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Abstract

The main result establishes that if a controller C' (comprising of a linear feedback of the
output and its derivatives) globally stabilizes a (nonlinear) plant P, then global stabilization
of P can also be achieved by an output feedback controller C'[h] where the output derivatives
in C are replaced by an Euler approximation with sufficiently small delay A > 0. This is
proved within the conceptual framework of the nonlinear gap metric approach to robust
stability. The main result is then applied to finite dimensional linear minimum phase systems
with unknown coefficients but known relative degree and known sign of the high frequency
gain. Results are also given for systems with non-zero initial conditions.
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spec(A)
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map(E — F)

C"(I — RY

Cpw (I — RY)
LP(I — RY)
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VaTz, the Euclidean norm of z € R"

max {|Az||2z € R™, |z| =1}, the induced matrix norm for A € R"™*™

[a{,ag,...,a%;]T e R™™ for ay,as, ..., an € RMX?
0,...,0,1,0,... ,O]T, the k-th unit vector in R™, for k,n € Nand k <n
the spectrum of A € R™*"
the image and kernel of A € R™*™

the norm of v € V, for a normed vector space V
the set of all maps from the set F to the set F

the set of r-times continuous differentiable functions y: I — R’, where
r € NU{oo} and I C R is an interval

the set of piecewise continuous functions y: I — R¢, T C R an interval
the space of p-integrable functions y : I — Rf, 1 < p <00, I C R an
interval, with norm ||y|| s ;—rey = ([, [y(t)[? dt)%
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with norm |y|| e (7—pe) = ess Sup ly(®)]
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Hy||CLP(I—>R‘3) = HyHLP(I—ﬁR‘)
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=0

*School of Electronics and Computer Science, University of Southampton, SO17 1BJ, UK,

mcf@ecs.soton.ac.uk

fInstitut fiir Mathematik, Technische Universitdt Ilmenau, Weimarer StraBe 25, 98693 Ilmenau, DE,
achim.ilchmann, markus.mueller@tu-ilmenau.de



CWP(I — R =<yelC'(I—RYH

Vie{o,...,r} : y®9 e LP(I - RY,
if0el, thenVie{0,...,r—1} : y®(0) =0 }
r€N,1<p<oo, I CR an interval, with norm ||y cyre—re
VieNg:y®W e LP(I - RY,
CWP(I - RY) = qyeC> —RY) | ¥ Hy(i)HLP(l—Rl) < 00, )
if0el, thenVieNy: y®0)=0

1 <p<oo, I CR an interval, with norm [|y[|cyyer(1—re)

1 Introduction

We present conditions under which a feedback controller based on the measured output and its
derivatives can be replaced by a feedback controller based on the measured output and numerical
derivatives. Derivative feedback occurs frequently in control; for example, PD controllers are of
this type as are state feedback of systems of full relative degree and as are suitable partial state
feedbacks for systems of non-zero relative degree.

The problem is studied in the setup of the classical feedback configuration shown in Figure 1,
and we are concerned with the concept of gain stability, that is with the existence and size of

+ u1l 1
uo O [P}
'c] e Yo
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Figure 1: The closed-loop system [P, C]

a finite gain from the external disturbances (ug,yo) to the internal signals (u1,y1), that is the
quantity
u 7
- sup G, y)lkey
(uo.wo)ed x {0} (w0, yo)lluxy
for some appropriate choices of signal spaces U,). We show that if P is stabilizable (P may be
nonlinear) by some derivative feedback controller

r—1
Ch:yppouz=— kinys),  k=(kn....k) € R, (1.1)
=0

then stabilization can also be achieved by replacing C}, by the delay feedback controller C’E“ler [h]
for sufficiently small h > 0, given by

r—1

C};}uler[h] DY U = — Z ki—i—l AZyg s (1.2)
=0

here A%yg = 19 and A%yg, for ¢ > 1, denotes the Euler approximation of the ith derivative of y
defined by

ya(t) —y2(t — h)
- .

Abys = Apo---0Apys, where  (Apyz) (t) =
—————

1 times



The signal spaces for which these results hold depend on structural properties of the plant P.
For concreteness we consider the case of single input, single output linear plants, which are
minimum phase and of relative degree p > 1 and show that the choices Y = CLP(R>9 — R),
Y = CWFkP(Rso — R) are valid, where k = p and either 7 = p — 1 if p < 0o or r = p if p = 0.
The key motivation for this linear study is to establish the appropriate signal space settings,
whereby the degree of regularity required in ) is determined by the relative degree. In the case
of r = p, a stabilizing high-gain feedback is constructed and an explicit upper bound on the
permitted delays is given. The case of kK = oo is also considered. In the linear setting, the results

are also extended to incorporate systems with non-zero initial conditions.

The results are established by computing the gap distance between Cj, and C’Euler [h] and using

variants on nonlinear robust stability theory [7] to deduce the stability of the closed-loop con-
taining the Euler controller from the stability of the derivative feedback controlled closed-loop.

In practice, PD controllers or (partial) state feedback are often implemented by such approxima-
tions. In the context of nonlinear plants, there are often limited options for the implementation
of a (partial) state feedback: nonlinear observers are only available for limited classes of plants.
Of course, in practice, a direct implementation of C’E‘ﬂer[h] is as problematic as the direct imple-
mentation of C}, from measurement of ys only: we are simply replacing the problem of calculating
the derivative of the measurement with the problem of storing a finite interval of past measure-
ments (so that the delays can be evaluated). However, sampled versions of CkE‘ﬂor [h] can also
be analysed utilizing the techniques of this paper, and such realisations, which coincide with
common engineering practice, give analogous results. A variety of sampled versions of these re-
sults will be given in the companion paper [6], which also extends the results for fully nonlinear
controllers and to the important case of semi-global stabilization.

Perhaps surprisingly, there are relatively few theoretical results available on closed-loop stabil-
ity for such delay based controllers. For linear time-invariant systems with relative degree 2
controlled by the delay feedback (1.2), exponential stability of the resulting closed-loop delay
differential system was established in [10]. An analogous result for higher relative degree has not
been previously established. Stabilization of (nonlinear) systems via delays has been considered
by some authors: in [13] the authors give a control strategy with multiple delays that stabilizes
a simple system of the form 3™ = u. In [12] necessary conditions for multiple delay controllers
that stabilize linear systems are shown, but no explicit control strategy is given. In [11] the
author considers nonlinear systems with several constraints and gives a control strategy that
achieves a bounded output.

The paper is organized as follows. In Section 2 we introduce the background theory and establish
a key robust stability result. Section 3 contains the main theorem of the paper which shows that a
stabilizing derivative feedback controller may be substituted by a delay feedback controller if the
delay is sufficiently small. In Section 4 we consider applications to linear systems to demonstrate
structural features of the conditions, giving results establishing both external (gain) stability
and internal stability of the closed-loop system.

2 Background

The material in this section is based on [7, Sect. II], [4, Sect. 2] and [5, Sect. 2] and contains
the gap metric results necessary for proving robustness in Section 3.

2.1 Terminology

Let X be a nonempty set. For 0 < w < oo let S, denote the set of all locally integrable maps in
map([0,w) — X). For ease of notation define § := Sx. For 0 < 7 < w < 0o define a truncation



operator T, and the restriction of maps as follows:
T :8,—S8 Un—>Tv'—<tb—>{v(t)’ telo,m) )
T+ Cw ) TU .= c »
(')‘[0,7) Sy — Sy, v Vo) = (t—wo(t), telo,7)).
With ¥V C § we associate spaces as follows:

V0[0,7) = {v €S,

Jw €V with | Trw|y < oo : v:whoﬂ}, for 7 > 0;

Ve:{veS

V7>0: v‘[o I € V[O,T)} , the extended space ;
Vo = {v € Sy ‘VT € (0,w) : thT) € V[O,T)}, for 0 < w < o0
V.= Uwe(opo} V., the ambient space .

For LP spaces these definitions coincide with the definitions of ambient and extended spaces
given in [4, 5, 7] however note that the definitions in [4, 5, 7] are not applicable for subspaces of
continuously differentiable functions as considered in the present paper, this is due to the fact
that CW"™P(R>o — R) is not closed under the action of 77, 7 > 0.

