 7.4.10. It follows from Theorem 7.4.9 that the L?-steady-state gain of
G, and [2-steady-state gain of G coincide. <&

Proof of Theorem 7.4.9. By Lemma 3.4.2 it is sufficient to show that
GJy—T.Jy € B(*(Z,,R™)). (7.29)
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We first show that
Si(G.F —T. .9 VH € B(I*(Z,.,R™)). (7.30)

For the remainder of this proof let u € [*(Z,,R™). Define f := (G..# —T..% )Hu.
Since (A.) holds, it follows from Lemma 7.2.2 and Proposition 7.3.2 (i) that
f € L*R,,R™). Furthermore, f(0) = 0 and, using the fact that by shift-
invariance G. and .# commute,

£(t) — £(0) = / (G.Hu)(s)ds — T, / (Hu)(s) ds
~ [((G. T ds

Since G. € B(L*(R,,R™)), invoking Proposition 7.3.2 (i), we have (G.—T'.I)Hu €
L*(R,,R™). Thus f € W"?(R.,R™) and so, by Proposition 7.3.2 (iii), S;f €
I>(Z,,R™). Again since (A.) holds, it follows from Lemma 7.2.2, the fact that
G. € B(L*(Ry,R™)) and Proposition 7.3.2 (i) that

|S1(Ge? =TI )Hullz = ||Sifl|i2
< |[SellI £l
= |ISi|([(Getf =T YHul| 2 + ||GHu — T Hul| £2)

< offulle

where a = ||S;||||H||(||Gee# — TeZ|| + |Ge|| + |Te|]). Hence we see that (7.30)
holds. Therefore, it follows from (7.30) that (7.29) is equivalent to the claim

1
GJy—ToJy — =S1(Go.I —T.IVH € B(I*(Z,,R™)). (7.31)
T
Using (7.28) we have,

1 1 1
GJ() — FCJO — ;S[(ch — FCJ)H = ;SIGC(THJO - fH) — FCJO + ;FCSIJH

(7.32)
Applying Lemma 7.4.8 to (7.32) and simplifying we obtain

1 1
GJO — FCJO — —S](ch — Fcf)H = —S]GC(THJ() - jH) - FCI (733)
T T

Hence from (7.33) we see that in order to verify (7.31) (and hence (7.29)) it is
sufficient to prove that

SiG(THIy — IH) € BIX(Z,, R™)). (7.34)
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To this end note that for all n € Z,,

nTt

(S1(Ge(THIy — I H))u)(n) p(ds)((tHJy — L H)u)(nt — s)

I
:N

/E p(ds)(THJy — IH)u)(nt — s).

k=0 k

It follows from the definition of Ej, that, for s € Ey, nt—s € [(n—k)7, (n—k+1)7).
Consequently,

(THJy — IH)u)(nt — s) = 7(Jou)(n — k) — 7(Ju)(n — k) + (s — kT)u(n — k)
=(s— (k= D7)u(n — k).

Hence defining fi : By — R by s+— s — (k — 1)7, it follows that
(S1(Go(THJy — FH)) Z/ (ds) fu(s)u(n — k)
By

Since 0 < fi(s) < 7 for all k € Z,, we have

n

1(S1(Ge(TH Iy — IH))u)(n)]| < Z

k=0

TZ \u! (ds)[Ju(n — K|

[ sy seiutn - ol

IN

TZ |1l (B [u(n = )]
= TZT) )u(n = k)l

= (77 *v)(n), (7.35)
where n(k) := |p|(Ex) and v € F(Z4,R) is defined by v(n) := [Ju(n)|| for all
n € Z,. Noting that >"32 [In(k)|| = |u|(Ry) < oo and so n € IRy, R™ ™), we
obtain from (7.35),

(Si(Ge(THIo — IH)))ullz < 7lln* vlli2 < 7llnln [[ulle

showing that (7.34) holds. O
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7.5 Notes and references

The results in this chapter are similar in spirit to [24, 25|, where sample-hold
discretisations of distributed parameter systems belonging to the Callier-Desoer
algebra were studied using an input-output approach. In particular, Theorems
7.4.4 and 7.4.9 provide considerably more general results than those in [24, 25].

In Theorem 7.4.4 we consider the large class of continuous-time input-output
operators from the algebra of shift-invariant bounded linear operators on L?(R, ),
together with a discretisation formed by generalised sampling combined with zero-
order hold. Generalised sampling is not considered in [24, 25]. In Theorem 7.4.9
we consider continuous-time systems given by convolution with matrix-valued
Borel measures defined on R,. This general class of measure kernels contains
measures which may have singular part, a situation not considered in [24, 25].
We note that Proposition 7.3.4, Theorem 7.4.4 and Theorem 7.4.9 are particularly
important in low-gain sampled-data integral control of linear infinite-dimensional
systems subject to actuator and sensor non-linearities (see Chapter 8).

Statements (a) and (b) of Proposition 7.2.4, whilst not directly relevant to this
thesis, are of importance in terms of analysing the behaviour of continuous-time
systems subject to converging inputs.

The results in this chapter form the basis of [8] and some of [6].
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Chapter 8

Sampled-data low-gain integral
control in the presence of
input /output non-linearities

In this chapter we apply the results from Chapter 5 to obtain sampled-data
low-gain integral control results in the single-input-single-output setting. In the
presence of input non-linearities we form the sample-hold discretisation of the
continuous-time system with generalised sampling and zero-order hold. We then
derive results on low-gain integral control for both constant and time-varying
gain. In the presence of input and output non-linearities we restrict to continuous-
time systems whose convolution kernel is a finite Borel measure on R, and form
the sample-hold discretisation of the continuous-time system with idealised sam-
pling and zero-order hold. We then derive results on low-gain integral control
with time-varying gain. The main results in this chapter are also restated for the
Jo integrator.

8.1 Sampled-data low-gain integral control in
the presence of input non-linearities

In the presence of input non-linearities we distinguish two cases: constant gain
and time-varying gain.
Constant gain

Consider the feedback system shown in Figure 8.1, where £ is a gain parameter,
the operator G. € B(L%(R,,R)) for some o < 0, is shift-invariant with transfer

144



function denoted by G, ¢ : R — R is a static input non-linearity, p € R
is a constant reference value, u® € R is the initial state of the integrator (or,
equivalently, the initial value of u), the function g. models the effect of non-zero
initial conditions of the system with input-output operator G., the operators H
and S are as defined in §7.3 and the function d. is an external disturbance.

u? ge + de
) B el I
L e g e LN P LS R S e —
+ + —+

v 5L

Figure 8.1: Sampled-data low-gain integral control with J integrator

From Figure 8.1 we can derive the following governing equations,
Ye=de+ g+ Gelpou),  y=8ye,  uc=ude+kHJI(pd —y),
or, equivalently
e = u', + kHJI(p9 — S(d. + g. + Ge(pouy))). (8.1)

Using the linearity of S and forming the sample-hold discretisation of G, with gen-
eralised sampling, G := SG.H, we obtain from (8.1) the corresponding discrete-
time equation,

u=u"d+ kJ(pd — (d+ g+ G(poun))), (8.2)

where g := Sg. and d := Sd.. Equation (8.1) has the unique solution u. = Hu,
where u € F(Z,R) is the unique solution of the discrete-time equation (8.2).

The objective in this subsection is to determine gain parameters k£ such that the
tracking error

ee(t) = p = ye(t) = p = (de(t) + ge(t) + (Gelp 0 ue))(1)) (8.3)

becomes small in a certain sense as ¢ — oco. For example, we might want to
achieve ‘tracking in measure’, that is, for all € > 0, the Lebesgue measure of the
set {t > T | |e.(t)] > €} tends to 0 as T'— oo, or the aim might be ‘asymptotic
tracking’, that is, lim; ., e.(t) = 0. Tracking in measure is guaranteed if e, €
LP(R,,R) for some p € [1,00) as seen from Proposition 2.1.13.
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Recall that associated with generalised sampling operator S we have a weighting
function w € L*(0,7) with the property

w(s) >0, a.e. s € [0, 7],

where 7 > 0 denotes the sampling period. Throughout the remainder of this
section we additionally assume that,

/OTw(s)ds: 1.

From Theorem 7.4.4, imposing this additional assumption, we obtain
G.(0) = G(1), (8.4)

where G denotes the transfer function of G := SG./H.
Recall from (5.2) that,

: q 1 i
f1(G) :==sup {ess infpe(0,2m Re {(@ + o 1) G(e 9)} }

q=>0

and, assuming that assumption (A) holds for the transfer function G of G, we
have —oo < f;(G) < —G(1)/2 (see Appendix 2, Proposition 12.1.3 (i), for more
details).

Theorem 8.1.1. Let G, € B(LA(Ry,R)), for some a < 0, be a shift-invariant
operator with transfer function G.. Assume that G.(0) > 0, that g. € L%(R+, R)
for some B < 0, d. = de. + de¥. with dq € L?Y(RJF,R) for some v < 0 and
deo € R. Let ¢ : R — R be locally Lipschitz continuous and non-decreasing. Let
p € R, assume that (p — d.2)/G.(0) € imy and let u, : Ry — R be the solution
of (8.1). Under these conditions the following statements hold.

1. Assume that ¢ — p(0) € .#(a) for some a € (0,00). Then there exists a
constant k* € (0,00) (depending on G., ¢ and p) such that for all k €
(0,k*), the limit lim;_,o u.(t) =: u™ ezists and satisfies p(u™) = (p —
de2)/ G(0),

ec € L*(Ry,R) and @ou, —ou™)d,. € L*(R,R).

Moreover,
lim e.(t) =0,

t—o0

provided that lim;_.o, g.(t) = 0, limy_ d(t) = 0 and G, satisfies assump-
tion (B).
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2. Assume that ¢ is globally Lipschitz continuous with Lipschitz constant \ >
0. Then the conclusions of statement 1 are valid with k* = 1/|\f;(G)|.

Remarks 8.1.2. (a) Theorem 8.1.1 ensures that the tracking error is square-
integrable and hence we have tracking in measure (see Proposition 2.1.13). If
limy oo ge(t) = 0, limy_ o de1(t) = 0 and G, satisfies assumption (B.), then The-
orem 8.1.1 guarantees asymptotic tracking.

(b) Note that in statement 2 of Theorem 8.1.1 the constant k* depends only on
GG and the Lipschitz constant of ¢, but not on p.

(c) A similar comment to Remark 5.1.3 (iv) holds with regard to the assumption
(p—de2)/Ge(0) € imep. &

Proof of Theorem 8.1.1. We shall prove Theorem 8.1.1 by applying Theorem
5.1.2 to (8.2). In order to apply Theorem 5.1.2 we need to check that the relevant
assumptions are satisfied.

We first note that by Proposition 7.3.2, G = SG/H € (I} (Z4,R)), for some 7 €
(0,1). Consequently, the transfer function G of G = SG.H satisfies assumption
(A’), see Remark 3.4.6 (ii). To see that g := Sg. satisfies the relevant assumptions
we note the following.

Since g, € L3(Ry, R) for some 3 < 0, Proposition 7.3.2 (ii) yields Sg. € l%(Z+, R)
for 3 = ¢’ € (0,1). So by Remark 5.1.3 (iv) we see that the function n —
Z;o:n(Sgc)(j), is in [*(Z,,R). Furthermore, we have Sg. € ['(Z,R) implying
that (JSg.)(n) converges to a finite limit as n — oo. Hence it follows from
Proposition 12.1.5 that JSg. € m*(Z,,R).

To see that d := Sd, satisfies the relevant assumptions we note the following.
A routine calculation shows that SY., = ¢ — . Define d; := Sd. — d.20 and
dy = do, then clearly d = dy + d9) = Sd.. Using an argument similar to that
which showed g = Sg. satisfies the relevant assumptions in Theorem 5.1.2, we can
also show that d; satisfies the required assumptions in Theorem 5.1.2. Finally,
note that by (8.4), (p — da)/G(1) = (p — d2)/G.(0) € imp. Hence the relevant
assumptions are satisfied and we may apply Theorem 5.1.2 to (8.2).

Proof of statement 1: With u. = Hu, where u € F(Z,R) is the unique solution
of the discrete-time equation (8.2), an application of Theorem 5.1.2 to (8.2) im-
mediately yields limy; o u.(t) =: u™ exists and satisfies p(u™®) = (p—de2)/G.(0).
Furthermore, we have that

pou—pu ) e l?(Zy,R).
Consequently, by Proposition 7.3.2 (i),
H((pou) —pu™)d) = H(pou) — p(u®)HY = p o u, — p(u™)d. € L*(Ry, R).
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Since G. € B(LA(Ry,R)), for some a < 0, we have

Ge((p o ue) — p(u™)de) € L*(R,R).

Note that g. € L3(R,R) for some 3 < 0 and dey € L2(Ry,R) for some v < 0,

hence g.,d.; € L*(R,,R) and

ge + dar + Gel((p 0 ue) — p(u™)de) € L*(Ry, R).
Using the linearity of G,

ge+der + Ge(p o ue) — p(u™)G, € L* (R, R),

or, equivalently,
Yo — dex¥e — p(u®)G . € L*(R,,R).

Using the fact that p(u>) = (p — de2)/G.(0) it follows from (8.5) that
Ge(0)ye — daGe(0)Ve — (p — de2) GV € L* (R4, R).
Noting that,
Ge(0)ye — pGebe = G(0)(ye — pie) — p(Gede — Ge(0)D,.),
it follows from (8.6) that

Gc(o)yc - chGC(Oﬁ?c - (p - dCQ)GC’l?C
= Gc(o)(yc - pﬁc) + (dc2 - p)(Gcﬁc - Gc(o)ﬁc) S LQ(R-H R)

(8.5)

(8.6)

(8.7)

Since G, € Z(L%(R,,R)), assumption (A.) holds with T, = G.(0) and G.J, —
G.(0)Y,, the convolution kernel of the operator G..% — G.(0).% € B(L*(R,,R)),

is in L*(R;,R). Hence from (8.7) we deduce that
G.(0)(ye — pUe) € L* (R, R)

or, equivalently,
ee =Y. — pV. € L*(Ry,R).

Assume now that lim; ., ¢.(t) = 0, lim; . d.1(t) = 0 and that (B.) holds. To

see that lim; ., e.(t) = 0, we first observe that by Lemma 7.2.3,

lim (G0e)(t) = Ge(0).

t—o00
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Noting that ¢ o u — p(u>)d € I*(Z,,R), we have

lim (¢ 0 1) (t) — (u™)9,(1)) = 0.

t—o00

Since ¢ o u. — p(u>)V, € PC(R,,R)N L*(R,,R), invoking assumption (B,), we
obtain

Jim ((Gulip 0 1)) (1) = () (Gd) () = 0. (5.9)
Combining (8.9), (8.8) and noting that ¢(u™) = (p — de2)/G(0) we have,
Jin (G (¢ 0 u))(0) = G2 Gul0) = p— o (8.10)

Combining (8.10) with the additional assumptions

lim g.(t) =0, tlim dei(t) =0,

t—o00

it is clear that,

lim ec(t) = lim ye(t) — p = lim (ge(t) + de(t) + (Ge(p 0 ue)) () — p
=pP—P
= 0.
Proof of statement 2: This follows as in the proof of statement 2 of Theorem

5.1.2. O

We now change the integrator .JJ to Jy and consider the feedback system shown
in Figure 8.2, where £ € R is the initial state of the integrator.

3 9o +de
pd e +iu (5 +£ Ye
| > Joy | > P > G, |
A k 0> H i —>
v 5L

Figure 8.2: Sampled-data low-gain integral control with Jy integrator

From Figure 8.2 we can derive the following governing equations,

Ye = dc+gc+Gc(¢ouc)v y:Syca Ue :€§c+kHJ0<p’l9_y)a
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or, equivalently
ue = 0. + EHJo(p0 — S(de + g + Ge(p o u))). (8.11)

Using the linearity of & and forming the sample-hold discretisation of G, with
generalised sampling, G := SG.H, we obtain from (8.11), the corresponding
discrete-time equation,

w= &0+ kJo(p9 — (d+ g+ Glpow))) (8.12)

where g := Sg. and d := Sd.. If u, € F(R;,R) is a solution of (8.11), then
u(n) := uc(nt) for all n € Z,, is a solution of (8.12). Conversely, if u € F(Z,,R)
is a solution of (8.12), then u. = Hu is a solution of (8.11).

Recall from (5.12) that,

' ot '
f5,(G) := sup {ess infgeo,2m Re {(q + ew_1>G(619)} }

q>0

and, assuming that assumption (A) holds for the transfer function G of G, we
have —oo < f,(G) < oo (see Appendix 2, Proposition 12.1.4 (ii), for more
details).

Theorem 8.1.3. Let G, € B(LA(R,,R)), for some a < 0, be a shift-invariant
operator with transfer function G.. Assume that G.(0) > 0, that g. € L3(Ry,R)
for some B < 0, d. = d.q + dew¥. with d., € L%(RJF,]R) for some v < 0 and
des € R. Let ¢ : R — R be locally Lipschitz continuous and non-decreasing. Let
p € R, assume that (p — de2)/G.(0) € imyp and let u. : Ry — R be a solution of
(8.11). Under these conditions the following statements hold.

1. Assume that ¢ — p(0) € #(a) for some a € (0,00). Then there exists
a constant k* € (0,00| (depending on G., ¢ and p) such that for all k €
(0,k*), the limit lim; o uc(t) =: u™ exists and satisfies p(u™) = (p —
dc?)/Gc(O);

e € L*(Ry,R) and ¢ou.— @(u>)d, € L*(R.,R).

Moreover,
lim e.(t) =0,

t—o0

provided that lim; .o, g.(t) = 0, limy_ o de(t) = 0 and G, satisfies assump-
tion (B.). If f1,(G) = 0, then the above conclusions are valid with k* = oco.

