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The problem discussed is the stability of two input-output feedforward and feedback relations, under an integral-type constraint
defining an admissible class of feedback controllers. Sufficiency-type conditions are given for the positive, bounded and of
closed range feed-forward operator to be strictly positive and then boundedly invertible, with its existing inverse being also a
strictly positive operator. The general formalism is first established and the linked to properties of some typical contractive and
pseudocontractive mappings while some real-world applications and links of the above formalism to asymptotic hyperstability of

dynamic systems are discussed later on.

1. Introduction

The properties of absolute stability and hyperstability and
asymptotic hyperstability of dynamic systems are very impor-
tant tools in dynamic systems since they are associated with
the positivity and boundedness of the energy for all feedback
controllers within a wide class characterized by a Popov-
type integral inequality, then implying global Lyapunov’s
stability [1-8]. The fact that such properties hold for a class
of controllers defined by the Popov inequality, rather than
for just some individual one, makes the related theory to be
very useful against potential parametrical dispersion of com-
ponents. The main objective of this paper is the investigation
of the strict positivity and stability of bounded positive one-
to-one operators with closed range on Hilbert spaces linked
to contractive, pseudocontractive, asymptotically pseudo-
contractive, and asymptotically pseudocontractive in the
intermediate sense mappings. See [9-21] and exhaustive list of
references therein. Fixed point theory has also been proven to
be useful to describe the asymptotic behaviour, stability and
equilibrium points of differential, functional, and difference
equations and systems of equations, and continuous-time,

discrete-time, and hybrid dynamic systems. See, for instance,
[22-27] and references therein. Further links with technical
results and some real-world examples are established through
the paper related to the relevant problems of absolute sta-
bility and asymptotic hyperstability of continuous-time and
discrete-time dynamic systems [1-8]. Such dynamic systems
possess the significant physical property that their associate
input-output energy is non-negative and finite for all time.
Thus, they are purely dissipative systems, for a wide class
of feedback nonlinear time-varying controllers satisfying an
integral input-output inequality what leads to the global
Lyapunov’s stability for all controllers within such a class.
Several operators are characterized but the most important
one in the analysis is the one which maps the input space to
the output space. Both such spaces are subspaces of a Hilbert
space resulting to be, typically in real-world examples, either
the space of square-integrable real or complex functions (or,
in general, vector functions) or its corresponding square-
summable counterparts. The relevant property needed for
a positive operator to be strictly positive is seen to be that
its minimum modulus be nonzero so as to ensure that it is
invertible if it is of a closed range. Note, on the other hand,



that the crucial property for the boundedness and stability of
the operator restricted to the Hilbert space of interest is that
it will be stable on its whole definition domain.

2. Problem Statement and Main Results

Through this paper, one considers the complex Hilbert space
H on Cand operators G: H - Hand K : H — H which
define the following associated relations:

y=Gu+y,
@
u=Kr=-gr(y),
where y, = y,(p) and p € C? is some given complex

parameterizing vector, and r : ' — H | domK, ¢ : I' x
H — ran ¢or(CH),u:I' - (H| ran K)+ ran ¢p(c H);
and y = y, + yp, with y, : TxC? - Hand y;: T — H |
ran G. The set I' is some appropriate domain to define the
previous functions of interest. Examples which adjust to the
previous structure are very common in the real world as, for
instance, linear continuous-time dynamic systems (with I' =
R,, being the nonnegative real set for picking up values t €
I' of the continuous-time argument) and linear discrete-time
dynamic systems (withI' = Z, being the nonnegative integer
set for values ¢t € T’ of the discrete-time argument) where r is
an exogenous, or reference, signal, u is a feedback control, y;,
is the parameterized response to initial conditions, versus Gu
which is the forced response, y is the measurable output to
be controlled, and ¢r(y) is a nonlinear (and, eventually, time-
varying) controller device.

The inner products on the previous various Hilbert spaces
are all denoted with the standard notation (-, -) and mutually
distinguished easily depending on context without explicit
notational subscripts referred to each concrete space. Assume
that T is an indicator set defining truncated elements of the
Hilbert space as, for instance, a real interval or a subset of
the nonnegative integers and P, is a projection operator being
a truncation operator so that x, = P,.x and for each t € T,
and we define the seminorm on H by |x|, = x| = |Pxl|;
Vt € T with P, # I and the family {||[|, : t € T} of seminorms
defines the resolution topology on H since {P, : t € H} is
a resolution of the identity [28]. Note that IIxIIt1 > IIxt2 | if
t, > t,. For instance, if ' = R, then x(f) denotes a point
value of x : Ry, — R, fort € I while x, denotes the strip
x:[0,t] N Ry, — Ry,. Through the paper the notation “*”
stands for adjoint operators and also for complex conjugates
of scalars or vectors depending on the context.

The problem to be discussed in the paper is the stability
of (1) under an integral-type constraint for the controller
specified later on, which characterizes a whole admissible
class of controllers rather than an individual controller.
Conditions are given for the positive feed-forward operator
G which is assumed to be bounded and of closed range is
ensured to be also strictly positive, then boundedly invertible,
with its existing inverse being also a strictly positive operator.
If such an operator is bounded and strictly positive, then
the inner products (Gu,u) and (G™'u, u) are both strictly
positive and finitely upper-bounded for all nonzero input u.
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The general formalism is given in Section 2 together with
some links to contractive and pseudocontractive mappings
while some real-world applications to asymptotic hypersta-
bility of dynamic systems are then given in Section 3. The
following preliminary result holds.