If v,w € V, with v|; = w|r on I = dom(v) Ndom(w), then we write v = w. For (u,y) € V, X V,,
the domains of u and y may be different; we adopt the convention

dom(u,y) := dom(u) N dom(y).

We say V C S is a signal space if, and only if, it is a normed vector space. For our main results
we will consider different types of signal spaces which are specified in (3.2).

2.2  Well posedness
A mapping Q: U, — Y, is said to be causal if, and only if,

Va,yelU, ¥V 7e€dom(z)Ndom(Qx) : [ 2|0 = Y|omn = (Qx)‘[oﬁ) = (Qy)hoﬂ } .

Consider P : U, — Va4, uy — y1, and C : Y, — U,, y2 — us being causal mappings representing
the plant and the controller, respectively, and satisfying the closed-loop equations:

[P,C] : wy1=Pu, us=Cys, w=u+u, yo=uy1+y2, (2.1)

corresponding to the closed-loop shown in Figure 1.

For wg = (uo,y0) € W :=U x Y a pair (w1, w2) = ((u1,y1), (u2,y2)) € Wa X Wa, Wa := Ug X Va,
is a solution if, and only if, (2.1) holds on dom(wy,ws). The (possibly empty) set of solutions is
denoted by
Xy = {(w1,w2) € Wy x W, | (w1, ws) solves (2.1)}
B

The closed-loop system [P, C], given by (2.1), is said to have:
e the existence property if, and only if, X, # 0;

e the uniqueness property if, and only if,

Y wo € W . [(@1,2@2),(@1,@2) S Xwo —

(2[)1,2[)2) = (11)1,17)2) on dom(wl,wg)ﬁdom (11)1,17)2) .



Assume that [P, C] has the existence and uniqueness property. For each wg € W, define w,,, €
(0, 00], by the property
[0, Wiy ) = Uin i) €Xuy dom(wq, ws)

and define (w1, wa) € Wy X W,, with dom (w1, w2) = [0,ww, ), by the property (w1, w2)lj4) € Xu,
for all ¢t € [0, wy,). This construction induces the operator

Hpc =W — Wy x W, wo — (wy,ws).

For @ C W the closed-loop system [P, C], given by (2.1), is said to be:

e locally well posed on  if, and only if, it has the existence and uniqueness properties and
the operator Hp’c‘ﬂ : Q= Wy X Wy, wo — (wy,ws), is causal;

e globally well posed on € if, and only if, it is locally well posed on Q and Hp c(2) C We xWe;

o reqularly well posed if, and only if, it is locally well posed and

Y wg €W [ww0<oo = H(HP,C“’O —00aS T — Wy, | - (2.2)

Mo . o,

2.3 Graphs, the nonlinear gap metric and gain stability

For the plant operator P: U, — Y, and the controller operator C: ), — U, define the graph
Gp of the plant and the graph G of the controller, respectively, as follows:

o= {(2)

Note that Gp and G¢ are, strictly speaking, not subsets of WW; however, abusing the notation we
identify Gp > (p,) = (u, Pu) € W and G > ((’;f/) = (Cy,y) € W. An operator P: U, — Y,
is said to be causally extendible [8] (or stabilizable in [4]) if, and only if,

ueu,Puey}cW, Q(j::{<(;y> ‘ Cyeu,yey}CW.

V7 >0Vw = (ur,y1) € W, with Tryy = T, Puy Jwi € Gp : Trwy; = Trwi .

Given normed signal spaces X and V and 2 C X, a causal operator QQ: X — V, is said to be
gain stable on 2 if, and only if,

1(Qx)]j0,7) v,

1110, Il

Q) cCV, Q0O =0, HQ‘QHA’,V = sup{ r€Q, 7>0, o # 0} < 00.
Given normed signal spaces U, ) and W := U x ) and causal operators P: U, — V,, C: YV, —
U, we make the following definitions. The closed-loop system [P, C] given by (2.1) with the
associated operator Hpc: W — W, X W, is said to be W-stable if, and only if, it is globally
well posed and Hpc(W) C W x W. 1t is said to be W-gain stable if and only if it is VW-stable
and Hpc is gain stable on W.

Next, associate with the closed-loop system [P,C] given by (2.1) the following two parallel
projection operators:

HP//C’:WHWaawo'_)wl and HC//p:WHWa,wOng.

Note that gain stability of either Ilp;/c and g/ /p implies gain stability of the closed-loop
system [P, C], and that HHP//CHW,W’ HHC//PHW,W > 1 since Ilp/ /0 = H?D//C, Heyp = H%//P.



For P, P, € T'(U,Y) :={P : U, — Y, | P is causal}, define the directed gap by

o o o -7
FiTUY) xTUY) — 0,00, SPLP) = it sup (Lo Dlon @lwy
®€0p,py r€Gp, \{0} Hx”W

where Op, p, is the (possibly empty) set

Op,,p, ={® :Gp, — Gp, | ® is causal, surjective and ®(0) = 0} .

Here we adopt the convention that 5 (P1, Py) := o0 it Op, p, = 0. The nonlinear gap is defined as

- -

0: P(u,y) X F(u,y) — [0,00], (Pl,Pg) — (5(P1,P2) = max{é(Pl,Pg),é(Pg,Pl)}.

2.4 Robust Stability

We now prove the robust stability theorem on which the main result in this paper is based. This
result is based on [7, Th. 1], but extends the scope of that result in several directions. Firstly,
the result is established in the language of ambient signal spaces to handle finite escape times
(cf. [7, Th. 8]). More importantly, the implicit requirement in [7] of well posedness of [P, C]|
is extended to include the often weaker requirement of regular well posedness. This eases the
application of the result in general, as global well posedness is non-trivial to verify a priori, and
regular well posedness is often easier to establish (for p = oo regular well posedness follows from
standard results on the finite escape time properties of differential equations).

Note that we state this theorem in a form where stability of [Py, (] is inferred from [P, (],
however, in the sequel we will apply this theorem in the setting whereby stability of [P, C] is to
be inferred from [P, C]. Such applications of the theorem follow from a trivial interchange of P
and C' and U, ); we elect to present the theorem in the context of P, P; to follow the convention
of the literature and since, in contrast to this paper, most applications of such robust stability
results concern uncertainty in the plant P.

Theorem 2.1 Let U4, Y be signal spaces and W =U x ). Consider P: U, — V,, P1: U, — YV,
and C: Y, — U, with P(0) =0, C(0) = 0. Suppose [P, C] is gain stable on W, P, is causally
extendible and [P, C] is either a) globally or b) regularly well posed. If

2 -1
O(P. Pr) < [|TLpy ol (2.3)
then the closed-loop system [Py, C] is gain stable on W with

—

1+ 6(P, )
[T ¢l O (P, 1)

e ey < HHP//CHW,W1_| (2.4)

Proof. Since HHP//CHWW > 1, it follows that g(P, P;) < oo and hence there exists a causal
surjective mapping ®: Gp — Gp, such that

7= (@ = Dlpysc|l < (@ = DI - [pycll < 1. (2.5)

Let w € W and let [0, w,,) be the maximal interval of existence for Hp, c(w). Let 0 < 7 < wy,.
Consider the equation

w‘[O,T) ((I + ((I) - I)HP//C')(x))‘[Oﬂ_) (26)
= ((I¢gy/p + (I)HP//C)(x))hOJ)' (2.7)



By either well posedness assumption a) or b), we know that [P}, C] is locally well posed, and
hence satisfies the existence and uniqueness properties on [0,7). Hence there exists w; =
(ul,y1),w2 = (u2’y2) € W, such that y1 = Piuq, ug = Cyo and whOT) = wl‘[oq.) +w2‘[07—)'

Since P is stabilizable, there exists w{ € Gp,, such that w = wl‘[o ) By definition of

7
.
W, We have W2 € WI[0,7) and hence there exists w € W such that wé‘[o,r) = wa -

Since ® is surjective it follows that there exists wj € Gp such that ®(w}) = w/ and hence
((ID(w’l))‘[OJ) = wi/‘[()f[') = wiy - It can now be seen that z = w) + wh € W satisfies

— / . .
L) 0,r) = (wy + wg)‘[oﬁ) and x is a solution of (2.7).

