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Abstract

This thesis considers the linear-quadratic optimal control problem for differential-
algebraic equations. In this first part we present a complete theoretical analysis of this
problem. The basis is a new differential-algebraic version of the Kalman-Yakubovich-
Popov lemma. We derive equivalent criteria for the feasibility of the optimal control
problem and the solvability of a descriptor Lur’e equation. Moreover, we analyze the
relationship between this matrix equation and spectral properties of an associated
even matrix pencil. In particular, we show how to construct the solution by employing
certain deflating subspaces of the even matrix pencil. Another focus is the analysis
of the solution structure of the descriptor Lur’e equation. We formulate and prove
conditions for the existence of extremal and non-positive solutions. Finally, we discuss
certain applications of the new theory, for instance for the analysis of dissipative and
cyclo-dissipative systems and the factorization of rational functions.

Closely related to dissipative systems are systems with counterclockwise input/ out-
put dynamics. Similarly as for dissipative systems, we give a spectral characterization
in terms of an even matrix pencil. Moreover, we study the problem of enforcing this
property in case it has been lost during the modeling process.

Another focus of this thesis are robustness questions, i. e., we consider the influence
of perturbations on system properties like cyclo-dissipativity and stability. We derive
an algorithm for computing the distance of a cyclo-dissipative system to the set of
non-cyclo-dissipative systems. For this we investigate perturbations of an associated
even pencil. A particular difficulty in this context are possible perturbations of the
singular part or the defective infinite eigenvalues of the pencil.

We also consider the problem of computing the H.,-norm of large and sparse
descriptor systems. We present two methods to solve this problem. The first approach
is based on a relation to the complex Ho-radius of a transfer function. This allows
to use a pseudopole set approach. The method relies on the fast computation of the
extremal point of a given pseudopole set. This point can be efficiently approximated
by a sequence of rank-1 perturbations. The second approach turns to the classical
method for computing the H.,-norm via level-sets. We use a structure-preserving
iterative algorithm to compute the desired eigenvalues of the involved even matrix
pencils and present heuristics for determining appropriate shifts.






Zusammenfassung

Diese Arbeit betrachtet das linear-quadratische Optimalsteuerungsproblem fiir dif-
ferentiell-algebraische Gleichungen. Im ersten Teil prisentieren wir eine vollsténdige
theoretische Analyse dieses Problems. Die Grundlage bildet eine neue differentiell-
algebraische Version des Kalman-Yakubovich-Popov-Lemmas. Wir leiten dquivalente
Kriterien fiir die Zuldssigkeit des Optimalsteuerungsproblems und der Losbarkeit
einer Deskriptor-Lur’e-Gleichung her. Des weiteren analysieren wir den Zusammen-
hang zwischen dieser Matrixgleichung und den Spektraleigenschaften eines zugeho-
rigen geraden Matrixbiischels. Insbesondere zeigen wir, wie man die Losung mithilfe
bestimmter invarianter Unterrdume des geraden Matrixbiischels konstruieren kann.
Ein weiterer Schwerpunkt ist die Untersuchung der Losungsstruktur der Deskriptor-
Lur’e-Gleichung. Wir formulieren und beweisen Bedingungen fiir die Existenz extre-
maler und nichtpositiver Losungen. Abschlieend diskutieren wir Anwendungen der
neuen Theorie, beispielsweise bei der Untersuchung dissipativer und zyklodissipativer
Systeme oder der Faktorisierung rationaler Funktionen.

Eng verwandt zu dissipativen Systemen sind Systeme mit gegen den Uhrzeigersinn
laufender Eingangs-/Ausgangsdynamik. Ahnlich wie bei dissipativen Systemen geben
wir eine spektrale Charakterisierung mittels eines geraden Matrixbiischels an. Wei-
terhin studieren wir das Problem der Erzwingung dieser Struktur fiir den Fall, dafl
diese wiahrend des Modellierungsprozesses verloren wurde.

Ein weiterer Schwerpunkt dieser Arbeit sind Robustheitsfragen, d. h. wir betrach-
ten den Einflul von Stérungen auf Systemeigenschaften wie Zyklodissipativitdt und
Stabilitdt. Wir leiten einen Algorithmus zur Berechnung des Abstands eines zyklodis-
sipativen Systems zur Menge der nichtzyklodissipativen Systeme her. Dafiir betrach-
ten wir die Storungstheorie eines zugehorigen geraden Matrixbiischels. Eine besondere
Schwierigkeit in diesem Zusammenhang stellen mogliche Storungen des Biischels im
singuldren Teil oder der defektiven unendlichen Eigenwerte dar.

Wir betrachten auflerdem das Problem der Berechnung der H,.-Norm fiir grofle,
diinnbesetzte Deskriptorsysteme. Wir stellen zwei Verfahren vor, um dieses Problem
zu 16sen. Der erste Zugang basiert auf einem Zusammenhang zum komplexen Ho-
Radius einer Ubertragungsfunktion. Dies erlaubt die Anwendung eines Ansatzes mit
Pseudopolmengen. Das Verfahren beruht auf der schnellen Berechung des extremalen
Punktes einers gegebenen Pseudopolmenge. Dieser Punkt kann effizient iiber eine Fol-
ge von Storungen vom Rang eins approximiert werden. Die zweite Methode geht auf
den klassischen Zugang zur Berechung der H..-Norm mittels Niveaumengen zuriick.
Wir verwenden einen iterativen strukturerhaltenden Algorithmus zur Berechnung
der gesuchten Eigenwerte der auftretenden geraden Matrixbiischel und présentieren
Heuristiken zur Bestimmung geeigneter Shifts.
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1 Introduction

1.1 Motivation

The modeling of dynamical processes plays an increasingly important role in sci-
ence and engineering. Often, the resulting mathematical models are given by ordi-
nary differential equations. However, in many applications, the differential equa-
tions underlie additional hidden algebraic constraints that restrict the dynamics
of the system. Equations of this kind are called differential-algebraic equations
(DAEs) . Typically, these arise in the modeling of network structures such as elec-
trical circuits [Ria08, Reil0] or gas networks [GJHT13], where the algebraic con-
straints are induced by the network topology. However, there are also applications
in the treatment of semidiscretized partial differential equations such as the Navier-
Stokes equation [Wei96, BBSW13], or holonomically constrained mechanical systems
[RS88, ESFI8, MS05]. The analysis and numerical treatment of DAEs as well as
their optimization and control has obtained a lot of attention in the past, see e.g.,
[GMS86, KM06, LMT13, BCM12].

In this thesis we consider we consider DAEs in the control theoretic framework
which are also often called differential-algebraic systems, descriptor systems, or sin-
gular systems. In general, these are given by systems of the nonlinear equations

B(t,x(t), (1), u(t))
y(t) — H(t, z(t), u(t))

) (1.1a)

0
0, (1.1b)

where F' : Z XD, xD; xD,, - R" and H : Z x D, x D,, — RP with an open interval
Z C R, and open sets D,,D; C R" and D, C R™. Here, the solution trajectory
x: I — D, of (1.1a) is called the state of the system. Furthermore, u : Z — D,
is an input control signal that can be designed under various aspects. In practice,
the state of the system is not completely known, but only a part of it is available
from measurements. Therefore, the output equation (1.1b) is introduced, where the
output signal y : Z — D, C RP contains part of the state information.

The special feature of DAEs is that the local Jacobian of F' with respect to ()
may be singular. This means that F' can in general not be equivalently rewritten as

w(t) = f(t x(t), u(t)),
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but additional algebraic equations may restrict the solution z(-) to a submanifold.
In general, this manifold is difficult to determine, in particular when the system
dimension is large.

To analyze the behavior of nonlinear DAEs, one typically linearizes along a solution
trajectory [Cam95]. This generally leads to a linear time-varying DAE of the form

E(t)i(t) = A(t)z(t) + B(t)u(t),
y(t) = C(t)z(t) + D(t)u(t),

with matrix-valued functions £, A :Z — R™™" B:7Z — R"™™ (C:7Z — RP*" and
D : T — RPX™_ If the problem is autonomous in the sense that F' and H do not
explicitly depend on ¢, and the linearization is around a stationary solution, then one
usually obtains a linear time-invariant descriptor system

Ei(t) = Ax(t) + Bu(t), (1.2a)
y(t) = Cz(t) + Du(t), (1.2b)

with £, A € R™*" B € R™™ (' € RP*™ and D € RP*™. Moreover, many processes
can be directly modeled as linear time-invariant systems of the form (1.2).

To illustrate this, we consider the holonomically constrained mass-spring-damper
system taken from [MS05] and illustrated in Figure 1.1. In this system, the i-th mass
m; is connected to the (i + 1)-st mass by a spring with stiffness k; and a damper with
viscosity d;, and also to the ground by a spring with stiffness x; and a damper with
viscosity ¢;, respectively. Additionally, the first mass is connected to the last one by
a rigid bar and it can be externally excited by the control u(-). The vibration of this
system can be described by a second order descriptor system

M(t) = Dp(t) + Kp(t) — GTA(t) + Baul(t),
0= Gp(t),

Figure 1.1: Constrained mass-spring-damper system with g masses
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where p : Z — RY is the position vector and A : Z — R is the Lagrange multiplier.
Moreover, M = diag(my,...,mgy) € R9*9 is the mass matrix,

[61 + dy —dy
—di  di+d+dy —do
D = : . € R
_d972 dng + 5971 + dgfl _dgfl
L —dg_1 dg—1+ 59_
is the damping matrix,
(k1 + Ky —k1q 1
ki ki+ret+ke —ko
K = . L . c Rgxg
_kng kg72 + Kg—1+ k’gfl _k’gfl
L —kg—1 kg—1 + kg

is the stiffness matrix, and G = [1 0

0 —1] € RY9 is the constraint matrix.

Since we excite the first mass only, we have By = [1 0 O]T € R9*1. Now, we
introduce the velocity vector v : Z — RY which is given by v(t) = p(t). By measuring
the position of the first mass, we finally obtain a linearized system of the form (1.2),
namely

I, 0 0] [/p() 0 I, 0 p(t) 0
0 M 0| o@t)| =|K D —GT| |vt) ]|+ |Ba| ult),
0 0 0] \\® G 0 0 A(t) 0 (1.4)
p(?)
y(t)=[Cr 0 0] | v(®) ],
A(t)

with C1 = [1 0
tional purposes.

In this thesis we consider questions that are related to the infinite time-horizon
linear-quadratic optimal control problem of minimizing

/“ 2o\ [Q ST (+(M) 4
to u(T) ST R| \u(r) T
with @ = QT € R™*", S € R™™ and R = RT € R™ ™ subject to the DAE (1.2a)

with some initial and terminal conditions. Alternatively, if an output equation (1.2b)
is given, then we consider the optimal control problem of minimizing

[ CE) & 3 )

5T R

0] € R'™9. Later, we will often use this system for illustra-

(1.5)

(1.6)
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with C~2 = C~2T € RP*P, § € RP*™ and R = RT € Rmxm subject to the system (1.2)
with some initial and terminal conditions.

Our goal is to determine an optimal control signal u(-) that for the infinite time-
horizon minimizes one of the two integrals above and satisfies the system dynamics
and the boundary values. In this way we steer the system from a given state to a
desired state with least possible costs. For systems with E = I,,, the reader might
immediately think of the algebraic Riccati equation [LR95]. However, this equation
has various shortcomings. For instance, it is not an appropriate tool for so-called
singular optimal control problems. Then one has to turn to Lur’e equations as
discussed in [Reill]. Moreover, there exist generalizations of the algebraic Riccati
equation for DAEs but they pose certain unnatural conditions on the system. In this
work we close these gaps and present a complete linear-quadratic control theory for
DAEs.

In this work we also consider another interpretation of the integrals (1.5) and (1.6).
Namely, they might also be understood as the energy that is supplied to the system
in the time interval [tg,t1]. Loosely speaking, if one of the integrals above is non-
negative for all time intervals and all possible solution trajectories of the system,
then the system can only dissipate as much energy to its environment as energy that
has been supplied to the system before. For the physical process this means that
a part of the energy is transformed into, e.g., heat, electromagnetic radiation, or
an increase in entropy. This leads to the notions of dissipative and cyclo-dissipative
systems and naturally arises in manifold applications. The theory of dissipative and
cyclo-dissipative systems is closely related to the linear-quadratic optimal control
problem and will be studied in detail in this thesis.

Moreover, mechanical systems or electrical circuits where controls and measure-
ments are collocated, i.e., taken at the same position, then the system might have
a so-called counterclockwise input/output dynamics [PL10]. This property has some
relations to passive systems (a special case of dissipative systems) and will therefore
also be shortly studied in this work.

Another point of interest is concerned with the robustness of dynamical systems
under the influence of perturbations. For instance, if a physical process is cyclo-
dissipative, it is important to reflect this property in the structure of the mathe-
matical model. Otherwise, simulations could produce physically meaningless results.
However, due to modeling errors, introduced, e.g., by model order reduction, lin-
earizations, or uncertainties in the parameters of the system, it could easily happen
that the cyclo-dissipativity in the model structure is lost. In other words, a physically
cyclo-dissipative process is modeled by a non-cyclo-dissipative mathematical model.
Then, it is necessary to restore this structure by a post-processing procedure, typi-
cally known as dissipativity enforcement [BS13] (or passivity enforcement in certain
special cases, e.g., [GT04, GTUO06]). On the other hand, even if the model is cyclo-
dissipative, it might be close to a non-cyclo-dissipative model. Then it is desirable
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to assess the robustness of cyclo-dissipativity with respect to perturbations of the
model. Therefore, we derive an algorithm that computes the cyclo-dissipativity ra-
dius, i. e., the distance of a cyclo-dissipative model to the set of non-cyclo-dissipative
models.