2. Assume that ¢ is globally Lipschitz continuous with Lipschitz constant \ >
0. Then the conclusions of statement 1 are valid with k* = 1/|\f5,(G)|,
where 1/0 := oo.
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3. Under the assumption f;,(G) > 0, the conclusions of statement 1 are valid
with k* = oo.

Proof. We prove Theorem 8.1.3 by applying Theorem 5.1.4 to (8.12). In order to
apply Theorem 5.1.4 we need to check that the relevant assumptions are satisfied.
Arguments identical to those in the proof of Theorem 8.1.1 show that the relevant
assumptions are satisfied. Statements 1 and 2 follow from the application of
Theorem 5.1.4 and the arguments used to prove statements 1 and 2 of Theorem
8.1.1. Statement 3 follows immediately from the application of Theorem 5.1.4.

O

Conditions on the weighting function of the generalised
sampling operator

We recall that the assumptions made on the weighting function w are
we L*(0,7) and / w(s)ds = 1.
0

In this subsection we show that if we impose various extra assumptions on w
then, the conditions on ¢. and d. in Theorems 8.1.1 and 8.1.3 can be weakened.

Define w, a periodic extension of w to R, , by

w(s) :=w(s—nr), se€nr(n+1)r), VneZ,.

Proposition 8.1.4. If f € L*(R,,R) is such that Z(wf) € L*(R,,R) + RY,,
then JoSf € m*(Z,,R).

Proof. Since #(wf) € L*(R,,R) + RY,., we have Z(wf) — I, € L*(R,,R) for
some v € R. Then,

n

<%Sﬂm»—v=EZAVM@ﬂu—mw+sms—v

= g w(s)f(s)ds —
ggémeﬂ> )

:Aimv@@—v

= h(nr)

151



where h = Z(wf) — . Furthermore, noting that (Sf)(0) = 0, it follows
that JoSf — v = Srh. By assumption h € L*(R,,R), clearly h = of €
L*(Ry,R) and so h € W'*(R,,R). An application of Proposition 7.3.2 (iii)
yields Sth € 1*(Z,,R). Consequently, JoSf — 0 € I*(Z,,R) and we see that
JoSf € m2(Z+,R). O

Remark 8.1.5. By Proposition 8.1.4 it follows that the conclusions of Theorems
8.1.1 and 8.1.3 hold under the following assumption on g., namely, g. € L*(R,,R)
and ¢ — [o@(s)ge(s)ds € L*(R;,R) + R,. Furthermore, again by Proposi-
tion 8.1.4, the conclusions of Theorems 8.1.1 and 8.1.3 hold under the follow-
ing assumption on d., namely, there exists a splitting d. = d.; + d.o?9. with
de € L*(Ry,R) and dp € R such that t — [J @(s)da(s)ds € L*(Ry,R) + RY,.

&

For the special case w = 1/7 we have the following corollary, a trivial consequence
of Proposition 8.1.4.

Corollary 8.1.6. Letw = 1/7. If f € L*(R.,R) is such that ¥ f € L*(R,,R)+
RY,, then JoSf € m*(Z,,R).

Remark 8.1.7. (a) Let w = 1/7. Then, by Corollary 8.1.6 Theorems 8.1.1
and 8.1.3 hold under the following assumption on g., namely, g. € L*(R,,R)
and t +— fot ge(s)ds € L*(R,,R) + RY.. Furthermore, again by Corollary 8.1.6
Theorems 8.1.1 and 8.1.3 hold under the following assumption on d., namely,
there exists a splitting d, = d. + de9. with d; € L*(R;,R) and d., € R such
that ¢ — [} d.1(s)ds € L*(Ry,R) + RV

(b) We remark that if w = 1/7 the conditions on g, and d. in (a) are less restrictive
than the corresponding conditions imposed in Theorems 8.1.1 and 8.1.3. To see
this, we note that, if f € L2(Ry,R) for some a < 0, then f € L?*(R,R) and
fot f(s)ds converges exponentially fast to fooo f(s)ds as t — oo. Consequently,

t
zH/ f(s)ds € I*(R,,R) + R,
0

Time-varying gain
Consider the feedback system shown in Figure 8.3, where x : Z, — R is a time-

varying gain, G, € %(L*(R,,R)) is shift-invariant and ¢, p, u°, g., d. are as
before.
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Figure 8.3: Sampled-data time-varying low-gain integral control with J integrator

From Figure 8.3 we can derive the following governing equations,
Ye =de + ge + Ge(p 0 u,), y = Sye, e = u, + HJI(k(pd — 1)),
or, equivalently
e = u’0. + HJI(k(pd — S(de + ge + Ge(pouy)))). (8.13)

Using the linearity of & and forming the sample-hold discretisation of GG, with
generalised sampling, G := SG.H, we obtain from (8.13), the corresponding
discrete-time equation,

u=u"0+ J(k(pd — (d+ g+ G(pou)))) (8.14)

where g := Sg. and d := Sd.. Equation (8.13) has the unique solution u. = Hu,
where u € F(Z,,R) is the unique solution of the discrete-time equation (8.14).

The objective in this subsection is to determine gain functions x such that the
tracking error e(t), defined by (8.3), becomes small in a certain sense as t — oo.

We impose assumption (A.) on G, the transfer function of G., with ', =
G.(0) := limy_,¢ sec, Ge(s). Note that the existence of limy g sec, Ge(s) is im-
plied by imposing assumption (A.).

We introduce the set of feasible reference values
KX (Ge, ) ={G.(0)v | v € imp}.

It is clear that Z(G,, ) is an interval provided that ¢ is continuous. The mo-
tivation for the introduction of Z(G.,¢) is as follows. If asymptotic tracking
occurs, we would expect that (¢ o u.)™ = lim;_.(p o u.)(t) exists. Assuming
that (pou,)* is finite and that the final-value theorem holds for the linear system
with input-output operator G., we may conclude that lim; . (G.(¢ o u.))(t) =
G.(0)(¢ o ue)™®. If additionally, lim; .. g.(t) = 0, limy_., d.(t) = 0, it follows
from (8.3) that p = G.(0)(pou.)>® € Z(G., ).
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Recall from (5.19) that,

) G €i9
Jo,7(G) := essinfyc(o 2r)Re { ( )}

e —1
and, assuming that assumption (A) holds for the transfer function G of G, we

have —oo < fy7(G) < —G(1)/2 (see Appendix 2, Proposition 12.1.3 (ii), for
more details).

Theorem 8.1.8. Let G. € B(L*(R.,R)) be a shift-invariant operator with
transfer function G.. Assume that assumption (A.) holds with G.(0) > 0,
ge € L*(R_,R), d. = dey + dw9. with dy € LE(R,,R) for some a < 0 and
do € R, p : R — R s non-decreasing and globally Lipschitz continuous with
Lipschitz constant X\ > 0, p — de € X(Ge, ) and k : Z, — R is bounded and
non-negative with

limsup k(n) < 1/|Afo.s(G)].

n—oo

Let u. : Ry — R be the unique solution of (8.13). Then the following statements
hold.

1. The limit (¢ o ue)™ = limy_o p(u.(t)) ezists and is finite and
N(pou) € P(Zy,R).

2. The signal y. = d. + g. + G.(¢ o u.) can be split into y. = Ye1 + Yo, where
Yer has a finite limit satisfying

1 g1 (1) = Ge(0) (0 0 ue)™ + dea,
and yeo € L*(Ry,R). Under the additional assumptions that
lim g.(t) =0, lim dey(8) = 0
and G, satisfies assumption (B.), we have

tlirn Ye2(t) = 0.

3. If k ¢ IN(Z,,R), then limy_.o Y1 (t) = p and the error signal e. can be split
into e. = €. + eq, where limy o e.1(t) =0 and er € L*(R,R).

4' [fﬁ ¢ ll(Z+7R);
tlim ge(t) =0, tlim dea(t) =0
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and G. satisfies assumption (B.), then

lim e.(t) = 0.

t—o0

5. If p — deo is an interior point of Z(G., ), then u. is bounded.

Remarks 8.1.9. (a) It follows from Proposition 2.1.13 that statement 3 of The-
orem 8.1.8 implies tracking in measure. Under the additional assumptions in
statement 4 of Theorem 8.1.8 we have asymptotic tracking.

(b) Note that it is not necessary to know fy ;(G) or the constant A in order
to apply Theorem 8.1.8. If x is chosen such that k(n) — 0 as n — oo and
k & INZ,,R) (e.g., k(n) = (1 +n)™? with p € (0,1]), then the conclusions of
statements 3 and 4 hold. However, from a practical point of view, gain functions
k with lim,, .., k(n) = 0 might not be appropriate, since the system essentially
operates in open loop as n — oo.

(c) If p— dey is not an interior point of Z(G., ) then u, might be unbounded.
A trivial example is given by ¢ = arctan, p = (1/2)G.(0)7, dey = 0 and k ¢
IY(Z,,R), in which case it follows from statement 3 that (1/2)7 = (¢ o u.)*> and
hence limy;_, o u.(t) = oco.

(d) A similar comment to Remark 5.2.3 (iii) holds with regard to the assumption
p—deo € Z(G.,p). &

Proof of Theorem 8.1.8. We shall prove Theorem 8.1.8 by applying Theorem
5.2.2, with ¢ = id, to (8.14). In order to apply Theorem 5.2.2 we need to check
that the relevant assumptions are satisfied.

We first note that if G, satisfies assumption (A.) then, by Theorem 7.4.4, G,
the transfer function of G = SG.H, satisfies assumption (A). Furthermore, by
(8.4), Z(G,p) = #Z(G.,p). Since by assumption g. € L*(R,,R), it follows
from Proposition 7.3.2 (ii) that ¢ := Sg. € [*(Z,,R). To see that d := Sd.
satisfies the relevant assumptions we note the following. A routine calculation
shows that SY. = ¥ — §. Define d; := Sd.; — d20 and dy := d.o, then clearly
d = dy + dy¥ = 8d,. Since d € L2(R,,R) for some a < 0, Proposition 7.3.2 (ii)
yields Sdoy € I5(Z4,R) for 3 = e*™ € (0,1) and consequently dy € [3(Z,R). So
by Remark 5.1.3 (iv) we see that the function n +— 372 |di(n)| is in I*(Zy,R).
Furthermore, since d.; € L%(R,,R) for some o < 0, 8d,y € [Y(Z,,R) and it
follows from the definition of § that d; € I'(Z,,R) and hence d; satisfies the
required assumptions. Hence the relevant assumptions are satisfied and we may
apply Theorem 5.2.2 to (8.14).

Statements 1 and 5 follow immediately from the application of Theorem 5.2.2
and the fact that u, = Hu.
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Proof of Statement 2: Note that
Yo =dc+ ge + Ge(poue).
By statement 1, it follows from Proposition 7.3.4, with v = ¢ o u, that
Ge(H(pou)) = Ge(p o te) = ket + kea

where limy o ke1(t) = G.(0)(p 0 u.)™ and ke € L*(R,,R). Consequently, set-
ting ye1 := deoV. + ke and yeo := deo + ge + koo, it follows that y. = y. + yeo and
limy oo Ye1 (1) = Ge(0)(p 0 ue)>® + deo. Since, by assumption d.; € L2 (R, R) C
L*(Ry,R) and g. € L*(R,,R), we have y» € L?(R,R). Under the additional
assumptions, limy . g.(t) = 0, lim;_., d1 (t) = 0 and (B,.), it is clear from Propo-
sition 7.3.4 that lim; .. ye2(t) = 0.

Proof of Statement 3: By statements 2 and 3 of Theorem 5.2.2 we have that

p=lim y(n) = G(1)(¢ o u)™ + ds, (8.15)

n—oo

where y = Sy.. Using statement 2, the fact that u, = Hu, (8.4) and (8.15), we
obtain

I yer (1) = Ge(0) lim (p 0 ue)(t) + dea
c(0)(pouc)™ +de
(1)(pou)™ +ds

(8.16)
Finally, setting e.; = p — y.1 and e.o = —y.2, we obtain the splitting
€c =P — Yc = €c1 + €.

It follows immediately from (8.16) that lim; . e.(t) = 0 and by statement 2
that e € L*(R,R).

Proof of Statement 4: 1f it is additionally assumed that (B.) holds, lim;_,, g.(t)
0 and lim; .o, d.(t) = 0, it follows from statement 2 that lim; .. en(t) =
implying that lim; .., e.(t) = 0.

o=l

We now change the integrator J to Jy and consider the feedback system shown
in Figure 8.4 where £ € R is the initial state of the integrator.
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Figure 8.4: Sampled-data time-varying low-gain integral control with .Jy integra-
tor

From Figure 8.4 we can derive the following governing equations,
Yo =det ge+ Gelpote),  y=8ye, e =&V +Ho(k(pd —y)),
or, equivalently
e = &0 + HJo(k(p? — S(de + g + Ge(p o ue)))). (8.17)

Using the linearity of S and forming the sample-hold discretisation of G, with
generalised sampling, G := SG.H, we obtain from (8.17), the corresponding
discrete-time equation,

u =&+ Jo(k(p? — (d+ g+ G(pou)))) (8.18)

where g := Sg. and d := Sd.. If u. € F(R,R) is a solution of (8.17), then
u(n) := uc(nt) for all n € Z,, is a solution of (8.18). Conversely, if u € F(Z,,R)
is a solution of (8.18), then u. = Hu is a solution of (8.17).

Recall from (5.33) that,

. G () et
fO,JO (G) = €88 lnf96(0727r)Re |:¥:|

e? —1

and, assuming that assumption (A) holds for the transfer function G of G, we
have —oo < fj 1,(G) < G(00) — G(1)/2, where G(00) := lim|;|—e0, 2k, G(2) (see
Appendix 2, Proposition 12.1.4 (ii), for more details).

Theorem 8.1.10. Let G, € B(L*(R,,R)) be a shift-invariant operator with
transfer function G.. Assume that assumption (A.) holds with G.(0) > 0, g. €
L*(Ry,R), d. = dey + dey?. with dey € L2(R,R) for some a < 0 and dey € R,

¢ : R — R is non-decreasing and globally Lipschitz continuous with Lipschitz
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constant A > 0, p—de € Z(Ge, ) and k : Z, — R is bounded and non-negative
with
limsup k(n) < 1/|Afo.5, (G)],

n—oo

if fo.(G) <0, where 1/0 := oo. Let u. : Ry — R be a solution of (8.17). Then
statements 1-5 of Theorem 8.1.8 hold.

Proof. We prove Theorem 8.1.10 by applying Theorem 5.2.4, with ¢ = id,
to (8.18). In order to apply Theorem 5.2.4 we need to check that the relevant
assumptions are satisfied. Arguments identical to those in the proof of Theorem
8.1.8 show that the relevant assumptions are satisfied. Statements 1-5 now follow
from the application of Theorem 5.2.4 and arguments identical to those used to
prove Theorem 8.1.8. O

8.2 Sampled-data low-gain integral control in
the presence of input and output nonlinear-
ities

Consider the feedback system shown in Figure 8.5, where x, G., ¢, p, u°, g., d.
are as before and additionally ¢ : R — R is an output non-linearity.

U019 Jde dc
p/l9 € + u U,c + wC + yc
| K > —»&—» > ~ G, —»i—» | —
7 J i H 2 > Y A’L—i-
Y Sy |«

Figure 8.5: Sampled-data time-varying low-gain integral control with input and
output non-linearities and J integrator

In §8.1 we only considered feedback systems with input non-linearities. In the gen-
eral setting, where the shift-invariant input-output operator G. € #B(L*(R,,R)),
it seems difficult to obtain generalisations of the time-varying gain results in §8.1
which encompass static output non-linearities 1). The reason for this is that, in
general, the operator S does not commute with non-linearities. If however, we
restrict to considering input-output operators GG, whose impulse response is a
finite Borel measure and replace S with Sy, then the inclusion of static output
non-linearities is feasible as seen from the following proposition.
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Proposition 8.2.1. Let ¢ : R — R be a continuous static non-linearity. Then,

Yo (Smu)=8(Wou), VueF(RR).

Proof. Let u € F(Ry,R). Then,

((Sru)(n)) = P(u(nT)) = (ou)(nt) = (Si(Y ou))(n),  VneZ,.

From Figure 8.5 we can derive the following governing equations,
we = ge+Gelpoue), ye=vowetde, y=8rye, ue=u"V+HJI(k(pd—y)),
or, equivalently

te = ue + HI(k(p0 — Si(d. +(ge + Gelp 0 ur)))))- (8.19)

Using the linearity of &7, invoking Proposition 8.2.1 and forming the sample-hold
discretisation of G, with idealised sampling, G := S§;G./H, we obtain from (8.19),
the corresponding discrete-time equation,

u=u"+ J(k(pd —d— (g + G(pou)))) (8.20)
where g := 8¢, and d := S;d.. Equation (8.19) has the unique solution u, = Hu,
where u € F(Z,,R) is the unique solution of the discrete-time equation (8.20).
The objective in this section is to determine gain functions s such that the track-

ing error

ec(t) == p —ye(t) = p — de(t) — ¥(ge(t) + (Gelp o ue))(1)),

becomes small in a certain sense as t — oo. The set of feasible reference values
is now defined by

H(Ge,p,0) = {1h(Ge(0)) | v € imp}.
It is clear that Z(G., ¢, ) is an interval provided that ¢ and 1 are continuous.

Theorem 8.2.2. Let G, be a convolution operator, the kernel of which is a finite
Borel measure on R,. Denote the transfer function of G. by G.. Assume that,
assumption (A.) holds with G.(0) > 0, the function g. € L*(R,,R) is such that
Sr9. € 1*(Z4,R), d. = dey + dw¥. with doy € L*(R,R), Sidey € 1M(Z4,R),
no— 32 da(j)l € P(Z1,R) anddey € R, ¢ : R — R and ¢ : R — R are
non-decreasing and globally Lipschitz continuous with Lipschitz constants Ay > 0
and Ay > 0, p—de € Z(Ge, 0, 0) and k : Zy — R is bounded and non-negative
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with
limsup r(n) < 1/[Ai12fo.1(G)].

n—~o0

Let u. : Ry — R be the unique solution of (8.19). Then the following statements
hold.

