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Zusammenfassung

Die vorgelegte Arbeit behandelt den Entwurf und die Robustheit von
drei verschiedenen Regelstrategien fiir lineare Differentialgleichungssys-
teme mit mehrdimensionalen Ein- und Ausgangssignalen. Es werden
folgende drei Regler betrachtet: Riickfiihrungen des Ausgangssignals
und dessen Ableitungen, A-tracking und Funnel-Regelung. Fiir alle drei
Regler werden bestimmte strukturelle Voraussetzungen an die linearen
Systeme gestellt, auf die der Regler angewendet werden soll. Fiir die
zuerst vorgestellte Ausgangs—Ableitungs—Riickfithrung wird vorausge-
setzt, dass der Relativgrad des Systems bekannt ist, dass das System
minimalphasig ist, und dass die sogenannte , high-frequency gain“ Ma-
trix positiv definit ist. Fiir A-tracking und Funnel-Regelung fordert man
die selben Voraussetzung und zusétzlich, dass der Relativgrad nicht nur
bekannt, sondern gleich eins ist.

Einer Einleitung folgend, werden im zweiten Kapitel der Arbeit die-
se strukturellen Eigenschaften linearer Systeme analysiert. Fiir Systeme
mit mehrdimensionalen Ein- und Ausgéingen wird der sogenannte Vek-
torrelativgrad vorgestellt und fiir den Fall, dass dieser nicht strikt ist,
eine Normalform hergeleitet, die gleiche strukturelle Eigenschaften be-
sitzt, wie die bekannte Byrnes—Isidori-Normalform fiir Systeme mit ein-
dimensionalen Ein- und Ausgingen oder Systemen mit mehrdimensio-
nalen Ein- und Ausgéingen und striktem Relativgrad.

Diese Normalform ist essentiell fiir die Konstruktion eines Reglers
mit Ausgangs—Ableitungs—Riickfiihrung fiir Systeme mit mehrdimen-
sionalen Ein- und Ausgédngen und nicht striktem Relativgrad im dritten
Kapitel.

In den Kapitel vier und fiinf werden bekannte Resultate fiir A-tracking
und Funnel-Regelung verallgemeinert und neu bewiesen, um so die Ro-
bustheitsanalyse fiir beide Regler in den zwei abschlieBenden Kapiteln
der Arbeit zu ermdoglichen.

Ergebnisse zur robusten Stabilitdt, die in dieser Arbeit vorgestellt
werden, basieren auf der Verwendung der sogenannten Gap-Metrik: sa-
lopp gesprochen, bauen diese Robustheitsresultate auf das Messen von
Absténden zwischen Systemen oder Reglern auf. Genauer gesagt, wird
die Gap-Metrik in der vorliegenden Arbeit benutzt, um Abstdnde zwi-
schen den Graphen von Operatoren, die ein System beschreiben — das




sind Mengen von Trajektoren aus zuvor gewéhlten Signalriumen, die
,Losung® eines Systems oder eines Regler sind — zu messen. Diese Gra-
phen sind Unterrdume der Signalrdume.

Robuste Stabilitdt beschreibt im Allgemeinen dann folgendes Prin-
zip: falls ein geschlossener Kreis aus einem linearen System und einem
Regler stabil ist und der Abstand (die Gap-Metrik) zwischen dem im
geschlossenen Kreis betrachteten System und einem anderen ,neuen“
System hinreichend klein ist (und einige weitere technische Vorausset-
zungen fiir den geschlossenen Kreis erfiillt sind), so ist der geschlossene
Kreis aus dem ,neuen® System und dem Regler wieder stabil. Die glei-
che Aussage stimmt auch fiir den Fall, dass man den Regler und nicht
das System austauscht.

In der vorliegenden Arbeit wird Robustheit fiir die drei oben genann-
ten Regler in ihrer Anwendung auf (lineare) Systeme untersucht.

Fiir die Ausgangs—Ableitungs—Riickfiihrung wird gezeigt, dass, falls
diese ein System stabilisiert, die auftretenden Ableitungen des Ausgangs
durch Euler-Approximationen der Ableitungen ersetzt werden kénnen,
insofern diese hinreichend genau sind. In diesem Fall wird also ein ,,neu-
er“ Regler auf das selbe System angewandt. Das Ergebnis zur robusten
Stabilisierung gilt sogar fiir nichtlineare Systeme und wird auf den im
dritten Kapitel fiir lineare Systeme mit striktem Relativgrad vorgestell-
ten konkreten Regler angewendet.

Bei den Untersuchungen zu A-tracking und Funnel-Regelung bleibt
der Regler jeweils unveréndert. Hier werden die linearen Systeme, auf
die der Regler angewendet wird, ersetzt. Es wird gezeigt, dass beide
Regler auch fiir die Stabilisierung linearer Systeme verwendet werden
konnen, die nicht die sonst geforderten Voraussetzungen erfiillen. Hier
ist dann allerdings gefordert, dass ein solches System einen geringen
Abstand zu einem System hat, dass die notwendigen Voraussetzungen
aus Kapitel vier und fiinf erfiillt.




Abstract

The present thesis considers the design and robustness analysis of three
different control strategies for linear systems of differential equations
with multidimensional input and output signals. These three control
strategies are the following: high-gain output derivative feedback con-
trol, A-tracking and funnel control. Every control strategy requires cer-
tain structural properties of linear systems which it will applied to. For
high-gain output derivative feedback control it is required that the sys-
tem’s relative degree is known, that the system is minimum phase and
has a positive so-called “high-frequency gain” matrix. The same prop-
erties and additionally, that the relative degree is not only known but
equal to one, are required for A-tracking and funnel control.

Following a short introduction, structural properties of linear systems
are considered in detail. For systems with multidimensional inputs and
outputs a definition and characterization for the so-called (vector) rel-
ative degree is presented. For systems with non-strict relative degree a
normal form is developed. This normal form has the same structural
properties as the well-known Byrnes—Isidori normal form for systems
with one-dimensional inputs and outputs or systems with multidimen-
sional input and outputs and strict relative degree.

This normal form for linear systems with non-strict relative degree
is crucial for the design of the high-gain output derivative feedback
controller. It is important to note that this controller stabilizes any
system which (vector) relative degree is known, provided the system is
minimum phase and the high-frequency gain matrix is positive definite.

In chapters four and five, respectively, known results for A-tracking
and funnel control are generalized with regard to the analysis of robust-
ness for both control strategies in the concluding chapters of the thesis.
It is shown that the A-tracker and funnel controller may be applied to
any system from the class of minimum phase linear systems with strict
relative degree one and positive definite high-frequency gain matrix to
achieve certain control objectives. Robustness then means that one may
apply the controllers to systems which are close (in some sense) to any
system from the above class but not in this class of systems.

The result on robustness and robust stability considered in this thesis
are based on the application of the so-called gap metric: loosely speak-




ing, all robustness results rely on the measuring of distances of systems
or controllers. More precisely, the gap metric is used to determine the
distances between the graphs of operators representing a system or a
controller, i.e. the set of all trajectories from prespecified signal spaces
which are “solutions” for the system or the controller. This graphs are
subsets of the considered signal spaces.

In view of this gap metric, a robustness result will be considered as
follows: if a closed-loop system represented by the application of a con-
troller to a linear system is stable (in some sense), and the distance
(i.e. the gap metric) between the system considered in the closed-loop
and a different “new” system is sufficiently small (provided some more
technical requirments hold true for the closed-loop system), then the
closed-loop system represented by the application of the controller to
the “new” system is again stable. This conclusion holds also true when
changing the roles of system and controller, i.e. applying a “new” con-
troller, which is “close” (in terms of the gap metric) to the original
controller, to the same system.

In the present thesis, robustness results are presented for all three
previously introduced control strategies when applied to linear systems.

For high-gain output derivative feedback control it is shown that the
designed controller still stabilizes the system when the derivatives of the
output are replaced by Euler approximations of the derivatives provided
the approximation is sufficiently precise, i.e. if the step size is sufficiently
small the gap between the derivative feedback and the feedback with
approximations of the derivatives (delay feedback) is sufficiently small.
In this case a “new” controller is applied to the same system. The
general robustness results holds also true for nonlinear systems and it is
applied to the concrete controller for linear systems with strict relative
degree, presented in chapter three.

For robustness results for A-tracking and funnel control the control
strategies are not changed but the systems which the controllers are
applied to. It is proved that the controller may be applied to systems
which are “close” (in terms of a small gap) to any system from the
class of systems considered in chapters four and five, i.e. the class of
minimum phase systems with relative degree one and positive definite
high-frequency gain matrix. The “new” systems may not satisfy any of
these classical assumptions.
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1 Introduction

The subject of this thesis is the study of several strategies for the reg-
ulation of the output of linear time-invariant MIMO-systems. A linear
time-invariant MIMO-system is a system of the form

t=Ax+ Bu, y=Cux,

where A € R™" B,CT € R™™ for some integers n,m € N with
n > m. Here u is the input of the system and y denotes the system’s
output; both have m components. For linear systems (A, B, C) of the
above form it is rather simple to calculate a solution. Given an initial
value z(0) = 2° € R™ and an input signal u: R>g — R™ from a the set
of locally integrable functions, the output y is as follows:

t
ts y(t) = Cetla® + C/ et Bu(s) ds.
0

If the matrices A, B and C are known and have certain properties, for
example (A, B) is controllable and (A, C) is observable, see definitions
in, for example, [Son98| Ch. 3 and 6], one may choose the input function
u such that the output y has some desired properties.

However, in general applications the system’s matrices may be un-
known. Anyway, it is possible to find inputs u to control or stabi-
lize the system in some ways. One potential ansatz is to use the
system’s output y (and maybe derivatives of the output) to design
such controllers. Such control strategies are presented in, for exam-
ple, [IP98, ITT04, ITT05, SHWS05, SWS06, IS09], see also the survey
article [IR08]. There only structural properties of systems are used.
Three control strategies, which are applied to linear systems, are pre-
sented in this thesis (Chapters [345). Furthermore, this thesis gives
robustness results for the considered control strategies (Chapters[7-9)
which are proven by utilizing the concept of the gap metric (Chapter|6).

17



18 1 Introduction

The application of all control strategies to a linear system requires cer-
tain structural properties of the system: for example that the relative
degree is known. In the first part of the present thesis these structural
properties are analyzed.

System class.

The definition of a relative degree of linear systems goes back to
frequency representations of linear systems [Isi95, p. 139] and earlier.
In Chapter 2] definitions and characterizations for the relative degree
of linear SISO- and MIMO-systems are introduced. Here it is impor-
tant to distinguish cases where the system has one-dimensional or, for
m > 2, m-dimensional inputs and outputs. Moreover, in the case of
m~dimensional u and y, it is important to know whether the relative
degree is or is not strict, see the following paragraphs for details.

The system’s relative degree can be utilized to construct a coordinate
transformation which leads to the so-called Byrnes—Isidori normal form
for the system, see [Isi95]. This normal form has new system matrices
/T, B and C which have nice structural properties in view of decoupling
the system’s input and output. Therefore the normal form of a system
assists the design of suitable control strategies for the system.

In Section[3.3 a new normal form for linear MIMO-systems with non-
strict (vector) relative degree is presented. This normal form general-
izes the well known results for linear SISO-systems and linear MIMO-
systems with strict relative degree. For systems with non-strict relative
degree the construction of the normal form and the underlying proofs
become much more involved than for SISO-systems, however, all the
structural properties as in the case of SISO-systems are preserved.

One benefit of the Byrnes—Isidori normal form is that structural char-
acteristics of the system can be read off very easily from the normal
form. For example, the system’s zero dynamics and right-invertibility
can be characterized in terms of the normal form. Having a simple
characterization of the system’s zero dynamics and, therefore, having a
straightforward specification of stability of the zero dynamics is crucial
for the control strategies which are considered in this thesis. Linear
systems with exponentially stable zero dynamics are called minimum
phase. A linear system is minimum phase if, and only if, the associated
transfer function has no zeros in the closed right half complex plane C
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see, for example, [Oga02, p. 509].

The control strategies, considered in this thesis, require, additionally
to the minimum phase property, two more structural assumptions to
the system: the relative degree must be known (in case of the controller
presented in Chapter [3] or must be one (in case of the controllers in
Chapters 4 and [5) and the so-called high-frequency gain must be posi-
tive (positive definite in case of MIMO-systems).

Control strategies: derivative output feedback.
First, high-gain output derivative feedback stabilization is introduced.
This means that the input u is designed as

r—1
u(t) ==Y kg™ (1),
=0

where kq,...,k. € R are suitable parameters and r € N. Suppose the
system’s matrices are unknown but the system has the following struc-
tural properties: its relative degree is 7, it is minimum phase and has
positive high-frequency gain. Then one can show that there exist param-
eters k1, ..., k, such that the above controller applied to a linear system
stabilizes the system in the sense that the solution z of the controlled
system is asymptotically stable. This approach is well known for linear
SISO-systems and MIMO-systems with strict relative degree, see, for
example, [Isi95, Isi99], however, a new result for linear MIMO-systems
with non-strict relative degree is given in Section[3.3. The reader will
find that stabilization results for SISO-systems and MIMO-systems with
strict relative degree are also slightly improved, when compared to the
results in the literature.

For the above output derivative feedback the parameters kq,..., k.
are fixed and could be very large. One can show existence of such
parameters but it is not straight forward to determine the parameters
for an example system with unknown system matrices. Therefore, for
systems with relative degree one, adaptive control strategies have been
developed which will derive suitable “design parameter” k on its own.
One possible strategy is to design the input as

u(t) = =k y(t), kO =ly@>,  k0) =,
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where k° € R, see the seminal work of [Mar84, Mor83, WB84] and also
the survey [Ilc91]. However, this controller has the shortcomings that, if
tracking is the control objective, it needs to be combined with an inter-
nal model (thus becoming much more involved) and, more importantly,
fails for stabilizing in the presence of additive arbitrarily small input or
output L*>°-disturbances.

Control strategies: A-tracking.
The adaptive A-tracker, which was first introduced by [IR94], is pre-
sented in Chapter [4] One designs the input u as follows:

u(t) =~k y(t), k) =dist((=A\ALy@)lly@)l,  k(0) =&,

where A > 0, K € R and dist([—, \], e) = max{0, [|e|| — A} for e € R™.
Note that A-tracking requires that a system has to have relative degree
one, which is more restrictive than in the case of output derivative
feedback stabilization. The other requirements, i.e. that the system is
minimum phase and has positive high-frequency gain, remain also for
A-tracking.

A-tracking has two significant shortcomings: (i) the tracking error
A > 0 will only be achieved asymptotically and (ii) the new dynamic k
is monotonically increasing.

To overcome this, funnel control for linear minimum phase systems
with relative degree one and positive high-frequency gain was introduced
in the control literature, see [IRS02b].

Control strategies: funnel control.
Funnel control is presented in Chapter [5] Applying the funnel con-

troller t)
¥
u) = ROV KO = gy
where ¢: R>g — R>¢ is a suitable function, to a linear system which
satisfies the above structural assumptions achieves better tracking re-
sults as A-tracking and the “design parameter” k is not necessarily in-
creasing. Intuitively speaking, the funnel controller works as follows:
if ||ly(®)|| — 1/p(t), i.e. the output approaches the funnel boundary,
then k(t) becomes large such that the intrinsic high-gain property of
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the system precludes boundary contacts.

All the control strategies introduced above achieve some stability re-
sults when applied to linear systems which satisfy certain structural
requirements. However: ‘Are these strategies robust?’ which directly
leads to the question: ‘What does robustness in this context mean?’
and finally: ‘How can robustness be measured?’

The concept of the gap metric.

An answer to the latter question gives the robustness analysis of feed-
back systems by T. Georgiou and M. Smith, see [GS93,/GS97]. It is pos-
sible to measure the gap metric between systems or controllers. Chap-
ter [6/ provides the required terminology for an application of robustness
results which are based on the gap metric.

Actually the gap metric does not measure distances between systems
but measures the distance between the graphs of systems; the graph of
a system is, loosely speaking, the set of all input and output trajectories
from a suitable function space which satisfy the equations of a linear
system (A, B, C) or also a controller.

The approach of measuring distances between subspaces as graphs of
operators to obtain stability theorems goes back to works of J. C. Go-
hberg and M. G. Krein, H. O. Cordes and J. P. Labrousse, and T. Kato,
see [Kat76, Sec. IV.2.1] and the references therein ([Kat76} p. 197]).

Figure[l.1 may give an idea of this approach. There the directed gap
between the subspaces Vi and Vs of R3 is illustrated. For finite vector
spaces, the directed gap is defined as

(Vi Va) = sup dist* (v1, Va),

v1€V1, [Jv1[|=1

where dist™(y, X) := inf{||y —z|| | x € X} for some y € R™ and X C R".
In general the directed gap is not symmetric. Therefore, define the gap
of two sets V; and Vs as

-

S(V1,Va) = max {E(vl, Vo), (vz,vl)} .

Note that since graphs of systems are subsets of infinite dimensional
function spaces the definition for the gap between graphs becomes much
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{v1 € Vi[]ju]| =1}

Figure 1.1: Directed gap from [Kat76, Sec. IV.2.1]

more involved, see Section[6.3.

The essential idea of robustness analysis is, loosely speaking, the fol-
lowing: if a system P, for which one knows that a controller C' stabilizes
the system, is close to another system Pj, in the sense that the gap
0(P, Pp) is sufficiently small, then the controller C stabilizes also the
system P;.

With robust stability result which are based on measuring the gap
between systems one can answer the questions on robust stability of the
control strategies considerer in the present paper.

First one should answer the question what robustness means for the
considered controllers:

Robustness of output derivative feedback.

For high-gain output derivative feedback stabilization, one natural
matter of robustness analysis is the presence of derivatives. The deriva-
tives of the output have to be measured or approximated in some ways.
So a robustness analysis for derivative feedback stabilization is to re-
place the derivatives y™,...,y("=1) by approximations of the deriva-
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tives. This is done in Chapter[7: the delay feedback

ut) = = 3 ki (Aly)(1),

1=0

where, for h > 0, A%y =y and Aly, for i > 1, denotes the Euler ap-
proximation of the ith derivative of y (see the definition in Section[7.2),
is considered and robust stability results are presented: for sufficiently
small h > 0 the delay feedback stabilizes any linear system which can
be stabilized by the appropriate derivative feedback. This seems to be a
reasonable result, however, in the literature one cannot find any results
for systems with relative degree r > 3. for linear systems with relative
degree 2 one can find a stability result in [IS04], however the authors do
not utilize results on robust stability which are based on the gap metric.

It is important to note that the main result in Chapter |7} i.e. robust
stability of the output derivative feedback controller, is actually much
more general than a proof that linear systems can be stabilized by out-
put delay feedback control. It is shown that every linear or even nonlin-
ear system P which can be stabilized (in some sense, namely in terms
of gain stability, see Section[6.4) by output derivative feedback also can
be stabilized by output delay feedback for sufficiently small delay h > 0.

Robustness of A-tracking and funnel control.

For A-tracking and funnel control questions on robust stability are
different as for output derivative feedback: derivatives of the output are
not involved in this control strategies. A natural question is how robust
the control strategies are when omitting several structural properties of
the linear system (A, B, C). In other words, can the A-tracker and funnel
controller be applied to systems which are not necessarily minimum
phase, have higher relative degree and negative high-frequency gain,
such that the controlled systems achieve similar stability results as for
systems which satisfy the classical assumptions for A-tracking and funnel
control.

Chapters [8 and [9 give positive answers to these problems. Here it
is shown that, in presence of sufficiently small initial values and in-
put/output disturbances, the closed-loop system of any stabilizable and
detectable linear system (A, B,C) and A-tracker or funnel controller,
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respectively, achieves robust stability if the system is sufficiently close —
in sense of a small gap metric — to a minimum phase system which has
relative degree one and positive high-frequency gain.




2 Linear systems: relative
degree and normal form

In this chapter definitions and characterizations for the relative degree of
linear systems with one-dimensional or multidimensional input/output
are given, see Section[2.1 for single-input single-output (SISO) systems
and Section [2.2 for systems with m inputs and m outputs (MIMO).
Given the relative degree of a SISO- or MIMO-system a normal form is
constructed. The normal forms for SISO- and MIMO-systems are not
only structurally simple but allow characterization of the systems’ zero
dynamics for the design of feedback controllers. These characterizations
in terms of the normal forms are given in Section [2.3.

2.1 SISO-systems

The relative degree of (nonlinear) systems with one-dimensional input
and output is well studied in literature, see [Isi95]. The concept of
the relative degree goes back to linear systems theory in the frequency
domain. A linear single-input single-output (SISO) system may be de-
scribed in the frequency domain by

q(s)Y (s) = p(s)U(s), (2.1.1)

for polynomials p, ¢ € R[s] where Y and U are the Laplace transforms of
scalar input/output functions u,y: R — R, respectively. The difference
r = deg q — deg p is called relative degree of the system (2.1.1).

A lot of concepts in systems and control theory are well understood
in the frequency domain but often it is worth to have a look at different
approaches. All results of this thesis will deal with systems in the time
domain. If r > 1, a realization of p(s)/q(s) in the time domain is given

25
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by
x:Ax—l—bu} (2.1.2)
y=cz,
where A € R™*" b, T € R™.
Hence q(s)/p(s) = c(sI, — A)~b = > 72 cAFbs~(F*+D . Thus, it is
easy to see that

r =deg g —deg p if, and only if,
cAFb =0, forall k=0,...,7r —2,and cA""1h #0. (2.1.3)

On the other hand, Isidori writes in [Isi95, Ch. 4.1] that a (nonlinear)
SISO-system has relative degree r if “r is exactly equal to the number
of times one has to differentiate the output y(t) at time ¢t = t° in order
to have the value u(t%) of the input explicitly appearing.”

In other words (see also [LMS02, Def. 2] and [IMO07, Def. 2.2]): defin-
ing functions, for k € N,

Hy: R" =R, T cr,
Hii1 0 R™x R LR,
oH k-1 9H
(T, u0, -+ s uk) = 5= (Az +bug) + 3752, D Uj+1 -

Then y(t) = Ho(t) and y®(t) = Hy (2(t),u(t),...,uk=D(¢)) for all
k € N, and (2.1.2) has relative degree r € N if, and only if,

()Vk=1,...,r—1VYi=0,...,k—1
Y (z,ug, ..., up_1) € R®" x RF : %ﬁf(m,uo,...,uk,l)zo, (2.1.4)

(i) V(z,ug,...,ur—1) € R x R" : %}UIS‘ (,ug, ..., ur—1) 0.

This definition for the relative degree is taken from results about
nonlinear time-varying SISO-systems [IM07, Def. 2.2]. For linear time
invariant systems (A4,b,c) of form (2.1.2) one can simplify the above.
Note that, for r > 2,

%’;ﬂl (7, up) = 8%0(014:5 + cbug) = cb =10,

9 (g g, uy) = 8%(0142:10 + cAbug + cbuy) = cAb =0,

8u0 0
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and so forth, which equals the relative degree characterization (2.1.3)
and also leads to the following definition:

Definition 2.1.1 A linear system (A, b, c) of form (2.1.2) has relative
degree r € N if, and only if,

(i) Vk€{0,....,r —2} : cA*b =0,
(ii) cA™"1b # 0.

The relative degree of a system leads to a normal form: the Byrnes—
Isidori normal form, which was introduced in [BI84] for nonlinear and
linear SISO-systems. For linear SISO-systems of form (2.1.2) the normal
form is well known, see [IRTO07], and is implicitly contained in [Isi95,
Ch. 4.1].

Lemma 2.1.2 [IRT07, Lem. 3.5] Consider a linear system (A,b,c) of
form (2.1.2) with relative degree r € N. Then there exists an invertible
matrix U € R™™ such that the coordinate transformation (fl) = Uz
converts (A, b, c) into

0 1 010 0
i(nzo...010n+ou
Rl... RIS cAT 1D
P00 ...0]Q 0 (2.1.5)
——
A -3
)
=[1,0,...,0 ,
y=| ](n

where R},... R} € R, ST ¢ RV*"=" P € R*" and Q € R(»—)x(n=r)
can be presented explicitly in terms of the system matrices A, b and c.

Proof. Define matrices

C:= , e R™*", B:=[b Ab,..., A" € R"*".
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Then by Definition [2.1.1

ch cA™2b cA™ b
cAb cA™ b cA™b
cs=1| . .

_cATflb cA"b cAQT*lb_
[0 0 cA™ b7

r—1 T

- cATbedh (2.1.6)

0 T :

_cA"lb cA"b cAm"*lb_

Thus rkCB = r and therefore C and B have full rank r. To complete C
to a basis transformation of R™ one may choose a matrix V € R"*" of
full rank with im)V = kerC. Define matrices

U:= {% N = VIV)y"WT1[1, - B(CB)~'C].

It is easy to see that U~! = [B(CB)~!|V]. Note that

cb 0
cl, : ) B :
NT° ™ cA" =D = 0 )
cA™1p cA™1p

L(VTV)flvT [b— B(CB)’ICb]J
c [B(CB)_l‘V} = [1,07 .. ,O‘CV] ,

LVTY) VT — bl

which yields b and € in (2.1.5). Furthermore,

0 1 010

C i [CABEB)TY | cAV] [ e 5
A 50 ) = (g = [0 0 1o
1.

P P P Q

where [R},..., RL|S] = cA"[B(CB)~|V], [Pi,...
and Q = NAV.

,P,] = NAB(CB)~!
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Recall that NB = 0,%,. By (2.1.6) follows

[Py,...,P)] = NAB(CB)™*

* (cA=1p)~1
=[0,...,0, NVA"Y] ,
(cA=tp)~1 0
hence P, = -+ = P. = 0¢;,_)x1, which yields Ain (2.1.5) and completes
the proof. O

The Byrnes—Isidori normal form for nonlinear /linear SISO-systems is
widely used in control theory for the design of local and global feedback
stabilization of nonlinear systems [BI85, BI88, BI89], for the design of
adaptive observers [NT89], for the design of adaptive controllers [IT93,
IR94], to name but a few applications. Thus constructing of a normal
form for linear MIMO-systems will assist the design of controllers and
observers for this systems. For this a characterization of the (vector)
relative degree of linear MIMO-systems in sense of Definition 2.1.1] is
required which is given in the following section. Moreover, a normal
form for linear MIMO-systems is presented.

2.2 MIMO-systems

In this section linear systems with m inputs and m outputs of the form

Uy
&= Az + [bg”),...,bgﬂ

N——————
—B Um

i Cln) 7 (2.2.1)
o I
Ym “n)
——
=y =C

are considered, where n,m € N with m < n and A € R**"*, B,CT ¢

Rnxm
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2.2.1 Relative degree

As observed in the previous section a linear single-input single-output
system (2.1.2), i.e. system (2.2.1) with m = 1, has relative degree r € N
if, and only if, r is the least number of times one has to differentiate
the output to have the input appear explicitly, see the characteriza-
tion (2.1.4).

In case of MIMO-system (2.2.1) one can consider the SISO-system
relating input u; to output y;, for all (z,7) € {1,...,m} x {1,...,m},
given by

& = Az +b"y
Yi = T, i,7€{l,...,m}.

Let r; ; € N be the relative degree of (2.2.2). Then, for ¢ € {1,...,m},
Ti = Miljc(1,.. m) Tij 1S the least number one has to differentiate the
i-th output to have at least one of the m inputs appear explicitly in the
sense of (2.1.4). The vector (r1,...,r,) € NY*™ is called the vector
relative degree of the MIMO-system (2.2.1) if, for all j € {1,...,m},
the rows c{n)ATﬂ'_lB are linearly independent, see Definition 2.2.1(a).

Isidori [Isi95| presents a local definition of the vector relative degree
for nonlinear MIMO-systems.

Liberzon et al. [LMS02] give a generalization of the definition of the
relative degree for time-invariant nonlinear systems which is extended
in [IM07| for time-varying linear and nonlinear systems. However in
these papers only SISO-systems and MIMO-systems with strict relative
degree (see also Definition[2.2.1(c)) are considered. To the author’s best
knowledge, Isidori [Isi95] is the only reference in the literature where a
definition for the vector relative degree for (nonlinear) systems can be
found.

For linear MIMO-systems the (vector) relative degree is defined as
follows:

(2.2.2)

Definition 2.2.1 A linear system (A, B,C) of form (2.2.1) has

(a) (vector) relative degree r = (71,...,7,) € NYX™ if and only if,

() Vie{l,....om}Vke{0,...,r; =2} : ¢/ A*B = 01,
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1 ri—1
c(n)A 1—'B

cyA”TB
(i) k| =m.
m r'm—l
c(n)A B
(b) ordered (vector) relative degree r = (ry,...,7,) € NY™ if and

only if, (2.2.1) has (vector) relative degree v = (r1,...,7m) with
TLZ2T2 2 . 2 T

(c) strict relative degree o € N if, and only if, (2.2.1) has (vector)
relative degree 7 = (11,...,7m) € NYX™ with g =1r) =1y = ... =

Tm-

Remark 2.2.2 (i) Note that Definition[2.2.1|(a) coincides with the
definition of the vector relative degree for nonlinear systems with
multidimensional inputs and outputs, see [Isi95, Ch. 5.1].

(ii) The linear independence of the rows Czn)A’"fle, although a quite
restrictive requirement, is significant for the construction of a co-
ordinate transformation and with it the normal form. For systems
that do not satisfy both conditions in Definition[2.2.1(a) the vec-
tor relative degree does not exist and thus one cannot construct

the normal form (2.2.3)—(2.2.4)).

(#ii) Note that in the literature sometimes the relative degree is called
uniform instead of strict.

The following lemma shows that it is not restrictive to consider sys-
tems with ordered vector relative degree. It is shown that any linear
MIMO-systems (A, B, C') of form with arbitrarily vector relative
degree r € N'X™ can easily be transformed in a system with ordered
relative degree 7 = (71, ...,7,) € NIX™ by a permutation of the output
signal.

Lemma 2.2.3 Let (A, B,C) be a linear system of form (2.2.1) with
vector relative degree v = (rq,...,mm) € NY™_ Then there erists a
permutation matric P € R™*™ such that the system (A, B, PC) has
ordered vector relative degree TP = (71,...,Tm).
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Proof. Let o: {1,...,m} — {1,...,m} be a permutation such that
To(l) 2 To(2) = 2 To(m)- Furthermore set

(1)
€(m)
P =
o(m)
e(m)
Then M o
o 1 o
€m) | |%m) €(m)
pPC=1 =
o(m o(l
et | Lty )

and by the assumption on the relative degree it follows that

Vje {1,...,m}Vk€ {0,...,7“0(j) 72} :
(PC), AR B = ] A B = 01

and
(PC)%H)A”“B
rk =m.
(PC)m)AT7'L_1B

This shows that the linear system (A, B, PC') has relative degree Pr =
(To(1)s -+ To(m)) With 751y > - -+ > 75 and the proof is complete. O

2.2.2 Normal form

Isidori [Isi95, Ch. 5] presents a local normal form for nonlinear MIMO-
systems. In [Isi99, Ch. 11] a proof is given to specify the diffeomor-
phism to produce the normal form in terms of the system data of the
nonlinear system. Moreover, for nonlinear systems that satisfy certain
assumptions, namely commutativity of certain vector fields which is au-
tomatically satisfied for linear systems, Isidori [Isi99, Prop. 11.5.2] gives
a normal form which coincides with the normal form for linear systems
given in the present work. However, the corresponding results for linear
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systems cannot be found in literature. One could translate the nonlin-
ear results for linear systems, but the machinery for nonlinear systems,
e.g. Lie-derivatives of smooth functions, is not necessary to prove the
linear results. The proof given in the present work only uses standard
linear algebra. The transformation matrix is given in terms of the linear
system matrices A, B and C and leads to “many zeros and ones” in the
normal form and allows to read off the zero dynamics very easily; the
reader will find that the normal form (2.2.3) for linear MIMO-systems
is, roughly speaking, structured as a “diagonal form of m copies of SISO
normal forms (2.1.5)”. Furthermore the matrices of the normal form and
transformation will be characterized explicitly by the system matrices.

The following theorem presents a normal form for linear MIMO-
systems (A4, B,C) of form (2.2.1) with ordered vector relative degree.
The normal form has similar structural properties as the normal form
for linear SISO-systems and linear MIMO-systems with strict relative
degree, respectively, see (2.1.5).

Theorem 2.2.4 (i) Consider a linear system (A, B,C) of form (2.2.1)
with ordered vector relative degree © = (1,...,7m) € NYX™_ Set r8 =
Z;nzl rj. Then there exists an invertible matriz U € R™*™ such that

the coordinate transformation (fl) = Ux with

s

60 = (@), O0] |y, 0) R

n(t) e R"",

converts (A, B,C) into

(2.2.3)
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where
A|B|
Cl|0
o 1 oo .. 0 0 ... 0 [Oix—r)] T O1xm 1]
0...0 1]l0.. ol [o .. 0 {01 (nre O1xem
Ri,... Ri,|R}y,... R}, RL.,... RL. St cmA"T'B
0 ... 010 1 0 0 ... 0 |01x(nore) 01xm
0 ... 00 ..0 1 0 ... 0 |01x(nre) 01xm
Ri,... R |R3,.. R, |R.,. R, | &° 2, A™-1B
0 ... 00 ... 0 0 1 0 [Oix(nore) 01xm
0 ... 00 ... 0 0 ... 0 1 [O1x(n—re 015m
RYYy ... e [ R s Rpi.-. Ro..| ™ coyAm'B
P, O0... 0[P O... O |-|PyO... 0 Q L Op—reysm
1 0... 0]0. 0 0 ... 0
0 01 0 0
0. 0 Omx(n—rs) 0
: : 0 ... 0
LLo ... 01]0 ... 0 1 0... 0 ]

| (2.2.4)

and R}, € R, fori,j € {1,...,m} and k € {1,...,7;}, St ..., 8™ e
RX(=m") Py . P, € R* and Q € ROv—r)x(n=r)

(ii) In the following, the entries of the matrices in (2.2.4) and the

entries of the transformation matriz U are expressed explicitly in terms
of the system matrices A, B and C: Set

mi=#{r;|r; >, je{l,...,m}}, ie{l,....rm}, (2.2.5)
the number of r;’s, j € {1,...,m}, such that r; > i, and define
1 -1
c(n)A’" B

= : € R (2.2.6)
o AR
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- -
€(n)
1 'r —1
KO
€(n)
L . rxn
C:= c%n)A%*l €R (2.2.7)
()
m 'rm—l
A
B [Brfl [egm,_”,e%)} ABI- [egm)’,.,,e%)} :

? My

.. An—lppt [egm>,... e(m)H e R (2.2.8)
Ve R imV = kerC, and VIV =n—1° (2.2.9)
U:= {%} ER™™ and N :=WV'V)"WT[I, - B(CB)~'C] (2.2.10)

I

O(n—rs)xm

i

O(rﬁnfr‘*‘)X(Z}":iH 5)

Ti = [O(m+n—rs)x<z;ﬂ=i )

O, x(n—r) ] e ROwHn—r)xn (9.9 11)

CAi = [Irmomx(n—rs)] € R (ritn=r?) (2.2.12)
B, 1= [ertnr, (TG ATTT) e, (2213

~ o~ ri—1 s s
...,(TiUAU‘lTZ-T) elritn=r )} e RvHn=r)xme (9.9 14)
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=
i

[06n—reyxrs Tnmre] Trein-re = Bi(CiBi) T'Ci] (2.2.15)
c R(nfrs)x(rﬂrnfrs)

=R I Orsx(nfrs)
Vi AN 0 I
(ner)X(Z;;% i) Vi O(nfrs)xri » V(n—rs)x (7L, 1175) n—rs
€ R™", (2.2.16)
forie{l,...,m}, and finally
U:i=Up -Up_y-...-U-U. (2.2.17)

Then, fori,j € {1,...m}, the entries in (2.2.3) are given by

i i i r 1 O(E“ 1T,L)><rj
jaree e B, | = | AT B(CB) L,

JTj

O(Z anj+l Tu) X7

—|—cz(.n)AT'iV [0(" Tb)XT’ 9 n rs ] B\ (58\)

(2.2.18)

S* = ¢(, A"V (2.2.19)

[P,,0,...,0] = N, (TiﬁAﬁ*lTiT) Bi(C,B:) ™! (2.2.20)
Q =NAY FEO Ty T (1 BeB)-ic] Ay

(2.2.21)

It is easy to see that the normal form for linear single-input
single-output systems (A, b, ¢) of form (2.1.2) is contained in the normal
form (2.2.3)—(2.2.4) explicitly: if m = 1 the matrix A reduces to the two
left and right topmost and two left and right lowermost blocks of the
original matrix. Moreover, B reduces to the first row of the topmost
and lowermost blocks and C reduces to the topmost column of its left
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and right block.

For linear MIMO-systems with strict relative degree ri = --- =1, =

r € Nall my,...,m,, from (2.2.5) are equal to the dimension m of the

input and output. Thus all m x m left upper blocks of A have dimen-

sion 7 x 7. Moreover, the lower row blocks [P;,0,...,0] € R=rm)xr

have the same dimensions for all ¢ € {1,...,m}, as well as the right col-
O1x(n—re)

umn blocks : e R (=) and Q € R(»—rm)x(n=rm) By this

01 X (n—r)

observation, one may obtain the following well know normal form for
linear MIMO-systems with strict relative degree. Note that the normal
form matrices (A, B, C) from Corollary[2.2.5 differ slightly from the nor-
mal form (2.2.3)—(2.2.4): they are structured as the normal form (2.1.5)
for SISO-systems, which is more convenient for applications, see, for

example, Theorem [3.2.1.

Corollary 2.2.5 [IRT07, Lem. 3.5] Consider a linear system (A, B,C)
of form (2.2.1) with strict relative degree r € N. Then there exists an
invertible matriz U € R™ ™ such that the coordinate transformation
(&) = Uz converts (A, B,C) into

n
0 I, 010 0
¢ Dol : ¢ :
ft(n): 0 ... 0 I,|0 <77>+ 0 u
R ... R, | S CA™'B
LP 0 ... 0]Q] 0o (2.2.22)
N————’
=:A =B
y_[Im70770] (£>7
~—\7
—C

where Ry,...,R, € Rmxm § ¢ Rmx(n—rm) p € R(n=rm)xm qp 4
Q € ROv=rm)x(n=rm) und the transformation matriz U can be presented
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explicitly in terms of the system matrices A, B and C as follows:

[Ri,...,R.|S] = CA" [B(CB)™'|V], (2.2.23)
[P,0,...,0] = NAB(CB)™*, (2.2.24)
Q=NAV, (2.2.25)
where
c
C:= C,A e RmXn
car-
B:=[B,AB,..., A" 'B] e R"™"™
Ve R™™  with imYV = kerC,
and

— C e .
U::{W}, N ="V WL, - BCB)'T).

Proof. As observed above: for strict relative degree r e Ny ry = -+ =

rm = r and by (2.2.5) follows my = --- = m,, = m. Moreover, r° = rm
and by (2.2.6)—(2.2.8) and (2.2.16)
[:=CA"'B
1 2 m
“(n) ) )
I R A B O B | e
1 r—1 2 r—1 m r—1
c(n)A c(n)A c(n)A
B=[BI'I,,ABT 'I,,..., A" 'BI'I,] e R™"™
= [B,AB,..., A"7'B]T"!' =BI"
~ Lrm ‘Ormx(n—rm)
U; = & I. ,
O(n—rm)x(i—l)mv M \‘O(n—rm)er ) O(n—rm)x(m—i)r In_rm
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for i € {1,...,m}. Choose a permutation matrix
[ ey ] 1 0. 0 ]
r+1
€ .010 0
epm - 0 010 0
e%n) 01 0... 0
e 0 .01 0 ... 0
. . . Ormx(nfrm)
e{m-r+2 0 .0 1.0...0
(n)
II := . = 7
e(n) 0 0 10 0
2r
€im 0 .0 1 0 0
RN -
“(n)
o'
. O(nf'rm)xrm Inf'rm
L ezln) i L a

with inverse

nt=1u"
= [egn), 65,1)1, RN egzz_l)rﬂ ‘ - 67(,"’), eg,?ﬁ), ce. ,emz 6527)-+17 ef,:'ﬂ,),+2, ..
and let

Irm
II; .= [Irmaormx("_rm)] II |:O :| .

(n—rm)xrm

]

For all i € {1,...,m} follows IIU; = IT and I1,C = C. Thus, by (2.2.17)

IIU = 11U, and (2.2.10) yields
N = (VTV) 7V |1, — Br (11 'CBr ) Ty ]

= (VTV)"'v |1, - Br'T(CB) MLy 'C|
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and, setting V := V, for V € R**(»=") from (2.2.9), gives N' = N and

thuS
N L.

and it is easy to see that the coordinate transformation (§) = Ux
converts (A, B,C) into (4,B,C) = (IIAII"},IIB,CTI ) in (2.2.22),
where (A, B, C) is given by .

It remains to show (2.2.23)-(2.2.25).

Note that for systems with strict relative degree r € N the definition
of U, i € {1,...,m}, yields

ITL —rm

Lrm ‘ Ormx (n—rm)
L A T e ’
O(nf'rm)xr O(nfrm)xr O(nfrm)xr

By (2.2. 26) and the invertibility of II follows that U=U= U Um 1-
U1 .U and thus invertibility of U yields U Um 1 U1 = I,,. Hence,

for all i € {1,...,m}, N [Om {;nm} - O(n_rm)w and by (2.2.15)

O(nfrm)xr
S s 5 I
= 0 n—rm 7‘7] —rm Ir —r *Bz(CBz)ilc |: " :|
[( ) X n ]|: +n—rm 4 z} O(nfrm)xr

(2.2.12) o

= - [O(n—rm)XmIn—rm] Bz(csz) ! (2227)
which, in view of (2.2.18) and (2.2.19), yields (2.2.23). Note that U = =
[B(CB)~!|V]. By (2.2.20), for i € {1,...,m}, follows

~

[P,0,....00 = N; (Tin*UAU*HTiT) Bi(C:B;)!
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and

[P;,0,...,0]

(2.2.11)
= |:O(n—’r'm) Xrm ‘ [O(TL—T'WL) X1y In—rm}

) [ITM_W B gi@gi)q@} |:Or><(n—7‘m):| }

In—rm

O(ifl)rx (r+n—rm)

TF AT I?"aor n—rm S A A\ —
n-TAU 11 [+ Orc(nrmy] Bi(C;B;)™!

(m—i)rx(r+n—rm)

[O(nfrm)xra In—rm]

(2212) Oi—nrxr
(2.2.27) A C (st = I,
= [O(n—rm)xrm | Infrm] mn! |:N:| A[B(CB) ! | V|II |
(m—i)rxr

O(n—rm)xr

which, in view of the definition of permutation matrix II, yields (2.2.24).
Finally (2.2.21) leads directly to (2.2.25) and the proof is complete. O

The remainder of this section contains the proof for Theorem 2.2.4.
It is structured as follows: First linearly independence of the matrices
C and B defined by (2.2.7) and (2.2.8), respectively, is shown. Then the
proof for the normal form including the construction of the coordinate
transformation is given.

2.2.3 Linearly independence of C and B

Recall the matrices C € R™ %" defined by (2.2.7) and B € R"*"" defined
by (2.2.8). Note that, for m;, i € {1,...,71}, defined by (2.2.5) it holds
true that m=m; > my > -+ > m,, > 1 and

m m T rnoom .

s _ max{r; —i+ 1,0} max{r; —i+ 1,0}

T _;TJ ;;maX{T —i+1,1} ;;max{rj—i+1,1}

3 #{r;|r;>i, je{l,....m}}
o
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The following lemma shows that C and B have full rank.