Since @, Ilp, /¢, Up/jc, Ly /p are causal, it follows from equation (2.7) that

(le//C(w))‘[O;r) = (le//c (HC’//P'% + (I)HP//C(x))) |[077_) = ((I)HP//C(x))‘[OJ_) . (28)

It follows from (2.6) that H:EMO’T)H < ﬁ”w‘[oﬁ)H, hence, in view of (2.3), (2.5) and (2.8),

HHP1//C(U))|[07T)H = H(I)HP//C(JC)‘[Q,T)H
< My g+ 18 = DLy )] |

-

1+46(P, Pr)

5 : 2.9
HHP//CHW,Wé(P7P1)Hw‘[O,T)H (2.9)

SHHWKNWMH_

If [Py, C] is globally well posed, w,, = oo, so inequality (2.9) holds for all 7 > 0, and the proof

is complete.

Suppose [P1,C] is regularly well posed. Since we have shown <HP1//C(w))‘[0 n € WI0, 1) is
uniformly bounded for all 7 € (0,w,,) and since [Py, C] is regularly well posed, it follows that
wy = 00 so inequality (2.9) holds for all 7 > 0. This completes the proof. O

3 Robust stabilization by delay feedback

Our main result will establish conditions under which a derivative feedback controller (1.1)
may be replaced by Euler approximation (1.2). We first formally define, for h > 0, the Euler
approximation

Ay, map(Rzo — R) — map(Rzo - R)7

(t—y(t) — <t'_>y(t)+(t—h)>7 where y(s) =0if s <0,

of the derivative of y and, for higher derivatives y(¥, i € N,

Alh : map(RZO — R) — map(Rzo - R) s
AN AR(y) ifi>2
y = ALy) = { Q) ifi=1
Y ifi=0.

(3.1)



Our results will hold in the following signal space settings (A)—(C):

(A)W =UxY =CL®Rsy—R) x CW'(Rsg— R),
Wo=Uyx Yo = CL®R>9g —R) x CWy*([R>p—R), reN, p=cc
(B) W =UxY =CL’(Rsy~R) x CW'¥(Rsg— R),
Wo=Uyx Yo = CLP(R5g = R) x CWP(Rsg —R), reN, pell,00),
C)W =UxY =CWZP(R5)—R) x CW*P(R5g— R
Wo = U x Yo = CWPP(Rsg — R) x CWEP(Rsg — R

(3.2)

)

, pE[l,00).

)
) )
The spaces Wy will be utilized for results whereby the initial conditions of the system are zero,
whilst the spaces W are utilized in the general setting with non-zero initial conditions. The
spaces of type (A) and (B) are standard, the need for spaces with constrained derivatives arises
from the setting whereby derivative based controllers are being considered. In Section 4 we will
motivate the spaces of type (C), which allows for more general controllers (we will not require
k, = 0 for controller C}, given by (1.1) as for signal spaces of type (B), see below) at the price
of greater regularity constraints on the disturbances.

We are now in a position to state the main result of this section, namely that if C gain stabilizes
P it follows that CF"er[h] is also a gain stabilizing controller of P for sufficiently small i > 0.
The idea behind the proof is to show that the gap 6(Cy, CEWer[p]) is small if A > 0 is small and
hence deduce the result from Theorem 2.1.

Theorem 3.1 Let 1 < p < oo, r € N and consider signal spaces Uy, Vo and Wy of type (A),
(B) or (C) in (3.2). Suppose that there exists k = (ki,...,k,) € R™*"\ {0}, with k, = 0 for case
(B), such that controller Cy : Yo, — Up, given by (1.1) applied to a causal plant P : Uy, — Yoa
with P(0) = 0 yields a closed-loop system [P, C| which is gain stable on Wy := Uy x V. Suppose
h* > 0 satisfies

) 1 1, in case (A)
r— 1 1
h* < <’y S kit 'inp(h*,z')> where, for h > 0, n,(h,i) :== ¢ 27(1 4+ thp)r in case (B) (3.3)
i=1 1
27 (14 ihp) in case (C)

and 1 < := HHCk//PHWO,Wo < oo. Let h € (0,h*) and suppose that [P,CEUer[R]] is either

globally or regularly well posed, where the controller Cguler[h]: Yoa — Upg is given by (1.2).
Then the closed-loop system [P, C’E“ler[h]] is gain stable on W, with

r—1
14+ h > kiv1] inp(h, i)
i=1

(3.4)

[Tepaerinysrp o, < 1Mews/pllwgwe S
L= e w2 Wil inp(h )

In all three signal space settings (A), (B) and (C) the condition (3.3) on hA* can always be met
r—1 -1

for sufficiently small h* > 0, e.g. by taking h* = <7 > |kiga] z) in case (A) and by taking
i=1

r—1 -1
> kit z> in cases (B) and (C). Before giving the proof of this

=1

B =min{ L, (25
= min{ +, 0%

result, we establish the following key bound which will be required in the proof of Theorem 3.1
for the signal space choices (B) and (C).



Proposition 3.2 For y € C(R>¢p — R) and ¢ > 0, define the function

M,ly] : R>o— R, t— Terﬁ%)gt} ly(T)| , where y(s) =01if s <O0. (3.5)

Then, for every y € CW%”’(RZO — R)and 1 < p < oo,

YT >0 Ml omymy < 2005y my (Ilnagmy + 0PI o)) - (3:6)

Proof. Let y € C’W(l]’p(RZO —-R),1<p<oo, T>0e>0,i€ Ny By the density of
C3([i,i+1]) — R) in Co([i,i + 1] — R) it follows from [15, Th. 4.12] applied successively on the
intervals [i,7 + 1] that there exists a (piecewise cubic) function G;: [i,i + 1] — R such that Gj is
nowhere locally constant, G; € C%([i,i + 1],R), G;(i) = y(i), G;(i) = y(i), Gi(i + 1) = y(i + 1),
Gili+1) =g(i +1), and

€ _t : € t

<ee”, |Gi(t) - ()] < <ee”

Gilt) — y(0)] < < gy S,

€ 4,1 +1].
We now define G € C(Rxo,R) by Gliiv1) = Giljii41), © € No. Suppose, for the time being,

IMoIGIG 0y < 2 NG ey (IG Lo a0y + 0PI Lo sgm)) - (37)
Then in view of
Myly)(t) = Moly + G = G)(t) < M,[GI(t) + M,ly — G)(t) < My[G)(t) + Mylee™](1).
and M,lee™"|(t) = ee™* for t > 0, it follows that

i &b
||M ly ]HLP(OT —R) < ||G||LP(]R>O—>]R (||G||LP(R20—>R) + QpHGHLP(RzO—JR)) + ;

Since

1GI < 1G = yllr@so—r) + 1Ylle®s0—r) < €€+ Y]l Lo RS0 —R) -

where ¢ := (l/p)l/ P. it follows that

HMQ [yl(t) ”ip([oj)_qg)
Ep

< (ce+ [yllr@sg—r)” (CE + [yl e (g2 —r) + oP(cE + H?J”LP(RZO—R))) + e

As this holds for all € > 0, inequality (3.6) follows as required.
It remains to show (3.7). Let

R(G) == {t € R>o||G(t)] is a local maximum of |G|} .

Since |G| is piecewise polynomial, G # 0, R(G) is non-empty and has a finite or countable
number of elements. To every point ¢t € R(G) we define (adopting the convention that inf () = 0o)

tM .= inf{r > t | |G(7)| is a local minimum of |G|},
th .= min {t + ¢, inf {r € R(G) |7 > t}} .



\
| |
%\ | =~
== __
0 1 | \ ! ! t
t1 | t2 ] t3 | ta | ts | te | tr | ts € R(G)
M 37 M 2 Y 2 3 = o0

Figure 2: Example function |GP and M,[G]P, here: tf = to, tlt = to + o, tif = t4, t§ = t;,
th =tg, t& = t, t§ = tg and tf! = tg + 0.