Besides cyclo-dissipativity, an important property of descriptor systems is stability.
When designing feedback laws one is in general not only interested in minimizing the
cost functionals (1.5) or (1.6), but also to make the system as stable as possible. More
precisely, the goal is to make stability of the closed-loop system as robust as possible
with respect to perturbations in the controller. In order to assess this robustness,
unstructured and structured stability radii were introduced [HP86a, HP86b, HP90].
It turns out that the structured stability radius is furthermore reciprocal to the Ho-
norm of a certain transfer function. The goal of robust control is now to determine
a controller that maximizes the structured stability radius or minimizes the corre-
sponding Heo-norm. In order to do this optimization it is necessary to be able to
compute this norm. However, up to now, there are only algorithms that are capa-
ble of dealing with small and dense problems due to computational complexity and
memory requirements. Therefore, in this thesis we develop two methods to overcome
this issue, so that we can also deal with large and sparse problems.

1.2 Structure of this Thesis

This thesis is structured as follows. In Chapter 2 we will introduce the basic theory
this work is based on. In particular, this includes an overview over the theory of ma-
trix pencils and an introduction of certain condensed forms. A particular focus will be
on even matrix pencils, their structured normal forms and structure-preserving meth-
ods to compute eigenvalues and deflating subspaces. Furthermore, we give a short
introduction into system theoretic aspects of DAEs. We review different controlla-
bility, stabilizability, observability, and detectability notions and discuss properties
of the zero dynamics. Moreover, we summarize the most important concepts from
frequency domain analysis and the theory of rational functions.

In Chapter 3 we study the linear-quadratic optimal control problem for DAEs.
We relate the feasibility of this problem to the solvability of a certain linear matrix
inequality, the so-called descriptor KYP inequality, and obtain a new differential-
algebraic version of the well-known Kalman-Yakubovich-Popov lemma. From this
we derive a generalized version of the Lure’ matrix equation for DAEs (the descrip-
tor Lur’e equation) and analyze its solution structure in detail. In particular, we
analyze conditions for the existence of stabilizing, anti-stabilizing, and extremal so-
lutions. Moreover, we show relations to even matrix pencils and derive conditions
for solvability of the descriptor Lur’e equation in terms of the spectral structure of
even matrix pencils. We also show how to construct a solution by means of the asso-
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ciated deflating subspaces. This result can be further employed to solve the spectral
factorization problem for the associated Popov function. A special emphasis of our
theory is the characterization of the existence of a nonpositive solution of the de-
scriptor KYP inequality with applications to the characterization of dissipativity of
dynamical systems. A further result is the application of our theory to construct
inner-outer factorizations and normalized coprime factorizations of general transfer
functions. These results have been obtained in a joint work with Timo Reis and will
be published in a sequence of forthcoming papers. The results of the first part of this
chapter have appeared as a preprint in

T. Reis, O. Rendel, and M. Voigt. The Kalman-Yakubovich-Popov in-
equality for differential-algebraic systems, Hamburger Beitréige zur ange-
wandten Mathematik 2014-27, Universitat Hamburg, Fachbereich Math-
ematik, 2014.

In Chapter 4 we consider systems with counterclockwise input/output dynamics. In
frequency domain this leads to the concept of negative imaginary transfer functions.
Similarly as in the case of dissipative systems, we show that there is a characterization
of this property in terms of an even matrix pencil. Moreover, we discuss the problem
of enforcing negative imaginariness of a system which is necessary if this property
is theoretically satisfied but has been destroyed during the modeling process. The
results of this chapter are published in

P. Benner and M. Voigt. Spectral characterization and enforcement
of negative imaginariness for descriptor systems, Linear Algebra Appl.,
439(4):1104-1129, 2013.

Moreover, in the enforcement process we need to compute the eigenvectors corre-
sponding to the purely imaginary eigenvalues of a skew-Hamiltonian/Hamiltonian
matrix pencil. We introduce a new, structure-exploiting way to compute these. This
procedure is available in the technical report

P. Jiang and M. Voigt. MB04BV — A FORTRAN 77 subroutine to
compute the eigenvectors associated to the purely imaginary eigenval-
ues of skew-Hamiltonian/Hamiltonian matrix pencils, SLICOT Working
Note 2013-03, NICONET e.V., 2013. Available from http://slicot.
org/objects/software/reports/SLWN2013_3.pdf.

In Chapter 5 we turn to the problem of computing the complex cyclo-dissipativity
radius. For this purpose we make use of the characterization of cyclo-dissipativity in
terms of the spectrum of an even matrix pencil. To compute the cyclo-dissipativity
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radius we consider the perturbation theory of this pencil. A particular issue in this
context are possible perturbations of the singular part or the defective infinite eigen-
values which have to be treated separately. In the end the problem reduces to the
solution of an eigenvalue optimization problem. These results are subject of a forth-
coming article.

The problem of computing the Ho.-norm for large-scale descriptor systems is dis-
cussed in Chapter 6. We propose two methods to achieve this. The first method
makes use of a relation of the Hoo-norm to the complex Ho-radius. To compute it,
we consider so-called e-pseudopole sets for a transfer function. Namely, we have to
find the value of € for which the e-pseudopole set touches the imaginary axis. The
method is based on a two-level iteration. In the inner iteration we construct a se-
quence of rank-1 perturbations that drives one of the poles of the original transfer
function to the rightmost pseudopole. In the outer iteration we vary € by utilizing
Newton’s method. The results of this chapter are already published in

P. Benner and M. Voigt. A structured pseudospectral method for Hqo-
norm computation of large-scale descriptor systems, Math. Control Sig-
nals Systems, 26(2):303-338 (2014).

The second method goes back to the original approach for computing the Ho.-norm.
We discuss a way to modify it in a way that it is also suitable for large-scale com-
putations. In particular, we replace the dense eigensolvers by sparse methods and
discuss a heuristic to generate suitable shifts for it. This method is described and
compared with the first approach in

R. Lowe and M. Voigt. L£.,-Norm computation for large-scale descriptor
systems using structured iterative eigensolvers, Preprint MPIMD /13-20,
Max Planck Institute Magdeburg, 2013. Available from http://www2.
mpi-magdeburg.mpg.de/preprints/2013/20/.

Finally, in Chapter 7 we summarize the results of this thesis and discuss possible
future research directions.

1.3 System Setup

In this thesis we perform a number of numerical experiments. These tests have been
performed on a 2.6.32-23-generic-pae Ubuntu machine with Intel® Core™2 Duo
CPU with 3.00GHz and 2GB RAM. The algorithms have been implemented and
tested in MATLAB® or FORTRAN. FORTRAN software has been compiled using
the gfortran compiler with option -02. For testing purposes, mex files have been
written for calling FORTRAN codes from MATLAB. The following software libraries
and programs have been used:


http://www2.mpi-magdeburg.mpg.de/preprints/2013/20/
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e MATLAB version 7.14.0.739 (R2012a);
e BLAS and LAPACK version 3.4.1;

e SLICOT version 4.5.



2 Mathematical Preliminaries

In this chapter we introduce the main concepts this thesis is based on. First, we
discuss general matrix pencils, their properties and condensed forms. Then we turn
to the analysis of matrix pencils with particular structure, namely even and skew-
Hamiltonian/Hamiltonian pencils. Furthermore, we introduce differential-algebraic
control systems and give details about different concepts for controllability, stabiliz-
ability, observability, and detectability. Moreover, we discuss transfer functions of
such systems which arise when turning to the frequency domain. Finally, we give
details on the zero dynamics and its relations to the concept of outer systems.

2.1 Matrix Theoretic Preliminaries

2.1.1 General Matrix Pencils

Here we introduce some fundamentals and condensed forms for matrix pencils, i. e.,
first order matrix polynomials sE — A € C[s]™*" with E, A € C™*™. To analyze
their properties, we introduce the Kronecker canonical form which is a canonical
representative of the class of pencils equivalent to sEZ — A as follows.

Definition 2.1.1 (Equivalence of pencils). [KKMO06, Chap. 2] Two pencils sEy — A €
C[s]™*™ and sFEy — Ay € C[s]™*™ are said to be equivalent if there exist U € Gl,,(C)
and U, € Gl,(C) such that

8E2 — A2 = U](SEl — Al)Ur.

Theorem 2.1.2 (Kronecker canonical form (KCF)). [KM06, Thm. 2.3] Let sE —
A € C[s]™*™ be given. Then there ezist Uy € Gly,(C) and U, € Gl,(C) such that
U(sE — A)U, = diag (Ci(s),...,Ce(s)), where each Cj(s), j =1, ..., £, is of one of
the following structures:

S — Aj -1
Type K1: R € C[s]k>*i with \; € C;

-1
S—)\j
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(-1 s
Type K2: R € C[s]kixks;
SO
i -1
(-1 s
Type K3: € C[s]ki=1xks
i -1 s
—1
Type K4: | © € Cls]ksxki—1,
SO
i s

The Kronecker canonical form is unique up to permutation of the blocks, i.e., kind,
size, and number of the blocks are invariants of the pencil sE — A.

Using the KCF we can define the following terms.

Definition 2.1.3 (Regularity, rank, eigenvalues, multiplicity, index). Consider a

pencil sE — A € C[s]™*™.

a) The pencil sE — A is called regular if m = n and the characteristic polynomial
det(sE — A) is not the zero polynomial, otherwise it is called singular.

b) The rank of sE — A (over the field of rational functions) is given by

k E—-A)= k(AE — A).
ranke ) (s ) max ran ( )

c) The numbers \; appearing in the blocks of type K1 in the KCF are called (gen-
eralized) finite eigenvalues of the pencil sE'— A. Blocks of type K2 are said to be
corresponding to infinite eigenvalues .

d) Let sEE — A have an eigenvalue A € C or an infinite eigenvalue represented by
blocks Cy(s), ..., Cp(s) of type K1 or K2, respectively with C;(s) € C[s]***i for
j=1,..., p. Then we call

i) the number Z§:1 k; the algebraic multiplicity;
ii) the number p the geometric multiplicity;
iii) the numbers ki, ..., k, the partial multiplicities

of the respective eigenvalue. The eigenvalue is called defective, if p # Z§:1 k;,
i.e., if there exists a k; > 1.

10
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e) The (Kronecker) index of sE — A is the size of the largest block of type K2 or K4
in the KCF [BR13, Def. 3.2]. If no such block exists, then the index is zero.

Remark 2.1.4.

a) The finite eigenvalues of sE — A are exactly the values \ € C satisfying rank(AE —
A) < rankc,)(sE — A).

b) The pencil sE — A is regular if and only if there do not occur any blocks of type
K3 or K4 in its KCF.

c) If sE — A is regular, then the finite eigenvalues are the roots of the characteristic
polynomial det(sE — A).

d) If there are no blocks of types K3 and K4, then the KCF is also often called
Weierstraf$ canonical form.

In the following we will introduce a generalization of the concept of principal vectors
and Jordan chains to matrix pencils, see [Gan59, BT12].

Definition 2.1.5 (Kronecker chain). Assume that sE — A € C[s]™*" is given.
a) A tuple (y1,...,y) € (C*\ {O})* such that
AByy = Ayr,  E(Aya +y1) = Ayz, -, EQk + yk—1) = Ay

is called a Kronecker chain associated to the eigenvalue A\ € C.

b) A tuple (y1,...,yx) € (C*\ {0})* such that
Ey1 =0, Eys=Ay, ..., By = Ayp—

is called a Kronecker chain associated to an infinite eigenvalue.

¢) A tuple (y1,...,yx) € (C*\ {0})F such that
Ey1 =0, Eyy=Ay, ..., Byp = Ayp—1, Ayr =0
is called a Kronecker chain associated to the singular part.

Remark 2.1.6.

a) In the above definition, the vector y; in a) and b) is called an eigenvector to the
eigenvalue A € C or an infinite eigenvalue, respectively.

b) Definition 2.1.5 only introduces the concept of right Kronecker chains. Analo-
gously, one can introduce left Kronecker chains by looking for tuples of vectors
that fulfill analogous properties when being multiplied from the left.

11
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¢) Kronecker chains associated to the singular part are called singular chains in
[BT12]. For ease of terminology, we also call these Kronecker chains. Note that
such Kronecker chains might be void, for instance for the singular pencil

o] 1) emope

Note, that even if sE — A € R[s]™*", the transformation matrices U} and U, that
lead to KCF will in general be complex. However, there exists an alternative where
also the transformation matrices are real.

Theorem 2.1.7 (Quasi-Kronecker form (QKF)). [BIT12, BT12, BT13] Let sE —
A € R[s]™*™ be given. Then there exist Uy € Gl,,(R) and U, € Gl,(R) such that
U(sE — A)U, = diag (K1(s),Ka(s),Ks(s),K4a(s)) € R[s]™*™ where the KCFs of
K1(s),...,K4(s) have only blocks of types K1, ..., K4, respectively.

Similarly as above, if the subpencils K3(s) and K4(s) are empty, the QKF is also
called quasi- Weierstraf$ form.