Proposition 1. Assume that G : H — H is a one-to-one
linear operator with closed range. Then, the following properties
hold

(i) G : H — H is invertible with nonzero minimum
modulus,

(ii) if, in addition, G : H — H is positive (abbreviated
notation being G > 0), then{(Gu,u) > 0 for any
nonzerou:I' — H,

(iii) thereist € I such that (GP,u, P,u) > 0 for any nonzero
u € dom(G).

Proof. Since G on H is one-to-one with closed range, it is also
invertible from the open mapping theorem and then bounded
below, so that there is ¢ € R, such that

IGull = (Gu, Gu)'"? > clull = c(w,u)"’*  Vu € domG.
)
Then, the minimum modulus y(G) of G satisfies
‘u(G):inf{%:u(EdomG)¢0]>2c>0 (3)
u

and Property (i) has been proven. Now, if G > 0, then there
is a self-adjoint operator G = G* > 0 on X such that G =
G*G = GG* = G* so that, since 4(G) > 0 from Property (i),
(Gu, u)l/2 = <@2u,u>1/2 = <5u, 5u>1/2
_ Gu
= |Gul = [64] Jul

fleel

- (4)
> inf{M - u (e domG) ;eo} lul
- flull

>u(G)lul >0; Yu(#0):T — H

and Property (ii) is proven.
(iii) Note that if, u # 0, then thereis t € I' such that Pu#0
and (GP,u, P,u) > 0 since one gets by Property (ii) that

(Gu, u)"* = sup(GPu, Pu)'’* > (GPu, P,u)*
tel

- @ e 1G] < 1€
=(G"Pu, Pu) " = ”G (Ptu)“ = “Ptu” "Ptu"

> inf {% :u (€ domG) 9&0]» [P

2y(§)||Ptu||>0; Vu(#0):T — H. -
5
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Thus, (GP,u, P,u) > 0 for some t € I'if u # 0. Hence, Property
(iii) follows. O

Definition 2. The operator G : H — H is said to be strictly
positive (denoted as G > 0) if it is positive (i.e., G > 0) and
u(G) > 0.

Note from Proposition 1 that if G > 0 is a one-to-one
operator on H with closed range, then it is invertible and
G>0.

It is also direct to prove that Property (i) of Proposition 1
is equivalent to its given assumption so that one has [28].

Proposition 3. G : H — H is a one-to-one linear bounded
operator with closed range if and only if it is invertible with
nonzero minimum modulus.

Proposition 4. IfG: H — H is a one-to-one linear bounded
strictly positive operator with closed range, then it is invertible
and G™' : H — H is also strictly positive with closed range
and bounded and y(G_l) > 0 so that (G 'u,u) > 0 for any
nonzerou:I' — H.

Proof. Note that 1/ 1G] = u(G) > 0 from Proposition 1.
Thus, |G| < 0o so that G is bounded. Since G is bounded,
then |G| < co and 1/||G|| = w(G™") > 0. Thus, G : H —
H is also one-to-one with closed range from Proposition 3.
Then, G = G!G™! = G?2is self-adjoint, and since
Y (G > 0, one has from Property (i) of Proposition 1 and
Definition 2 that G™* > 0 since

(Gflu, u)1/2 _ (Gtzu, u)1/2 _ (thu, 6711/‘)1/2
=|G"u| = u(G7") lull > o, (6)
Vu(+0):T — H.

Note that, if G > 0, then (Gu,u) can be zero for some
nonzero u : I' — H. The following result refers to the
fulfilment of relationships (1) for all t € T, that is, on the space
H, ={f, =Pf:(f: T — PCQI)Vt € T} provided
that G > 0 and bounded. Under some additional weak
boundedness conditions, it is proven the stability of (1) with
u and y belonging to H. Note that H, is not a Hilbert space
(even though H is a Hilbert space) since it is not ensured that,
forany f: T — PC(I), f,: T — Has (I 3)t — oo. O

An important result follows.

Theorem 5. Assume that (1) holds for all t € T, that is, G :
H, - H,and K : H, — H, where H, = {f, = P,f :
(f: T — PCI));Vt €T}, y, = yu(p) and p € Cis some
given complex parameterizing vector, v : I' — H, | domK,
or : I'xH, - ran ¢, u: I — (H, | ran K) + ran ¢r;
and y = y, + yp, with y, :Tx C! > Hand y;: T — H, |
ran G. Assume also that

D) v, = yu(p) is bounded and P,y, — 0as(I 3)t —
090,

(2) G: H, — H, isstable (o1, equivalently, G : H, | H —
H is bounded and causal), one-to-one, and with closed
range,

3) G >0,

(4) K : H — H is bounded,

(5) r: T — H is bounded,

(6) (P,y, P(pr(¥)) = =y, = —y > —0o0; Vt € T,
Then, u, ys, y : T — H, and they are bounded. Also, if r = 0,
then u(t) — 0, yf(t) — 0, y(t) > O0as(I'3) t — oo.

Proof. Direct calculations yield

(y>u) = (Gu+ yp,, Kr — pr (y))
= (Gu,Kr) + (y,, Kr)

- (G () + o or (0)))
= (Gu, Kr) + (y;,, Kr) + (Gu,u)

- wor (¥)) — (Gu, Kr)

(7)
= (Gu,u) + (¥ Kr = gp ())
> 7 (G) lull* + (o Kr = g1 (1))
= (G) StuIP"PzHHZ + (s Kr = o ()
€
> (G) "Pt”“2 +(ywKr—¢r(y)); Vtel
since u = Kr — ¢p(t,y) and (Gu,u) > (/tZ(G')IIuII2 >

y2(6)||Ptu||2 > 0 for any nonzero control from Proposition 1.
One gets in the same way that

(Py,Pu) > ‘“2 (6) ”Pt”"2 + (P, (y)» P, (Kr = (¥))) »