We estimate the LP-norm of M,y[G] by the LP-norm of G' and the sum of parts of the areas of
the hatched boxes, see Figure 2. By the definition of M,[G] we have

T P
MG oy = [ (e 1G] e

TE[t—o,t]

g/o GoPd+ Y ( G(6)|P

teR(G)

+ [t + 0~ t7] - max {0, |G ~ |G} ) .

where ([t" — t]|G(t)|P) is the area of the hatched box of height |G(¢)[P between the local maxi-
mum ¢ and either the following local maximum ¢? on the right or the point ¢ + . Furthermore,
[t+0—t7] - max {0,|G(t)|P — |G(t?)[P} is the area of the box which remains by subtracting a
box with the height |G (t%)[P of the following maximum value t¥ from a box with height |G/(¢)[P
and length ¢ + o —tf. Since |G(tF)| > |G(tM)| and since (t,tM) N (s,sM) = ) for all ,5 € R(G),

we have:
S —dleer s Y / par< [ClewPra
0

teR(G) teR(G
and hence
IMLAG oz < [ IGEOP e+ 3 ( GO — (G P) + [¢7 — 1] |G
teR(G
+t+e- tR] max {0, |G()F — |G(E™) P} )
< [Tlewor as Y ( GO = |GEP) + [t — 1] |GE)P
0 teR(G
+[t+o- tR] (6P -G )
< 2/0 |G()[P dt + ¢ Z G(E)P) (3.8)
teR(G
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Since G |(t7 i) is either strictly positive or negative, |G| is continuously differentiable on (¢, "),
and partial integration yields

+M

Y. (G —|aE)r) < Z/ p |GOPH GO dE < PGP Gl gsgr):  (3:9)

teR(G) tER(G
where the second inequality above follows from (t,t") N (s,sM) = () for all t,s € R(G). Let
1 < ¢ < oo satisfy % + % = 1, then by Holder’s inequality

HGp_léHy(RzO_qR) < ”Gp_lHLq(Rzo—)R)HG.”Lp(RZO—’R HGHLP(R>O—>R ”G.HLP(RZO_’R)' (3’10)

Finally, inequalities (3.8), (3.9) and (3.10) give the claimed inequality (3.7). O

We are now in a position to prove Theorem 3.1.

Proof of Theorem 3.1. Let 1 < p < oo, r € N, signal spaces Uy, Yy and Wy of type (A),
(B) or (C) given by (3.2), and k = (k1,...,k,) € R k. = 0 in case (B). We claim that if
h € (0,h*), then

r—1
5 (Cor G [R) < R Ikisal - iy, ), (3.11)
i=1
and hence,
~ (3.11) r—1 (3.3) -1
3(Cr, O R < Ry [kial - imp(hyd) <"t = [Ty 7p o, -

i=0
By assumption, P, C are causal, C(0) = P(0) = 0, [P, C}] is gain stable on Wy and [P, CFUer[p]]
is either globally or regularly well posed. Finally, since C’E‘ﬂer[ 1Y) C Uy it follows that
C,‘?uler [h] is causally extendible. Applying Theorem 2.1 with the roles of P and C' interchanged
we see that (3.4) is a consequence of inequality (2.4) and inequality (3.11).

It remains to show (3.11).
Step 1: The graphs of Cj, and CEer[h] are given by

_ kz () r—1 )
Go, = z;o Y —Zk‘z‘ﬂy(z)éu,yey cCUxY,
Yy =0
=S ki A - |
gcllciluler[h] - ZZ:O +1 h(y) - z ki-‘,—l A;'L(y) S Z/{, Y € y C Ux y .
=0
Yy

Consider the surjective map

r—1 r—1
_ k; (@) — kiy1 Al
B¢ Go, — Gopuy Eo +1Y . Eo +185) | (3.12)
Y Yy
. r—1 (%) T
Since <_Zi=0 kit1y ,y) > [lylly, and
Uox o

r—1 . T r—1 . T .
H(;)ki+1 AZ(Z/)&/) - <Z:0ki+1 yu)&/) i1 (A (y) —y®)

Uo

r—1 ) )
z il AL — 9,

Wo

IN
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it follows that

r—1 . .
) % ke[ 45@) = v,
(Cr CEM ) < 1 = Thwog < sup =

(3.13)
yeVo\{0} ¥y,

Note that (3.13) holds for all signal spaces Uy and ) considered in (A), (B) and (C).

Step 2: Recall, that, for y € ), the definition of Yy gives ¥ (0) = 0, for all i € {0,...,r — 1},
in case of (A) and (B), and that y®(0) = 0, for all i € Ny in case of (C). Also recall that by
definition of A} we have A’h(y)(t) = 0 for t < ¢h. To simplify notation, without loss of generality,
define y(t) = 0 for t < 0.

Let y € ) and fix i € {1,...,r — 1}. By i + 1 applications of the Mean Value Theorem there
exist, for j € {1,...,i}, functions 5; : [0,00) — R with 5;(75) € (0, jh] and 52181 :10,00) — R with
fffl(t) € (0,ih] such that, for all ¢ > 0,

—_

2O - 00| = A5 (360 -6 = 1)) () - y<i><t>\

= Aty - &) -y )

>

(v - €)= () - - ) - y(i)(t)‘
=y ® (t—¢) - y(“(t)‘

< h [y -l 1) -

&=

Furthermore, in case of (C) there exist, for all © € N, functions ffflz [0,00) — R with §§f1 (t) €
(0,ih] such that, for all ¢ > 0,

[A5@») @) =y (1) < h |y — €y (1)

Hence: in case (A) for p = oo, u = 0; in case (B) for p € [1,00), p = 0; and in case (C) for
p € [1,00), u € Ny; the following inequality holds

HA%;(y(“’) — gyt

< ih [y € )

LP(R>o—R) LP(R>o—R)

< ih HMih[y(”HH)](-)‘

. (3.14)
LP(RE()—JR)
Step 3: We show inequality (3.11) in case (A), ie. for Uy = CL>®(R>¢p — R) and )y =
CWy™®(Rsp — R). Let y € Y. Observe that ||y |y, < |lylly, for all i € {1,...,r — 1}.
Thus it follows from inequalities (3.13), (3.14) that
r—1 ) "
B > ki1 | ih ||yt )Huo
5(Cy, CPh]) < sup =
y€Vo\{0} 191y, =

This completes the proof in case of (A).
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Step 4: We show (3.11) in case (B) with k, = 0, that is for p € [1, 00) we let Uy = CLP(R>9 — R)
and Vo = CWP(R>g — R). Let y € Vo, i € {1,...,7 —2}. Since k = (ky,...,ky_1,0) € R*"
and (1) € CW{P(Rsg — R), it follows from (3.14) and Proposition 3.2 that

S

o S i [ Ml

Uo

1
< ih (2001 (1 et + ihplly ™2 e ) )

< 2vih(1 + ihp)? ylly, (3.15)
Then by (3.13) and (3.15)
7 Eul A Lm0 1 1
O(Cr, CFM[R]) <20 B |kiga| - i(1+ihp)p "= 20 B> [Kiga| - i(1 + ihp)? .
=0 =0

This completes the proof in case of (B) with &, = 0.