Lemma 2.2.6 If a linear system (A, B,C) of form (2.2.1) has ordered
vector relative degree v = (r1,...,7m) € N then C and B defined
by (2.2.7) and (2.2.8), respectively, have full rank.

Proof. Note that > | r; < n. It suffices to show that CB € R™ "
is invertible.
First consider the first m; = m rows of CB. Since (A4, B,C) has

relative degree r = (r1,...,7,,) € N1X™ it follows that
r 1 § r 1 40
Cin) c(n)A B
: _0(7"1 1)><m1_
r1—1 ri—1 1
c( )A 1= c( )A 1—'B F(ml)
CB = : B= - : (2.2.28)
C?:l) C( )AOB O(Tmfl)xml
: o F%l) -
m T —1 m rm—l
[clmA™ ] [clmA™ B
where F(m y» © €{1,...,m}, is the i-th row of I'. Thus
_O(Tl—l)Xml— _0(7’1—1)><m1_
1 1
o L) €
CBr-! [el o ;Qﬂ ; 1, = : ,
O(Tmfl)Xml O(Tm—l)xml
m miy
L (m1) J L 6(ml)

which shows that CBT~! [e&m), ceey efﬂ)} has rank m; = m.

Next consider CA*~1 BT~} [egm), . e%)} , for i € {2,...,r1}. Since

(A, B,C) has relative degree r = (rq,...,7r,) € NX™ it follows with
the conventions

(1) O¢r;—i)xm, is of dimension zero, if i > r;, j € {1,...,m}, and
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(i) F{m) and egmi) do not exist in the following matrices if j > m;,
je{l,...,m}, and

(iii)
that

CA"™

X

m

1Byt [egm), .. ,e%)]

1
E(n)

AFlhﬁl“.wgqr—lFﬁﬂ.“

m .rm—l
c(n)A

¢y AT1B

1 gri—1
c(n)A B //

1 7‘.+7L72
|y AT B

0(r17i)><m

1
F(m)

X(min{rl,ifl}) Xm

O('rmfi)xm
Lim)
X(min{rm,ifl})xm-

0(7'1 —i)Xm;

1
€(m)

X(min{rl,ifl}) Xm;

O(Tm—i)xmi

e?;ni)

Xmin{rp, i—1})xm;

m 1—1
c(n)A B

m ;mfl
c(n)A B

m rr;l+i72
A B

i€{2,...,T1}.

s Em

«v € R¥X¥ ig an arbitrarily matrix of dimension u X v,

émﬂ
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Thus, for all i € {1,...,7r1}, the m; rows of CA*~!BT'~1 [egm), cey eﬁf{?}
are linearly independent, and since

CB=
- Ollxm'ﬁ*l e%mrl) -
€y 1) X 1) xmr,y
Ory—2)xmy |-+ X(7’172)><m7~1—1 &
0(7‘1;1)><m1 e%mQ) '
e(ml) Xl Xmo
0(T2_7‘21+1)><m74171 e?mrl)
e(mrl—L) X(min{'rlfl,rg})><m,.]
O(7>272)><m2 - X(Hlill{?"172,'r‘2})><m7«l_1 T2
0(r2§1)><m1 €(ma) '
e(ml) Xl Xmo
O(V‘m*T'Hrl)Xmm —1 ezt,bnn)
ezrvln,,.l ~1) ‘X’(min{m71,rm})><mrl
0<T771—2)><7712 - X(min{rl—Q,rm})xmrl,l T'm
O(r —1)xmy e?;n ) ’
m 5
L 67(7:”1) XIXTILQ ]
m1 m2 Myy—1 My
(2.2.29)
it follows that CB is invertible. O

As an immediate consequence of Lemma [2.2.6 it follows that for lin-
ear systems (4, B,C) of form (2.2.1) with vector relative degree r =
(r1,...,rm) € NIX™ the matrices C € R™*" and B € R™*™ have full
rank m.

2.2.4 Proof of the normal form

Lemma shows that the rows of C qualify as basis, which, if r® =
Z;n:l r; < n, has to be completed, for a coordinate transformation in

R™. Consider a matrix V € R"*("~"") given by (2.2.9). For U and N




2.2 MIMO-systems 45

given by (2.2.10) it follows from
c —1
[ N} BB~ V] = I,

that U has the inverse

U~'=[B(cB)"1V]. (2.2.30)

Although U already qualifies as coordinate transformation in R™ we do
not obtain a normal form which has the same structure properties as
the normal form (2.1.5) for linear SISO-systems (2.1.2), i.e. the trans-

formation matrix U will not lead in general to a matrix A asin (2.2.4).
Therefore, it is necessary to consider the transformation matrix U given
by (2.2.17) and T},C;, B;, N;, U, for i € {1,...,m}, defined in (2.2.11)—

(2.2.16)), respectively.

Proof of Theorem _Step 1: First it is shown that the coordi-
nate transformation (2() = Ux with

x(0) = (@), w00 g0,V ))T cR”,

C(t) e R

given by (2.2.9) and (2.2.10) converts (2.2.1) into

O

()

Arg A o0 A,
Asy Asp ... Aspm

where

)
I

(2.2.32)

Am,l Am,2 Am,m s7-m
| A P ... P, | Q]
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and, for 4,5 € {1,...,m},

0 1 0
A\i,i = : € R™i X7 R
0 ... 0 1
L 'Zi,l 72,7"1
0 0
A = (1) (1) eR"Ti j i
Ri, ... R,

where Efk e R, for k € {1,...,r;} and ¢,5 € {1,...,m}, and, for
ie{l,...,m

)

)

<.

— |Ori—1)x(n—r) rix (n—r?)

€ R(n—r")xr: (2.2.33)

)

.

@ c R(n—rs)x(n—rs) .

Step 1a): First the structure of Ais proven. By the definition of ﬁ,
see (2.2.10), it follows that

o Te B [cAB(cB)~!|cAV]
A=TUAU ' = .l4A L
vAU [N} [B(CB)™,V] = (NAB(CB) [NV
Thus
[Pr,...,Pn] = NAB(CB)™t ¢ R (2.2.34)
Q = NAY e R-7)x(n=r") (2.2.35)

Therefore, the definitions of C and B, see (2.2.7) and (2.2.8), respectively,
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yield
C -
c(n)A
(n)A”
CAB(CB) ! = : B(cB)™!
C?’:L)A
[l A™ ]
- ) : _ ) -
C(n) (CB)(M)
C“ (B
T1 1 T1
<, )A c(n)A B
: B(CB)~! = cB)~*
6(27:1)]:1 rj+2 (CB) —1 rit2
Chay (nfB)?s)
L C( A m ] L C(n)A NLB ]
- ) i
e(TS
€(re)
(H)A“B(CB)
(2.2.36)
Z;n 1 T2
€(rs)
€
ciny AT B(CB)
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Furthermore, invoking im ¥V = kerC, it follows that

roocl . rc T _ ;
C(n)A (n) O1><(n77'5)
1 '7~171 CT.1 :
C(Ti)A i L (TXU 011><<n_.rs>
C;n;A'l C(n)' c(n)A”V
m o2 o
C(n)A (C)(z’;l;* : 01><(n7'r'>‘)
cm Arm—l 'ra 0, e
(n) (C)(n) mX(n'r,T )
L Cm)Arm ] i CZlI)ATm | _C(n)A V_
[0y —1)x(n—r#)
Sl
(219 | (2.2.37)
O('rmfl)x(nfrs)
L Sm

Hence (2.2.36) and (2.2.37) and setting, for ¢ € {1,...,m},

% %
1,104,y m,1s M, Tom,

‘ Ri i, R, |=d A"BCB)™, (2.2.38)

yield the structure of A as given in (2.2.32)-(2.2.33).

Step 1b): Next the structure of B is proven. By the definition of ﬁ,
see (2.2.10), it follows that

~ s CB
B=UB= V) =T [B - B(CB)~'CB]|"

Recall (2.2.28), i.e.

O(r —1)xm O(r —1)xm
Tl A" B
CB = : = :
O(Tmfl) Xm 0(7‘7,,,71) Xm
Lim) cmA™ B
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Furthermore
(VIV)"WT [B - B(CB)~'CB]
= (VTV) VT [BrIT - BEB) e BD ! [, el | T

- [Bg") ,...,Bﬁ,’j)}

= (WTy)yT [Br—lr —B(CB)! [(CB)@, . (CB);:S)} r}

:[SYS)’M’S%S)}
=Ty T ([ [Bﬁ”%...,BSJﬂ - [B§"),...,B$)DF
= 0(n—rs)xm >

which shows the structure of B as in (2.2.4).

Step 1c): Now the structure of C is shown. Since the rows of C' are
also rows of C, i.e.

1
Cln) Cny
Cn) iy
C=|""|= )
m re —'rm +1
() Clny

and since im V = ker C it follows that CV = 0,5 (n—r+). Furthermore

1
CBen
(CB) (r®)

CcB(CB)~ cB)~!

_(CB)’E'TS—)Tm-Fl
(1 015(ri—1) 0 O1xc(ry—1) 0 - 0 O1xr,i—1)
0 01x(ry—1) 1 O1(ry—1) 0 ... 0 015, —1)
= [0 01x(ry—1) 0 Operyony 1 1

: . . . 0 le(f'm—l)
_0 01><(r1—1) 0 01><(T2—1) 0 1 01><(rm—1)
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Hence _ N
C=0U"'= [C’B(CB)_l,CV}
yields the structure of C as in (2.2.4).

Step 2: Finally it is shown that the coordinate transformation (757) :

Ux given by (2.2.9)—(2.2.17) with

T s
60 = (1@, o] g, T0) R
n(t) eRT,

converts the linear system (4, B,C) of form (2.2.1) into (2.2.3) with
A, B,C asin (2.2.4) with matrix components of A asin (2.2.18)—(2.2.21).

Recall the structure of A given by (2.2.32)—(2.2.33). Consider, for

i €{1,...,m}, the matrices

0 1 ... 0
Ai=(10 ...0 1 = ﬂT =T, ATT
Ri,. R, g
P 'Q

= TiﬁAﬁ_lTiT € Rritn—r")x(ritn—r) 7

1 i T 1x(ri4+n—r®
= [1, 01 (rin—re1)] = €lppnre) = €y CT] € RIXiFn=r)

éi :
R O —1)x1 ) _
Bii=| 1 | =elrtn=) = Brtel™ e Rt
O(n—rs)xl
Then
~ 1
Vi C(ritn—re)
C;A; e(m—&-n—rs)
. = : = [Imaomx(n—rs)]
Oi :iil ez;i—&-n—rs)

' é\ E Rmx(m—&-n—rs)
7
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ﬁlyle\lél) 7A\m_1§i:| = |:67(”T;i+n_’r5)3"'7A\;i_1e£’:i+n_r5)i|
iy g c R(Ti'i‘n—rﬁ)x"‘i
i .

More precisely f)’\l is structured as follows:

[0 0... 01 ]
B = 0 0. € Rritn=—ro)xri (2.2.39)
0 1 %
1 *. ..
|On—rs)x1 | Xn—re)x(ri—1) |

Since C;A'B; = 0, for all j € {0,...,7; — 2}, and C;AT " 'B; = 1, it
follows that the linear SISO-system

z":giz—&-éw
w=C;z

has relative degree r;. Furthermore, it follows that

0... 01 E T |
S ERT U T T
CB = | o aa (GB) = Ol (2.2.40)
01 .- : O
1 % * 10 ...0
and thus
[ 10...0 0o |
B; (C:B:) = 0 e Rritn=rxri (9941
( ) x 1 0 ( )
* 1

| Xn—rs)x(ri—1) | O(n—rs)x1 |
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and

[0s—reyr Tnre] B (GBL) =

[X(n—ro)x(ri—1)s On—rs)x1] - (2.2.42)
Set V; := {OT}X("_TS)} Then kerC; = im V; and thus

B [Iri s Or, (nfrs)} (2.2.12), (2.2.15) CA
(vivf) Vr [Irﬁn,rs — Bi(C:B)) 1@] N,
2.4

—
(2.
:[O(V,Lfry-b‘)x'r»,- Jn_TS]

is invertible with inverse

L%] h - [Ei((?,»é,»)*l,ﬁi} . (2.2.44)

Furthermore, it follows that

o OTi n—rs Ori n—rs) | _

Ci |: ]?;(_TS ):| = [Imaomx(nfrs)] l: jL(—rS ):| = Orix(nfrs)

2 I, I,

: T = ]T"OT‘ s T — Ir-
[%—rs)m] i Orex(noro) {Om_rsm] ’

and, in view of (2.2.43),

- 07~ n—rs
-A/i |: 7ffn(frs )] - [O(H—TS)XTNI”_’”S]

. 07',i><(n—7'5) C R(PRN-LA Onx(n—rs)
o] - BucBy e e

n—rs .

This leads, for i € {1,...,m}, to the structural representation of the
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transformation matrix U;, namely

Izt Osiztrxn | Omiztey O izt ryxnro)
X2 jmit17s)
) A Iri ) A Orix(n—rs)
OTiX(Z;';i ) Ci |:0(n—r5)><n:| Orix@ﬁli 75) Cs [ y
— —— ———
7, =0, (n—r®)
O(Z}n:wrl 5) O(Z}n:i+1 ER IZJW:HI i O(Z}n:iﬂ r3)X(n=r?)
X(CiZis)
AT ITi A7 OTiX(nf'r’S)
O(n rs )X(ZJ lrj)'/\[i |:0(n7r“)><ri:| O(”*"”)X(Z;‘"’:Hl rj) Ni [ L,_ys
i =Ip_ps i
2.2.16) =
i
Since
[ITNOHX(”—TS)] B’L(CZBZ)_ =CbB; (C B; ) - n ’

it follows from (2.2.43) and (2.2.44) that the inverse of the transforma-
tion matrix U; is given by

[ gy, Osiztryxr  [Omizte O izt ryx(n—re)
Xt mi)

L Te—

OTiX(Z;;} r;) (é\ /\) OhX(Zﬁ;i ) [Inaorzx(nfrs)} Vz
—_— =0r; x (n—rs)
=1,

Oy | OSmprxn | IS | 0 rx—ro)
x(SiZir)

[0(n7r5) X7 Infrs}

0 = o O(n—re On—rs ri Iy s ﬁz
(n=r)x (s ) Bi(C:B;) ™! (X(ZTL:HTJ') U )51 ]

(2.2.45)

Recall A = UAU ! given by (2.2.32)—(2.2.33). First apply the trans-
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formation [71 Then, omitting the dimensions of the zeros and identity

matrices in (71, it follows that

5,40;
[ 1 [o] O 1 1 13 o
oo | [ A | S 0] By (GBY) oo
_ 7 o A: R R =]
M [0} 0|\, [I] Ama A |G OA I
i —| A P, | O |LI0.1]Bi(C1B1)
[ 21,1 21,2 -A\l,m S |
22,1 22,2 . A\Z,m S
= A\m,l A\m,Q . ;{m,m S'\'m
I~ ~
N ~ N AN1|::|A12 o Alm
S e A R WA L
+I|: 2, 7Pm]
[1,0] By (C1B1)~"|0]0
N—_—
=1
0 1[0
[0, 1] g1(€1§1)71 0|1
A1l + 8, [0,1 By (CBr) Ao A S ]
Asq Sy Aog .. Ao Sy
R NBi(CiB) ™! :
= Am 1 m g7n,2 IR A\m,m §m
LA || B 1.0 By (@B A?Hg ..... all .
N [Al,z, A 1, }N1|:é:| 40
+N1 51+ [0,1] B1(C,B1) + |:P2-,-~-7P7n:|
(2.2.46)

Following, the entries of ﬁlgﬁf ! are considered in detail. For the
two most upper blocks of the left column block of Uy AUy L it follows
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that, for j € {2,...,m}, the entries are given by
A\l,ljrl + §1 [O(n—T'S)XTlaIM] [3\1(518\1)71

1 0 T1— n—rs —
ZAm+p1%()M%meﬂ&@&ﬂ

(2.2.37 -O/(\rlfl)xla/l\rl—l
11 R,
O(Tlfl)x(nfrﬁ) 0 A AB\ 1
+ c% )A“V [ (n—rs)xr1) h B1(C1By)
2.2.38) 0(r171)x1> r— 1
= c%n)Arlg(CB)—
- Tb_Tl)XTl
0 T1— n—rs
+[ (23 1));17(“11; )] [06n—reysrss In ] BU(CIB) ™" (2.2.47)

and

A~~~

A1+ 85 [0(nereysrss I ] B1(C1B1) ™"

2.2_.37 O(Tj—l)xrl
[CRR
O(r;=1)x (n—r*) 1 BB
+ Czn)Aer [O(n—rS)xrla rl] 1( 1 1)
2.2.38) O(rj—l)xrl

g wen ) ]

0(7‘577”1) XT1

A~~~

0 ri— n—rs -
4 7.1)X( )] [0(—reyserys Iy | Bi(C1B1) 1. (2.2.48)

)ATJV

The entries of the two most right blocks of the bottom row block of
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(71121\(/]\{1 are, for j € {2,...,m}, given by

~ Irl ~
ol 5, L

O(n—rs)xrl

“Z 1000 ey L] [Irﬁrnfrs - 31(5151)_151}

. { I, ] 0(r1_1)><,7:j
O(n—r)m {le .

O¢ry— 1)xr, ]
(B B

(2.2.12 I, ]
7,12 7575

= [O(n—rs)xrl’jn_rs] [O(HTS)X”
[O(n rs )><7‘17 n—rs ]31(6161) [IT'l’OTIX(n7TS)]

. [ I, ] Oa—nxr,
O(n—rs)xn [le‘,h . RJITJ:|
2.2.42) 0(7"1 1)><7“J
= 07"1 Xr; [X(nfrs)x(rlfl)aO(nfrs)xl] |:§1 Rl
7,100 3T
= 0r1><rj (2249)
and
. I ~
ol s
! O(nfrs)xrl J
2.2.37
= [O(H—rs)xnv-’n*”] [Ir1+n s _Bl(c By ) 1C1}
. |: Irl :| |:0(r11)><rj:|
O(nfrs)xrl Sl
(2:2.49) O, - (2.2.50)

Finally, the left bottom block of the first column block of Uy 2(71_
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given by
MH}&rﬂﬂﬂuma@&ﬂ
1 HO} 5+ m Q] 0.16.@.B)

S, P
< 110,11 ] By(C1B
Q[J) 1(C1By)

|
_ (91\71T) VI {ﬁlg B\ (C.B1)~ 1(?111131} (C.By)!
< > [ ( 1)§r1+n_7-5)7'”7(1’;\1)gl+nﬂ~s)’*}

<$w1mﬂ@&$Lw@&&uH@&W

Irlfl*
* * 1
(2.2.40) - "0

=0 (W) V., 004]
* 1 .
10...0

~ ~ -1 .
- (V1V1T) VT [+,0,...,0]. (2.2.51)

Hence the representation of (712(7; ! see (2.2.46), and the equations
(2.2.47)—(2.2.51) show that only the first ry columns of A change when
applymg the transformation U1 Furthermore the first r; columns of
U1 AU are equal to the first 7 columns of A and by (2.2.47)—(2.2.51)
equations (2.2.18) and (2.2.20) hold for i = 1.
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Moreover, an application of the transformation [71-, i € {2,...m},
has the similar efoct as in (2.2.46)—(2.2.51) on t_he r; columns from
column number Z;;ll r; + 1 to column number Z;zl r; of the (already

by [71, ce (72-_1 transformed) matrix (A/i_l ... [7121(71_1 .. ﬁi__ll} , which,

when finally all m transformation matrices U; are applied, yields (2.2.4
and (2.2.18)—(2.2.21). This completes the proof. O

Although the proof of Theorem[2.2.4 is very technical only basic con-
cepts from linear algebra are used. It might be also possible to prove the
result using the ideas for nonlinear MIMO-systems from [Isi99, Sec. 11].
However, the proof given here is independent of any knowledge about
nonlinear systems, so the theorem is an autonomous result. Moreover,
some of the following results of the present thesis are conclusions for
linear MIMO-systems which are shown using the normal form. So, it is
reasonable to have some better understanding of the structure of such
systems which is successfully accomplished by the above.

2.3 Zero dynamics and right-invertibility

This section comprises first applications of the normal form (2.2.3)—
(2.2.4) for linear MIMO-systems (A, B, C) of form : characteri-
zations of the system’s zero dynamics and right-invertibility in terms of
the normal form.

The notion of zero dynamics for (nonlinear) systems goes back to
works of C. I. Byrnes and A. Isidori, see [BI84]. In [Isi95] the author
considers the “Problem of Zeroing the Output: Find [...] pairs consist-
ing of an initial state 2° and an input function u°() [...], such that the
corresponding output y(t) is identically zero for all ¢ [...]”.

The definition for the zero dynamics of a linear system given in the
present work is very similar to Isidori [Isi95, pp. 163-164]. While Isidori’s
definition is based on the normal form already, here the zero dynam-
ics are considered as a subset of the system’s behaviour, compare, for
example, [IMO07, Def. 4.1].

Furthermore, exponential stability of linear systems and exponential
stability of the zero dynamics is defined as follows:
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Definition 2.3.1 Introduce the behaviour of a linear system (A, B, C)
of form (2.2.1):

B(A,B,0)

(x,u,y) € CH([0,00) — R")
= X Cp([0,00) — R™) | (z,u,y) solves (2.2.1)
x CY([0,00) — R™)

(i) The zero dynamics of a linear system (A, B,C) of form (2.2.1)
are defined as the real vector space of trajectories

ZD(A,B,C) = {(z,u,y) €B(A,B,C) |y=0on [O,oo)} .

(ii) A linear system & = Ax, for A € R™*™, is called exponentially
stable on [0,00) if, and only if,

IMA>O0VE>0 : [Jz(t)| < Me|z(0)],

for all solutions x of & = Ax.

A is called Hurwitz if, and only if, all its eigenvalues have a neg-
ative real part, see [Son98, Def. C.5.2], which is equivalent to
& = Az being exponentially stable, see [Son98, Prop. 5.5.5].

(iti) The zero dynamics of a linear system (A, B,C) of form (2.2.1)
are called exponentially stable if, and only if,

M A >0V (z,u,y) € ZD(A,B,C)Vt >0 :
[2(t)]| < Me=*||2(0)] .

(iv) A linear system (A, B,C) is called minimum phase if, and only
if, the system’s zero dynamics are exponentially stable.

For linear systems (A, B, C) of form (2.2.1) with ordered vector rel-
ative degree r € N**™ the zero dynamics of (A4, B,C) can be read off
from normal form (2.2.3) given by Theorem 2.2.4 Corollary[2.3.2] pro-
vides a characterization of the system’s zero dynamics in terms of the
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normal form. Furthermore exponential stability of the zero dynamics of
(A, B,C) will be characterized.

Corollary 2.3.2 For any linear system (A, B,C) of form (2.2.1) with
ordered relative degree r = (11,...,7ym) € NYX™ and normal form given

by (2.2.3)—(2.2.4) the following holds:
T
(i) For S := [slT,...,SmT] L with 8,..., 8™ defined in (2.2.19), T

defined by (2.2.6), V defined by (2.2.9) and Q defined in (2.2.21),
the zero dynamics of (A, B,C) are given by

ZD(A, B,C)
(Vn,—I'"18n,0) € C*([0,00) — R™)
- x C!([0,00) = R™) [11=Qn ¢,
x CL([0, 00) — R™

(ii) System (A, B,C) is minimum phase if, and only if, Q is Hurwitz.
(iii) System (A, B,C) is minimum phase if, and only if,

VseCy : det [SI”O_A ?] #0.

Note that in the control literature the latter characterization (iii) of
the minimum phase property of linear systems is often considered as
definition, see [Oga02, p. 509]. In view of (iii) it is easy to verify that
a system is minimum phase if the associated transfer function has only
zeros in the open left half complex plane C_.

Proof. (i) Set

(an _F_15n70) € Cl([o’ OO) - Rn)
Z= x C1([0,00) = R™) |11 = Qn
x C1([0,00) — R™)

“C7: If (zyu,y) € ZD(A, B, C) then y =0 on [0, 00) and so

T
1 ri—1 ro—1 [ o—
gz(yl,yi),...,ygl )yg,...,yéz )‘...‘ym,...,y,(nm 1))

Il
o
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which, in view of (2.2.3)—(2.2.4), yields

St c%n)A“_lB
Omx1=1] " [n+ : u, n=aQn,
sm| e At
B

thus (2.2.6) yields v = —I'"'Sn. Since z = U~} (757) it follows from
the representiation of the inverse of U and Uy, ...,Un, see
and (2.2.45), that (z,u,y) = (Vn,—I"1Sn,0) for n being a solution
of n = @Qn and therefore (z,u,y) € Z.

“D": Let (2,1, 9) = (Vn,—'"1Sn,0) € Z. By (2.2.9),0=9=Ci =
CVn thus

s ~ ~(ri—1)| ~ ~(ro—1 ~ ~ (P — T

€:<y17'-'7y£1 )’y27'-'7y§2 )”ym77y7(nm 1)> an

and therefore ((9),@,0) solves (2.2.3), hence

(&, §) = (U—l (2) i, o) — (Vn,,0) € ZD(A, B,C).

(ii) From (i) it follows that
r=Vn and n=WV) "Wy,

where 7 is a solution of 7y = Q7. Thus the zero dynamics of (4, B, C) are
exponentially stable if, and only if, 77 = @7 is an exponentially stable
system. By Definition iv) then follows that (A, B, () is minimum
phase.

(iii) For U € R™*™ defined by (2.2.17) it follows that

sl—A Bl [U 0][slh—A B][U™" o0
det{ c 0}_‘“{0 ImH c OHO I]

sl, —A B

= det
a0
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sIn—A Ig} by lines of the system’s normal

form (2.2.3)— and starting with the last m lines leads to

Deriving the determinant of [

ls[n —A|lB
det

0
rro—1 0 0 0 o 1l 0 7
s : : : :
0 . -1 | | 0o ... o0 0 0
fR},Q LS5 — R},“ —R}ng e = R}n?rm -8t c%n)A”_lB
— det : : : :
0 ... 0 ~1 0 0 0
: : CE : :
0 ... 0 o e 41 0 0
—R... —R{.| |-Rp,...s—Rp, | —S™|||cm Aol
Lo ... o [-] o ... o0 sI-QlIlL o ]

= (—1)=i=07Y L det(s] — Q) - det T,

where T is defined by (2.2.6). Thus, in view of (ii), the system is mini-
mum phase if, and only if, @ has only eigenvalues in C_. This completes
the proof. O

For systems (A, B, C') with ordered relative degree r = (r1,...,7n) €
N*X™ it follows that, in view of Corollary i), the input is given

by u(t) = —=I71Sn(t) = -T-LS(WVTV)"1VT2(t) where S, I and V are
T
given by the system’s normal form, namely S = SlT, o 8mT s

given by (2.2.19), T is defined by (2.2.6) and V is defined by (2.2.9).
Then Corollary 2.3.2(ii) yields for systems with exponentially stable
zero dynamics that

IMA> 0V (2,u,y) € ZD(A,B,C)Vt >0 : |lu(t)]| < Me=|z(0)]|.

The “Problem of Zeroing the Output” is related to the question
whether a preassigned reference signal can be tracked instantly by an
appropriate input function, i.e. whether it is possible to determine an
input w = ug such that the output y of (2.2.1) matches a given suffi-
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ciently smooth reference signal yz: R>9 — R". One can do so by using
the normal form (2.2.3)—(2.2.4). A system (A, B,C) is called right-
invertible if this tracking problem can be solved [SJK97]. The following
corollary presents a solution to this problem for linear MIMO-systems
with ordered relative degree.

Corollary 2.3.3 Consider a linear system (A, B,C) of form (2.2.1
with ordered relative degree v = (r1,...,7y) € N*™ and normal form

given by (2.2.3)~(2.24). Let yr = (Yrys-.- Yry). € CT([0,00) —
R™). Let y be the output of (2.2.1). Then the following are equivalent

(i) y = yr,

(ii) the input u of (2.2.1) is given by

ngm) R! g1
u=up=I"" : — | &= |n (2.3.1)
I B

where, for arbitrary n® € R""", n is a solution of the initial value
problem

n=Qn+[P,...,Puwyr, n(0) =n°, (2.3.2)
T
5 = (yR17""ngrl_D’yRQN"7ng2_1>).”‘yRmV"’ngYTlm_l) ’ Q
is defined in (2.2.21), T' is defined in and Pj is defined
in (2.2.20), S7 is defined in (2.2.19) and, for Rﬁ,k from (2.2.18)),
R=[R],,....R, |...|R,\,....R, . ], je{l,....m}.

1,m1 m,1?

Proof. “=7:If y = yr then by (2.2.3) the new coordinates £ are given

by £ — (r1—1) (rm-1)) "
v &= (YR, > YR o \YRms - - -y YRM and furthermore

yry? =y =6 = RE+ S+, AT By, jE{l,...m},

J
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thus
ngrl) Rl Sl C%m)Arlle
A N EE A N RS I
Tm m m m T —1
—_———
=r

hence (2.3.1) and (2.3.2).
“<”: Assume that (ii) holds. By (2.2.3) it follows that, for j €
{1,...,m},

52 5:1 Ti
ng"'l) Rl Sl
:Rjg+sjn+cgm)x4’“f13r*1 : = 1&—1]:|m
— r m m
i ngqJ") R S
(m)
= yR;Tj)

where, for any n° € R"~"", 1 is a solution of the initial value problem

ﬁ:[Plv"'7Pm]yR+Qna 77(0):770

T
Thus (2.2.3) yields £ = (le,...,yRle)‘...‘yRm,...,yR%m_l))

T
and so y = (fl,frﬁl,...,f Trl_fllri+1) = yr which completes the
proof. O

Zero dynamics and right-invertibility of systems are very useful con-
cepts in control theory. Note that system (2.3.1)—(2.3.2) is called the
inverse system of system (2.2.1) [Isi95]. Corollary [2.3.3] shows that it
is possible to track any sufficiently smooth reference signal instantly by
the system’s output provided that the system’s relative degree and all
entries of normal form matrices are known explicitly. Thus, in view
of (2.2.6) and (2.2.18)—(2.2.21), it is sufficient to know the original sys-
tem’s matrices explicitly to evaluate the normal form matrices and so
the solution 7 of (2.3.2) and the required input v in (2.3.1).

In general applications the system’s data is often not explicitly avail-
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able. So, one cannot construct an input as in Corollary [2.3.3 to track a
given reference signal. However, in the following sections of the present
thesis control strategies for stabilization and /or tracking for systems, are
presented which accomplish the shortcoming of unavailable system ma-
trices. For this strategies only some structural properties of the system,
such as the system’s relative degree, a “sign”, e.g. positive definiteness,
of the matrix I' and exponential stability of the system’s zero dynamics,
are required.

The system’s normal forms and characterizations of the system’s zero
dynamics from this section will be utilized to prove that this control
strategies work.

2.4 Notes and references

Although, Byrnes—Isidori normal forms for linear SISO- and MIMO-
systems with strict relative are well-known in the control literature,
see [IRT07] and also [Isi95, Ch. 4.1], for linear MIMO-systems with non-
strict (vector) relative degree the main result of the present chapter is
a new result. It is also available in [Mue09a].

The Byrnes—Isidori normal form for nonlinear SISO-systems is pre-
sented in [Isi95, Ch. 5]. For nonlinear MIMO-systems one can find a
result in [Isi99, Ch. 11] which comprises also the case of MIMO-system
with non-strict relative degree. However, it is not straightforward to
deduce the main result of the present chapter from the nonlinear case.







3 Stabilization by high-gain
output derivative feedback

Derivative feedback controllers for stabilizing linear and/or nonlinear
systems are well known in control theory; at least for single-input single-
output (SISO) systems and multi-input multi-output (MIMO) systems
with strict relative degree. To design these feedback laws one can use the
invertibility of the system for which the system’s data must be known
explicitly, see Corollary [2.3.3] and also [Mor73]. For linear MIMO sys-
tems without relative degree one can find feedback strategies in [SS87]
where the authors use the “special coordinate basis” which is based on
the explicit knowledge of the system matrices, too.

In this chapter control strategies for stabilizing linear systems via
feedback of the output and its derivatives are introduced. The feedback
laws considered here require only structural properties of the system
such as known vector relative degree, stable zero dynamics and “posi-
tive” high-frequency gain. It is important that the explicit knowledge
of the system’s data is not required. One can find some related ideas for
nonlinear SISO- and MIMO-systems in [Isi95, Ch. 9] and [Isi99, Ch. 12].

Note that the present chapter is divided into three sections, on SISO-
systems, MIMO-systems with strict relative degree and MIMO-systems
with non-strict (vector) relative degree, however the feedback controllers
for all three cases are rather similar — for SISO-systems and MIMO-
systems with strict relative degree the controllers are in fact identical.
Due to the complexity of the normal form for MIMO-systems with non-
strict relative degree, it is actually a bit surprising that for this systems
the controller is still very simple and has almost the same structural
properties as for the case of SISO-systems.

In all cases similar ideas and methods, i.e. the systmes’ normal forms,
pole placement theorems, Lyapunov stability arguments and linear al-
gebra methods are used to prove that the controllers operate as desired.

67
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3.1 SISO-systems

In this section the simple high-gain derivative feedback controller for
linear single-input single-output systems of the form

:%Zn Tk y (0 (3.1.1)

is introduced, where ki,...,k;, € R are suitable design parameters
which are independent of the system’s data and x > 0 is a sufficiently
large number. This controller will be applied to a linear system (A, b, ¢)
with the following structural properties: known relative degree, positive
high-frequency gain and exponentially stable zero dynamics.

Recall the linear SISO-system (A, b, ¢) of form (2.1.2), i.e.

T = AHb“} (3.1.2)

y = cx,

where A € R™*", b, ¢’ € R™. Suppose that the relative degree r € N
of (A,b,c) is known. Then, see Definition the value cA™"1b #£ 0
is either positive or negative. For an output derivative feedback (3.1.1)
which should stabilize the system, the sign of cA"~'b must be known
and, moreover, it must be positive. However, in view of the normal
form of (A,b,c) it is easy to see that a restriction to the class of
systems with positive cA"1b is no loss of generality: recall the normal
form

0 1 010 0
i(,?) 0 0 110 ()+ 0 u

R} ... RL|S? cA™ 1

[PL 0 ... 0]Q] 0 (3.1.3)

N——
—A =5
y = [1.0,....0] (’5)
_,N_/ n
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where R},...,R} € R, S' € R P € R*" and also Q €
RM=)x(n=7) may be presented explicitly in terms of the system ma-
trices A, b and ¢, see Lemma [2.1.2. Here the input u is multiplied by
cA™ b so0 a change of the sign of cA™'b can easily be nullified by mul-
tiplying w by —1. Thus, if the controller (3.1.1) stabilizes any linear
minimum phase system (i.e. the system must have exponentially stable
zero dynamics) with positive high-frequency gain and known relative
degree then the controller (3.1.1) multiplied by —1 stabilizes any linear
minimum phase system with negative high-frequency gain and known
relative degree.

For linear MIMO-systems with strict or non-strict relative degree
“positivity” of the high-frequency gain matrix (CA"~! B in case of strict
relative degree) may be interpreted as positive definiteness. In the
present thesis a matrix M € C"*™ is called positive definite if, and
only if, its Hermitian part (symmetric part in case of real matrices)
1/2(M + M™) is positive definite, i.e. 2*(M + M*)x > 0 for all z €
C™\ {0}, see also the list of symbols. Thus it is not necessarily assumed
that M is Hermitian/symmetric.

The analogue results as in the SISO-case holds: if controller (3.1.1
for systems with strict relative degree or controller (3.3.1) for systems
with non-strict relative degree stabilizes the respective system with pos-
itive definite high-frequency gain matrix, known relative degree and ex-
ponentially stable zero dynamics then the controller (3.1.1) or (3.3.1)
multiplied by —1 stabilizes the respective system with negative definite
high-frequency gain matrix, known relative degree and exponentially
stable zero dynamics. Since the normal forms for SISO-systems and
MIMO-systems with strict relative degree have the same structure this
is straightforward. Considering matrix B from the normal form (2.2.3))—
for general MIMO-systems the above is also easy to see.

For this reason all results in this chapter are restricted to systems
with “positive” high-frequency gain.

To get an idea that controller (3.1.1) works, i.e. stabilizes any linear
system with the mentioned structural properties, consider the easier
feedback law

u(t) = i i1y @ (t). (3.1.4)
i=0
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An application of (3.1.4) to (3.1.3) yields the closed-loop system

0 1 0 0
T I R TG
dt \n n)’
Ry + cA™ bk, ... R, +cA™ bk, | S
P 0 ... 0 | Q]

and if (3.1.3) has exponentially stable zero dynamics, that is Q is a
Hurwitz matrix, a Lyapunov function argument shows that, for suitable
ki,..., k., the above system is exponentially stable. Here the high-
frequency gain cA”~'h € R must be known explicitly; only knowing the
sign of cA"~1b is not sufficient.

Isidori shows that there exmt design parameters k, k1, . . ., k, such that
the feedback u(t) = —3 ., kT ik 1y (t) stabilizes SISO-systems
with known lower bound for the high-frequency gain [Isi95, Thm. 9.3.1.],
see also [Isi99] Thm. 12.1.1.] for a proof for MIMO-systems with strict
relative degree. In the present thesis it is assumed that the high-
frequency gain cA”~1b is unknown but only the sign of cA"~!b is known.
Therefore proving that the feedback law with sufficiently large
Kk > 0 is stabilizing linear systems becomes much more involved, see
Lemma|3.2.2, Lemma|3.2.3/ and the proof of Theorem [3.2.1}

Now high-gain derivative feedback stabilization is formulated for lin-
ear SISO-systems as a corollary of Theorem [3.2.1] i.e. the equivalent
result for linear MIMO-systems with strict relative degree.

Corollary 3.1.1 Suppose that system (A,b,c) of form has rel-
ative degree r € N, positive cA"'b and is minimum phase, i.e. has
exponentially stable zero dynamics. Then for any monic Hurwitz poly-

nomial (s — Z::_Ol kit si) € Rls], there exists k* > 1 such that, for
all k > Kk*, the feedback

:*F&ZH i1y ()

applied to yields an exponentially stable closed-loop system.
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Proof. Corollary(3.1.1]is a direct consequence of Theorem [3.2.1. O

A detailed proof is omitted here: due to scalar input and output it
would be a bit less involved than the proof of Theorem[3.2.1. However,
since Theorem is true for any m € N it is in particular true for
m = 1.

In the following section the above result is generalized for linear
MIMO-systems with strict relative degree.

3.2 MIMO-systems with strict relative degree

Due to the identical structure of the normal forms for linear SISO-
systems and MIMO-systems with strict relative degree, compare (2.1.5
and (2.2.22)), it is easy to generalize the idea of derivative feedback
stabilization of SISO-systems to stabilization of MIMO-systems with
strict relative degree. Because of redundancy a detailed proof for SISO-
systems was omitted in the previous section. In the following a proof is
given for linear minimum phase MIMO-systems (A, B, C) of form

U1
i o= Av+ b, 0] ]
1 =B ll/
Y1 C(n) —u (321)
. _ e,
Ym “(n)
— ~——
=y =C

where n,m € N with m < n and A € R™*", B,CT € R™™, which
have strict relative degree r € N and positive definite high-frequency
gain matrix CA"~! B with the additional assumption that there exist m
linearly independent eigenvectors for CA"~'B. The latter assumption
is due to technical reasons with respect to the proof of Lemma [3.2.3]
It is easy to see that the set of matrices in R™*™ with m pairwise
distinct eigenvalues is dense in the set of all matrices: for any matrix

M € R™*™ with characteristic polynomial xas(-) = [T/~ (- — \;) (for
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i # j it may be that \; = \;) and any neighbourhood (M) there exists
a matrix M € U(M) whose characteristic polynomial x3; = [T/~ (- —

i=1
(\i + 9;)) has m pairwise distinct zeros for some §; € C with |J;], 7 €
{1,...,m}, sufficiently small. Thus, for matrices in R™*™ the property

of having m linearly independent eigenvectors is generic.

3.2.1 Main result: feedback stabilization for
MIMO-systems with strict relative degree

Now the main result of this section is presented. Note that only the
above structural requirements and no explicit knowledge of the sys-
tem’s data are necessary to show that an application of the high-gain
derivative feedback (3.1.1) to a linear MIMO-system (3.2.1) leads to an
exponentially stable closed-loop system.

Theorem 3.2.1 Suppose that the system (A, B,C) of form has
strict relative degree r € N, positive definite CA"™"'B € R™*™ and is
minimum phase, i.e. has exponentially stable zero dynamics. Moreover,
suppose that CA™"'B has m linearly independent eigenvectors. Then
for any monic Hurwitz polynomial (s — Z::_(} kiv1 s’) € R[s], there
exists kK* > 1 such that, for all kK > k*, the feedback

r—1
u(t) ==k K ki g () (3.2.2)
=0

applied to yields an exponentially stable closed-loop system.

Theorem is not a corollary of the main result of this chapter,
i.e. Theorem [3.3.1] for linear MIMO-systems with non-strict relative de-
gree. In Theorem [3.3.1] an additional design parameter v > 0 appears
in the feedback law (3.3.1). Stabilizing by the feedback (3.2.2) requires
only one design parameter x > 0 which has to be sufficiently large.

Due to the slightly different structure of the normal forms for MIMO-
systems with strict and non-strict relative degree, compare (2.2.22)
and (2.2.3)—(2.2.4), the proof of Theorem 3.2.1] for the strict relative
degree case is not as technically involved as in the non-strict relative
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degree case but, in view of Lemma[3.2.3, requires additional considera-
tions to show that one design parameter x > 0 is sufficient.

The proof for Theorem uses the systems’ normal form. More-
over, some technical lemmata are required which are presented in the
following subsections.

3.2.2 Simple root-locus lemma

First a useful property of Hurwitz polynomials is shown. A polynomial
p is called Hurwitz if, and only if, all zeros of p lie in the open left
complex half-plane C_. To prove the stabilization result for systems
with strict relative degree, it is sufficient to show that, given a Hurwitz
polynomial p with degree r — 1, s — s" + kp(s) is again Hurwitz for
sufficiently large x > 0. The following lemma is actually a corollary
of the more advanced root-locus result and will be used in the proof
of Theorem Lemma [3.3.2 considers the general case of a sum
of arbitrarily many polynomials which is required to proof derivative
feedback stabilization of MIMO-systems with non-strict relative degree.
Recall that Z(p) = {s € C|p(s) = 0} is the set of zeros of p € Cl[s].

Lemma 3.2.2 Let (s - op(s) =Y, pisi) € Cls], with Re(py—1) >
0, be Hurwitz. Then

30,k0 >0 VK > ko : max{Re s|s€C : s" +rp(s) =0} < —6/2.
Moreover, setting Z(s — s" + kp(s)) = {\(k),..., \r(K)},

Jeg, k0 > 0VE > Ky -
{M(K)y .y Arm1(R)} C Bey (0) and A (k) ¢ B, (0).

The first statement of Lemmal[3.2.2]is a consequence of Lemma[3.3.2.
The second statement, which is required for the proof of Theorem[3.2.1,
can be deduced easily from the proof of Lemma [3.3.2. However, it is
worth to present an independent short proof. One may consider the
lemma as a consequence of [HP05| Prop. 4.1.3].

Proof of Lemma [3.2.2. Write p(s) = p,—1 Hle(s — A;)™ — the
canonical factorization of p with Aq,..., A, € C pairwise distinct and
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mq,...,mp € N. Then there exists €* > 0 such that
Vi,je{l,.... 0}, i#j + Bex (M) NBer (X)) = 0.