1. The limit (¢ o ue)™ = limy_ o p(uc(t)) ezists and is finite and

A(pou) € *(Z4,R).

2. The signals w. = g. + G.(¢ o u.) and y. = ¥ o w, + d. can be split into
We = Wep + Weo and Yo = Ye1 + Yoo, where we and y. have finite limits
satisfying

T wer (1) = Ge(0)(9 0 ), lim ya(t) = W(Gel0)(p 0 ue)™) + des

and We, Yo € L*(R4, R).
Under the additional assumption that lim;_ g.(t) = 0 we have

1tlim wea(t) = 0.

If further, im;_, o dei (t) = 0 then, limy_,« yeo(t) = 0.

3. If k ¢ IN(Z4,R), then limy oy (t) = p and the error signal e. can be split
into e. = eq + e, where limy o €1(t) = 0 and e € L*(R,, R).

4. If K ¢ IN(Z,,R) and
1tlim ge(t) =0, tlim de(t) =0,

we have
lim e.(t) = 0.

t—o0
5. If p— de is an interior point of Z(G., p,1), then u, is bounded.

Remarks 8.2.3. (a) Statements (a)-(c) of Remarks 8.1.9 (or suitable modifica-
tions thereof) remain valid in the context of Theorem 8.2.2.

(b) Assume additionally that g. is bounded. Then the assumption that S;g. €
I>(Z.,R) is satisfied if there exists € > 0 such that g.(t) = O(e™") as t — oo, or,
if there exists T' > 0 such that g. € W?([T, 00), R). &

Proof of Theorem 8.2.2. We shall prove Theorem 8.2.2 by applying Theorem
5.2.2 to (8.20). In order to apply Theorem 5.2.2 we need to check that the relevant
assumptions are satisfied.
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We first note that if G, satisfies assumption (A.), then by Theorem 7.4.9, G
the transfer function of G = §;G./H satisfies assumption (A). Furthermore, by
Theorem 7.4.9, Z(G, ¢, V) = Z(G., ,v). It is clear that g := S;g. and d := S;d.
satisfy the relevant assumptions in Theorem 5.2.2. Hence we may apply Theorem
5.2.2 to (8.20).

Statements 1 and 5 follow immediately from the application of Theorem 5.2.2
and the fact that u, = Hu.

Proof of Statement 2: Note that
We = g + Ge(p 0 upe).
By statement 1, it follows from Proposition 7.3.4, with v = ¢ o u, that
Ge(H(pou)) = Ge(pouc) = ker + keo

where limy o, k.1 (t) = G.(0)(pou.)>® and ko € L*(R,,R). Consequently, setting
Wey := ke and weg = g. + ke it follows that w, = we + wee and limy_, o wer (t) =
G.(0)(p o u.)®. Since, by assumption, g. € L*(R,,R) we have we € L*(R,,R).
Setting Y1 := ¥ o we + deg and Yeo 1= Yo — Ye1 = Y 0 W, — Y 0 W1, We obtain y, =
Ye1 + Ye2 and ye; has limit imy o Y1 (t) = ¥(G(0)(p 0 u)*°) 4 dgo. Furthermore,
Yoo € L?(R,,R) because of the global Lipschitz continuity of ¢» and the facts
that we € L*(Ry,R) and dy € L*(R,,R). Under the additional assumption
that lim; o g.(t) = 0 and noting that assumption (B.) holds for G, (see Remark
7.3.3), it follows from Proposition 7.3.4 that lim; ., wea(t) = 0. Consequently, if
we further assume that lim;_, d (t) = 0, we may conclude that lim;_, yeo(t) =
0, completing the proof of statement 2.

Proof of Statement 3: By statements 2 and 3 of Theorem 5.2.2 we have that

p = lim y(n) = H(G(1)(pou)™) + de. (8.21)

n—oo

Using statement 2, Theorem 7.4.9 and (8.21), we obtain

tliglo ycl(t) = ¢(Gc(0)(§0 © uc)oo> + dc2

= P(G(1)(pou)) + de
= (8.22)

Finally, setting e.; = p — y.1 and e.o = —y.2, we obtain the splitting
€c =P~ Yec =€ T Ec2.

It follows immediately from (8.22) that lim; . e.(t) = 0 and by statement 2
that e € L*(R,R).
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Figure 8.6: Sampled-data time-varying low-gain integral control with input and
output non-linearities and J; integrator

Proof of Statement 4: Under the additional assumptions lim; .., g.(t) = 0 and
lim; o d(t) = 0, it follows from statement 2 that lim; .., ex(t) = 0, implying
that lim; . e.(t) = 0. O

We now change the integrator .J to Jy and consider the feedback system shown
in Figure 8.6 where £ € R is the initial state of the integrator. From Figure 8.6
we can derive the following governing equations,

wc:gc+Gc<900uc)u yc:wowc"i_dc; y:SIym uc:fﬁc—i_H‘fo(’%(/}ﬁ_y))v
or, equivalently

ue = £V + HJo(k(p? — Si(de + ¥(ge. + Ge(p o ue))))). (8.23)

Using the linearity of Sy, Proposition 8.2.1 and forming the sample-hold discreti-
sation of G, with idealised sampling, G := S;G./H, we obtain from (8.23), the
corresponding discrete-time equation,

w= €0+ Jo(k(pV — d - (g + Glp o)) (8.24)

where g := Sjg. and d := S;d.. If u. € F(R,,R) is a solution of (8.23), then
u(n) := u.(n7) for all n € Z,, is a solution of (8.24). Conversely, if u € F(Z,,R)
is a solution of (8.24), then u. = Hu is a solution of (8.23).

Theorem 8.2.4. Let G, be a convolution operator, the kernel of which is a finite
Borel measure on Ry. Denote the transfer function of G. by G.. Assume that,
assumption (A.) holds with G.(0) > 0, the function g. € L*(Ry,R) is such that
Srg. € 1*(Z4,R), d. = dey + dw¥. with doy € L*(R,,R), Sidey € 1M(Z,,R),
no— 3 da(j7)] € P(Z1,R) anddey € R, ¢ : R — R and ¢ : R — R are
non-decreasing and globally Lipschitz continuous with Lipschitz constants Ay > 0
and Ay > 0, p—de € Z(Ge, 0,0) and k : Zy — R is bounded and non-negative
with
limsup £(n) < 1/[A1A2fo,5,(G)],

n—oo
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if fo.5,(G) <0, where 1/0 := oo. Let u. : Ry — R be a solution of (8.23). Then
statements 1-5 of Theorem 8.2.2 hold.

Proof. We prove Theorem 8.2.4 by applying Theorem 5.2.4 to (8.24). In order to
apply Theorem 5.2.4 we need to check that the relevant assumptions are satisfied.
Arguments identical to those in the proof of Theorem 8.2.2 show that the relevant
assumptions are satisfied. Statements 1-5 now follow from the application of
Theorem 5.2.4 and arguments identical to those used to prove Theorem 8.2.2. O

8.3 Notes and references

In the recent paper [9] an input-output approach to continuous-time low-gain in-
tegral control of L? stable linear infinite-dimensional systems subject to actuator
and sensor non-linearities was developed. In this chapter we have extended the
approach in [9] to the sampled-data integral control schemes shown in Figures
8.1-8.6. In particular, the results in this chapter can be considered as substan-
tial and far reaching generalisations of the results in [17] which were obtained
in a finite-dimensional state-space setting. The main results on integral control,
Theorems 8.1.1, 8.1.3, 8.1.8, 8.1.10, 8.2.2 and 8.2.4, are new and form the ba-
sis of [6] and [7]. Note that the results in this chapter on integral control show
that tracking of feasible constant reference values is still achievable even in the
presence of certain output disturbances. We emphasize that in contrast to the
results in [17], which were obtained for finite-dimensional exponentially stable
state-space systems, Theorems 8.1.1, 8.1.3, 8.1.8, 8.1.10, 8.2.2 and 8.2.4 apply to
infinite-dimensional well-posed state-space systems (see Chapter 9).
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Chapter 9

Sampled-data control of
infinite-dimensional well-posed
state-space systems

9.1 Well-posed state-space systems

In this chapter we apply the results in Chapter 8 to well-posed state-space sys-
tems. There are a number of equivalent definitions of well-posed systems, see
[12], [52], [53], [54], [55], [56], [57], [60], [63] and [65]. We will be brief in the fol-
lowing and refer the reader to the above references for more details. Throughout
this chapter, we shall be considering a well-posed system > with state-space X,
input space R and output space R, generating operators (A, B, C'), input-output
operator GG, and transfer function G.. Here X is a real Hilbert space with norm
denoted by ||-]|, A is the generator of a strongly continuous semigroup T = (T;):>o
on X, Be B(R,X_;) and C € B(X1,R), where X; denotes the space dom(A)
endowed with the norm ||z||; := ||z|| + ||Az|| (the graph norm of A), whilst X_;
denotes the completion of X with respect to the norm ||z||_; = ||(af — A) x|,
where a € res(A) (different choices of « lead to equivalent norms). Clearly,
X, C X C X_; and the canonical injections are bounded and dense. The semi-
group T restricts to a strongly continuous semigroup on X; and extends to a
strongly continuous semigroup on X_; with the exponential growth constant be-
ing the same on all three spaces. Correspondingly, A restricts to a generator on
X; and extends to a generator on X_;. We shall use the same symbol T (respec-
tively, A) for the original semigroup (respectively, generator) and the associated
restrictions and extensions: with this convention, we may write A € A(X, X))
(considered as a generator on X_j, the domain of A is X). Moreover, B is an
admissible control operator for T and C'is an admissible observation operator for
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T, that is, for each t € R, there exist a; > 0 and 3; > 0 such that

i

t
/ Ty Bu(s)ds|| < al|v|| 2o, Vv e L*([0,1)
0

and
¢ 1/2
(/ ||C’Tsz||2ds) < Gll=]l Vze X;.
0

The control operator B is said to be bounded if it is so as a map from the
input space R to the state-space X, otherwise B is said to be unbounded. The
observation operator C' is said to be bounded if it can be extended continuously
to X, otherwise, C' is said to be unbounded.

The so-called A-extension Cy of C' is defined by

Cprz:= lim Cs(sl — A) 'z,

s—00,s€R

with dom(Cy) consisting of all z € X for which the above limit exists. For
every z € X, Tyz € dom(Cy) for a.a. t € Ry and, if w > w(T), then Cy\Tz €
L2(R,,R), where

1
w(T) := tlim ;lnHTt”
denotes the exponential growth constant of T. The transfer function G, satisfies

1

S — 8o

(Ge(s) — Geolsg)) = —C(sI — A) Y (sol — A)7'B,
V 5,50 € Cyty , 5 # S0, (9.1)

and G. € H*(C,) for every w > w(T). The input-output operator G, :
L2 (R,,R) — L (R,,R) is continuous and shift-invariant; moreover, for ev-

ery w > w(T), G. € B(L2(Ry,R)) and
(Z(G))(s) = Ge(5)(Z(v))(s), VseC, veL:(R,R).

In the remainder of this chapter, let so € C, ) be fixed, but arbitrary. For
2 € X and v € L2 (R, ,R), let x and w,. denote the state and output functions

loc
of ¥, respectively, corresponding to the initial condition z(0) = 2° € X and the

input function v. Then,
t
w(t) = Ta® + / T, Bv(s) ds, ViteRy, (9.2)
0

x(t) — (soI — A)"'Bo(t) € dom(C)), a.a. t € Ry,
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and

&(t) = Az(t) + Bo(t) , 2(0) = 2", aa. t € Ry, (9.3a)
we(t) = Or(z(t) — (sl — A)"'Bo(t)) + G(so)v(t), a.a. t € Ry, (9.3b)

The differential equation (9.3a) has to be interpreted in X_;. Note that (9.3b)
yields the following formula for the input-output operator G.:

(Gw)(t) = Cy [/0 T, Bv(s)ds — (sol — A)"'Bo(t)| + G.(s0)v(t),

Vove Ll (Ry,R), aa t€R,. (9.4)

loc
In the following, we identify ¥ and (9.3) and refer to (9.3) as a well-posed system.

Remark 9.1.1. The class of well-posed linear infinite-dimensional systems is
rather general: it includes many distributed parameter systems and all time-
delay systems (retarded and neutral) which are of interest in applications. &

The above formulas for the output, the input-output operator and the transfer
function reduce to a more recognizable form for the subclass of regular systems.
The well-posed system (9.3) is called regular if

lim G.(s) =D,

s—00,5€ER

exists and is finite. In this case, x(t) € dom(Cy) for a.a. t € R, the output
equation (9.3a) and the formula (9.4) for the input-output operator simplify to

we(t) = Cpz(t) + Do(t), aa. te Ry,

and
t
(G)(t) = Ca / T, .Bu(s)ds + Do(t), Vove L2 (R, R), aa. tcR,,
0

respectively; moreover, (sI — A)"!BR C dom(C}) for all s € res(A) and we have
G.(s) =Cx(sI —A)'B+ D, Vsé€Cym.

The number D is called the feedthrough of (9.3).

Definition. The well-posed system (9.3) is called strongly stable if the following
four conditions are satisfied:

(i) G. is L%stable, that is, G. € B(L*(R,,R)), or, equivalently, G, € H*(Cy);
(ii) T is strongly stable, that is, lim; .., T;z = 0 for all z € X;
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(iii) B is an infinite-time admissible control operator, that is, there exists o > 0
such that

< a”v"LQ(R+,R), Vove LZ(R+,R);

H / T,Bu(s)ds
0

(iv) C is an infinite-time admissible observation operator, that is, there exists
£ > 0 such that

00 1/2
(/ HCTszHst) <8z, Vzex.
0

The system (9.3) is called exponentially stable if w(T) < 0. It is clear that
exponential stability implies strong stability, however, the converse is not true;
for an example of a partial differential equation system which is strongly, but not
exponentially stable, see [59].

Finally, for the application of the results in Chapter 8 to well-posed systems, we
require several technical results.

Lemma 9.1.2. Assume the the control operator B or the observation operator C
is bounded. Then system (9.3) is reqular. Moreover, the inverse Laplace trans-
form of the transfer function G, or, equivalently, the impulse response of (9.3),
is in L2 (R, R) + Rdy for any w > w(T), where & denotes the unit mass at 0.

A proof of Lemma 9.1.2 can be found in [36] (see [36], Lemma 2.3).

Remark 9.1.3. Note that in particular, if B or C' is bounded, it follows from
Lemma 9.1.2 that the impulse response of system (9.3) (that is, the convolution
kernel of G.) is a finite (signed) Borel measure on R. &

Lemma 9.1.4. Assume that T is strongly stable, 0 € res(A) and B is infinite-
time admissible. Let v € L2 _(R,,R) and v™° € R be such that v — v>®9, €

loc

L*(R.,R). Then for all z° € X, the solution x of (9.3a) satisfies

lim [|x(t) + A~ Bv®™®| = 0.

t—o00
If v>° =0, then the conclusion remains true even if 0 ¢ res(A).

The proof of Lemma 9.1.4 can be found in Appendix 6.

Lemma 9.1.5. Assume that T is strongly stable, 0 € res(A) and B is infinite-
time admissible. Let the input v € L (R, ,R) of (9.3a) be given by v = Huw,

where w € F(Z4,R) is such that Aw € [*(Zy,R). Then, for all 2° € X, the
solution = of (9.3a) satisfies

lim [lz(t) + A7 Bu(t)|| = 0.

167



The proof of Lemma 9.1.5 can be found in Appendix 6.

Lemma 9.1.6. Assume that the well-posed system (9.3) is strongly stable and
0 € res(A). Then G, satisfies assumption (A.).

Proof. If (9.3) is strongly stable, then G, € H*(Cy) and hence G, is analytic
on Cy. If additionally 0 € res(A), then G. can be analytically extended to a
neighbourhood of 0. Hence the evaluation G.(0) of G.(s) at s = 0 is meaningful,
and (9.1) holds for s = 0 and for s € C,r), that is,

(Ge(s) — G.(0))/s = C(s] — A)'A™B, Vs € Cyry.
Hence we see that

lmsup |~ (Ge(s) — Ge(0))] < o

s—00,5€Cq | S

and assumption (A.) holds. O

9.2 Sampled-data low-gain integral control of
well-posed state-space systems

Throughout this section let v € F(Zy,R). Let ¢ : R — R be a static non-
linearity, let k, p € R, d. be an external disturbance and consider the well-posed
system (9.3), with input non-linearity v = ¢ o u,, that is,

&= Ax+ B(pou,), z(0)=2"€ X, (9.5a)
w, = Cp(x — (sol — A) ' B(poue)) + Ge(s0) (¢ 0 ue), (9.5b)

controlled by the sampled-data integrator

u(t) = (Hu)(t), t € Ry, (9.6a)
(Au)(n) = k(p — (S(de +we))(n), u(0)=u"€R, neZ,. (9.6b)

From (9.5b), (9.2) and (9.4) we have,
we(t) = Ca(x(t) = (sol — A)7 B(p o ue)(t)) + Gelso)( 0 ue)(t)
=C)y [Ttazo + /0 T, ¢B(pou.)(s)ds
—(s0l — A) ' B(p o uc)(t)| + Gelso) (¢ 0 ue)(t)

— CATyz® + (Gelip 0 ue)) ().
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Consequently, with g.(t) := Cy T2, it follows from (9.6a) that
Sw.=S8g.+S(G.(H(pou))). (9.7)

Setting g := Sg., d :== Sd. and G := SG./H, it follows from (9.6b) and (9.7) that
u satisfies
u=1u"d+kJ(pd —d— (g+ G(poun))). (9.8)

Theorem 9.2.1. Assume that the well-posed system (9.3) is exponentially stable
and G.(0) > 0. Let p : R — R be locally Lipschitz continuous and non-decreasing.
Suppose that d, = dey + deo¥. with dgy € L2(R,,R) for some a < 0 and de € R.
Let p € R and assume that (p — de)/G.(0) € imp. Under these conditions the
following statements hold.