Step 5: We show (3.11) in case (C), i.e. for p € [1,00) let Uy = Yo = CWP(R>9 — R).
For brevity write || - [[zr == || - ||zp(roo—r)- Since yith) ¢ CWé’p(RZO — R), it follows from
Proposition 3.2 and inequality (3.14), that for all y € Yy and i € {1,...,7 — 1}

i)~ 40

o < [ Man [y V] )

Uop

S

<ih 3 [2 [y D2 (D L+ z-hp||y<ﬂ+i+2>||m>}
pn=0

1 00 ) 00 . p—1 . 1
< 2vih | 3 ly D e +ihp Y2 (ly®EED Ly,
pn=0 pn=0

IN

1 ) . ) 0 . p—1 00 ) 1
2vih <ZO ly @D | o + i <ZO ly W > (Z Hy“‘“*”Hﬁ))
p= p=

pn=0
1 00 ) 00 p—1 00 1
< 2vih (Z ly®) || Lo + ihp (Z Iy * 3 > (Z Hy(“’HEp))
n=0 pn=0 pn=0

< 25ih(1 +ihp) Y [ly®]|Ls
©n=0

1, .
= 2¢ih(1 + ihp) ||yl

and so (3.13) yields

r—1
S(C CF™h]) < 20 B ki -i(1+ ihp).
i=0
which completes the proof in case of (C) and concludes the proof of the theorem. a

4 Applications to linear minimum phase systems

The main result, Theorem 3.1, is stated for various signal spaces (3.2). We now consider lin-
ear systems in detail to illustrate how the choice of signal space is determined by relative de-
gree assumptions on the linear system and the stabilizability requirements in the various signal
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spaces. In particular we consider the class P, , of all state space triples (A,b,c) correspond-
ing to n-dimensional, minimum phase, single-input, single-output systems with relative degree
r € {1,...,n} and positive high frequency gain cA™~'b. Let (A,b,c) € P, 2° € R™ and
P(A,b,c;2°): U, — Y. be the associated plant operator u; — y; given by

T = Ax + buy, z(0) = 2 }’ (4.1)

g = ¢z,

where U and ) are any of the input/output signal spaces pairs given in (3.2). We establish
stability properties for both the nominal closed-loop system [P(A,b,c;2°), Cy] and the closed-
loop system with the delay based controller [P(A,b,c;x°), E‘ﬂor [h]]. In particular, we show
exponential stability of the initial value problems for closed-loop systems with zero disturbances
ug = yo = 0 and gain stability of the closed-loop systems with arbitrary ug, yo from signal spaces

in cases (A), (B) or (C). For the following consider the high-gain control design:
r—1 ' ]
Ck,n,V: Ve > Uey, Y2 uz = _VZ K/T_Zki-l-lygl) ) (42)
=0

where k,v > 1 are suitably large scalars which are to be determined and k = (kq, ...k, ) is such
that k, > 0 and the polynomial s — Z’;& ki+1 s" is Hurwitz, i.e. has all roots in C_.

4.1 Exponential stability of [P(A,b,c;x°),Ci ] With ug =yo =0

In Proposition 4.1 we present how the high-gain derivative feedback controller of form (4.2)
stabilizes systems (A, b,c) € Py, 7 < n, given by (4.1). We show that there exist x,v > 1 such
that an application of controller C}, ., to a linear system (A, b,c) yields an exponentially stable
closed-loop system [P(A,b,c;20), Cy .| with ug = yo = 0.

With controller Cj, ., we use a static feedback of derivatives of the output signal to stabilize
linear systems. Note that there are only structural conditions to the considered system (A, b, ¢):
the relative degree is known, the system is minimum phase and has a positive high-frequency
gain cA"1b.

Proposition 4.1 Let, for 7,n € N with r < n, (A,b,¢) € P,, and 2° € R™. Suppose
k= (ki,...,k) € R with k, > 0 and s Z’;& kii1s" Hurwitz. Then, for sufficiently
large k,v > 1, the closed-loop system [P(A,b,c; xo),C’k,,W] given by (4.1), (4.2), (2.1) with
ug = yo = 0 is exponentially stable, in the sense

> 1V > 36 >1IM >03a>0Ve > k*VE>0 V' e R : |a:(t;a:0)‘ < Me_o‘t]azo\,
where x(-;2°) denotes the solution of (4.1), (4.2), (2.1) with ug = yo = 0.
Proposition 4.1 shows the existence of parameters x, v > 1 with which controller (4.2) stabilizes

system (4.1). Explicit bounds for x and v, which are not given here, depend only on the system
matrices A, b, ¢ and the vector k = (ki,..., k).

The proof of Proposition 4.1 is based on the following Byrnes-Isidori normal form.

Lemma 4.2 Let, for r,n € N with »r < n, (A4,b,¢) € P,,. For C := [c/cA/.../cAT_l],
B:= [b,Ab,..., A" ], N € R~ with im N = ker C and

C

V=l T AT L, - B(eB) ]

] . vl= [B(CB)*,N} , (4.3)
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the coordinate transformation

<f}> () = Va(t), (4.4)
converts (A, b, c), given by (4.1) into the normal form (VAV=Y Vb, eV ~1) € P,
[0 1 0 0] 0
%(g) = 10 0 1 0 <f}>+ 0 |wu, <§>(0) Vz' e R"
Ry R. S cA™1p
=VAV-1 =Vb
yo= & = (1,0,...,0 <§>
n
=cV~1
T e Rv-1x1 g ¢ Rv=r)x(n=r) g c RIX(v=") "R, R, eR.

Proof. See [9, Lem. 3.5]. O

Remark 4.3 Proposition 4.1 shows that for every system (A, b, c) € Py, of form (4.1), r,n € N
with 7 < n, we may choose k € R*" such that

spec (A +bk[e/ ... /CAT_l]) = spec (VAV_1 +Vb(k|0)) cC_,

where the transformation matrix V € R™™ is given by (4.3), k = (k1,... k) with k;
v e {1, 1), s - S o kiy15" with k, > 0 is any Hurwitz polynomial and «, v > 1
are sufficiently large

For the following results in case of signal spaces of type (B) in (3.2) we assume that k, = 0 and
spec (A + bk[c/ ... /cA™]) C C_. In this case we cannot refer to Propostion 4.1.

Proof of Proposition 4.1. By equations (2.1) and (4.2),

r—1
=Y ok Tk [0 = 5 (0] + uo(t). (4.6)
i=0
The closed-loop system (4.1), (4.6) is equivalent to (4.5), (4.6). Setting ¢; = x~"+1¢;, for i =
1,...,7, yields
éi = H_H—léi = "i_i—‘rlfi-i-l = K:Ci-i-l ) for i = 17 cee, T 17
ér = /f_r—i_lér

=gt (R — Ovkir")ér + -+ + (Rr—1 — Ivk,_1k3) &1 + (R, — IvkeK)E) + kTHLSy

=k ((? —191/]{71) G+t <R;;1 —ﬂvkr_1> Gro1 <5 — vk, > g) +r7TTSy.

Thus the scaling
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converts (4.5), (4.6) into

0 1 0
a ¢y _ | ”F ¢
d <77> B R R ’ R ! —01 <77>
—dvky .. T —Ovk,y = — vk, kLS
I T 0 0 Q |
=Un(VAV=14Vb(vk | 0)U7t = Ak o\
0
S ; i 4.7
+ I{_T-"_ll? 0 |:Z V’{T_Zk’i—i—ly((]) _|_qu| ( )
1 =0
0
;)
= (1,0,...,0 ,
n - (¢
up = — ;)V“T_iki+1 [y?’ - y(()l)] +ug,
) O = () v
0) = =U,Vz",
<77 © 7’

where ¥ = ¢cA""'b, Ry,..., R, € R, S ¢ R*(»=7) T e R*", Q € R®"=)X("=7) with spec(Q) C
C_ and V € R™" with det V' # 0.