Since p is Hurwitz there exists 6 > 0 such that max{Re s|s € C
p(s) = 0} < —d. Set cp := max;eqy,.. o {|Ai|} + 6. Write, for v > 0,
q[y](s) = vs" + p(s) = [[j=,(s — 5;[7]). Then, [HPO5, Prop. 4.1.3] and
suitable numbering of the zeros s;[7] of ¢[y] implies

Ve € (0,min{e*,§/2,c5  Re(p,—1)}) Iv* > 0Vy € (0,7) :
{si0,-osabl e U BOy),

JE{L,.. 0}
s [y] € {s€C|Res< —e 'Re(pr_1)}.

Setting k = 1 yields s” + rp(s) = k(k71s" + p(s)) = rq[k™](s) =
kq[v](s) for all s € C. Hence, for all k,7 > 0 and s € C, s" 4+ £p(s) =0
if, and only if, g[y](s) = 0, whence, setting ko = 70—1 completes the
proof. O

The above lemma could also be proved with the Routh-Hurwitz cri-
terion (see details on the criterion in [Gan86, Ch. 16]). However, a
proof applying the Routh—Hurwitz criterion is much more technical and
several lines longer.

3.2.3 Boundedness of the solution of a parameterized
Lyapunov equation

The following lemma gives a uniform bound for the solution P(k) of
the Lyapunov equation P(k)A(k) + A(k)T P(k) = — I, where A(k) =
[ 4 10(@ A QI(H)} is a stable matrix in multi-companion form: given a num-
ber ko > 0 then, for all kK > ko, the spectrum of A(k) is in complex
half-plane C._g, for some § > 0. The bound is equal for all kK > kg
and depends only on 6. Recall that p(A) := max{Re s|s € spec(A)}
denotes the largest real part of the eigenvalues of A € C"*". Moreover,
recall that Z(p) = {s € C | p(s) = 0} denotes the set of zeros of a
p € Cls].
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Lemma 3.2.3 Letr,m € N and ' € R™*™ be positive definite, i.e. T'+
I'T > 0, with spec(T') = {71, -..,Vm} and m linearly independent eigen-
vectors. Let, for ki,... k. € R,

0rn><m Im Ome

A(k) = : , k€eER,
Ome e OmX’m, Im
—Flﬁkl, —Flﬁk‘g, ey —Flikr

and suppose that
36, k0 >0VK > Ky : p(A(K)) < —0.

Let spec(A(k)) = {Ai(K),..., \rm(K)} and suppose that, for suitable
numbering, for all j € {1,...,m} holds

r—1
JCETRE

i=0
= {)\(j71)(r71)+1("€)7 e 7)‘(j71)(r71)+r71("€)7 )‘(mfl)r+j("€)} )

and

Jeg >0Ve> ko Vie{l,....(r=1)m} : |N(K)| <co
Vie{(r—1m+1,...,rm} : |N(r)| >co.

Then the unique, symmetric, positive definite solution P(k) € R™™>"™
of
P(k)A(r) + A(k)TP(k) = =T,

satisfies
e, >0Vk>ho ¢ Plr) < %zm. (3.2.3)

Note that the proof requires I' with m linearly independent eigenvec-
tors. This is due to technical convenience. A proof for I' with chains
of generalized eigenvectors might be also possible but would be a lot
more complicated. Recall that having m pairwise distinct eigenvalues
and therefore m eigenvectors is a generic property of positive definite
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matrices I' € RM*™,

Proof. Step 1: Let spec(I') = {~1,...,¥m} and x1,...,2,,, € C™. be
the corresponding eigenvectors. Consider the characteristic polynomial
of A(k) given by

0o I,

Xaw(s) =det | sI,, — -
() 0 I
—kkI'... —kk,._1T —krk,. T’

r—1
= det (sTIm + (Z nkiﬂsi) I‘) .
i=0

Since I' has m linearly independent eigenvectors, one may choose a Jor-
dan decomposition I' = XJX 1, where J = diag(y1,...,7m) € C™*™
and X = [2!,...,2™] € C™*™ is invertible, see [GvL96, Thm. 7.1.9].
Note that v; = «; is allowed for some ¢ # j. Then

r—1
XA(K)(S) = det <Srl7n + <Z Hki+15i> XJX1>

=0
r—1 )
= det X det (STX_IX + <Z mmlsl) J) det X1
=0

r—1
= det (srlm + <Z Kki+1si> J)
i=0

m r—1
= H (sr +'yj/$Zki+1si> .
j=1

=0

Step 2: Consider a Jordan decomposition of A(k), namely
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7

where for some &1,...,&m—1 € {0,1},

0 &
A(k) = diag (A1(K), ..., Aem () + |

V(k) = [v'(k),...,v"™(K)].

- $r7nl‘|
0

Next it is shown that for any eigenvalue X;(k), i € {1,...,rm}, of A(k)

the associated eigenvector may be considered as

‘TU
, Ai(K)x”
v'(k) = . , (3.2.4)
)\i(lﬁ)r71$V
where ¥, v € {1,...,m}, is an eigenvector of T".
Note that, for fixed v € {1,...,m}, vectors v’ (k),...,v" (k) are

columns of a Vandermonde matrix, and thus are linearly independent for
r pairwise distinet A;, (), ..., A, (k), see, for example, [HJ90, Sec. 0.9].

Since \;(k) is a zero of x a(x)(-) there exists some eigenvalue v,, v €
{1,...,m}, of T such that \;(k)" + kv, Zg;é kj+1Xi(k)? = 0. One may

choose z¥ such that I'z” = v,2”. Then

(A(K) = Ni(K) L ) V" (k)

Ai(K)xY \i(K)z”
- (k) oy B )\i(ﬁ);"flxu
—xI [Z;;é kj+1/\i(/i)j} i (k)Y
Omx1
- = Opm,
0m,><1

- (/\i(ﬁ)T + R Y5 k?j+1)\i(f<)j> z”

which shows (3.2.4]).
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Step 3: Let v'(k) be an eigenvector of A(k) to the eigenvalue \;(k)

and suppose that, for some ¢; € {1,...,r — 1}, there exists a chain
of generalized eigenvectors v’(k), v (k),...,v" % (k) to A\i(x), which
satisfy

Vue{l, ..., 6}« (A(K) = Ni(B) Lo )v" (k) = v (k).

Then

Vpe{0,... .6}« v'H(k) =

This claim will be proved by induction: for p = 0, (3.2.5) follows
obviously from (3.2.4). Suppose (3.2.5) holds for u € {0,...,¢;—1} and
show for 4+ 1. Adopt the convention that, for n,m € N with
m > n, the binomial coefficient (') = 0. Then, in view of \;(x) being a
zero of § — % (sr + KV E;;é k‘j+13j) and omitting the x in \;(k)
to improve readability,

(A(K) = Ailpn )" (k)

+1 ,
(Hil)' 1;* +1 (/\i)xy (uill)v dNtrll ()‘?)mu
- o N
(,,iw d,\““ (CYEs (uil)r d::l Nz
qrtt . A1 r— v
-l [Zﬁ —o ki1 (/LL)' dA:“ (/\])} (uiﬁ)' dx (A 1)5‘”

e ()N e A, 2N+

G e Ty

1 +1)! (u+1) =1y \r=1=(u+1)
—KYv [Z] okJJrlEZH;I (p,-t,-l))\] g } Ai (,;+1)’\ !




3.2 MIMO-systems with strict relative degree 79

ARV

_ (T‘;Z) /\:_2_“1',/

[= (G = (o) + () Ay
—k Y520 ki (1) Agfwn} o

1 d* oV
ar (AD)z Az
: 1 d* : ,
Tl i 2y o | T AV | 2w = v (k),
Wl dNF QYL I Y 137
r— r—1—p_u T—
Ml)/\i fa Ay
which shows (3.2.5).
By assumption {z!,...,2™} are linearly independent. Thus, there
are at most m chains of generalized eigenvectors v*(k), ..., v % (k) as-

sociated with some 2¥, v € {1,...,m}, with length ¢; +1 < r. Since, for
all j € {1,...,m}, the polynomial s — (s’” + ik Z;:—Ol ki+1si) has ex-
actly one zero A(y,—1)r4; (%) With [Agn_1),4; (k)| > co and exactly r — 1
Zeros {)‘(jfl)(rfl)Jrl(K:)v T A(jfl)(rfl)JrTfl(K’)} - BCO (0)7 any chain of
generalized eigenvectors v*(k),...,v" 7% (k) has length ¢; +1 < r — 1,
hence ¢; <r — 2.

Step 4: Derive the inverse of the Jordan transformation matrix V (k).

Recall V (k) = [v!(k),...,v"™(k)], where the columns are the (gener-
alized) eigenvectors given by (3.2.4) and (3.2.5), respectively. Note that
the last m columns v(" U™+ (k) ... v"™ (k) of V(k) are the eigenvec-
tors associated with the eigenvalues A¢—1)pm11(K), ..., Apm (), where,
in view of (3.2.4), one may choose

xJ

; A r—1)m '(K)mj
Vjie{l,...,m} : or M) = (r=1) +

(3.2.6)
)‘(rfl)erj(K’)T_lxj

Divide the matrices V(x) and A(k) into parts related to the first
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(r — 1)m and last m eigenvalues of A(k), respectively:

[A(k) | 0

I_ 0 ‘ diag</\(r71)m+1(’{>7 L) /\rm(’%) + NJ

V() = [P(s) | o004 ), o )] = (V) [P9)]

where N = 0,,x., since the last m colums of X~/(/<;) consists of the m
eigenvectors v VM (k) . v (k) of A(k).

Assumption A1(K), ..., Ap—1ym(k) € Be,(0) yields, in view of
and (3.2.5]), that the associated eigenvectors and generalized eigenvec-

tors v!(k),...,v" "™ (k) are also bounded in C™™. So
e >0Vk >ro : [V(K)]| <co. (3.2.7)
Recall that all chains of generalized eigenvectors v'(k), ..., v+ % have

length ¢; + 1 < r — 1. Thus, all columns of [I(T,l)m,OTme]f}(/@) €
Clr=Dmx(r=1)m are non-zero and, in view of (3.2.4) and (3.2.5), linearly
independent. Hence det ([Z(,—1ym,0(-—1)mxm|V (x)) # 0. Then

det V (k)
= det ( [I(T71)m7 O(r—l)mxm] ‘7(5))
- det ([)\(r—l)m+1(ﬁ)rilx1a ceey )‘Tm(ﬁ)rilxm:l

~ ~ -1
- [Omx(rfl)ma Im] V(K’) ([I(Tfl)ww O(Tfl)mxm] V(K))

’ [I('r'—l)mao(r—l)mxm] ‘7(/{)) (328)
may be considered as multivariate polynomial in C[sy,. .., $;,] in the m
pairwise distinct variables A _1)m41(%), ..., Apm () which satisfies

Vjie{l,...,m} :
ng(dCt V(H)(Sl,...,Sj_l,',Sj_;,_l,...,Sm)) =T — 1, (329)

for fixed (s1,...,8y,) € C1*™. Note that Ar—1ym+i(8) = Ar—1)m—; (K)
is allowed for some i # j, however, the determinant of V (k) is always
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considered as multivariate polynomial in m variables.
The inverse of V (k) is given as follows:

_ 1 .
V (k) b= madj V(k),

where, omitting the & in A, _1)m+1(K), ..., Arm(K),

adj V (k)
wl,l(A(rfl)erh RN} )\T’m) s wl,rm(/\(rfl)m+17 sy )‘T’m)

wrm,l()\(rfl)erlv ey >\7’m) ce Q/er,rm()‘(rfl)mqtla ceey )\Tm)

for some multivariate polynomials ¢; ; € Cls1,..., 8], for ¢ and j €
{1,...,rm}, with

Vi,je{l,...,rm}Vve{l,...,m} :
deg(1i (8153801, 80415+ 8m)) <7 —1,
Vie{(r—1)m+1,....rm}Vje{l,...,rm} :

deg(1i (515 Sic(r—1)m=15 " Sie(r=1)m+1s+ - - »5m)) = 0.

Step 5: Finally, boundedness of ||P(-)]| is shown.

Partition V(x)~! as follows

L1 [Ww)
V(x) " det V(r) [W(H)J

where ((81,"';Sm) = W(K)(slw"asm)) S C[Sl,...,sm](ril)mxrm
satisfies dch(/@)(sl,...,sy_1,~,su+1,...,sm) < r—1 for every v €
{1,...,m}, and

,w(rfl)m+1(ﬁ)
W(k) = : € Cls1y--+y8m)™ ™™,

wrm (K/)
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has the property deg (w(T_l)"H_V(H)(Sl, ey Sy, Spddy - ,sm)) =0
for all v € {1,...,m}. Then, in view of (3.2.9)
1

303 >0Vk > Ko : Hdet‘/(/{)w(ﬁ)

<ecs. (3.2.10)

Moreover, in view of (3.2.6),

Vive{l,...,m} :

deg (('U(T_l)m_‘—j(K)U)(T_l)m+j(fi))(81, e Sy Syl Sm))

S r—1 ’
hence, for ¢ > 0 and omitting some « for ease of notation,
1 ~ —
vV di Ap—vymirt  Armt) Y7
At V) (k) diag (e s €)W (k)
| ,w(rfl)erl
_ Ar—1)ym+1t,,(r—=1)m+1 o Armt rm:|
det V (k) {e v el
,wrm
1 m
- - Ar—1)m+jt (r—1)m+j (r—1)m+j )
etV () Z e v (k)w (k)
j=1
Therefore,
dey >0VE > Ky -
1 ~ —
’ MV(/{) diag (eMr—vm+1t GA""Lt)W(H) <ey. (3.2.11)

Thus
P(H) — /Oo eA(n)TteA(n)t dt
0

o0 2
S/‘WW&WWW”H&AW
0
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and (3.2.7), (3.2.10) and (3.2.11) give that, for c; := (cac3 + c4)?,

~ ~ 67\(n)t 0
[V(n)’V(n)} [ 0 dEOA (= 1yme1 () A ()

1 [rw]|
det V (k) [W(,.;)J

dt I,

{V(n)ex(”)t ‘ ‘7(;%) diag (e)‘(“”m“(“)t, el e)‘”””(”)t)}

dt Irm

2

1 . e)\(r—l)mﬂ(ﬁ‘)t
’ dt I,

* det V (k) v

o0
< / cre 0tdt I,
0

= 01/6[7‘7717

W(n)}

'exm(n)t}

which shows (3.2.3) and completes the proof. |

The above result is essential for the proofs of the derivative feedback
stabilization in the case of linear MIMO-systems with strict relative de-
gree. The uniform boundedness of the Lyapunov equation solution en-
ables the choice of arbitrarily large x > 0 in the control strategy
to control all terms in the closed-loop systems, see Step 3 of the proof
of Theorem [3.2.1 for detail.

Note that the result has one shortcoming: it is required that I" has m
linearly independent eigenvectors. A proof for I" having (chains of) gen-
eralized eigenvectors might be also possible, however it would become
much more technical than the above proof.

Note also that a similar result might be true for any multi-companion
matrices which appear when proving that the control strategy (3.3.1)
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applied to linear MIMO-systems with non-strict relative degree yields an
exponentially stable closed-loop system, see the proof of Theorem [3.3.1.
However, a proof would be a lot more technical and is not included
in the present thesis. Therefore, the control strategy (3.3.1) has the
shortcoming that an additional design parameter v > 0 is required.

3.2.4 Proof of the main result

In this subsection a proof for the output derivative feedback stabiliza-
tion result for linear MIMO-systems with strict relative degree is pre-
sented. Since there is an additional design parameter v > 0 in (3.3.1
Theorem is not simply a corollary of Theorem [3.3.1. However,
both proofs use similar ideas. Owing to the complexity of the result
for systems with non-strict relative degree, the results about robust-
ness of high-gain feedback stabilization in Chapter [7 are restricted to
MIMO-systems with strict relative degree.

First, consider another standard property of positive definite matrices
which is required throughout the proof. Since mostly the definition
of positive definiteness of matrices requires that the matrix has to be
Hermitian [HJ90] (symmetric for real matrices; in [GvL96, Sec. 4.2.2]
one can find a very short section on the unsymmetrical case), a proof
was not found in standard literature. There might be a proof of this
lemma in some books on linear algebra, however, due to completeness
of the present thesis, a proof is given here.

Lemma 3.2.4 Any positive definite A € R"*™ satisfies spec(A) C Cy.

Proof. Let A € spec(A) = spec(A”) C C and let v € C™\ {0} be such
that Av = Av. Then Av = Ao and the definition of positive definiteness,
see the list of symbols, yields

0 < v*Av+v*ATv = v* o + (AD)Tv = Mjv||? + (\o)Tv
= Aoll* + Allv]|* = 2Re(V)||v]?,

whence Re(\) > 0. O

The proof of Theorem|3.2.1 is structured as follows: first the system’s
normal form is utilized, then another coordinate transformation will be
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applied to design, in view of the root-locus Lemma [3.2.2] solutions of
two Lyapunov equations which are finally used to create a Lyapunov
function to prove exponential stability of the closed-loop system.

In the following let p(p(-)) := max{Re s|s € C,p(s) = 0} denote
the largest real part of the zeros of p € C[s] and let R¥[s] := {p €
Ris] | u(p) < 0} be the set of all Hurwitz polynomials. Moreover, recall
that Z(p) = {s € C|p(s) = 0} is the set of zeros of p € C|[s].

Proof of Theorem [3.2.1} Let x(-) be a solution of (3.2.1).
Step 1: Representation of in normal form.

By Corollary there exists an invertible U € R™*"™ such that the
coordinate transformation
(f ) — T2
n

converts (3.2.1) into (4, B, C) with

0L, 010 0
¢ | (e
51(,7 = 1o 0 Lo o|{,)* u
R, R.|S CA™1B
[P 0 0@ 0 (3.2.12)
———
—A=TUATU ' =B=UB
y - [Im’o, . "0] <§> b
—\7
=.C=cU" !

where P € R(nfrm)xm, Q e R(nfrm)x(nfrm)’ S € RmXx(n—rm) 454
Ry,..., R, € R™*™ are given by (2.2.23)—(2.2.25). In the following let
I':=CA'B.

Step 2: Scaling the state vector.

Section § = (&1/&2/ ... /&) and ¢ = (C1/C/ ... /¢r) with &(t), Gi(t) €
R™ for i € {1,...,r}. Setting ¢; = k=g for i € {1,...,r}, yields

G = kTG = kT 0 = KGiga forie {1,...,r =1},
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and
ér = "{_T-Hér
= 5T [(Ry = kR T)E + o+ (Rpt = Bk 187T)6r
+ (R, — Iik‘rlir)fr] +K"TSy

1 1
=K [(KT.Rl — liklr) G4+ (HQRr—l — Hk‘r—1F> Cr—1
1
+ (HRT — /ﬁk‘TF> Cr] +Kk"TISY.

Thus, for k > 1, additional scaling

<§7> = diag (Im, I{illm, R H7T+11m7 In—rm) <7f7>

leads to

a (¢ r h 5 ¢
a (n)_ Rrs _0 fm ! (n)

% — Kk =5 kk,_1T % — kk, T ||k~"HS

P 0 0 | @

=1 Ar gk

(3.2.13)

Step 3: Design of positive definite solutions of two Lyapunov equa-
tions.

Since T' is positive definite and spec(I') = {v,...,7m} C C4, see
Lemma [3.2.4, one may choose a Jordan decomposition of I' such that,
in view of [GvL96, Thm. 7.1.9], ' = XJX ! for an invertible matrix
X € C™*™ and the Jordan normal form J € C™*™ of T.
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In view of Step 1 of the proof of Lemma 3.2.3 it follows that

0 I,

det | sI,, — -
0 I

—kkI'... —kk,._1T —kk,T

m r—1

= H <ST + 5 Z IikH_lSi) .

j=1 i=0
Recall the assumption (s = p(s) == S0 ki s’) € R [s] which, set-
ting

§:=—p(p(-)) >0,

together with v; > 0, for all j € {1,...,m}, and Lemma [3.2.2] then
yields

k¥ >0Vk>k" :

r—1
I (s — det (srlm + (Z ﬁki+1si> F))
i=0

m r—1
=uls— H <sr —|—’yjf£Zki+1si> < —d/2.
j=1

=0

Thus, and since spec(Q) C C_, one may choose, for all K > K*, pos-
itive definite matrices N¢(k) = N¢(k)T € R™™ ™ and N, = NI €
R(n=mr)x(n—m7) gych that

O(rfl)mxm I(rfl)m
NC(””)[ ek T — kT

0 T T
(r—=1)mxm (r—1)m _
+[ —kkiT ... —mk,.r} Ne(k) = ~Ipr,  (3:2.14a)

NyQ+Q"Ny = —Ii_pmr. (3.2.14b)

Moreover, setting {A;1(k),...,A\jr(k)} = Z(s — s" + ;K Z:;g kiy15Y)
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for j € {1,...,m}, Lemmal3.2.2lyields the existence of a constant ¢y > 0
such that, for all j € {1,...,m},

Ve >k {Ni1(K), ..., Ajr—1(k)} C Be(0) and [An (k)| > ¢o.

Since I has m linearly independent eigenvectors, Lemma [3.2.3 yields
that there exists a constant ¢; > 0 such that, for all K > k*,

[INc(®)]| < 2¢1/6 .

Step 4: Design of a Lyapunov function to show exponential stability.
The derivative of

t= V() == 5T Ne(r)C(E) + 5 1(t) Ny (t)

() o= ()0

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

V(t)= & (3" Ne(k)¢+ 20" Ny)

along the solution of

0 I, 0

T :

= ( NC<K) K 0 I, ¢+ 0
B kD, Bt gk, D, B gk, T TS

+n' N, (Qn+PC1)
' _ K 2 m(r 1)xmr
SICIE + KCNC(K) | gy }C+ T IINEISTICI Il

*%Ilnllz + 1Ny Pl ¢l

rk>1
< —EIICIIZ N Ry RIS + = [N ISTC?
= [N ST = Slml® + Flinll* + 4Ny PGP

(5 = INCG) IRy, -, R = N1 = 41N, P Y2

_ (% _ HNc’gvf:)leusu) [ETER

N
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Setting

1 = max {42021 | (Ry, .., Ro)I|/6 — 261 1S/ — 4|, P,
(161 [ISI) "+ /5,k7}

) { ) 1 }
Q:=ming —/—, ——— ¢ ,
16c1” 8| N, |l

yields, for all £ > 0 and k > k**

V(t) < =3I<OI? = £ln()]1?
< WC( ) Ne(r)C(t) — mn(t)TNrﬂ?(t) < —aV(t),

whence, since the initial value x(tg) = 2° for (3.2.1) leads to the initial

value ($) (to) = U.Ua® for (3.2.13),

VtZtOVtoz() :

L e e k] )
n(t) ’

min spec [NCO(”) J\(,Jn}

which completes the proof of the theorem. O

The above proof of high-gain derivative feedback stabilization for lin-
ear MIMO-systems with strict relative degree will be generalized to
MIMO-systems with non-strict relative degree in the following section.
However, the stabilizing feedback comes with one additional design
parameter v > 0. This is due to the fact that a generalization of
Lemma [3.2.3 for more involved multi-companion matrices appearing
in the proof of Theorem could not be proved yet.

3.3 MIMO-systems with non-strict relative
degree

Stabilization by output derivative feedback of linear MIMO-systems
(A, B,C) with non-strict relative degree is shown. Recall the linear
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system (A, B,C) with m inputs and m outputs of form (3.2.1), i.e.

U1
&= A+ [, 60|
U
1 =B
Y1 Cln) ~
o I I
Ym Cm)
A ~

where n,m € N with m < n and A € R™*", B,CT € R"*™. For the
remainder of this chapter the linear system (A, B,C) will satisfy the
following three assumptions: it has (i) (non-strict vector) relative degree
r = (r1,...,rm) € NX™ see Definition [2.2.1, (ii) a positive definite
high-frequency gain matrix [c%n)A”*lB/c%n)A’”TlB/. : ./C?ZL)ATm’lB]
and (iii) is minimum phase, i.e. has exponentially stable zero dynamics,
see Definition [2.3.1.

As in the case of SISO-systems and MIMO-systems with strict relative
degree no explicit knowledge of the system’s data and only the structural
properties (i)—(iii) are required.

In Section[3.2 stabilization by high-gain output derivative feedback of
linear MIMO-systems with strict relative degree was shown. Due to the
higher complexity of the normal form (2.2.3)—(2.2.4) for MIMO-systems
with non-strict relative degree, the control strategy (3.2.2) applied in
Theorem [3.2.1 is not easily applicable to systems with non-strict rel-
ative degree. It could be possible to prove such stabilization results
for systems with known upper bound for the (vector) relative degree,
see [Hop07]. However, this is not part of the present thesis.

It is not at all hard to get an idea why controller (3.2.2) does not fit
for MIMO-systems with non-strict relative degree: consider a system
(A, B,C) with m =2, i.e.

io= Av o 00" (“1)

U
Ci"

| .
C(n)
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which has relative degree r = (r1,7r2) € N**2 with r; > ry. Recall that
the normal form (2.2.3)—(2.2.4) for this system is given by

01 010 ... 0 |Orinrr] O1xs
0 .0 1[0 .o 0 |00snorira 012
Rl,... R, |Ri,... RL, st ety A" B
d%(f])= 0 .. 010 1 0 |Oiinrn )+ Oa |u
0 ... 0 0 ... 0 1 [O1x(n—ri—r) 012
Ri,... Ri, |R3,... R3, 5? (A= T'B
_P1 0.. 0 Py 0 0 Q i _O(7L—'r1—r2)><2_
1 0... 00 ... 0 ¢
V=10 ... 0|1 0. 0 [Pxenem) (n)

Recall the controller (3.2.2):

o—1
u(t) ==k > K ki y@ (1),
=0

with suitable design parameters ki, ..., k&, € R and sufficiently large
k > 0. Note that, in view of Theorem 0 € N should be equal to
either 1 or 5. In view of the proof of Theorem[3.2.1, it is not possible
to choose p = 73 since ro < r1, and so stabilization of the “upper subsys-
tem” (system concerning the first component of y) cannot be achieved.
Hence one has to choose ¢ = r;. But then showing stabilization of
the “lower subsystem” might be complicated. However, in view of the
normal form for MIMO-systems with non-strict relative degree, Theo-
rem [3.3.1 presents a natural generalization for the stabilizing feedback
law.

3.3.1 Main result: feedback stabilization for
MIMO-systems with non-strict relative degree

The main result of this section, namely stabilization of linear MIMO-
systems with non-strict vector relative degree by feedback law (3.3.1), is
on the one hand a generalization of the stabilization result for systems
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with strict relative degree: Theorem [3.2.1. On the other hand (3.3.I)
has one strong shortcoming: there is another design parameter v > 0.
This is due to the fact that a generalization of Lemma is not
available yet: it might be possible to prove a similar statement for
more involved multi-companion matrices, however, a proof would be
extremely technical.

Theorem 3.3.1 Suppose that system (A, B,C) of form (3.2.1) has vec-
tor relative degree v = (r1,...,7m) € NYX™  positive definite high-
frequency gain matriz [C%H)A”’1B/c%n)AT2*1B/ . /CE’;)ATW*IB] and
is minimum phase, i.e. has exponentially stable zero dynamics. Then,
for any m Hurwitz polynomials

’I”j—l
(S'_)ij’iJrlSi)eR[S], j=1....m,
=0

there exists v* > 1 such that, for all v > v*, there exists k* > 1 such
that, for all k > k*, the feedback

uy (t) S A eyl (1)
u(t) = =—v (3.3.1)
tm () Sie K iy ()

applied to yields an exponentially stable closed-loop system.

Because of the higher complexity of the normal form for linear MIMO-
systems with non-strict relative degree the proof of the theorem is still
similar to the proof of Theorem [3.2.1 but much more involved. A gen-
eralization of Lemma [3.2.2 and a very technical property of the deter-
minant of a parameterized matrix are required. These follow next.

3.3.2 Advanced root-locus lemma

Recall the simple root-locus result Lemma(3.2.2} it was shown that, for
p € R[s] Hurwitz with deg p = r — 1, s — s" + kp(s) is again Hurwitz
for sufficiently large x > 0. Next this lemma will be generalized. For a
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polynomial p € R[s] write

¢
p(s) =pn H(s —s5)™, can. fact.
j=1

for the canonical factorization of p with s1,...,s; € C pairwise distinct
and my,...,my € N. It will be shown that a sum of d products of
polynomials p; of decreasing degree n — ¢ and an increasing power of a
sufficiently large parameter v > 0 is a Hurwitz polynomial if the poly-
nomial p; with the smallest degree and a polynomial build from the
leading coefficients of all polynomials are Hurwitz. This result is a gen-
eralization of [HP05, Thm. 4.1.2]. Recall that p(p(-)) := max{Re s|s €
C, p(s) = 0} denotes the largest real part of the zeros of p € Cl[s].

Lemma 3.3.2 For § >0, de N and i€ {0,...,d}, let
(3 = pi(s) = Pi,n—isnﬂ- +pi,n—i—15n7i71 + -+ piis+ pz‘,o) € R[s],

such that
Pdn—da >0, Pon >0, w(pa(-)) < =90
and
(v=plv) = PonV? + P11V pat v + Pdn—d) € R[V]
with p(p(+)) < —6. Then

d
Jug>0Vr>wy @ <Z I/kpk(~)> < —4/2. (3.3.2)

k=0

Proof. Write
£y
Pd(8) = Pdn—d H(S — ;)™ , can. fact.
j=1

and

ﬁ(ll) = Po,n H(V - gj)n'j 5 can. fact.
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and, for v > 0,

n

d
=Zvd "pr(s) = v"pon [ [ (s = s5500).,

=0 j=1
with s1[7],...,sn[y] € C.

Suppose it is shown that, for o := max;eqq,.. ¢, 1{[(j|} + 0 and suitable
numbering of the zeros s;[v],

dv>0Vye (0,’)/0) :
{s1[v],--- sn—al]} C U Bs/a(¢;) c C, (3.3.3a)
Je{l, 1}
{$n—da+1[7]; - snl¥]} C{s € C|Res< —a} CcC_. (3.3.3b)

Then there exists 79 > 0 such that for all v € (0,v) all zeros of g[v]
are in C_;/5. Setting v = y~1 yields p[v] = viq[v—1] = viq[y]. Hence,
for all v, > 0 and s € C, p[v](s) = 0 if, and only if, ¢[v](s) = 0. Thus
setting vp = 75 * yields .

In the remainder of the proof (3.3.3)) is shown. One may choose ¢* > 0
such that

Viaje{lv ‘el} #] : E( )OB (C) (Z)a
Vi, je{l,..., 0}, 0 2 Bex (&) N Bes (&) = 0.

Then an application of [HP05, Thm. 4.1.2] to the polynomial ¢[y](:) =
St 4% pr () 4+ pa(-) and suitable numbering of the zeros s;[4] of g[+]
implies

Ve € (0,min{e*,6/2}) I3v* =~"(e) > 0Vy € (0,7v") :

{51, sumal1} € Ujeqn,eny Bo(G)
{Su—ar1bl: - sulr]} € C\ Byyo(0).

Now pu(pa(+)) < —4 yields (3.3.3a).




3.3 MIMO-systems with non-strict relative degree 95

For v > 0 setting © = s yields

a[(s)
=gy ')
Y (pony "2 + pon—1y " a4+ po1y T e + poyo)
+ 4 Py 2 o  py T e 4 )

+7 (pd—l,n—d+1’fn+d71$"7d+1 ot pa11y e+ pd—l,o)
+ (Pap—ay " paay i+ pay)
=yt (»Tn_d (po,nxd + P11+ pact a1 + Pdn—d)
+ 7[ (Pon—12" " 4+ 9" poo)
+ (prp—2x" 2 4 4+ 9" 2p1o)
+eee (pd,n—d—lxnfdfl +eee andqu,o) D .

Write

() ==7"""q(v ')

d n—k—1 . )
= " d/\ _|_,YZ Z (’Yn_k_l_lpk,i J,‘Z)
k=0 =0

n

= pon [ [ (= —2;0)) -

j=1

Thus, and by [HP05, Thm. 4.1.2] and suitable numbering of the zeros
x;[v] of the polynomial g[v],

Ve € (0,min{e*,§/2}) v9 € (0,min {y*,ea™",1}) Vv € (0,7) :

{z1b], s en—aly]} € B:(0),

{Zn—at1[v],-- - za[1]} C U]e{l 05} Be(&5) -

.....
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Hence p(p(+)) < —9 yields, for suitable numbering of the zeros x;[7],

V’y € (OaVO) :

{@n-aniV, -z} € | Bspa(g) cCo. (3.34)
JE{1,... .62}

Furthermore, 1(p(+)) < —d and vy < 1 yields

Vv € (0,7) Vag € U Bs/a(&5) -

jE{l,...,éz}
Iy o] > g taol > et ad/2 > o
thus
Vye(O)Vaoe |J  Bspl&) v 'med | Bsal()
je{1,....62} je{1,...,61}

and by (3.3.4), for suitable numbering of the zeros z;[v],

vy € (0,%) = {7 ' wn—ari [ 7 eay]} € {s € C| Re(s) < —a},
whence, noting that for every v > 0 and o € C, q[v](zo) = 0 if, and
only if, ¢[y](y " 1z0) = 0, (3.3.3b), which completes the proof. O

One can find various results about Hurwitz polynomials in the litera-
ture which are related to Lemma[3.3.2, for example Hurwitz properties
under coefficient perturbation [Bar84, BG85, GB83, Soh89, WY87|. The
results published in these papers use the Routh-Hurwitz criterion, see,
for example [Gan86| Ch. 16]. However, all these results do not provide
the necessary statements to prove the main results Theorem [3.2.1 and
Theorem [3.3.1.

3.3.3 Determinant of a parameterized matrix

The following property of the determinant of the sum of a general matrix
and a diagonal matrix multiplied by a parameter ¢, which is used in to
prove the main result Theorem|3.3.1 of this chapter, is maybe a standard
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result in linear algebra. However, a proof for the following was not found
in the literature. A reason for this might be that the proof given here
is rather technical and it might be hard to simplify the used ideas and
methods. A similar result for the characteristic polynomial of a matrix
can be found in [Pen87].

First note that the principal minors of a matrix A = [a; ;i j=1,.,
R™ ™ are defined as follows: for a set of indices {iq,..., i} with 1 <
i1 <. <ip<mn,ke{0,...,n} let

Qiyyip  Qiqyig s Qiy i,
. . . iy g Ay . .
minor(A; {i1,...,i}) :=det | " 2tz ,
: Qg1 i
Qi iq s Qi i1 Qi i,

minor(A4; ) :=1.

With the minors of a matrix A one can write the determinant of A +
t diag(by,...,by) as polynomial in ¢ as follows:

Lemma 3.3.3 Let A = [a;jlij=1,..m € R™™ and by,...,by, € R.
Then

det(A +t diag(by,...,bm))
m
= Z Z minor (A; {i1,...,ik}) H bi |tk (3.3.5)
k=0 \1<i1<--<ip<m i€{1,....m}
{01, ik }
Proof. Write, for t € C,
det(A +t diag(by, ..., bm)) = pmt™ + Pm—1t™ " + -+ p1t + po
and define the function f: R™ — R by

(tl, . ,tm) — f(tl, S ,tm) = det(A + diag(bltl, - ,bmtm)) .
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Then
a1 + bty a2 a1,m
f(t £) = det az,1 az,2 + bato
sy bm -

Am—1,m
Am,m—1 Gm,m + bmtm

= Z sgn(o) H (ai,o(i) + bi,v(i)ti) J

oEX, i=1

am,1

where
b, ifi=o(i)
bi,a(i) = o .
0, ifi#o(i)
and X, is the set of all permutations of {1,...,m}. Then
f(t,...,t) =det(A+t diag(by,...,bm)),
po = f(0,...,0) = det(A) = minor(A; {1,...,m}).

The coefficients py are given via the partial derivatives of f, that is,
for k € {1,...,m},

ak
b= > o ftr )

ot;, -
1<i<--<ip<m 1

Moreover, it follows that

ak
Wf(tl, “e ,tm)

ik
8k

= Bt -0ty ( Z sgn(o) H (ai,00) + bi,a(i)ti)>

t1=...=tm,=0

oEX ., =1 t1=...=t;,=0

ok "
T T H (@io() + biog@ti)

Ot
0ESm “u k=1

t1=...=t,m,=0
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0, if o (i) # i
m a; .
bi ( i,0(1)
akfl gy zgl +bz,a(z)tz)
1Fk
= sgn(o) ——m
JEZZ ¢ ( )at“ T atik—l + (aikyik: + bzktzk)
0 m (aig0) L .
' ’ 5 if o(i) =1
Otiy i1 +big(i)ti) (i) = i
i#ig ’
=0 g
=0
0, if3je{l,...,k}:
a(ij) # i
- UEZZ Sgn(a) ﬁ b ﬁ (ai,a(i) lfvj S {17,]{} :
J=1 lj, i=1 +bi,a(i)ti)7 o(iy) =1j |,
TFEL] yenes ik =

=0

Zm =1 =1
{Mf-e-,ik}Ca ! z;ézll, ik
k
= Hbij minor(A; {1,...,m}\ {i1,...,ix}).
j=1
Hence, for k=1,...,m,

k
Pr = Z Hbij minor(A; {1,...,m}\ {i1,...,ix}),

1<in <o <ip<m =1

and thus

P Z H b; minor(A; {i1,...,ix}),
1<iy < <ip<m s€{1,...,m}
i@ {i1,..., 0k }
which shows (3.3.5) and completes the proof. O

With the above lemma and Lemma [3.3.2 all required lemmata to
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prove Theorem [3.3.1 are given.

3.3.4 Proof of the main result

The proof of Theorem [3.3.1 is structured similar to the proof of deriva-
tive feedback stabilization for MIMO-systems with strict relative de-
gree, i.e. Theorem first the system’s normal form and another
coordinate transformation are utilized to design, in view of the general
root-locus Lemma/3.3.2, solutions of two Lyapunov equations which are
finally used to create a Lyapunov function to prove exponential stability
of the closed-loop system.

Recall that pu(p(-)) := max{Re s|s € C,p(s) = 0} denotes the largest
real part of the zeros of p € C[s]. Let u(A) := max{Re s|s € spec(A)}
be the largest real part of the eigenvalues of a matrix A € C"*" and
recall that R [s] := {p € R[s] | u(p) < 0} denotes the set of all Hurwitz
polynomials.

Proof of Theorem [3.3.1l Without loss of generality suppose that
the linear system (3.2.1) has ordered relative degree r = (r1,...,7m) €
N'Xm - see Definition [2.1.1(b), otherwise note that for a linear system
(A, B,C) of form (3.2.1) with vector relative degree r = (r1,...,7m) €
N'X™ there exists a permutation matrix P € R™*™ such that the sys-
tem (A, B, PC) has ordered vector relative degree rP = (71,...,7m),
see also Lemma [2.2.3. Thus it is sufficient to prove the statement of
Theorem [3.3.1 for systems with ordered vector relative degree.

Step 1: Next it is shown that, for

rrori ... (A" B
oord o fqAnB
reoT;o.. T e AT B

Rl, € R, fori,j € {1,...,m} and k € {1,...,r;}, S',...,8™ €
R*(=r") " p . P, € R"" and Q € R=")x(n=7")  where r® :=
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Z;-nzl 7, as in normal form (2.2.3)—(2.2.4) with (2.2.18)—(2.2.21) and

(3.3.6)

AF,k,n,l/ =
[ [ o 1... 0 r0 0 7 0
K 0 1 - 0 0 0
I:i,ll N Ri.rl Rn’j?nf By L g
~Tivki 7F11/ k1 LT vkm1 7F71nu [— e
i 0 0 i 0 1 0 1 0
K 0 . 0 K 0 1 0
R Bl By, £
K"l .. KM .. rl S™
|—IT'vkia —1“1”1/ k1,r, L=k, 1 —F:ZI/ kmpnd| LT
| [K77'1+7'MP1 0... 0 ] [ 77m+’7nP 0... 0 } Q
the closed-loop system (3.2.1), (3.3.1) is equivalent to
% ( ) - AF’k’H’V (’g)

in the sense that there exists a matrix W € R™*” such that (g)

By Theorem [2.2.4 there exists an invertible U € R"™*™ such that

the coordinate transformatlon Ux converts (3.2.1) into nor-

mal form (2.2.3)—(2.2.4). Thus the closed-loop system (3.2.1), (3.3.1) is

(%) =

equivalent to the system (2.2.3), (2.2.4), (3.3.1).

Split & as follows:

61

gm

and

For ease of notation define vectors

Rj.

R’

PREREE

R.]

T

31
¢ = eR, je{l,...,
j
Tj
EIR1><”,M7 ]7# E {15"'?

=Waex.

m}.

m},
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where, for i € {1,...,7,}, be_’i, is defined by (2.2.18).

Setting ¢/ = k™1l for j e {1,...,m} and i € {1,...,r;},
yields

ff = /{*Tf“l“*l(ij, for je{l,...,m}andie {1,...,r;},
¢

g=|:
"

H*T]‘+’I”1+171<‘17

—rj+ri+r;—1,-j
K CTJ'

[KT1—7Ti 0 0 )
J
1
0 gL : .
= . . ' o |, forje{l,...,m},
0 j
0 (Tt R
L =
and
G e i1
Czj —KZTJ 71— é—f
— K:rj—rl—i+1€g+1
S A Z-jﬂ = H<g+1, for je{1,...,m}
andi e {1,...,7; — 1},
G pia1sd
ﬂj =K " ’IJ‘J‘
m
_ 1 i i j 1 .
=k N TR + ST+ ¢ AT Bul, for j € {1,...,m}.
pn=1

Thus, by (3.3.1) and yj(-Fl) = & foral j e {1,...,m} and i €
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{1,...,r;}, it follows that, for j € {1,...,m},

KT 0 0
ri—ri+1 . . . o
J =k Z“_”RJ 0 K : ¢ rSIy
: o0
0 0 kN1

ri—1 pq—g 1
Yito BT ki &
vk AR :
(n) :
ZTmfl Krm =il é-m
i=0 m,i+1 G411
m
_ —ri PJ —ri+1 pJ s J ] — j
=k E {n "R kTR R Ri%} ¢"+rTSn
i=1

ri—1 pry—i,_ ri—ri+i . 1
Zz o KR kl,erlCH—l

i [r{,rg, y .,FZH} :
Z::o_l Krm i gMrm Cy
m .
:K[Z( 7F‘ZV[,Z€7;,17... ZTJ) Cl :|
i=1
Setting ¥ = k™™~ n yields

9 = KT = KT (Z P& + Qﬁ)

=1

R, Rl, R

1,74

KT D gri—17707

— gTmTT <Z KT PiC} + ,{n—er19> _ Z ,{Tm—mpicil + QY.

i=1 i=1
Thus, in view of the coordinate transformation,

Cf:fﬁrj_”_iﬂ J for je{l,....m}, ie{l,...,r;},

2 7

9 =r""""1n,

and setting ( = [Cl/cz/ e /(m] (the first r® entries of the new co-
ordinates) the closed-loop system (2.2.3), (2.2.4), (3.3.1) is equivalent
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Step 2: For r® =", r; and

Ar g 1=
I 0 1...0 0...0 I 0 0
0.0 1 0 ... 0 0 ... 0
71’1—‘} [kl,l-u kl.rl] 7VF2 [k2 1- k2 12} _7V1—‘}n|:km.l-~~km.rm}
0 ... 0 0 1. 0 0 0
0 ... 0 0.0 1 0 0
et 24 F% [k‘])] e kl,rl] bt 2 F% [k)z@. .. kg_’w} —UV an [k)m 1 km,rm}
0 . 0 0 . 0 0 1. 0
0 ... 0 0 ... 0 0.0 1
71/1"1"[](}1,1...]{7117«1} 7VF£n[k271...k2>T2] 71/1—‘27,:[]{5777,,1--- km,rm} i
it is shown that
F0>03v*  >1Ve>v w(&Ar k) < —6/2. (3.3.7)
Set, fori=1,...,r1, m; :=
of rj’s, j € {1,..