1. Assume that ¢ — p(0) € #(a) for some a € (0,00). Then there exists
a constant k* € (0,00) (depending on G., ¢ and p) such that for all
k € (0,k%), the unique solution (x,u.) of the feedback system given by
(9.5) and (9.6) is defined on Ry, the limits lim; o z(t) = 2 (in X)
and limy_, o u.(t) =: u™ exist and satisfy >° = —((p — dw)/G ( NATIB
and p(u*) = (p — de2)/G(0),

ee=p—d, —w, € L*(R;,R) and ¢ou,— pu®). € L*(R,,R).

Moreover,
lim e.(t) =0,

t—o0

provided that Ty,2° € X for somety > 0, limy_,oo de1 (t) = 0 and G, satisfies
assumption (B.) (see (7.10)).

2. Assume that ¢ is globally Lipschitz continuous with Lipschitz constant \ >
0. Then the conclusions of statement 1 are valid with k* = 1/|\f;(G)]
(where f;(G) is given by (5.2)).

Proof. Let (z,u.) be the unique solution of the feedback system given by (9.5)
and (9.6). By (9.8), u, satisfies

e = u', + kHJI(p¥ — S(d. + g. + Ge(pou,))) (9.9)

where g.(t) = CyT;z°. In order to apply Theorem 8.1.1 to (9.9) we need to verify
the relevant assumptions. By exponential stability, G. € %(L2(R,,R)) for some
a < 0. It remains to show that g, € L%(RJr, R) for some 3 < 0. To this end note
that if § € (w(T),0) then, by exponential stability, g. € L%(R+, R).

Proof of Statement 1: An application of Theorem 8.1.1 shows that there exists
a constant k* € (0,00) such that if k£ € (0, k%), limy_ o u.(t) =: u™ exists and
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satisfies o(u™®) = (p — de2)/Gc(0), e. € L*(R,,R) and ¢ o u, — o(u™®)d,. €
L*(R,R). For the rest of the proof of statement 1, let k € (0, k*). If T;,2° € X,
for some ty > 0, it follows from the exponential stability of T that

1tlim ge(t) = tlim CTy_4y(Ty2°) = 0.

Hence, if Ty,2° € X for some ty > 0, limy .o, de1(t) = 0 and G, satisfies assump-
tion (B.), then Theorem 8.1.1 guarantees that lim; .. e.(t) = 0. By Lemma
9.1.4, z(t) — —A'Bp(u™) (in X) as t — oo, showing that z(¢) converges to
1% = —((p— dw)/G(0))A™IB as t — oc.

Proof of Statement 2: This follows immediately from the application of Theorem
8.1.1. O

We now consider system (9.5) controlled by the sampled-data integrator

uc(t) = (Hu)(t), te Ry, (9.10a)
§(n+1) =&(n) +k(p— (S(de+we))(n),  £(0) =&, (9.10b)
u(n) = §(n) + k(p — (S(de + we))(n)), (9-10¢)

where ¢ denotes the integrator state. Again setting g := Sg¢., d := Sd. and
G := SG.H, it follows from (9.10b), (9.10c) and (9.7) that u satisfies

u=E"+kJo(pd —d— (g + G(pou))). (9.11)

Theorem 9.2.2. Assume that the well-posed system (9.3) is exponentially stable
and G.(0) > 0. Let p : R — R be locally Lipschitz continuous and non-decreasing.
Suppose that d, = dey + deo¥. with dgy € L2(Ry,R) for some a < 0 and de € R.
Let p € R and assume that (p—de2)/G.(0) € imyp. Let (x,u.) be a solution of the
feedback system given by (9.5) and (9.10). Under these conditions the following
statements hold.

1. Assume that ¢ — p(0) € #(a) for some a € (0,00). Then there exists
a constant k* € (0,00| (depending on G., ¢ and p) such that for all k €
(0, k%), the limits lim;_oo z(t) =: 2 (in X) and limy_ oo uc(t) =: u™ exist

and satisfy ° = —((p — de2) /G(0)) AT B and o(u™®) = (p — de)/G.(0),
ee=p—d.—w, € L*(R.,R) and ¢ou, — p(u>)d, € L*(Ry,R).

Moreover,
lim e.(t) =0,

t—o0

provided that Ttoxo € Xj for somety > 0, limy_.o de1(t) = 0 and G, satisfies
assumption (B.). If f;,(G) = 0, then the above conclusions are valid with
k* = oo (where f;,(G) is given by (5.12)).
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2. Assume that ¢ is globally Lipschitz continuous with Lipschitz constant \ >
0. Then the conclusions of statement 1 are valid with k* = 1/|\f;,(G)],
where 1/0 := oo.

3. Under the assumption f;,(G) > 0, the conclusions of statement 1 are valid
with k* = oo.

Proof. Let (z,u.) be a solution of the feedback system given by (9.5) and (9.10).
By (9.11), u, satisfies

u, = %9, + kHJo(p¥ — S(de + g + Ge(p o ug))) (9.12)

where g.(t) = CyTy2°. In order to apply Theorem 8.1.3 to (9.12) we need to
verify the relevant assumptions. Arguments identical to those in the proof of
Theorem 9.2.1 show that the relevant assumptions are satisfied. Statements 1
and 2 follow from the application of Theorem 8.1.3 and the arguments used to
prove statements 1 and 2 of Theorem 9.2.1. Statement 3 follows immediately
from the application of Theorem 8.1.3. O

Let ¢, p and d. be as before and let k : Z; — R be a time-varying gain. As
previously, we consider system (9.5) but now controlled by the sampled-data
integrator

uc(t) = (Hu)(t), t e Ry, (9.13a)
(Au)(n) = k(n)(p — (S(d. +w,.))(n)), u(0)=u’€R, n€Z,. (9.13b)

Again setting g := Sg¢., d := Sd. and G := SG./H, it follows from (9.13b) and
(9.7) that u satisfies

u=u"+ J(k(pd —d— (g+ (G(pou))))). (9.14)

Theorem 9.2.3. Assume that the well-posed system (9.3) is strongly stable, 0 €
res(A) and G.(0) > 0. Let ¢ : R — R be non-decreasing and globally Lipschitz
continuous with Lipschitz constant X > 0, d. = dey + de¥. with d.y € L2 (R, R)
for some o <0 and dey €ER, p—dey € Z(G., ) and k : Z, — R is bounded and
non-neqative with

limsup k(n) < 1/|Afos(G)],

n—oo

where fo 5(G) is given by (5.12). Then, for (z,u.) the solution of the feedback sys-
tem given by (9.5), (9.6a) and (9.13b), and all 2° € X, the following statements
hold.

1. The limit (v o u.)™ = limy_ @(u.(t)) exists and is finite and

tlim |z(t) + A~ B(p o u,)®|| = 0,
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and N(pou) € I*(Z,,R).

2. If k ¢ IN(Z,,R), then the error signal e. := pY, — d. — w. can be split into
€c = €. + €ea, where limy_,o €. (t) = 0 and ey € L*(R,,R). Moreover,
tlim e.(t) =0,

provided that Ty, 2° € X for somety > 0, limy .o, de(t) = 0 and G. satisfies
assumption (B.) (see (7.10)).

3. If p — dey is an interior point of Z(G., ), then u, is bounded.

Proof. Let (x,u.) be the unique solution of the feedback system given by (9.5)
and (9.13). By (9.14), u, satisfies,

e = u?, + HJI(k(pY — S(d. + g + Ge(pou,)))) (9.15)

where g.(t) := CyTyz°. In order to apply Theorem 8.1.8 to (9.15), we need to
verify the relevant assumptions. By strong stability and the fact that 0 € res(A),
it is clear from Lemma 9.1.6 that G, satisfies assumption (A.). By the infinite-
time admissibility of C' we have g. € L*(R,,R). We are now in a position to
apply Theorem 8.1.8 to (9.15).

Proof of Statement 1: The fact that, lim; .., @(u.(t)) =: (¢ o u.)>® exists and
is finite follows immediately from the application of Theorem 8.1.8. To see that
limy oo ||2(¢) + A B(pou.)®| = 0 (in X), we apply Lemma 9.1.5 with w = pou
(noting that Aw = A(powu) € I*(Zy,R) and limy_, v(t) = limy_ o (Hw)(t) =
limy o0 p(ue(t)) =: (¢ 0 ue)™).

Proof of Statement 2: If T, x2° € X, for some t, > 0, then, as in the proof of

Theorem 9.2.1, lim;_,, g.(t) = 0. Statement 2 now follows from the application
of Theorem 8.1.8.

Proof of Statement 3: This follows immediately from the application of Theorem
8.1.8. 0

Let ¢, p, k and d. be as before and let 1) : R — R be a static non-linearity. We
now consider system (9.5) with bounded observation operator C' (in particular,
if C'is bounded, C' = C}) . Note that, by Lemma 9.1.2, this means system (9.5)
is now regular, that is,

&= Ar+ B(pou,), x(0)=2° (9.16a)
w. = Cx+ D(pouy). (9.16b)

Boundedness of C' implies that the impulse response of G. is a finite Borel measure
on R, see Remark 9.1.3. Consequently, we can ideally sample the output v o
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w.+d.. Hence we consider system (9.16), but now controlled by the sampled-data
integrator

ue(t) =(Hu)(t), te Ry, (9.17a)
(Au)(n) =k(n)(p — (Si(d. + 1 ow.))(n)), u(0) =u’ €R, n € Z,. (9.17b)

From (9.16b), (9.2) and (9.4) we have,
we(t) = Cx(t) + D(p o u)(t)
= (J(Ttwo + /t T,_B(p o u.)(s) ds) + D(p o u,)(t)
= CTua’ + (GS(SO ° ue))(t).
Consequently, with g.(t) := CT.2?, it follows that
Srwe = S1gc + Si(G(H(p o u))). (9.18)

Setting g := S;g., d := S1d., noting that by Proposition 8.2.1, ¢ and §; commute
and defining G := §;G.H, it follows from (9.17b) and (9.18) that u satisfies

u ="+ J(k(p9 —d— (g + (G(pou))))). (9.19)

Theorem 9.2.4. Assume that the well-posed system (9.3) is exponentially sta-
ble, that C is bounded (hence system (9.3) is reqular, by Lemma 9.1.2) and that
G.(0) > 0. Let p : R — R and ¢ : R — R be non-decreasing and globally Lip-
schitz continuous with Lipschitz constants Ay > 0 and Ay > 0, d. = d. + deo?.
with dey € L*(R,R), Syd.y € 12(Z,R), n > lda(GT)] € I>(Zy,R) and
dey ER, p—de € Z(Ge, 0,0) and k : Zy — R is bounded and non-negative with

limsup k(n) < 1/| M2 fo.s(G)],

n—oo

where fo.7(G) is given by (5.12). Then, for (z,u.) the solution of the feedback
system given by (9.16) and (9.17), and all z° € X, the following statements hold.

1. The limit (v o u.)™ = limy_ @(u.(t)) exists and is finite and
ltlim |z(t) + A~ B(p o u,)®|| = 0,

and N(pou) € *(Z4,R).

2. If k ¢ 1N(Z,R), then the error signal e. := pd. — d. — 1 o w, can be split
into €. = ec1 +€ea, where limy o e.1(t) = 0 and e, € L*(R,,R). Moreover,

lim e.(t) =0,

t—o0
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provided that lim;_, d.1(t) = 0.

3. If p— dey is an interior point of Z(G., p, 1), then u. is bounded.

Proof. Let (z,u.) be the unique solution of the feedback system given by (9.16)
and (9.17). By (9.19), u. satisfies,

Ue = U9, + HI(k(p9 — Sr(d, + 1(ge + Go(ip 0 1)) (9.20)

where ¢.(t) := CTz°. In order to apply Theorem 8.2.2 to (9.20), we need to
verify the relevant assumptions. Since C' is bounded the impulse response of
G, is a finite Borel measure on R (see Remark 9.1.3). Using the exponential
stability of system (9.3), we see that G, is analytic in a neighbourhood of 0 and
hence, G. satisfies assumption (A.). It is clear by exponential stability that there
exists a 3 < 0 such that g. € L3(R,R) C L*(R4,R). It remains to show that
Srg. € I*(Z,R). We first note that, by exponential stability of the semigroup
T, there exist constants M, > 0 such that

|Ty|| < Me™®, VteR,.
Consequently, by boundedness of C,
9(t)| < Me™®, VteR, (9.21)

for some constant M > 0, that is, ge(t) = O(e ") as t — oo. Hence, Srg. €
I1(Z,,R) as required (see Remarks 8.2.3 (b)). We are now in a position to apply
Theorem 8.2.2 to (9.20).

Proof of Statement 1: This follows in the same way as the proof of statement 1
of Theorem 9.2.3, but applying Theorem 8.2.2 instead of Theorem 8.1.8.

Proof of Statement 2: Trivially by (9.21),

lim g.(t) = 0.

t—o00
The conclusions of statement 2 now follow from the application of Theorem 8.2.2.

Proof of Statement 3: This follows immediately from the application of Theorem
8.2.2. O

Remark 9.2.5. Note that it is also possible to obtain state-space versions of The-
orems 8.1.10 and 8.2.4 under similar assumptions to those imposed in Theorems
9.2.3 and 9.2.4. &
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9.3 Notes and references

The results in this chapter form state-space versions of the input-output results
obtained in Chapter 8. Note that, for constant gain with input non-linearity
the results from Chapter 8 apply to exponentially stable well-posed state-space
systems (see Theorems 9.2.1 and 9.2.2); for time-varying gain with input non-
linearity the results from Chapter 8 apply to strongly stable state-space systems
with 0 € res(A) (see Theorem 9.2.3); for time-varying gain with input as well as
output non-linearities the results from Chapter 8 apply to exponentially stable
systems with bounded observation operator (see Theorem 9.2.4). We remark
that the results in this chapter improve on the sampled-data results in [37] and
[42] in the sense that, the results in [37] and [42] were obtained for exponentially
stable regular systems whereas, Theorems 9.2.1, 9.2.2, 9.2.3 and 9.2.4 apply to
the larger class of exponentially stable well-posed systems, in some cases (see
above) even to strongly stable well-posed systems with 0 € res(A). The results
in this chapter form the basis for some of [6].
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Chapter 10

Discrete-time absolute stability
theory and stability of linear
multistep methods

An important aspect of numerical analysis is the study of the long term behaviour
of solutions of numerical methods. In this chapter we show how special cases of
some of the discrete-time absolute theory contained in Chapter 4 can be applied
to linear multistep methods. Consequently, we derive results on stability of linear
multistep methods.

10.1 An introduction to linear multistep meth-
ods

Much of the material in this section is standard. For a more detailed introduction
to linear multistep methods see, for example, [1], [26], [27] and [29].

In this chapter we consider the initial-value problem,

Vi) =1 0). 1R y0) = (10.1)
defined on a possibly infinite-dimensional Hilbert space U. Here f : Ry xU — U
satisfies suitable regularity conditions (in the least we assume that f is Lipschitz
with respect to the norm in U), so that (10.1) has a unique solution. In numerical
analysis solutions of (10.1) can be approximated from so called linear multistep
methods defined below.
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Definition. A general g-step linear multistep method (LMM) is defined by the
equation,

D_aguln+j) =hd_Gif((ntjh, un+j), n€Zs, (10.2)

with fixed time-step h > 0, constants a;, 3; € R (j =0,1,...,q) independent of
h, n and the underlying differential equation, with o, > 0 and given initial data

w(0), ..., u(g—1).

We shall often refer to equation (10.2) simply as method (10.2) or, LMM (10.2).
When G, = 0, LMM (10.2) is said to be ezplicit; otherwise it is implicit.

We define the polynomials p, o by,

p(z) = Z ;2 o(z) = Zﬁjzj.
j=0 Jj=0

We assume throughout this chapter that p and o are coprime. The LMM (10.2)
is completely specified by the two polynomials p and ¢ in the sense that, given
polynomials p, o we can determine a LMM of the form (10.2) and conversely
given a LMM of the form (10.2) we can define polynomials p and o.

We now give some examples of linear multistep methods.

Example 10.1.1. The backward differentiation formulae (BDFs) are given by,
1
o(z) =21, and p(z)= Z Ezq_k(z — 1)~
k=1
Given expressions for p and o, we now determine expressions for LMM (10.2) for

given values of q.

1. ¢ = 1: Then o(z) = z and p(z) = z — 1. This gives coefficients, ay =
-1, ag =1, By =0, #; = 1. Hence from (10.2) we obtain the method,

u(n+1) —u(n) =hf((n+1)h,u(n+1)).
This is the well-known Fuler method.

2. ¢ =2:Theno(z) = 2% and p(z) = (3/2)2*>—22+1/2. This gives coefficients,
ap=1/2, ay = =2, ay =3/2, By =0, 1 =0, B = 1. Hence from (10.2)
we obtain the method,

;u(n +2) = 2u(n+1) + %u(n) — hf((n+ 2)h, u(n + 2).
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We shall now discuss zero-stability of solutions of (10.2) and in so doing, introduce
some key definitions.

We begin by considering the case f = 0. From (10.2) we now have the linear
difference equation,

q
Z a;u(n+j) =0, ne”Z;. (10.3)
=0

Proposition 10.1.2. Let z € C. If p(2)

= 0, then u(n) = 2" is a solution of
(10.3). If, additionally, p'(z) = 0, then u(n) =

nz" is also a solution of (10.3).