VteT.
(8)

Since (P, y, P,(¢r(¥))) = —y, > —00; Vt € T, one gets also that
(ru) = Kr=gr () = (n Kr) = (90 ()

< (y,Kr) +supy,; VteTl, ©)
tel
(Py,Pu) < (Py,P,(Kr)) +y; Vtel. (10)
One gets from (7), (9), (8), and (10) that
(n.Kr) +y = ¢ (G) lul’
+ (Vo Kr = o (1))
R (11)
.
> 1 (G) [Pl + (o Kr = 1 (1)) 5
Vt €T,
(PP, (K1) y, 2 ¢ (G) | Pt (B, (3) » B, (K7 = 1 (7))
Vtel,
(12)



where 0 < y = sup,y; < co. Now, since K is a bounded
operator, r is a bounded function, P, y, — 0ast — oo,
and G > 0 is bounded and one-to-one with closed range so

that G > 0 is also bounded and one-to-one with closed range
implying from Proposition 1 that 4(G) = ¢*(G) > 0, and one
gets from (12) that
lim inf [yt + |(Pt (GPu)), P, (Kr) >|
I'>t — 0o
2 (= 2
-+ (G) P[]

> lim inf [, + (B, (GP,u)), P, (Kr)
ot — 00

(13)

> 4 (@) [pa] = .

Assume that there is some unbounded u : I — H. Then, the
subsequent contradiction

0 <liminf[y, + 4> (G) (A~ [P [Pl ] = 00 (1)

follows from (13) for some A € R,, since u(G) > 0. Then
anyu : I' — H is bounded. Since the operator G on H, is
bounded, it is stable, and then G : H, | H — H is also
bounded and causal, and, since the functionu : I' — H is
bounded, then ye: I = His also bounded with InyII <
IGIull and Pyl < PGP llul < |Gllul; vt € T, and
y: I — Hisalso bounded since y = y, + y;. On the other
hand,ifr : T — H isidentically zero, then one gets from (13)
0< [/l(G) lim supps, _, o IPull <y < 00, and, since y(@) > 0,
then Alimp,, _, o, u(t) = 0.

Also, it is clear that, sinceu : I' — H,, and since u :
I' —» H isbounded and converges asymptotically to zero and
Iy el < 1GHul, thenu : T — H, Yy is bounded, yp:l =
H, and then 3limp;, _, o, y(#) = limpy, o, y4(£) = 0 since
y, : ' = H is bounded and asymptotically vanishing. [

The assumption 6 of Theorem 5 can be relaxed leading to
the following stronger result.

Corollary 6. Theorem 5 holds if its assumption 6 is relaxed to
liminf, | (P,y, P(¢r(y))) = —y > —oco.

Proof. Note that (7) still holds since it is independent of
assumption 6. The constraint (12) is modified as follows:

?glirg<PtYa P, (Kr)) + 7y, — !"2 (G) ”Pt””2

= (B (yn)> P (Kr—or () 20

which makes (13) to remain valid, and Theorem 5 still holds.
O

In a physical context, E = (y, u) is the whole input-output
energy of (1), E(t) = (P,y, P,u) is the input-output energy
dissipated on [0,t] N T, and (u * y)(¢) is the instantaneous
input-output power at t € I' while (Gu + y,,,Kr) is the
energy supplied by the external source. Particular cases of
interest in control engineering are (a) if the reference input
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r = 0, then the feedback control system is a regulator
evolving only from its initial conditions, (b) if such reference
is a constant real level, then the control system is a position
servomechanism, (c) if the reference r(t) = Kt for t € T, then
the control system is a velocity servomechanism and so forth.

On the other hand, the extended Popov-type control
inequality of the controller (P, y, P,(¢;(y))) = —y > —oo and
G > 0 implies that 0 < E(t) <y < 00, (0 < E < y < oo for
any nonzero control input with compact support); vVt € I'and
all o (y) satisfying the assumption 6 of Theorem 5; that is the
input-output energy is nonnegative and bounded; Vt € I'. The
use of such a constraint allows the simultaneous investigation
of the maintenance of the positivity and stability properties
of (1) under a class of nonlinear time-varying controllers
(defined by such a Popov constraint itself) rather than for a
particular controller device belonging to such a class.

Note that G on H, is stable since |Gul, < Mllull, for
some finite € R,; V¢ € T and, equivalently, G : H, | H —
H is bounded. Now, one concludes from Proposition 4 for
the system defined by the inverse operator G~' that 0 <
(P,(G™'u), P,u) < oo for any admissible control input u since
G™' > 0, bounded and causal.

The following result basically reformulates Theorem 5 if
G | H is a strictly positive pseudocontraction. Since the
contribution of initial conditions and a bounded exogenous
reference do not modify the stability properties, as seen from
Theorem 5, they are assumed to be null in the sequel.

Theorem 7. Assume that the relationships of (1) hold for all
t e'withr=0,9,=0,G: H, - H,, ¢p: I'xH, — ran ¢
and, furthermore,

(1) G: H, | H — H is bounded and causal, one-to-one,
and with closed range.