In view of ug = yo = 0 and the equivalence of (4.1), (4.2), (2.1) and the closed-loop equa-
tions (4.7) it remains to show that

IV >IVr > 3 > 13M>03a>0 Ve> k" VE>0 : [efonr!] < Me® . (48)

Since k, > 0, ¥ > 0 and s — p(s) = Zz:_& ki1 s' is Hurwitz, it follows from the root-locus [14,
Sect. 5] that r — 1 roots of ¢, (s) = s" + v¥p(s) = 0 converge to the roots of p(s) =0 as v — o
and that the remaining root of ¢, is real and diverges to —oo as ¥ — oo. Thus there exists
v* > 0 such that the polynomial g, is Hurwitz, for all v > v*. Let v > v* and choose the
positive definite matrices N = Ng € R™" and N,, = Ng e R(=)x (=) golying

T
Opr—1yx1  Ir-1 O—1yx1  Ir—1 - _ N, = —
Ne [Cogmer o L+ [P o ] N = <L M@ QTN = —Liy. (49)

Then the derivative of

along the solution of

16



yields, for all ¢ > 0, and omitting the argument ¢ for brevity,

V() = § (5N + 50" Nyn)
0o 1 0
= ("N | R T S +1 Ny (Qn+TG)
B—9vky . T vk g B vk, k=T HSn
0
(4.9) K12 1 1,12
< —5IC° 4+ wONg o | ¢t =g INCIISTICHnl = glnl” + [Ny Tl 1]
R Re

" B A IN (Rey . ROVICE + A INI1S] C2 + =[N 1S] 2
>~ p) ¢ 1.4 r—1 ¢ +,47"71| C|| ||77|

—1n* + 3Inl* + 4N, T |G )P

K Ne¢||S
< (5= IR R = INCIS| = 4N, TGP = (4 = S ) 12,

k=1
and so, for

K= max {1+ 2(Ne| [(Ry,- .., Ro)| = NI |S] = 4IN, T1), (8IN| 1S) ™"}

a:=minq———,—— >,
8| N¢|™ 8| Ny

we conclude, for all ¢t > 0 and k > k¥,

V() < —glC@I” = gln® < —gamgC®TNeC(t) = grmpn(®) Nyn(t) < —aV (1),
hence
) maxspee | %, | ()
V>t Vig >0 : ‘( >'§exp(_a(t_t0)) o ‘( 0>'
n(t) min spec OC Nn:| n(to)
This proves (4.8) and completes the proof of the proposition. O

4.2 Stability properties of the closed-loop system [P(A,b, c;x°), Cy]

Now we show for (4,b,¢) € P, with k € R'™" such that spec (4 +bklc/... /cA""!]) C C_
and for appropriate input/output signal spaces of types (A), (B) or (C) in (3.2) that if 2° = 0,
then the closed-loop system [P(A, b, c;2°), Cy] is gain stable on W,. For the input/output signal
spaces of type (A) or (B) only, we also show that the closed-loop system [P(A4,b,c;z%),Cy] is
W-stable for any initial conditions z° € R™.

Theorem 4.4 Let, for r,n € N with r <n, (A,b,c) € Py, given by (4.1) and choose k € R'*"
such that spec (A+ bk:[c/.../cA’"_l]) C C_. Let the signal spaces U, Y, W, W, be of type
(A), (B) or (C) in (3.2); in case of (B) suppose kel = 0. Consider the controller operator
Ci: Y. — U,, as defined by (1.1) and the associated plant operator P(A,b,c;2°): U, — V.
with initial value 2° € R™ as defined by (4.1). Then the closed-loop system [P(A,b, c;0),Cy]

is Wy-gain stable. In the case of signal spaces given by (A) or (B), the closed-loop system
[P(A,b,c;2%), Ck] is also W-stable.
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Proof. Step 1: Consider W of type (A), (B) or (C) given by (3.2) and let (ug,y0) € W.
The closed-loop system [P(A,b,c;x°),Cy] given by equations (4.1), (1.1), (2.1) is, in view of
coordinate transformation (4.4), equivalent to (4.5), (1.1), (2.1). Invoking Lemma 4.2 and
applying Variation of Constants yields

[ [

) V=1l(t—s)
©(s)ds, (4.10)

¢ 1% (A+bk ) V-1¢ ¢0 ;v (A—i—bk
Vtz 0 : < )(t) —e cAT1 < 0> +/ e cAT1
n n 0
where, in view of ug € U and yy € Y,
Or—l
o) = [ eA=1b | [uo() + (Cho) ()] €U (4.11)
On—r

Step 2: Consider case (A) or (B),i.e. Y x Y = CLP(R>p — R) x CW™P(R>9 — R), 1 < p < o0,
r < n. Taking norms in (4.10) and invoking the well-known inequality H Jo F(-—5)g(s) dsHLp <
I fll2llgllze, for f € LY and g € LP, we obtain, for some 31, 32 > 0,

19 ()

Sﬂl[

+ ”‘P”LP(R>O—>R")}
Lr(Rso—R™) -

<A <f72> + 152 |:HUOHLP(R>O—>R) + :g ’ki'f‘l“‘y(()i)“LP(Rzo—»R)
and thus,
<f7> € LP(Rso — R").
Now, by (4.5),
ygi):&HeLl’(RZOHR), fori=0,...,r—1
g =€ = <§ (R; — cA™ " bk;) gi> + 50+ ¢ € L’(Rxo — R)

and with (4.11) it follows that y; € CW"™P(R>o — R) = ).

Finally,
U = Uy — Ck(yg) = Upg — Ck(yo) + C’k(yl) c CLP(RZO — R) = U,

and we have shown that the closed-loop system [P(A,b, c;2?),Cy] is W-stable in case (A) and
(B).

Step 3: Let 2% = 0 and let Wy be as in (A) or (B), i.e. Uy x Vo = CLP(R>g — R) x CWP (R0 —
R), 1 < p < oo, r < n. It is straightforward to see that y(i) (0) =0 for i =0,...,r, and hence
one can show similarly as in Step 2 that, for some 31,...,05 > 1,

r—1 .
lyillewre s g—r) < B10203 |:HUOHCLP(R>O—>R) + ;) \ki+1’Hy(())HCLp(RZO_>R)]

< Ba |:”u0HCLP(R20—>R) + H?JOHCW(;*LP(RZO_)R)]

and

||u1||CLP(]RZO—>]R) = ||U0||CLP(RZO_>R) + Hcky?”CLP(]RZO—AR)

< Hu0|’CLP(R20—>R) + 55 “y2“cwg*17P(Rzo—>R)

< Hu0|’CLP(R20—>R) + Bs |’y1”CWJ’1'p(R20—>R) + |’y0HCW5’1'P(RZO—>R)
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and thus W, gain stability in case (A), (B) follows.

Step 4: Let 2° = 0 and let Wy be as in (C), ie. Uy = Vo = CW P (Rsg — R), 1 < p < 0.
First note that ¢ € CW7P(R>¢o — R). By [17, Proposition VI.3.1] we have, for all i € N and
>0,

c [

+ V (A-i—bk
< | e

cAr—l CAr—l

) V=1(t—s) .
0 (s)ds.

)Vl(t—s) t V(A-l—bk
cp(s)ds:/ e

0

Hence it follows from (4.10) that 3—; (f}) =0, and so y(0) = 0 for all € N. It follows also

. . . t=0
that ugz) (0) = ug)(O) — C'k(y(()z)(O)) + Ck(ygz)(O)) =0 for all i € N. One can then show similarly
as in Step 3 that, for some 31,82 > 1,

HylHCWO"vP(RZO—AR) = ;0 ||y1||CLP(RZO—>]R)
jz

< b ]go {Huéj)HCLP(REO—JR) +| (Cryo) HCLP(REO—JR)]

r—1 L
(i+3)
</ ||U0||CW°°»p(R>O_>R) + 2 Z E HyoZ ! HCLP(R>O_>R)
= 5>01i=0 =
< b Hu0|’CW°°'P(R20—>R) + 732 ”yOHCW‘X”P(REO—JR) .

An analogous inequality for ||uq]| CWep(Rso—R) 8iVes Wo gain stability as required. This com-
pletes the proof of the theorem. - O

Theorem 4.4 shows in combination with Proposition 4.1, for signal spaces of type (A) or (C)
in (3.2), that if r < n and k, v > 1 sufficiently large then [P(4, b, ¢;2°), Ck x| is Wo-gain stable,
with a bound for the gain given by

HHC’)C,,Q,V//P(A,b,c;O) HWO,WO < ﬁ(kv K, V) ) (412)

for some ((k, k,v) > 0 determined by the proof of Theorem 4.4 and Proposition 4.1.

In the signal space setting of type (B) in (3.2), i.e. p,r < oo, these stability results are only
proved for k,. = 0, thus precluding the application of Proposition 4.1. However, there are many
plants stabilizable in P, ,, < n — 1, including, for example, the class of plants stabilizable by
PD controllers (r =2, n > 3).