Even if the KCF displays the complete spectral information of the pencil, it can-
not generally be computed numerically, since the transformation matrices U; and U,
might be arbitrarily ill-conditioned. On the other hand, one can compute less con-
densed normal forms, that still reveal the Kronecker structure of a general matrix
pencil, for instance the GUPTRI form [DK87, DK93a, DK93b]. Its computation is
based on sequences of orthogonal or unitary matrix multiplications, singular value
decompositions and rank decisions. This method might also suffer from numerical
problems, for instance rank decisions are troublesome if there is no clear gap in the
small singular values close to the desired truncation tolerance. However, the trans-
formation matrices can be chosen to be orthogonal or unitary and therefore, one can
at least compute the Kronecker structure of a nearby “least generic” pencil within
a desired tolerance [EEK97, EEK99]. If sE — A is square and one is not interested
in the full Kronecker structure, but only in the eigenvalues, the generalized Schur
decomposition is an attractive alternative. This decomposition is summarized in the
next theorem, where we directly state the result for pencils with real coefficients.

Theorem 2.1.8 (Generalized real Schur decomposition). [GL96, Thm. 7.7.2] Let
sE — A € R[s]"*"™. Then there exist orthogonal matrices Q@ € R™™ and Z € R™*"
such that

SE11 — AH e SElk — Alkz
QT(sE—A)Z = : :
sEkk — Agk
where sEy; — Ay € R[s]5*b with 1; € {1,2} fori =1, ..., k. Moreover, if l; = 1,

then sk;; — Ay corresponds to a real eigenvalue, an infinite eigenvalue or a singular
block, if I; = 2, then it corresponds to a pair of complex conjugate eigenvalues.

12
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To compute the generalized Schur decompostion, one can use the well-known QZ
algorithm [GL96, Subsect. 7.7]. However, it should be noted, that in the case of a
singular pencil, the eigenvalues cannot be reliably computed, since arbitrarily small
round-off errors might change the Kronecker structure and can introduce and move
eigenvalues to arbitrary positions in the complex plane. In this case it is necessary
to extract the regular part of the pencil before, e. g., by transformation to GUPTRI
form.

The following concept generalizes the notion of invariant subspaces to matrix pen-
cils.

Definition 2.1.9 (Basis matrix, deflating subspace).

a) A matrix Y is called a basis matriz for a subspace ) C C" if it has full column
rank and imY = ).

b) A subspace Y C C" is called (right) deflating subspace for the pencil sE — A €

C[s]™*™ if, for a basis matrix Y € C™*k of Y, there exists some [ € No, a matrix
Z € C™*! and a pencil sE — A € C[s]"** with ranke ) (sE — A) = [, such that

(sE—A)Y = Z(SE_E).

Remark 2.1.10.

a) Similarly as for invariant subspaces and Jordan chains in the matrix case, the
deflating subspaces can be spanned by the vectors of Kronecker chains.

b) In the literature, deflating subspaces corresponding to singular blocks of sE — A
are also often called reducing subspaces, see, e.g., [Doo83, DK87]. For ease of
terminology, we will also call them deflating subspaces.

An important property a deflating subspace might possess is F-neutrality. This
property is of particular importance in the context of even pencils, discussed in the

next subsection, but it can also be defined in more general terms.

Definition 2.1.11 (E-neutrality). [Reill] Let a matrix £ € C"*" be given. Then a
subspace ) C C" is called

a) E-neutral if ylHEyg =0 for all y1, y2 € V;

b) mazimally E-neutral if Y is E-neutral and every proper superspace Yr D ) is not
FE-neutral.

13
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2.1.2 Even Matrix Pencils and their Condensed Forms

A particularly important role in this thesis is played by even matrix pencils. These
are pencils whose coefficients have special structure, and therefore, they allow for
structured condensed forms that we briefly introduce in this subsection.

Definition 2.1.12 (Even matrix pencil). A matrix pencil P(s) = s&€ — A € Cls]"*"
is called even if P~(s) = P(s),i.e., £ = —&" and A = A

In general, a transformation to KCF does not preserve the evenness of an even
pencil. However, when restricting the class of allowable transformation matrices, it is
possible to find an even Kronecker-like form given in the next theorem. Note that the
following result was initially formulated for Hermitian matriz pencils s€ — A (i.e.,
with &€ = €M and A = AM). In [Reill] it has been reformulated for even pencils by
replacing £ by i€ and applying some permutations.

Theorem 2.1.13 (Even Kronecker canonical form (EKCF)). [Tho76, Reill] Let
s€ — A € Cls|"™™ be an even pencil. Then there exists a U € Gl,(C) such that
UH(s€ — AU = diag (D1(s), ..., De(s)), where each Dj(s), j =1, ..., L, is of one of
the following structures:

—s+pu; —1
—1
—S 1y 2k x 2k;
Type E1: — € Cls]"i*=Ri
ype TR [s]
-1
i -1 s+ |
with pj € C*;
[ 1 —si—py
Type E2: ¢; R € C[s]k>Fi with puj € R, g5 € {—1,1};
1 a
_—Si — My
[ si 1
Type E3: €; R € C[s]%>%i with e; € {~1,1};
sio.
|1

14
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Type E4: 1 c C[S]<2ki_1)x(2kj—1).

S

The numbers €; in the blocks of type E2 and ES3 are called the sign-characteristics.
The even Kronecker canonical form is unique up to permutation of the blocks, i.e.,
kind, size, sign-characteristic, and number of the blocks are invariants of the pencil

s€ — A.
Remark 2.1.14.

a) The structure of a block of type E1 shows that for even matrix pencils, finite
eigenvalues \ ¢ iR occur in pairs (A, —\).

b) Blocks of type E2 and E3 correspond to the purely imaginary and infinite eigen-
values, respectively. The additional sign parameter appears basically due to the
fact that for a fixed Ag € iR the congruence transformation with U preserves the
inertia of the Hermitian matrix \g& — A.

c¢) Blocks of type E4 consist of a combination of blocks that are equivalent to those
of type K3 and K4.

d) Even if s€ — A € R[s|"*", the transformation matrix U will generally be complex.
However, there exists an even Kronecker canonical form that also preserves the
realness of the coefficient matrices, see [Tho91].

Now we classify the inertia of the matrices D;(iw) in dependence of the corre-
sponding parameters and w € R. This result will be of importance in the proofs of
Theorems 3.4.2 and 4.3.3.

Lemma 2.1.15 (Inertia of blocks in the EKCF). [CG89, Cle00)]
a) If Dj(s) is of type E1, then for all w € R it holds that

In (D;(iw)) = (k;,0,k;) .
b) If D;(s) is of type E2 and k; is even, then it holds that

(kj/2707kj/2)> Zfﬂj#w,

In (D;(iw)) = {(k:j/Q =1L, 1L,kj/2-1)+1In(g), ifp =w.
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c) If Dj(s) is of type E2 and k; is odd, then it holds that

((kj =1)/2,0,(k; = 1)/2) + In(gj(w — p3)),  if pj # w,

o (Ps{iw)) = {((kj S1/20, (k- 1)/2), i g = .

d) If Dj(s) is of type E3 and k; is even, then for all w € R it holds that
In(D; () = (ky/2,0, 5/2) .
e) If Dj(s) is of type E3 and k; is odd, then for all w € R it holds that
In(Dj(iw)) = ((k; —1)/2,0, (k; — 1)/2) + In(e;) .
f) If D;(s) is of type E4, then for all w € R it holds that

In(Dj(iw)) = (kj — 1, 1, kj — 1).

Even if the EKCF reveals the full information of the structure of the pencil, it
cannot be computed numerically, because arbitrary small perturbations may change
the structural information and the transformation matrices may be unbounded, i.e.,
arbitrarily ill-conditioned.

For even pencils s€ — A € R[s|"*", there exists a computationally attractive alter-
native, namely the even staircase form under orthogonal transformations. It allows
to check regularity and to determine the index within the usual limitations of rank
computations in finite precision arithmetic as described above for the general case.

Theorem 2.1.16. [BMX07] For every even pencil s€ — A € R[s|"*", there exists a
real orthogonal matriz U € R™™ ™ such that

UTEU =
st [ & e - 1w El w1 E1 w2 oo E12w 0]
. . . . . gw—l,w+2
T
Sy &, o Eww Ew vt 0
T T
T T
quw _51,w+2 T _5w71,w+2 0
T
. 51,211;
Q| 0 |
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UTAU =
S1 i ./41,1 e t .A17w .A17w+1 A17w+2 “e e A172w+1 i
Sw A-lr,w cee e A’w,’w Aw,erl Aw,w+2
T T
! ‘Al,w+1 tee e 'Aw w+1 Aw—i—l,w-‘,—l )
T T
-
@ LAl .
(2.1)
where q1 > 81> q2 > 82> ... 2 Qu > Sw, | = dyy1 + Twr1, and fori=1, ..., w we

have &;; = ~&T Aii = .A;':Z Furthermore,

1,07
Ejowi1—j ERWXUH 1< j<w—1,
A
ot = |0 ), A=—AT e Rbwnxdun,
b -O 0
Ajzura—; = [[; 0] €R¥ U, T; eRVN, 1<) <,

(311 T2 dut1xd x
Aw+17w+1 = 221 222 R 211 c R w1 w+17 222 c Rrw+1 Tu7+1’

Aw+1,w+1 = "41-[)—‘,—1711]—"-17
and the blocks o9 and A and T';, j =1, ..., w (if they occur) are nonsingular.

FORTRAN 77 implementations for the computation of these and other related
structured staircase forms via a sequence of singular value decompositions have been
presented in [BMO7]. Since the staircase form uses congruence transformations, all
the invariants of the EKCF are preserved. The recursive construction of the even
staircase form also generates a sequence of inertias {(7r+,j,0,7r_7j)}}”:11 of certain
ephemeral symmetric submatrices that appear during the construction and will be
returned by the even staircase algorithm [BMXO07]. The following theorem shows that
the characteristic quantities describing the singular part and the eigenvalue infinity

of s€ — A can be extracted from the even staircase form.

Theorem 2.1.17. Suppose that an even pencil s€ — A has been reduced to the con-
densed form in Theorem 2.1.16 by the algorithm in [BMX07] with the inertia se-
quence {(7T+,j,0,7r,,j)};"jll, and r; = myj+m_;. Then s€ — A has the following
block structures associated to the singular part and the eigenvalue oo in the EKCF of

Theorem 2.1.135.
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a) For every j = 1,..., w, the pencil has s; — qj+1 — (rj4+1 — 15) blocks of type
E3 and size 2j x 25, among which %(sj — ¢j+1 — (rj41 — 1)) blocks have posi-
tive sign-characteristic and % (sj — qj41 — (rj4+1 —r;)) blocks have negative sign-
characteristic. (Here we set qu1+1 = 0.)

b) Foreveryj=1,..., w+1, the pencil has r;—rj_1 blocks of type E3 and size (25—
1) x (2j — 1), among which m_ ; — w_ j_1 blocks have positive sign-characteristic,

and 74 ; — 4 j—1 blocks have negative sign-characteristic. (Here we set m o =
T—0=T0= 0.)

¢) For every j =1, ..., w, the pencil has qj — s; blocks of type E4 and size (2j —
1) x (25 —1).

Proof. The theorem is an adaption of [BMX07, Thm. 3.3] to the complex EKCF. The
proof can be carried out by identifying blocks from the real EKCF with those of the
complex one. Note that in contrast to [BMX07, Thm. 3.3], the sign-characteristics
of blocks corresponding to the infinite eigenvalues is changed. O

From the above theorem, the following corollary is a direct consequence.

Corollary 2.1.18. [BMX07] Consider an even pencil and its staircase form (2.1).
Then the following statements hold.

a) The pencil is reqular if and only if s; = q; fori=1, ..., w.
b) The pencil is reqular and of index at most one if and only if w = 0.

¢) The subpencil sEu11w+1 — Awi1w11 € R[s]¥! contains the regular part associated
to finite eigenvalues and blocks associated to the infinite eigenvalues of index at
most one.

d) The finite eigenvalues of the pencil are the eigenvalues of

sA — (211 — L1255 Xa1) -

e) For every eigenvalue Ao € iR, satisfying
()\0A — (211 — 2122521221)) Tro = 0

for xg € Ch+1\ {0}, the sign-characteristic of Ao is given by the sign of the real
number i:c'd' Axy.
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Thus, once the staircase form has been computed, for the computation of eigen-
values and deflating subspaces one can restrict the methods to the middle regular
index one block of the staircase form. The appropriate numerical methods rely on a
transformation to a closely related skew-Hamiltonian/Hamiltonian pencil. At the mo-
ment, numerical algorithms for such pencils are better developed than those for even
pencils and therefore, we always turn an even eigenvalue problem to a related skew-
Hamiltonian/Hamiltonian one. The respective factorizations and numerical methods
are summarized in the next subsection.

2.1.3 Skew-Hamiltonian/Hamiltonian Matrix Pencils

In this subsection we analyze skew-Hamiltonian/Hamiltonian matrix pencils. Here,
we only consider the case of real coefficients, since these are of particular importance
for the results of this thesis. Pencils with complex coefficients can be treated as well,
but there are non-trivial differences in their numerical treatment compared to the
real case. In fact, the real case is much more involved. We consider the following
matrix structures.

I,

Definition 2.1.19. [BBMXO02] Let 7, := [ OI 0
—in

] be given.

a) A matrix H € R?"*2" is Hamiltonian if (HJ,)" = HTy.
b) A matrix S € R?"*2" is skew-Hamiltonian if (SJ,)"T = —SJy.

c) A matrix pencil s§ — H € R[s]?"*?" is skew-Hamiltonian/Hamiltonian if S is
skew-Hamiltonian and H is Hamiltonian.