#{rj|r;>ije{l

7m}}, the number
m}, such that r; > i. Define permutation matrices

| ) () (r*) el (%) (r*)
HR = |G 76T1+1""’67rx,l—l €2 76T1+27"'7617L2—1
> o+l > orit2
i=1 i=1
(r*) (%) )
.| €r >er1+r27"~7 m"'l 1 9
7 +r1
i= 1
1 r1 l
(o) )
P?(q+)1 67("1432 T1 +T2 1 71+72
>(rs rs
. ,
mo—1 mg—1 1n7-1—1
1‘21 ri+1 721 Ti+2 ri+(r1—1) Z T4
o) o)

€6
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and
[ () ()| (%) (r*) (r*) (r*)
Ip = ey ey 7). o em, €mi’ s €yt |-+ | €0y 2 e €
> mi+1 > mitme,
i=1 i=1
(r*) (r*)
ersf'm,,.l +1r > 67‘5—7n7«1 +mary
(r*) (r*) (r) (r*)
€ A celen e € iy
12:)1 mi+me, +1 z m; ;Z::1 M+ (g —2)+1 _Zjl m;
Then, for s € C,
HDHL (SI,-s — Q[[‘Jg,y) HR =
[ I,
ST, 0 s Oy s .. (-
(m2—m3z)xms
_Im
Omg X 817713 |:0 R 0m3 Xms
(m3g—mg)Xmy
Om,4 Xms 81m4
7Im7~1
O(m,,.1 1=y ) XMy
Om,r1 Xmao O'mrl Xms cee My XMpy —1 Sl'm/rl
l/kl,l 0 v lﬁ}g 0 Vk?l’g 0 Vkl.rl—l 07
r ' r ' r ' T '
0 Vkmz,l 0 Vkmg,Q 0 Vkm4,3 0 Vkmn,rl—l
O(nllfmg)xmg 0(m17m3)><m,3 0(m17m4)><m4 O(mlfmrl)xmr1 i
O x (ma—m: 1
Umgxmr1 ’V _‘ (m2 3) Umzx(mlfmz)
mo—ms3
0 {Umﬁ X (g 1~y )}
My 1 XMy _
My —1 =My )
[7Im,r1] Om,T1 X (m’Tl —1—mpy) s O'm,r1 X (mo—m3) O'm,r1 X (mi1—m2)
sl +Fd1ag Vkl,r17 Vkm”,T17Vk7n,.1+1,7'1717 sy Vkm,.l_hhfl:
Sim
! -~-~,Vk7m2+1,1-, ceey Vkml‘rl
=: Rr,v

(3.3.8)
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and

det(HDHL (SIrs - Qll“,k,u) HR)

= det(sl,)
i 7I7n O7n3>< 1
51 0 * Oms | (ma—ma) |Opm,x
(maz—maq)xmg XA L g—m, | (mi—ms)
(2L, mi)xms
SIm,l + Fﬁk,ll
det I/k172 + %I/ kLl 0 I/kl.;; 0 Omgx(mzfm;;)
Vkmst1,1 0
0 Vk7n3,2+ %Vkmml 0 Vk‘m473 +; 0
’ 0 k’"l,
O(ml—mg)xmg 0(m177n4)><m4 v 2,1
— L 0(””1 —mgz)X(mz2—ms) -
ri—=1
= sZi=2 i det(sy,,)
T1 )
55 0l a5,

- det [sfml + I' diag ( i ukl,is_(”_i), e
i=1

i=1
7’171 Tlfl
> vk 5~ (r—1=9) > vk 5~ (r—1=0)
mrlJrl,Z gy My —1,0 9
i=1

i=1
1 1 1 1
Vkmg-‘rl,is_( _2)7 cee E Vk’rnl,is_( -9
i=1

S

i=1

= det {diag (s™,...,8"™)
Tmq

T1 . T2 . :
+ T diag (Z vk st S vke st 0 I/kml,i811> }
i=1

i=1 i=1
Tj 1—1
kj,is

Recall that m = my. Setting, for j € {1,...,m}, k’(s) :== >_;2
an application of Lemma [3.3.3 leads to

det(F) det(HDHL (8]7.5 — Q[F,k,u) HR)
s" (Fi])m +vki(s), s (F71)1,2’ Srm(ril)mn
I I T '
Srm(l—‘il)mfl.m
5" (Ffl)mvl , ., stmL (F’l)mmil, sTm (Ffl)m‘m + vk™(s)
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j
> T ) ] )
= Z 8(1:1 ') minor (F71 s i1, 1]}) H k'(s) | v,
J=0 | 1sir<<ijsm i€{1,...,m}

i@ {i1,erij }

<
=

(3.3.9)

Observe that, for fixed j = 0,...,m, every summand in (3.3.9) is a
polynomial in R[s] with degree * — m + j. Moreover, for j = 0, the
summand in (3.3.9) equals p(s) := [['~, k%(s) which is the product of
m Hurwitz polynomials and thus p € R¥[s], hence

30" >0 : plp(r)) < —0".

Let {71,...,7%m} = spec(I') C C and J € C"™*™ be a Jordan canonical
form of T'71, see [GvL96, Thm. 7.1.9]. Since det(I'~! + v1,,) = det(J +
vIn) =1 (v+7; ') and T and thus I =" are positive definite, whence,
in view of Lemma [3.2.4, spec(I'"!) C C, Lemma (3.3.3] yields

36" >0 :

m

wlve— Z Z minor (Ffl s i1, ,ij}) v < 5
J

) =0 1<y <--<i;<m
Setting § = min{¢*, §**} and since
det(slys —Ar k)
= det(HD) det(HL) det(HR) det(HDHL (SITs — Qll“,k,u) HR) , seC,

e{—1,+1}

Lemma (3.3.2] and yield (3.3.7).
Step 8: Tt is shown that, for any initial value z(ty) = z° for (3.2.1

or, equivalently, (g) (tg) = W for (3.3.6),

v *>0Vr>v*da>03IM >0
k¥ >1VRe>K" Vg >0Vt >t :

H(g((?)> H < exp (—a(t —to)) M H (%ﬁ%)“ (3.3.10)
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By Step 2 and since system (3.2.1) has stable zero dynamics which, in
view of Corollary[2.3.2, is equivalent to spec(Q)) C C_, one may choose
symmetric positive definite matrices N¢(v) = N¢(v)T € R™ %", for all
v>v* and Ny = NI € R*=7")x(n="") guch that

NeW)Ur e + U o, Ne(v) = —Is, NgQ+ Q" Ny = —I,,_,s,
(3.3.11)
where ¢ = [¢'/¢%/ ... /¢™]. Moreover

Vv>v' o ||Ne(v)|| < 0.

Let ( ) be an arbitrary solution of the closed system (3.3.6). Set

o 1 ... 0 0o ... 0 ]
0 ... 0 1 T ce. 0
Ri, Ri ., Rin Ry
L —n ol
R. =K : : ,  (3.3.12)
0 0 0 1 0
0 ... O e 0 ... 0 1
Ria Rl Roa R rm
I 01>< (n—rs) le(nfrs)
S, =k ' . (3.3.13)
01><(n ") 015 (n—re)
1
L [ - S™

Then differentiation of
1 1
E V() = 50T NI + 59T Nad(1)

along (¢7,97)T yields, for all ¢ > 0, and omitting the argument ¢ for
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brevity,
y L. Lor
V(t) = 3¢ Ne(v)¢ + 39" No?

(CTNc( )¢ + CTNg(V)C) +31 (19TN1919 + 19TN1919)

M\HM\»—‘ &‘Q

([nmmuumuc‘s 97 Ne(v)¢

+CTN(v) [£ 0 k€ + RiC + 68))

T
1 NP
+5 (Qﬂ—kZHTl_JMC{) Ny
j=1

+9T N, (Qﬁ +y° . C{)

j=1
= 2 (5CT (@, Ne(w) + N () ) €+ CTRIN ()G

+ CTNC(V)D%HC + 9T SEN (V)¢ + (TN (1) S0

+% (ﬂT (Q"Ny + NyQ) ¥

P;
(HT e Ng19—|—19TN19 . 41])

whence, in view of (3.3.11]),

V(1) = = 2r I+ CTN)RC + CTN() S0

¢,

1 m
- §|7.9|2 + ZﬂTNﬁ
Jj=1

KT1—Tm
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and since vy > -+ > 1, > 1 and k > 1 it follows that
. 1
V()< -5k 112 + 1IN @) IR TSI + NS IS T

Ny P
L +Z INoIES oy

KT1—Tm

< — SwlICI + NI I CIP + 2N 1]
Ll = Lo S0 (omival2 2162 + o2
8 2 = PRI 8m
1
< — S lCI+ NG IR i) + 2||N<<v>||2||61||2||<||2
m 1
+2ml|Ng 2 S IR PR = 1917 + W + me 9]
j=1
< - L N, Ryl — 2|IN, 216417
S S N R AR

2

m
1
=2m|[No[* D15 17 ) ICI® = 19112,

Jj=1

where Ry, 6, are defined setting x = 1 in (3.3.12) and (3.3.13). Setting
. 1
o = max {2 (NGO - 2 NP6 P
- 2l No P 1717 v}

. 1 1 }
o = min , ,
{8||N<(V)I 8[| Ny

max spec [MO(”) ]\([)0 }

Ne(v) 0 }

mmspec[ 0 Ny
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yields, for all ¢ > 0 and all k > k¥,

V(t) < *éHC(t)”Q - %W(UHQ
1 1
< *WC(t)TNq(V)C(t) - mﬁ(t)TNﬂﬁ(t) < —aV(t),

hence (3.3.10) which shows the exponential stability of the closed-loop
system and the proof is complete. O

The above proof gives evidence that high-gain derivative feedback
stabilization works for linear MIMO-systems with non-strict relative
degree. Any linear minimum phase system (A, B,C) the relative de-
gree of which is know and having a positive definite high-frequency gain
matrix can be stabilized by the derivative feedback (3.3.1) with suffi-
ciently large design parameters v > 0 and k£ = k(v) > 0. Any other
parameter k;; € R, j € {1,...,m} and ¢ € {1,...,r;}, can be chosen
almost arbitrarily: s — Z:J:Bl kji+1s" must be a Hurwitz polynomial.
Although the normal form for MIMO-systems with non-strict relative
degree is involved and the proof for the high-gain stabilization result is
very technical, the control strategy (3.3.1) is surprisingly simple. One
shortcoming is that two parameters v, k > 0 required. It might be pos-
sible to obtain a stabilization result with only one parameter x > 0 as
for systems with strict relative degree, however, to show boundedness
of the solution N¢ (k) of the first Lyapunov equation in (3.3.11), one
has to prove a generalization of Lemmal3.2.3| which might be extremely
technical. Another shortcoming of the high-gain feedback is that the
actual v*, k* > 0 for which stabilization can be guaranteed are possibly
very large. Moreover, it would be nice if a controller can “find” the
sufficient v and x adaptively.

The following chapters will pursue this question. Two more control
strategies are presented: an adaptive controller namely the A-tracker,
see Chapter/4, and the so-called funnel controller, see Chapter[5/ On the
one hand some more restrictive assumptions to the class of systems as
for high-gain derivative feedback stabilization are made to apply these
strategies: a system shall also have a positive high-frequency gain matrix
and stable zero dynamics, but moreover the system has to have (strict)
relative degree one. This restriction is essential for the proofs given in
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the present thesis. Future research might give more general results for \-
tracking and funnel control, however this is not part of the thesis. On the
other hand the benefit of A-tracking and funnel control is that, roughly
speaking, these controllers do not required that a special parameter k
is provided; these controllers “will find their x automatically”.

Another question in control theory is the robustness analysis of con-
trol strategies. In Chapter [7] one robustness problem will be analyzed:
may high-gain derivative output feedback be replaced by “high-gain de-
lay output feedback”? In the feedback law the derivatives of
the output signal will be replaced by approximations of the derivatives
and it will be shown that the new delay system is again stable for suf-
ficiently small approximation step size. This will be proved using the
terminology of the gap metric, see Chapter [6

3.4 Notes and references

Stabilization of linear MIMO-systems by high-gain output derivative
feedback seems to be well-known in control theory. However, to the
author’s best knowledge the results of the present chapter for MIMO-
systems with strict and particularly non-strict relative degree cannot be
found in the literature. There are similar results for nonlinear SISO-
and MIMO-systems in [Isi95, Ch. 9] and [Isi99, Ch. 12]. The results
and proofs from the present chapter are revised versions of the results
within the submitted paper [Mue09b].




4 Adaptive A-tracking

For m-input, m-output, finite-dimensional, linear systems satisfying the
classical assumptions of adaptive control, that is that the system (i) is
minimum phase (i.e. has stable zero dynamics), (ii) has (strict) relative
degree one and (iii) has a “positive” high-frequency gain, it is well known
(see [IR04]) that the adaptive A-tracker ‘u = —ke, k = max{0, |le| —
AHlell” achieves A-tracking of the tracking error e if applied to such
a system: all states of the closed-loop system are bounded and |le||
is ultimately bounded by A, where A > 0 is prespecified and may be
arbitrarily small.

In the present chapter A-tracking is introduced in detail. Due to
later robustness analysis of A-tracking in Chapter[8, a special A-tracking
result and a new proof are presented. This is required for the result of
Chapter[8: there it is shown that the A-tracker is robust in terms of the
gap metric, see Chapter [6.

The present chapter is structured as follows. First some well known
adaptive feedback strategies are introduced. Then follows a new -
tracking result which is essential for the later robustness analysis in
Chapter

4.1 Adaptive feedback control

Consider linear n-dimensional, m-input, m-output (MIMO) systems of
the form

#(t) = Azx(t) + Bu(t),  x(0) =2°, } (4.1.1)

y(t) = Cx(t),

where A € R™*" B,CT € R™™ and 2 € R” is an arbitrary initial
value.

There may be additive input/output disturbances ug, yo, respectively,
from signal spaces specified in due course. To improve readability of the

113
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following, input « and output y of system (A, B,C) will be denoted as
u1,y1, respectively. The interconnection equations

Uo = Uy + U, Yo =Y1 + Y2, (4.1.2)

lead to a closed-loop system as depicted in Figure[4.1: the linear system
(A, B, C) maps the interior input signal u; to the interior output signal
y1 and the controller C' maps the interior output signal ys (i.e. the
difference of system’s output y; and the output disturbance yg) to the
interior input signal us. Controller C, specified in due course, always
denotes a feedback law.

+ u
Uo—»O_—> (A,B,C)

Controller C <—_O<— Yo
Uz Y2+

Figure 4.1: The closed-loop system: (A, B, C) with controller C.

By Theorem 3.2.1/ one knows that in case of zero disturbances uy =
yo = 0, any linear system (A4, B, C) of form (4.1.1) can be stabilized by
proportional high-gain (k > 0) output feedback

us(t) = —kya(t), (4.1.3)

provided that (4.1.1) is minimum phase, i.e. has stable zero dynamics
or equivalently

VseCy : det [81514 g} #0,

see Definition 2.3.1 and Corollary and has strict relative degree
one with “positive” high-frequency gain, i.e. CB is positive definite
(not necessarily symmetric). For notational convenience write CB +
(CB)T > 0 if OB is positive definite.

The class of systems which satisfy the above structural properties is
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denoted, for n,m € N with n > m, as

Mn,m
CB+ (CB)T >0,
(4,B,0) +(OB)

€ RnXn x RrXm 5 RmXn |y c @+ - det |:SInC_ A g:l 7& 0

Note that the state space dimension n € N needs not to be known but
only the input/output dimension m € N. Most importantly, only struc-
tural assumptions are required but the entries of the system’s matrices
may be completely unknown, see Chapter [3l A sufficiently large high-
gain k in (4.1.3) can be found adaptively. More precisely, any system
(A,B,C) € Mnm can be stabilized adaptively, in the presence of L? in-
put/output disturbances, by the controller (ubiquitous in the adaptive
control literature)

k(t) = lya(0)], KO) =0 € R,
ug(t) = —k(t) y2(t) , } (4.1.4)

in the sense that all states of the closed-loop (4.1.1), (4.1.2), (4.1.4) are
bounded and lim;_ ., y1 (t) = 0. This approach has been introduced by
the seminal work of [Mar84, Mor83, WB84], see also the survey [I1c91].

The surprising property of the controller (4.1.4) is not only its simplic-
ity but also its robustness: it is also applicable in the presence of additive
L? input/output disturbances and it may stabilize systems (4.1.1) not

belonging to .//\/lvnm but sufficiently “close” — in terms of the gap metric
defined in Chapter |6/ - to some (A4, B, C') belonging to M,, ,,,. This has
been proved in [FIR06].

However, the controller has the shortcomings that, if tracking
is the control objective, it needs to be combined with an internal model
(thus becoming more involved) and, more importantly, fails for stabi-
lizing non-linear systems or in the presence of additive arbitrarily small
input or output L*°-disturbances. To overcome these shortcomings, the
so called A-tracker

(1) = dist (ya (), [- X A]) - lga(8)|, k(0) = KO,
us(t) = —k(t)y2(t), } (4.1.5)
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for A > 0, k% € R and dist: R™ x Ryg — R defined by (y,\) —
dist(y, [-A, A]) := max{0, |ly|| — A}, has been introduced by [IR94].

The application of the A-tracker to any system (4.1.1) be-
longing to Mn,m, via (4.1.2), satisfies, in the presence of arbitrary in-
put/output disturbances wug, yo which are essentially bounded and have
essentially bounded derivatives, arbitrary initial conditions z° € R”,
k° € R and any arbitrarily small design parameter A > 0, the control
objectives of A-tracking:

e all signals of the closed-loop system (4.1.1), (4.1.2)), (4.1.5) and
their derivatives are bounded;

e limsup dist(ya(t), [-A, A]) = 0.
t—oo

This result has been generalized to nonlinear and infinite dimensional
systems [IRS02a] and applied, to name but a few, to regulate biogas
tower reactors [IP98], chemical reactors [ITTO04], insulin delivery for
diabetic patients [BFST00] by preserving the simplicity of the control
strategy. Note also that it is a tracking result without invoking an
internal model: set yo(-) = yref(+) as the prespecified reference signal.

Due to better applicability, the result in the present chapter is re-
stricted to systems in Byrnes—Isidori normal form, see Corollary [2.2.5
for the normal form for linear systems with strict relative degree, instead
of systems (4, B,C) € M, »,. That is, for each (A, B,C) € M, ., the

matrix

C
V' V)-W'[I, - B(CB)~'(C]

g

)

where V € R™("=™) with rkV = n — m and imviz ker C, con-
verts (4.1.1) via the coordinate transformation (% ) = Uz into

i = Avyr + Aan+ CBuy , y1(0) = ¢ € R™, N_T
y1 1Y1 21 1, 41(0) yé o (1%) = T2, (4.1.6)
0= Asy + Aan, n(0) = > € R™™™, \11

where

A1 A2 7471 Bl L CB 77
N RS B




4.2 \-tracking 117

and —
[Im Omx(n—m)] =CU .

By the minimum-phase property Corollary[2.3.1 yields that A4 is Hur-
witz, i.e. has spectrum in the open left half complex plane C_. Now
introduce, for n,m € N with n > m, the system class

Mpm

A Ay B
A= B =
4.5,0) v
€ R™¥" x R 5 RX%| O = [I,, 0], By, Ay € R™*™,
spec(A,) CC_, By +Bf >0

In the following section the properties of the closed-loop system gen-
erated by the application of the A-tracker (4.1.5) to systems (A, B, C)
of class M,, ,, and in the presence of disturbances (ug,yo) from sig-
nal spaces WH*(Rso — R™) x Wh*(R5, — R™), satisfying the
interconnection equations (4.1.2), are studied. The closed-loop sys-
tem (4.1.6), (4.1.5), (4.1.2) is depicted in Figure[4.2.

+ w1 |y =Awy+ Aon+CBu, y1(0)=9f,| n
ug —QO———| °.
0 - n = Asyr + Aum, n(0) —n°

b = dist(ya, [0, A [lyell, R(0) =4O, | -4
U2 us = —k Y2 Y2 T+ Yo

Figure 4.2: The adaptive closed-loop system.

4.2 \-tracking

In this section it is shown that the control strategy (4.1.5) applied to any
linear system (A, B, C') of class M,, ,,, achieves A-tracking in the pres-
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ence of W1H*°(R> — R™) input/output disturbances, see Figure 4.2|for
the closed-loop system. To be more precise it is shown that all signals
and their derivatives of the closed-loop system (4.1.6), (4.1.5), (4.1.2) are
essentially bounded and that ||y2|| asymptotically approaches a A-strip
at zero, i.e. limsup,_, . dist(y2(¢), [—A, A]) = 0.

The latter is the actual tracking result: consider yg = yret as reference
signal and the error e = yo = yrof — y1 between reference signal y.of and
solution y; of the controlled system. Recall that A > 0 is prespecified
and so may be arbitrarily small. Thus the norm of the error |le(t)]|
becomes, in view of limsup,_, . dist(e(t),[—A, A]) = 0, also arbitrarily
small as ¢ tends to infinity. Hence y1(t) is close to the reference signal
Yref(t) for sufficiently large ¢ > 0.

Furthermore, Theorem shows not only that all signals of the
closed-loop systems (4.1.6), (4.1.5), (4.1.2) and their derivatives are es-
sentially bounded but that they are uniformly essentially bounded in
terms of the linear system’s matrices, initial values and disturbance
signals. This feature is very important for the robustness analysis of
A-tracking in terms of the gap metric: alone the uniform boundedness
leads to the gain-function stability of the closed-loop systems, see Chap-
ter |8 and Section 6.4] which is essential for the robustness analysis.

Set, for n,m € N with n > m,

Dn,m
= My X(RMXR"™ xR)x W (Rsg — R™)x WL (Rsg — R™)

the set of all tuples of systems, initial values y{,n° of the linear system
and k° of the controller and input/output disturbances (uo, yo)-

Theorem 4.2.1 Let m,n € N with n > m and A\ > 0. Then there
exists a continuous map v: Dy, — Rxo such that, for all tuples d =
([2; ﬁj] ,B,C, (y?,no,ko)mo,yo) € Dy.m, the associated closed-loop
initial value problem (4.1.6)), (4.1.2), (4.1.5) satisfies

| (uz, y2,m, k) ||W1,oc(RZO_>JRm+n+1) <v(d) (4.2.1)

and
limsup [ly2(t)] < A. (4.2.2)
t—o0
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That A-tracking achieves the second control objective from Section[4.1]
for systems from the class M,, ,,, goes back to [IR94] and tracking with
input disturbances are considered in [I1c98]. However, to prove robust-
ness of the A-tracker in Chapter[8] the existence of a continuous function
v(-) satisfying (4.2.1) is crucial. Therefore, a new proof showing (4.2.1)
and (4.2.2) follows.

The proof is structured as follows: first existence and uniqueness of
solutions of the closed-loop initial value problem (4.1.6), (4.1.2)), (4.1.5)
is proved. Then estimates for the yo- and n-dynamics are given which
are used to show boundedness of k,ys,us and 1. With this follows
that the solution exists on whole R>g. Then it is easy to show essen-
tial boundedness of the derivatives of k,ys,us and 1. The last step

proves (4.2.2).

Proof of Theorem [4.2.1l Consider any element from the set Dy, 1,
ie letd= ([ﬁ; ﬁj] ,B,C, (y?,n07k0),u07y0) € D,,,m and set, for nota-
tional convenience,

h(-) Yo(-) — Aryo(-) = CBuo(-),
e() = ()

and define dy: R™ — Rxq, e — dy(e) := max{0, |le| — A}. The closed-
1.

loop initial value problem (4.1.6)), (4.1.2), Q4 1.5)) is then given by
¢=Are—Aan—kCBe+h, e(0)=e":=yy(0)—1y?,
= —Ase+A4n+A3 Yo, n(0) =n°, (4.2.3)
k= dae) llell, k(0) = K°.

The proof is divided into ten steps.
Step 1: Existence and uniqueness of a solution of (4.2.3) is shown.
The right hand side of (4.2.3) is continuous and locally Lipschitz, i.e.

fiRso x R™ x R"™™™ x R — R

Aje— Asn—kCBe+ h
(t7€7777k)'_’ 7A36+A477+A3y0 3
dx(e) llell

satisfies a local Lipschitz condition on the relatively open set R>q xR™ x




120 4 Adaptive A-tracking

R™ ™ x R in the sense that, for all (7,£,¢, k) € Ry X R™ x R"™™ x R,
there exists an open neighbourhood O of (7, &, ¢, k) and a constant L > 0
such that

Y (t,e,n, k) €O :
£t e,n k) = f(t,& ¢RIl < Llle = &l + lln =<l + Ik — &) -
Therefore, standard theory of ordinary differential equations, see, for

example, [Wal98, Thm. ITI.11.I11], yields that (4.2.3) has an absolutely

continuous solution
(e,n,k): [0,w) = R™ xR"™™ xR

for some w € (0, 00]. Moreover, the solution is unique and the solution
can be extended up to the boundary of R>¢ x R™ x R"™™ x R. In
other words: for every compact K C R>p x R™ x R*"™ x R exists
t € [0,w) such that (¢,e(t),n(t),k(t)) ¢ K. This means that either
w = oo or if w < oo then for every € > 0 there exists ¢t € (0,w) such
that |[(e(t), n(t), k(t)]| > 1/e.

Step 2: Next some constants are defined. These are used in the
following steps of the proof.

Since spec(A4) C C_ it follows that

IMy,p>0 V>0 : |lexp(Ast)| < My exp(—put). (4.2.4)
Set

o1 := minspec (CB + (CB)T) /2

My := My + M| As]| (”yO”LW(REO—»R"L) + A+ p)/p
Mz = My (1+ [[n°]]) /A + My (1+1/p)

My = || Al + [ A2l + 2l oo (Ro g —Rrm) /A

Ms = |k°) + 2 (My + MsMy +1) /oy

Mg == M5+ |K°| + || €°||*/2

'S

My = (da () + 2(Mp + |K]) [0 (Mo + [K0]) /2 + My + MsMy))® + A
Mg = My (1+ ||n°|| + M7 /) .
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Step 8: It is shown that the r-dynamics can be estimated as

Vel / da(e(r) [n(r)lldr < My [k(t) —%°] . (4.2.5)

Applying Variation of Constants to the second equation in (4.2.3) and
invoking gives, for all t € [0,w),

(@]
t
< Mye ||| +/0 My e D) A (le(r) + llyo(m]) dr

< Mye |
+ M| As| /Ot e M) (dx(e(1) + ol Lo (Rag—rm) + A) dT
< My e #|n°|| 4+ My || As]| /te_u(t_T)||yo||L°°(R>me) dr
My As] / R\ dr 4 My || As| / M=), (e(r)) dr

My || Az ||

< My |l + (HyOHLw(RZo—»Rm) + )

t
+ M, || As|| / e P, (e(r)) dr
0
t
< M, [1 + {17 —l—/ e_”(t_T)d,\(e(T))dT] . (4.2.6)
0
Let
t
Vie[0,00) Vo e LE (Rsg = R) : (Lx@)(t):= / e M= p(r)dr.
0

Invoking the well known inequality, see for example [Vid93, p. 298],

Vt>0 : ||L*o|r2on—r) < HG_M'HLl(RZo—ﬁR)”‘PHLz([OJ)—’R)

= i”@HL%[O,t)HR)
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and the fact that
VeeR™ : dy(e)> <dle)]el

yields, in view of (4.2.3), and the Cauchy—Schwarz inequality,
for all t € [0,w),

[ st ol ar
<ty [ et [14 1)+ (& = (@)1 ar
<0ty [1+ 1401 5 [ dstetr) ()] d
+ Ma [lldn(@)l3 0.0z + 1L * dr ()32 0.
<0y [P 5 el el o
+ My (1 + ;) /O d(e(r))?dr.
This proves (4.2.5).

Step 4: It is shown that the e-dynamics can be estimated as
Vitew) :

SA(Elt)? < 3aa(e)?

N =

— (k) = ) |5 (k(8) + &%) = My = My M) . (4.2.7)

By and Step 2 follows, omitting the argument ¢,

1
4 (Gie?)
=da(e) flel| 7t e é
=dx(e)|le| ‘e [Are — Aan —kCBe+h]
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< dx(e) [lell [| A1l + dx(e) [Inll | A2l + dx(e) [|B]| Lo @z —rm)
—kdx(e) [le]~*e” (3(CB+ (CB)") e
(ko1 — [[Axll)dx(e) [lell + [ Azll dx(e) [[nll + dx(e) [|h]| Lo oo —rm)
)|

< - e

< (ks — [ A)da(e) el + Al d(e) I
T NG P—

< (ks — My)aa(e) el + Ma s ) Il

and hence, by integration and invoking , one arrives at

Ve 0w) : %dx(e(t))Q < dy(e")?

1
2
_ /O (k(r) 01 — Ma)i(r) dr + MsM; [k(t) — k]

which yields (4.2.7).
Step 5: Boundedness of k is shown:

Vitelo,w) @ k(t) < Ms (4.2.8)
Suppose there exists 7' € [0,w) such that k(T) = M;, otherwise

inequality (4.2.8) is obvious. Then, by monotonicity of k, it follows
from (4.2.7) that, for all t € [T,w),

0< Jdr(el)?
< %d,\(eO)Q — % (k(t) — k%) -k:(t) + k0 — J%(M4 + M3M4)]
< %d,\(e°)2 - % (k(t) — k°) M 10— U%(M4 + M3M4)}
(e = % o) — ) [0 40+ 2]
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and thus

Vte [T,w) : k(t) — K < =dx(e?)? < =||e°|?

1
2
and

Vtel[0,T) : k() —k° < Ms—k°,

whence (4.2.8).

Step 6: Boundedness of e is shown:
Vte0,w) : |le®)| < M. (4.2.9)
An application of (4.2.8) to (4.2.7) gives, for all t € [0,w),

e < da(e(t)) +A

< (a2 =2 (k1) — k) [ 2 (ko) + 1) — My — 2501,] ) + 2
< (d)\ ? +2(Mg + [K°]) [% (M6+|k°|)+M4+M3M4D%+A-

Note that the argument of the root in the second line is nonnegative,
see Step 5. Now follows from Step 2.
Step 7: Boundedness of 7 in the form

t
Vit e 0,w) : |Int)] < M [1 + [I9°) _|_/ e—u(t—T)M7dT} < Mg
0

(4.2.10)
follows from applying to .
Step 8: It is shown that w = co.

Seeking a contradiction suppose that w < co. Then, in view of in-

equalities —(4.2.10),

Ko (t,e,n, k) te0,uw],
T c RZO X R™ x R"™™™ x R ||6,7’],k'|| < M62 +M72 +M82

is a compact subset of R>¢ x R™ x R"~™ x R with (¢, e(t),n(t), k(t)) €
K for all ¢ € [0,w), which contradicts the fact that the closure of

graph ((e, 7, k)\[o w)> is not a compact set, see Step 1. Therefore, w = 0o
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as required.

Step 9: Inequality (4.2.1) is shown.

Recall that yo = e. It follows from Step 5-8 that (ug,y2,n,k) is
uniformly bounded in terms of d = ([ﬁ; ‘zi] ,B,C, (y{,n°, ko),uo,yo).
Moreover, applying Step 5-8 again and invoking (4.2.3) yields uniform
boundedness of (i, 2,7, k) in terms of d. Now the existence of a contin-
uous function v: Dy, ,, — R such that (4.2.1) holds is straightforward
by invoking the constants from Step 2.

Step 10: Finally, (4.2.2) is shown.

Since, in view of (4.2.1), k € L>®(R>¢ — R) it follows from the equal-
ity [ldx(y2) 1y2llll L1 (jo,0)—r) = k() — k° that dx(y2) ly2]l € L' (R0 —
R).
Since yo € WH*°(Rso — R™) there exists a constant M > 0 such
that esssup,~ |(92);(t)] < M, for all i € {1,...,m}, which gives

Vs>0Vie{l....,m}Vtel0,s) Ir; € (ts) :
(2), (1) = W2)als) = (), (1)

s—t

<M

and so
Vie{l....om}Vtel0,s) : [(y2),(5) = (y2);,(t)| < M(s—1).

In view of setting 6 = 17, one arrives at

Vie{l....,m}Ve>035>0Vt,scRsowith [t —s| < :
(y2);(t) = (y2);(s)| <&,

i.e. yo is uniformly continuous. Boundedness and uniform continuity of
y2 and the continuity of the map e — dj(e) ||e|| gives uniform continuity
of t — dx(y2(t)) |ly2(t)]|. So Barbilat’s Lemma, see [Bar59], gives

dim dx(y2(1)) [ly2(8)]| = 0,

— 00
which yields (4.2.2) and completes the proof. O

The statement of Theorem [4.2.1 includes the classical A-tracking re-
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sult. Moreover, uniform boundedness of the system’s signals and their
derivatives is shown. This is essential for the robustness analysis in
terms of the gap metric, see Chapter

Although an important result, A-tracking has two significant short-
comings: (i) the tracking error A > 0 will only be achieved asymp-
totically, i.e. the distance between reference signal and output is only
asymptotically small, and (ii), though bounded, the system’s dynamic
k is increasing. The latter is easy to see since k = dx(y2)|ly2| is al-
ways nonnegative. The A-tracker cannot overcome this shortcomings.
Therefore, funnel control is introduced in the following chapter.

The funnel controller overcomes both shortcomings: (i) one can pre-
scribe almost arbitrary positive, bounded, locally Lipschitz continuous
functions which constrain the error between reference signal and the
system’s output, for example functions which approach a prespecified
bound A > 0 in prespecified time 7" > 0, and (ii) the funnel controller
has no additional dynamic k:(t) which has to be positive for all £ > 0, but
applies a map k in us = —k yo which will be become large if necessary
and may decrease afterwards.

4.3 Notes and references

A-tracking has been introduced by [IR94] and has been generalized to
nonlinear and infinite dimensional systems [IRS02a]. The results of
the present chapter are from [IMOS8], where the attention lies on the
robustness analysis of A-tracking. Therefore, the main result of the
present chapter is designed to provide all requirements to show robust
stability of A-tracking in Chapter[8. In particular it is shown that the
system’s signals are uniformly bounded in terms of the system’s data.
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In the present chapter funnel control is introduced. Loosely speaking,
funnel control exploits the high-gain property of a system from class
M, m by designing a proportional feedback u(t) = —k(t)e(t) in such
a way that k(t) becomes large if ||e(t)|| approaches a prespecified per-
formance funnel boundary 1 from a large class of boundary functions,
thereby precluding contact with the funnel boundary.

As for A-tracking in the previous chapter m-input, m-output (MIMO),
finite-dimensional, linear systems satisfying the classical assumptions of
adaptive control, i.e. having (i) stable zero dynamics (i.e. being mini-
mum phase), (ii) (strict) relative degree one and (iii) “positive” high-
frequency gain are considered. The well known funnel controller ‘u =
—ke, k = 1/(¢b — |le||)’ achieves tracking of a tracking error e within
a prescribed performance funnel with boundaries 1) and — where
is from a large class of positive, bounded, locally Lipschitz continuous
functions, see also Figure[5.2. Moreover, if applied to the class of sys-
tems which satisfy properties (i)—(iii), the funnel controller also leads
to that all signals and states of the closed-loop system are essentially
bounded.

Funnel control has been introduced by [IRS02b] not only for linear sys-
tems but a rather general system class including nonlinear systems, non-
linear delay systems, systems with hysteresis and infinite-dimensional
regular linear systems. In [IRTO06] also linear systems with higher rel-
ative degree are considered: to apply the funnel controller to linear
systems with (strict) relative degree r > 2 the authors have to apply an
additional filter.

In Section[5.2 a well known but slightly modified funnel control result
is presented: additionally it is shown that all states and signals of a fun-
nel controlled system are uniformly bounded in terms of the matrices of
the linear system, the initial values, input/output disturbances and the
funnel boundary function. This is required for the robustness analysis

127
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of funnel control in Chapter[9 by invoking the conceptual framework of
nonlinear gap metric.

5.1 Preliminaries for funnel control

As in the previous chapter on A-tracking, consider linear n-dimensional,
m-input, m-output (MIMO) systems of the form

5.1.1
n(t) = Calt), (5:.1.1)
where A € R™*", B,CT € R™™ and z° € R™. As depicted in Fig-

urel5.1]consider additive input/output disturbances ug, yo, respectively,
which in view of the interconnection equations

z(t) = Ax(t) + Buy(t), 2(0) = 2V, }

ug = u1 + ug, Yo =1Y1+ Y2, (5.1.2)

lead to a closed-loop system of linear system and funnel controller, where
the funnel controller is specified in due course.

+ u Y1
Uy — (A,B,C)

Funnel controller |<T_O_|<_— Yo
2

U2

Figure 5.1: The closed-loop system (A, B, C) with funnel controller.

As for A-tracking consider, for n,m € N with n > m, linear systems
from the class of systems

Mnm

s

CB+(CB)T >0,
(4,B,0) +(OB)

€ RPX7 5 RPXM 5 RMXN Vs e E.ﬁ. - det [SInC A §:| # o’

i.e. the class of all linear minimum phase systems with relative degree
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one and positive definite high-frequency gain matrix CB.

As highlighted in the conclusion of Chapter 4] one shortcoming of the
AM-tracker (4.1.5) is the increasing k. It would be more efficient having
a control strategy which uses k that is large if necessary and small
else. Therefore the control objectives, defined below, will be captured
in terms of the performance funnel

Fo ={(t,y) €Rzo xR™ | p(t)[ly|l < 1},
determined by a function ¢(-) belonging to

0(0) =0, Vt>0: ¢(t) >0,
d:=<(pc€ Wl’oo(]Rzo —Rxg) | Ve>0: I OO)(~)*1 is globally
Lipschitz, liminf;_ . ¢(t) > 0

Note that the funnel boundary is given by (t) =1, t > 0; see Figure[5.2.
The concept of performance funnel had been introduced by [IRS02b].
There it is not assumed that o(-) has the Lipschitz condition as given
in ®; this mild assumption is incorporated for technical reasons. The
assumption ¢(0) = 0 allows to start with arbitrarily large initial condi-
tions zg and output disturbances yo. If for special applications the
initial value and yo are known, then ©(0) = 0 may be relaxed by
©(0)|lyo(0) — Cz|| < 1, see also the examples in Subsection[9.2.1
The funnel controller, for prespecified ¢(-) € ®, is given by

_ e
T 0lmal P (5.1.3)

uz(t) = —k(t)ya(t),

and will be applied to linear systems (5.1.1) or (5.1.4).

If the funnel controller (5.1.3), for prespecified ¢ € ® determining
the funnel boundary, is applied to any system (5.1.1), belonging to the
class //\/lvnvm, in the presence of input/output disturbances (ug,yo) €
L>®(R>¢g — R™) x Wh®(Rsg — R™) satisfying the interconnection
equations (5.1.2), then the closed-loop system (5.1.1), (5.1.2), (5.1.3),
as depicted in Figure [5.3] is supposed to meet the following control
objectives:

k(1)
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7llya(t)ll = llgo(t) =y (D)l

Figure 5.2: Funnel 7, with ¢ € ® and inf;~¢ p(t)™" = A

e all signals of the closed-loop system are essentially bounded;
o Vi >0:(ty2(t)) € Fp ={(t,y) € Rzo x R™ [@(t)[ly]| <1}

A proof for these will be given in Section 5.2l Note that, for ¢ = 0, in
view of the set ® the value y2(0) may be arbitrarily large which implies
that one may choose every initial value y{ € R™ and every bounded
output disturbance o such that y2(0) = yo(0) — 39 € R™.

The reciprocal funnel boundary ¢ € ® may be chosen arbitrarily. So
one can set ¢ such that lim;_,, ¢~ 1(t) = A, for arbitrarily small XA > 0.
Then, as in the case of A-tracking, one would also arrive at

lim sup dist(y2(¢), [-\, A]) = 0.

t—o0

Furthermore, one can choose ¢ such that ¢=1(¢) = A for all ¢ larger
then some specified time 7' > 0. Then

Vit>T . dist(y2(t),[-A,A]) =0,

which is much better than the usual tracking result.

Note that the funnel controller (5.1.3) is not an adaptive control
strategy. There is no new dynamic k in the closed-loop system as for
A-tracking (4.1.5). The new variable k just measures the distance be-
tween 3o = 7o — y1 and the funnel boundary ¢~!. If this becomes large
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then “some stabilizing effect” on the system will be executed, if k is
small then yo is well in the funnel and has some distance to the funnel
boundary.

As in the previous chapter and due to more convenient applicabil-
ity the main result of the present chapter is restricted to systems in
Byrnes-Isidori normal form, see Corollary 2.2.5 for the normal form for
linear systems with strict relative degree, instead of systems (4, B, C) €
A?n’m. Recall the system class

Mopm

A1 AQ Bl
A = B =
.0 ] 2= 1o

€ R X RWX™ x R™¥M| O = [I,, 0], By, A € R™<™,
spec(A4) CC_, By +Bf >0

from Sectionl4.1, i.e. the class of all linear minimum phase systems with
relative degree one and positive definite high-frequency gain matrix CB
which are already in Byrnes—Isidori normal form
i1 = A1y + Aon+ CBuy, y1(0) =4 € R™, Yy — 0
: ) =T (5.1.4)
n = Asy1 + Aan, n(0) =n" € R*™™, \1n

where
N C
~ @YWL, - B(eB)-'q)|
for V € R™*(=m) with kY = n — m and im ¥ = ker C and

A1 A2 77 ——1
4] g,

B, CB] —
= =UB,
[%m)xm] [ 0 ]

[Im Omx(n—m)] = CU71

In the following section properties of the closed-loop system generated
by the application of the funnel controller (5.1.3) to systems (5.1.1) of
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class M,, ,,, in the presence of disturbances (ug, yo) € L®(R>9 — R™) x
Whee(Rso — R™) satisfying the interconnection equations (5.1.2) are
studied. The closed-loop system (5.1.4), (5.1.2), (5.1.3) is depicted in
Figure

4+ u1 [t = Aiyn + Aon+ CBur, y11(0) =99, | v
Uy —0O—— N
XS | 0= Asy + Aan, n(0) — n°
_ e _
k= =t g
U2 ug = —kyo Y2 T+

Figure 5.3: The funnel control closed-loop system.

5.2 Funnel control result

In this section it is explicitly shown that the funnel controller (5.1.3) ap-
plied to any linear system (A, B, C) of class M,, ,,, achieves in presence
of L®(R>g — R™) x WH®°(Rsq — R™) input/output disturbances
ug, Yo, respectively, the control objectives of funnel control: ys is forced
to proceed within a funnel F, with ¢ € ® and all signals and states of
the closed-loop (5.1.4)), (5.1.2)), (5.1.3), as depicted in Figurel5.3, remain
essentially bounded. Moreover, it is shown that the derivatives of the
output signals y1,y» and the state (%) are essentially bounded, too.