(2) G > 0.
(3) Py, Por(»)) =2 =y, =2 —y > —o0; Vt € T,

Then, u, ys,y « I' — H and are bounded, and u(t) — 0,
y(t) — 0as (I 3)t — oo. Furthermore, one gets for any,
u,uy : I' — ran @ that

* 2
<u1’u2> + <u1’u2> < ‘uZ ()}»Gf) . (16)

If, in addition, G | H is a pseudocontraction, then

0 < (Gu, — Guy, uy — 1) symin<l,%) (17)
w(G)

with the lower-bound equating zero if and only if u, = u,.
Proof. Take the relation proved in Theorem 5 (y,u) = (Gu +

¥ Kr — @p(y)) under zero exogenous reference and initial
conditions in (1) to yield

0< ;42 (5) (u,u) < (Gu,u) = <6u, 5u> <y <oco. (18)
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Since G > 0 then G = G*, and one gets for u = u; — u,

0 < (Gu, — Guy, u; — uy) = (Gu, — Gu,, Gu,; — Gu,)
= (Guy, Gu,) + (Gu,, Gu,) — (Guy, Gu,) — (Guy, Gu, )
= (Guy, uy) + (Gu,, u,) — (Guy, uy) — (Guy, uy)
<2y = (Guy, uy) — (u,, Guy)
=2y — (Guy, ty) — (Guy, uy)

-

0 < max (0, (Guy, u,) + (Guy,u,) ")
< (Guy — Guy, uy — uy) — (Guy, uy) — (Guyp, uy)”
<2y<oo

0 < [l — o] = (uy = gy 1y — 1)

”’“‘1”2 + "”2”2 = (uy, uy) = (uy,up)”

2y *
< ‘142(6) = (upuy) — (U uy)

(19)

and (up,u,) + (U, uy)* < 2)///42(6). Assume that G > 0 is,
furthermore, a pseucontraction on H. Then,

0 < (Guy — Guy, uy — uy)
- ) (20)
= (Gu, — Guy, Guy — Guy) < |luy — u,|
and, equivalently,

IGu, - Gus | < [y - wo|* + (T - Gty - (I - G) s

0 < (Guy — Guy, uy — ) < (Guy — Guy, Guy — Gu,)

2 *
< Jlu, - ”2"2 < 2—)1‘ = {uy, uy) — Uy, uy)
w (G)
(21)
implies that
(up Uz) + <u1, uz>*
< (Gu,; - Gu,,u; —u
(Guy 2 Uy — Uy) (22)
« 2y
+ (U, uy) + Uy, ) < ——,
w(G)

and the following cases can occur.

(a) 0 < (Gu;—Gu,, u;—u,) < min(y, 2y/;42(6)—(u1,u2)—
(uy, uy)™) if the controls vy and u, fulfil 0 < (uy, u,) +
(U, uy)* < 2y/u*(G).

(b) 0 < (Gu; — Guy,uy — uy) < min(y,Zy/‘uz(G) -
[{uy, uy) + (uy,u,)"]) if the controls u; and u, fulfil
(uy, ty) + {up,uy) ™ < 0.

()0 < 2)///,12(5) < (Guy — Guy,uy —uy ) < yif
the controls u; and u, fulfil (v, u, ) + (u,u, )* >
2y/u*(G). This case is only feasible with equality.

Combining the three cases one gets that
. 4
0 < (Guy — Guy, uy —uy) <y m1n<1, ?> (23)
#(G)

with the lower-bound equating zero if and only if u;, = u,;
thatisu =u, —u, = 0. O

Basically, Theorem 7 states that a strictly positive opera-
tor, which is also a pseudocontraction, subject to a feedback
control law satisfying a Popov-type inequality keeps the
boundedness of the input-output energy with a modified
upper-bound which improves that associated to the Popov
inequality if the minimum modulus of G satisfies u(G) > 4.
The following result guarantees the fulfilment of Theorem 5
itG: H — H is strictly positive and asymptotically pseu-
docontractive in the intermediate sense under a modified
Popov-type inequality.

Theorem 8. Assume that

(1) G > 0 is one-to-one, bounded, causal, and of closed
range with minimum modulus u(G) > «,

(2) G: H — H is asymptotically pseudocontractive in the
intermediate sense satisfying the constraint,

_ o _ _ _ 2
0 <(Py, - Py,, B, - P,) < “t"Ptul —Ptuz" 5 (24)
VteTl

for some real convergent sequence {o}, in [«,c0)
such that ¢, — « € (0,1] ast(e I) — o0 and zero
initial conditions and exogenous reference in (1), where

Vi = Yer = Ve = Pury — By,

Uy = Uy =ty = Pypti = Pu

(25)

are incremental values of y and u witht,t +T(> t) € T
being adjacent elements in the strict ordering on T if
such an indexing set is discrete and [t,t + T] being a
closed interval of nonzero constant Lebesgue measure
T in T if such an indexing set is real,

(3) the following inequality holds:
liminf ((Py. P, (or (7)) + eulidll) 2 0. (26)

Then, u,y : I' — H, and they are bounded, and,
furthermore, u(t) — 0, y(t) — Oas([' 3)t — oo
under a zero exogenous input and initial conditions.

Proof. Since G : H — H is asymptotically pseudocontrac-
tive in the intermediate sense

0< <Pt71 - Ptyz’Ptal - Ptﬁz>
= (P,GP,u, - P,GP,u,, Pu, — P,u,) (27)

<o |Pu, - Py VteT



for zero initial conditions and exogenous reference in (1).
Note that these particular conditions do not modify the
boundedness-type stability properties related to the injection
of any bounded exogenous reference under bounded initial
conditions and some real convergent sequence {e,}, in
[a, 00) such thatr, — « € (0,1)ast(e I) — oo. Since

lim 1nf((Pty, (e () + o [l
) (28)
= g}g%g (‘xt |Pa]” - (P, Pj)) 20

then one has

0< ¢ (G)w]” = ¢ (G) Nl < ol
(1 (G) -~ a) Il <0),  ©9)

—2
= (o]} <
VteTl
so that, if « = limy., & < @ (G), then
lim suprat_wo(uz(G) —oct)IIEII? <Oandu(t) » OasT et —
00.u : I' — H is bounded since it is piecewise continuous
with eventual bounded discontinuities, and T > 0 and finite.