Even and skew-Hamiltonian/Hamiltonian pencils are closely related. Clearly, if
58 — H € R[s]>"*?" is skew-Hamiltonian/Hamiltonian, then J,(sS — H) is even.
However, the converse is not true, since the dimension of an even pencil can be odd.
In this case one must inflate or deflate the pencil by one dimension to introduce or
remove one of the infinite eigenvalues. We usually inflate the pencil and incorporate
one additional infinite eigenvalue. If s€ — A € R[s]"*" with odd n is an even pencil,

then
s€E—A 0
T(n+1)/2 { 0 J

is skew-Hamiltonian/Hamiltonian with an additional infinite eigenvalue. Due to these
relations it is clear that the finite eigenvalues of skew-Hamiltonian/Hamiltonian pen-
cils have the same spectral symmetry as even pencils. This means that in the real
case they appear in quadruples (A, =\, A, =) if A ¢ RUIR, and otherwise in pairs
(A, =\). Moreover, the concept of sign-characteristics for purely imaginary and infi-
nite eigenvalues can be transfered into the skew-Hamiltonian/Hamiltonian context.
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For the computation of the eigenvalues and deflating subspaces of skew-Hamiltoni-
an/Hamiltonian pencils sS —H € R[s]*"*2" we could in general use the standard QZ
algorithm. However, this algorithm does not exploit the structural properties of the
pencil. Furthermore, the spectral symmetry is destroyed by unstructured round-off
errors. Luckily, there exist structured equivalence transformations that preserve the
skew-Hamiltonian /Hamiltonian structure and the spectral symmetry. These allow
the development of algorithms which are faster, more accurate, and more robust
than the QZ algorithm. The basic ideas are present in the following paragraphs.

We make use of J,,-congruence transformations of the form

sS —H =T, Q' T (sS — H)Q

with @ € Gla,(R) which preserve the skew-Hamiltonian/Hamiltonian structure. In
general we would hope that we can compute an orthogonal matrix Q € R?"*2" such
that

sS11 — Hu sS12 — Haz

T 7T _ —
TnQTTT (58 — H)Q ) o

is in skew-Hamiltonian/Hamiltonian Schur form, i.e., the subpencil sS11 — Hi; €
R[s]"*™ is in generalized real Schur form. Unfortunately, not every skew-Hamil-
tonian/Hamiltonian pencil admits such a Schur form, since certain simple purely
imaginary eigenvalues, or multiple purely imaginary eigenvalues with even algebraic
multiplicity, but uniform sign-characteristic, cannot be represented in this struc-
ture. An embedding into a pencil of the double size solves this issue as follows, see
[BBMX99].
We introduce the orthogonal matrices

I, 0 0 O
V2 [ Ly I 0 0 I, 0
yn K 7 |:_I2n I2n:| ) 7)n - 0 In O O ) Xn — ynpnv (22)
0o 0 0 I,
and define the 4n x 4n pencil
. T sS —H 0
sBs — By =&, [ 0 sS4+ H X (2.3)

It can be easily observed that sBs — By is again real skew-Hamiltonian/Hamiltonian
with the same eigenvalues (now with double algebraic, geometric, and partial multi-
plicities, but with appropriate mixed sign-characteristic) as the pencil sS — H. To
compute the eigenvalues of sBBs — By one uses the generalized symplectic URV de-
composition of s§ — H, formulated in the next theorem.
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Theorem 2.1.20 (Generalized symplectic URV decomposition). [BBMX99] Let sS—
H € R[s]*™2" be a skew-Hamiltonian/Hamiltonian pencil. Then there exist orthog-
onal matrices Q1, Qy € R?X2" sych that

T T[S Si2
ST, = K SlTJ
[T T
VAGNVARIPE S e T%?] : (2:4)
I 11
T _ [Hi1 Hi
Ql HQ2 - I 0 H22:| 9

where S1o and T1o are skew-symmetric and the formal matriz product Sl_llHnTl_fH;—Q
is in real periodic Schur form [BGD92, HL9/, Kre(l].

Efficient implementations of algorithms for computing this and related factoriza-
tions are available in the FORTRAN 77 library SLICOT!, see also [BSV13a, BSV13b]
for more technical details. Applying this result to the specially structured pencil
sBs — By, we can compute an orthogonal matrix Q € R¥*4" such that

Si1 0 [ Si2 O 0 Hnpp 0 Hip
TAT B _ 0 Tu| 0 Tp| | -Hy 0 | H, 0
Jon Q" Jon(sBs—Bn)Q = s | ——— ST 0 0 0 0  Hop
0 0|0 T 0 0 |-Hf 0
. N IWAl 0]
thQ =Pl n P.
with Q n[ 0 0,

Note that for these computations we never explicitly construct the embedded pen-
cils. It is sufficient to compute the necessary parts of the matrices in (2.4).

The eigenvalues of s§ — H can then be computed as ii\/)\? where the \j, j =
1, ..., n, are the eigenvalues of SfllHnTl_llHJZ which can be determined by eval-
uating the entries on the 1 x 1 and 2 x 2 diagonal blocks of the matrices only. In
particular, the finite, purely imaginary eigenvalues correspond to the 1 x 1 diagonal
blocks of this formal matrix product. Provided that the pairwise distance of the sim-
ple, finite, purely imaginary eigenvalues with mixed sign-characteristics is sufficiently
large, they can be computed in a robust way without any error in the real part. This
property of the algorithm plays an essential role for many of the applications that
we will consider in subsequent sections. For an illustration see Figure 2.1 where the
eigenvalues computed by the standard QZ algorithm as well as those computed by
the structure-preserving method are depicted.

'http://slicot.org
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-10°

T T T T
X  QZ algorithm
O structure-preserving method

|
-2 —-15 -1 =05 0 0.5 1 1.5 2
Re(z) 1074

Figure 2.1: Computed eigenvalues of a skew-Hamiltonian/Hamiltonian pencil with
only purely imaginary eigenvalues resulting from a linearized gyroscopic
system

2.2 System Theoretic Basics
In this subsection we discuss the system theoretic preliminaries of this work. Here we
mainly discuss systems given by real matrices. However, all of the following consid-

erations can be extended to systems given by complex matrices in a straightforward
way.

2.2.1 Descriptor Systems, Behaviors, and Stability
In this thesis we consider differential-algebraic equations of the form
Ex(t) = Ax(t) (2.5)

where sE — A € R[s]"*™ is regular. The set of these systems is denoted by %,, and
we write (E, A) € ¥,. Moreover, a trajectory z : R — R" is said to be a solution of
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(2.5) if and only if it belongs to the behavior of (2.5), defined by

Bpa={ze L£: (R,R™): Fi € £ .(R,R™) and x solves (2.5)
for almost all ¢ € R} .
Note that B g 4) contains all continuously differentiable trajectories, but furthermore
includes solutions with jumps in the algebraic variables.
The first property that we consider is stability. Unlike in the ODE case, there are

various definitions. We only focus on the following concept which is called stability
in the behavioral sense in [BR13]. We use a modified definition of [BR13].

Definition 2.2.1 (Stability). The system (E, A) € ¥,, is called

a) polynomially bounded if for all z € B (g 4, there exists some p(s) € R[s] and
M > 0 such that

|lz(T)||y < M |p(7)| for almost all 7 € R;

b) asymptotically stable if for all x € B (g 4) holds

li = 0.
tgroloesiftupllx(f)llz 0

Proposition 2.2.2 (Algebraic characterizations for asymptotic stability). [BR13].

The system (E,A) € X, is polynomially bounded if and only if A(E,A) C C—. It is
asymptotically stable if and only if A(E,A) C C~

The main focus of this thesis are differential-algebraic equations that can be con-
trolled by an input signal, i. e., we consider equations of the form

Ei(t) = Az(t) + Bu(t), (2.6)

where (E, A) € ¥,, and B € R™*™. We will also often use the term descriptor system.
The set of these systems is denoted by ¥, ,, and we write (E, A, B) € ¥,,,. The
function u : R — R™ is called input of the system; we call 2:(t) € R™ the (generalized)
state of (E, A, B) at time t € R. The set of solution trajectories (z,u) : R — R"™ x R™
induces the behavior of (2.6):

Bpap) = {(z,u) € LL(R,R") x L (R,R™) : Ei € L} (R,R")

loc

and (z, u) solves (2.6) for almost all t € R} .

Moreover, we define the behavior with initial differential variable

B (p,a,B)(T0) = {(m,u) € Bp.a,p): Ex(0) = E:UO}. (2.7)
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Often, the complete state information is not available. Then, besides the system
dynamics (2.6), an additional output equation is introduced which reflects the infor-
mation that can be retrieved via measurements. This leads to a differential-algebraic
control system of the form

!

8.
—~
=

I

Ax(t) + Bu(t),

Cz(t) + Duf(t) (28)

<

—~
~

~—
I

with (E, A, B) € ¥, , and given C' € RP*" D e RP*™. The class of such systems is
denoted by X, p and we write (E, A, B,C, D) € X,y p. The function y : R — R"
is then called output of the system. Finally, the set of solution trajectories (z,u,y) :
R — R™ x R™ x RP is given by the behavior

Bpapcp =T uy) € Ly (RR") x L (R,R™) x L}, .(R,RP) :
Ei € L2 (R,R") and (z,u,y) solves (2.8) for almost all t € R}.

loc

Again, we define the behavior with initial differential variable by

B(p.a,50,0)(T0) = {(z,u,y) € Bp.apcp): Ex(0)=Ex}.

Note that when D = 0, we sometimes omit the last argument in (E, A, B,C, D) €
Yn.m,p and write (E, A, B,C) € ¥, p instead. It is important to note that the latter
should not be misunderstood as a standard state-space system (I, A, B,C,D) €
En,m,p-

2.2.2 Controllability, Stabilizability, Observability, and Detectability

In this subsection we present some concepts for controllability, stabilizability, observ-
ability, and detectability of descriptor systems (2.8). Hereby, the main focus will be
on controllability and stabilizability concepts. For brevity, the corresponding observ-
ability and detectability notions will be introduced by duality. The main difficulty
in this context is the existence of several different ways to define controllability at
infinity which are also not uniformly treated in the literature. In [BR13, Berl3], a
well-structured overview and comparison of these concepts is given which we will
stick to.

First we consider controllability and observability concepts. Even if an output
equation may be given, these are only properties of the state equation given by
(E,A,B) € ¥, Since the matrices E, A, B do not depend on time, we can
assume w. l. 0. g. that the initial time is zero. If this is not the case we can apply a
shift-operator to move the initial value to time ¢t = 0, see [BR13].

We need the following two spaces, defined in [BR13]:
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a) the space of consistent initial values
V= {zo € R" : I(x,u) € Bp 4 p) with i € L£E (R, R™) and z(0) = zo}; (2.9)

b) the space of consistent initial differential variables
Vaig == {20 € R" : B(p 4, p)(x0) # 0} . (2.10)

Definition 2.2.3 (Controllability and stabilizability concepts). [Berl3, Def. 3.1.5]
Let the system (E, A, B) € ¥,,,, with the spaces V as in (2.9) and Vgg as in (2.10)
be given. Then the system (E, A, B) is called

a) behaviorally stabilizable

and lim ess sup ||(z(7), u(7))||y = 0;
=00 >t

b) behaviorally anti-stabilizable

o V(z,u) € B(pa,p) IT,u) € Bpap with (z,u)]( ) = (1))
and lim ess sup |[(z(7),u(7))|, = 0;
t——00 <t
¢) behaviorally controllable

& V(1 u), (v2,u2) € B ap 3T >0, (2,u) € B(g a p) With

(@), mt), ift<o,
(2(0), ult) = {(mg(t),uQ(t)), if > T

d) impulse controllable
= Vg € R : %(E,A,B)(xo) 75 ) < Vaig = Rn;

e) controllable at infinity
4 Voo € R" (2, u) € Bp a,p) With & € £2 (R,R™) and z(0) = x
&Y =R"Y
f) strongly stabilizable
& Vo € R" 3(x,u) € B(g 4 p) (7o) With tlim Ezx(t) = 0;

—00
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g) strongly anti-stabilizable

o Vao € R" 3(z,u) € B(g, a,p)(x0) With Jim Ex(t) = 0;
b K _)

h) strongly controllable

1 Voo, 11 € R" 3T > 0, (z,u) € B 4,)(20) With Ex(T) = Exy;

i) completely stabilizable

= Voo € R" 3(z,u) € B(g ap) with & € L£E (R, R™), x(0) = 2o and
lim z(t) = 0;

t—o00

j) completely anti-stabilizable

= Voo € R" 3(w,u) € B(g ap) with & € L£E (R,R"), 2(0) = z¢ and
lim z(t) = 0;

t——o00
k) completely controllable

& Vg, 11 € R" 3T > 0, (z,u) € B(p 4 p) With = € £ (R, R™), x(0) = 2o and
z(T) = 1.

Remark 2.2.4. Note that in some of the definitions we need the additional requirement
that & € £2 (R, R™). This is necessary in order to make x(-) continuous and to allow
function evaluations as discussed in [Berl3].

Remark 2.2.5 (Stabilizability and anti-stabilizability). From [BR13, p. 8], we have
(z(),u(-)) € Bg,ap) if and only if the reflected trajectory (z(—-),u(—)) is in
the behavior of the backward system (—E,A,B). As a consequence, (E, A, B) is
behaviorally stabilizable (strongly stabilizable, completely stabilizable) if and only
if (—FE, A, B) is behaviorally anti-stabilizable (strongly anti-stabilizable, completely
anti-stabilizable).

In order to check the above mentioned properties, there exist algebraic characteri-
zations in terms of the matrices E, A, and B. These are summarized in the following
proposition.