Furthermore, it is proved that all signals and states of the closed-
loop system are uniformly essentially bounded in terms of the system
matrices A, B,C, the initial values 39,7°, the function ¢ and the in-
put/output disturbances ug, yo, respectively. This is required for the
robustness analysis of funnel control, see Chapter (9.

Set, for n,m € N with n > m,

Dn,m,
= My X (R™XR"™ ™) x®x L (Rsg — R™)x WH®(Rsg — R™),
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the set of all tuples of systems, initial values y?,1° of the linear system,
reciprocal funnel boundary function ¢ and input/output disturbances

(10, Yo0)-

Theorem 5.2.1 Let n,m € N with n > m and ¢ € ®. Then there
exists a continuous map v: D, — R>q such that, for all tuples d =
([‘2; ‘gi ] , B, C, (y9,1°), ¢, uo, yo) € Dy.m, the associated closed-loop ini-

tial value problem (5.1.4)), (5.1.2), (5.1.3) satisfies

||(k7u27y2777)||LOC(RZO_,R1+’"L)XWl,oo(RZO_ARWL#»nwa) <wv(d), (5.2.1)

and

Vt>0 :
(t,y2(t) € Fp = {(t,y) € Roo x R™ [p(@)[lyll < 1}. (5.2.2)

That funnel control works for the class of systems M,, ,,, goes back
to [IRS02b] where also input disturbances are considered. However,
to prove robustness of funnel control in terms of the gap metric, see
Chapter[9, the existence of a continuous function v(-) satisfying
is crucial. Therefore, a new proof showing is presented. This
proof uses some ideas from [HIR09]. In this paper the authors consider
funnel control with input saturation and give a proof which is much
more elementary than the proofs one can find in [IRS02b, IRT05, IR06,
IRT06, IRT07, RSTO08].

Proof of Theorem [5.2.1l Consider any element from the set Dy, ,,,
ie let d = ([‘2; ﬁj] ,B,C, (y?,no),go,umyo) € Dy . The closed-loop
initial value problem (5.1.4), (5.1.2), (5.1.3) is then given by

Yo = Ar1ys — Ao —kCBys + 9o — A1yo — CBugy, y2(0) =99,

N=—Asys+ Aan+ Asyo, n(0) =n°,
'
k=—2
L —olly|l
Uz = _ky27
(5.2.3)

where y3 := y0(0) — y{. The proof is divided into 5 steps.
Step 1: Existence and uniqueness of a solution of (5.2.3) is shown.
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In view of the definition of F,, see (5.2.2), it is easy to see that
Vyo € WHP(Rsg — R™) Vol € R™ : (0,42(0)) = (0,40(0)—yY) € F,.

In view of the equations in the closed-loop initial value prob-
lem (5.1.4), (5.1.2), (5.1.3) may be written as

0 0

i <y772> =fty2,n), | 9200) | = | 9o(0) =y | € Fp x R*™™,
1(0) n°

(5.2.4)

where, in view of (p|[s,oo)(')_1 being globally Lipschitz for every € > 0

and ¢(0) =0,
f:FoxR"™™ - R™,
(tay27n)

[ Ay — Aan — CB%Z& +90(t) — A1yo(t) — CBuo(t) 7
—Azya + Agn + Aszyo(t)

satisfies a local Lipschitz condition on the relatively open set F, x R*~™
in the sense that, for all (7,£,{) € F, x R"™ ™, there exists an open
neighbourhood O of (7,&, () and a constant L > 0 such that

V(ty,m) €O = [[f(tym) = FE QN < Lllly — &Il + lln =< -

Therefore, standard theory of ordinary differential equations, see, for
example, [Wal98, Thm. ITI.11.II1], yields that (5.2.3) has an absolutely
continuous solution (ya,7n): [0,w) — R™ x R™™™ for some w € (0, o],
which satisfies (¢, y2(t),n(t)) € F, x R*~™ for all t € [0,w). Moreover,
the solution is unique and can be extended up to the boundary of F, x
R™™ ™ In other words: the closure of graph ((yg,n)|[07w)) is not a
compact subset of F, x R"™™ i.e. for every compact K C F, x R*™™
exists t € [0,w) such that (¢,y2(¢),n(t)) ¢ K. This means that either
w = oo or if w < oo then for every ¢ > 0 there exists ¢t € (0,w) such
that 1 —o(t)[ly2()]| < e or [In(t)]| > 1/e.

Step 2: Some technicalities, crucial for the following steps, are pre-
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sented.

From the existence of a solution and the properties of ¢ it follows
that

g2 < lly2(0) +1  and

L=(@)|ly2(D)] = max{1/2, ()},

(5.2.5)
By definition of ® there exists a global Lipschitz constant Ls > 0 of
the reciprocal <,0|[5’Oo)(~)_1 and X := inf {o(t)"" |t >0}. Moreover,
(t,y2(t)) € F, for all t € [0,w) yields

3§ =46(d) >0Vtel0,d] : {

Vte0,w) :
o2 (@)l < max { e o) () e 0 (0) = 62l +1} . (5.26)

By the minimum phase property of (5.1.4), i.e. spec A4 C C_,
Ja,B>0Vt>0 : |letit] < Be . (5.2.7)
In view of positive definiteness of C'B, define yop > 0 by

Yo € R™\ {0} : (v,CBv)>~eg|v|>.

Step 3: It is shown:
Ve w) et — )] = <, (5.2.8)

where § > 0 is defined by (5.2.5) and, for yocp, A, Ls, « and § defined in
Step 2,

. 1 A A
e = mm{ 322 o (hah + Ll a2

2

(ol + 1] ()12 )

-1
+Azllﬁln°||+|yo||mo+|ICB|||uo|Loc] } (5.2.9)
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Seeking a contradiction, suppose that
3ty € [0,w) 1 p(t) ™t = |lya(t1)] <. (5.2.10)

Since ¢t — ©(t)|ly2(¢)|| is continuous on [0,w) and in view of it
follows that

Jtg >0 : to=max{t €[0,t1) ] ¢(t) — ||y2(t)|] =€} .

Thus, by definition of @,

) ()" = [lya(t)| < e and
veelon] s { Iyl = o) = = A= A/2 (5:2.11)
and hence
R 71001 ) Y
Vit e [to,tl} : go(t)fl — Hyg(t)H > 9 g . (5212)

By Variation of Constants the second line of (5.2.3) yields

t
Vt>0 : o) =etin 4 / e Ay (yo(s) — ya(s)) ds, (5.2.13)
0

thus the first line of (5.2.3) writes
fora.a. t>0 :
92(t) = —A1(yo(t) — y2(t))

¢
+ Ao / eAa(t=s) Ao (yo(s) — y2(s)) ds — AgeA“tnO
0

+90(t) — CBuo(t) + CB (1_@(;(22@”3}2@)) :

Hence, by (5.2.6), (5.2.7), (5.2.12) and (5.2.9), conclude, for almost all




5.2 Funnel control result 137

te [to, tl],
(y2(1), 92(1))

B
< oo | (120 + 142 14l 2) (Il + gy ]
+ 14291°) + il + IO ol
: (y2(t), CBya(1))
B -1
< o O | (141 + 142114515 ) [hgollze + [0]50y )
Jr

1A2181n°1 + llgoll = + |CB| u0|L°C]

@(t)VCB ly2(0)|
20 (@)1~ 2o 21

< lsa() ||[(||A1||+||A2||A3|| ) Dol + eyl
Jr

1A2181m°1 + llgoll = + |CB| u0|L°C]

YoBA _
= )]l

< —Ls[ly2(1)] - (5.2.14)

Thus

ty

g2 () = lly2(to) =/t m<y2(7),y2(7)>d7

< —Ls(ty —to) < —|p(t1) ™t — p(to)
<o(t) " —eto)!,

whence the contradiction

= @(to) ™ = n(to)| < @(t) ™" = llya(ta)] <.
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This proves (5.2.8).

Step 4: It is shown that w = oc.
Let o := min {1,inf,c[5.) ¢(t)} > 0. By (5.2.8) follows that
Vie[§w) : 1—p(t)ly20t)]] = ep(t) > eo,
where £ > 0 is defined by (5.2.9) and so, in view of (5.2.5]),

Vte[0,w) @ 1—o()lly2(t)]| = €0

Seeking a contradiction, suppose w < oco. By (5.2.6) and (5.2.13)
follows that n € L*>®([0,w) — R™ ™) with Hn‘[o u))HL:,C < ¢ for some
¢ > 0. Then

K= {(t,y,z) € F, xR"™ ‘ te0,w], 1—w®)|y|l =eo, |z < c}

is a compact subset of F, x R"™™ with (¢,y2(¢),n(t)) € K for all t €

[0,w), which contradicts the fact that the closure of graph ((yg7 n)|[0 )

is not a compact set, see Step 1. Therefore, w = co.
Step 5: Inequality (5.2.1) is shown.

Step 4 yields w = oo. Then Step 3 and guarantee that
(t,y2(t)) € F, for all t > 0. Moreover, for some 6 = §(d) > 0 de-
fined by (5.2.5), |ly2(t)]] < ¢~ (t) — e for all t > 6, and, in view
of (5.2.5), is [ly2(t)| < lly2(0)ll +1 < [lyo(0)]| + [ly?]l + 1 for all t €
[0,0]. Thus y» € L*®(R>o — R™) is uniformly bounded in terms of

d. Td ([ﬁ; ﬁj] ,B,C, (y9,1°), ¢,u0,90). Moreover, (5.2.8) and (5.2.5)
yie

V>0 @ 1—o)|lya(t)]l > ep(t)
and so

o(t) -1
VE>0 : k(t) = — L <¢
L=o@)y2()]l
which gives k € L>(R>o — R) and, in view of (5.2.5), ||k||L~ < I, thus

k is uniformly bounded in terms of d. Hence, us = —kys € L (R>o —
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R™) is also uniformly bounded in terms of d. By (5.2.13) follows

Vt>0 :

(@I =

t
eAaty0 +/ M=) A5 (yo(s) — y2(5)) ds
0

t
< gl + [ BlAalle (Il ~ valo) ds
0
—Q /[3 -
< B1P e + 2145 (ol — elle) (17

hence n € L™ (R>9 — R® ™) and moreover, 7 is uniformly bounded
in terms of the system matrices and the L°°-norms of 4y and s which
yields that 7 is uniformly bounded in terms of d € D,, .

Finally, in view of (5.2.3), it follows that the derivatives of y, and
7 are also uniformly bounded in terms of d which yields that (ya,7) €
Whee (Rsg — R™ x R"™™). Moreover, this proves the existence of a
continuous function v: D, ,,, — R> such that holds true.

Step 6: Finally, (5.2.2) is shown.

By Step 5 one has k € L>(R>o — R). Thus, and since y is continu-
ous, it follows that, for all ¢ > 0, 1—p(t)||ly2(t)|| > 0, which shows (5.2.2
and completes the proof. O

Funnel control is actually not a new result. However, a proof for
Theorem[5.2.1 becomes a lot easier with the ideas from [HIR09]; here the
authors consider funnel control with input saturation. Most proofs for
funnel control in the literature, see [IRS02b, IRT05,/IR06, IRT06, IRT07,
RSTO08] are much more technical and cannot give uniform boundedness
of the system’s signals in terms of the system’s data, initial values,
funnel boundary function and disturbance signals.

Note that the second statement of Theorem[5.2.1, i.e. (5.2.2), can be
formulated even more restrictive:

Ve 0 (tya(t) € {(ty) € Rao x R™ [o(0)]ly] <1 - ¢},

where € > 0 is defined in terms of d € D,, ,,, by (5.2.9). Loosely speaking:
one can show that there exists a constant € = £(d) > 0 (only depending
on the closed-loop system’s data) such that the distance between funnel
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boundary ¢(t)~! and norm of the error/output y»(t) is larger than e,
for all ¢ > 0, and infinity for ¢ = 0.

Statement (5.2.1) is very important for the robustness analysis of
funnel control in the terminology of the gap metric, see Chapter[9. The
requirements for the robustness analysis not only of funnel control, but
also A-tracking and high-gain output derivative feedback follow in the
next chapter, where the concept of the gap metric is introduced and all
important details are presented.

5.3 Notes and references

The results of the present section are from [IM09] and the “new” proof
for funnel control relies on an idea from [HIR09], where the authors
show funnel control of MIMO-systems with input saturation. Classical
proofs for funnel control can be found in [IRS02b, IRT05, IR06, IRT06,
IRT07, RSTO08]. However, the results from these works do not provide a
proof which may lead to uniform boundedness of the systems signals in
terms of the system’s data which is required for the robustness analysis
in Chapter (9.




6 The concept of the gap
metric

In the previous chapters several control strategies have been introduced:
high-gain derivative feedback, A-tracking and funnel control. These
strategies work for more or less different classes of systems. The main
idea is feeding back the output signal, and maybe derivatives of the
output, in an appropriate way via the input of the system. The so
resulting closed-loop systems are “stable” in different senses. An im-
portant question might be: ‘What can be said about the robustness
of a “stable” closed-loop system?’ That means does it remain stable
under sufficiently small disturbances of, for example, the system’s data.
Therefore, another question arises: ‘How can anything be said about
the robustness of a closed-loop system?’

Consider the classical feedback configuration shown in Figure (6.1,
where the plant P denotes a system which is controlled by the controller
C.

+ U Y1
Uo O P
C reh Yo
Uz = Y2 V+

Figure 6.1: The closed-loop system [P, C]

One can find answers to questions concerning robustness of a closed-
loop system [P, C] by, loosely speaking, measuring distances between
systems. To be more precise: given a “stable” closed-loop system [P, C|
with known P and C, one can consider a new plant P; and measure the
distance between P and P in some sense. If this distance is sufficiently

141
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small then one can guarantee that the new closed-loop system [Py, C|
is again “stable”. The big advantage of this approach is that almost
no knowledge of the closed-loop system [Py, C] is required. This means
in particular that it is not necessary to study how controller C' effects
P;. Moreover, this makes it possible to consider systems P; which do
not satisfy the classical assumptions required for an application of the
control strategy C. This idea is applied to A-tracking and funnel control
and some robustness results for these control strategies are presented,
see Chapter[8 and Chapter [9l

Note that the closed-loop system [P, C] in Figure |6.1] is symmetric.
Therefore, it is possible to switch the roles of P and C: instead of con-
sidering different plants P and P; one may consider different controllers
C and (. So, the idea of measuring distances can also applied to dif-
ferent control strategies which is done for high-gain derivative feedback
control, see Chapter[7.

One possibility of measuring the distance between two systems is the
so-called gap metric, firstly introduced by [ZES80]. Further important
papers on gap metric are the works by T. Georgiou and M. Smith [GS90,
GS93, GS97]. Other robustness concepts which are related to the gap
metric are, for example, w-stability introduced by T. Georgiou and
M. Smith in [GS89], or the v-gap distance introduced by G. Vinnecombe,
see, for example [Vin93| Vin99, Vin01]. Some more thoughts on these
are added in the conclusion of the present chapter.

The terminology and results of the present chapter are based on the
gap metric basics from [GS97, Sec. II], [Fre08, Sec. 2], [FIR06, Sec. 2]
and [FIMO09, Sec. 2]. Moreover, the terminology in the present chapter is
generalized for signal spaces of continuous functions. Therefore, results
on robust stability from [GS97, Sec. III] and [Fre08, Sec. 5] which are
required for the robustness analysis for A-tracking and funnel control
are revisited.

6.1 Generalized signal spaces
In this section the so-called extended space V. and the ambient space

V, of a signal space V are introduced. Loosely speaking, these spaces
are required for the terminology of the gap metric to deal with sys-
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tems which produce unbounded outputs in some sense. For example,
consider the system y; = y; + uy with initial value y;(0) = 0, which
can be regarded as a plant P which maps a signal vy to y; = Pu; =
(t — fot e Sug(s) ds). Then, for yp = (t — 1) € V = L°R>0 — R),
y1 = (t— €' —1) which is not in L*(R>¢ — R). However, the ex-
tended space of V = L®(R>¢p — R™) is Ve = L2 (R>0 — R™) and so
y1 = (t+— e’ — 1) € V.. Here one can see that it becomes necessary to
consider generalized signal spaces. Note that, for V = L>®°(R>¢ — R),
one would find that the ambient space V, = Up<cw<ooLis.([0,w) — R™)
which becomes important for plants P that produce even outputs with
finite escape time.

To be more precise, 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 S := S5. For 0 < 7 < w < oo define a
truncation operator T, as follows:

T.:S,— S v»—>TU'—<t»—>{U(t)’ tE[O,r))
T w b T T 0 .

Then, as in [Fre08, FIR06,/GS97], one may associate with V C S spaces
as follows:

Vgld = {v eS | Vr>0:Twe V}, the “old” extended space;
ijld:{veSwWTE(O,w) : TTUEV}, 0<w<oo;
Vold _ U

we(0,00] V., the “old” ambient space.

However note that these definitions are not applicable for subspaces of
continuous functions as considered in the present thesis. This is due to
the fact that for continuous v € W™P(R>o — R) (see the list of symbols
for a definition of this Sobolev space), with » € N and p € [1, o0], the
truncation Trv, 7 > 0, does not necessarily belong to W™P(R>o — R).

Therefore, define, in addition to the truncation operator, for 0 < 7 <
w < 00, the restriction of maps as follows:

(~)}[o,r) Sy — S, v v|[077) = (o), te[0,7)).
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Consider next a vector space V C S of maps defined on [0, c0) with norm

II-llv: YV — Rsg. One may introduce the norm || - ||V|[0 : : {v|[0 9 |ve
5T ’
V} — Rs(o where ||11|[0 T)HV‘[O : denotes the norm on the restriction
: -
[0,7) C R>p, and write, for ease of notation, ||Tv|ly = ||v| Iy
S 07" j0,r)
for v e V.

Now associate with ¥V C S spaces as follows:

V0|0,7) = {v €S,

Jw €V with | T, w|y < oo v:w‘[OT)},
for 7> 0;

{v € S‘V T>0: v‘[o ” € V[O,T)}7 the extended space ;

Ve =
Vw:{veSw V71euw): v’[OT)GV[O,T)}, for 0 < w < oo
Vo =

Uwe(0,00) Voo s the ambient space .

In case of V = W"P(R>¢ — R) this means in view of the W"™P-norm:

ITrwllwre = Y I1Trw? | o
i=0

For LP spaces these definitions coincide with the above “old” defini-
tions of ambient and extended spaces V219 and V!4, respectively.

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

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

The set V C S is a said to be a signal space if, and only if, it is a) a
normed vector space and b) sup, s ||7-v|ly < co implies v € V.

Following an example: in some later applications, V may be the
space LP(R>g — R™) for p € [1,00], which obviously satisfies the
aforementioned assumptions a) and b): LP is a normed space and if
sup, > |T-v|lLr < oo then v € LP(R>o — R™). Note that this also
holds for any Sobolev space W"P(Rso — R™), r € N, p € [1, 0], which
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are also used in later applications.

If V = LP(R>9 — R™) then it follows that V., = L{, (R>¢ — R™),
Vo =L ([0,w) = R™) for w € (0, 00|, and V, = Upcw<oo L], .([0,w) —
R™). It is important to note that V,, 2 L?([0,w) — R™).

For a normed signal space U and the Euclidean space R, [ € N, also
subsets of V = R! x U will be considered, which, on identifying each
6 € R! with the constant signal t — 6, can be thought of as a normed
signal space with norm given by [|(6,z)||yv = \/|0]> + ||z||%.

The results in Chapters[7H9 handle different types of signal spaces are
considered. These are not specified here but in the respective chapter.

6.2 Well posedness

The notion of well posedness goes back to a definition by J. Hadamard,
see [Par94|, for models of physical phenomena which should satisfy the
assumptions that there exists a unique solution which depends continu-
ously on the systems data, in some reasonable topology. In the present
section this idea will be applied to closed-loop systems [P, C], as depicted
in Figure and softened in some sense: existence and uniqueness of
solutions is still required, but one may consider local, global or regular
well posedness, see below.

For this some more terminology is presented. A mapping Q: U, — Y,
is said to be causal if, and only if,

Va,y €U, V1 € dom(z,y) Ndom(Qz, Qy) :
|:x|[0,7') = y|[0,7’) = (Qx)ho,r) = (Qy)‘[o,‘r) i| :

This means that, loosely speaking, the “present” may only depend on
the “past”. For better comprehension note that there exist operators
which do not satisfy this causality assumption. For example, let U =
L>*(R>¢ — R) and consider the translation operator T": z(-) — z(-+1).

Then, for x = (t+— 1), y = (t — {(1) tet[f’ll] ) and 7 = 1, it follows that

x|[0,7‘) = g_/|[0,7') but (Tx)|[0,7') = 0|[0,T) 75 1|[0,T) = (T‘y)|[0,7')7 see, for
example, [Kur05].
Consider P: U, — Y4, u1 — y1, and C: YV, — U,, y2 +— ug being
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causal mappings representing the plant and the controller, respectively,
and satisfying the closed-loop equations:

[P,C] : y1 =Pui, ug=Cys, ug=wu1+us, Y=y +y2, (62.1)

corresponding to the closed-loop shown in Figure
For wg = (ug,yo) € W :=Ux Y apair (w1, ws) = ((u1,y1), (u2,y2)) €
Wea X Wy, Wy := Uy X Yy, is a solution if, and only if, (6.2.1) holds on
dom(wq,ws). The (possibly empty) set of solutions is denoted by
KXo = {(w1,w3) € Wy x W, | (w1, w2) solves (6.2.1)}
The closed-loop system [P, C], given by (6.2.1), is said to have:
o the existence property if, and only if, X, # 0;

e the uniqueness property if, and only if,

YwgeW : [(wl,wg), (’lZ)l,’lI)Q) € Xwo —
(’LZIl, ub) = (’UNJ1, U~)2) on dOHl(?f)l, 1112) N dom (12)1, 7112):| .
Assume that [P, C] has the existence and uniqueness property. For each
wo € W, define w,,, € (0,00], by the property
[0, Wy ) = Uty jin) e x,,, dom(ty, W2)

and define (wy,w3) € Wy X W,, with dom(wy,ws) = [0,wy,), by the
property (wi,wz)|j0,s) € Xuw, for all ¢ € [0,wy,). This construction
induces the closed-loop operator

Hpc: W — W X Wa, wo — (wi,ws) .
For 2 C W the closed-loop system [P, C], given by (6.2.1), is said to be:

e locally well posed on  if, and only if, it has the existence and
uniqueness properties and the operator H P,C‘QZ Q — W, x W,,

wo — (wy,ws), is causal;
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e locally well posed if, and only if, it has the existence and uniqueness
properties and the operator Hp c: W — Wy xW,, wo +— (w1, ws),
is causal;

e globally well posed on §2 if, and only if, it is locally well posed on
) and Hpjc(Q) C We X We;

e globally well posed if, and only if, it is locally well posed and
HP,C’(W) CWe X We;

o Wh-stable if, and only if, it is locally well posed and Hp (W) C
W xW:;

e regularly well posed if, and only if, it is locally well posed and

Ywyg €W

HOO&ST—H.JU,O}.

(6.2.2)

Wy < 00 = ||(HP,Cw0)|[0,7—)||WT><WT

Note that it is differentiated between well posedness of [P,C] on a
subset 2 of W and sheer well posedness of [P, C]. This is required due
to technical reasons when applying the terminology to the robustness
analysis in the following chapters.

If [P,C] is globally well posed, then for each wy € W the solution
Hp c(wp) exists on the half line R>g. Regular well posedness means
that if the closed-loop system has a finite escape time w,,, > 0 for some
disturbance wy € W, then at least one of the components uy, us or yi,
y2 is not a restriction to [0,w,,) of a function in U or Y, respectively.
If [P, C] is regularly well posed and satisfies

Ywg €W

[wwo < oo = Hpc(woy ) € WI0, Wy, ) X W[O,wwo)} ,

)|[07°~"w0
there does not exist a solution of [P, C] with a finite escape time, and
therefore [P, C] is globally well posed. However, global well posedness
does not guarantee that each solution belongs to W x W, the latter




148 6 The concept of the gap metric

is ensured by W-stability of [P, C]. Note also that neither regular nor
global well posedness implies the other.

6.3 Graphs and the nonlinear gap metric

To measure the distance between two plants P and P; it is necessary to
find sets associated with the plant operators within some space where
one may define a map which identifies the gap. These set are the graphs
of the operators: for the plant operator P: U, — ), and the controller
operator C': YV, — U, define the graph Gp of the plant and the graph
Ge of the controller, respectively, as follows:

o ={(7)

Qc:{(iy>0yeu,ye)}}cw.

Note that Gp and G¢ are, strictly speaking, not subsets of W; however,
abusing the notation one may identify Gp 3 (5, ) = (u, Pu) € W and
Ge 2 (ny) = (Cy,y) € W.

An operator P: U, — ), is said to be causally extendible [GS93] (or
stabilizable in [Fre08]) if, and only if,

ueZ/l,PuEy}CW,

V7 >0Vw = (u,y1) €W, with Try; = T-Puy; Jwj € Gp :

3
Trwy = Trwy .

The essence of Chapters[7H9 is a study of robust stability in a specific
control context. Robust stability is the property that the stability prop-
erties of a globally well posed closed-loop system [P, C| persists under
“sufficiently small” perturbations of the plant. In other words, robust
stability is the property that [Py, C] inherits the stability properties of
[P, C], when the plant P is replaced by any plant P; sufficiently “close”
to P. In the context of this thesis, plants P and P; are deemed to be
close if, and only if, their respective graphs are close in the gap sense
of [GS97]. The nonlinear gap is defined as follows:
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Definition 6.3.1 Let, for signal spaces U and Y,
U,y = {P U, — Yy ’ P is causal}
and, for Py, Py € T, define the (possibly empty) set
Op,.p, ={®: Gp, = Gp, | ® is causal, surjective, and ®(0) = 0}.
The directed nonlinear gap 6: (U, V) x T(U,Y) — [0,0c] is given by

(P1, P2) —
- <||TT((I)I)|(_;P1 (x)|1/l><37>

5(P1,P2) = inf sup
Pe0p, P, zeGp, \{0},7>0 HTTx”UXJ)

with the convention that E(Pl, Py) := o0 if Op, p, = 0, and the nonlinear
gap 0 is

§: DU, Y) xTU,Y) — [0,00],
(Py, Py) — 8(Py, Py) := max{0(Py, P3),5(Ps, Py)}.

In the following subsection the above definitions are illustrated. The
graphs of two different systems are considered and an upper bound for
the gap is derived.

6.3.1 Example: the gap of two linear systems

In this subsection the previously introduced concepts of graphs and the

nonlinear gap are illustrated by two simple example plants. Consider
. . . 1 N(M-—s)
linear systems given by the transfer functions = and G GIN (D)

respectively. Let associated operators

Pa;wozuaﬁya; Uy — Y1 and PN,M,a;EO:UaHyaa Uy — Y
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be induced by state space systems

L _ .0
P .o D& =oax+u, 2(0) = } (6.3.1)
Yy1 =2
PN,M,oc;iO : ~jl‘ = fx + bﬂl 5 Z‘(O) =7 } (632)
Yy = Ccx
for 2 € R, 2° € R?, a, N, M > 0 and (1&5,5) given by
A= 0 0 1 , b:=10],
aNM, —-NM +aN +aM, a = N — M N
¢i=[M,-1,0].

Throughout this subsection assume that ° = 0 and 7° = 03y;. The
purpose of this example is to show that P,.q is close to Py as,a;0 in the
sense

lim sup 5(Pa;0, PQM’M’Q;()) =0. (633)

M—oo
The graphs of P,.o and Py a,q;0 are given, respectively, by
Gp.., = { (Zl> ’ (u1,y1) €U x Y : y1 solves for 2% =0 },
1

OGPy atao = { (gi) ’ (u1,91) €U X Y : g1 solves for 70 =0 }a

for some signal spaces U and ) specified in due course. To determine
an upper bound for the gap between P,.o and Py a0, consider the
bijective mapping ® from graph Gp, , to graph Gp, ,, .., given by

P: gPa:O - gPN,M,a;o ’
u u

/eo‘('_s)u(s)ds - E/ eg('_s)gu(s)ds

0 0
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By the definition of the nonlinear gap, see Section[6.3, one arrives at

} T(®—1
6(Pa;0aPN,M,a;0) S sup || ( )(w)HW
weEGp, o \{0},7>0 [T wllw

. (6.3.4)

where W = U x Y and, for w = (u,y) € W, the norm of W is defined
by
l[(ws )llw = llulle + llylly -

In the following let & and Y be any of the spaces L*(R>o — R) or
Whe(Rso — R). To estimate

(@ — D) (w)(t)|| for w:= (fa P u(s) ds) €0n,,

calculate that the output y; of (6.3.2) is given, for all t > 0, by

t ~ ~
D) =¢ / A5, (s) ds
0

_ ‘ N(M*Ot) ea(tfs)a s)ds
_/O (a+ N)(a+ M) i(s)d

‘ N(N+M) e—N(t—s)a s)ds
+/O (N — M)(a+ N) 1(s)d

¢ —2NM Ny
— (t75)~
+/0 (N—M)(a—l—M)e ui(s)ds

and thus, for all ¢ > 0,

t
@~ D0l < | (s —1) [ e utsas

t
N(N+M —N(t—s
H N— (J\4+a+)N) e N )U(S) ds
t
H N ﬁ]\éﬁM e_M(t_S) u(s)ds
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and moreover, for all ¢ > 0,

(@ = D)(w)(®)]]

N(M—c) 1H ‘

(a+N)(a+M) —

t
/ et=%) y(s) ds
0

(H N(N+M) t e~ N(t=9) 4

N—M)(atN) M)(aJrN)

t
—ONM —M(t—s
+ H(N—M)(a-i—M)/O e M=) ds

/ et =) y(s)ds
0

N+M oON
(H(N M)(a+N) H+H N—M) a+M)H) ll]]es

)l

y

<

N(M-a) 1H ‘
(a+N)(a+M)

‘|

- (||u|u ;

N(M—a) N+M 2N
I M) (@) 1” + H (N=M)(aT ™) H + H (N—B)(at M) m

/0' et~ u(s)ds y) .

Hence, in view of ,

g(Pa;Oa PN,M,a;O)

N(M—a)
(a+N)(a+M) 1‘ T ’(N M (a-'rN)‘ +‘ N— M) =rn| (6:3.)

which yields (6.3.3).
In Chapters [8] and [9] the above example plants are visited again to
illustrate the robustness analysis of A-tracking and funnel control.

6.4 Gain stability and gain-function stability

Two concepts of stability in the terminology of closed-loop systems
[P, C] given by (6.2.1) are introduced in detail: gain stability and gain-
function stability. Given normed signal spaces U, Y and W :=U x Y
and causal operators P: U, — V., C: YV, — U,, recall from Sec-
tion[6.2]that the closed-loop system [P, C] with the associated operator
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Hpc: W — W, xW, is W-stable if, and only if, it is globally well posed
and Hpc(W) C W x W. Then W-gain stability of [P, C] is defined as
follows:

Definition 6.4.1 (i) Given normed signal spaces X andV and Q C X,
a causal operator Q: X — V, is said to be gain stable on Q if, and only

if, Q) CV, Q(0) =0 and

|@fal],., = p{@mﬂ
X,V

Hx\[o’.,-) [,

reQ, 7>0, :c|[0T)7é0}<oo.

(ii) The closed-loop system [P, C] given by (6.2.1) with the associated
operator Hpc: W — W, x W, is said to be W-gain stable if, and only
if, it is W-stable and Hp c is gain stable on W.

Next, associate with the closed-loop system [P, C] given by (6.2.1)
the following two parallel projection operators:

Hp//C:W—>Wa,w0r—>w1 and Hc//pZWHWa7’u)o’—>’w2.
Clearly, Hpc = (HP//Ca HC//P) and HP//C +HC//P = I. Note that

gain stability of either IIp,/c and llg/,/p implies W-gain stability of
the closed-loop system [P, C| and that HHP//C HW e

ey /el =1
since Hp//c = H%’//C’ Hc//p = H%‘//P

The following definition of gain-function stability goes back to [GS97].
Note that the concept of gain-function stability is required to attain
robustness results for A-tracking and funnel control.

Definition 6.4.2 (i) A causal operator F: X — V,, where X,V are
subsets of normed signal spaces, is said to be gain-function stable if, and

only if, F(X) C V and the following nonlinear so-called gain-function
s well defined:

g[F] : (rg,00) — Rxq,
rs glF)(r) = sup {|T- Fally | v € X, |Tealx € (o7, 7> 0},

(6.4.1)
where 1o := infyex ||z]|x < 0.
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(i1) A closed-loop system [P, C] is said to be gain-function stable if,
and only if, it is globally well posed and Hpc: W — We x W, is gain-
function stable.

Observe that || T Fx|ly < g[F](]|T-z| x) and note the following facts:
(i) global well posedness of [P, C] implies that im Hp o C W, x W;
(ii) stability of [P, C] implies W-stability of [P, C];

(iii) if [P,C] is W-stable, then Hpc: W — Gp X G¢ is a bijective
operator with inverse H;lc s (wr, we) — wy + ws.

To see (iii), note that Hp (W) C W x W implies that Hpc(W) C
Gp X G, and since, for any wi € Gp C W, wy € Go C W one has
wy+wz € W, it follows that Hp (W) D Gp x Go. Therefore, think of a
gain-function stable Hp ¢ as a surjective operator Hpc: W — Gp X Gc.
The inverse of Hpc: W — Gp X G¢ is obviously H;}; s (wy,we) —
w1y + wa.

Finally, recall lp,/c: wop — wi and lg//p: wop — wz and that
Hpc = (Hp//c, HC//P) and Mp//c +Ueyyp = 1. Therefore, gain-
function stability of one of the operators I1p,,c and I/, p implies the
gain-function stability of the other, and so gain-function stability of ei-
ther operator implies gain-function stability of the closed-loop system
[P, C].

In the following robustness results from [GS97] and [Fre08] are rewrit-
ten into the present terminology. These results are crucial for the ro-
bustness analysis in the following chapters.

6.5 Robust stability

This section reviews some results from [GS97| and [Fre08]. These the-
orem about robust stability are rewritten in the terminology of the
present chapter.

6.5.1 [GS97, Thm. 1] revisited

Now a robust stability theorem is proved on which the main results
of Chapter [7] are based. This result is based on [GS97, Thm. 1], but
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extends the scope of that result in several directions. First, the result
is established in the language of ambient signal spaces to handle finite
escape times (cf. [GS97, Thm. 8]). More importantly, the implicit
requirement in [GS97] of well posedness of [Py, 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 L™ as signal space regular well posedness follows from standard
results on the finite escape time properties of differential equations).

Note that this theorem is presented in a form where stability of [Py, C|
is inferred from [P, C], however, in the sequel the theorem will be apply
in the setting whereby stability of [P, C1] is to be inferred from [P, C].
Such applications of the theorem follow from a trivial interchange of P
and C and U, Y; to follow the convention of the literature and since,
in contrast to the results in Chapter [7| most applications of such ro-
bust stability results concern uncertainty in the plant P, the theorem is
presented in the context of P, P;.

Theorem 6.5.1 Let U, Y be signal spaces and W = U x Y. Consider
P:Uy = Yo, Pr: Uy — Vo and C: Y, — U, with P(0) =0, C(0) = 0.
Suppose [P, C] is gain stable on W, Py is causally extendible and [Py, C]
is either a) globally or b) regularly well posed. If

5P, P) < [|Tpyscl o (6.5.1)

then the closed-loop system [Py, C] is gain stable on W with

-

1+ (P, Pr)
}HP//C|‘W7WE(P7 Py)

HHPl//CHWW < ||HP//C||W,W17| (6.5.2)

Proof. Since HHP//CHW w = 1, it follows that X(P, P) < oo and
hence there exists a causal surjective mapping ®: Gp — Gp, such that

v =@ = Dlpcllww < (@ = Diww - IHp/cllww < 1. (6.5.3)

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

W)y = (L + (@ = Dlp/sc)(@))] ., (6.5.4)
= ([gy/p + @Mpysc)(2))|g.1y: (6.5.5)

By either well posedness assumption a) or b), one knows that [Py, C] is
locally well posed, and hence satisfies the existence and uniqueness prop-
erties on [0, 7). Hence there exists wy = (u1,y1), we = (u2,y2) € W,
such that y; = Piup, us = Cys and w|[077) = w1|[077) + w2‘[0,7’)' Since
Py is causally extendible, there exists w{ € Gp,, such that w{ o) =
w1y - The definition of WL, yields that wa|y, ) € WI0,7) and hence
there exists wj € W such that w'2|[07T) = wag - Since @ is sur-
jective it follows that there exists w] € Gp such that ®(w}) = wf
and hence (@(wi))‘[oﬁ) = w’1’|[0’T) = Wiy - It can now be seen that
r = wj + why € W satisfies |,y = (w) + ws)

of (6.5.5).

Since ®, Ilp, /¢, llp;/c, ey/p are causal, it follows from (6.5.5
that

‘ and x is a solution
[0,7)

(e, 0 (w))] 4y = (Meyyyo (Moyrpe + Blpy e ()| )

= ((I)HP//C(x))hO,T) . (656)
It follows from (6.5.4) that Hxhoﬁ)HWT < ﬁ”who,ﬂuwu hence, in
view of inequalities (6.5.1), (6.5.3) and equation (6.5.6),
ITLp, /0 ()10,
= [[®T1p/ /0 (@) .
< |Mpyc(@)| 101 ly, + 1@ = DIpy ()| 1y,
1+5(P,Py) (657

< ||II = .
= H P//CHW,W1 . HHP//CHW,W(S(P7 P) Hw|[0,‘r)HWT

If [Py, C] is globally well posed, w,, = o0, so inequality (6.5.7) holds for
all 7 > 0, and the proof is complete.
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Suppose [Py, C] is regularly well posed. Since, in view of (6.5.7), it

is shown that (le//C(w))ho o € WI0,7) is uniformly bounded for all

7 € (0,wy) and since [Py, C] is regularly well posed, it follows that
Wy = 00 80 inequality holds for all 7 > 0. This completes the

proof. O

6.5.2 [Fre08, Thm. 5.1-5.3] revisited

The results in this subsection form the theoretical basis for deducing
robustness results for closed-loop systems [P, C] which are not W-gain
stable but gain-function stable, see Theorems and [6.5.3, and pro-
vide a robustness result for systems with non-zero initial conditions.
The following theorems are extracted from [Fre08, Sec. V] and rewrit-
ten in the terminology of the present chapter. This becomes necessary
due to the more general definitions of extended and ambient spaces in
view of the truncation and restriction operators, see Section [6.1.
Some more definitions are required: let

Koo = {k € C(R>0 — R>0) | k(0) =0, lim k(t) = 00} ,
B, :={weW||w|w <r}.

The following theorem rewrites [Fre08, Thm. 5.1] in the present ter-
minology of restriction and truncation operators, see Section[6.1. Note
that only one additional assumption is made: for signal spaces W =
U x Y it is required that WI0,7) is complete for all 7 € (0, 00). Theo-
rem is required to proof Theorem [6.5.3.

Theorem 6.5.2 ([Fre08, Thm. 5.1] revisited) Let U, Y be signal spaces
and W = U XY such that W0, 1) is complete for all T € (0,00). Suppose
that the closed-loop [P, C] given by (6.2.1) is gain-function stable and
the closed-loop [Py, C] is regularly well posed. Let D C Gp, D1 C Gp,,
X C W be convexr and v > 0. Suppose that llp,,cX C D and there
ezists a causal, gain-function stable map ¥: D — Dy such that, for all
7> 0, the following hold:

(1) (I - ‘I’)HP//C('>‘[O X WI0, 7) is causal and compact;
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(2)Va,we X[0,7) : Wl ) (I = W)p,/c(x)) 0,7 € X[0,7);
(3) Ik € Koo Ve €XNB, : | T-(I — V)p)c(z)|w < (L4 £) " (r).
(6.5.8)

Then HP170|XQB,,. X NB, — W x W is gain-function stable and

V7 >0Vwe XNB, : T 1p, /jcwlw < g[\IJ]og[Hp//C]o(l—l—/ﬁ_l)(r).
(6.5.9)

Proof. The proof follows the outline of the proof of [Fre08, Thm. 5.1].
Let w € X with ||w|jy < r and let [0,w,,) be the maximal of existence
for Hp, cw. Let 7 € (0,w,,). Consider the equation
W 1y = (I + (¥ - I)HP//C)(x))|[07T)
= (Mey/p + ¥psc) ()| 1y (6.5.10)

It is claimed that this equation has a solution z € V, where
V.= {x € X[0,71) | lzllw < (1 + /ffl)(r)} .

Note that (t — O)ho N EV# (). Moreover, it is easy to see that V is

closed and bounded and, in view of convexity of X', V is convex, too.
Consider the operator

Qu:V — X[0,7), = W] )—i—((I U)Ip,/c(x) |[0¢)

where observe, by assumption (2), it follows that Q.,(V) C X[0,7) as
required. In view of assumption (3) there exists xk € K, such that, for
allz €V,

Quzlw, = ||w| 0,7) +(( = ¥)p)/c(z) |[0 7-)”W
< Trwlw + I1T-(( = O)py o (2))lw
< | Trwllw + (1 +5) 7 (1 Tr]lw)
<r4+(1+x)"ro(l+r1H(r)
=(1+rYH(r).
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Therefore, Q.,,(V) C V. Since, by assumption (1), (I — \II)HP//C(-)’[O_T)
is compact it then follows that @Q,, is compact. Then, in view of com-
pleteness of W[0,7), W[0,7) is a Banach space. Hence, and since
V' is nonempty, closed, bounded and convex, Schauder’s fixed point
theorem [Zei86, Thm. 2.A] yields that @, has a fixed point in V.
Hence (6.5.10) has a solution € V' C X[0,7) as claimed.

Since \IJHP//C(LE) S gpl, Hc//p(.’li) € Go and \II>HP1//C7HP//C and
¢y, p are causal it follows from (6.5.10) that

(I, /0 (W) jg,7) = (Mpy 70 Moy (@) + Wy o(2))) | 0.0,
= (VTpy/c())| 9. -

Hence, since z € V,

1(Tpy 0 ) s = 1T Tpy ) o
= | ¥Ilp, c(x)|lw
< g[¥] o g[p ][I Trzlw)
< g[¥]ogllp,clo(1+kr1) ().

As W is a signal space, thus has the property that sup,. . || Trw||w < oo,
and since 7 € (0,w,,) was arbitrary it follows that (le//c(w))h()’%u) €
WI0, w,,) and so (le’c(w))ho,ww) € W[0,wy) x W[0,w,,). Since [P, C|
is regularly well posed it follows that w,, = 0o, see Section|6.2} and thus
Hp, ) /c(w) € W. Since w € X N B, was arbitrary it follows that (6.5.9)

holds and hence, Hp, ¢: X N B, — W x W is gain-function stable.
Therefore, the proof is complete. O

The following theorem applies the above gain-function stability result
to linear plants with zero initial conditions. Robustness is shown with
respect to a sufficiently small gap. Theorem [6.5.3] together with The-
orem [6.5.3] provide the theoretical basis for the robustness analysis of
A-tracking and funnel control in Chapters[8and[9. However, both theo-
rems achieve general robustness results for all closed-loop systems which
arise from the application of any causal controller C to any stabilizable
and detectable linear plant P.

Recall that a linear time-invariant system (A, B, C) € R™*™ xR"*™ x
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R™*™ is stabilizable if, and only if, there exists a matrix F' € R™*™ such
that A + BF is Hurwitz, see, for example, [Son98, Ch. 5.5]. Moreover,
recall that (A, B,C) € R™*™ x R™*™ x R™*" ig detectable if, and only
if, (AT, CT, BT) is stabilizable, see [Son98, Ch. 7.1].