Since G on H, and G restricted to H are stable, y : I' — H
is also bounded and converges to zero. O

A particular case of Theorem 8 of interest is as follows.

Corollary 9. Theorem 8 holds if the assumption 2 is replaced
by G: H — H being a pseudocontraction.

Proof. It follows since Theorem 8 holds, in particular, under
the condition &, = = 1; V¢ € I. O

If G : H — H is strictly positive and contractive, we
obtain the subsequent result.

Theorem 10. Assume that

(1) G > 0 is one-to-one, bounded, causal, and of closed
range.

(2) G : H — H satisfies the following positive-bounded
and contractive constraints for some given 3 € I' and
U=u; — Uy

0 < (PyGPgu; — PyGPyu,, Pyuty — Pau, ) 0
~ (PyGPyu,

— PyGPyu,, Pyu; — Pyu,) < M < 00

0 < (Pyy2pGPriapty = PriapGPriopitys Priaptty — Priopths)

- <Pt+ﬁGPt+Tu1 t+ﬁGPt+ﬁu2’ tralt Pt+ﬁu2>

< X (P pGPyptty — Pyy gGPy gy, Py gty — Py phy)

- x; {P,GPu; — P,GP,u,, Pu; — Pu,); VteT

(31)

with {x;},.; being a real sequence subject to 0 < x, <

o < o0 and Htr;/:[xt] =x < lwith (t +np) €
I;Vn € Z,,Vt € T provided that 0 € T is the first
element of I, and
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(3) Py, P(or(»))) = -y = =y = M/(x = 1) > —o0;
Vt eT.

Then,u, y : T — H, and they are bounded, and, furthermore,
u(t) — 0, y(t) — 0as(I' 3)t — oo under a zero exogenous
input and initial conditions.

Proof. Note from (30) that

0< <PnﬁGPnﬁul - PnﬁGPnﬁuz,P(n,l)ﬁul - P(n—l)ﬁu2>
X" ((PsGPsuy — PyGPyu,, Pyuy — Pyus)
(32)
— (PyGPyuty — PyGPytiy, Pyuy — Pyu) )

=My <M<

sincenf € I’ Vn € Z,, and 0 € T is the first element of T
Thus, since 0 < y < 1, one gets

0< Z (PgGP,yguty — P, gGP, g1ty P,y pthy — Py _1)pthy)
nez,
S(Gul—Guz,ul—uz)S)}=1 < 00
(33)
and also
N
0< Z<PnﬁGpn[3u1 P, gGP, gthy, Py 1) gty = Py 1ypts)
n=1
S(Gul—Guz,ul—uz)Syzl <oo, VYNEe€eZ,.
(34)

Thus, u(t) = u,(t) —u,(t) — O0asT €t — oo.Sinceu =0
is an admissible control, one concludes that any admissible
control is bounded and it converges asymptotically to zero.
The output y(t) has a similar property. O

3. Application Examples

Example 1. Define the truncated function within the time
interval [0,]; Vt € Ry, of f: R — Ras follows:

{f ()

for 7€ [0,¢]

35
otherwise. (35)

i@ =Pf=
Thus, the output of a single-input single-output linear time-
invariant continuous-time dynamic system of nth order and
initial state x(0) = x, € R" under a piecewise continuous
control with eventual isolated bounded discontinuities u :
R — RN H, where H = L2(R0+) = [2[0, c0) the Hilbert
space of the square-integrable functions on R, is

(1) = L gD U@ dr+c(tx,)

- JOO gt 1) u, () dr +c(t x,) (36)

=(g*u)®) +c(t,x,), VteRy,
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whereI' = R, = {z € R:z>0,g: RxR —- R
is the impulse response, c(t, x,) is the zero-input response
(i.e., the response contribution due to initial conditions) for
initial sate x,, and “*” stands for the convolution integral
operator. Since the dynamic system is realizable, g(t,7) = 0
for 7 > t. The complex function G : C — C defined as
G(s) = L(g(t)) is the transfer function, where L stands for
the Laplace transform of the impulse response where it exists.
After defining y(t) = 0 for t < 0, the input-output energy
obeys the following relations by using twice Parseval theorem:

(o]

y (@ u, (r)dr

E(t) = Lty(r)u(r)d'r=J.

1 o0
- LO Y (i0) U, (i) de = (y,10), = (1)

= (yott) = () = %(Y,w

= N joo G (iw) U, (iw) U, (-iw) dw
2 )

+ Jt c(1,xp) u(r)dr
0

_ %T EO G (i) |U, (iw)|*daw
+ Jt c(t,xp)u(r)dr
0

1 t
= E<GUt’Ut> + L c(t,xy)u(r)dr
= i(G U, + rc(r x,) u (1) dt
27 >t 0 >0

1 . . o NY
> e ( min ReG(lw)) J_OO |U; (iw)| dew

WERy,

= (wreanorj ReG (iw)> J:: Iut (T)|2dT
t
+ J c(1,xp) u(r)dr
0

= ( min ReG(iw)> ,[t |u(1')|2d'r

w€ERy, 0

t
+ J c(1,xp)u(r)dr
0

= ( min ReG(iw)> (uy, uy) + Jtc(r, xo) u (1) dr
0

w€R,

= ( min ReG(iw)> (u, u),

weRy,

t
+ J c(t,x)u(r)dr; VteRy,,
0

(37)

where F(iw) is the pointwise value at frequency w of F :
C — C, the Fourier transform of f : R — R provided
that it exists with i = +/~1 being the complex unit. Note
that, in the previous expressions, the integral expressions
have been also denoted by inner products (-,:), = (4,:) =
(-, on the time interval [0,¢] for the given t € Rg,,
all of them being equivalent to inner products of truncated
functions for the given t € Ry, on the Hilbert space L*[0, co).
Equivalently, integrals of complex Fourier transforms on the
whole imaginary axis are got through Parseval’s theorem and
denoted by (GU,, U,) involving the impulse response (i.e., the
transfer function evaluated on the imaginary complex axis) of
the system and the Fourier transform of the truncated input.
Now, assume that the controller is

u)=kt)r®)-o(t,y(t); VteR,. (38)

r : R — R is an exogenous reference signal which is
piecewise continuous on Ry, , and ¢ : [0,£] x R — Risany
piecewise continuous nonlinear time-varying function which
satisfies the following integral-type constraint:

L e(t.y@)y(@dr=>-y(t,xy), VteR,, (39)

then

t

E(t):J y(@u(r)dr

0

= L y(@k(@@)r(r)dr - L y() o (r,y(r))dr (40)

<yt xg) + L y (@) k(r)r (1) dr.

Note that any hodograph G(iw) has the symmetry rules
Re G(iw) = Re G(-iw) and Im G(iw) = —Im G(-iw). Also,
#(G) = min g = ReG(iw) > 0. Thus, one gets by combining
(37) and (40)

( min ReG(iw)) r lu (7)) dr + Jt c(1,xp) u(r)dr

w€Ry, 0 0
(41)

<y(t,xy) + Lty(‘r)k(r)r(r) dr; VteR,,.

Decompose [0, t] = I;,(t) U L (t) for each t € R, where

L, () ={Tt € [0,t] : lu(r)] < ¢},
(42)
L, () ={r €[0,t] : [u(z)| > ¢},



for some given prefixed ¢ € R, . Note that one (but not both)
of the disjoint sets I,(t) for i = 1,2 can be empty. Then, by
direct calculations one gets the following:

<min ReG (iw)> Jt lu (7)) dr + Jt c(t,xy)u(r)dr

wERy, 0 0

> <min ReG (iw)) J-t lu (7)) dr - sJ- |e (7, x0)| dT
I(t)

wERy, 0

+ J ¢ %) u () Pdr
L(t)

u(7)

WERy, 0

‘[Iz(f)

> ( min Re G (iw) — ¢ 'max ¢ (t, x0)|>
teR,,

w€Ry,

> <min ReG (ia))> Jt lu (7)]*dt - sj |e (7, x)| dT
I (1)

¢ (7. %)

u(t)

MG

t
x J lu (7)*dr - eJ |c (1, x0)|dT; Vit € Ry,.
0 1)

(43)

1

Assume that supt€R0+|k(t)| < k and supteRo+|r(t)| < 7. Then,
one gets from (41) and (43) that

| (|u(r>| - max |G<iw)|) (1) dr

1
min,g  ReG (iw) —e'max,g  |c(t %) (44)

x(y(t,x0)+sJ( |C(T,x0)|d1>,

I

<

Vt € R,,.
This relation leads to the following result.
Proposition 11. Assume that
(1) k, r € L (Ry,) so that supteRmIk(t)l < k < 0o and
supcg,, I1(H)| <7 < 00,

(2) the transfer function G(s) is strongly strictly positive
real; that is, Re G(s) > 0 for all complex s withRe s > 0,

(3) oo > limsup,_, (y(t,xy)) =
X)) > 0; Vx, € R".

liminf, | (y(t,

Then, one gets the following properties for any given initial state
x, € R".
(1) u, )’ € Loo(RO+)
(ii) lim inf, _, o _f; y(Ok(T)r(t)dr > -—o0; liminf
(w2 (t) — y(t)k(t)r(t)) < 0.

(i) If |u(®* = y®Ok®)rt); ¥Vt € Ry, then
Ellimt_,oo(lu(t)l2 - y®)kt)r(t)) = 0. If, in addition,

t— 00
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m

k(t) = k and r(t) = r are nonzero constants; Vt
R,,, then 3lim, , (y(t) = y., and im,_, u(t) =
u,, = kr j(;)o g(r)dt and Jlim, ,  y(t) = yo

[0

ke([ g(x)dr)’,

(iv) if r = 0, then u(t) — 0and y(t) — Oast — oo
and are both square-integrable on R,,; Vx, € R".
Thus, the closed-loop dynamic system (36), (38) is
asymptotically hyperstable (i.e., globally asymptotically
Lyapunov’s stable, [1-3]) since the state of any minimal
state-space realization is also square-integrable on R,
and it converges asymptotically to zero as time tends to
infinity for any controller device ¢ : [0,t] x R — R
satisfying (39).

Proof. Since the transfer function G(s) is strictly positive real
then it is strictly stable (i.e. all its poles are in Res < —p < 0
for some p € R,) and ReG(s) > 0 for all complex s with
Res > 0. Since it is, furthermore, strongly positive real (i.e., a
strictly positive operator on L*(R,, )), and it is associated to a
dynamic system, so that it is realizable, then it is rational with
pole-zero excess is zero (otherwise, if the pole-zero excess was
+1, then it could not be strongly strictly positive real since
lim, .., ReG(iw) = 0, and if the pole-zero excess was —1
then it would not be realizable.) Since it has the same number
of zeros and poles, and it is strongly strictly positive real, then
its modulus is everywhere bounded in its definition domain,
invertible, and of bounded inverse, so that one has

0 in R iw) < i .
< al;Ielllli eG (iw) < ggﬁ |G (iw)| < +00 (45)