Since Proposition 4.1 gives stabilizability of plants in P, ,, »r < n, and since the signal space
setting (A) is only applicable when p = oo, the setting (C) has been introduced to allow stability
results in the context of p < oo, without the assumption that k., = 0 as in (B). However, the
setting (C) does introduce extra regularity requirements on the external disturbances wg, yo.

4.3 Gain stability of the closed-loop system [P(A,b, ¢;0), CZ™*"[h]]
We are now in a position to show that linear systems (A,b,c) € P, , are gain stabilizable on

U x Y by the delay feedback CFUe'[h] defined in (1.2), for suitable k € R*", for sufficiently
small h > 0 and for signal spaces of type (A), (B) or (C) in (3.2).

Theorem 4.5 Let, for 7,n € N with 7 < n, (4,b,¢) € P, and choose k € R'*" such that
spec (A +bklc/ ... /cA""!]) C C_. Let the signal spaces U, Y, W, Wy be of type (A), (B) or
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(C) in (3.2); in case of (B) suppose kel = 0. Then v i= HHCk//P(AbCO HWO W, < 00- Suppose

h € (0,h*), where h* > 0 satisfies (3.3). Then the delay feedback controller CFUe[h]: Vo, — Uy,
defined in (1.2), applied to the plant P(A,b,c;0): Uy, — Vo given by (4.1) yields

r—1
Lt h 3 ki | ing(h, 1)
i=1
Mepoesinspasen v, <7 — . (4.13)
L= Iy ; ki1 inp(h, @)

Proof. By Theorem 4.4 it follows that v := HHCk//P(A7b70§O)HWO we < 00 The result now
follows from Theorem 3.1 since [P(A, b, ¢;0), CFUer [h]] is globally well posed and P(0) =0. O

In the following let C'Euler[ ltya—mug=—-v> - & KTk ,+1A2y2 be the delay feedback controller

k,k,v
corresponding to controller C v given in (4.2).
Together with Proposition 4.1 and Theorem 4.4, Theorem 4.5 shows for signal spaces of type
(A) or (C) in (3.2), that for sufficiently large x,v > 1 (determined by Proposition 4.1), G(k, , V)
given in (4.12), and sufficiently small & > 0 (determined by Theorem 4.5), the closed-loop system
[P(A,b,c;0),CFYUer[h]] is Wy-gain stable and

k,k,v

r—1
1+ hykr—1 2:1 |k7i+1| Z""}p(h, Z)
1=

[T emuer iy peaseo) e, < B K, v)

k,k,v

r—1 ’
1- hﬂ(k7 K, V)Vﬂr_l Z ’ki-i-l‘ an(h7 Z)
i=1

4.4 Gain stability of [P(A,b, c; z°), CF*'°"[h]] with non-zero initial condition

To generalize Theorem 4.5 by allowing for non-zero initial conditions, we give the following result
which will be applied to signal spaces of type (A) or (B) in (3.2). The proof of Theorem 4.6 is
based on an extension of [4, Th. 5.3].

Theorem 4.6 Let r,n € N with » < n and consider signal spaces U, Y, W, W, of type (A) or
(B) in (3.2). Let k € R'™" and additionally in case (B) suppose kel = 0. Let (A, b,c) € Py,
2% € R™ and consider the operator P(A,b,c;2°): U, — Y. as defined in (4.1). Suppose that for
h > 0, applying the feedback controllers

Co:Ve— U,  and  CPU[A]: Yoo — Ue
as defined in (1.1) and (1.2), respectively, to P(A,b,¢;0) yields
HHCk//P(A7b7C§0)HWO,WO < 00 and HHc}julcr[h]//P(A,b,c;O)HWOWO =1y <.
Then

dA>0 VIEO € Rn Vwo € WO . HHCEHICY[h]//P(A,b,C;SEO)woHW S )\‘xol +’Y HwOHWO . (414)

Proof. Note that we may consider P(A,b,c;0) as an operator from U, to ), or from U, to
Yoe. Furthermore, note that Cj and C’Euler[h] may be considered as operators from ). to U or
from Yo, to U. Thus we may consider the graphs of P(A,b,¢;0), Cy and CEU°[R] in W or in
W. To identify in which signal space a graph is considered we add a superscript Wy or W such
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as in g}g\&’b’ao) C Wy or ggA7b7c;0) C W. For 2° # 0 we have to consider P(A,b,c;2°) as an
operator from U, to ), with Q}Q\ZA b.c;0) c W.

Step 1: Let yo = 0 and consider the map defined by ug (4.58), {11, 1) y1 with transfer function

s+ G(s) = (1,0,...,0)(sI — (VAV "+ Vb(k | 0)))" Vb
= (1,0,...,0)(V(sI — (A+Dbk[c/ ... /cA"" )V H~ vy,
where the matrix V is given by (4.3). By boundedness of HHP(Avbvc;O),CkHWO Woxw, and 3,

Th. 2, Sect. 2.4] it follows that G(-) is stable. Since (A,b,c) is minimum phase, setting F' :=
kle/.../cA™™1], [1, Th. 10] yields that spec(A + bF) = spec((A + bk[c/ ... /cA™"!]) C C_.

Since HHP(A7b7C?O)7CkHWO,WOXWO < 00, we may define maps N: U — U, ug — uq, and M: U —
Yo, up — y1 by

~ U u
Nuo = (1 0) HP(A,b,c;O)//Ck < 00 > s M’LLO = (0 1) HP(A,b,c;O)//Ck < 00 ) .

Proposition 4.1 yields that the tuples (ug,u1) = (uo, Nug) and (ug,y1) = (uo, Mug) satisfy

&t = (A+bF)x+buy, 2(0) =0
up = Fx+ug, (4.15)
yi = cr.

Step 2: We show N(U) =V := {u € U| P(A,b,c;0)u € V}.

Suppose u € V, i.e. u € U with P(A,b,¢;0)u € Y. Then Y 3 P(A,b,¢;0)u = cx =: y for = being
a solution of & = Az + bu, x(0) = 0. Since (A4, b, c) is minimum phase, thus (A, ¢) is detectable,
there exists L € R™ such that spec(A + Lc¢) C C_. Since y € Y and u € U writing

&= (A+ Le)x — Lex + bu = (A+ Le)x — Ly + bu
yields that € CLP(R>9 — R™). Thus up := u — Fz € U and (4.15) then yields that © = u; =
N(ug) € N(U), which gives N(U) C V.

Conversely, suppose u € N(U). Then there exists ug € U such that ugp = u — Fx € U. Since
spec(A 4+ bF) C C_ it follows by (4.15) that P(A,b,¢;0)u =y = cx € Y. Hence N(U) C V.

Now N:U — V, ug = (1 0) T p(ap.e0)//c, (0 ), is well defined and writing
&= Az + buy, z(0) =0
ug = Fax —uy,
directly gives that is invertible and P(4,b,¢;0) = MN L,
Step 8: Set A:= A+ bF = (A +bklc/.../cA""1]). We show

N Fexp(A-)x® vel
w —0— PLAa ’ -
gP(A,bp;xO) =0Q:= { <M> vt <cexp(A-)xO> ew ' N, M, F and A as in Step 1 } '

TA0
We show @@ C Q}Q\ZA@C;QEO). Consider, for any v € U, q, = <J\]\§> v+ <€:}f§((j))fo> € Q. Let

u = Nv+ Fexp(A-)2". Since Nv € U and exp(A-) € CW™P(Rsq — R)™" = Y"*" we have
u € U. Observe
i = Az + b(F exp(A)zY), z(0) = 2° ¢ R”
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has the solution x(-) = exp(A-)z®. Thus it follows that
P(A,b,c;2°)Fexp(A)2° = cexp(A-)2°
Hence
P(A,b,c;2%)u = P(A,b,c;2°)Nv + P(A, b, c; 2°) (F exp([l-)xo) — P(A,b,c;2°)0
= P(A,b,¢;0)Nv + P(A, b, c;2%) (F exp([l-)xo)
= M(N)"'Nv + cexp(A-)z°
= Mv +cexp(A)z’ € Y. (4.16)

_ u w w
Thus g, = <P(A, bc :Eo)u> EU XY, s0qy € QP(A@C@O) and Q C gP(A,b,c;mO)'

u

We show gp(Abch C Q. Consider (P(A, b, c; 20)u

> eg P(A bz Then

P(A,b,¢;0) (u— Fexp(ﬁ'):no) = P(A,b,c;2%)u — P(A, b, c;2°) (F exp(/i-)xo)

and since the right hand side lies in Y, it follows that P(A,b,¢;0) (u — Fexp(A-)z®) € Y.
Therefore u — Fexp(A-)z® € ¥V = Im(N), and so there exists v € U such that Nv = u —
Fexp(A-)x°. Therefore equation (4.16) holds, hence

u (N v+ Fexp({l-):po €0
P(A,b,c;2%u ) — \ M cexp(A-)z®
and so g};‘é Apea0) C Q. Therefore we have shown g]VD‘E Apeat) = Q as claimed.