Introduce the class of stabilizable and detectable m-input, m-output
linear systems: for n,m € N with n > m, define

S { (4,B,0)

c Rnxn X RTLXM X Rmxn

(A, B, C) is stabilizable
and detectable ’

where (A, B, C) has, as in the previous chapters, the (standard) form

z(t) = Ax(t) + Buy(t), 2(0) = 29, }
yi(t) = Ca(t),

where A € R™*" B, CT € R™™ and z° € R™ is an arbitrary initial
value.

For any normed signal spaces U and ), associate with a system 6 =
(A4, B,C) € Pym and initial value 2° € R™ associate a plant operator

(6.5.11)

P(0,2°): Uy — Vo, up — P(0,2°)(u1) ==y, (6.5.12)

where u; € U, and y; € ), satisfy (6.5.11)). Note that P is a map from
Ussm (Pnm x R™) to the space of maps U, — V.

To establish gap margin results, it is required to construct the aug-
mented plant and controller operators as in [Fre08, FIR06].

For m,n € N with n > m, consider P, ,, as a subspace of the Eu-
clidean space R™*+2mn by identifying a plant 6 = (A, B, C) with a vector
6 consisting of the elements of the plant matrices, ordered lexmographl—
cally. Define, for any signal spaces ¢ and )/, the space U =RV +2nm oy
and let W := U x Y, which can be considered as signal spaces by identify-
ing # € R” *+2mn with the constant function ¢ — 6 and endowing U with
the norm ||(6, u)||;; = \/||0]|> + [|ul|,. For given P(6,0) as in (6.5.12),
define the (augmented) plant operator as

P:Uy — Yo, (0,u1) =1+ y1=P():=P0,0)(u). (6.5.13)

Define, for any causal controller operator C: Y — U, yo — us, the
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(augmented) controller operator as
C:Vo— Uy, yoria=Cy2):=(0,C(y2)) = (0,ug) . (6.5.14)

Now, one is in the position to state the revision of [Fre08, Thm. 5.2
for a larger class of signal spaces than in [Fre08|, namely Sobolev spaces
W™P(R>p — R™), r e Nand 1 <0 < co.

Theorem 6.5.3 ([Fre08, Thm. 5.2] revisited) Let n,q,m,r € N, p €
[1,00] and let U, Y be any of the signal spaces LP(R>g — R™) or
WTP(R>og — R™). Set W=UxXY and let C: Vo — Uy, Y2 +— ua be any
causal controller operator. Consider the plant operator P(0,z2°): U, —
Yo defined by for (0,0) € Ppm x R™ or (61,0) € Py x R
Suppose that the closed-loop system [P(01,0),C| is regularly well posed
for all 01 € Pyum. Define the (augmented) plant and controller operators

as in (6.5.13) and (6.5.14):

P: (R"2+2"m2>< Ua = Vo, (,u)—y1 = P0,u1) := P(0,0)(u),
C: Vo— (Rn HEnm o u)ua Y2 — C(yQ) = (O,C(yg)) = (O7u2)'

Let Q@ C RV +2mm pe closed. Suppose that Hp 5|wa 18 gain-function
stable and ng//é(~)|[0 ;18 continuous for all T > 0.

Then there exists a continuous function p: Rsg x Q — (0,00) such
that

v(917w079) € Pn,m X W X (0,00) :

[wollw < @

- = H EWxW.
5(P(6,0), P(61.0)) < u(o,0) } P00

(6.5.15)

A proof of Theorem [6.5.3]is omitted here since it is equivalent to the
proof of [Fre08, Thm. 5.2] with the one exception: apply Theorem[6.5.2]
instead of [Fre08, Thm. 5.1]. Note that the additional assumption of
Theorem [6.5.2] namely that WI0,7) is complete for all 7 € (0,00),
obviously holds true for U, Y being any of the signal spaces LP(R>o —
R™) or W"P(R>¢ — R™), see also [AF03, Ch. 3].




162 6 The concept of the gap metric

The third result in this section shows that robust stability of closed-
loop systems with zero initial conditions also guarantees stability mar-
gins in presence of sufficiently small initial values z° € R™ of the linear
plant (4, B,C).

Theorem 6.5.4 ([Fre08, Thm. 5.3] revisited) Let n,m,r € N, p €
[1,00] and let U, Y be any of the signal spaces LP(R>o — R™) or
WTP(R>g — R™). Set W =UxY and let C: Yo — Uy, Y2 — U2
be any causal controller operator. Consider, for (6,2°) € Pym X R™,
the plant operator P(6,2°): U, — Y, defined by (6.5.12). Suppose that
there exists o > 0 such that Hp g, o),cwo € W x W for all wo € W with
[[wollw < 0. Then

IN> 0V (0, wo,2°) € Py x W x R™
Mzl + [[wollw < 0 = Hpg,z0),cwo € WxW. (6.5.16)

Proof. The proof follows the steps of the proof of [Fre08, Thm. 5.3].

Since system (A, B,C) = 0 € P, is stabilizable there exists F' €
R™*™ such that A = A+ BF is Hurwitz. Then one may define maps
N:U —- U, ug — uy, and M: U — Y, ug — y; such that the tuples
(uo,u1) = (ug, Nug) and (ug, y1) = (uo, Mug) satisfy

t=(A+ BF)x+ Bug, z(0)=0
up = Fa+uo, (6.5.17)
y1=Cux.

Step 1: Tt is shown that N(U) =V := {u € U | P(0,0)u € Y}:

Suppose u € V, i.e. w € U with P(#,0)u € Y. Then Y 5 P(6,0)u =
Cz =: y for x being a solution of £ = Az + Bu, (0) = 0. Since
(A, B,C) is detectable, there exists L € R™*™ such that A + LC is
Hurwitz. Since y € Y and u € U writing

t=(A+LC)x—LCx+Bu=(A+LC)xr—Ly+ Bu

yields that « € LP(R>¢ — R”) for every p € [1,00]. Thus uy :=u—Fx €

U and (6.5.17) then yields that u = u1 = N(ug) € N(U), which gives
Y C N(U).
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Conversely, suppose u € N (U). Then there exists ug € U such that
ug = u— Fx € U. Since spec(A+ BF) C C_ it follows by (6.5.17) that
P(0,0)u =y =Cxz €Y. Hence N(U) C V.

Now N: U — V, ugp — (1 0)IIpg0)/c (‘s ), is well defined and
writing

t=Ax+ Buy, z(0)=0

ug=Fx—uy,

directly gives that N is invertible and P(#,0) = MN 1.
Step 2: Characterization of the graph Gpg ,0): it is shown that

gP(G,xU) =Q
_J(N F exp(A-)a®
= {(M) v+ (CQXP(A\-).%'()) ew

Suppose, for any v € U, q, = () v+ (g:‘(gg;ig) €Q. Let u =

Nv + Fexp(A)z°. Since Nv € U and, for any r € N and p € [1,00],

-~

Fexp(A-) € WP(R>o — R™)™ C U™ it follows that u € U. Observe

and A as in Step 1

veU, N,M,F }

i = Az + B(F exp(A-)z?), z(0) = 2° € R™
has the solution z(-) = exp(A-)z°. Thus it follows that
P(0,2°)(F exp(A-)2°) = Cexp(A-)z°. (6.5.18)
Hence, by Cexp(A-) € WmP(R>o — R™)™ C Y™, it follows that

P(0,2°)(u) = P(0,2°)(Nv) + P(G,xo)(Fexp(2~)x0) — P(0,2°)(0)
= P(6,0)(Nv) + P(8,2°) (Fexp(A-)z°)
= (MN~Y)(Nv) + C exp(A-)2°
= Mv+ Cexp(A)z® e . (6.5.19)

Thus q, = (u, P(G,xo)u) €EUxY and 50 q, € Gp(g,z0) and Q C Gp(g 40)-
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Conversely, suppose (p(gj;o)u) € Gp(0;20)- Then, in view of (6.5.18),
P(0,0)(u — Fexp(A)z°) = P(0,2°)(u) — P(8,2°)(F exp(A-)z°) € .

Therefore, Step 1 yields that u — Fexp(A\-) O €V =im(N) and so
there exists v € U such that Nv = u — Fexp(A-)2°. Therefore, equa-
tion (6.5.19) holds, hence

u (N ot F exp(A-)z? cO
P(6,a%)u) = \M )" T\ Coxp(A)a?
and 80 Gp(g,.0) C Q. Therefore, Gpy 0y = Q as claimed.
Step 3: Finally, (6.5.16) is shown.

~ ~

Let A := ||(F exp(A-),Cexp(A-))|[yn xyn. Suppose that wy € W and
20 € R™ satisfy A||2°]| + ||wo|lw < 0. Then, by letting

"

wlo = wy — Wy , wg =(F exp(A)2°, C exp(A-)2®)T,
it follows that [Jwgllw < A|z°|| + |lwollw < o. Hence, by assumption,
Hp,0),c(wg) = (wi,w2) € Gp,0) X Go -

In particular, w(/J = w1 + wy and, by rearranging, it follows that wg =
(w1 +wy ) +ws. Since wy € Gpg,0) there exists v € U such that, in view
of N, M defined in Step 1,
(N
w1 = M v,

hence wy + wg € @ = Gp,20)- Thus, and since wp € Ge, it follows
Hp(g,20),cwo = (w1 + we,wz) € W x W and the proof is complete. O

In the following chapters the results of the present subsection are
applied to the robustness analysis of high-gain derivative feedback sta-
bilization, A-tracking and funnel control.
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6.6 Notes and references

The idea of measuring distances between graphs of operators to deter-
mine stability results in some sense goes back to works of J. C. Gohberg
and M. G. Krein, H. O. Cordes and J. P. Labrousse, and T. Kato, see
the references within [Kat76, p. 197].

The gap metric used in the present thesis, firstly introduced by the
work of G. Zames and A. El-Sakkary [ZES80], is based on the works
by T. Georgiou and M. Smith [GS90,[GS93, GS97]. However, due to
the application in the various signal space settings of Chapters [TH9,
the terminology and results of the present chapter are based on the
terminology of [FIMO09] Sec. 2]. In particular, the use of continuously
differential signals which do not allow for the terminology of [GS97,
Sec. II], [Fre08, Sec. 2] or [FIR06, Sec. 2].

Finally, some additional comments on w-Stability and v-gap distance
follow:

T. Georgiou and M. Smith introduce in their paper [GS89] the idea of
w-Stability of closed-loop systems [P, C] as “a generalization of a con-
cept of well posedness discussed by J. Willems [Wil71]”. w-stability of
systems means that the systems should remain stable for a certain class
of perturbations which may not necessarily be small when measured by
the gap metric. However, w-stability of a system is defined in terms
of the so-called approzimate identities, see [GS89, Sec. 2] for the defi-
nitions. Due to a strict frequency domain terminology in [GS89], the
concept of w-stability is limited to linear plants and linear controllers. It
might be worth to study whether w-stability can be adopted to find ro-
bustness results for high-gain derivative feedback stabilization, however,
this is not part of the present thesis.

G. Vinnicombe introduces the v-gap distance in his thesis [Vin92] for
linear time-invariant systems and gives a generalization for nonlinear
systems in [Vin99|. The v-gap metric d, (P, P;) of two systems P and P,
is the smallest metric for which certain robustness results hold. Unlike
the gap metric the v-gap is introduced in a strict frequency domain
terminology which makes it much more complex when applying to the
nonlinear feedback systems considered in the present thesis.







7 Robustness of output
feedback stabilization

The main result in this chapter establishes that if the high-gain output
derivative feedback controller

r—1

Ciy—u= ZkiJrly(i)»

=0

introduced in Chapter|3| globally stabilizes (in some sense) a (nonlinear)
plant P, then global stabilization of P can also be achieved by an output
feedback controller C[h], given by

r—1

O[h] Yyr—=u= Z ki-‘rlAénya

i=0

that means where the output derivatives in C' are replaced by an Euler
approximation with sufficiently small delay h > 0.

This is proved within the conceptual framework of the nonlinear gap
metric approach to robust stability. It is shown that, for sufficiently
small h > 0, the closed-loop system [P,C[h]] of plant P and con-
troller C[h] is gain stable (recall the definition of gain stability from
Section [6.4). The main result is then applied to linear minimum phase
systems (A, B, C') with unknown coefficients but relative degree r and
“positive” high-frequency gain to prove exponential stability of the de-
lay differential system consisting of the linear system controlled by the
delay output feedback.

167
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7.1 Derivative and delay feedback

The problem of robust stability of high-gain output derivative feedback
is studied in the setup of the feedback configuration shown in Figure[7.1]
see also Chapter 6. Here P may be any (nonlinear) plant and the con-
trollers Cj, and CEWer[h] are specified in due course. One is concerned

+ W — Y1
uo O_ P J
L Ck / O}]ciluler [h] ‘__O‘_ Yo
U2 Y2+

Figure 7.1: The closed-loop system [P, C].

with the concept of gain stability from Section [6.4 of the closed-loop
systems [P, Cy] and [P, CEWer[h]], respectively. Recall, for some appro-
priate choices of signal spaces U and Y and k = (ki,...,k,) € RI*"
the high-gain output derivative feedback controller

Cr: Y- U, Yo — Ug = Zk74+1 y2 . (7.1.1)

In the following section it is shown that stabilization of P can also
be achieved by replacing Cy by the delay (Euler) feedback controller
CPuler[p] for sufficiently small h > 0, given by

r—1

C’EUICT [h]: Y = U, Y = Uy = — Z kit Aﬁ;yz ) (7.1.2)
i=0

where Al ys = yo and Al ys for i > 1, denotes the Euler approximation
of the ith derivative of y, defined by

y2(t) —y2(t —h)

A;Lyg = Ah O---0 Ah Y2, WhCI‘C (Ahy2) (t) = h

4 times
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The main result presents 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 deriva-
tives.

The signal spaces U and ) for which these result holds depend on
structural properties of the controller Cj. For concreteness: since Cj
maps the output y» onto a sum of derivatives of y, some regularity of ) is
required. On the other side, in view of the application of the main result
Theorem [7.2.1 to m-input, m-output linear plants, which are minimum
phase and have strict relative degree r > 1, see Section (7.3, choices
of signal spaces Y = CLP(R>¢o — R™) and Y = CWeP(R>¢ — R™),
where 90 = r if p = 0o and o = r or either p = oo if p < o0, are valid.

For the application of Theorem[7.2.1] the stabilizing high-gain output
derivative feedback (3.2.2) for linear MIMO-systems with strict relative
degree r is considered and replaced by an according high-gain output
delay feedback and an explicit upper bound on the permitted delay is
given. The results on robust stability are also extended to incorporate
systems with non-zero initial conditions. One can find a similar result
on stabilizing by output delay feedback for systems with relative degree
2 in [IS04]. Some more comments about related literature on stabilizing
by delays follow in the conclusion of this section.

The results are established by computing the gap distance between C},
and CPUer[h] and using the framework of the nonlinear robust stability
theory from Chapter [6 to deduce the stability of the closed-loop sys-
tem containing the Euler controller from the stability of the derivative
feedback controlled closed-loop system.

7.2 Robust stabilization by delay feedback

First, the result on robust stabilization by output delay feedback is
presented: the main result of the present chapter establishes conditions
under which a derivative feedback controller (7.1.1) may be replaced by
the Euler controller (7.1.2). First formally define, for m € N and h > 0,
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the Euler approximation
Ap: map(R>o — R™) — map(R>g — R™),

(t—y(t)) — (t — W) , where y(s) =01if s <0,

of the derivative of y and, for higher derivatives y¥, i € N,
Al :map(R>o — R™) — map(R>¢ — R™),
AN (ANy) i > 2
y = AL(y) =< Ap(y) ifi=1

Y ifi =0.
(7.2.1)

Now the underlying signal spaces for the results of this section are
presented, see also the list of symbols. Let, for p € [1,00] and r €
NU {oo},

CLP(RZ() — Rm)
=C(R>o — R™")NLP(R>g — R™)

CW"™P(Rso — R™)
=W (R>o — R")NC"(R>g — R™)

CWS’p (RZO — Rm)

D(0) = 0 f
— {y c CWr,p(RZO —>Rm) Y ( ) or }

alli € {0,...,r—1}

CWg " (Rxo — R™)
={y e OW=P(Rzo - R™) | Vi€ Ng : 9 (0) =0}

The results in the present section will hold in the following three signal
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space settings (A)—(C):

(A) W=UxY =CL*R>o—R™) xCW"*(Rxo—R"),
Wo=Uy x Yo=CL>®(R>o — R™) XxCWy*(Rso — R™),
reN, p=oo,
(B) W=UxY =CLP(R>y— R™) x CW"P(Rsg — R™),
Wo=Uy x Yo=CLP(R>g — R™) x CWyP(Rso — R™),

The spaces Wy will be utilized for results whereby the systems’ ini-
tial conditions 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 consid-
ered. The application of the robust stability result Theorem [7.2.1 to
linear minimum phase systems in Section a legitimates the spaces
of type (C), which allows for more general controllers (one will not re-
quire k, = 0 for controller Cj given by (7.1.1) as for signal spaces of
type (B), see below) at the price of greater regularity constraints on the
disturbances.

Next, the main result of this section is stated: if C) gain stabilizes a
plant P it follows that C’E“ler [h] is also a gain stabilizing controller for
P for sufficiently small o > 0. The idea behind the proof is to show
that the gap 6(Cy, CE™er[h]) is small if h > 0 is small and hence deduce
the result from Theorem [6.5.1. Recall the definition of the closed-loop
operators Ilg, //p for [P,Cy] and Hgpuerp,,/p for [P, CPuer[p]] from
Section 6.4l

Theorem 7.2.1 Let p € [1,00], m,r € N and consider signal spaces
Up, Yo and Wy of type (A), (B) or (C) in (7.2.2). Suppose that there
evists k = (k1,..., k) € RY>"\ {0}, with k., = 0 for case (B), such
that controller Cy: Yoo — Uoa given by (7.1.1) applied to a causal plant
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P: Upe — Voa, u1 — y2 with P(0) = 0 yields, in view of the closed-loop
equations (6.2.1), a closed-loop system [P, C)] which is gain stable on
Wo = UO X yo with

1 <y:= e /ply,w, < -

Suppose h* > 0 satisfies

r—1 —1
h* < (VZ |Kiya] '”lpym(h*ai))
i=1

m, in case (A),
where, for h > 0, npm(h,i) == < 2m(1 +ihp)'/P, in case (B),
2m(1 + ihp), in case (C).

(7.2.3)

Let h € (0,h*) and suppose that the closed-loop system [P,CEer[h]] is
either globally or reqularly well posed, where controller CEYeT[h]: Vo, —
Uoq is given by (7.1.2). Then the closed-loop system [P, CE“eT[h]] is gain
stable on Wy with

Ty /el v, -
1+h E ‘kiJrl‘ inp,m(h’ Z)

=1

< HHCk//PHme% . (7.2.4)

r—1
1- HHCk//PHWO,WO h ; |Kit1] inp,m (R, i)

In all three signal space settings (A), (B) and (C) the condition (7.2.3
on h* can always be met for sufficiently small A* > 0, for example by
taking

r—1 -1
b= <7m2|/€i+1| l)
=1

in case (A) and by taking

r—1 -1
1
h* =min< —, ( 4 E kit1] -
min o (mw [kita] z)

i=1
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in cases (B) and (C).

The condition that the nominal closed-loop gain is bounded enforces
key attenuation properties, which varies with the different choices of
the signal space Wy. Within the context of linear systems a key pur-
pose of Section [7.3 is to explore how these properties can be enforced
by structural requirements on the relative degree and the order of the
controller. For example, Theorem shows that in the case of the
signal space setting (A) a stabilizing controller whose order is less than
or equal to the relative degree of the plant can be replaced by suitable
a Euler controller. In the signal space setting (B) Theorem|[7.3.2 shows
that a stabilizing controller is required to have a order strictly less than
the relative degree of the plant. Theorem also shows that the
third signal space setting (C) overcomes the structural limitation of the
choice (B) by again allowing stabilizing controllers whose order is less
than or equal to the relative degree of the plant, but with considerable
extra signal regularity requirements.

The extra requirement that k. = 0 in the signal space setting (B)
arises from the application of the Mean Value Theorem in the proof
of Theorem [7.3.2. In the case of p = oo, i.e. signal space setting (A),
it follows from the Mean Value Theorem that ||y(-) — y(- — h)|lpe <
hllgllLee < Rlly|lwi., whereas in the case of p < oo, i.e. signal space
setting (B), again by the Mean Value Theorem, |ly(:) — y(- — h)||r <
h||Mp[9](-)||L» which in view of Proposition[7.2.2 below yields a bound
of the form: ||y(-) — y(- — h)||zr < 2R||Mp[y](-)|lwz». The requirement
to bound an extra derivative then leads to the additional requirement
that k. = 0 (signal space setting (A)), or alternatively, that derivatives
of all orders are bounded (signal space setting (C)).

Before giving the proof of Theorem [7.2.1 one has to establish the key
bound which will be required in the proof of Theorem|7.2.1/for the signal
space choices (B) and (C) as discussed above.

Proposition 7.2.2 Fory € C(R>o — R) and o > 0, define the function

Myly]: Rs>o = R, t+— I[Hax ]|y(7)| ,  where y(s) =0 ifs <0.
- TE[t—0,t
(7.2.5)
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Then, for every y € CWé’p(RZO —R) and p € [1,00),

VT >0 ¢ Myl 0.1y m)

< 2||y||L,, ([0,T)—R) (||y|‘LP([(),T)~>R) + QpHy”LP([O,T)A»R)) .
(7.2.6)

Proof. Let y € CW P (Rsg — R), p € [1,00), T > 0 and £ > 0. By
the density of C2([0,7] — R) in Cy([0,T] — R) it follows from [Riv69,
Thm. 4.12] applied on the interval [0,T] that there exists a (piecewise
cubic) function Gy: [0, T] — R such that G is nowhere locally constant,
and

Go(t) —y(t)| <e, |Go(t)—g(t)| <e, te[0,T].

Define G € LP(R>o — R) by G = TrGy, where Tr is the truncation
operator defined in Section 6.1 for time 7" > 0. Suppose, for the time
being,

MG o j0,7)—r)
<2|1GI % 0.1y -y (HG||LP([O,T)—>R) + QPHGHLP([O,T)—)]R)) - (1.2.7)

Then in view of

M,[yl(t) =

<
<

M,y + G — G](t)
M,[GI(t) + M,[y — GI(t)
M,[GI(t) + M,[e](?)

and since M,[e](t) = ¢ for ¢ > 0, it follows that

1M,y ||ip ([0,T)—R)

< 2||GII (o.1)—r) (”GHL”([O,T)H]R) + Qp”GHLP([O,T)HR)> +TeP.

Since
||G||LP([0,T)—>JR) <G - yHL?([O,T)—»]R) + ||y||LP([0,T)—>R)
<THPe+ lyll e (o, 1)—R) »
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IG | e (jo.1)—R) < IIG = §ll Lo (to.17—m) + 19l Lo(o.1) =)
<TYPe+ 91l e (jo,1)—R) 5

it follows that
||M@[y]||1£p([o,T)HR)
< 2T e + yllr o) —m)"
AT+ Nyl +op(T7 e+ ]l )) +Te"
?([0,T)—R) T @P € YllLr(j0,7)—R) €

-1

As this holds for all € > 0, inequality (7.2.6) follows as required.
It remains to show (7.2.7). Let

R(G):= {t €[0,T] | |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) define

tM = inf ({T}U {7 € [t,T] | |G(7)| is a local minimum of |G|}),
tft .= min {t + ¢, T, inf {7 € R(G) |7' >t}

Next, the LP-norm of M,[G] is estimated by the LP-norm of G and the
sum of parts of the areas of the hatched boxes, see Figure[7.2. By the
definition of M,[G] it follows that

| M,[G ]”LP ([0,T)—R) /OT< max |G(7)|)p de

TE[t—0,1]

/ )P dt + Z ( |G(®)|P + min{t + o — t7, T — 7}
teR(G)
cmax {0, |G — |G} ),

where ([t —t]|G(t)[F) is the area of the hatched box of height |G(t)[?
between the local maximum ¢ and either the following local maximum
t® on the right or the minimum of the points T or ¢t + ¢. Furthermore,
min{t + ¢ — t%, T — t%} - 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
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IGO)I” / \ [G1()?
/ \
/ \
\
I
! |
o / I\ | \
e / | J \
I \/ s \
/
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/ | | [
/ |
\
/ : | | | L— ~
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/ \ \ ! ‘ [N I
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Figure 7.2: Example function |G[P and M,[G]?, here: tf = t,, t§ =

ty + o, th = ty, tht = t5, tF = t6, tF = t7, t = tg and
=T =1t)
8 — - 8 -

following maximum value t# from a box with height |G(#)|? and length
min{t + o — t&, T — t1*}. Since |G(tF)| > |G(tM)|, (¢, tTF) N (s,s7) =0
for all t, s € R(G) and t# < T, follows

T
S e < Y / (P dt < / Gt
teR(G) teR(G) 0

and hence

IMo[GIN T 0,7)—w)

T
< [Heoras 3 ([ -0(60r - 1GEMP) + [ 1)

teR(G)
+min{t + o~ 7,7~ 1R} - max {0,|GOP ~ |G} )
/ W+ Y ([ - (GW0F — [GEP) + [F ~ P
teR(G)

+[t+ 0~ T (IG@)P — 1GEIP) )

/| Hrdt+o 3 (IGHF — [GEDP). (7.2.8)

teR(G)
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Since G | (£.6M) is either strictly positive or negative, |G| is continuously

differentiable on (t,M), partial integration yields
> (6P —|6@)P)
teR(G)
<> / pIGOP " G|

tER(G _
< pHGP 1G||L1([O,T)—>R) 5 (729)

where the second inequality above follows from (¢,t") N (s, sM)
all t,5 € R(G) and since t™ < T. Let 1 < ¢ < o0 satlsfy +
then by Hoélder’s inequality

[Z)or

Q= ||

HGpilCTY”Ll([O,T)—ﬂR)
< NG a0, r)—w) |Gl Le (0,7)—R)
= HGHLP (o1)—r |Gllzeo,r)—r)-  (7.2.10)

Finally, inequalities (7.2.8), (7.2.9) and (7.2.10) give the claimed in-
equality (7.2.7) and the proof is complete. O

The following inequalities for the norms of vector valued LP-functions
are required to prove Theorem

Lemma 7.2.3 Let, for m € N and p € [1,00], z € LP(R>o — R™).
Then

p—1 m .
]| Lo (R g —Rm) < 2 . 2= 2w llr@zom fp<o0 (7911
- Zl/:l ||xV||L‘x’(RZO—>R) ) pr = 00,

Furthermore, let, for r € NU {00}, x € W™P(R>9 — R™). Then

S lzullwrs@so—r) < mlzlwes@sg—rm) - (7.2.12)
v=1
Proof. Let p = co. Recall that || - || is the Euclidean norm in R™.

Then, in view of the well-known inequality [|£]| < >0, |, ] for £ € R™,
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it follows that

]| Lo (Rs o —rm) = esssup [[z(t)]|
t>0

m m
< essgélpz 2, ()] = Y 2wl Lo (Rz0—m)-
t v=1 v=1

Let p € [1,00). By the definition of the LP-norm of vector valued
functions, see the nomenclature, and, for example, [AF03, Lem. 2.2] it
follows that

o 1/p
T ( / ||w<t>||pdt)

([ (= |xy<t>|2>p/2 dt)w

v=1

I (i |xy<t>|)pdt)1/p

v=1

3 m 1/p
/ 2p—1(2 |x,,(t)|p> dt)
0 v=1
L 1/p
<27 (X Il )

v=1

IN

IN
N N

m
p=1
<27 ) e @sg—r) »

v=1

which yields (7.2.11). Inequality (7.2.12) from the definition of the

W"P-norm: write for brevity | - [lwrr = || - |wrr®so—r) and || -
e = || - lLe®so—r)- Then 300, lzwllwre = 3200 3 g lleulle <
Yicom |zl Le@sg—rmy = M| 2|l wrp @y o—rm), and the proof is com-
plete. O

With the crucial property of continuous differential shown by Propo-
sition [7.2.2 one is now in a position to prove Theorem [7.2.1]

Proof of Theorem [7.2.1l Let p € [1,00], r € N, signal spaces Uy, Vo
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and W) of type (A), (B) or (C) given by (7.2.2), and k = (ky,...,k,) €
RY*7 k. =0 in case (B). First, it is claimed that if A € (0, h*), then

r—1
5 (Cr, CEM " [R]) < B> [kiga| - inp.m (hsi) (7.2.13)
=1
and hence,
Bl (7213) r—! . _
5(Cka0 YRl <R |Kiv1| - inp,m(h,4)
i=0
(72.3) 1
< 7 = HHCk//PHWO,WO'

By assumption P is causal. It is easy to see that Cj and CEwer[p]
are causal, see, for example, [Kur05]. Moreover, by assumption P(0) =
Cr(0) = CEver[p](0) = 0, [P, Cy] is gain stable on Wy and [P, CEuler[h]]
is either globally or regularly well posed. Finally, since CEU[h]()y) C
Uy it follows that CEUer[A] is causally extendible, see Section [6.3 Ap-
plying Theorem [6.5.1 with the roles of P and C interchanged one sees

that is a consequence of inequality (6.5.2) and inequality (7.2.13).
It remains to show (7.2.13).

Step 1: The graphs of Cy, and CFUer[h] are given by

r—1
Go, = i;oklﬂy Zklﬂy cu CUXY,
Y and y ey
r—1 )
gCEuler[h} = a iz:o ki+1 Ah(y> Z ki-’rl A ( ) S Z/{ c u « y )
Y and y ey

Recall that ¢/ and Y are signal spaces of functions from R to R™.

- 1/2
For u € U the norm of u is given by [ully = (Xo-; |un|#/) ", where
uy: R>o — R is the vth component of w and U’ is corresponding to U
the space of scalar valued functions.
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Consider the surjective map

_ (%) 5l i
@h: ng — gcll\::uler[h] ’ ( Z,L Oykl+1 y ) ( ZZ:O ]Z+1 Ah(y)) .
(7.2.14)
Since H (— S o ki1 y®, Z/) ’

> and
= 7

(i) ()
Y i+1 (Aﬁ(y)*y(i))
=1

it follows that

Wo

< 5 e840 =40,
i=1

Uo

5(C, CF™ " []) < [1n — Illwo, e

r—1 i ;
1 kil || A (y) — 9@
< sup izt [Fir H A0) Hu(, . (7.2.15)
yEVo\{0} 9lly,

Note that (7.2.15) holds for all signal spaces Uy and ), considered in
(A), (B) and (C).

Step 2: Recall that, for y € ), the definition of Y, gives y(?(0) = 0,
for all i € {0,...,r — 1}, in case (A) and (B), and that y(V(0) = 0,
for all i € Ny in case (C). Also recall that by definition of A} one has
Al (y)(t) = 0 for t < ih. To simplify notation, without loss of generality,
define y(t) = 0 for ¢t < 0.

Lety € Ypand fixi € {1,...,7—1}. By i+1 applications of the Mean
Value Theorem there exist, for j € {1,...,4}, functions &} : [0, 00) — R™

with £%(t) € (0, jh]™ and §1+1 [0,00) — R™ with §Z+1( ) € (0,ih]™ such
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that, for all components of y, i.e. for all v € {1,...,m} and all ¢t > 0,
Ak - o)

AT (3O -t =) ) 0= 400)

= AP = D) -5 )|

S

(1790 (620,00 = (6 (0= (€00 = 1) —0l)
= 5 (t = (€Du(0) — 5 0)|
gD (= (1) -

<ih

Furthermore, for signal spaces from case (C), there exist, for all u € N,
functions 52“' [0,00) — R™ with f;fl( ) € (0,4h]™ such that, for all
ve{l,...,m}andall t >0,

AL = g O @] < iyl (= )]
Hence, in case (A) for p = oo, p = 0; in case (B) for p € [1,00), u = 0;
and in case (C) for p € [1,00), 1 € Np; the following inequality holds
forall v € {1,...,m},

| AL () — < ih|[yd (-

y(M-H) HLP(R>0—>R) (ngl HLP(R>0—>R)

1+1
< ’hHM’ (. ’|LP(R20~>R)’
whence, in view of inequality (7.2.11), see Lemma|7.2.3,

]|Az(y(u)> _ (M+Z)HLP(RZOHRM)

p—1 m i .
<’ Z”:lHMih[y’(’WH)K')”LP(szR)’ fp<co, (7.2.16)
TS M Ol e gy =00
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Step 3: Inequality (7.2.13) in case (A), i.e. for Uy = CL™(R>9 — R™)
and Yy = CW{(R>o — R™), is shown.

Let y € Vy. Observe that, forallv € {1,...,m}andalli € {1,...,r—
1}, [ Manly 1Oy, = 198 Ny and y gy < J1yllyg, where U =
CL*™(R>¢ — R). Thus it follows from inequalities (7.2.15), (7.2.16) and
Lemma[7.2.3 that

S’C« ’CEuler h ‘
oG s bl [y
< sup > < hm

T yedo\{o} vy,

r—1
Z |Kiyali.
=1

This completes the proof for case of signal spaces of type (A).

Step 4: Show (7.2.13) in case (B) with &, = 0, that is, for p € [1, 00),
let Uy = CLP(RZO — Rm) and Yy = ng’p(RZO — Rm)

Let y € Vo, i € {1,...,7—2}. Since k = (k1,...,k,_1,0) € R1*" and
yUth) ¢ CWé’p(RZO — R™), it follows from (7.2.16), Proposition[7.2.2
and Lemma[7.2.3] that

8000 =9, <027 3 Ml 100

U
v=1
SRS (i+1) | p—1 (i+1) ; (i+2) e

<in2"5 3 (211 (I g + ihollyl 2 ley))

v=1
< ih2"7 3" 2YP(1+ ihp) Py, |y,

v=1
< 2mih(1 + ihp)"/?|lylly, , (7.2.17)

where Uy = CLP(R>¢ — R) and ) = CWy*(R>9 — R). Then (7.2.15
and (7.2.17) yield

3(Ch, CEr[n])

r—2 r—1
<2mh > |kl i1+ ihp) P M= 2m b ki - i(1+ ihp) P
i=0 =0

This completes the proof for signal spaces of type (B) with k. = 0.
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Step 5: Show (7.2.13) in case (C), i.e. for p € [1,00) let Uy = Yy =
CWEP(Rsg — R™).

Let y € Vo. Note that (A} (y))*) = Al (y™) for alli € {1,...,7r—1}
and all u € No. For brevity write || - [[zr = || - [[Lr(Roo—r). Then
it follows from Proposition [7.2.2] inequality (7.2.16) and Lemma [7.2.3]
that, setting V) = CWP(R>o — R), for all i € {1,...,r — 1},

185@®) =y,

= z% HA?}(?J(”)) — it HLP(]RZO—JR"")
=

gg(ihfv 5 Mo [

v=1

) 0o m
. p=2 L+ -
<ih2T Y (Z [2|y£’ s

p=0 ‘v=1 1/p
(o)1 +th|y<#+z+z>|m)] )

>

Mg

1
2ih (ny D | il T g ||L/:’>
p=0rv=1
Oo .
N I S S el lia IIy‘“““)IIl/f)
v=1 Npu=0 n=0

Z| (u+z‘+1)||Lp
=

. mp< > Il ) ( > I 1))
<2iny (Z [ —i—lhp(Z lw$ 12 ) (Z IIy(“)Ill/pD

=1

<2 Yo+ i) (3 1o )

v=1 pn=0

\/\ ||

= =
()= L[]
I~ /N

N
Il
—_
=)
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thus, for ally € Yy and i € {1,...,r — 1},

1850) =y, = 2601+ ihp) 3 Nl lly, = 2mih(1 + ihp) o,

v=1
and so (7.2.15) yields
r—1
(Ch, CEM M [R]) < 2mh Y |kigal - i(1 + ihp) .
i=0

which completes the proof for signal spaces of type (C) and concludes
the proof of the theorem. O

Note that Theorem [7.2.1 requires the following assumptions to the
plant P: 1) P must be causal, 2) P must be gain stabilizable by the
controller Cf, in other words the closed-loop system [P, Ci] must be gain
stable on W, for some signal spaces W, and 3) the closed-loop system
[P, CEver[h]] must be either globally or regularly well posed. For ex-
ample, linear minimum phase MIMO-systems (A, B, C) with strict rela-
tive degree r and positive definite high-frequency matrix of form (2.2.1)
satisfy these assumptions. This is partially shown in Section the
plant operator P(A, B,C;x°) corresponding to an initial value prob-
lem (7.3.1) with 2° € R™ is causal, and Theorem [3.2.1 shows that, for
suitable k € R*", the controller Cj, stabilizes any (A, B, C) (in sense of
exponential stability of the closed-loop initial value problem with zero
disturbances ug = yo = 0) that is minimum phase, strict relative degree
r and positive definite high-frequency matrix. It remains to show that
the closed-loop [P(A, B,C;2°),Cy] is gain stable on W), see Subsec-
tion [7.3.2] and that the closed-loop [P(A, B, C; %), CEUer[p]] of linear
system and output delay feedback is globally or regularly well posed,
see Subsection
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7.3 Applications to linear minimum phase
systems

The main result from the previous chapter, Theorem[7.2.1, is stated for
various signal spaces (7.2.2). Now, consider linear systems in detail to
illustrate how the choice of signal space is determined by relative degree
assumptions on the linear system and the stabilizability requirements
in the various signal spaces. In particular consider, for n,m,r € N,
n > rm, the class M,, ,, » of all triples (A4, B,C) € R™ ™ x R™*™ x
R™*™ corresponding to n-dimensional, minimum phase, m-input, m-
output systems with known relative degree » € N and positive definite
high-frequency gain matrix CA""'B € R™*™ which has m linearly
independent eigenvectors (note that M, ,,, » is more general than the
class of relative degree one systems ./,\/lvmm considered for A-tracking
and funnel control, see Sections[4.1land [5.1). Let (A4, B,C) € My m.r,
2% € R" and P(A, B,C;2°): U, — Y. be the associated plant operator
u1 +— yp given by

(7.3.1)

t=Axz+ Bup, z(0) = 20,
=Cuz,

where U and ) are any of the input/output signal spaces pairs given

in (7.2.2).

Stability properties for both the nominal closed-loop initial value
problem [P(A, B, C;2°),C)] and the closed-loop initial value problem
with the delay based controller [P(A, B,C; %), CFUer[h]] are estab-
lished. First, recall the exponential stability result for closed-loop initial
value problems [P(A, B, C;x°), Cx] with zero disturbances uy = yo = 0
from Chapter[3. There it is shown that the high-gain output derivative
feedback controller

Ci: Ve = U, y2—=us = —FJZF&7 Zkzﬂyg ) (7.3.2)

where k = (ky,...k,) € R*™" is such that k., = 1 and the polynomial
5 Z::_Ol kiy1 s' is Hurwitz, i.e. has all roots in C_, stabilizes any
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(A,B,C) € My, provided £ > 1 is suitably large, see Theorem[3.2.1.

Note for better readability that it is always referred to the closed-
loop equations (6.2.1) when any closed-loop [P, C] is considered in the
present section.

7.3.1 Exponential stability of the ‘derivative closed-loop’
[P(A, B,C;z%), C,] with ug = yo =0

The following corollary is a direct consequence of Theorem the
statement of Theorem [3.2.1 is rewritten such that it can be applied to
the following results of the present section.

Corollary 7.3.1 Let, forn,m,r € Nwithn > rm, (A, B,C) € My mr
and 2° € R™. Suppose k = (ki1,...,k.) € RY>" with k. = 1 and
5= Z:;é ki1 ' Hurwitz. Then, there exists k* > 1 such that for all
Kk > Kk* the closed-loop initial value problem [P(A,b,c;x°),Cy ] given
by (7.3.1), (7.3.2), (6.2.1) with ug = yo = 0 is exponentially stable, in
the sense

Jk*>13IM>0Ta>0Ve>k*Vt>0Vz" e R :
|lz(t; 2°)|| < Me=*"||2%||, (7.3.3)

where z(-;2°) denotes, for initial condition x(0) = z, the solution of
the closed-loop initial value problem (7.3.1), (7.3.2), (6.2.1) with uy =
yo = 0. Therefore, for every system (A, B,C) € My, ., of form (1.3.1),
one may choose K € R™™ such that

spec (A + BK[C/... /OAH]) cC_. (7.3.4)

Proof. In view of the closed-loop equations (6.2.1), in particular yo =
Yo—vy1 and us = ug—uq, and the ug = yg = 0, the first statement (7.3.4)
follows directly form Theorem

With the transformation matriXNU € R"*"™ given by Corollary[2.2.5
and K = [kiIn,... keDy| with k; defined by k; = x""27'k;, i €
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{1,...,r}, (7.3.4) follows from

spec (A + BK[C/ ... /C’AT_ID
—spec (TAT "+ UB[K | Opxnrmy] ) € C-,
and the proof is complete. O

In the remainder of this section most results are considered for signal
spaces of type (A), (B) and/or (C) from (7.2.2). When presenting results
in case of signal spaces of type (B) it is assumed, see Theorem [7.2.1,
that k, = 0. In this case one cannot refer to Corollary 7.3.1 and so for
all results in case of signal spaces of type (B) the matrix K € R™*"™™

is chosen such that spec (A + BKI[C/ ... /CAT_1]> cC._.

7.3.2 Stability properties of the ‘derivative closed-loop’
[P(A, B, C; mO), Ci]

Now, for (A4,B,C) € Mpmyr, n,m,r € N with n > rm, and k €
R with the assumption that, for K = [k1L,,. .., k.I,] € R™X™™
it holds that spec (A + BK[C/ ... /C’A’”_l]) C C_, and for appropriate
input/output signal spaces of types (A), (B) or (C) in (7.2.2), it is
shown that, if 2° = 0, then the closed-loop system [P(A, B, C;x°), Cy]
is gain stable on Wy. For the input/output signal spaces of type (A)
or (B) only, it is also shown that the closed-loop initial value problem
[P(A, B,C;2°),Cy] is W-stable for any initial conditions ° € R™.

Theorem 7.3.2 Let, forn,m,r € N withn > rm, (A, B,C) € My . r
given by (7.3.1) and choose k = (k, ..., k,) € RY*" with the matriz K =
(k1Im, ... kelp] € R™™ such that spec (A + BK[C/.../CA™™Y]) C
C_. Let signal spaces U, Y, W and Wy be of type (A), (B) or (C)
in (7.2.2)); in case (B) suppose k. = 0. Consider the controller operator
Ci: Ye — U, as defined by and the associated plant operator
P(A,B,C;2%): U, — Y. with initial value z° € R™ as defined by (7.3.1).
Then the closed-loop system [P(A, B,C;0),Cy] is Wo-gain stable. In
the case of signal spaces given by (A) or (B), the closed-loop system
[P(A, B,C;2°),Cy] is also W-stable.
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Proof. Step 1: Consider W of type (A), (B) or (C) given by (7.2.2)
and let (ug,yo) € W.