Note that [,  [e(r.xp)ldr < [7le(r.x)ldr = v(x,) <
+00 since lim, _, |c(t,x,)| = 0 at exponential rate since
the dynamic system is strictly stable. Since ¢ € R, can
be chosen arbitrarily to build the disjoint union I, (t) U
L,(t) equalizing [0,t]; Vt € R, then choose ¢ >
le(t, xO)I/(minweRm Re G(iw)). Now, assume thatu: R — R
is unbounded. Since, it is piecewise continuous with eventual

bounded discontinuities, then lim,_, fot lu(v)ldtr = oo
which implies that _[Ot (Ju(r)| - E?maxwekm |G(iw)|)|u()|dT

is strictly increasing so that the subsequent contradiction
follows

t

+00 = lim J
t — 00 0

(|u @) —E?n;gx |G<iw>|) |u (1) dr
< lim L (lu@P-k@r@) y@)dr

< 1 (46)
"~ min,er, ReG (iw) - e 'maxer e (£ xo)]

X (y(t, Xo) + sJ- |e (T,x0)|dr> < +00,
L(5)

1

Vt € R,.
Thus, u € L (Ry,). Since G(s) is strictly stable and
u € LRy), then y e L_(Ry,). Property (i) has
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been proved. On the other hand, if lim inft_,oo(lu(t)l2 -
y(®)k(t)r(t)) > 0, thenlim, _, fot(lu(‘r)lz—k(T)r(t)y(T))dT =
+00, and the above contradiction holds. Then,
liminf, , o, (|u(®)]* - y(O)k®)r(t)) < 0. Note also that if

limtﬁoofot y(@k(T)r(t)dt = -—o0, then the subsequent
contradiction follows

t
0< lim J u (0)de
t — 00 0

1

- . . 71
min,cg  ReG (iw) — e 'max;eg

c(t,x)]

X (y (t,xo) + L [e|e (T, x0)| + k (T) 7 (1) y ()] dT)
=-00, VteR,.
(47)

Then, liminf, | Iot y(0)k(T)r(T)dT > —00. Property (ii) has
been proven.

Note that Ellimt_wx)(lu(t)l2 - yOk®)r®) = 0 if
lu())* > y(t)k(t)r(t); Vt € Ry, is a direct consequence of
lim inft_,oo(|u(t)|2 - y(®O)k()r(t)) < 0 from Property (ii).
This proves the first part of Property (iii). Also, if k(t) =
k and r(t) = r are nonzero constants; V& € R, then
lim, _, o (Ju(t)]* = y(t)kr) = 0.

Now, if r(¢) is identically zero in R, , then

t
lim J MG
t— 00 0

1
~ min,eg, ReG (iw) - e max,eg | | (£ x)] (48)
X <y(t,x0) +e L \ |e (7, x)| dr) < +00,
!
vVt € Ry,
leads to lim, , u(t) = 0 exponentially and the lim, _,

y(t) = 0; Vx, € R" since G(s) is strongly strictly positive real
so that the internal state of any minimal state-space realiza-
tion is uniformly bounded, and it converges asymptotically to
zero as time tends to infinity. Thus, asymptotic hyperstability
follows for any ¢ : [0,1] x R — R satistying (38). As a result,
Property (iv) has been proven. O

Note that the property of asymptotic hyperstability is
independent of each particular controller provided that it
belongs to a class that satisfies the integral relation (39)
for some positive finite real y. The particular case when
the nonlinear controller is nonlinear, but time-invariant,
while satisfying the corresponding integral constraint (39),
is said to be the Popov-type absolute stability problem
implying closed-loop global asymptotic Lyapunov’s stability.
If the input-output euclidean inner product (associated with
instantaneous power) under the integral symbol, rather than
the inner product on the Hilbert space (associated with the

energy), satisfies a parallel inequality, then the problem is said
to be that of the Lure’s absolute stability problem [4-8]. It is,
therefore, useful to describe the global asymptotic stability
of classes of closed-loop systems of the given form under
certain tolerated components dispersions. Proposition 11 also
implies directly that any nonminimal state-space realization
associated with strictly stable zero-pole cancellations of the
transfer function is globally asymptotically Lyapunov stable.
This follows since the transfer function remains invariant
under zero-pole cancellations, so it is identical to that of the
minimum state space realization, so that the operator is kept
strictly positive and invertible although either controllability
or observability (or both) becomes lost [29-31]. A general-
ization of the previous result to the study of hyperstability of
composite connections [32] as well to Ulman-type extended
stability [33, 34] of continuous-time dynamic systems can be
performed based on the study given in [32].

The subsequent example is a discrete version of the
previous one.

Example 2. Examplel has a direct parallel discrete-time
counterpart as discussed in the sequel. Define the truncated
sequence on [0,kT]; Vk € T = Z,, of the real sequence
{fe=f (kT)}k€ZO+ as follows:

e [5=£GT) forje0kinz
fj (k) = ij (kT) = {0] otherwise; (49)

Vk € Zy,,

where T > 0 is the sampling period. Thus, the output of
a single-input single-output linear continuous-time dynamic
system of nth order and initial state x(0) = x, € R" under a
piecewise continuous control with eventual isolated bounded
discontinuities  : R — RN H, now the Hilbert space being
H = ¢*(Z,,), is

k
Yk = ng (k. 7) u; + ¢ (k, xp)