Proof. Assume that p(z) = 0 for some z € C. With u(n) = 2™ it follows from
(10.3) that

q q q
S asun+3) = 3oy = (S apet ) = 27p(z) =0,
j=0 Jj=0 Jj=0

Hence u(n) = z" is a solution of (10.3). Suppose further, p'(z) = 0. With
u(n) = nz" it follows from (10.3) that

q q q q
> agulnt ) =) ajn+ )" = 2" <n EEDY ozjjzj)
=0 =0 =0 j=1
= 2"(np(z) + 20'(2)) = 0.
Hence u(n) = nz" is a solution of (10.3). O

Definition. A polynomial p(z) satisfies the root condition if

p(z) = 0 implies either |z| < 1, or |z| = 1 and p'(z) # 0.

Proposition 10.1.2 motivates the definition of the following notions of zero-stability
of method (10.2).

Definition. The method (10.2) is said to be zero-stable if p satisfies the root
condition. The method (10.2) is strictly zero-stable if it is zero-stable and z = 1
is the only root of p on the complex unit circle.

For a “good” LMM we expect that the values u(n) generated by (10.2) tend to

the value of the desired exact solution of (10.1) at time ¢ as h — 0. This gives
an intuitive notion of convergence of an LMM which we now make more precise.
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We assume that, for 7' > 0, f : R, x U — U satisfies the following condition,
If(t2) = f2 < Llle -2, Vte[0,T], 2,2 €U

We introduce the following notation. For A > 0, we define N, := {n € Z, | nh €
[0, 71}

Definition. We say that method (10.2) is convergent if the following is true for
all yo € U. Let ng,m1,...,nm4-1 be ¢ functions from (0, hy) to U where 0 < h <
ho = g8, L' (so that method (10.2) has a unique solution) such that

lim n;(h) = yo, j=0,1,...,9—1,
h—0
and denote by wu the solution of (10.2) having the starting values

Then,
—y(nh h
max [[u(n) —y(nh)|| = 0, — 0,
where y denotes the solution of the initial-value problem (10.1). Note that if
By = 0, then hg := oo.

Convergence of a LMM is an essential property for computation of numerical
solutions of initial-value problems of the form (10.1). Without convergence a
method is of no practical use.

The condition of zero-stability of method (10.2) has the purpose of preventing
a small initial error in the computation of solutions of the initial-value problem
(10.1) from growing at such a rate that convergence of (10.2) is no longer guar-
anteed. However, zero-stability alone does not guarantee convergence. A further
condition must be added which ensures that LMM (10.2) is a good approximation
to the initial-value problem (10.1).

If LMM (10.2) is to define a “good” method, we expect the difference between

the two sides of LMM (10.2) to be small if & is small and if the values {u(n)}nez,
are replaced by y(nh), where y is an exact solution of the initial-value problem
(10.1). To this end we now define the concept of consistency of method (10.2).

Definition. Let y be the solution of the initial-value problem (10.1). We say
that method (10.2) is consistent if,

q

S au((n+ 3)0) = 132 8350 + )b+ )| = ol

=0

max
nENh

as h — 0.
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The consistency of method (10.2) is equivalent to a purely algebraic condition
on the polynomials p and o as seen in the following result. The proof of the
following theorem can be found in [27] (see Theorem 3.4 in [27])

Theorem 10.1.3. The method (10.2) is consistent if and only if the polynomials
p and o satisfy the conditions

Finally we state a necessary and sufficient condition for the convergence of method
(10.2) the proof of which can be found in [27] (see Theorem 3.1 in [27]).

Theorem 10.1.4. The method (10.2) is convergent if and only if it is both zero-
stable and consistent.

In order to apply transform methods, we first write (10.2) as a convolution iden-
tity. To this end associated with the two polynomials p and o we define sequences
r, s € F(Z,,R), such that

_ Jagam, 0<n<gq, _JBiwn, 0<n<yg,
r(n) := {07 n>q, s(n) == {0’ n>q. (10.4)
We observe that
7(z) =2z"(z), $8(z)=z""(2); 2z€C, (10.5)

In applications, the boundedness of several related quantities is considered: the
numerical solution, the numerical error and the difference between two numerical
solutions. The following lemma is applicable in all these cases.

Lemma 10.1.5. Suppose that D(n) € U for n > q, and that ¢ : Z4 x U — U.
Suppose also that x : Z, — U satisfies

Y ar(n+ ) =Y Bien+j, x(n+j))+ Dn+q), neLy.
§=0

=0
Then, forr, s € F(Z4+,R) as defined in (10.4),

rxx=s%*(pox)+u, (10.6)
where v s given by

rxx)(n)—(sx(pox))(n), 0<n<qg—1,
”(”>‘—{39<n>,)() s+ (pom)im. 0y
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Proof. Considering the LHS of (10.6), the finite support of r implies that

(rxa)(n+q)=> r(n+q—kak) = Zr(q — j)z(n+j)

= Zajm(n +7), n€Z,.

Similarly, considering the RHS of (10.6),

n-+q
(s*(pox))(n+q)+v(n+q) =) sn+q—k)(pox)(k)+D(n+q)
k=0
q q
=> slg—j)pox)(n+j)=>_ Bieln+j z(n+j)+Dn+q), n€Z
j=0 Jj=0
This implies that, for n > ¢,
(rxx)(n) = (s (pox))(n)+v(n). (10.7)

By the construction of v, (10.7) also holds for 0 < n < ¢ — 1. Thus, the sequence
identity (10.6) is true. O

We recall that ultimately, we are considering the initial-value problem (10.1)
where f : R, x U — U satisfies suitable regularity conditions. We describe three
situations in numerical analysis to which Lemma 10.1.5 applies.

Case 1: The numerical solution. For the method given by (10.2), Lemma
10.1.5 may be applied with

z(n) :=u(n); o(n, &) :=hf(nh,§), £€U; Dn+q):=0, ne€Z,.

Case 2: The numerical error. Let y be the solution of (10.1). The truncation
error T'(n+q) € U, n € Z,, is defined by

Z%y((nﬂ —hZﬁJ (n+ ), y((n+j)h)) + hT(n+q), n€Zy.

Lemma 10.1.5 may be applied with

(nh) —u(n), n€Z,
f(nh, y(nh)) — hf(nh, y(nh) = &), ne€Zy, (€U,
T(n), n>gq,
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where u : Z; — U is the solution of (10.2).

Case 3: Difference of two numerical solutions. If vy : Z, — U, us : Z, —
U, are two solutions of (10.2), then Lemma 10.1.5 may be applied with

z(n) = ui(n) —uz(n), n€Zy,
30(7% 5) = hf(nh7 ul(”)) - hf<nh7 ul(n) - 5)7 ne Z—i—v § € Ua
D(n) =0, neZ,.

10.2 Control theoretic absolute stability results

We consider an absolute stability problem for the feedback system shown in
Figure 10.1. The convolution kernel g : Z, — C, the time-dependent non-
linearity ¢ : Z, x U — U and the forcing function w : Z, — U are given.

Figure 10.1: Feedback system with non-linearity

From Figure 10.1 we can derive the following governing equations

u =1y +w, y=g*(pou),

or, equivalently,
u=gx*(pou)+w. (10.8)

The latter equation can be written as the nonlinear discrete-time Volterra equa-
tion,

u(n) =Y g(n — j)e(j, ulf)) +w(n).
=0
A solution of (10.8) is a U-valued function u defined on Z, satisfying (10.8).

Trivially, there exists at least one solution (a unique solution, respectively) of
(10.8) if, for every n € Z,, the map

U—U  &—E&—g(0)p(n,¢)
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is surjective (bijective, respectively).

In the following result, part (A) is a special case of Theorem 4.3.4 and part (B)
is a special case of Theorem 4.3.6.

Theorem 10.2.1. Let g = go¥ + g1, where gy € (0,00) and g, € I'(Z,), let ¢ be
sector-bounded in the sense that there exists a € (0,00] such that

Re (p(n,€),8) < —llo(n,)|?/a, Y (n,€) €Zy xU (10.9)
and assume that there exists € > 0 such that
1/a+Reg(e?)>e, VO€(0,27). (10.10)

(A) Ife > 0 andw € m*(Z,U), then every solution u of (10.8) has the following
properties.

(A1) There exists a constant K > 0 (depending only on ¢, a and g, but not on
w) such that

lulli + | Doullie + 0 0 ullie + ([Re (0 0 u, w)lln)"?
+ [ Jolpou)llie < Klfwllm.

(A2) The limit lim,,_. ||u(n)|| ezists and is finite; in particular, if dimU = 1,
then lim,, .o, u(n) exists.

(A3) Under the additional assumptions

(A3.1) ¢ does not depend on time,
(A3.2) ¢=1(0) N B is precompact for every bounded set B C U,

(A3.3) infeep ||p(€)|| > 0 for every bounded closed set B C U such that
' (0)N B =10,

we have that lim,, ., dist(u(n), ¢1(0)) = 0.
(A4) If (A3.1)-(A3.3) and the additional assumption,

(A4.1) cl(¢™1(0)) N S is totally disconnected for every sphere S C U centred
at 0,

hold, then u(n) converges as n — oc.

(B) Ife =0 and w € m'(Z,,U), then every solution u of (10.8) has the following
properties.
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(B1) There exists a constant K > 0 (depending only on a and g, but not on w)
such that

1
lulli + (IRe (2 0 v, u+ —(2 0 ) [0)"* + 1 Jo(i2 0 W) e < K [l

(B2) Under the assumptions (A3.1), (A3.2) and the additional assumption

(B2.1) supgep Re(p(§),& +¢(§)/a) < 0 for every bounded closed set B C U
such that p='(0) N B =0,

we have that lim,,_., dist(u(n), »=1(0)) = 0.
(B3) If (A3.1), (A3.2), (B2.1) and the additional assumption,
(B3.1) ¢ is continuous,
hold, then lim,,_,o(Dou)(n) = 0. If further,
(B3.2) ¢©~1(0) is totally disconnected,
then lim,, . u(n) =: u™ exists with u> € =1(0).

A complete proof of Theorem 10.2.1 (which does not refer to Theorems 4.3.4 and
4.3.6) can be found in [4] (see, Theorem 5.1 in [4]).

Next, we derive a version of Theorem 10.2.1 which yields stability properties of
the difference of two solutions of (10.8). In this context, the following incremental
sector condition

Re <90(n7€1) - 90(7%52)751 - §2> < —||90(TL,§1) - (,0(717§2)||2/6L, (1011)
ne€ly, §,5€U

is relevant. Let wq, ws be forcing functions and let u; and uy be corresponding
solutions of (10.8), that is, u; = g * (¢ o u;) + w; for i = 1,2. The difference
u, — ug satisfies the Volterra equation

ul—u2:g*(¢o(u1—u2))+w1—w2.

In the following result, part (A) is a special case of Corollary 4.4.1 and part (B)
is a special case of Corollary 4.4.2.

Corollary 10.2.2. Let g = gof + g1, where g € (0,00) and g1 € I}, let © be
incrementally sector-bounded in the sense that (10.11) holds for some a € (0, c0]
and assume that there ezists € > 0 such that (10.10) is satisfied. Let uy and us
be solutions of (10.8) corresponding to forcing functions wy and wsy, respectively.

(A) Ife > 0 and wy — wy € m*(Zy,U), then the following statements hold:
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(A1) There exists a constant K > 0 (depending only on €, a and g, but not on
wy and ws) such that

[y — uslie + || Do(ur — uz) iz + (|Re {p 0w — 0 0 ug, uy — ua)l|p)/?
+ lpour — pouslle + || Jo(@ our — @ oug) e < Kllwy — wo|m2 -

(A2) The limit lim, . ||ui(n) — uz2(n)|| ezxists and is finite; in particular, if
dimU =1, then lim,,_(u1(n) — uz(n)) ezists.

(B) If e = 0 and wy — wy € m*(Zy,U), then there exists a constant K > 0
(depending only on a and g, but not on wy and wy) such that

1
w1 — uzl[iee + (|[Re (@ ouy —pouy,up —uy + 5(90 o Uy — ¢ 0 up))|pn)
+ [ Jo(w 0 ur — @ o ug)llie < K|lwy — wal|mr -

10.3 An application of Section 10.2 to linear
multistep stability

In this section we apply Theorem 10.2.1 and Corollary 10.2.2 to derive results on
the asymptotic behaviour of the solutions of (10.2).

We begin by defining the notion of a positive rational function.

Definition. A function f : C — C is said to be a rational function if it can be
expressed as the quotient of two polynomials with possibly complex coefficients.
We further say that a rational function is proper if lim.|_ |f(2)|< oo for all
z € C. A rational function f (with possibly complex coefficients) is called positive
if

Re f(z) > 0, for all z € C with |z| > 1 and such that z is not a pole of f.

The following lemma lists some simple (and well-known) properties of positive
rational functions which will be required throughout this section, we include a
proof for completeness.

Lemma 10.3.1. Let f be a rational function such that f(z) #Z 0. If f is positive,
then the following statements hold:

(a) If z € C is a zero of f, then |z|] < 1.

(b) If z € C is a pole of f, then |z| < 1.
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(c) lim|;~oo f(2) exists, is finite and not equal to zero.

(d) If e™ is a zero of f for some v € [0,27), then it is simple (that is f'(e™) #
0).

(e) Ife™ is a pole of f for somev € [0,27), then it is simple (that is (1/f) (e™) #
0) and e "Res (f,e") > 0, where Res (f,e") denotes the residue of f at
z=ev.

Note that part (c) says that a non-trivial positive rational function has no zeros
or poles at oo.

Proof of Lemma 10.3.1. (a) Let |2p| > 1 and assume that f(z9) = 0. Then

f(2) = (2 = 20)"g(2),

where m € N and g is a rational function which is holomorphic at z = z5 and
g(z0) # 0. Let p > 0 be sufficiently small such that |29 + pe?®| > 1 for all
6 € [0,27). Then

(20 + pe) = g(zo + pe®)pme™.
Hence,
0 < p~"Re f(z0 + pe”)

= cos(mB)Re (g(z0 + pe”)) — sin(mB)Im (g(zo + pe”)). (10.12)
Since g(zo + pe?)) — g(z0) # 0 as p — 0 (uniformly in @), it follows that there
exists p > 0 and 0 € [0, 27) such that the RHS of (10.12) is negative, contradicting
the fact that Re f(zo + pe?) > 0.
(b) If z € C is a pole of f, then z is a zero of the positive rational function 1/f.

Hence, by (a), it follows that |z| < 1. B
(c) By (a) and (b) all poles and zeros of f are in B. Define a rational function

9(2) == (1/2).

Then since f is positive, Re g(z) > 0 for all z € B such that z is not a pole of g.
It suffices to show that lim, . g(2) exists, is finite and not equal to zero. Let

g(z) = 2"h(z),

where m € Z and h is a rational function which is holomorphic at z = 0 and
h(0) # 0. Let p < 1. Then, for all § € [0, 27),

m im0

g(pe) = h(pe®)p™me
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Hence,
0 < p ™Re g(pe®) = cos(mb)Re (h(pe®)) — sin(mf)Im (h(pe'?)). (10.13)

Since h(pe?)) — h(0) # 0 as p — 0 (uniformly in ), it follows that there exists
p < 1and @ € [0,27) such that the RHS of (10.13) is negative, contradicting the
fact that Re g(pe?) > 0.

(d) Assume that e is a zero of f. Then

fz) = (z—€")"g(2), (10.14)

where m € N and ¢ is a rational function which is holomorphic at z = % and
g(e”) #0. For e >0 and 0 € [—7/2,7/2], we define

Zeg =€ (1 +ee).
It is clear that |z. 9| > 1 and so, for ¢ > 0 and 6 € [—7/2,7/2],

0< 5_mRef(Ze,0)
= cos(mf)Re (e" g(z.4)) — sin(m6)Im (e"™ g(z.9)) - (10.15)

Since g(z.9) — g(e™) # 0 as € — 0 (uniformly in ), it follows from (10.15) that
m = 1 (because otherwise there would exist ¢ > 0 and 0 € [—7 /2, 7/2] such that
the RHS of (10.15) is negative). Consequently, the zero at z = €™ is simple.

(e) Assume that e is a pole of f. Replacing m by —m in (10.14), an argument
identical to that in the proof of (d) shows that the pole at z = ¢ is simple.
Considering (10.15) when m = —1, choosing # to be —7/2, 0 and 7/2 and letting
e — 0, shows that Im (e""g(e”)) = 0 and Re (e *g(e™)) > 0. Since g(e”) # 0,
we conclude that Re (e7™"g(e™)) > 0. The claim now follows from the fact that
Res (f,e™) = g(e™). O

Definition. A sequence a € F(Z,) is said to be exponentially decaying if there
exists n € (0, 1) and M > 0 such that

la(n)| < Mn*, neZ,.

Note that a € F(Z,) is exponentially decaying if and only if r, < 1 (where r, is
given by (3.5)).

In the following, if @ € F(Z,) and k € N, then

ak::a*a*-u*a.
—_—

k factors
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For ¢ € C, define
wf = (07 1a 57 527 €3a .- )
Note that 1&5(2) =1/(z=¢).

Lemma 10.3.2. Let A be a proper rational function. Then there exists a % -
transformable sequence a € F(Z,) such that a = 21 (A) and a is of the form

m  mg

a=75+> ) il (10.16)

k=1 j=1
where 7y, vi; € C are suitable coefficients, the 2, are the poles of A and my, denotes

the multiplicity of 2.

Proof. If p, is the principal part of the Laurent expansion of A at zj, then

mg

pr(2) = Z ﬁ,

=1

where the ~;; are suitable constants. The function B := A—3%";" | p; is a rational
function without any poles, and hence B must be a polynomial. Since A is proper,
it follows that B is a constant polynomial equal to some v € C. Therefore,
A=~v+>7" pr, and thus a := Z'(A) is of the form (10.16). O

The following corollary is an immediate consequence of Lemma 10.3.2.