The closed-loop initial value problem [P(A, B,C;z°),Cy] given by
equations (7.3.1), (7.1.1), (6.2.1) is, in view of the coordinate trans-
formation (f,) = Uz, where U is given by Corollary equivalent
to (2.2.22), (7.1.1), (6.2.1). Invoking Corollary[2.2.5and applying Vari-
ation of Constants yields

where (22) = Uz and, in view of ug € U and yo € Y,

O(rfl)mxm
e() = cA'B | [uo(-) + (Crkto)(-)] € LP(R>p — R™). (7.3.6)
O(n—rm)xm
Step 2: Consider case (A) or (B), i.e. U x Y = CLP(R>¢9 — R™) x
CW™P(R>9 — R™), p € [1,00], n > rm. Taking norms in (7.3.5) and in-
voking the well-known inequality H Jo F(-=5)g(s) dsHLp <\fllz:llgllze,
for f € L' and g € LP, one obtains, for some 31, 32 > 0,

19

<51[

LP(R>o—R"™)

50
G| P—

é—O r—1 i
(,70 + 182 | ol ey —zemy + 3 Wit 186”1 ey

<A

and thus,
DY
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Now, by (2.2.22)),

ygi):§i+1€Lp(R20—>Rm)a fori=0,...,r =1

y =, = <Z (R, — CA™ BE) &) + Sy +¢ € PP(Rzo — R™)

i=1

and with (7.3.6) it follows that y; € CW™?(R>g — R™) = ).
Finally,
uy = ug — Ck(y2) = uo — Ck(yo) + Cr(y1) € CLP(Rz0 — R™) = U,

which shows that the closed-loop system [P(A4, B, C; z2°), Cy] is W-stable
for signal spaces of types (A) and (B).

Step 3: Let 2 = 0 and let Wy be as in (A) or (B), i.e. Wy =
Uy X Vo = CLP(RZO — Rm) X CWS’:D(RZO — Rm), S [1,00], n > rm.
It is straightforward to see that y(*)(0) = 0 for i = 0,...,r, and hence
one can show similarly as in Step 2 that, for some f31,...,085 > 1,

191 HCWJ"”(REOHRM)

r—1
S ﬂ15253 |: ||u0||CLp(RZO_,]Rm) + Z |k1+1|||y(()l) HCLp(R>O_,Rm):|
=0

< Ba [ loll e gy + 190l w2 g

and

HuluCLP(]RZO—’Rm)
< HUOI|C‘LP(R20*>Rm) + HC}“WHC”(RZOHRM
< lluollcremsy—rm) + 85 12llowy =17 @y —rm)
< Hu0||CLp(RZO‘>Rm)
+ 05 | I9llowy =12 gagmrm) + [90llowy—12 @ —rm)

Therefore, Wy-gain stability for signal spaces of types (A) and (B) fol-
lows.
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Step 4: Let 2° = 0 and let Wy be as in (C), i.e. Wy = Uy x Vo =
CWFP(Rsg — R™) x CW"P(R>o — R™), p € [1,00). First note
that ¢ € CW”P(R>o — R™). By [Yos80, Prop. VI.3.1] one has, for all
i €Nandall t >0,

, U(
di
dti/ €
0

C
A+BK

oAt

)U_l(ts)
p(s)ds

t (
/
0

Hence it follows from (7.3.5) that C‘li—; (%)‘tzo =0, and so y@(0) =0
for all i € N. It follows also that ugi)(O) = u(()i) (0) — Ck(yéi)(())) +
Ck (ygl) (0)) = 0 for all : € N. One can then show similarly as in Step 3
that, for some (1, 82 > 1,

C

CAr—l

) U '(t—s)
oW (s)ds.

||y1||cwoc,p(R>0_»Rm) = Z ||Z/1||CLp(R>O_,Rm)
- >0 )

<003 (1 lcmanmmy 1 Cot0)” ooy )
j=0 r—1
< b ||UOHCW°°4’(RZOHRW) + B2 Z Z Hy(()lﬂ) ’|CLP(RZO~>RW)

§>0 i=0

< b ||UOHCW°°4’(RZOHRW) + 752 ”yOHCWOO*P(RZDH]Rm) :

An analogous inequality for [|u1|cyye.s(r. ,—rm) 8ives Wo-gain stability
as required. This completes the proof of the theorem. O

Theorem [7.3.2 shows in combination with Corollary [7.3.1, for signal
spaces of type (A) or (C) in (7.2.2), that if n > rm and &* > 1 is
sufficiently large then [P(A, B, C; %), Cy ] is Wy-gain stable for all £ >
k*, with a bound for the gain given by

[Hey . //pa,8,0:0) |y, < Bk K), (7.3.7)

for some f((k,x) > 0 determined by the proof of Theorem [7.3.2] and
Corollary [7.3.11
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In the signal space setting of type (B) in (7.2.2)), i.e. p,r < oo, these
stability results are only proved for k, = 0, thus precluding the appli-
cation of Corollary Since Corollary gives stabilizability of
plants (A, B,C) in M,, , », n > rm, 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 assump-
tion that k. = 0 as in (B). However, the setting (C) does introduce
extra regularity requirements on the external disturbances ug, yg.

7.3.3 Gain stability of the ‘delay closed-loop’ with zero
initial conditions: [P(A, B, C;0), Cf"* [h]]

To apply Theorem one has to show that, for initial condition
2% = 0, the closed-loop system [P(A, B,C;0),CEuer[h]] is globally or
regularly well posed. Note that, for (A, B,C) € M, . and 2° € R™,
the closed-loop [P(A, B, C;z°), CEUer[h]] may be written as delay dif-
ferential equation as follows:
~ r—1 _.
i(t) = (A+ A°) a(t) + T Aa(t - jh)
j=1
r—=1 _
+ Buo(t) + > B’yo(t — jh), x=¢on[(1—-r)h,0],

=0
ni(t) = Cu(t),

w(® = w0 + 5 (17 T 52 ()0 - )it - jn)

=]

(7.3.8)
where ¢(0) = 2° and, in view of the normal form (2.2.22) of (A, B,C),
for j=0,...,7r—1,

AT j+1 1 — ki+1 7\ ——1 O(T,l)me .
Al = (71)J+ CA™™ BZ hi <)U I, Onx(n—m) U,
i=j J Oner
=J (n—rm)xm
r—1 k i
Bl = (-1 Y "L ("B
( ) = ht ] )

where the transformation matrix U € R"*" is given by Corollary[7.3.1.
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Lemma 7.3.3 Let, for n,m,r € N with n > rm, (A, B,C) € My, m.r
and k = (ki,...,k,) € RY™".  Let the signal spaces U, Y, W, Wy
be of type (A), (B) or (C) in (71.2.2). Then the closed-loop system
[P(A, B,C;0), CEUer[h]] which is given by the application of the delay
feedback controller operator CEUeT[h]: Vo, — U, defined in (7.1.2),
onto the plant operator P(A, B,C;0): Uy, — Yoe given by (7.3.1), is
globally well posed on W.

Proof. Inview of (7.3.8) with ¢ = 0 on [(1—7)h, 0], ug,yo € C(R>¢ —
R™) and the additional assumption that wg,yo can be continuously ex-
tended to functions in C([(1—7)h, 00) — R™), the lemma follows directly
from [HVL93, Thm. 1.2.1]. O

Now one is in the position to show that linear minimum phase MIMO-
systems (A, B,C) € My mr, n,m,r € N, n > rm, are gain stabilizable
on U x Y by the delay feedback CFUer[h] defined in (7.1.2), for suitable
k € R for sufficiently small A > 0 and for signal spaces of type (A),
(B) or (C) in (7.2.2).

Theorem 7.3.4 Let, forn,m,r € N withn > rm, (A, B,C) € My mr
and choose k = (k1,...,k.) € RY" with K = [kiLn,...,kIy] €
R™*™™ such that spec (A+ BK[C/.../CA™™!) C C_. Let the sig-
nal spaces U, Y, W, Wy be of type (A), (B) or (C) in (71.2.2); in case
(B) suppose k. = 0. Then v := HHC:@//P(AB,C;O)HWmWO < 00. Suppose
h € (0,h*), where h* > 0 satisfies (7.2.3). Then the delay feedback
controller CE¥er[h]: Vo, — Up., defined in (7.1.2)), applied to the plant
P(A,B,C;0): Uy, — Yoe given by (7.3.1) yields

r—1
L4+h 3 [kl inp,M(h7i)
1=1
||Hcfulm[h]//P(A,B,C;O)HWO’WO <7 - . (7.3.9)

L= hy 3 |kiga| inp,m (h, @)

i=1

Proof. By Theorem [7.3.2|follows ~y := HHCk//P(A»BﬁC@)HWO W < 00
The result now follows from Theorem 7.2.1 since, by Lemma[7.3.3] the
closed-loop [P(A, B,C;0),CEuer[p]] is globally well posed and, more-

over, P(0) = 0. O
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In the following let CkE,’l,‘Jer[h]: Yo > Uy = —K Z::_Ol K i1 AL yo
be the delay feedback controller corresponding to controller Cy, ., given
in (7.3.2).

Together with Corollary [7.3.1] and Theorem [7.3.2] Theorem [7.3.4
shows for signal spaces of type (A) or (C) in (7.2.2), that for suffi-
ciently large k* > 1 (determined by Corollary [7.3.1) and any x > k*,
B(k, k) given in (7.3.7) and sufficiently small & > 0 (determined by The-
orem [7.3.4), the closed-loop system [P(A,b,c;0), Cyur[h]] is Wy-gain
stable. Moreover,

Ik* > 1Vk>k* IR >0Vh e (0,h%) :
[ Tgpaies )/ p(a,8,0:0) o e

r—1 .
1 —+ hfi Z Iﬁr72|k1',+1| ”}p,m(h’a Z)
i=1

S ﬁ(k, ﬁ) r—1 °
L—hpB(k,k)k 35 K" kiv1| inpm(h, )
=1

7.3.4 Gain stability of the ‘delay closed-loop’ with
non-zero initial conditions:

[P(A, B, C; a®), CE¥[h]]

To generalize Theorem [7.3.4 by allowing for non-zero initial conditions,
the following theorem, which incorporates non-zero initial conditions
and will be applied to signal spaces of type (A) or (B) in (7.2.2), is
presented. The proof of Theorem [7.3.5]is based on an extension of
Theorem [6.5.4.

Theorem 7.3.5 Let n,m,r € N with n > rm and consider signal
spacesU, Y, W, Wy of type (A) or (B) in (7.2.2). Letk = (k1,...,k,) €
RY™"™ and additionally in case (B) suppose k, = 0. Let (A,B,C) €
My, 2° € R™ and consider the operator P(A,B,C;2%): U, — Ve
as defined in (7.3.1). Suppose that for h > 0, applying the feedback

controllers

Cip: V. — U, and C’,f“l”[h]: Voe — Ue
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as defined in (7.1.1) and (7.1.2), respectively, to P(A, B,C;0) yields

HHCk//P(A7B,C;0)HWO,WO < o0 and
"HCE"Z”[h]//P(A,B,C;O)||WO,WD =y <o00.

Then

IAN>0V2’ eR Yuwg €W,y -

[T pieringy pea,B,ciaoy oy, < M’ + 7 llwolly, - (7.3.10)

Proof. Note that one may consider P(A, B, C;0) as an operator from
U, to Y. or from U, to Vy.. Furthermore, note that Cj and CEwer[p]
may be considered as operators from ), to U or from )y, to Y. Thus one
may consider the graphs of P(A, B, C;0), Cy, and CFYr[h] in W) or in
W. To identify in which signal space a graph is considered a superscript
Wy or W is added such as in g}V,V&,Bc;O) C Wy or QZ,\ZA’B’C;O) c W.
For x° # 0 one has to consider P(A, B,C;x") as an operator from U,
to Ve with G4 5 oy C W.

Step 1: For k = (ky,...,k.) € RY" let K = [kjllm,...,krlm]. Let

. (2.2.22), (7.1.1), (6.2.1) )
Yo = 0 and consider the map defined by ug — y1 with

transfer matrix

. (SIn — (UAU_l +UB(K | Omx(n—rm))))ilﬁB

’ (W(SIn —(A+ BK[C/ ... /CAril]))U_l)ilﬁB,

where the matrix U is given by Corollary 2.2.5

By boundedness of HHP(A,B,C’;O),Ck HWU,WUXWU and in view of [Fra87,
Thm. 2.4.2] it follows that G(-) is stable. Since (4, B, () is minimum
phase, setting F':= K[C/.../CA™"!] € R™*", [Cop74, Thm. 10] yields
that spec(A + BF) = spec(A+ BK[C/.../CA™ 1) c C_.

Since HHP(A,B,C;O),Ck HWO,WoxWo < 00, one may define maps N: U —
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U, ug— uy, and M: U — Yy, ug — y1 by
- g
Nug = (Im | Ome) HP(A,B,C;o)//c,c (O) »
ug
Muo = (Omxm | Im) Upa,B,c;0)//Ci (0> -

Then, Proposition[7.3.1 yields that the tuples (ug,u1) = (uo, Nug) and
(uo,y1) = (ug, Mug) satisty

&= (A+ BF)z + Bug, z(0) =0
up = Fo 4+, (7.3.11)
y = Cx.

Step 2: Tt is shown that N(U) =V := {u € U| P(A, B,C;0)u € V}.

Suppose u € V, ie. u € U with P(A,B,C;0)u € Y. Then Y >
P(A,B,C;0)u = Cx =: y for = being a solution of & = Az + Bu,
x(0) = 0. Since (A, B, () is minimum phase, thus (A, C) is detectable,
there exists L € R™ such that spec(A + LC) € C_. Since y € ) and
u € U writing

t=(A+LC)r—LCx+Bu=(A+LC)x—Ly+ Bu
yields that x € CLP(R>9 — R™). Thus ug := v — Fz € U and (7.3.11

then yields that u = u; = N(ug) € N(U), which gives N(U) C V.

Conversely, suppose u € N(U). Then there exists ugp € U such that
ug = u— Fa € U. Since spec(A+ BF) C C_ it follows by (7.3.11) that
P(A,B,C;0)u=y=Cz €Y. Hence N(U) C V.

ug

Now N: U — V, Ug — (Im ‘ Omxm) HP(A,B,C;O)//Ck ( 0 ), is well de-
fined and writing
& =Ax+ Buy, z(0) =0
w=Fx—u,
directly gives that N is invertible and P(A, B,C;0) = M N~
Step 3: Set A := A+ BF = (A+BK|[C/.../CA"1]). Next is shown
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that

g]K\EA,B,C;;EO)

o N Fexp(A-)x®

=Q = {(M) v (C’exp(A-)xo €W
First, show @ C gl‘;\éA,B,C;:zzo)'

Consider, for any v € U, q, = (FeXP(A e ) € Q. Let u =
A

Cexp(A-)z’
Nv+ Fexp(A)z°. Since Nv e U and exp( ) € CW"P(Rso — R)™*™,
it follows that u € U. Observe

veld, NM, F
and A as in Step 1

&= Ax+ B(Fexp(A)z"), z(0) =2 € R™
has the solution z(-) = exp(A-)z°. Thus it follows that
P(A,B,C;2°)F exp(A-)2® = Cexp(A-)z°.
Hence
P(A,B,C;2%u = P(A,B,C;2")Nv + P(A, B, C;z2°%) (F eXp(Z-)xO)
- P(Av Bv C? 1,0)(0)
= P(A,B,C;0)Nv + P(A, B, C; 2°) (FeXp(Z')xo)
= MN'Nv+ Cexp(A)z®
= Mv+ Cexp(A)x’ €. (7.3.12)

Thus ¢, = (P(A7B?C;w0)u) e U XY, soq, € Q}Q{A,B’C;wo) and @ C
g%\éA,B,C;xO)'

Next, show QIZ‘EA,BC“O) C Q.

Consider (P(A’B’lfc;wo)u) € Q},%A’B)C;wo). Then

P(A,B,C;0) (u— Fexp(A)z?)
= P(A,B,C;2%u — P(A, B,C; %) (Fexp(A-)z ) el.

Therefore u — F exp(A-)2° € V = Im(N), and so there exists v € U such
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that Nv = u — Fexp(A-)z°. Therefore, equation (7.3.12) holds, hence

u (N Fexp(A-)x°
<P(A,B,C;J:0)u) - (M) vt (cexp(z-)xo €@
and so QIK\ZA B.Cia0) C Q. Therefore, it is shown that ngA B,Cia0) = Q
as claimed.

Step 4: Finally, inequality (7.3.10)) is shown.

For wy € Wy and z° € R™ let wg 1= wp — v1 — vy where

om (), on (TG,

Since CEWer[p](Y) C U, it follows that w) € Wy, hence,
Hp(a,5.c10).cpverpn (W) = (wr, w2) € gp&,B,c;o) x gév,élulcr[h]'

In particular, wj = w; + we, and by rearranging one has wy = (w; +
v1) + (wg + v2). Since wy € g};\&’B’C;O) C Q};\EA’B’C;O), there ex-
ists v € U such that wy = (§})v, hence wy +v; € Q = g}f/’\éABc-mO)'

Since wy € QCE“M[ C gg%nler[h] and vy € gé‘%“ler[h], it follows by

h]
linearity of CFWer[h] that we + vo € gCV«VEuler[h].
k

closed-loop [P(A, B, C;z°), CFUer[h]] has the uniqueness property, see
Lemma (7.3.3, Hp(a p c;20),cEnerp): W — W X W is defined and

Therefore, since the

Hp(a,B,0:0),cBuer 1) Wo
= (w1 + vy, w2 +v2) € gPW(A,B,C;ZL’O) X gCVV\:Euler[h] CWxXW.

For)\ = sup loallw _ H —CRM[R)(C exp(A )))

moeR"\{O} (=] —Cexp(A)

. (7.3.13)

LpxWmPp

where p = 0o in case (A) and p € [1,00) in case (B), it follows that

||Hc,§uler[h]//P(A,B,c;xO)woHWXw < Jvallw + [[wallyy
< A2+ [[wollyy, »
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thus concluding the proof. O

Now one can state the robust stability result for the delay feedback
controller in the presence of both input/ouput disturbances and initial
conditions.

Theorem 7.3.6 Let, for n,m,r € N withn > rm, (A,B,C) € Ppm.r
and choose k = (k1,...,k.) € RY>" with K = [kilp,...,kIn] €
R™X™™ such that spec (A+ BK[C/.../CA™™1]) C C_. Let the sig-
nal spaces U, Y, W and Wy be of type (A) or (B) in (71.2.2); in case
(B) suppose k, = 0. Then vy := HHCk//P(A’BvC§O)||WO,WO < 00. Suppose
h € (0,h*), where h* > 0 satisfies (7.2.3). Consider for (A, B,C) the
plant operator P(A,B,C;2°): U, — Y. given by (7.3.1) and the delay
feedback controller CEU*"[h]: Yo, — Ue, defined in (7.1.2). Then there
exists X > 0 such that, for all wg € Wy,

HHclljuler[h]//P(A7B,C;I0)w0 HW,W

r—1
L+h Y |Kivr]inpm(h, 1)
=1
< A=)+ — [[wollyy, -

1- h’Y Z:l |ki+1| inp,m(hv Z)

Proof. The result follows directly from Theorems|7.3.4 and|7.3.5. O

Together with Corollary [7.3.1 and Theorem [7.3.2] Theorem [7.3.6
shows for signal spaces of type (A) in (7.2.2), that for sufficiently large
k* > 1 (determined by Corollary [7.3.1) and any k > k*, 8(k, k) given
in (7.3.7) and for sufficiently small h > 0 (determined by Theorem[7.3.4
there exists A > 0 (determined by equation ) such that, for all
To € R™ and wg € Wp:

Mgty pa,s.cianolly

r—1 .
L+ he 30 6" kiga| inpm (R, 0)
< A2 + | Bk, 5) L l[wollyy, -
1—hB(k,k)E > KT Hkix1] i0p,m (R, 7)

=1
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7.3.5 Exponential stability of the ‘delay closed-loop’
[P(A, B, C; %), CE"'*[h]] with up = yo =0

In Theorem [3.2.1] see also Corollary [7.3.1] it has been shown that the
high-gain output derivative feedback controller Cy, ,.: y2 — u2 leads to
an internally stable system, i.e. for ug = yo =0, any k = (k1,..., k) €
RY*™ with k. =1 and s — Z::_Ol ki 15 Hurwitz, Corollary [7.3.1] gives

dk*>1Ve>k"
i=(A+BK[C/.../CA"™ ')z is exponentially stable,

where K = [kiLn, ..., keI with k; := 727k, 0 € {1,...,7}.

Now (as in [IS04] where a more limited class of systems was consid-
ered, namely systems with relative degree 2) it is shown that an anal-
ogous result holds true if the stabilizing derivative feedback controller
Cy: y2 — wug is replaced by the delay feedback C’E”ler [h]: y2 — ug for
h > 0 sufficiently small. Exponential stability for a delay differential
equation is defined as follows, see, for example [CZ95, Def. 5.1.1].

Definition 7.3.7 Let h > 0 and, forn,r € N, n>r, Ag,..., A1 €
R™*™, Then the delay differential initial value

r—1
&= ZAj x(t —jh), x=p on[(1—r)h,0], (7.3.14)
§=0

1s said to be exponentially stable if, and only if,

AM A >0Vt >0V € Cpul[(1—r)h,0] = R?) :

Al < Me M . (7.3.15
le® < Me _max lle(s)]- - (73.15)

The following proposition now shows exponential stability of the closed-
loop initial value problem [P(A, B,C;a%), CE¥er[h]] with zero distur-
bances ug = yo = 0.

Proposition 7.3.8 Let, for n,m,r € N with n > rm, (A,B,C) €
Prm,rs 20 € R". Consider the signal spaces U =) = C’WSO’Q(REO —
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R) and W :=U x Y and choose k € R**" and h > 0 such that

||HP(A,B,C;O)//C,f‘“l”'[hJ Hw,w < 00,

Then the delay differential system associated with the closed-loop ini-
tial value problem [P(A, B,C;x%),CE¥er[h]] given by (7.3.1), (7.1.2)
and (6.2.1) with ug = yo = 0 is exponentially stable.

Proof. For (A,B,C) € Ppmyr, n,m,r € Nwithn >m and h > 0, the
closed-loop system [P(A, B,C;2%), CEUer[h]] given by (7.3.1), (7.1.2)
and is described by the delay differential equation (7.3.8), see
Subsection 7.3.3. Let Gp(a p,ci0)/ ey € R(s)?™*2™ denote the
transfer function of Ilp(4 g cy0)//cEuerpy- Then, [Tre04, Thm. 30] or,
for example, [Fra87, Thm. 2, Sect. 2.4] yields

blélﬂg HGP(A,B,C;O)//CE‘“%] (iw)Hz = HHP(A,B,C;O)//CE‘“”[h]HW,W <00.
w

Since the denominator of the function (s — GP(A7B)C;O)//CEu1er[h](S)) is
equal to

det (sI — (A + AY e A 4 e*S(T*I)hZTd)) ,
where ﬁo’ e ,ﬁ“l as in Subsection [7.3.3, it follows that
Vse Cy : det (s[ — (A + A peh A 44 e_s(r_l)h‘gr_l)) #0.

Now, [CZ95, Thm. 5.1.5] yields exponential stability of with
ug = yo = 0, and the proof is complete. O

This section is concluded by noting that for sufficiently large x* > 1
(determined by Corollary[7.3.1) and any k > «*, 5(k, k) given in (7.3.7)
and for sufficiently small & > 0 (determined by Theorem [7.3.4) Propo-
sition[7.3.8 yields that the closed-loop system [P(A4, B, C; 2°), C,E‘éler [h]]
with ug = yo = 0 is exponentially stable. Thus, robust stability when
replacing derivatives by delays of the high-gain output derivative feed-
back controller [3.2.2]is proven.
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7.4 Example

In this section an example is presented which illustrates Theorem 7.3.4,
and its application within a nonlinear context. Consider the linear SISO-
system P(A,b,c;2%): uy — y; given by (7.3.1) with the system matrices

10 -1 0
Note that the system has relative degree r = 2, positive high-frequency
gain cA"~'b = 1, stable zero dynamics and is already in Byrnes-Isidori

normal form. An application of Cy ,, defined by (7.3.2) with k = (1,1)
yields the closed-loop system

01 0 0
A= |11 1], b= [1]| and ¢ = [1,0,0] and initial value z° € R3.

U1 0 1 0 Y1 0
| =|1-r1-5k%1 o]+ (1] [uo+ K2y + &%0]
n 1 0 -1 n 0
= A,
2
ur = uo + K*yo + K2g0 — (KPy1 + K%91) 1 | (0) =a°.
n

(7.4.1)
If k > /2 then spec(A,) C C_. Replacing Cy . by the appropriate
delay feedback controller C,E‘;ler [h] yields the closed-loop system

U1 0 , 10 U1 02 00 U1
| =|1-k3 -5 11 i + 500 n|(-nh)
n 1 0 -1 n 000 n
0
1) u0+ﬁy0+ﬁ2y0 yo( h)}’
0
up = ug + K3y + KZLZLT yo( —h) (H3y1+n27y17y}ll('*h)),
hn
Y1 | = ¢ on[-h,0],
n

(7.4.2)
where ¢(0) = 2°. Theorem [7.3.4 now guarantees that, for sufficiently
small h > 0, the delay system (7.4.2) is Wy-gain stable for signal spaces
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Wy of type (A) or (C) defined by (7.2.2). Moreover, Proposition [7.3.8
shows that, for (ug,yo) = (0,0), the solution of (7.4.2)) is exponentially
stable for sufficiently small A > 0.

Next the effect of an additional causal and invertible nonlinearity
W: Uy — Up is considered. Connect this in series with the input of the
plant, to give the plant operator P(A, b, c;2°) o ¥, see Figure

+ Yy
o ﬁTﬂ
-
U2 IQI Y2 u—i— .

Figure 7.3: The closed-loop system [P o ¥, C]|

Consider the map ®: Gp(4p,c;0) — Wo defined by

u \I/_l(u)> (u)
o (") = ., forall c o -
<y) ( y orall { ] €0rbeo)

Since W1 (u) € Uy for all u € Uy, ® € OP(A,b,¢;0),P(A,b,c;0)0w, hence

6(P(Aa b, c; O)a P(A’ b,c; O) o \Ij) < HI - (I)HWO,WO < ”I - \11_1”2/{0,7/{0'
An application of Theorem[6.5.1 then shows that if the nonlinearity ¥ is
sufficiently mild, i.e. if I =¥~ 2, < ey . /7P(Ab,ci0) 9y then
[P(A,b,c;0) 0o U, Cy ] is also gain stable on Wy. Consequently, Theo-
rem [7.2.1] establishes, for sufficiently small h > 0, that [P(A,b,c;0) o
v, C’,E‘;ler [h]] is Wh-gain stable for signal spaces W of type (A) or (C)
defined by (7.2.2).

For example, in the setting of signal space (A), consider ¥: Uy —
Uy defined by U (u)(t) = ¥(u(t)) for the memoryless function ¢: R —
R, ¥(s) = s+ esin(s), 0 < ¢ < 1. Then v is bijective and there
exist functions «, 8: (0,1] — (0, 00) with the property lim._,¢ a(e) =1,
lim. o B(e) = 1 such that a(e)s < ¢(s) < B(e)s. It follows that the

inverse w_l holds ﬁs < w_l(s) < ﬁs Hence the bounded inverse
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U=t Uy — Uy is given by U1 (u)(t) = = (u(t)) and

_ =1
||I—\I/_1|| Ssup |S T| (S)I
S

1 1
<1—max{ }—>O as € — 0.
seR

- a(e)’ A(e)

Hence for sufficiently small ¢ > 0 and h > 0, [P(A, b, c;2%) 0¥, C,E‘}Jer [h]]
is Wy-gain stable.

Robust stability is illustrated in the following simulation study. Recall
that k£ = (1,1) and choose x = 2 and € = 1. The simulations are
computed with MATLAB’s dde23 solver for delay differential equations,
see also [SGTO03]. All state variables yi, 91, n of the undisturbed (uy =
yo = 0) closed-loop systems are illustrated for ¢ € [0, 20].

Figure |7.4(a) shows an exponentially stable solution of with
initial conditions (y1(0),91(0),n(0)) = 207 = (1,1,1) and (uo,y0) =
(0,0).

Figures [7.4(b), [7.4(c), [7.4(d)| illustrate [P(A,b,c;a%) o ¥, CIE‘filcr[h]]
with (uo,yo) = (0,0) and initial function

(W1l n0ps 1l =m0y Ml —nop) = 7 = (1,1,1)

for Euler step sizes h = 0.1,0.4, 0.7, respectively. Note that for h = 0.7
the delay system becomes unstable.

7.5 Notes and references

The results from the present chapter are shown in [FIM09]. Perhaps sur-
prisingly, there are relatively few theoretical results available on closed-
loop stability for such delay based controllers. For linear time-invariant
systems with relative degree 2 controlled by the delay feedback (7.1.2),
exponential stability of the resulting closed-loop delay differential sys-
tem was established in [IS04]. In the very recent work, [Kar08] tries to
generalize the results in [IS04] for systems with arbitrary relative de-
gree, however the proof is very technical and seems to be inaccurate.
Other analogous results for systems with higher relative degree have not
been previously established. Stabilization of (nonlinear) systems via de-
lays has been considered by some authors: in [NM04] the authors give
a control strategy with multiple delays that stabilizes a simple system
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1.5 1.5
- U1 U1
n n
0.5
—0.52 —0.5
—1:, -1
0 5 10 15 20 0 5 10 15 20
(a) [P(A,b,c;2°) 0 U, C 4] (b) [P(A,b,¢;2%) 0 ¥, CPUIeT[R]], h = 0.1
1.5
]
- %yl
-n
i
—1.50
0 5 10 15 20 0 5 10 15 20

(c) [P(A,b,c;z°) 0 T, C,E‘;ler[h]}, h=0.4 (d) [P(Ab,c;x%) 0T, C,E‘;ler[h]], h=0.7

Figure 7.4: Simulations; Robust stability of derivative feedback

of the form y(™ = u. In [KNMMO5] necessary conditions for multiple
delay controllers that stabilize linear systems are shown, but no explicit
control strategy is given. In [Kar06] the author considers nonlinear sys-
tems with several constraints and gives a control strategy that achieves
a bounded output.

Analogous results for sampled versions of CFUer[h] can also be shown
utilizing the techniques of this chapter. A variety of sampled versions
of these results are presented in [FMO09], which also extends the results
for fully nonlinear controllers and to the important case of semi-global
stabilization.




8 Robustness of A-tracking

In this chapter it is verified that A-tracking is robust in the sense that
the control objectives (bounded signals and tracking) are still met if the
A-tracker (4.1.5) is applied to any system “close” (in terms of a small
gap metric) to a system satisfying the classical assumption for adaptive
control, i.e. systems which are (i) minimum phase, have (ii) relative
degree one and (iii) “positive” high-frequency gain, as long as the initial
conditions and the disturbances are “small”. This will be achieved by
exploiting the concept of the nonlinear gap metric from Chapter [6.

8.1 Well posedness of the closed-loop system

Recall A-tracking from Chapter |4} Theorem [4.2.1 shows that linear n-
dimensional, m-input, m-output (MIMO) systems of the form

B(t) = Az(t) + Buy(t),  2(0) = 2°, } (8.1.1)

where (A, B,C) € My, m, see Section 4.1} and z° € R” is an arbitrary
initial value, can be “stabilized” in presence of additive input/output
disturbances ug, yo € W (R>q — R™) satisfying the interconnection
equations

ug = U1 + uo, Yo = Y1 t+ Y2, (8.1.2)

by application of the adaptive control strategy

k(t) = dist (y2(t), [-\ A - g (0], k(0) = &2,
us(t) = —k(t)ya(t), } (8.1.3)

where A > 0, k% € R and dist: R™ x R.g — Rsq defined by (y,\) ~—
dist(y, [\, A]) := max{0, |[y|| — A}.

205
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A linear system (A, B,C') from system class M,, ,,, satisfies the clas-
sical assumptions for adaptive control: (A, B,C) given by (8.1.1) is
minimum phase, see Definition and Corollary has strict rel-
ative degree one with positive definite high-frequency gain matrix C'B,
ie. CB+ (CB)T > 0.

The purpose of the present chapter is to show robustness properties of
the A-tracker in terms of the gap metric. This means that the A-tracker
may also be applied to linear systems which are sufficiently close (in
terms of a small gap) to any system from class M,, ,, but may not
satisfy any of the above assumptions.

For the purpose of illustration recall the example plant from Subsec-
tion 6.3.1. A minimal realization (A,b,¢), see Subsection [8.2.1, of the
system given by the transfer function

N(M —s)

N. M
S Gt Mty oM

(which obviously does not satisfy any of the classical assumptions since it
is not minimum phase, has relative degree 2 and negative high-frequency
gain) is closer (in sense of the nonlinear gap) to a System in M the
larger N and M are, see (6.3.3). Furthermore, (A b ,€) is stabilizable
and detectable. Recall, for n,m € N with n > m, the system class

pnm::

)

(A,B,C) (A, B, C) is stabilizable
€ R™*™ x R™*™ x R™*™ | and detectable ’

from Subsection [6.5.2] and note that M,, ,, C Pp .

For m,n € N with n > m, consider P, ,, as a subspace of the Eu-
clidean space R"*+2mn by identifying a plant 6 = (A, B, C) with a vector
0 consisting of the elements of the plant matrices, ordered lexicograph-
ically. With normed signal spaces U and ) and (6,2°) € Py,.m x R™,
where 20 € R” is the initial value of a linear system (8.1.1), one may
associate the causal plant operator

P0,2°): Uy — Vo, uy — P(0,2%)(u1) :==y1, (8.1.4)

where, for u; € U, with dom(u;) = [0,w), holds y; = Cx, = being
the unique solution of (8.1.I) on [0,w). Note that P is a map from
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Unsm (Prm x R™) to the space of maps Uy, — V.
Consider, for A > 0, the adaptive strategy (8.1.3) and associate the

causal controller operator, parameterized by A and the initial value k° €
R, i.e.

CNEY): Vo — Uy, Yo — C(N K2 (y2) := s . (8.1.5)

Note that C is a map from (0,00) x R to the space of causal maps
ya g ua~

In this section it is shown that, for & = Y = WH>*(R5o — R™),
the closed-loop system [P(6,2°),C(\, k°)] (depicted in Figure of
any plant of the form (8.1.1) (with associated operator P(6,z%)) and
adaptive controller (8.1.3) (with associated operator C(\, k")), where
(0,2°) € Ppm x R™ and (X, k%) € (0,00) x R, satisfying the intercon-
nection equations (8.1.2), is regularly well posed.

+ u Y
C(\ k) f——O— %o
Uz Y2+

Figure 8.1: The closed-loop system [P, C].

First, it is verified that, for any 6 € M,, ., see Section[4.1] the closed-
loop system [P(6, 2°), C(), k°)] is globally well posed and (Z/{ xy) -stable,
see Section [6.2]

Proposition 8.1.1 Let m,n € N with n > m, A > 0, (6,2°,k%) €
My xR xR and ug, yo € WH°(R>g — R™). Then, for plant opera-
tor P(0,2°) and control operator C(\, k), given by (8.1.4) and (8.1.5),
respectively, the closed-loop initial value problem [P(0,z°),C(\,k%)],
given by (4.1.6), (8.1.2), (8.1.3), is globally well posed and additionally
(WE>(Rso — R™) x WH(Rso — R™))-stable.

Proof. The proposition is a consequence of Proposition [4.2.1] O
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Note that, for (4,B,C) € Ppm, 2° € R", X > 0 and k° € R, the
closed-loop initial value problem (8.1.1)), (8.1.2), (8.1.3) may be written
as

i(t) = Ax(t) + Blug(t) — uz(t)], x(0) =20 € R?,

KO = i) (O Ko =wer, | oo
y2(t) = yo(t) — Cx(t),
uz(t) = —k(t)ya(t),

where dy: R™ — Ry is defined by e — dy(e) := max{0, |le]| — A}, see
also Section [4.2.

Proposition 8.1.2 Let m,n € N with n > m, A > 0, (6,2°,k%) €
Pr.m xR XR and ug, yo € WH*(R>q — R™). Then, for plant operator
P(0,2°) and control operator C(\, k), given by (8.1.4) and (8.1.5), re-
spectively, the closed-loop initial value problem [P(0,z), C(\, k°)], given
by (8.1.6)), has the following properties:

(i) there exists a unique solution (z,k): [0,w) — R™ X R, for some
w € (0,00], and the solution is maximal in the sense that for
every compact K C Rso x R™ x R exists t € [0,w) such that

(t,z(t), k(t)) ¢ K;
(ii) if k € WH([0,w) — R), then w = oo;
(iii) if yo € W2 ([0,w) — R™), then w = oo;
(iv) [P(0,2°),C(\ k)] is regularly well posed.

Proof. (i): The right hand side of (8.1.6) is continuous and locally
Lipschitz, i.e.
f:Rso xR" x R — R,

_ Ax + Blug(t) + k(yo(t) — Cx)]
(¢, 2, k) < dx(wo(t) — C ) [olt) - Cal )

satisfies a local Lipschitz condition on the relatively open set R>q X
R™ x R in the sense that, for all (7,¢, k) € R>o x R™ x R, there exists
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an open neighbourhood O of (7, &, k) and a constant L > 0 such that
V(t,x,k) €0 : Hf(taxak) - f(tvé-?’i)H < L(”(E - f” + ||k - K”) .

Therefore, standard theory of ordinary differential equations, see, for
example, [Wal98, Thm. ITI.11.IT1], yields that (8.1.6) has an absolutely
continuous solution

(z,k): [0,w) = R" xR

for some w € (0,00], which satisfies (t,z(¢t),k(t)) € R>o x R™ x R.
Moreover, the solution is unique and the solution can be extended up
to the boundary of R>¢ x R™ x R. In other words: for every compact
K C R>p x R” x R exists t € [0,w) such that (¢,z(t),k(t)) ¢ K, as
required.

(ii): Suppose k € Wh°([0,w) — R) and, for contradiction, w < oco.
Since di(y2)? < da(y2) ||ly2ll = k € L®([0,w) — Rsy), it follows that
dx(y2) € L*([0,w) — Rx>o) and dx(y2) + A € L=([0,w) — R>¢). Thus,
y2 € L*([0,w) — R™).

Since k € L*([0,w) — R), Variation of Constants applied to (8.1.6)
yields the existence of constants cg,c; > 0 such that

Vite[o,w) :
ool <co (e 4+ [ e (o)l + (o)) as) - 517

Since y2 € L>®([0,w) — R™) and ug € L>®(R>g — R™), it follows from
the convolution in (8.1.7) that the right hand side of (8.1.7) is bounded

by 3 = co (e + (e +1)([[uo | L= (j0.0)—rm) FlIY2ll Lo ((0,0) —rm)) /€1) >
0 on [0,w) which gives that

K= {(t.o, k) € Rao x R" xR |t € [0,6], okl < /G + R~ |

is a compact subset of R>g x R™ x R with (¢, z(t),k(t)) € K for all t €
[0,w), which contradicts the fact that the closure of graph ((x, k)

is not a compact set, see (i). Therefore, w = oco.
(iii): Suppose yo € W°([0,w) — R™) and, for contradiction, w <

|[0,w)
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00. Then k = dy(y2) |y2]| € L=([0,w) — R) and, combined with
Vit e 0,w) :

t
K(t) — KO = / d(u2(5)) [ly2(s) | ds
0
K 2 2
< / 1912 0y ey 15 = @ 3112 (0.0 »

one arrives at k € W1>°([0,w) — R). Now (ii) yields that w = co. This
is a contradiction and so w = oo.

(iv): For ease of notation, let W = W1°(Rsq — R™) x Wh*(R> —
R™). By (i), the closed-loop [P(8, z°), C'(), k%)] is locally well posed. To
prove that [P(60,z°), C(\, k°)] is regularly well posed, it suffices to show
that (6.2.2) holds, see Section 6.21 For arbitrary wo = (ug,y0) € W
consider (w1, w2) = Hp(g40),c(rk0)(wo) where dom(wi,wz) = [0,w)
is maximal. Suppose, contrary to the right hand side of (6.2.2), that
[[(w1,102)] 19wy s o, < 00 Then g2 € WH([0,w) — R™), which,
in view of (iii), yields w = oo, i.e. the contrary of the left hand side
of (6.2.2). Hence the closed-loop system is regularly well posed. O

With the knowledge that the closed-loop system [P(6,z°), C(\, kY)]
is regularly well posed for all # € P,, ,,,, one is in the position to present
the main results on robust stability of A-tracking which follows in the
next section

8.2 Robust stability

Theorem [4.2.1 and Proposition 8.1.1 establish that, for (6,2° k%) €
Mpm x R* x R and m,n € N with n > m, A > 0 and o,y €
Whoo(Rsog — R™), the closed-loop system [P(6,2°), C(\,k%)], given
by (4.1.6)), (8.1.2), (8.1.3) is globally well posed and has certain stabil-
ity properties. Furthermore, Theorem [4.2.1 shows A-tracking for linear
systems belonging to class M, ..

The purpose of this section is to determine conditions under which
these properties are maintained when the plant P(6, z) is perturbed to
a plant P(g, 2°) where (5, z°) € Pym x RY for some ¢ € N, in particular
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when 6 ¢ M,,,. The main result Theorem [8.2.3 shows that stability
properties and A-tracking persist if (a) the plants P(a, 0) and P(6,0)
are sufficiently close (in the gap sense) and (b) the initial data 2% and
disturbance wy = (ug,y0) € W = WhH®(R>q — R™) x WL (R —
R™) are sufficiently small.

To establish gap margin results, the augmented plant and controller
operators as in Subsection [6.5.2] are required. Define, for the con-
crete signal spaces U = Y = WH®(Rsq — R™), U = R +2nm
WL (Rso — R™) and let W := U x WE®(Rso — R™), which can
be considered as signal spaces by identifying 6 € R +2mn with the
constant function ¢ — 6 and endowing U with the norm [|(0,u)|; =
\/HGHQ + ||uH%V1,OO(R>OéRm). For P(0,0) given as in (8.1.4), define the

(augmented) plant operator, as in (6.5.13), by

P:U, — WE>e(Rso — R™),
(0,u1) = Uy — y1 = P(@y) := P(0,0)(uy). (8.2.1)
Fix A > 0, kY € R and define, for C(\, k") as in (8.1.5), the (aug-
mented) controller operator, as in (6.5.14]) but for the concrete A-tracker,
by
C: Wh®(Rsg > R™) = U, ,
yo = Uz = O(y2) == (0,C(\E°)(12)) = (0, uz) - (8.2.2)

Note that 0 ¢ M,, ,,. For each non-empty Q C M,, ,,,, define

W= (Q x WH™(Rsg — R™)) x WH™(Rxo — R™)
and Hgﬁ' = HTD’6|W9 . (8.2.3)

It follows from Proposition 8.1.1 that H W2 W x W is a causal

operator for any non- empty Q C Mum. Next Proposition [8.2.1 shows
gain-function stability of H . This is a supposmon of Theorem [6.5.3]

and latter is used to show Proposmon 2l and thus the main result

Theorem [8.2.3.
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Proposition 8.2.1 Let m,n € N with n > m, k° € R, X\ > 0_and
assume Q C M, , is closed. Then, for the closed-loop system [P,C]
given by (6.2.1), (8.2.1) and (8.2.2), the operator H~ & given by (8.2.3)

s gain-function stable.