Jj=0

= i gd (k,j) Uy (]) + ¢ (xo) (50)

j=—00
= (gd o u) (k) + ¢ (xy), Vk € Zyy,,

where Z), = {z € Z : z > 0}, “” stands for the
discrete convolution operator, ¢, = ¢.(x,) = ¢.(kT,x,) and
(g (K, D jez,, is the impulse response sequence since the
dynamic system is realizable g?(k, j) = 0 for j > k. If this
dynamic system is the same system as in the previous example
subject to a piecewise control sequence {u .z » with 1y =
u(kT); Vk € Z,,, then g%(k,0) = (1 — g )L™(G(S)/$);_rs
Vk € Z,, where g~ is the one-step delay operator such that
fe = q " ferr. In this case, the discrete controller is

ue = kiri — o (ks yi) s Yk € Zy,. (51)
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r : R — R is an exogenous reference sequence, and ¢ :
[0,k] x R — R are the elements of any nonlinear time-
varying real sequence {¢, = @ (k, yi)}iez, , Which satisfies the
following summation-type constraint:

k
Yo (hy)yizm(x0)s VkeZy,.  (52)
=0

A close discussion to that of the former example by using the
discrete Parseval theorem and inner products on the Hilbert
space of square-summable sequences £(Z,, ) yields

k 00
Ex=) yuj= Y yu;(k)
j=0 j=—00

1 -1 -1
= — z Y(2)U|k,z )dz
21 J 2121 @ ( )

27-[ . . .
- j Y (¢9)U (k™) e *%dg

= (uk) = %(Y,U(k»

1 k
= (GU®R),U®) + ;cj (x0) u;
1 a O :
= (GLIU (k)] >+]Zocj(xo)uj

> L ( min Re G* (eiq’)) rn 'U (k, ei¢)|2d(p
0

— 27 \¢el0,27]

0 k
= (¢£R)i,§ln] Re G (e“”)) < > (k)) + Y ¢ (%) u;

j=—co j

j=0
d( i £ 2
_ : i
= <(p£[lol,£ln] ReG (e )) <]Zouj (k)>

k
+ z ¢i(xo) )
j=0

Vk € Z,,.

(53)

By using (53), one gets a discrete counterpart of (44) as
follows:

k T - .
]Zo <|uj' K max |67 (e(P)D Ju

1
- ming (o) Re G4 (ei?) - s‘lmaxkezm |Ck (xo)l

(54)

k
x <Yk (xo) + fz |ci (x0)|> Vk e Z,,
=0

which leads to the subsequent result which is the discrete-
time counterpart of Proposition 11, whose proof is close to
that of Proposition 11, and it is then omitted.

Abstract and Applied Analysis

Proposition 12. Assume that

Dk r e EOO(Z(H_) so that Stuezo+|kj| < k < 0o and
SUPez,, Ikl <7 < 00,

(2) the discrete function G*(z) is strongly strictly positive
real; that is, Re G(z) > 0 for all complex z with |z| > 1.

(3) 0o > limsupy, _, o (ye(x0)) = liminf, _  (y(x0)) >
0; Vx, € R".

Then, one gets the following properties for any given initial state
x, € R".

(i) u, y € . (Zy,).

(ii) liminfkﬂm(zl;zo yikir) > —oo; liminf;_, o (u] -
yikir;) <0.

(iii) Ifu? > ykir;sVj € Zy,, then Ellimjﬂoo(ui—yjkjrj) =
0. If, in addition, k; = k and r; = r are nonzero
constants; j € Zy,, then Jlim;_ .y =y, and

Aim; , oo = e, = kr(X 2, g;) and Jlim;_, ,y; =

00 2

Yoo = k(229 95)"-
(iv) Ifr = 0, thenu; — Oandy; — Oasj — oo,
and they are both square-summable on Z,,; ¥x, € R".

Thus, the closed-loop discrete dynamic system (50)-(51)
is asymptotically hyperstable for any controller device

of output sequence {¢y = (K, Yi)ez, . satisfying the
discrete summation inequality ZI;ZO o;(hy)y; =
—Vi(x0); Yk € Zy,.

The following example links asymptotic hyperstability of
a discrete dynamic system with a unique equilibrium point
which is also a fixed point.

Example 3. Assume that, in Example 2, a feedback stabilizing
discrete control law u, = -—¢@,(t, y,_,)y,; satisfying the
constraint Z;.:O @i y)y; = =yi(xg) = =y > 003 Vj, t € Zy,
is injected to the system (1), neglecting initial conditions, and
equivalently if the initial conditions are zero (this assumption
does not affect the stability study,) we get

Py =y, =-(PG)u=~(PGo(t. 1) Py) y
=~ (PGo, (t, P_yy) Piy) ys

so that the closed-loop system can be described by the
operator Q : H,|6*(Z,,) — H,|¢*(Z,,) represented as

(55)
Vt € Zy,

¥y = PBQP,_,y = -P,Go, (t7 yt—l) Yoy VE€Zy  (56)

or, equivalently, as

P,(I+Ge, (6P 1y)Py)y=0; VtelZ,. (57)

Assume that Q : ¢2[0,z) — £%[0,z) for any z € Z,
is stable, positive, one-to-one, and of closed range. Then,
Q : H,6*(Zy,) — H,IE*(Zy,), where H, = |,z €°(0,2)
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is positive, bounded and of closed range, invertible and of
nonzero minimum modulus; and
0<E(t)=(PQP_,y,Py)<y<oo; VteZ,. (58)
Since E(t) is nonnegative, bounded, and nondecreasing,
y, — Oast(e Z,,) — oo,and thenu, = —¢,(t, ¥,_1)y,.; —
Oast(e Zy,,) — oo.One gets for any given finite integer T' >
0 that hmrat HOO(Pt‘FTu - Pr”) = hml‘atﬂ oo(Pt+Ty - Pty) =0.
Thus, y (T) = 0(e 22[t,t + T)) is the unique fixed point of
Q:H,|e* [t,t+T] — H,|e* [t + T,t +2T); Vt € I.
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