Corollary 10.3.3. For a proper rational function A, the following statements
hold:

(a) If A is holomorphic in Ey, then 2Z~'(A) is exponentially decaying; in par-
ticular, 1 (A) € INZ,).

(b) If A is holomorphic in Ey and has only simple poles {z}1, on the complex
unit circle, then

ZHA) = ap + Z%d’zm
k=1

where ag € F(Z,) is exponentially decaying and -y, denotes the residue of
A at z,.

We shall require the following key definition.

Definition. The linear stability domain S for method (10.2) is the set

S:={¢ € C: p(z) — (o(z) satisfies the root condition}.
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To apply Theorem 10.2.1 and Corollary 10.2.2 to method (10.2), we first require
some preliminary results.

Lemma 10.3.4. Forc € C and R > 0, the following equivalences hold for method
(10.2):

B(c, R) CS <~ \i?zfl lp(2)/o(z) —¢| > R
<= sup |0(2)/(p(z) — co(2))] < 1/R.

|z[>1

Proof. Assuming B(c, R) C S, we deduce that B(c, R) C int(S). Hence, if
¢ € B(c, R), then p(z) — (o(z) = 0 implies that |z| < 1. Thus,

Inf Ip(2)/o(2) =l 2 R, (10.17)
or, equivalently,
sup |o(z)/(p(z) — co(z))| < 1/R. (10.18)

12>1

Conversely, assume (10.18) or, equivalently, (10.17) holds. For ¢ € C\ 'S, there
exists zgp € C with |29| > 1 and such that p(z9) — (o(29) = 0. Thus, by (10.17),
|¢ — ¢| > R, which implies ¢ € C\ B(c, R). We deduce that B(c, R) C S. O

The following result shows that the inclusion of a disc of the form B(—c¢, ¢) (where
¢ > 0) in the linear stability domain of (10.2) is equivalent to the positivity of
the rational function 1/(2¢) 4+ o/p.

Lemma 10.3.5. Let S denote the linear stability domain of (10.2) and let ¢ > 0.
Then
B(—c,c) CS <= 1/(2¢)+a/p is positive.

Moreover, if B(—c,c) C S, then the following statements hold:
(a) Method (10.2) is zero-stable.

(b) If p(e™) =0 for some v € [0,27), then e “a(e™)/p'(e”) > 0.

Proof. A straightforward calculation shows that, for all z € C such that p(z) # 0,
the following equivalences hold

p(2)/0(2) +c| > ¢ & (1/)|p(2)]* 1+ ca(2)/p(2)]* > |o(2)[?
< 1/(2¢) + Re(o(2)/p(2)) > 0.

Now, by Lemma 10.3.4, B(—c,c¢) C S if and only if inf|.;>; [p(2)/0(2) + ¢| >
¢, showing that the inclusion B(—c,c¢) C S is equivalent to the positivity of
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1/(2¢) 4o /p. Statements (a) and (b) are now immediate consequences of Lemma
10.3.1. O

The following proposition shows that if B(—c,c) C S, then B(—c,c) C S.
Proposition 10.3.6. Let S denote the linear stability domain of (10.2) and let
c¢>0. If B(—c,c) CS, then B(—c,c) CS.

Proof. Let ¢ be on the boundary of B(—c,c), that is | + ¢| = ¢. We have to
show that ( € S. To this end let z5 € C be such that

p(z0) — Co(z9) =0. (10.19)

Since B(—c,c¢) C S, it is clear that |zy| < 1. Therefore, it is sufficient to prove
that if |zo| = 1, then

p'(20) — Co'(z0) # 0. (10.20)
So let us assume that |z9| = 1. If ( = 0, then p(zy) = 0. By part (b) of Lemma
10.3.5, p'(z0) —C0'(20) = p'(20) # 0, and so (10.20) holds. Hence, w.l.o.g. we may
assume that ¢ # 0. Using that | + ¢| = ¢,

1\ R
Re (Z) - ICGI"’C - a?iﬁ? (10.21)

where o := Re( and § := Im 3. Then,

a+e)l+=C+cP=F = o+ 3 =2
(o +c)
and so we see from (10.21)

Re(1/¢) = a/(—2ca) = —1/(2¢).

Invoking part (a) of Lemma 10.3.5, we see that the rational function A :=o/p —
1/C is positive. It follows from (10.19) that A(zy) = 0. By part (d) of Lemma
10.3.1, A’(29) # 0 and so

(p(20) — Co(20))0’(20) — (p'(20) — (o”'(20))0(20)
p*(20)
(9’ (20) — ¢0'(20))o(20)
p*(20)

0# A'(z0) =

I

showing that (10.20) holds. O

We are now in the position to formulate the main result of this section. In order
to do this we first define the function fj, : Z, x U — U by

fu(n, &) == hf(nh,§), (n,&) € Zy x U.
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Theorem 10.3.7. Assume that method (10.2) satisfies the following two condi-
tions: p(1) =0 and p(e®?) # 0 for all 6 € (0, 27).

(A) Assume that there exists 0 < ¢ < 0o such that
[nf(nh, &) + €l < cléll, (n,§) € Zy x U, (10.22)

and further that B(—co,co) C S for some cog > c. Under these conditions, for
every solution u : Z, — U of (10.2), the following statements hold:

(A1) There exists a constant K > 0 (depending only on cy, ¢ and (p,0)) such
that,

lullize + | Boullie + 1 f o ulliz + (IRe (fo 0w, uh[n) ™2

q—1 1/2
F ol 0wl < K (Z ||u<k>||2> .

k=0

(A2) The limit lim, . ||u(n)|| exists and is finite (in particular, if dimU = 1,
then lim,, ., u(n) exists).

(A3) Under the additional assumptions

(A3.1) f does not depend on time,
(A3.2) f~Y0) N B is precompact for every bounded set B C U,

(A3.3) infeep ||f(€)]| > 0 for every bounded closed set B C U such that
f0)nB =90,

we have that lim,, . dist(u(n), f~1(0)) = 0.
(A4) If (A3.1)-(A3.3) and

(A4.1) cl(f71(0)) NS is totally disconnected for every sphere S C U centred
at 0,

hold, then u(n) converges as n — oo.

(B) Assume that there exists 0 < ¢ < 0o such that (10.22) holds and further that
B(—c,c) C S. Under these conditions, for every solution u : Z, — U of (10.2),
the following statements hold:

(B1) There exists a constant K > 0 (depending only on ¢ and (p, o)) such that,

q—1

1
[elliee + (Re {fn o, ut Q—C(thU)>Hzl)1/2+ 1 o(fwo )l < K Y [lu(k)]l.

k=0
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(B2) Under the assumptions (A3.1), (A3.2) and the additional assumption

(B2.1) supgcp Re (f(£), £+ f(£)/(2¢)) <0 for every bounded closed set B C U
such that p=*(0) N B =0,

we have that lim,, ., dist(u(n), f~1(0)) = 0.
(B3) If assumptions (A3.1), (A3.2), (B2.1) and the additional assumption,
(B3.1) f is continuous,
hold, then lim,,_,o(Dou)(n) = 0. If further,
(B3.2) f71(0) is totally disconnected,

then lim,, o u(n) =: u® exists with u> € f~1(0).
(C) Assume that

Re (f(nh,€),6) <0, (n.€) €Zy x U (10.23)

If {z € C:Rez < 0} CS, then there ezists a constant K > 0 (depending only
on (p,0)) such that, for every solution u : Z, — U of (10.2),

lulli= + (1Re (o, u) )2 + [ Jo(fr o) i < Ki(ll%(k)ll A (kh, w(k)I)

and the conclusions of statements (B2) and (B3) hold.

Remark 10.3.8. (a) In the scalar case (that is, U = C) the inequality (10.22)
is equivalent to the condition that hf(nh,§)/¢ € B(—c,c) for all (n,§) € Z, x C
with & # 0.

(b) Assume that there exist ¢1,hy > 0 such that
[P f(£,6) + el < ealléll,  (£,6) e Ry x U (10.24)

and B(—cy,c;1) C S, so that the conclusions of part (B) hold for ¢ = ¢; and
h = hy. Letting hy € (0, hy) and setting co := c1hao/hy < ¢, it follows trivially
from (10.24) that

[haf(t,€) + cabll < callll, (8,€) € Ry x U,

showing that the conclusions of part (A) hold for ¢ = cg, h = hy and ¢y = ¢;.

(c) We emphasize that the assumptions in Theorem 10.3.7 allow for a large class
of bounded functions f. &
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Proof of Theorem 10.3.7. It follows from Section 10.1 that

u=g*(frou)+rtxuv, (10.25)

1

where g := 77" * s and

rxu)(n) —(sx(frou))(n),0<n<qg—1,
U(n)::{( )(n) (07( ))(n) "> q

Clearly, (10.25) is of the form (10.8): in order to apply Theorem 10.2.1 (with
g=r"1xs o= fn, w=r"xvand a = 2c), we need to verify the relevant
assumptions. It follows from the hypotheses on p and S, via part (a) of Lemma
10.3.5 that (10.2) is strictly zero-stable. The residue of g at z = 1 is given by
go :=0(1)/p'(1) and, by part (b) of Lemma 10.3.5, go > 0. Invoking part (b) of
Corollary 10.3.3, we obtain that g, := g — go¥ € I'(Z.). Consequently, g is of
the form required for an application of Theorem 10.2.1. Furthermore, by Lemma
10.3.5

1/(2¢) + Reg(e?) = 1/(2¢c) + Re (a(e?) /p(e®)) > e, 6 € (0,2n), (10.26)

with € > 0 under the assumptions of (A) and with € = 0 under the assumptions
of (B). Also note that under the assumptions of (C), (10.26) remains true with
e = 0 and ¢ = oo. Consequently, (10.10) in Theorem 10.2.1 holds under the
assumptions of part (A), part (B) and part (C). Next we observe that (10.22) is
equivalent to

Re (fa(n,€),8) < =1/20)lfa(n, I, (n,€) € Zy x U. (10.27)

Note that for ¢ = 0o, inequality (10.27) is equivalent to (10.23). Therefore, ¢ = f,
satisfies the sector condition (10.9) in Theorem 10.2.1. To show that w = r~t*v
satisfies the required assumption, we note that by strict zero-stability, combined
with statement (b) of Corollary 10.3.3, there exists r; € ['(Z,) such that

rt=~9 47, where v:=1/p/(1).

Hence
w:r_l*v:m?*v—l—rl*v:7J0U+r1*v.
Setting
q—1
Wy =y v(k), wp:=w—wyd
k=0

it is clear that w, € I"(Z,,U) C 1*(Z,,U). Consequently, w € m'(Z,,U) C
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m?(Z,,U), so that w satisfies the requirement of Theorem 10.2.1. Furthermore,
Jwa|| < [A[flvlle < IyIVallvlle (10.28)
and
179 5 v —wdlln < |yl(g = Dfollo,  [lvd v —wadllie < [vl(g = Dfvlee -
The last two inequalities imply

lwdlle < (ralle + v = D)ol [lwrllie < ( max (73 (e)] + [4](g = 1) [v]le-

0€[0,27)
(10.29)
To estimate ||w||,n» in terms of u(0),u(1),...,u(q — 1), we consider firstly parts
(A) and (B), then part (C).

To prove parts (A) and (B), we use (10.22) to obtain

1/p
vl < L, (Z u(k ||”> , =12, (10.30)

where Ly := ||7][p + 2¢||s||;» and

Ly = 2 .
> eg[tag)LO( N+ Ce%a,})lg( ol

Inequality (10.30) together with (10.28) yields

-1 1/2
lwall < L Y lu®) - llwsll < Lolylva (Z lu(k ||2) . (10.31)
k=0

Furthermore, by (10.29)-(10.31),

1/p
[wlme < M, (leu Hp> , p=12,

for suitable M, > 0. Parts (A) and (B) follow now from Theorem 10.2.1.

To prove part (C), we estimate

ol < LZ R+ 1 f (Bh, u(R))) (10.32)
k=0
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where L := max(||r|;, ||s||;1). Therefore, by (10.28),

lwall < il Y (k)] + RS (kh, u(k))]) (10.33)

Furthermore, by (10.29), (10.32) and (10.33),

ol < MY (lulk)] + ([0S (kh, u(k))]) .

for some suitable M > 0. Part (C) follows now from Theorem 10.2.1. O

Example 10.3.9. (a) Let p and o be given by p(z) = z—1and o(z) = 1 (Euler’s
method). It is clear that S = B(—1,1). Define f : R — R by

ro={ ez

so that f(£)/€ € B(—1,1) for all £ # 0. It follows from part (a) of Remark 10.3.8
that the conclusions of statements (A) of Theorem 10.3.7 hold if & € (0, 1), whilst
statements (B) of the same theorem applies if h = 1. In particular, the numerical
solution w : Z; — U converges to 0 as n — oo for every choice of h € (0,1). If
h =1, then u : Zy — U does not converge in general as n — oo (for example, if
u(0) = 2, then u(n) = (—1)"2 for all n € Z.).

(b) Let p and o be given by p(z) = (3/2)2? — 2z + 1/2 and o(2) = 2? (two-step
BDF method). Define f: R? — R? by

f(&,&) = (28 +&,-& - &).

Then {z € C: Rez < 0} C S and (f(£),&) < 0 for all £ € R*\ {0}. Hence,
the conclusions of statement (C) of Theorem 10.3.7 hold for every h > 0. In
particular, the numerical solution u : Z, — U converges to 0 as n — oo for every
h > 0. &

Whilst Theorem 10.3.7 has some overlap with results by Nevanlinna [47, 48], there
are also considerable differences: Theorem 10.3.7 assumes p to be strictly zero-
stable, rather than merely zero-stable as in [47, 48]; on the other hand, numerous
aspects of Theorem 10.3.7 are more general than in [47, 48], the assumptions
in Theorem 10.3.7 are easier to check than those in [47, 48] and some of the
conclusions are stronger as compared to [47, 48]. The following remark gives
more details.

Remark 10.3.10. (a) The approach adopted in [47] (with 6 < 1) considers f
which are independent of ¢ and requires that the map I — ahf is bijective and its
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inverse is globally Lipschitz !, where a is a constant which appears in a frequency
domain condition involving p and o (in particular 1/a € int(S)), making the
application of the main result in [47] potentially awkward if a # 0 (which, for
example, is the case if S is bounded).

(b) The situation considered in part (C) of Theorem 10.3.7 is dealt with in [47]
under the additional assumption that the method is strictly stable at infinity,
that is, the roots of o are contained in the open unit disk B(0, 1).

(¢) The constant K in Theorem 10.3.7 does not depend on h in contrast to
Theorem 3.1 in [47] (see Remark 3.1 in [47]). Moreover, Theorem 3.1 in [47] does
not give estimates for || Aguiz, ||y 0 ullz, [|Re {fi 0w, u) [ and || S(fn 0 )]l

(d) Let p, o and f be as in part (a) of Example 10.3.9. Let a € R be such that
1/a € int(S), which holds if and only if a € (—o0, —1/2). A routine calculation
shows that for every a € (—o0, —1/2)

—w plz)
bi= |z\zf1 o(z) —ap(z) 0.

Set ¢ := —1/(2a). Then, using the notation of [47], D(a,b) = D(a,0) = B(—c¢, c).
For given a € (—o0,—1/2), Theorem 3.1 in [47] applies for all 0 < h < —1/(2a).
Note that if h = —1/(2a), then

(I —ahf)(§) =€+ f(§)/2=0, §=-2,

so that (I — ahf) is not invertible. Consequently, Theorem 3.1 in [47] does not
apply in this case (see part (a) of this remark). Furthermore, if a = —1/2, then
1/a = =2 ¢ int(S). It follows that Theorem 3.1 in [47] is not applicable (see
pp. 60 in [47]). In particular, Theorem 3.1 in [47] does not give a result for the
stepsize h = 1.

(e) Using Theorem 10.3.7, it was shown in Example 10.3.9 that (for certain values
of h) the numerical solution u : Z, — U converges to 0 as n — oo. It seems to
be difficult to obtain these convergence properties by applying the results in [48]
on the behaviour of w at infinity. In part (a) of Example 10.3.9 the method is
not A-stable, whilst A-stability is assumed throughout in [48]. Furthermore, in
part (b) of Example 10.3.9 the non-linearity f is not a gradient field, and hence
Corollary 2 in [48] (which assumes that the non-linearity is a gradient mapping)
cannot be used. &

We conclude this chapter by presenting a version of Theorem 10.3.7 which yields

1 An inspection of the proof of Theorem 3.1 in [47] shows that, if it is the aim to obtain
bounds on the numerical solution rather than the error, then the global Lipschitz assumption
on (I —ahf)~! can be replaced by a global linear boundedness condition, that is, supge (||(1 —

ah f)~E|/11g]l) < oo
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stability properties of the difference of two solutions of method (10.2).
Corollary 10.3.11. Assume that method (10.2) satisfies the following two con-
ditions: p(1) =0 and p(e™) # 0 for all w € (0,27).

(A) Assume that there exists 0 < ¢ < oo such that

[hf(nh, &) = hf(nh, &) + (&1 = &) <cll& = &l (10.34)
n €Z+7 51752 eU.

Let uy : Zy — U and uy : Zy — U be solutions of (10.2). If B(—co,co) C S for
some co > ¢, then there ezists a constant K > 0 (depending only on ¢y, ¢ and
(p,0)) such that,

lur — ualliee + || Do(ur — ug) |2
+ [[frn o ur — fr o uallz + || Jo(fr o ur — fr 0 uz)|lie

o1 1/2
+ (IRe (fr our — fu 0 ug, uy — ug)||n)"* < K (Z w1 (k) — U2(k’)||2> :

k=0
Furthermore, the limit lim,, ., ||ui1(n) — ua(n)|| exists and is finite; in particular,
if dimU = 1, then lim,, o (u1(n) — uz(n)) exists.