Proposition 2.2.6 (Equivalent algebraic conditions). Let (E, A, B) € ¥, ,, be given
with r = rank E. Let Soo € R™™ " be a matriz with im S, = ker E. Then the
system (E, A, B) is
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a) behaviorally stabilizable if and only if rank [)\E —A B] =n for all A € C+;

b) behaviorally anti-stabilizable if and only if rank [)\E —A B] =n for all \ € C—;
¢) behaviorally controllable if and only if rank [)\E - A B] =n for all A € C;

d) impulse controllable if and only if rank [E AS B] =n;

e) controllable at infinity if and only if rank [E B] =n;

f) strongly stabilizable (strongly anti-stabilizable, strongly controllable) if and only
if it is behaviorally stabilizable (behaviorally anti-stabilizable, behaviorally control-
lable) and impulse controllable;

g) completely stabilizable (completely anti-stabilizable, completely controllable) if and
only if it is behaviorally stabilizable (behaviorally anti-stabilizable, behaviorally con-
trollable) and controllable at infinity.

The above properties are further invariant under input, state, and feedback equiv-
alence. That is, (FE,A, B) has one of the properties in a)-g) if and only if for
W, T € GI,(R), V € GL,(R), and F € R™*", the control system

(Ep, Ap, Bp) := (WET, W (A + BF)T,W BV)
has the respective property [BR13].

Proof. The statements about stabilizability and controllability have been proven in
a more general fashion in [BR13]. The results for the anti-stabilizability concepts
follow from the relation to stabilizability, see Remark 2.2.5. O

We further define a concept that is defined by a purely linear algebraic condition
and does not have an interpretation in terms of the behavior B g 4 p). It generalizes
the concept of sign-controllability for systems governed by ordinary differential equa-
tions [Sch91b, Sch9la, CALM97]. This concept will be later used as an assumption
for the differential-algebraic KYP lemma, see 3.3.1.

Definition 2.2.7 (Sign-controllability). The system (E, A, B) € ¥, ,,, is called

a) behaviorally sign-controllable if for all A € C it holds that rank [AE —A B] =n
or rank [—XE —A B] =n;

b) strongly sign-controllable if it is behaviorally sign-controllable and impulse con-
trollable;

c) completely sign-controllable if it is behaviorally sign-controllable and controllable
at infinity.
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Now we briefly introduce the associated notions of observability and detectability
of a system (E, A, B,C,D) € ¥, . As they do not play a very prominent role in
this thesis we only introduce them as controllability and stabilizability concepts for
the dual system (ET, AT CT, BT, DT) € X p,m, in other words we consider control-
lability and stabilizability of (ET, AT, CT) € Y p-

Definition 2.2.8 (Observability and detectability concepts). The descriptor system
(E,A,B,C,D) € ¥, 1 p is called

a) behaviorally detectable :< (ET, AT, CT) is behaviorally stabilizable;

b) behaviorally anti-detectable :< (ET, AT CT) is behaviorally anti-stabilizable;
¢) behaviorally observable :< (ET, AT, C’T) is behaviorally controllable;

d) impulse observable :& (ET,AT7 C’T) is impulse controllable;

e) observable at infinity :< (ET, AT, CT) is controllable at infinity;

f) strongly detectable (strongly anti-detectable, strongly observable) :&<
(ET, AT, C’T) is strongly stabilizable (strongly anti-stabilizable, strongly control-
lable);

g) completely detectable (completely anti-detectable, completely observable) :<
(ET,AT, CT) is completely stabilizable (completely anti-stabilizable, completely
controllable).

Definition 2.2.9 (Uncontrollable/unobservable mode). The number A € C is called
an uncontrollable mode of the system (E, A, B,C, D) € ¥,, 5 if rank [)\E —A B] <
n. Moreover, it is called an unobservable mode if rank [)\ET — AT C’T] < n.

2.2.3 Frequency Domain Analysis

In applications it is often useful to consider a dynamical system in the frequency
domain, in particular if one is interested in the influence of the inputs on the outputs
of the system.

Laplace Transformation and Transfer Functions

A function f : [0,00) — R" is called ezponentially bounded if there exist numbers
M and « such that ||f(t)], < Me* for all ¢ > 0. The value « is called a bounding
exponent [TSHOL, p. 32].
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Definition 2.2.10 (Laplace transformation). [TSHOL, p. 32] Let f : [0,00) — R"”
be exponentially bounded with bounding exponent a. Then

U= [ prear
for Re(s) > « is called the Laplace transform of f. The process of forming the

Laplace transform is called Laplace transformation.

It can be shown that the integral converges uniformly in a domain of the form
Re(s) > f for all 5 > a.
Moreover, the following two fundamental properties hold.

Theorem 2.2.11. [TSHO1, Thm. 2.19] Let f, g, h : [0,00) — R™ be given. Then
the following two statements hold true:

a) The Laplace transformation is linear, i. e., if f and g are exponentially bounded,
then h :=~vf 4+ dg is also exponentially bounded and

LA{n} =~LA{f}+6L{g}
holds for all v, § € C.

b) If f € Céw([O,oo),R") and f is exponentially bounded, then f is exponentially
bounded and '
L{f}(s) = sL{f}(s) — f(0).

Now we apply the Laplace transformation to a system (E, A, B,C,D) € X, np.
Assume that each of the Laplace transforms X (s) := L{x}(s), U(s) := L{u}(s), and
Y (s) := L{y}(s) exists. By using Theorem 2.2.11, we obtain the Laplace transformed
system

sEX(s) — Ex(0) = AX(s) + BU(s),
Y (s) =CX(s)+ DU(s).

Under the assumption that s — A € R[s]™*™ is regular and Ez(0) = 0, we obtain
the relation
Y(s) = (C(sE—A)"'B+D)U(s).

This leads to the following definitions.

Definition 2.2.12 (Transfer function). The function
G(s) := C(sE — A)"'B+ D € R(s)P*™

is called the transfer function of the system (E, A, B,C, D) € ¥, 1 p-
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The transfer function is a direct relation between the inputs and the outputs in
the frequency domain and therefore, it plays an important role for the analysis of the
behavior of the system. When evaluating for s = iw, then w can be interpreted as
a frequency (scaled by 1/27). Note that G(s) can be formally defined without the
requirement on X, U, Y to exist.

It is also possible to relate a dynamical system of the form (2.8) to a given transfer
function G(s) € R(s)P*™ which is, however, not unique. This leads to the following
definitions.

Definition 2.2.13 ((Minimal) realization). [OV00, VLK8&1] Assume that the system
(E,A,B,C,D) € ¥, has the transfer function G(s) € R(s)P*™. Then we say
that (E, A, B,C, D) is a realization of G(s). A realization (E,A,B,C,D) € ¥y mp
is called

a) weakly minimal, if it is completely controllable and completely observable;

b) minimal, if it is weakly minimal and does not contain nondynamic modes, i.e.,

A-ker E C im A.

Remark 2.2.14.

a) If a realization (E,A,B,C,D) € ¥, n, of a transfer function G(s) € R(s)P*™
is minimal, then its state space dimension 7 is minimal among all realizations of

G(s).

b) Realizations are not unique. If (E, A, B,C,D) € ¥, ,,, is a realization of G(s),
then for any two matrices W, T € Gl,(R), the system

(WET,WAT,WB,CT, D) € Snmp

is also a realization of G(s). Transformations of the above kind are also called
(generalized) state-space transformations.

Polynomial and Rational Matrices

Since transfer functions are rational, we present some fundamental theory on this
class of functions.

Definition 2.2.15 (Unimodular matrix, monic/coprime polynomials).

nxn

a) A polynomial matrix U(s) € R[s]
ring R[s|™"*"™.

is called unimodular, if it is a unit in the
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b) A polynomial p(s) € R[s] is called monic if its leading coefficient is one.

¢) Two polynomials p(s), q(s) € R[s] are called coprime if their greatest common
divisor is 1.

Matrices with rational entries can, via multiplication with suitable unimodular
matrices, be transformed to Smith-McMillan form, described in the next theorem.

Theorem 2.2.16 (Smith-McMillan form). [Ka:80, Chap. 6] For G(s) € R(s)P*™
there exist unimodular matrices U(s) € R[s]P*P and V(s) € R[s]™*™, such that

-1 ~1(s) = dia €1(s) er(s)
U (s)G(s)V ™ (s) =d g<w1(8),...,wr(s),o,...ﬁ) (2.11)

for some monic and coprime polynomials €;(s), 1;(s) € R[s] such that €;(s) divides
€j+1(8) and ¥;1(s) divides ¥;(s) forj=1,...,r —1.

The Smith-McMillan form can be utilized to define poles and zeros of rational
matrices, as well as outer, inner, and co-inner rational functions.

Definition 2.2.17 (Poles, zeros, inner function, co-inner function, outer function).
Let G(s) € R(s)P*™ with Smith-McMillan form (2.11) be given. Then A € C is called

a) a zero of G(s) if e,(\) = 0;
b) a pole of G(s) if Y1 () = 0.

The sets of zeros and poles of G(s) are denoted by 3(G) and B(G), respectively.
Moreover, by [Gre88], the rational matrix G(s) is called

a) outer if r = p and 3(G) C C—;

b) inner if P(G) C C~ and G~(5)G(s) = Ipy;
c) co-inner if P(G) C C~ and G(s)G™(s) = 1.
Remark 2.2.18.

a) The zeros of G(s) are also called the transmission zeros of an associated realization
(E,A,B,C,D) € ¥y, mp, see, e.g., [BIR12].

b) Rational functions with no zeros in C* are called minimum phase in [[1c93]. Min-
imum phase functions with full row rank over the field R(s) are outer.

c¢) Rational functions with G~ (s)G(s) = I, are called all-pass [TSHO1]. All-pass
functions are unitary-valued on the imaginary axis. Any inner function is all-
pass.
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d) A rational function G(s) is co-inner if and only if G"(5) is inner.

The following properties of rational functions will play an important role in the
characterization of transfer functions.

Definition 2.2.19 (Stability, properness). Let G(s) € R(s)P*™ be given. We say
that G(s) is stable if all its poles are located in C~. Moreover, we call G(s)

a) strictly proper if lim, o [|G(iw)]| = 0;
b) proper if lim, o [|G(iw)||, < 00;
c) improper if lim,_, ||G(iw)||, = oo.

Rational function can be additively decomposed into a strictly proper and poly-
nomial part as follows [Sty06]. Assume that G(s) € R(s)P*™ has a realization
(E,A,B,C,D) € ¥, mp. Let W, T € Gl,(R) be transformation matrices leading
to QWF, i.e., let

([, 0] [An 0 By
(WET, W AT, W B,CT, D) = ([ 0 Eﬂ] , [ 0 In_J , {BJ J[C1 o] ,D) :
(2.12)

where A1; € R™7, and Eyy € R®™ """ ig nilpotent with index of nilpotency v.
Moreover, we have By € R™™ By € R*"*™ (] € RP*" and Cy € RP*™"™". Then
we can write

G(s) = Gsp(s) + Gpoly(s) (2.13)

with the strictly proper part
GSP(S) = Cl(SL« — All)ilBl)

and the polynomial part

v—1
GP01Y(S) = 02(5E22 - In—r)_lBQ + D = Z Mjsj S R[S]pxm’
j=0
where
MO =D — CQBQ,
Mj:=—CyE},By, j=1,...,v—1,

are the Markov parameters.
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Some Rational Function Spaces

In many applications of systems and control such as model order reduction or robust
control, it is necessary to quantify the size of a dynamical system or the distance
between two of them [Sty06]. This can be done by turning to the frequency domain
and considering certain spaces of transfer functions and the induced norms. In the
following we introduce the most important rational function spaces that we need in
this thesis. Note that many of the concepts can also be generalized to non-rational
functions, however this will not play a role in this work.

Definition 2.2.20 (Some rational function spaces). [Sty06] Let G(s) = Gsp(s) +
Gpoly(s) € R(s)P*™ be a decomposition as in (2.13). We define the following spaces
and the associated norms:

a) the inner product space

RHD<™ — {G(s) € R(s)”™ : P(G) € C and / h

—00

| [ ) 1/2
(Gl = (5 [ IGGEIRas)

|G (iw)||p dw < oo}

with Ho-norm

b) the normed space
RHLE ™ = {G(s) € R(s)P*™ : Gy € RH%;X’"}

with HLo-norm

1 2m ) 9 1/2
16le, = (16l + 52 [ G () )
¢) the normed space
RHEI™ = {G(s) € R(s)P*™ :P(G) C C” and sup ||G(N)]|, < oo}
AeCt

with Hoo-norm
1Gll3,, = sup [[G(N)ll;
AeCt

d) the normed space

RLEX™ = {G(s) € R(s)P*™ : P(G) NiR = 0 and sup ||G(iw)|, < oo}
weER
with L,.-norm

Gl :=sup [|G(iw)], -
weR
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2.2.4 Zero Dynamics and Quter Systems

An important concept for later sections are the zero dynamics of differential-algebraic
systems.

Definition 2.2.21 (Zero dynamics). [BI84, Berl3]

a) The zero dynamics of (E, A, B,C, D) € ¥, is defined as the set of trajectories
resulting in a trivial output, i.e.,

ZD(E,A,B,C,D) = {(.CL',U) € E%OC(R,RR) X E%OC(R,Rm) : (l’,’u,, 0) € %(E,A,B,C,D)} .
b) The set of zero dynamics with initial differential variable Exg is
ZD(g,a,B,c,0)(%0) := ZD(g,a,B,c,0) N B(E,4,8)(Z0)-

c¢) The set of consistent initial differential variables for the zero dynamics is
Wiigr == {x0 € R" : ZD( 4 B,c,p)(T0) # 0} - (2.14)

The following are particularly important properties of the zero dynamics.