Proof. Note that ((8,u1),51) = ((8,u0),y0) — ((0,uz2),y2). For the
continuous map v: D, ,, — R>g as in Theorem 4.2.1 and we given
by (8.2.3), it follows that

Y ((0,u0),0) € W -

1912 2(0.0). ) 55,50

(0 1), 1), ((0,u2), 52)) I 5
1106, w0), yo) Iy + 2[1((0, u2), y2) 55
|

<
< [[(uo, yo)lw + 1101 +22(8, (0, k%), uo, o) »

and so, for ro := inf,cyye [|[w|l;; and r € (1o, 00), closedness of € yields

Q R ||(u07y0)||W + ||9H (Q,U(J;yo) € WQ )
g[Hf”é} (r) = Sup{+2 v(0,(0,k°), u0,y0) | [1(6,u0,y0)llyy < 7 <00

Thus a gain-function for H}g & exists, and the proof is complete. O

The following establishes (W' (R — R™) x Wh*(Rxq — R™))-
stability of the closed-loop system [P(6,Z°),C(),k°)] for a system 6
belonging to the system class Py, ¢ > m, if, for a system 6 belong-
ing to My, ;m, n > m, the gap between P(g, 0) and P(6,0), the ini-
tial value 7° € R? and the input/output disturbances wy = (uo, yo) €
Whe(Rsg — R™) x Wh*(Rso — R™) are sufficiently small. The
proof is based on results from Subsection[6.5.2, namely Theorems|[6.5.3
and [6.5.4]

Proposition 8.2.2 Let m,n,q € N with n,q > m,signal spaces U =
Y = Wh2Rsg — R™), W =UxY and 0 € My,,. For any
(g, 29, k%) € Py x RIXR and X > 0, consider P(g, 2°): U, — V., and
C(\K®): Vo — U, defined by (8.1.4) and (8.1.5), respectively. Then

there exist a continuous function n: (0,00) — (0,00) and a function
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¥ Pym — (0,00) such that the following holds:

V(g,%o,wo,r) € Pym X R x W x (0,00) :

O] + llwollw <7 }

o ~ H G50 O(WO)EWXW.
5(P(0,0), P(8,0)) < n(r) POEDCOED

(8.2.4)

It is required to show how the gain-function stability of the augmented
closed loop [P, C], given by (6.2.1), (8.2.1), (8.2.2), yields the robustness
property (8.2.4) for the unaugmented closed-loop [P(6,2°), C(\, k°)].

Proof of Proposition [8.2.2. By Proposition 8.1.2 the closed-loop
system [P(0,2°),C(), k)] is regularly well-posed for all § € P, ,,. Con-
sider the augmented operators defined by (8.2.1) and (8.2.2), i.e.

P: Popn XUy — Vo,  (0,u1) — P(,u1) = P(6,0)(ur),
6’: Vo — n,m X uaa Y2 = 5(3/2) = (O,C(A, ko)(yQ)) .

For 0 € M,, ., set Q@ = {0}. By Proposition [8.2.1, H%,é = H1575|Wn,
given by (8.2.3), is gain-function stable. By, for example, the proof
of [Zei86, Thm. 4.D], HP(970)//C()\’]€O)(')’[0 " is continuous for all 7 > 0,

which yields that (H};//@\Wsz) (')}[o,r) is continuous for all 7 > 0.
Then Theorem [6.5.3 for U = Y = WH®(R>o — R™) gives the exis-
tence of a continuous function u: (0,00) x  — (0, 00) such that
V(G,a,wg,r) €EQXPym xWx(0,00) :

lwollw <7

o ~ = H,; o (wo) EW X W.
5(P(0,0), P(6,0)) smr,e)} PG0)00u0 10)

Now, Theorem 6.5.4] for Y = Y = WH>®(Rsg — R™) yields the
existence of a continuous function p: (0,00) xQ — (0, 00) and a function
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¥ Pym — (0,00) such that

Y (0,8,7°,w0,7) € Pym X Mpm x RIx W x (0,00) :

PONZ°] + wollw < 7

5| 0 = H 0,70 o(wo) EWXW.
§(P(6,0), P(0,0)) < p(r, 9)} P(6,3°),C(,k0)

(8.2.5)

Finally, statement (8.2.4) follows on setting n(-) = u(-,0). O

Note that Theorem [6.5.4 requires stabilizability of system 6 € Pom-
Finally, one is in the position to state and prove the main result of
the present chapter. Loosely speaking, it is show that the A-tracker
also works for systems (A,B,C) € Pym which are not necessarily
minimum phase, may have higher relative degree and negative high-
frequency gain. However (4, B, C) has to be sufficiently close — in the

terms of the gap metric — to a system (A, B,C') € M,, ,,, and the initial

value z° € R for (ﬁ, E, 6‘) and the input/output disturbances (ug, yo)
have to be sufficiently small.

Theorem 8.2.3 Let m,n,q € Nwithn,g>m,U =Y = WH>*(Rsg —
R™), W=UxY, KR, A>0and 0 € M,,,. For (0,i°) €
Pqm x R consider the associated operators P(g, °): U, — Y, and
C(AK®): Yo — U, defined by (8.1.4) and (8.1.5), respectively, and the
closed-loop initial value problem (8.1.1), (8.1.2), (8.1.3). Then there ez-
ist a continuous function n: (0,00) — (0,00) and a function ¢ : Py, —
(0,00) such that the following holds:

V(g,io,wo,r) € Pym X RIx W x (0,00) :

YOI + lfwollw < 7 } .
3(P(6,0), P(6,0)) < n(r)

limsup, . [[y2(t)]| < A,

k€ Whe(Rso — R),

r € WHo(Rsg — RY),
(8.2.6)

where (x,k) and yo satisfy (8.1.6).
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Proof. Step 1: It is shown that
((ulvyl)a (U27y2)) = HP(@,EO),C()\,kO)(wO) eEWxXW. (827)

Choose functions n: (0,00) — (0,00) and ¢: Py, — (0,00) from
Proposition 8.2.2. Let

(5, 50,100,1") € Pym X RIX W x (0,00) :
(0)|Z°]] + wolw < A §(P(8,0), P(8,0)) < n(r).

Then Proposition [8.2.2] gives (8.2.7).

Step 2: By Proposition [8.1.2 it follows that (8.1.6) has a unique
solution

(2,k): [0,w) = RI xR

on a maximal interval of existence [0,w) for some w € (0,00], in the
sense that for every compact £ C R>¢ x R"” x R exists ¢t € [0,w) such
that (¢, z(t), k(t)) ¢ K. Now, Proposition[8.1.2(iii) together with (8.2.7),
in particular yo € W1>°([0,w) — RY), yields w = oo.

Step 3: Tt is shown that k € L®(Rso — R).

Suppose, for contradiction, that & ¢ L>*(R>p — R), i.e. there exists
a sequence (¢;) € (R>o)Y with ¢; > t;41 and lim;_ k(tl) = 00. Then

lim dy(y2(ts)) [[y2 ()] = o0
11— 00
and thus
Jim ly2(t) ]| = oo,

a contradiction to (8.2.7).

Step 4: It is shown that k € L*°(R>¢ — R).

Suppose, for contradiction, that k ¢ L>°(R>9 — R), that means that
lim; 0 k(t) = co. Since uz € WH°(R>g — R™), the forth equation
in (8.1.6) yields lim; oo y2(t) = 0, and thus

3T >0Vt >T : k(t) = da(y2(t)) ly2(t)]| = 0

which contradicts the assumption on k.
Step 5: By Step 3 and 4 one may obtain k € W1 (R — R).
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Step 6: Proposition[8.2.2 yields in particular that ya, ¢2 € L (R>g —
R™). Analogous as in Step 10, of the proof of Theorem[4.2.1] one may
establish that ys is uniformly continuous.

Step 7: By Step 6 and continuity of the map e — dy(e)|le|| obtain
that ¢ — dx(y2(t)) |y2(t)|| is uniformly continuous. Hence, in view of
k = dx(y2)|ly2|| € L' (R>o — R), which is equivalent to k € L>(R>o —
R), and Barbalat’s Lemma, see [Barb9], lim; oo dx(y2(t)) [|y2(¢)|| = 0
holds. This gives limsup,_, ., [|y2(t)]| < A

Step 8: It remains to show that z € W (R>q — RY).

Let (;1, E, 6’) € Py.m associated with (8.1.1). Detectability of system
(Z, B, 5’) yields the existence of F' € R7X™ such that A+ FC is Hurwitz.

Setting g := —[F—l— ké] (yo — y2) + B ug +§I<;y0 gives
@ =[A~kBCla+Bug+ Bkyy=[A+FClz+g. (8.2.8)

By Proposition [8.2.2 and Step 5 follows yo € WH*(R5o — R™) and
k € Wh*(R>o — R) and since wg = (ug, yo) € WH*(R>g — R™) x
Whoo(Rsy — R™) it follows that g € W1*°(Rso — RY). Hence,
by obtain x € L*®(R>9 — R?). The first equation in (8.1.6
then gives & € L>°(R>o — RY) which shows z € W1 (R>q — RY) and
completes the proof. O

8.2.1 Example: robust stability of A-tracking

Finally, revisit the example plants (8.2.9) and (8.2.10) given by minimal
N(M—s)
(s—a)(s+N)(s+ M)’

realizations of the transfer functions s — ﬁ and s —
a, N, M > 0, with the associated operators

Pa;xozua_)yav Uy — Y1 and PN,]\/I,O(;%O:MaHyaa Uy — Y1

which are induced by state space systems

o _ .0
Paao T =artu, z(0) == (8.2.9)
h =
S A 7~ _ =0
PN,M,a;:L’O : N-T = ‘~4$ +buy, :L‘(O) =T } (8.2.10)
Yy = Cx
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with 20 € R, 7° € R3 and where

B 0 1 0 _ 0
A= 0 0 1 , b=101{,

aNM, —-NM +aN +aM, a— N — M N
¢:=[M,-1,0].

The signal spaces in the present chapter, see also Chapter [4] are given
asU =Y = WH(Rsg — R™). In Subsection 6.3.1 it was shown that
the gap metric between P,.o and Pas,ar,q;0 is small for large M > 0,
i.e.

lim sup (S(Pa;(), PQM’]M}Q;O) =0.
M —o0

Note that system (8.2.9) is minimum phase, has relative degree one
and positive high-frequency gain, in fact (o, 1,1) € M 1. Furthermore,
(Z,E,E) ¢ Mdl Equivalently, for the Byrnes—Isidori normal form of
system (8.2.10), given by Lemma[2.1.2, i.e.

&1 ~ &1 _ &1
(% &L = UAU ! &+ Ub up, Yy = Ut &, (8211)
n — A n . =z \7
. . . . &1 M -1 0
where, in view of the coordinate transformation (fg) = { 0 M 71} x,
1
i)l o
=:U
_ 0 1 0
A = |aN+2M(a—M—N), a—M—N, 2M(NN + M2 — oM — aN)|,
-1 0 M
" 0
b =|-N|, ¢ =11,0,0], (8.2.12)
0

holds (A", ¥/,&) ¢ Mss. In particular, (8.2.10) does not satisfy any
of the classical structural assumptions for adaptive control: it is not
minimum phase, it has relative degree two and its high-frequency gain
—N < 0 has the “wrong” sign.
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However, note that the matrices

0 0 N
[b, Ab, A20] = | 0 N (a =N — M)N
N, (¢ = N = M)N, (~NM +aM + aN + (a — N — M)?)N

c M -1 0
CA | = 0 M -1
CA? —aNM, NM —aM —aN, 2M —a+ M

are invertible, thus system (8.2.10) is controllable and observable and
therefore, (A4,b,¢) is stabilizable and detectable. Thus (A,b,¢) € Ps 1.

By Theorem [8.2.3] there exist a continuous function 7: (0,00) —
(0, 00) and a function ¢: P31 — (0, 00) such that

V(3% wo, ) € R? x W x (0,00) :
ke WI’OO(RZO - R)’
liltrnsup llyo(t) =y ()|l < A,

¥ ((A,5,9) 17 + f[wolw < } N
z € Whe(Rsg — R3),

g(Pa;07 PN,M,a;JNc(’) < 77(7")

where W = WH®(R5o — R) x Wh(Rs5q — R).

This means in particular that A-tracking is achieved by the adaptive
control strategy applied to system (8.2.10) despite the fact that
it has unstable zero dynamics, has relative degree two and negative
high-frequency gain. The only restrictions are that the zero is “far” in
the right half complex plane, the initial condition z° is “small” and the
WL input /output disturbances ug and yo are “small”, too.

The result is illustrated by following simulations: recall the Byrnes—
Isidori normal form (8.2.11), (8.2.12) of example plant Py asq.z0. Let
a=1and N =2M = 100. Then inequality (6.3.5), see Subsection[6.3.1,
yields 5(Pa;o,PN,M,a;o) < 8/51. Moreover, let A =1/2.

Then, for initial values k° = —1 for the controller C'(), k%), 20 = 1 for
system (8.2.9) and Uz° = (—0.1,0.1,—0.1)T for system (6.3.2) and in-
put/output disturbances ug = yo = 0, obtain Figure 8.2: Figure 8.2(a)
shows the solution ¢ — y;(t) and ¢ — k(t) of the closed-loop sys-
tem (8.2.9), (8.1.3) and (8.1.2) with uwg = yo = 0. Figures 8.2(b)—

8.2(d)| show all components of the solution ¢ — (g(t)T,n(t),k(t))T =
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yo = 0, figure detail: k yo = 0, figure detail: %yl

Figure 8.2: Simulations; Robustness of A-tracking

(y1(t),91(t), n(t), k(t)) of the closed-loop system (8.2.11)), (8.1.3), (8.1.2)
with ug = yg = 0 in different picture details.

Note that Theorem 8.2.3|shows existence of two functions ¢ : Py, ,, —
(0,00) and n: (0,00) — (0,00) in (8.2.6) however, it could be hard to
find these functions for a given system. Moreover, it is also possible
that these functions counteract in some ways. For example: given small
r>0and 6 € ’qu such that 5( (6,0), P(6, 0)) < n(r) it could be
possible that (6 ) is very large which requires then a very small initial
value Zy € RY so that the left hand side of (8.2.6) holds. However, in
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view of (8.2.6) given that the second inequality holds for r and g it is
always possible to choose a sufficiently small initial value.

8.3 Notes and references

The results from this chapter on robust stability for A-tracking are
shown in [IMO8|. There it is shown that the A-tracker (8.1.3) may
be applied to a class of linear systems close in the gap metric to lin-
ear minimum phase systems with strict relative degree one and “pos-
itive” high-frequency gain. Moreover, the A-tracker copes with cer-
tain bounded input/output disturbances. Some inaccuracy is present
in [IMOS§]: although robust stability of A-tracking is shown in [IMOS§]
by using the terminology from [GS97], [Fre08] and [FIR06] and theo-
rems about robust stability from [Fre08], the underlying signal spaces,
namely U = Y = WH*(R>o — R™) (as in the present chapter), actu-
ally do not fit in the terminology of [FTR06] and [IMO08]; since all signals
in Wh°(R>o — R™) are absolutely continuous the definitions for the
generalized signal spaces in [IM08] are not applicable to this function
space. Therefore, more general definitions for extended and ambient
spaces, which are also applicable to spaces of continuous functions, are
presented in Section 6.1. Moreover, for this generalized signal spaces a
revision of the required results from [Fre08, Sec. 5] is given in Subsec-
tion[6.5.21 However, the main result of [IM08], namely that A-tracking
is robust, holds true since the inaccuracy can be resolved, as can be
seen by the analysis from Chapter [6 and the results from the present
chapter.

A robustness analysis of the adaptive controller k(t) = |jya(t)
uz(t) = —k(t) ya(t), see also (4.1.4), is presented in [FIR06]. The au-
thors utilize similar techniques as in the present chapter, for example
applying the concept of gain-function stability and robustness results as
in Subsection [6.5.2 or from [Fre08, Sec. V], respectively.

[




9 Robustness of funnel control

In this chapter it is verified that funnel control is robust. As in the pre-
vious chapter for A-tracking, the framework of the nonlinear gap metric
from Chapter6 is applied to show that the funnel controller (5.1.3) may
be applied to any stabilizable and detectable system as long as the initial
conditions and the input/output disturbances are “small” and the sys-
tem is “close” (in terms of a small gap metric) to a system satisfying the
assumptions for funnel control, i.e. linear minimum phase systems with
relative degree one and positive definite high-frequency gain matrix.

9.1 Well posedness of the closed-loop system

Recall funnel control from Chapter [5: the closed-loop system of linear
system

#(t) = Ax(t) + Bus(t),  2(0) = a°, } (9.1.1)

n(t) = Cx(t),
where (A, B,C) € My, m, see Section and 2° € R" is an arbitrary
initial value, and funnel controller (5.1.3)), i.e.

B o(t)
" = T o0l (9.1.2)
us(t) = —k(t)ya(t)

where ¢ € ®, see Section [5.1, interconnected via the equations
ug = U1 + ua, Yo = y1 + Y2, (9.1.3)

satisfies, for ug € U := L®(R>o — R™) and yp € Y := WH®(R>¢ —
R™), the control objectives of funnel control, see Theorem [5.2.1.
Recall also that (A, B,C) € M,, ,, is minimum phase, has strict rel-

221
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ative degree one with positive definite high-frequency gain matrix CB,
ie. CB+ (CB)T > 0.

The purpose of the present chapter is to show robust stability prop-
erties in terms of the gap metric of the funnel controller when applied
to linear systems from

- { (A,B,C) (A, B,C) is stabilizable }
M e RIXY x R2*™ x R™*4 | and detectable ’
g,m € N, ¢ > m, see also Chapter [8] which are sufficiently close to a
system from class M,, ,, but not necessarily in M,, ,,, n € N, n > m.
This is equivalent to the intentions of Chapter[8]
As in Section [8.1 one may associate, for (6,2°) = ((4, B,C),2°) €
Pn,m x R"™ and normed signal spaces i/ and ), the causal plant operator

P0,2°): Uy — Vs, up — P(0,2%)(u1) :== 41, (9.1.4)

with the initial value problem (9.1.1), where y; = Cz, = being the
unique solution of (9.1.1) on [0,w) for u; € U, with dom(u;) = [0,w).

Consider, for ¢ € @, the funnel controller (9.1.2) and associate the
causal controller operator

C(e): Yo — Ua, Y2 = C(0)(y2) == uz . (9.1.5)

Figure 9.1: The closed-loop system [P, C].

First, it is verified that, for any 6 € M,, ,,,, see Section/4.1} the closed-
loop system [P(0,2°), C(A, k°)] is globally well posed and (U x)-stable,
see Section[6.2.

In this section it is shown that, for W =U x J = L>®(R>g — R™) x
Whee(Rso — R™), any reciprocal funnel boundary function ¢ € ®




9.1 Well posedness of the closed-loop system 223

and every (0,2°) € M, ;m x 2%, the closed-loop system [P(6,2°),C(y)]
as depicted in Figure [9.1]is globally well posed and W-stable. More
important, it is shown that, for all (6,2%) € P, ,, x R" and ¢ € ®, the
closed-loop [P(8,2°), C(p)] is regularly well posed.

Proposition 9.1.1 Let n,m € N with n > m, ¢ € ®, (0,2°) €
Mym x R™ and (ug,y0) € W := L®(Rso — R™) x WH(Rsg —
R™). Then, for plant operator P(0,2°) and control operator C(yp), given
by (9.1.4) and (9.1.5), respectively, the closed-loop initial value problem
[P(8,2°),C(p)], given by (5.1.4), (9.1.3), (9.1.2), is globally well posed
and moreover, the closed-loop [P(0,x°),C(p)] is W-stable.

Proof. The proposition is a direct consequence of Theorem |5.2.1 O

Note that, for (4, B,C) € Py.m, 2° € R™ and ¢ € ®, the closed-loop
initial value problem (9.1.1)), (9.1.3), (9.1.2) may be written as

&(t) = Ax(t) + Bluo(t) — ua(t)], z(0) =20 e R",
B o(t)
S S ETNGTR (0.1.6)
©) = 3oy Colt)
un(t) = —k(t)un(t)

Proposition 9.1.2 Letn € N withn >m, ¢ € ®, (0,2°) € P, x R®
and (ug,yo) € W := L®(Rsg — R™) x WhH*(Rso — R™). Then,
for the plant operator P(6,x2°) and the control operator C(p), given
by (9.1.4) and (9.1.5), respectively, the closed-loop initial value problem
[P(0,2°),C(p)], given by (9.1.6), has the following properties:

(i) there exists a unique solution x: [0,w) — R™, for some w € (0, 00|,
and the solution is mazimal in the sense that for every compact

K CR>o x R™ exists t € [0,w) such that (t,z(t)) ¢ K;

(ii) if (u2,y2) € L=([0,w) — R™) x W1>([0,w) — R™) then w = oo
and k € L*(R>¢ — R) and ya is uniformly bounded away from

the funnel boundary p(-)~1;

(iii) [P(8,2°),C(p)] is reqularly well posed.
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Proof. (i): Set, for ¢ € ® and yo € WH*(R>o — R™),
Howo = {(t,2) € Rog X R™ | o(t)[|yo(t) — C x| < 1} .

Note that, for all 2° € R™ and yo € WH>°(R>9 — R™), the tuple
(0,40(0) = C'x) € Hypy,- Then (9.1.6) may be written as

z(t) = g(t, z(t)), z(0) = 22, (9.1.7)
where

g: Hyyo — R”,

e(t)

(yo(t) = Cx),

satisfies, in view of ga’lhs’oo) being globally Lipschitz for every ¢ > 0
and ¢(0) = 0, see the definition of ® in Section [5.1} a local Lipschitz
condition on the relatively open set H,,, in the sense that, for all
(1,€) € Hyy,, there exists an open neighbourhood O of (7,§) and a
constant L > 0 such that

V(t,x) €O : glt,x) —g(t, | < Lllz —£]|.

Therefore, standard theory of ordinary differential equations, see, for
example, [Wal98, Thm. ITI.11.II1], yields that (9.1.6) has an absolutely
continuous solution z: [0,w) — R™ for some w € (0, cc|, which satisfies
(t,x) € Hyy,.- Moreover, the solution is unique and the solution can
be extended up to the boundary of H, ,,. In other words: for every
compact K C H,, y, exists ¢t € [0,w) such that (¢,z(t)) ¢ K, as required.

(ii): Suppose (ug,y2) € L*([0,w) — R™) x WH*°([0,w) — R™) and,
for contradiction, w < co. By boundedness of ¢, see the definition of ®,
it follows that there exists A > 0 such that ¢(¢) < 1/ for all ¢ € [0,w).
Thus

Vie0w) s 1=e@ly()l <1/2 = 1/2 < p@)lly2())]| < ly2(2)]I/A
= vt = A/2

which yields, in view of y; € L*°([0,w) — R™) and #”22”92 =uy €
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L>([0,w) — R), that

Viel0,w) : 1=yl <1/2 =

p(t) Ap(t)
L= o(®)[ly2(2)]] L—p®)y2(0)I)°
#@z\l is bounded on {t € [0,w) |1 — ¢(t)|ly2(t)|| < 1/2}. More-
over, for all ¢ € [0,w) such that 1 —o(t)||y=(¢)|| > 1/2, (m) <

2/X. Thus k = #ﬂyzl\ € L>=([0,w) — R). Hence, by continuity of the
solution

> 1) >
[uz| Lo = ly2(8)]] = o

thus

3e>0vte[0,w) : 1- ol > ¢

Then, Variation of Constants applied to (9.1.6) yields the existence of
constants ¢g = ¢o(B, A\, €),c1 = ¢1(A) > 0 such that

Vte[0,w) :
|uw§%GW+AQMWmew+m@MM) (9.1.8)

Since yo € L®([0,w) — R™) and ug € L*(R>o — R™), it follows from
the convolution in that the right hand side of is bounded

by C3 = Cp (eclw—I—(ecl‘”—I—l)(Huo||Loo([0,w)_,Rm)—|—||y2||Loo([07w)_,Rm))/cl) >
0 on [0,w) which gives that

]C = {(t’x) € H%yo |t € [0,&)}, ||.T|| S 63}

is a compact subset of H,, ,, with (t,z(t)) € K for all t € [0,w), which
contradicts the fact that the closure of graph (I|[0 w)) is not a compact
set, see (i). Therefore, w = co.

(iii): By (i), the closed-loop initial value problem [P(8,z"),C(p)] is
locally well posed. To prove that [P(0,2°), C(y)] is regularly well posed,
it suffices to show that holds. For arbitrary wg = (ug,yo) € W
consider (w1, w2) = Hpp0),c(p)(wo) where dom(wy, ws) = [0,w) is
maximal. Suppose, contrary to the right hand side of (6.2.2), that
||(w1’w2)|[0w waxww < oo. Then (uz,y2) € L*([0,w) — R™) x

Wl’oo([O,wj — R™), which, in view of (ii), yields w = oo, i.e. the
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contrary of the left hand side of (6.2.2). Hence the closed-loop system
is regularly well posed and the proof is complete. O

Regularly well posedness of the closed-loop system [P(6, 2°), C(y)] for
all 0 € P, p, is crucial to show robust stability for funnel control because
of the application of the results from Subsection 6.5.2. The results in
the following section are analogous to the robust stability results for
A-tracking in Section[8.2.

9.2 Robust stability

In Section[8.2 it was shown that A-tracking works also for linear systems
P(0,2°) with 6 € Py, ¢,m € N, ¢ > m, and initial value 2° € RY, if
three requirements are satisfied:

1) the system g is close to a system 0 € My, ., n € N, n > m, in
other words, the gap metric g(P(H, 0), P(6,0)) is sufficiently small;

2) the initial value 7° is sufficiently small;
3) input/output disturbances (ug,yo) € W are sufficiently small.

An equivalent stability result is shown for funnel control in the present
section. Proofs and lemmata are adapted from Section [8.2] too.

As for A-tracking the augmented plant and controller operators as
in Section [8.2 and Subsection [6.5.2] are required. Note that for funnel
control and A-tracking slightly different signals spaces are considered.
In the following, let W = U x Y = L®(R>o — R™) x WH*(Rsg —
R™) and define U = R”T2m 5 1f and W := U x Y. Recall that,
by identifying 0 € R +2mn with the constant function ¢ — 6, the

norm of U is given by ||(6, u Nz = \/||9H2 + Hu||2oo (Roo—Rm)- LOT given

P(6,0) as in (9.1.4), define the (augmented) plant operator as in (6.5.13
and by

P:U, — Wr®(Rsg — R™),
(0,u1) = Uy — y1 = P(y) := P(6,0)(uy), (9.2.1)
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and, for ¢ € ® and for C(p) as in (9.1.5), the (augmented) controller
operator, as in (6.5.14) and (8.2.2) but for the funnel controller, by

61 WJ’OO(RZO — Rm) - aaa
y2 = iz = Clya) := (0,C(¢)(y2) = (0,u2) . (9.2.2)

Moreover, define for each non-empty €2 C M,, ,,,, equivalently to (8.2.3),

and H]%é = 13,6’|WQ . (923)

Also equivalently as for A-tracking in the previous chapter one can
show gain-function stability of H % &

Proposition 9.2.1 Let n,m € N with n > m, ¢ € ® and_assume
Q C M, is closed. Then, for the closed-loop system [P,C] given
by (6.2.1), and the augmented operators (9.2.1) and (9.2.2), the operator
H%@ given by is gain-function stable.

Note that since the proof of Proposition[9.2.1 is identical — with one
exception: apply the funnel control result Theorem 5.2.1 instead of the
A-tracking result Theorem — to the proof of Proposition [8.2.1, it
is omitted here.

Next, as for A-tracking in Section 8.2} it is shown that the closed-
loop system [P(6,2°),C(p)] for a system 6 belonging to the system
class Py is (L (R0 — R™) x Wh°(R>q — R™))-stable if, for any
system 6 belonging to M,, ,,,, the gap between P(g, 0) and P(0,0), the
initial value 2° € RY and the input/output disturbances wo = (ug,yo)
are sufficiently small.

Proposition 9.2.2 Let n,q,m € N with n,q > m, U = L*®(R>¢ —
R™), Y = WH*Rsg - R™), W =UXY and 0 € My,,. For
(0,7°, ) € Py xRIx®, consider P(0,7°): Uy, — Ve, and C(@): Vo —
U, defined by (9.1.4) and (9.1.5), respectively. Then there exist a con-
tinuous function n: (0,00) — (0,00) and a function ©: Py m — (0,00)
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such that the following holds:

V¥ (8,7°, w0, 7) € Pym X R x W x (0,00) :

O] + llwollw < }

5 ] Hp g z0 (wg) €W x W,
6(P(9’0)7P(970)) < n(r) P(6,29),C(p)\ V0

(9.2.4)

Again the proof of Proposition[9.2.2 is identical to the proof of Propo-
sition[8.2.2]if the gain-function stability result Proposition[9.2.1]for fun-
nel control is applied instead of the corresponding result for A-tracking
(Proposition [8.2.T) and one chooses the signal spaces for funnel control
(namely U = L®(R>o — R™) and Y = WH*°(R>g — R™) instead of
U=Y=W"He(Rso — R™)) when applying Theorems and [6.5.4.
Therefore, the proof of Proposition[9.2.2 is omitted here.

With the above proposition one can state and prove the main result of
this chapter, namely robust stability of funnel control. As for A-tracking,
see Theorem|8.2.3] it is shown that, loosely speaking, funnel control also
works for any systems (A, B,C) € Pg,, which is sufficiently close to a
system (4, B,C) € /,\\/l/n’m and the initial value z° € R? for (Z,E,é)
and the input/output disturbances (ug,yo) are sufficiently small.

The system (Z, B , 5) € Py,m need not necessarily be minimum phase,
may have higher relative degree and negative high-frequency gain . Note
that the following theorem is the equivalent to Theorem|[8.2.3] however,
the proof is much shorter.

Theorem 9.2.3 Let n,q,m € N with n,q > m, U = L (R>¢o — R™),
Y =WHLLreRsg = R, W=UXxY, ¢ € P and 0 € M, ,. For
(6,2°) € Pym x R? consider the associated operators P(6,7°): U, —
Yo and C(p): Vo — U, defined by (9.1.4) and (9.1.5), respectively,
and the closed-loop initial value problem (9.1.1), (9.1.3), (5.1.3). Then
there exist a continuous function n: (0,00) — (0,00) and a function
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¥ Pym — (0,00) such that the following holds:

V(g,%o,wo,r) € Pym X R x W x (0,00) :

PO + lwollw < } VE>0 : (tye(t) € Fp,

. ~ k€ L*[R>0 — R),
(5<P(070)7P(970)) S "7(7“) = Wl’OO(R>O N R‘Z)

(9.2.5)
where (x, k) and yo satisfy and
Fo={(t;y) €Rzo x R™ [o(t)[lyll < 1} .
Proof. Step 1: First, it is shown that
((ur,91), (u2,y2)) = Hp 70y 0(p)(W0) EWXW. (9.2.6)

Choose functions n: (0,00) — (0,00) and ¢: Py m — (0,00) from
Proposition 9.2.2. Let

(5,%0,1110, 7) € Pym x RTx W x (0,00) :
Y(0)Z°] + [lwollw < 7 A §(P(6,0), P(6,0)) < n(r).

Then Proposition [9.2.2] gives (9.2.6).

Step 2: By Proposition [9.1.2 it follows that (9.1.6) has a unique
solution

z: [0,w) — R?

on a maximal interval of existence [0,w) for some w € (0,00]. Propo-
sition [9.1.2[iii) yields w = oo and k = € L™ (R>o — R), the
second assertion of (9.2.5).

Step 3: By Step 2 follows k € L>°(R>¢ — R) which, in view of conti-

nuity of 1— ||y on (0,00), yields 1—(t)[ly2(t)l| > [[ollz=[[klz= > 0.
Thus, for all ¢ > 0, ¢(t)||ly2(t)|] < 1, which yields the first assertion

of (9.2.5).

Step 4: It remains to show that x € WH>®(Rx>q — RY).
Let (Z, B, 5’) € Py,m associated with (9.1.1). Detectability of system

1- w\ly |
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(ﬁ, é, 5) yields the existence of F' € R? such that A+ FC is Hurwitz.
Setting g := — [F +k E} (yo — y2) + Bug + Bkyg gives

a'::[K—kéé]x—i—éuo%-ékyoz{E+FC~']x+g. (9.2.7)

By Proposition [9.2.2 and Step 3 it follows that yo € W1 (Rsog —
R) and k£ € L*(R>9 — R) and since wy = (uo,y0) € L®R>g —
R™) x WH(Rsg — R™) it follows that g € L= (R>o — R?). Hence,
by (9.2.7) and Variation of Constants one arrives at x € L (R>¢ — R).
The first equation in then gives & € L>°(R>¢ — R?) which shows
the third assertion in (9.2.5) and the proof is complete. O

Following this result is illustrated by application of funnel control to
the same example systems from the previous chapter.

9.2.1 Example: robust stability of funnel control

Revisit the example plants (8.2.9) and (8.2.10) from Subsection [8.2.1
(see also Subsection [6.3.1).

Recall that, for zero initial conditions, the gap between the system
Py.o and Pn ar,a;0 given by (8.2.9) and (8.2.10), respectively, tends to
zero as N = 2M and M tends to infinity, see (6.3.3). Moreover, recall
that the systems satisfy (ﬁ,g, E) € P31\ Mszq and (o, 1,1) € My ;5.

By Theorem [9.2.3] there exist a continuous function 7: (0,00) —
(0,00) and a function 1: P31 — (0, 00) such that

V (20, wo, ) € R x W x (0,00) :

Vt>0 :
W((A,5,0))]|7° + [[wolw < 7 (t,yo(t) — 11 (b)) € Foyp,
2 = ke L®R R
6(Pa;O7PN,M,a;O) <n(r) < ( 20— )

T € Wl’OO(RZO — Rs),

where W = L®(R>¢ — R)x W (R>o — R). Note that Theorem[9.2.3
shows only existence of two continuous functions v : P, ,, — (0, 00) and
n: (0,00) — (0,00) in (9.2.5) however, it could be hard to find these
functions for a given system.
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This result is visualized by MATLAB simulations.

12
10f """""""" 1o e
ol
It
6 & P
T ul h _yl
—1/p0) || e
—10[ I -
-k
‘ ‘ ‘ : —+1/¢e()
o —20
0 2 4 6 0 2 4 6
(a) [Py,z0,C(p)] with ugp = yo = 0, fig- (b) [Py ar,a.30, C(9)] with uo = yo =0,
ure detail: y1, k and u; figure detail: y1, n and k
3007; ;
" S 20 [ !
" "Y1
200} T
- —+1/p()
100 "I
e — S e
| P A NSl P L | L L
oo —1/p()
0 0.5 1 0 0.05 0.1 0.15 0.2
(©) [Pn 1,030, C(9)] with uo = yo = 0, (d) [Py, ar,a:50, C(#)] with uo = yo =0
figure detail: % and u; and inital value (0.1,0.1,0.1)

Figure 9.2: Simulations; Robustness of funnel control

Recall normal form (8.2.11)(8.2.12)) of the example plant Py as q30-

-

Let « =1 and N = 2M = 100 then (6.3.5) yields 6(Pa;0, PN, M,0:0) <
8/51. Moreover, let, for A = 0.1 and

15.31 — 7.8t +t2, ift €[0,3.9)

—1
:Rsg — Ry, t+—
vz 0 {)\, if £ > 3.9.
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For initial values #° = 1 for system (8.2.9) and Uz° = (0.1,0.1,0.08)T
for the second system (8.2.10) and input/output disturbances ug = yo =
0, Figures 9.2(a) shows the solution ¢ — y1(¢), k and the input u; of
the closed-loop system (6.3.1), (5.1.3), (9.1.3). Moreover, Figures|9.2(b)

y1(t)
and |9.2(c)|show the components of the solution ¢ — (578) = (z’n(t) ),
n(t)
k and uy of the closed-loop system (8.2.11)), (5.1.3), (9.1.3), where Fig-

ures 9.2(c) indicates that all states (in particular & = ¢ ) are bounded.

Figure[9.2lillustrates that the funnel controller (5.1.3) may be applied
to linear systems, which do not satisfy the classical assumptions for
funnel control, but are close in terms of the gap metric to minimum
phase systems with relative degree one and positive high-frequency gain,
as long as the initial values are small.

Figure [9.2(d)| indicates that, for too large initial values, here Uz’ =
(0.1,0.1,0.1)T, the output ¢ — y;(t) approaches the funnel boundary
1/¢(-) after some time ¢ > 0 and therefore lim; .,y k(t) = oo and
lim; 4 uq(t) = oo. Thus, the solution has (yi,u1) of the closed-loop
system has a finite escape time.

A shortcoming of the main result is that it shows only existence of
functions ¢ and 7 in (9.2.5), compare also with the result for \- tracklng
For a given systems 0 it is maybe hard to calculate the value (6 ) It
could be also possible that this functions counteract in some ways. For
example: given small r > 0 and 6 € Py.m such that (5( (6,0),P(6,0)) <

7(r) it could be possible that (6 ) is very large which requires then a
very small initial value Zp € R? so that the left hand side of (9.2.5)
holds. However, in view of (9.2.5) given that the second inequality
holds for r and 6 it is always possible to choose a sufficiently small
initial value. This is shown with the simulation in Figure[9.3: choose
Px arazo with a = 1, N = 2M = 10000 and the initial value 7° =
(0.0001, 0.0001, 0.0001).

Figure 9.3(a)| shows that the output yo is within the funnel and &
is bounded. Figure 9.3(b) shows that all states are bounded, although
though ¢ is very large.
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(@) [Pn,a1,0;70, C(9)] with ug = yo = 0, (b) [Py ar,a:30, C(#)] with uo = yo = 0,
figure detail: y1, n, k and w1

figure detail: %yl

Figure 9.3: Simulations; Robustness of funnel control for Py as q;z0 with

“huge” N = 2M = 10000

9.3 Notes and references

Robust stability of the funnel controller is a new result which will be sub-
mitted for publication in due course [IM09]. The results are very similar
to those for A-tracking, see [IMO08]. Since [IMO8| has some inaccuracy
which result from the application of the terminology from [GS97], [Fre08]
and [FIR06] and theorems on robust stability from [Fre08] on signal
spaces W1 (Rso — R™), see also the comments in Section (8.3, the
terminology in [IM09] will be adapted from the present thesis.
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List of Symbols

N, Ng; the set of natural numbers without and with zero, respectively
R, C; the sets of real/complex numbers
the sets of real/complex vectors

nxm nxXm.
R 7(C Y

the sets of real/complex matrices

R>, = [1,00);
the set of real numbers larger than 7 € R

Cy={se€C|Res >0}
the open right half complex plane

C_={seC|Res <0}
the open left half complex plane
(1, ] = L e R

where lgn) € R" denotes the i-th column of L and the super-
script (n) remarks the dimension of the vector

Mm/“ﬂ&J:LeRW%
where I7 | € R'*™ denotes the j-th row of L and the subscript

(m) remarks the dimension of the row-vector

T
efc") = [01x(k=1): 1, 015 (n—k)] " ;
the k-th row unit vector in R™

el(cm) = [01(k-1), 1 01 iy |

the k-th row unit vector in R1*™
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OnXm E Rnxm;
the 0-matrix of dimension n X m

anm € Rnxm;
an arbitrary matrix of dimension n x m; note that the use of
this symbol implicates that the specific entries of the matrix are
not important but only the dimension

In c Rnxn;
the identity matrix of dimension n x n

diag(Ayq, ..., Ay) € C*™;
a matrix with A; € C’*% 4§ = 1,...,m, on the diagonal and
zeros otherwise

spec(A) = {\ € C| det(Al, — A) = 0};
the spectrum of a matrix A € C"**"

im A; the image (or range) of a matrix A
ker A; the kernel of a matrix A
rk A;  the rank of a matrix A

T X Trlxn.
AL Cmxn gt CHXm

the transpose of a matrix A € C"*™

or a vector x € C"

A € C™"*" is called positive definite;
if, and only if, z*(A + A*)x > 0 for all z € C™\ {0}; write
also A+ AT >0

A € R™™ is called Hurwitz;
if, and only if, spec(A4) C C_

Re z, Im z;

the real/imaginary part of a complex number or vector z
T; the complex conjugate of scalar of vector x
adj A; the adjoint of a matrix A € C"*"

lz]l;  the euclidian norm of x € C™
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JIEE
NE

the matrix norm of A € C™"*™ induced by the euclidian norm

[ A]} = max; 2o

[lv|ly; the norm of v € V, for any normed vector space V
(,);  the scalar product in R", where n € N

map(F — F);
the set of all maps from the set F to the set F'

={p(s) =" gais'|meN, ag,...,an € R};
the ring of polynomials with real coefficients

={p(s) =>"gais'|meN, ag,...,an € C};
the ring of polynomials with complex coefficients

R¥[s] = {p € R[s] | u(p) < 0};
the set of all Hurwitz polynomials
__R[s]
R(s) = mEp oy

the quotient field of real rational functions

Cr(I — RY);
the set of r-times continuously differentiable maps from I to
R?, where 7 € Ng U {oo} and I C R is an interval

Cow (I — RY);
the set of piecewise continuous maps from I to RY, where I C R
is an interval

LP(I - RY);
the space of p-integrable functions y: I — R*, where p € [1, 00),
¢ € Nand I C R is an interval, with norm [|y[|rrr.,—re) =

(2 Iy P ) >

(I = R%;
the space of locally p-integrable functions y: I — R’ with
Ji ly(@)||P dt < oo for all compact K C I, where p € [1 00),
¢ e Nand I CRis an interval

LP

loc
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LI — RY);
the space of essentially bounded functions y: R>q — R, where
¢ € Nand I C R is an interval, with norm |[|y[| e, —re) =

ess sup;>g ly ()]

L (I — RY);
the space of locally bounded functions y: I — R’ with
esssup,c g [|y(t)|] < oo for all compact K C I, where £ € N
and I C R is an interval

CLP(I — RY) =C(I — RY NLP(I — RY);
the set of continuous LP-functions from I to RY, where p €
[1,00], £ € Nand I C R an interval, with norm ||y[|crr;—re) =

||yHLP(I—>]RZ)
WP (I — RY);
the Sobolev space of r-times almost everywhere differentiable
maps y: I — RY wherer € NU{oo}, £ € N, p € [l,00] and I C R
an interval, with norm [|yllwror—rey = > DDyl 1or—re),
i=0

where D@y is the i-th weak derivative of y, see, for exam-
ple [AF03, Para. 1.62]

CW™P(I —RY) =WrP(I - R)NC"(I - RY;
the set of r-times continuously differentiable W™ P-functions,
where r € NU {o0}, £ € N, p € [1,00] and I C R an inter-

T .
val, with norm Hy”CW“T’(IHR‘) = ||ZU(Z)||LP(1HW)
i=0

)

if 0 € I then y(0) =0
CWiP(I — R =y e CW™(I - RY| | en y9(0) }

foralli e {0,...,7 —1}
the set of r-times continuously differentiable functions in WP
which first 7 — 1 derivatives are zero at 0, where r,¢ € N,
p € [l,00] and I C R is an interval, with norm ||yl cwr.e(r—re)

if 0 € I then )
Vie Ny : y@0)=0 J’

the set of infinitely often continuously differentiable functions

CWEP(I — Rf) = {y € CW™P(I — RY)
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in W™P which are zero at 0 and all derivatives are zero at 0,
where p € [1,00], £ € N and I C R is an interval, with norm

”yHCW‘X”P(I—»R“)
deg p; the degree of a polynomial p in R[s] or C[s]
w(A) = max{Re s|s € spec(A)};
the largest real part of the eigenvalues of A € C"*"

Z(p) ={s € C[p(s) = 0};
the set of zeros of p € CJs]

pu(p()) = max{Re s |s € Z(p)};
the largest real part of the zeros of p € CJs]

Bs(sg) ={s € C||s—s0| <d};
the ball in C of radius 6 > 0 around sg € C

Ym;  the set of permutations of {1,...,m}, where m € N

sgn(o); the sign of a permutation o € S,
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closed-loop system, 141
control strategy, 67,117, 130
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truncation operator, 143
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regularly,

zero dynamics, [59
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