(B) Assume that there exists 0 < ¢ < 0o such that (10.34) holds and further that
B(—c,c) CS. Letuy : Zy — U and uy : Zy — U be solutions of (10.2). Then,
there exists a constant K > 0 (depending only on ¢ and (p,0)) such that,

1
lur — uz|liee + (||Re (fn o ur — fr o ug, ug —us + Z_C(fh ouy — fi 0ug))|[pn)"?

q—1

+ [ o(fn o ur — froun)lle < K Y flus (k) — ua(k)| -
k=0

(C) Assume that

Re <f(nh7€1) - f(nh7§2)a§1 - €2> <0, ne€Z;, &, €U.

Let uy : Zy — U and uy : Zy — U be solutions of (10.2). If {z € C: Rez <
0} C'S, then there exists a constant K > 0 (depending only on (p,0)) such that,

||u1 - u2||l°<> + |J0(fh ou; — fpo u2)||l°°
+ (|IRe (fn 0 ur — fr 0 uz, uy — uz)|[pn)"/?

< Ki(\lul(k) — ug(R)|| + [[nf (kh, ur(K)) = hf (kh, ug(K))|]) -
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Corollary 10.3.11 follows from an application of Corollary 10.2.2 and arguments
similar to those used in the proof of Theorem 10.3.7.

Finally, noting that for f in part (a) of Example 10.3.9, (f(&1)—f(&2))/(&1—&2) €
B(—1,1) for all &,& € R, & # &, and, for f in part (b) of Example 10.3.9,

(f(&) — f(&),& — &) < 0 for all £,& € R?, & # &, it follows that a suitably
modified version of Remark 10.3.10 holds for Corollary 10.3.11.

10.4 Notes and references

The results in Sections 10.2 and 10.3 together with Lemma 10.1.5 form the basis
of [4]. As previously mentioned, Theorem 10.3.7 has some overlap with results
by Nevanlinna [47, 48], however, there are considerable differences. One class
of new results in this chapter are bounds on ||u;(n) — uz(n)|| purely in terms
of the initial data; i.e. bounds independent of hf. Additionally, we prove new
results on the behaviour of (u;(n) — us(n)) as n — oo and bounds are obtained
for some classes of methods not considered in [47, 48]. For precise details on the
differences between Theorem 10.3.7 as compared with the results of [47, 48], see
Remark 10.3.10.
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Chapter 11

Future work

In this chapter we briefly outline some future research topics related to this thesis.

Consider the discrete-time equation
u=r—Jo(G(pou)), (11.1)

where r : Z, — U is a given forcing function, G € %Z(I*(Z,,U)) is shift-invariant,
¢ Zy xU — U is a time-dependent non-linearity and ¢ ou denotes the function
n — (n,u(n)). Proposition 3.5.3 gives a condition under which (11.1) has at
least one solution (a unique solution, respectively), namely, for every n € Z, , the
map f, : U — U defined by

fa(§) = €4 G(0)p(n, &), V(&) €Zy xU

is surjective (bijective, respectively) where G(oco) := limy.|—., G(2). Whilst this
is a satisfactory condition for the thesis, one possible future research topic is to
determine (if possible) sufficient conditions on G and ¢ which guarantee that the
map f, is surjective (bijective) for every n € Z,.

In [9] and [10] continuous-time absolute stability results of Popov-type were
obtained in a general Hilbert space setting. In Chapter 4, the corresponding
discrete-time absolute stability results of Popov-type are only stated in the spe-
cial case U = R, this is due to limitations within the proofs of these results, in
particular, obtaining a positive lower bound for the term

1 2 w(i) (Bou) ().

Consequently, another future research topic is to attempt to extend the Popov-
type absolute stability results in Chapter 4 to a possibly infinite-dimensional
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Hilbert space setting in line with the continuous-time results in [9] and [10].
Firstly, it is unclear if the Popov-type results in Chapter 4 can be extended
to such generality and secondly, to extend these results may require a different
approach than the arguments used in Chapter 4.

Another possible extension of the Popov-type absolute stability results in Chapter
4 is to attempt to derive Popov-type results for non-linear operators. A Popov-
type result in [15] (see, Theorem on p.192 of [15]), suggests it should be possible
to obtain Popov results, with conclusions similar to those in Chapter 4, for causal
input-output operators G : [*(Z,,R) — [*(Z,R) that need no longer be linear or
shift-invariant. In particular, such input-output operators do not have transfer
functions. Consequently, in order to obtain Popov-type results for such non-
linear operators we would need to replace the frequency-domain positive real
conditions in Chapter 4 with suitable passivity conditions in the time-domain.
It is also possible that additional assumptions may need to be imposed on the
input-output operator G.

In Theorem 8.1.8 we impose the following assumptions on the time-varying gain
k: Z, — R, namely that x is bounded and non-negative with

limsup k(n) < 1/|Afo.s(G)| (11.2)

n—oo

where

G(e? }

foJ(G) = €SS infge(o,gﬂ-)Re |:€i9 1

and A > 0 denotes a constant related to a static input non-linearity. Here
G := SG./H where G. € Z(L*(R,,R)) is shift-invariant with transfer function G,
satisfying assumption (A.) and G.(0) > 0. One future research task would be to
find an easily computable estimate of the quantity fo ;(G). Moreover, since G is
a discrete-time input-output operator, condition (11.2) is not entirely satisfactory
in the context of a continuous-time result such as Theorem 8.1.8. An interesting
research problem would be to obtain an upper bound C for |fy ;(G)] in terms of
G. and/or G.. Similar problems, of obtaining easily computable estimates and
upper bounds in terms of continuous-time data, can also be considered for the
quantities f;(G), f;,(G) and fy s, (G) (see Chapter 8). Such bounds for the max-
imal regulating gain have previously been studied for continuous-time systems in
[41] and, regular sampled-data systems in [45] (see, Chapter 8, Proposition 8.1.3
of [45]).

Consider the continuous-time low-gain integral control problem shown in Figure
11.1, where G, € Z(L*(R,,R)) is shift-invariant with transfer function denoted
by G¢, ¢ : R — R is a static input non-linearity, p € R denotes a constant
reference value, g. models the effect of non-zero initial conditions of the system
with input-output operator G. and k. : Ry — R is a time-varying gain. In
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Figure 11.1: Continuous-time low-gain integral control problem

Chapter 8 we introduced the set of feasible reference values
R(Ger ) = {G(0) | v € Tmp}.

It has been shown in [16] (see, Proposition 3.4 in [16] with ¢ = id) that p €
Z(G.,p) is close to being a necessary condition for asymptotic tracking of the
error e. insofar as, if asymptotic tracking of p is achievable, whilst maintaining
boundedness of pou, together with ultimate continuity and ultimate boundedness
of g+ Ge(pou,), then p € Z(G., ). We would like to obtain a result similar to
that in [16] for the sampled-data feedback system shown in Figure 8.3. However,
in the sampled-data context, the continuous-time signal u, is given by u. = Hu
for some u € F(Z,,R). Consequently, u,. is piecewise continuous, which in turn
means we can not obtain ultimate continuity of g. + G.(p o u.). Hence the result
in [16] can not be applied to the sampled-data systems considered in Chapter 8.
An interesting research problem would be to determine (if possible) conditions,
similar to those in [16], under which p € Z(G., ¢) is close to being a necessary
condition for asymptotic tracking in the sampled-data context.

The continuous-time integral control results in [9] have been extended (see [39]) to
include a large class of hysteretic input non-linearities containing many hysteresis
operators of relevance in control engineering, such as backlash (play), elastic-
plastic (stop) and Preisach operators. Combining results from [34] and [35], the
results in Chapters 4-6 and 8-9 could be extended to incorporate hysteretic input
non-linearities.

There are several further research topics relating to linear multistep methods.
Firstly, it has been seen in Chapter 10 that discrete-time absolute stability theory
can be applied to linear multistep methods to obtain stability results. This link
with linear multistep methods provides the possibility of using ideas from the
stability theory of linear multistep methods in a control theoretic context. In
particular reference [49] contains some results which might be useful in absolute
stability theory.
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Secondly, a result in [3] (see §3.5, Theorem 5.1 of [3]) gives a continuous-time
stability result for the following system,

u(t) =r(t) + /0 g(t — s)p(u(s)) ds, teR,,

where the non-linearity ¢ is sector bounded with lower bound possibly zero. It
is assumed further that the kernel g takes a certain form namely,

g(t) = go(t) + acoswt + [sinwt,

with go € LY(R,,R). If we take the Laplace transform of g we see that it
has a conjugate pair of poles on the imaginary axis. Due to the presence of a
discrete-time integrator in the linear system, the positive real conditions imposed
in Chapter 4 have a pole at z = 1. It should be possible to prove a corresponding
discrete-time stability result analogous to the result in [3], where the linear system
has several poles on the unit circle. Such stability results could have applications
to low-gain control for sinusoidal reference signals. Results of this type could also
be useful for applications to linear multistep stability, in particular, a stability
analysis of the so-called ‘leapfrog’ method (see, for example, [29]).
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Chapter 12

Appendices

Appendix 1: Proof of Lemma 4.1.1

Proof of Lemma 4.1.1. We proceed by induction on m. For the case m = 1
we have,

=
)
]~
T
e
=
[]=
=
)
~_

Il I s

NI~ o= o= o~ gL

(00) + o(0),000) + 0(1) = 5 (IO + [(V)P)

-5 (1O + o)

Re mf <v(n), 3 v(k:)>

n=1 k=0
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1 1 i
:§||v(m+1)||2—§||v(m+ )||2+Re<v m+1,kz%v >

- —ZHU )II*

m

= Zv(k‘

k=0

1

> ulk ——ZHU )7,

k=0
advancing the inductive argument from m to m 4 1. Hence the claim is true for
all m € N by induction. O

Appendix 2: Upper and lower bounds on the
quantities f;(G), f5(G), fos(G) and fo(G)

Let G € B(I*(Z,R)) be shift-invariant and G € H*(E;) denote the transfer
function of GG. Recall that,

. q 1 i
fs(G) :=sup {ess infge 0,2 Re [(@ + - 1) G(e 0)} }

q>0

and

Jo,7(G) := essinfye(o 2r)Re [ew —|
We require the following lemma.
Lemma 12.1.1. Let f € H*(E,). Then,
essinfge(oomRe f(e”) < Re f(00),

where f(00) := lim;| oo -cr, f(2).

Remark 12.1.2. Suppose that G € B(1*(Z,R)) is shift-invariant with transfer
function G € H*(E;). Let z € E;NR. Then G(z) € R. To see this we first note
that if u € [*(Z,,R), then y = Gu € I*(Z,,R). Consequently,

=2 vz =G(2))_ )z, z€E.
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Furthermore,

¥(2) =Y y()z7 =G() ) _u(j)z?, €k,

J=0 J=0

<)

showing that G(Z) = G(z). Hence, if z € E; N R, then we have G(z) = G(z)
showing that G(z) € R. In particular, since G(z) € R for all z € E; N
R, if G(1) = lim._.cr, G(2) and G(o00) := limj.|—oozcr, G(2) exist, then
G(1),G(0) € R. &

Proof of Lemma 12.1.1. Setting f := ess infpe(02mRe f(€), we have

e Re /() < gup |e™®)| = ess sup96(0727r)|e*f(ew)| = e’f,
z€Eq
where the first equality follows from the fact that e=/ € H*(E;) and Theorem
3.3.2. Consequently, f < Re f(o0) as required. O

In the following we assume that the transfer function G of G satisfies assumption
(A). We introduce the following auxiliary transfer function

G(z) - G()

z—1

H(z) := , z €k, (A.1)

where, by Remark 12.1.2, G(1) € R. The following result gives upper and lower
bounds on f;(G) and fy ;(G).

Proposition 12.1.3. Let G € B(I*(Z,R)) be shift-invariant with transfer func-
tion G of G satisfying assumption (A). Then,

(i) —oo < f5(G) < —G(1)/2,
(ii) =00 < fou(G) < —G(1)/2.

Proof. We first note that it follows trivially from the definitions of f;(G) and
fo}J(G) that

f1(G) = fo,4(G). (A.2)
We claim that fy ;(G) > —oo. From assumption (A) and the fact that G €
H*>(E,), we have that H € H*(E;). Hence it follows that,

. G(e?) — G(1) G(1)
Jo,7(G) = essinfoeo2mRe oif 1 + o0 1
G(1)

2

= essinfyc2mRe H(ew) —

> —00,
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where the final inequality follows from the fact that H € H*(E;). Hence
f0.s(G) > —oo and it follows from (A.2) that f;(G) > —oo. By (A.2), in or-
der to show that (i) and (ii) hold, it remains to show that f;(G) < —G(1)/2. To
this end, we first set

G(2) , G(z) - G()

Gy(z) :==1¢ R

5 ZEEl

Then G, € H*(E;) and G4(c0) = 0. By Lemma 12.1.1,

ess infpe(o,2m Re Gq(ew) <0.

Now,
oy q 1 0 G(1)
ReGq(e )—Re [(E—'—Gw—l)G(e ):| +T.
Hence
. q 1 i0 G(l)
4 < 27 >
essinfge (o 2m Re |:<€i9 + o 1>G(e )} < 5 Vg>0,

implying that

f7(G) = sup {ess infye(o,2- Re [(e% + 6@191_ )G(eie)] } < _%’

q>0

as required. O

Recall that,

i0
f1,(G) := sup {ess infge (0.2m) Re [(q i ei:_ 1>G(ei9)] }

q>0
and

. G ()
Jo,5,(G) := essinfpe(o2mRe [%}

Proposition 12.1.4. Let G € B(I*(Z,R)) be shift-invariant with transfer func-
tion G of G satisfying assumption (A). Then,

(i) =00 < f1(G) < o0,
(i) =00 < fo.5(G) < G(oo) = G(1)/2.

Proof. We first note that it follows trivially from the definitions of f;,(G) and
f07J0<G) that
fJo (G) 2 fO,J() (G) (A3)
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We claim that fy j,(G) > —oo. From assumption (A) and the fact that G €
H>(E,), we have that z — zH(z) € H*(E,), where z € E; and H is given by
(A.1). Hence it follows that,

fo,50(G) = essinfyeomRe
= essinfpe(o2mRe (ePH(e?)) 4+ —=
> —o0,

where the final inequality follows from the fact that z — zH(z) € H*(E;). Hence
fo.5,(G) > —oo and it follows from (A.3) that f,,(G) > —oo. Note that trivially
f5(G) < oo, which, together with the fact that f;,(G) > —oo, shows that (i)
holds.

Define now

Then H € H*(E;) and

By Lemma 12.1.1,

ess infge(o,2mRe H(e”) < G(oo) — G(1).

Now,
- G(e")e? G(1)
0\

ReH(e)—Relew_1 -

Hence (i 0 a
. ev)e’ 1
essinfpe(o2mRe {%} < G(oo) — %’

showing that fy s, (G) < G(oco) — G(1)/2, which, together with the fact that
fo.7,(G) > —oo, shows that (ii) holds. O

Appendix 3: Details in Remark 5.1.3 (iii) and
(iv)

Proposition 12.1.5. Let f € F(Z,,R). Then Jf € m*(Z,R) if and only if
(Jf)(n) converges to a finite limit as n — oo andn — > ;- f(k) is in 1*(Z4,R).

Proof. Assume (Jf)(n) — o € Rasn — oco. Set h(n) := > - f(k) for all
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n € Z, and assume that h € [*(Z,,R). Then
(Jf)(n)+ h(n) = o, VneZ;,
showing that Jf € m?(Z,,R). Conversely, if Jf € m*(Z,,R), then
(Jf)(n) =h(n)+ o, VneZs, (A.4)

where 0 € R and h € [*(Z,,R). Therefore h(n) — 0 as n — oo and so

(JN)n) = o= (k).
k=0
Hence, by (A.4)
> flk) = —h(n)
k=n
completing the proof. O

Proposition 12.1.6. Let f € F(Z.,R) be such that j — f(5)j* is in I*(Z,,R)
for some o > 1, then n — 3222 |f(j)] € *(Zy,R).

Proof. Let 1/2 < § < /2. Then
ST =00 1D <> 1FDP =0 107, =1

Since 3—a < —a/2 < —1/2 it follows that j + %~ € [?(Z,,R). By assumption
Jj f(4)ji* € I*(Z,,R). Consequently, by Holders inequality,

D FDI<n > 1FG)

[e9) 1/2 0 1
<n” ( > |f(j)|2j2°“) (ij—“))
j=1 Jj=1

<yn7f n>1,

/2

where == (3272 [f(7) P72 V2 (3252, j2P) /2 < oo, Note that since j —
f(7)j* € ’(Z+,R), it follows from Holders inequality that,

fj 70)] = i ) < (fj 1R /(fjj) vl
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Hence, f € ['(Z,R) and we have

> (S U0) <l o

n=0

Since 28 > 1, it follows that Y>> n~%* < oo, showing that n Yo lfG)] €
2(Zy,R). 0

Appendix 4: Proof of Proposition 5.2.1

Proof of Proposition 5.2.1. By assumption, we have the following state-space
realisation of G,

G(z)=C(zI - A)™'B+ D, z € E,

where 0 < a < 1, A € #A(X) is power stable, B € #(R,X), C € #(X,R),
D € R and X denotes a Hilbert space. Defining = € F(Z,, X) by,

z(n+1) = Az(n) + B(p ou)(n), z(0) =0, (A.5)

it follows that
w =g+ Cz+ D(pou).

Since p ou € [*°(Z4,R), it follows from Lemma 6.1.7 that x is bounded. Fur-
thermore,
w=g+C(x—(I—-A)"Blpou))+ G(1)(pou).