Definition 2.2.22 (Stability, stabilizability, autonomy of zero dynamics). [Berl3,
IR14] Let the system (E, A, B,C, D) € ¥, , with the space Waig as in (2.14) be
given. Then the zero dynamics of ZD(g 4 p,c p) are called

a) polynomially bounded if for all (z,u) € ZD g 4 p,c,p), there exists some p(s) €
R[s] and M > 0 such that

|(z(7),u(r))|ly < M - |p(7)| for almost all 7 € R;

b) asymptotically stable if for all ZD(g 4 p,c,py it holds that

Jim ess sup | (2(7), u(r) |, = 0;

c) strongly asymptotically stable if it is asymptotically stable and Wgg = R™;

d) polynomially stabilizable if for all xy € Waig, there exist some p(s) € R[s], M >0
and some (z,u) € ZD (g 4 B,c,p)(T0) such that

|(z(7),u(7))||ly < M - |p(7)| for almost all 7 € R;
e) stabilizable if for all zg € Wyig, there exists a (z,u) € ZD (g 4 p,c,p)(To) With
lim ess sup |[(z(7), u(7))lly = 0;
T>t

t—o00
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f) strongly stabilizable if it is stabilizable and Wg;g = R™;
g) autonomous if for all 29 € R"™, the set ZD g 4 p ¢ p)(To) has at most one element.

Many properties of the zero dynamics can be characterized by the location of the
invariant zeros which will be introduced in the next definition.

Definition 2.2.23 (Rosenbrock pencil, invariant zero). [IR14] The Rosenbrock pencil
of the system (E, A, B,C, D) € ¥, is given by

R(S) _ |:—SEC’+ A g:| c R[S]n—i-pxn—i-m'

The finite eigenvalues of the Rosenbrock pencil are called the invariant zeros of the
system (E, A, B,C, D).

Proposition 2.2.24 (Zero dynamics and invariant zeros). [[R1/] Let the system
(E,A,B,C,D) € %y, with Rosenbrock pencil R(s) be given. Then ZD g 4 c,p)

is
a) polynomially bounded if and only if rank R(A\) =n+m VX € C*;
b) asymptotically stable if and only if rank R(\) =n+m VA e CF;

c) strongly asymptotically stable if and only if it is asymptotically stable and the index
of R(s) is at most one;

d) polynomially stabilizable if and only if (E, A, B,C, D) has no invariant zeros in
(C"";

e) stabilizable if and only if (E, A, B,C, D) has no invariant zeros in CT;

f) strongly stabilizable if and only if it is stabilizable and the index of R(s) is at most
one;

g) autonomous if and only if rankgs R(s) = n + m.

There are also further equivalences with respect to stability, namely ZD g A B,.c,p) S
h) polynomially bounded if and only if it is autonomous and polynomially stabilizable;
i) asymptotically stable if and only if it is autonomous and stabilizable.

Furthermore, note that a square system (E, A, B,C, D) € Xy mm is strongly asymp-
totically stable if and only if R(\) € Gly4m(C) for all A € CT.

The following result states that invariant zeros are uncontrollable or unobservable
modes or transmission zeros.
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Proposition 2.2.25. Let a system (E,A,B,C,D) € ¥, with transfer function
G(s) € R(s)P*™ be given. Then the following holds true:

a) If X € C is a transmission zero of (E, A, B,C, D), then it is an invariant zero of
(E, A, B,C,D).

b) If A € C is an invariant zero of (E, A, B,C, D), then at least one of the following
statements holds true:

i) X is a transmission zero of (E, A, B,C,D);
it) A is an uncontrollable mode of (E, A, B,C,D);
i11) X is an unobservable mode of (E, A, B,C, D).

Proof. This statement is a special case of a theorem for systems described by poly-
nomial matrices in [Ros73]. O

Moreover, the following results connects the rank of the transfer function with the
rank of the associated Rosenbrock pencil.

Lemma 2.2.26. Let a system (E, A, B,C, D) € ¥, i, with transfer function G(s) =
C(sE —A)"'B+ D € R(s)P*™ and Rosenbrock pencil R(s) € R[s]"P*"+™ be given.
Then

rankg ) R(s) = n + rankgs) G(s).

In particular, R(s) is a reqular pencil if and only if G(s) € Gl (R(s)).
Proof. This statement follows from

C(SEIf A1 IOJ {SEJA g] - [ﬁﬂl G?s)] '

d

The zero dynamics is closely related to the concept of outer systems, defined below.

Definition 2.2.27 (Outer system). [IR14] The system (E, A, B,C,D) € ¥, p,, is
called outer if it does not contain invariant zeros in C* and the Rosenbrock pencil
has full row rank over the field R(s). Equivalently, it holds that

rank R(A\) =n+p VieCT.

The following theorem summarizes the relation between outer systems and outer
rational functions.
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Theorem 2.2.28 (Outer systems and outer transfer functions). [[R1/, Thm. 3.3]
Let (E,A,B,C,D) € ¥, with transfer function G(s) € R(s)P*™ be given. Then
the following statements hold true:

a) If (E, A, B,C, D) is an outer system, then G(s) is an outer transfer function.

b) If G(s) is an outer transfer function and (E, A, B,C, D) is strongly stabilizable
and strongly detectable, then (E, A, B,C, D) is an outer system.

We finally discuss a crucial property of outer systems. Namely, for any outer
and strongly stabilizable system and initial value, there exists a sequence of square
integrable inputs such that the corresponding output sequence tends to zero in £2.
In Chapter 3, we will show that an infimizing sequence in a linear-quadratic optimal
control problem can be expressed as a sequence of controls for an outer system such
that the corresponding output sequence tends to zero. The following two propositions
make this precise. Moreover, the results of Proposition 2.2.24 will lead to existence
and uniqueness results for the optimal control.

Proposition 2.2.29. [IR1}] Let (E,A,B,C,D) € X, ., be outer and strongly
stabilizable and assume that xo € R"™. Then there exists a sequence (ux(-))pey 0
L2([0, 00), R™) with the following properties:

a) For allk € N, there exists a (zg,u, yr) € B(g a,B,0,0)(T0) with limy o Fay(t) =
0.

b) The sequence (yi(-))ren tends to zero in L2(]0,00), RP).

Proposition 2.2.30. [IR1}] Let (E,A,B,C,D) € X, n, be strongly stabilizable.
Assume that for all zg € R™ there exists a sequence (uy(-))ren in L2([0,00), R™) with
the following properties:

a) For all k € N, there exists a (zy, uk, Yx) € B(g,a,B,0,0)(T0) with lim; oo Exy(t) =
0.

b) The sequence (yx(-))ken tends to zero in L2(]0, o), RP).

Then there exists some matriz U € KPP with orthonormal columns such that the
system (B, A, B,UC,UD) is outer and further for all (z,u,y) € B (g a p,c D), there
exists some (z,u,y) € B(p a,puc,up) such that

ly(®)|| = lly(t)|| for almost all t > 0.
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3 Linear-Quadratic Control Theory for
Differential-Algebraic Equations

3.1 Introduction

In this chapter we will study the infinite time horizon linear-quadratic optimal control
problem

Minimize

sen= [(0) [ A

subject to (x,u) € B(g a,p) (7o) With lim¢ o Bz (t) = 0.

Here, Q = QT € R™™", S € R™™ and R = R" € R™*™ are given matrices. The
main questions we want to answer are the following:

e Is this optimal control problem feasible, i.e., is optimal value function

VT (Exg) := inf {j(m,u) :(w,u) € B(g,a,p)(ro) and tlim Ex(t) = O}

(e.e]

bounded from below for all g € R"?

e If the optimal control problem is feasible, does there exist an optimal control
(T4, us) € B, a,5)(x0) With VT (Exg) = T (24, us)?

e If an optimal control exists, is it unique?

Linear-quadratic optimal control problems (3.1) can be analyzed by means of var-
ious algebraic structures. The first concept we study to answer the above questions
is the Popov function given by

B(s) = {“E _I:)lBr [SC?T f%} {(SE _I:)lB} ER(™™. (32)

Note that ®(iw) is Hermitian for all w € R with iw ¢ A(F, A). The feasibility of
the optimal control problem is related to the pointwise positive semidefiniteness of
(i) :{welR:iw¢ A(E,A)} - Cm™,
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In the case of ordinary differential equations (that is, £ = I,,), this property can be
assessed by the famous Kalman-Yakubovich-Popov lemma, see, e.g., [Kal63, Yak62,
Pop62, And67] and [Ran96] and references therein. More precisely, under certain
assumptions related to controllability, the pointwise positive semidefiniteness of ®(i-)
is equivalent to the solvability of the Kalman-Yakubovich-Popov (KYP) inequality,
namely there exists a P € R™" such that

-
A IJ;TJ];Z‘;J{ @ PBR+ Sl>0, p=pT. (3.3)

There are several attempts to generalize this lemma to differential-algebraic equa-
tions, e.g., in [Mas06]. However, this paper only treats the case where sE — A is
regular and of index at most one. Recently, in [Briillb, Briilla], the KYP lemma
has been generalized to behavioral systems. This theory is then also applied to de-
scriptor systems under the assumption of complete controllability. There the point-
wise positive semidefiniteness of ®(i-) is related to the solvability of the linear matrix
inequality

T T T T
FRALST mRirinin| 20 ETR=EE ETR=o
for a pair (P, Py) € R™" x R™"™. Other authors generalize a certain modification
of this lemma, namely the positive real lemma with particular choices of @, S, and
R. This is done for instance in [FJ04]. However, strong artificial assumptions on the
Markov parameters are made in order to prove the main result. These assumptions
are dropped in [CF07] by considering a linear matrix inequality related to (3.3) on a
certain subspace. We employ a similar idea to present a new, more general version of
the KYP lemma for differential-algebraic systems, namely we relate pointwise positive
semidefiniteness of ®(i-) to the solvability of the descriptor KYP inequality. That is,
there exists some P € R"*™, such that

ATP+P"A+Q P'B+S
BTP+ ST R

] >y, 0, ETP=P'E, (3.4)

where
Veys 1= { <2> €R"™ : Ar+ Bu € imE} (3.5)
is the system space of (E, A, B). Note that for impulse controllable systems, Vi is

the smallest subspace of R"™ in which the solution trajectories (z,u) € B(£,4,B)
pointwisely evolve, i.e., it is the smallest subspace with

<igg> € Vys for all (z,u) € B(g 4 p) and almost all ¢ € R.
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Note further that for non-impulse controllable systems, the solution trajectories
evolve in an even smaller subspace. However, for ease of terminology and since
our focus is on impulse controllable systems, we also use the definition of the systems
space as in (3.5) for non-impulse controllable systems. However, this slightly differs
from the notion used in [RRV14].

In order to solve the optimal control problem one employs algebraic matrix equa-
tions that can be derived from the KYP inequality. If one considers ODEs with
R > 0, then one directly obtains the algebraic Riccati equation [Wil71, LRI5]

ATX+XA— (XB+S)RY(B'X+ST)+Q=0, X=X (3.6)

Solvability criteria and solutions of (3.6) can be given in terms of spectral information
of the Hamiltonian matrix

A— BR™LS —BR BT

An=1§TR-15 @ —(4- BR'S)

1| € RZ2n, (3.7)

A well-known sufficient solvability criterion for (3.6) is the absence of purely imagi-
nary eigenvalues of A, see [LR95]. Then the solutions of (3.6) can be constructed
via the invariant subspaces of (3.7). Difficulties in the characterization of solvabil-
ity of (3.6) arise when purely imaginary eigenvalues are present. Then the spectral
structure of Ay has to be studied in more detail, in particular the sign-characteristics
of the purely imaginary eigenvalues.

Another fundamental difficulty arises when the matrix R is not invertible. Then
neither the ARE (3.6) nor the associated Hamiltonian matrix can be formulated.
Under the assumption that

[SQT Z] - [gi} © D] >0, (3.8)

this problem was first rigorously studied in [HS83] with a special focus on the system
structure. In particular, it was pointed out, that in contrast to an optimal control
problem with R > 0, optimal controls might not exist for piecewise continuous inputs
u(+) and thus the use of impulsive inputs was suggested. Mathematically, this is
reflected by distributions. Due to these observations optimal control problems with
singular R are also called singular, otherwise they are called regular. Further results
were later obtained by [Gee89]. There, it is for instance shown that for the case that
E = I, the optimal value function is quadratic and can be characterized by the
maximal and rank-minimizing solution of the KYP inequality (3.3). In this context,
“rank-minimizing” refers to the minimization of the rank of the left-hand side of
(3.3). Moreover, in [Gee89], the optimal control problem is relaxed in the sense
that also nonzero terminal conditions are admitted. If one assumes the condition
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limy—yo0 infye7 ||2(t) — 27|, = 0 with an arbitrary subspace 7 C R", then the
corresponding optimal costs are still quadratic and can be expressed by a rank-
minimizing solution of the KYP inequality (3.3).