Step 4: Finally we show (4.14). For wg € Wy and 2° € R” let
Fexp(A)x® > . ( —C’Euler[h](cexp(ﬁ) 9 >
2 .— 0 .

’ . _ — =
Wo = Wo = v1 = V2, UL ( cexp(A-)z° —cexp(A-)z
Since CFUr[h)(Y) C U, we have w), € Wy, hence,

Hp P(A,b,c;0),CFuer[p) (wo) (wy,w2) € g A b,c;0) X chulcr[h]

In particular, w, = w; + wy, and by rearranging we have wy = (w; + v1) + (w2 + v2).
. . N
Since wy € g;‘&b,c;o) C g}-/’\zA,b,c;O)’ there exists v € U such that w; = ( Y >v, hence

—_cow : W w w .
w1 + U1 S Q - gP(AbCZ‘O) Slnce w2 € gc}jé)ulcr[h] - gcguler[h} a’nd U2 € gc]];;}uler[h}? it fOHOWS by
linearity of C’Euler[h] that wy + vy € GY, CEuler[h} Therefore, since [P(A,b, ¢; 2°), C’Euler [h]] has the
uniqueness property, H P(Ab,c;a0),CEler ) : W — W x W is defined and

w W
Hp(4,p,¢:00) cEuler ) W0 = (w1 + v, w2 + v2) € Gpa g0y X chulcr[h} CW x W.

Now for

A= sup "UQHW H < CEUICr cexp(A-)) >H (417)
moeR"\{O} |20 —c eXP(A ) o

it follows that

[T emuter 11 /P 4,bycia0) 20 [y < o2l + w2l < M|+ [lwollyy, -

thus concluding the proof. O
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We can now state the result for the delay feedback controller in the presence of both input/ouput
disturbances and initial conditions.

Theorem 4.7 Let, for ,n € N with » < n, (A,b,¢) € P,, and choose k € R™" such
that spec (A +bk[c/ ... /cA""!]) C C_. Let the signal spaces U, Y, W, Wy be of type (A)
or (B) in (3.2); in case of (B) suppose key) = 0. Then v := ‘HCk//P(A,b,C;O)HWO Wy < 00
Suppose h € (0,h*), where h* > 0 satisfies (3.3). Consider for (A,b,c) the plant operator

P(A,b,c;2%): U, — Ve given by (4.1) and the delay feedback controller CEYer[R]: Vo, — U,
defined in (1.2). Then there exists A > 0 such that, for all wy € Wy,

r—1
LS [k iy (B )
=1
([T gmuern) P besao) 0]y < Al 4 i ol -

1 —hy ; |Fita]inp(h, 1)

Proof. The result follows directly from Theorem 4.5 and Theorem 4.6. a

Together with Proposition 4.1 and Theorem 4.4, Theorem 4.7 shows for signal spaces of type
(A) in (3.2), that for sufficiently large x,v > 1 (determined by Proposition 4.1), B(k, k,v) given
in (4.12) and for sufficiently small A > 0 (determined by Theorem 4.5) there exists A > 0
(determined by equation (4.17)) such that, for all zyp € R™ and wy € W:

|Tepuer /(4 b2y 0 [y
r—1
14 hww"=1 37 ki inp(h, i)

< N2°| + | Bk, K, v) — llwollyy, -

1- hﬁ(ka R, V)V’%T_l Z ’ki-i-l‘ an(ha Z)
i=1

4.5 Exponential stability of [P(A, b, ¢; %), CZ"°"[h]] with uo = yo = 0

In Proposition 4.1 we have shown that the high-gain derivative feedback controller Cy, .. ,,: y2 +—
ug leads to an internally stable system, i.e. (4.7) with uy = yo = 0 gives

v >1Vv>v" Ik > 1,V > K" ¢ 2= A,z is exponentially stable.

Now (as in [10] where a more limited class of systems was considered) we will show that an
analogous result holds true if a stabilizing derivative feedback controller C: ys +— us is replaced
by the delay feedback CEuler [h]: y2 +— ug for h > 0 sufficiently small. Exponential stability for
a delay differential equation is defined as follows, see, for example [2, Def. 5.1.1].

Definition 4.8 Let h > 0 and, for r,n € N with » < n, Ag,...,A,_1 € R™*™. Then the delay
initial value problem

r—1
o=y Aja(t—jh), x=pon[(l-r)h0], (4.18)
§=0
is said to be exponentially stable if, and only if,
M A >0Vt >0V € Co([(1—7)h, 0] = R") : |2(t)] < Me ™™  max |p(s)]. (4.19)

s€[(1—-7)h,0]
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Proposition 4.9 Let, for r,n € N with r < n, (A4,b,¢) € Py, 2° € R". Consider the signal
spaces U =) = CW8°’2(RZO — R) and W :=U x ) and choose k € RY*™ and A > 0 such that

HHP(A,b,c;o) //CEler(p] Hw,w < 00,

Then the delay initial value problem for the closed-loop system [P(A,b,c;2°%), CEWet[h]] given
by (4.1), (1.2) and (2.1) with ug = yo = 0 is exponentially stable.

Proof. For (A,b,c) € Pp,, r,n € N with r < n and h > 0, the closed-loop system
[P(A,b,c;20), CEMer[R]] given by (4.1), (1.2) and (2.1) is described by a delay differential equa-
tion of the form (4.18) as follows:

#(t) = (A+ A0) 2(t) + S Aa(t — jh) + buo(t) + 3 biyo(t — jh).

j=1 Jj=0
yi(t) = ca(t), z =@ on [(1—r)h,0], (4.20)
) = uolt) + 5 (195 5 () o — )t )

where p(0) = 2¥ and, in view of (4.4), (4.5), for j =0,...,r — 1,

r—1
B (—1ytiear le ) o] v B = SR (0
: =j

and the transformation matrix V' € R™*" is given by (4.3). Let G p(Ab,e;0)//CEmer ) € R(s)?*?
denote the transfer function of Wp(a p,e:0)//0Eer 1) Then, [16, Th. 30] and [3, Th. 2, Sect. 2.4]
yields:

ilelg HGP(A,b,c;O)//CEUIe’[h} (iw)Hz = HHP(A,b,c;O)//CE“Ie’[h}HW,W < oo

Since the denominator of the function (s — G P(Ab,c;0)/ /Cgulcrm(s)) is equal to
det <sI - (A + A% pethAt 4o 4 e—S(T—l)hAvr—1>> ,
it follows that
VseCp : det <sI - (A + A0 pemshAgl 4oy e—S(T’—l)hAvr—1>> £0.
Now, [2, Th. 5.1.5] yields exponential stability of (4.20) with ug = yo = 0. 0

We conclude the paper by noting that for sufficiently large x,v > 1 (determined by Proposi-
tion 4.1) and for sufficiently small A > 0 (determined by Theorem 4.5) Proposition 4.9 yields
that the closed-loop system [P(A, b, ¢;2°), CEYer[h]] with ug = yo = 0 is exponentially stable.

k,k,v
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