Note that since, by assumption, g(n) — 0 as n — oo we have g € [*(Z,,R).
Combining the previous it is clear that w € [*°(Z4,R). Since w € I*°(Z,R), it
has a non-empty, compact w-limit set Q. By continuity of ¢ and (5.18), it follows
that

Y(w) = p, Vwe Q. (A.6)
Since ¢ is monotone and continuous, it follows that ¢ ~!(p) is a closed interval.
It suffices to show that ¢~1(p) N G(1)imep # 0. Indeed if there exists & € ¢~1(p)
and v € imy such that ¢ = G(1)v, then ¥(G(1)v) = (£) = p, showing that
peR(G, 0, 0).

Seeking a contradiction, suppose that ¥ ~*(p) N G(1)imp = (). Then ¥ ~*(p) and
imy are closed disjoint intervals and so there exist € > 0 and 3 = %1 such that

inf{5¢ | € € v~ (p)} — sup{AG(1)v | v € fmp} = 2.

Moreover, since w(n) approaches its compact w-limit set 2 as n — oo, and, by
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(A.6), Q C ¥ 1(p), it follows that,
lim dist(Bw(n), B~ (p)) = 0,

and so there exists N > 0 such that Sw(n) > inf{8¢ | £ € ¥ 7'(p)} — € for all
n > N. Consequently,

Blw(n) — G(1)(pou)(n)) > fw(n) —sup{BG(1)v | v € imp}
> inf{0€ | € € 67 (p)} — ¢ — sup{BG () | v € g}
=g, V' n>N. (A7)

By (A.5) it follows that,
(I-A)e(n+1)= - A) " Azx(n) + (I — A) ' Blpou)(n). (A.8)
Noting that (I — A)™'A = (I — A)~' — I we obtain from (A.8),
(I = A7 (Az)(n) = —(z(n) — (I = A)T B ou)(n)).
Consequently,
C(I = A)7(Az)(n) = g(n) + G(1)(p o u)(n) — w(n).

For n, N € Z, with n > N, summing the above from N to n — 1 gives

n—1

C(I = A) (z(n) —2(N)) = Y (9(k) + G(1)(p 0 u) (k) — w(k)).

k=N

Since g(n) — 0 as n — oo there exists M € N such that |g(n)| < ¢/2 for all
n > M. Choosing K > max (N, M) and using (A.7), we have that,

—BC(I = A) " (z(n) — 2(K)) = y Bw(k) — G(1)(pou)(k)) — Bg(k)
> (e-5)o-50)
= (n;K)e, Vn>K.

Therefore lim,, .., 3C(A—1I)"'x(n) = oo, contradicting the boundedness of z. O

Remark 12.1.7. The proof of Proposition 5.2.1 is based on a modification of
the argument used in establishing the continuous-time result Proposition 3.4 of
[16]. &
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Appendix 5: Proof of Lemmas 6.1.5, 6.1.6 and
6.1.7

Proof of Lemma 6.1.5. By (6.2) we have,

-1

Z )= Bu(j H n>1. (A.9)

=0

l=(m)Il < 1A™[[[l2°]] +

Defining

. v(in—1)—yj), f0<)3<n—-1,
S CCEN RN LR
0, if 7 > n,

it follows from (6.4) that,

> APITIB(j)

Jj=0

ZAjB@“(j)H <a|tlle < aljvllz, n>1, (A.10)

J=0

for some o > 0. Noting that A is strongly stable, an application of the uniform

boundedness principle to {A™},en yields the existence of a constant K7 > 0 such
that ||A"|| < K; for all n € N. Combining this fact with (A.10) and (A.9) yields

lz(m)|| < Kill2®)| + alvlle, V7€ Zy.
Consequently, with K := max{K, a},
[l < K([J2°]] + [|v]]2)-

It remains to show that lim, .., z(n) = 0. To this end note that by (6.1a) we
have, for m € Z,

n—1
z(n) = A" "x(m) + Y A"VIBu(j),  Vn>m+ 1 (A.11)

j=m

Defining

,1},(]>: 'U((Tl—l)—j), Ogjgn_m_la
' 0, otherwise,

it follows that

n—1 n—m—1
ZA(” D= IBu(j Z A Bo(j), Yn>m+1.

j=m Jj=0
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Consequently, invoking (6.4) we obtain,

n—1 n—m-—
ZA( )JBU H Z ]Bv ‘
j=m =0
1/2
s@( u<>u2) Conzmel (A1)
j=m

for some o > 0. Let € > 0. Since v € [>(Zy,U), there exists m > 0 such that

ZHU ||2<Z||v ||2_42, n>m+ 1. (A.13)

By the strong stability of A there exists m; > 0 such that
|Ax(m)|| < e/2, V'n>ms. (A.14)

Hence combining (A.12) - (A.14) with (A.11), we obtain for all n > m + my

-1

e €
< An—m JB < — — =
()] < (14"~ (om) | + ; i) <5+ 5=
showing that lim,_. [|z(n)|| = 0. O
Proof of Lemma 6.1.6. Using the fact that 1 € res(A), it follows from (6.1a)
that,
(I —A)rz(n+1)= U —A) " Ax(n) + (I — A)~*Bu(n). (A.15)

Noting that (I — A)™'A = (I — A)~' — I we obtain from (A.15),
(I — A YAz)(n) = —(x(n) — (I — A)~'Bo(n)). (A.16)

Again by (6.1a)
(Az)(n+1) = A(Az)(n) + B(Av)(n). (A.17)

Since by assumption Av € [2(Z,,U), an application of Lemma 6.1.5 to (A.17)
yields lim, . (Ax)(n) = 0. Consequently, taking the limit as n — oo in (A.16)
we obtain

lim (z(n) — (I — A)"'Bu(n)) = 0.

n—oo

212



Proof of Lemma 6.1.7. Assume that A is power stable and let v € [*(Z,,U).
By power stability of A,

A" < K", Ynez,
for some K7 > 1 and 0 < p < 1. Consequently, ||A"|| < K; for all n € N. Hence

from (6.2) we obtain,

n—1
leml| < A" + ZA(“”B'U(J')H

Jj=0

n—1

> AT Bu(),

J=0

< K||2°% + n>1.

Consequently,

-1

Z )1 Bu(j H (A.18)

sup [lz(n)]| < Ki[|2°| + sup
n>1 n>1 —0

Now by power stability of A, there exists an M > 1 and v € (0, 1) such that

n—1
ZAW D= Bu(y >H < sup Jo(m)[[| Bl sup 3 A
n>1 =0

sup
n>1

n>1

vl 11 (Z HAJ'H)
=0
< Mlloll=|1B] (va')
=0

= Ka|vlli, (A.19)

IN

where Ky := M||B||/(1 —~). Combining (A.18) and (A.19) yields

sup [lz(n)l| < K(lla"l] + [[olli=), (A.20)

where K := max{Kj, Ky} > 1. Consequently, we see from (A.20) that = €
1°(Z, X) and
llliee < K (2] + [[olli)-

Suppose now that lim, .., v(n) = v> exists. To see that lim, . z(n) = (I —
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A)~tBv™, we observe the following. Note that by (6.2) we obtain, for all n > 1,

n—1 n—1
x(n) = A"2" + Z AMDIB(u(j) — v™) + Z A=D=i By
j=0 j=0
n—1
= A%+ APVIB(u(j) = v®) + (I — A) ' Bu™® — AMI — A)"' Bv™.
j=0

Hence it follows that,
n—1

z(n)—(I—A) "' Bv™® = A" (2"~ (I-A) "' Bv™)+Y A" VI B(u(j)—v™), n>1.
7=0

Consequently, with z :=z — (I — A)"'Bv™¢ and w := v — v™®9, we have,

n—1
z(n) = A0 + ZA(”_I)_ij(j), n>1,

=0
where z(0) = 2°. Hence, for m € Z,

n—1
2(n) = A""z(m) + Y APV IBuw(j),  Vn>m+l. (A.21)

j=m

Now by power stability of A, there exists an M > 1 and v € (0, 1) such that,

n—1 (e’
}jAWﬂﬁBwuwsSmww@www(ijwﬁ
j=m msJ =0
Swmm@MBmdéjv)
m<j =0
M
= sup [|w())||||B||——
sup ()15
_aswuG)l,  nEm4l,  (A22)
m<j

where o := M||B||/(1—7). Let ¢ > 0. Since lim,,_,o, w(n) = lim, o (v(n)—v>) =
0, there exists m > 0 such that

. € .
oGl < 0 ¥jzm.
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Hence by (A.22) we see that,

n—1

> A(”‘”“"Bw@)H <

Jj=m

g, Von>m+l. (A.23)

Since A is power stable, A is strongly stable and there exists m; > 0 such that

|A"z(m)] < =, V'n>m;. (A.24)

DN ™

Hence combining (A.23) and (A.24) with (A.21), we see that for all n > m+my,

n—1

< |lAnm A(n—l)—jB . < E f _
o) < 147+ | 3 wii <545 =e
showing that lim,, ... [|z(n)|| = 0, or, equivalently, lim,, o, z(n) = (I — A)~! Bv™.

a

Appendix 6: Proof of Lemmas 9.1.4 and 9.1.5

Proof of Lemma 9.1.4. Let 2° € X, v™ € R be such that v—v>9, € L*(R,,R)
and assume that T is strongly stable. Note that for all t € R,

t
x(t) = Ty’ +/ T, sBv(s)ds
ot ¢
= T,2° +/ T, sB(v(s) —v™)ds +/ T;,_ Bv>*ds
0 0
t
= T2° +/ T, B(v(s) —v™®)ds + (T; — I) A" Bv™
0
t
= Ty(a" + A7 Bv™) + / T, B(v(s) —v™)ds — A" Bv™. (A.25)
0
Set z := x + A~ Bv>®Y, and w := v — v™°J... Then by (A.25) we have

t
2(t) = Ty(2° + A" Bv™) +/ T, sBw(s)ds
0

¢
= T,2° +/ T, Bw(s)ds, VteR,,
0
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where z(0) = 2°. Consequently, for sy > 0,

t
2(t) = Ty_5,2(50) +/ T, sBw(s) ds, t > so. (A.26)

S0

By infinite-time admissibility of B, there exists a > 0 such that

t t 1/2
H/ T;_sBw(s)ds|| < a(/ lw(s)|? ds) : Vit>sy>0. (A.27)

Let € > 0. Since w := v —v>®9 € L?*(R,R), we obtain from (A.27) that there
exists sg > 0 such that

§€/27 VtZSO.

t
H / T, sBw(s)ds
S0

Finally, by strong stability, there exists s; > 0 such that
IIT:2(s0)|| < €/2, Vit>s.

It follows from (A.26), that ||z(¢)|| < e for all t > sg + s1. Consequently, ||z(t) +
A7'Bo™|| < e for all ¢ > sg+ s1. It is clear from the definition of z that
if v = 0, we need no longer assume that 0 € res(A) in order to show that
lim; o [|2(2)]| = 0. O

Proof of Lemma 9.1.5. Let 2° € X, w € F(Z,,R), v = Hw and assume that
0 € res(A). The solution of (9.3a) is given by

t
z(t) = Ta° +/ T, Bv(s) ds, ViteRy,
0

or, equivalently,
z(t) = Tz’ + (Fo)(t), ViteRy, (A.28)

(]R-H R) - L2

loc

where F : L?

loc

(R4, X) is the shift-invariant operator defined by

loc

(Fu)(t) == /Ot T, sBu(s) ds, u € L (R, R).

Define K : L2 (R,,R) — L}

loc

(Ry, X) by

(Ku)(t) := (FIu)(t)+ A'B(Fu)(t), ueli (R.,R).
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Recall from (7.12) that,

(7 (H(A0)))(t) = 7(Hu)(t) — Tu(0) + (¢ — ne7)(H(Aw))(t), (A.29)
VteRy, ue F(Z,R),

where 7 > 0 denotes the sampling period and n; denotes the integer part of ¢/7.

Set he(t) := (t — ny7)(H(Aw))(t) for all t € R,. By (A.29) it follows that,

(KHAW)(t) = (FAHAWw)(t) + A B(IHAW)()
= 7(Fv)(t) — 7(F9.)(t)w(0) + (Fhe)(t) + TA™* Bu(t)
—7AT'Bw(0) + A7'Bh(t), VYtecR,. (A.30)

Rearranging (A.30) we obtain,
1

T

L kAW (1) + (F9.)(1)w(0)

T

— AT'Bu(t) + A Bw(0) — LA Bh(t),  ViteR,.
T

(Fv)(t) (Fhe)(t)

Combining this with (A.28) and rearranging gives,

(t) + A1 Bu(t) =T,2° + %(KHAw)(t) + (FO.) (t)w(0)
1

T

(Fh.)(t) + A"'Bw(0) — %A‘lth(t), ViteR,.
(A.31)

A straightforward calculation shows that
FY,=(T—-1)A'B,

and

t
(Ku)(t) = / T,_ A ' Bu(s) ds, Vue Ll (Ry,R).
0
Combining the above with (A.31) gives
1 t
2(t) + A Bu(t) =Ty(2° + A~ Bu(0)) + = / T, A" B(HAW)(s) ds
T Jo
Y - taBaw),  vieRr.. (A.32)
T T

Note that since Aw € I*(Z,,R), it follows that H(Aw) € L*(R,,R). Further-
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more, since the function
t—t—mr=t—1|t/T], te Ry
is bounded (it takes values in [0, 7)), it follows that h. € L?*(R,, R) and moreover,

lim he(t) = 0. (A.33)

t—o00

To prove that lim; . ||z(t) + A Bo(t)|| = 0, note that by (A.32), (A.33) and
the strong stability of T it is sufficient to show that

/ T AT B(HAW)(S) ds — (Fh)(E) — 0.t — oo,

We first show that
t

lim | T, A 'B(HAw)(s)ds = 0. (A.34)

t—o00 0

Since,

/t T, A 'B(HAw)(s)ds = A™! /t T, sB(HAw)(s) ds

0

and HAw € L*(R,,R), an application of 9.1.4 shows that (A.34) holds. Noting
that

(Fho)(t) = /0 T, Bhi(s)ds,

and h, € L*(R,,R), again applying Lemma 9.1.4, we see that

lim (Fh.)(t) = 0.

t—o0
Hence we have that lim; .., ||2(t) + A7 Bo(t)|| = 0. 0

Remark 12.1.8. The proof of Lemma 9.1.5 is inspired by similar arguments to
those used to prove Lemma 5.2 of [38]. The result in [38] differs from Lemma
9.1.5 in that, the input v is assumed to be in I/Vlicl (R4, R) with derivative v’ €
L*(R,,R), whereas, we make no assumptions about the derivative of v, or the
integrability of v. <&
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C>®(Ry, X), 15 Je, 14

F(R,), 14 £(G), 85

F(Ry, X), 14 fn, 190

F(Z), 14 Foun(G), 100

F(Zy, X), 14 fou (G), 94

Lg(R-HX)? 15 fJo(G)> 90

Ny, 179 P(Zy), 14

PC(R., X), 15 (7, X), 14

S, 14 lg(ZJr,X), 15

U, 14 mP(Z,), 15

W2(R,, X), 15 mP(Z,,X), 15

X, 14 ng, 131

X1, 164 Ta, 28

X_1, 164

A-extension, 165 admissible control operator, 164
5,24 admissible observation operator, 164
B, 14 assumption

B(c, R), 14 (B), 56

C,, 14 (C), 56

E,, 14 (D), 56

T, 14 (E), 67

G(oc0), 37 (A), 32

Py, 17 (Af), 34

c(V), 14 (Ac), 125

dist(f(n), V), 14 (Be), 131

int(V), 14 backward differentiation formulae, (BDF's),
AB(X), 14 177

i()l(é’ X2), 14 Borel o-algebra on R, Bg,, 19

Borel measure, 19

Z, 16 A bounded, 20
Z transform, a, Za, 28 finite non-negative, 19

w-limit set, €2, 18 finite signed, 19

vV, 14 total variation, 19
N, 31 Borel sets, 19
9, 14
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causal operator, 17
strictly, 17
weakly, 17
control operator, 165
bounded, 165
unbounded, 165
convolution of sequences, 24
convolution with Borel measure, 138

difference operator
backward, A, 16
forward, A, 16
discrete Fourier transform, 28
discrete-time integrator
J, 16
Jo, 16
discrete-time Volterra equation, 182

essential limit at infinity, 22
Fuler method, 177

exponential growth constant, w(T), 165
exponentially stable state-space system,

167

feedthrough, D, 166
final-value theorem, 153
Fourier coefficients, 15
Fourier series, 15

Hardy-Lebesgue spaces, H?, H*, 29
hold operator, ‘H, 128

incremental sector condition, 79
input-output operator, 105

linear multistep method (LMM), 177
convergent, 179
consistent, 179
strictly zero-stable, 178
zero-stable, 178

linear stability domain, S, 188

observation operator, 165
bounded, 165
unbounded, 165

Paley-Wiener theorem, 124
Parseval-Bessel theorem, 30
partition, 19
piecewise continuous function, 15
polynomials, p, o, 177
power stable

operator, 105

state-space system, 106
precompact set, 14

rational function, 185
positive, 185
proper, 185

regular system, 166

residue, Res, 186

root condition, 178

sampling operator
generalised, S, 128
ideal, Sy, 128

sequence
% -transformable, 28
exponentially decaying, 187
invertible, 25

set of feasible reference values, Z(G, p, 1),

93
shift operator
continuous-time, S,, 14
discrete-time (left), S*, 16
discrete-time, S, 16
shift-invariant operator
continuous-time, 15
discrete-time, 17
steady-state gain
continuous-time
L?, 125
asymptotic, 124
discrete-time
12, 32
asymptotic, 32
step error
continuous-time, 125
discrete-time, 32
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strongly continuous semigroup, 164
strongly stable
operator, 105
state-space system
continuous-time, 166
discrete-time, 106

time-step, h, 177
transfer function, 30
truncation error, 181

unbiased non-linearity, 79
weighting function, 128

zero solution, 114
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