Further contributions are given in [Reill], where also the quite restrictive assump-
tion (3.8) is dropped. Instead of the ARE one considers the so-called Lur’e equation
KT
5

ATX+XA+Q XB+S T

BTX 4 g7 R (K L], X=XT, (3.9)
which has to be solved for (X, K, L) € R"*"xR9*" x R?*"™ with ¢ as small as possible.
To obtain solvabilility criteria and construct solutions we replace the Hamiltonian
matrix by the even matrix pencil

0 —sl,+A B
s€ - A= |sI,+ AT Q S| € R[s]?nTmx2ntm, (3.10)
BT ST R

Similarly as for the generalized Riccati equation, a sufficient condition for the solvabil-
ity of the Lur’e equation is the absence of purely imaginary and higher-order infinite
eigenvalues of the even matrix pencil s€ — A. However, if there are such eigenvalues,
the solvability criteria become much more involved. Then, we have to consider the
eigenstructure of s€ — A in more detail. In [Reill] this is done by evaluating its even
Kronecker canonical form. It can also be shown, that the solution of (3.9) can be
constructed via the deflating subspaces of (3.10). A pencil structure similar to (3.10)
has also already been considered in [[OW99]. However, some of the special struc-
tural features of even matrix pencils, in particular the sign-characteristics of purely
imaginary and infinite eigenvalues have not been exploited. So in contrast to [Reill],
where equivalent conditions for the solvability of the Lur’e equation in terms of the
spectral structure of (3.10) are derived, [[OW99] only gives necessary conditions.

On the other hand, there are also generalizations of the ARE to descriptor systems.
In [Meh91], a generalized ARE of the form

ATXE+ETXA—- (ETXB+S)R'(B'XE+ST)+Q=0, X=X, (3.11)

is considered. In [Meh91] it has been shown how to construct stabilizing solutions of
this equation for systems that are strongly stabilizable. Then the main idea consists
of a feedback regularization of the system (FE, A, B), an approach we will also make
use of in this thesis. However, in general, the relationship between the solutions of
the generalized ARE (3.11) and the optimal control problem (3.1) is hidden or even
lost. For instance, in [BL87] it is pointed out, that (3.11) might not have a solution,
even if (3.1) is feasible.

Moreover, a strong focus of [Meh91] is the treatment of two-point boundary value
problems resulting from an application of Pontryagin’s maximum principle. These
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attain the form

Ei(t) = Az(t), P12(0) =0, tle Paz(t) =0, (3.12)
where
0 —-sE+A B
s€E—A=|sET + AT Q S| € R[s)ntmx2ntm (3.13)
BT ST R

and Py, Py € RZvTmx2ntm  For many of these considerations essential assumptions
are (3.8) and the regularity of s€ — A, in particular for the numerical solution of
the boundary value problem (3.12) and the associated generalized ARE (3.11) via
deflating subspaces of s&€ — A.

An alternative for generalizing the algebraic Riccati equation to DAEs is the ap-
proach of [KTK99, KK02] which studies a generalized ARE of the form

ATX+XTA—- (X" B+S)RY(B'X+ST)+Q=0, ETX=X'E, (3.14)

however, an unnatural side condition, namely the solvability of an algebraic quadratic
equation is necessary to guarantee the existence of a stabilizing solution.

Even more interesting is the case where both E and R are singular. Note that
for DAEs it is much more involved to decide whether the optimal control problem
under consideration is regular or singular. In particular, the condition R > 0 is
neither sufficient nor necessary for regularity of the optimal control problem. This
also suggests that the invertibility of R is a rather artificial condition. We refer to
[Gee93] for a detailed discussion. This problem was already previously considered
in [Gee94], even for nonsquare and non-regular descriptor systems, however still an
assumption analogous to (3.8) and impulse controllability is assumed. In [Gee94]
existence and uniqueness results for the optimal control are derived which are related
to zero dynamics of a particular linear system. Moreover, the optimal controls derived
there are related to the solutions P € R™*" of the linear matrix inequality

[ATPE +ETPA+Q E'PB+S

> —_ pT
BTPE + ST R ]—0’ P=F,

however the rank-minimization property for the optimal P is lost.

In this thesis we choose a different approach, namely by generalizing the results in
[Reill]. We introduce a new type of algebraic matrix equation, namely, the descriptor
Lur’e equation

[ATX+XTA+Q XTB+S} [KT
:Vsys

Ty _ vT
BTX 4 5T I8 LT} [K L], E'X=X"E, (3.15)

that has be solved for (X, K, L) € R™"™ x R?*™ x R?*™ where Vs is as in (3.5) and
q is as small as possible.
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The structure of the solution set of this matrix equation is furthermore investigated.
In contrast to [Gee94], with P = X, solutions of (3.15) are rank-minimizing solutions
of (3.4), i.e., with a basis matrix My, of Vs it holds that

r [ATP+PTA4+Q PB4+ S

Vsys BT P+ ST R MVsys

has minimal rank among all solutions of the descriptor KYP inequality (3.4). We
show that, under some conditions related to controllability of (2.6), there exist stabi-
lizing and anti-stabilizing solutions that are simultaneously extremal solutions, where
“extremal” has to be understood in terms of definiteness of ETX.

The foundation of all these considerations will be the eigenstructure of the associ-
ated even matriz pencil (3.13). We generalize the results from [Reill] and show that
certain solutions of the descriptor Lur’e equation can be constructed from deflating
subspaces of this pencil.

In this work, we will drop most of the restrictions of the previously mentioned
approaches. For instance, we neither assume a property related to (3.8) nor the
regularity of s€ — A. We will mainly assume that sE — A is regular and that the
system (2.6) is impulse controllable. No assumptions on the index of the differential-
algebraic equation are made. Note, that when (E,A,B) € X, ,, is not impulse
controllable, we can recover the impulse controllable subsystem, for instance by a
staircase reduction of the triple (E, A, B), see [BGMN94]. Moreover, in Section 3.12
we briefly describe a way to approach non-impulse controllable systems directly using
the so-called feedback equivalence form of a system [RRV14].

The solutions of the descriptor Lur’e equations will further be shown to define a
spectral factorization of the Popov function. That is, we can construct some W (s) €
R(s)?*™ such that

O(s) = W™ (s)W(s). (3.16)

In particular, the matrix function W(s) will be outer, if it is constructed from the
stabilizing solution of the descriptor Lur’e equation (3.15).

A special emphasis will be placed on the characterization whether the descrip-
tor KYP inequality (3.4) has a nonpositive solution. That is, (3.4) holds with
ETP = PTE < 0. We show that, in this case, an optimal control problem is fea-
sible which is stronger than (3.1). We will present consequences for the analysis of
dissipativity of differential-algebraic systems. In particular, important special cases
such as contractivity and passivity will be treated. The descriptor KYP inequality
(3.4) and the characterization of nonpositivity of solutions will result in differential-
algebraic versions of the bounded real lemma and positive real lemma, which are both
well-known for ODEs, see, e.g., [AV73].

As a further application of our presented theory, we show that normalized coprime
factorizations [MG89, Var98] and inner-outer factorizations [Gre88] of general trans-
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fer functions G(s) € R(s)P*™ can be constructed with the theory that is developed
in this chapter.

To complete the discussion we point towards some generalizations into the direction
of time-varying and nonlinear differential-algebraic equations. In [KMO04], linear-
quadratic optimal control problems for time varying DAEs and time-varying weights
@, S, and R in the cost functional are treated. Then, a time-varying boundary
value problem similar to (3.12) is constructed. Necessary and sufficient conditions
for feasibility of the optimal control problems are derived via an inherent Hamiltonian
ODE system which is obtained by applying appropriate projection operators to the
boundary value problem. We also refer to [Bac03, Bac06] where the special case of a
DAE of index two is considered.

A different approach for time-varying optimal control problems is chosen in [IKM11].
There, one considers two optimality boundary value problems similar to (3.12),
one constructed from the original system and another one based on a so-called
strangeness-free formulation of the DAE system. Then the solvability conditions
and solutions of both boundary value problems are studied and they are related to
each other. Moreover, in the recent works [KMS14, MS14], structured global con-
densed forms for the optimality system (analogous to the even staircase form (2.1))
are derived which allow to analyze its properties.

Finally, optimal control problems subject to nonlinear differential-algebraic equa-
tions are discussed, e. g., in [KMO1, KMRO1, KMO8] by analyzing local linearizations
of the nonlinear DAE which usually result in a time-varying linear DAE and allow
the application of the previously mentioned techniques.

This chapter is structured as follows. In Section 3.2 we introduce some basic state
and feedback transformations of the system (2.6) and their influence on the above in-
troduced objects. In Section 3.3 we formulate the Kalman-Yakubovich-Popov lemma
for differential-algebraic equations in which we relate the nonnegativity of the Popov
function on iR to the existence of a solution of the descriptor KYP inequality. In Sec-
tion 3.4 we consider associated even matrix pencils and descriptor Lur’e equations. In
particular, we show that there is a one-to-one correspondence between the solutions of
the descriptor Lur’e equation and certain deflating subspaces of the even matrix pen-
cil. In Section 3.5 we consider stabilizing, anti-stabilizing, and extremal solutions. In
particular, we show that the stabilizing solution corresponds to a semistable deflating
subspace of the associated even matrix pencil. The spectral factorization problem
is treated thereafter in Section 3.6. We prove that the stabilizing solution defines
a spectral factorization in which the spectral factor is an outer transfer function.
The problem of existence of nonpositive solutions of the descriptor KYP inequality
is treated in Section 3.7. We will introduce the so-called modified Popov function.
Some criteria for the existence on nonpositive solutions will be formulated by means
of this function.

Whereas Sections 3.3-3.7 are of purely linear algebraic nature, we turn to the

44



3.2 STATE AND FEEDBACK TRANSFORMATIONS

linear-quadratic optimal control problem in Section 3.8. We prove that a stabilizing
solution of the descriptor KYP inequality exists if and only if the optimal control
problem (3.1) is feasible for all 2y € R™. Furthermore, if a solution of the descrip-
tor KYP inequality exists, then the system further satisfies a certain dissipation
inequality. The latter results will be used in Section 3.9 to formulate equivalent
criteria for dissipativity and cyclo-dissipativity of systems. In particular, this gives
rise to differential-algebraic versions of the bounded real lemma and the positive real
lemma. In Sections 3.10 and 3.11 we further apply our results to construct realiza-
tions of inner-outer factorizations and normalized coprime factorizations by means of
the solutions of the descriptor Lur’e equations. Finally, in Section 3.12 we summarize
the results and discuss open problems as well as possible extensions of our theory.

3.2 State and Feedback Transformations

Here we develop several auxiliary results which are based on transformations of the

form
E e R™", Er =WET,
A e R™™ Ap =W(A+ BF)T,
B e R™™™, Br =WBV,

_ OT ¢ grxn - Qr =T (Q+SF+F'ST + FTRF)T
R=0Q € | WT € Glu(R), | F ’

S 6 RmXTL’ V € Gl"L(R)7 ey T T
OB | Sp=TT(S+ FTR)V.

R=RT ¢ R™*™ Rp =V'RV

(3.17)

For a differential-algebraic system (2.6), W describes a transformation of the equa-
tions, T a transformation of the state z(-), V' a transformation of the input u(-),
and F' describes a feedback action. It is not difficult to see that a transformation of
the form (3.17) is a group action and therefore defines an equivalence relation. In
particular, we have reversibility of any transformation.

Lemma 3.2.1 (Feedback regularization). Let (E, A, B) € ¥, be given. Then with
r =rank E, there exist W, T € Gl,(R), F € R™*"™ such that

sl — Aqq 0

W(sE — (A+ BF))T = 0 |

if and only if (E, A, B) is impulse controllable.

Proof. According to [BGMN92, Cor. 7 and p. 59], there exists some F' € R"™*" such
that sE — (A + BF) is regular and of index at most one, if and only if (E, A, B) is
impulse controllable. A transformation W(sE — (A + BF))T to QWF then leads to
the desired result. O
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Lemma 3.2.1 allows, in case of impulse controllability, a transformation of type
(3.17) to matrices of the form

sEF—AF:[SI’"_A” 0 }’ BF:[Bl],

0 _Infr BZ
Q1 Q2 S1 (3.18)
_ 11 _ —
QF - |:62'1|'2 Q22:| ) SF - |:S2:| ) RF - R7

where A1, Q11 € R™", By, 81 € R™™, By, Sp € R"™™™, Q12 € R and Qa2 €
R*="*"="  We now show how the associated matrix pencil, the KYP matrix, and the
optimal control problem behave under feedback, state, and input transformations.

Proposition 3.2.2. Let (E, A, B) € ¥, ,,, with the system space Vsys be given and let
Q=Q" e R, S cR™ and R= R" € R™*™. Further, assume that F € R™*",
W, T € Gl,(R) and V € Gl,,(R) are given and let Er, Ar, Bp, Qr, Sr, Rp be
defined as in (3.17) such that (Ep, Ap,Br) € X,,m with the system space Vsys F.
Then the following statements hold:

a) The two Popov functions ®(s), ®p(s) € R(s)™ ™ with
B(s) = [(sE - A)—lB] ~ [Q s} [(sE - A)‘lB] |

I, ST R I,
o _[(sEr — Ar)"'Br|” [Qr Sr| [(sEr — Ap)"'Bp
Fls) = Inm ST Rp In

are related via
Pp(s) = O3(s)®(s)Or(s) with Op(s) :==V + FT(sEp — Ap) ' Bp.
In particular, ®(iw) > 0 holds for alliw ¢ A(E, A) if and only if ®p(iw) > 0 holds
for alliw &€ A(Ep, Af).
b) For P € R™" and Pr = W~TPT it holds that ETP = PTE if and only if
EZ:EPF = P;EF. Furthermore, it holds that
ALPr + PrAr+Qp PIBp+ Sp
BIPp+ S} Rp

_ [T TTFT] [ATP+PTA+Q P'B+S| [T 0
1o VT BTP 45T R FT V]’

and the system spaces

Viys = {(i) eR"™™ . Az + Bu € imE},

u

Vsys,F = {(x) e R"™™ . Apx + Bpu € imEF}
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Q)

are related by
T 0
Vsys = |:FT V:| : Vsys,F-

In particular, it holds that EXPp > (>,<,<)0 if and only if ETP > (>,<,<)0
and, moreover,

ATP+PTA+Q P'B+S 0

BTP+ ST R | TV
A}PF+P;AF+QF PIIBF-FSF 0
BLPr + St Rp Vsl

The triple (X, K, L) solves the descriptor Lur’e equation

ATX+XTA+Q X'B+S KT
if and only if
(Xp,Kp,Lp) = (W_TXT, KT+ LFT,LV)

solves

A;XF-FX;AF-FQF X;Bp-i-SF _ K}
[ BpXp + SE Rp “Vesr | LT [Kp Lr],
ELXp = XpEp. (3.20)

Moreover, (X, K, L) is a stabilizing (anti-stabilizing) solution of (3.19) if and only
if the triple (Xp, Kp, LF) is a stabilizing (anti-stabilizing) solution of (3.20), see
Definition 3.5.1.

The even matriz pencils s€ — A, s€p — Ap € R[s]2nTm>2ntm it

i 0 -sE+ A B
s€— A= |sET4+ AT Q S,
. BT ST R
[ 0 —sErp+ Ar Bp
€ — Ap = SE;—FA—}I; Qr S
BT St Rp

are related via
s&p — Ap = U (s€ — AU,

where
wT 0 0
U=10 T 0
0 FT V
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e) It holds that (x,u) € B(p ap) if and only if (xp,up) := (T2, V1 (u— Fz)) €
%(EFyAF7BF)' Furthermore, for all to,t; € RU{—o00,00} it holds that

LG & ACO)»=L o) [ 2] G
to u(T) ST R| \u(r) to up(T) S}— Rp| \up(7) ’
Proof. We only proof statement a), b)—e) follow from simple algebraic manipulations.
Define G := \E — A and Gp := A\Ep — Ap for a fixed A € A(E,A) UA(Ep, Ap) U
A(—E,A) U A(—EFp,AFr). By applying the Sherman-Morrison-Woodbury identity
[GLI6, p. 50] we obtain
TGH'Br = (G — BF) ' BV

= (G'+G'BF(G-BF)™")BV

=G 'B(V +F(G - BF)'BV)

=G 'BOr(\).

(3.21)

Then we have

Dp(s) = [(SEF - AF)_lBF:|N [QF SF] [(SEF - AF)—IBF]

I Sk Re fm
e om0 2
. [(SEF —IAF)_IBF}
= 03(s)®(s)Op(s), m

where the latter relation follows from (3.21). In particular, we have shown that
®(iw) > 0 for all iw € A(E, A) UA(ER, Ap) is equivalent to ®p(iw) > 0 for all iw &
A(E,A)UA(EFp, Ar). The result now follows from the continuity of ®(s) and ®p(s)
in a neighborhood of points iw ¢ A(E, A) and iw € A(Ep, Ap), respectively. O

3.3 Kalman-Yakubovich-Popov Lemma

In this section we present a differential-algebraic version of the Kalman-Yakubovich-
Popov (KYP) lemma. Thereby we equivalently characterize the positive semidefi-
niteness of the Popov function on the imaginary axis by the solvability of a linear
matrix inequality.

The main result of this section is presented below, see also [RRV14, Thm 4.1].
We will later present some facts on the structure of the solution set of the occurring
linear matrix inequality.
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Theorem 3.3.1 (KYP lemma for differential-algebraic systems). Let (E, A, B) €
Yn,m with the system space Vgys be given, and let Q) = QT e R™*", S € R™™  qnd
R = RT € R™*™. Then the following statements hold true:

a) Assume that there exists some P € R™"™ such that

ATP+PTA+Q P'B+S

> TP=PE. :

Then it holds that
O(iw) >0 Vw e R with iw ¢ A(E, A). (3.23)
b) Assume that at least one of the following two assumptions holds true:
i) (E, A, B) is strongly sign-controllable and the Popov function (3.2) satisfies
rankg ) ®(s) = m;

it) (E, A, B) is strongly controllable.

Further, assume that the Popov function fulfills (3.23). Then there exists some
P € R™™ that solves the linear matriz inequality (3.22).

Proof. First, we prove statement a). For all A € C\ A(F, A) it holds that

AE — A)"'B

4 B {( .

] = AMNE—-A)"'B+B

=(A+XE—-A)(\E—-A)'B
=AE(\E - A" 'BeimE.

Therefore, we have

. {(AE —A)'B
11m I

] C Vs VAEC\AE,A). (3.24)
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Let P € R™*™ such that (3.22) is fulfilled. Then we obtain that
(sE—A)~'B]" [ATP+ PTA P'B]| [(sE—- A)"'B
I, B™P 0 L,

=BT (—sET —AT) ' (ATP+ PTA)(sE — A)'B
+BT(—sET - AT 'PTB+BTP(sE - A)"'B

= BT(—sET— AT ((sET+ AT)P+ PT(~sE+4)) (sE-A) "B (3.25)
+BT(-sET—AT)'PTB4+BTP(sE—-A)"'B

= -—B"P(sE—A) 'B-BT(-sE"-AT)"'P"B
+BT(-sET—AT)'PTB+B"P(sE—-A)"'B

= 0.

This gives rise to the fact that for all w € R with iw ¢ A(E, A) it holds that

B(iw) — [(WE = A)7'B "TQ 5] [(wE-A)"'B
(228620 [(wE — A)"'B "TATP+ PTA PTB] [(wE— A)"'B (325)
= I BTP 0 I, o
(3.26)

Now we prove statement b). This part is based on feedback and the KYP lemma
for ODE systems, i.e., Theorem 3.3.1 holds for E = I,,, see, e.g., [CALM97]. Note
that for ODE systems, impulse controllability is trivially fulfilled, the space Vs is
not anymore a proper subspace of R and, moreover, the equation ETP = PTE
is equivalent to P being symmetric.

Let r = rank F and assume that i) or ii) holds true. By Lemma 3.2.1 and Propo-
sition 3.2.2 a) and b), it suffices to prove the statement for the case where

sl — A 0 By Q11 Q12] |:SI:|
E—-A= ) B = ) = ) S = )
5 0 _Inr:| |:BQ:| @ [ 1 Qxn S

and Aq1, Q11 € R™", By, S1 € R™™, By, Sy € RT™™, Q12 € R and Q22 €
R™"*"=" Now we can observe the following facts:

1) The system (F, A, B) is strongly sign-controllable (strongly controllable) if and

only if (I, A11, B1) is strongly sign-controllable (strongly controllable), respec-
tively.
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2) We may rewrite the Popov function as

D(s) = {@E - A)lBr [Q S} {(sE _ A)lB}

Iy, ST R I,
(sl — A1) ' By " [Qu Qiz Si] [(sI, — Ap) ' By
= —DBs Ql, Qa S —DBs
I, st s R I
_ |(shr = 1 Qu S1— Q1282
I, ST —BJQI, BIQuBs— BJSy— S]By+R

. [(Sfr - ?1;1)1 Bl] .

3) A basis matrix for Vs is given by

I, 0
My, = |0 —Bsl. (3.27)
0 Infr

In particular, we obtain from 1) and 2) that assumptions i) and ii) are fulfilled by
the sextuple (E, A, B, @, S, R) if and only if

(I, A1, B1, Q11,81 — Q12B2, By Qa2B2 — B3 S» — S B + R)

has the respective property. Assuming that (3.23) holds true, the KYP lemma for
ODE systems implies that there exists a symmetric P;; € K™, such that

Al P+ PiiAn + Qu P11 By + 51 — Q1282

> 0. 3.28
BIPy + ST - BJQ, BJQxwBy—BJS:—SIBy+R| = (3:28)

Defining

_Pll 0 nxn
b [ o,

we obtain ETP = PTE. Assume that z € R", u € R™ such that

xT
(£) v
<x1>
xr=
T2

and partition
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with 27 € R” and 2o € R"™". Now the structure of Vi given by (3.27) implies
r9 = —Bou. Therefore, it holds that

(x) T [ATP +PTA+Q P'B+ s] (ac)

u BTpP4+ ST R u
T
T Al P+ PrAn+Qu Q2 PubBi+ S 1
= | —Bsu Q1 Q22 Sa —Bau
u Bl Py + ST Sy R u
-
e AT Py + Pii Ay + Qn PB4+ 51— Q1282 7Y 5 g
u BIPH—FSI—B;Q—{Q B;QQQBQ—B;SQ—S;BQ-FR u =

O
Remark 3.3.2.

a) We obtain from Theorem 3.3.1 that, in the case where at least one of the assump-
tions i) or ii) is fulfilled, the feasibility of the linear matrix inequality (3.22) is
equivalent to the nonnegativity property (3.23) of the Popov function.

b) If the Popov function fulfills (3.23), then the linear matrix inequality (3.22) might
have an empty solution set. Counter-examples exist already in the ODE case, see
[Sch91b, p. 88]. Further, note that impulse controllability (which is included in 1)
and ii)) has to be assumed. As a counter-example, consider the matrices

1 0 0 1 0 0 O
R I R

The system (F, A, B) is not impulse controllable. The Popov function is constant
one, i.e., ®(s) = 1. In particular, (3.23) is fulfilled. The space Vsys reads

0
Visys = T2 | i w9, u €R
U

Now assume that P € R?*? solves (3.22). By ETP = PTE, we can infer that
there exist p11, p21, p22 € R with

p— [Pn 0 } .
D21 P22
Then we have
ATP+PTA+Q P'B+S5S Zpn - putpz 0

0 0 1
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However, it holds that

0

T T T
T|AAP+P A+Q PB+SU:—1J)_$OfOI"U: 1 6Vsys~
0

BTpP 45T R

v
Consequently, the linear matrix inequality (3.22) does not have any solutions.

3.4 Even Matrix Pencils and Descriptor Lur’e Equations

With the matrices as in the previous section, we now consider the even matrix pencil

0 —sE+A B
s€—A=|sET4+ AT Q S| € R[s]*rtmx2ntm, (3.29)
BT ST R

This section is devoted to the analysis of relations between s€ — A, the semidefiniteness
of ®(s) on iR\ A(E, A), the solution, and the solution structure of the descriptor Lur’e
equation (3.15). In particular, we show that their solutions can be constructed by
using deflating subspaces of s€ — A.

The following theorem relates the eigenstructure of s€ —.A to the positive semidefi-
niteness of the Popov function ®(s) on iR\ A(E, A). Note that this result generalizes
[Reill, Thm. 3.1] in two ways: First, the differential-algebraic case is considered in-
stead of only the standard case E = I,,. Second, neither condition i) nor ii) from
Theorem 3.3.1 has to be presumed. Instead we employ the weaker condition of ab-
sence of uncontrollable modes on the imaginary axis. First, we present an auxiliary
lemma.

Lemma 3.4.1. For all w € R with det(iwE — A) # 0 it holds that

0 —iwFE 4+ A 0
U(iw)? (iw€ — AU (iw) = |iwET + AT Q 0
0 0 P (iw)
I, 0 (wET+AT) ™ (Q(—iwE + A)"'B - 5)
with U(iw) = | 0 I, —(—iwE + A)"'B
0 0 I
Proof. The fact can be verified by simple matrix calculations. O

Theorem 3.4.2. Let the control system (E,A,B) € ¥,,, be given. Further, let
Q=QT e RV S cR™ and R=R" € R™™, Assume that (E, A, B) has no
uncontrollable modes on the imaginary axis. Further, let s€ — A as in (3.29) be the
associated even matriz pencil, and ®(s) be the Popov function as in (3.2). Define
r =rank £ and q = rankg,) ®(s). Then the following statements are equivalent:
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a) For all w € R with iw ¢ A(E, A) it holds that ®(iw) > 0.
b) The EKCF of s€ — A has the following structure:

i) All blocks of type E2 have even size and negative sign-characteristic.
i1) There ezist exactly 2(n — r) + q blocks of type ES3.
i11) There exist q blocks of type E3 with odd size and positive sign-characteristic.

iv) The remaining 2(n — r) blocks of type E3 are either of even size; or of
odd size and the number of odd-sized blocks with positive and negative sign-
characteristic is equal.

v) There exist exactly m — q blocks of type Ej.

¢) The EKCF of s€ — A has the following structure:
i’) All blocks of type E2 have even size.
e The properties b) ii)-v) are valid.

Proof. The absence of uncontrollable modes on the imaginary axis implies that there
exists some feedback that removes all imaginary modes. By Proposition 3.2.2 a) and
c), it is therefore no loss of generality to assume that iw ¢ A(E, A) for all w € R and,
consequently, the Popov function has no poles on the imaginary axis.

We show that a) implies b): By rankg) ®(s) = g we can conclude that there exists
some function a : R — Ny with finite support, such that for all w € R, it holds that

In(®(iw)) = (¢ — a(w),m — ¢+ a(w), 0).

By applying Lemma 3.4.1, Sylvester’s law of inertia [GL96, p. 403] and, by the
absence of purely imaginary eigenvalues of sFE — A, we obtain

<[inT0+AT 1w]é72+ D — (n,0,n) Vw€ER, (3.30)

and thus we deduce that
In(iw€ —A) = (n+q¢—a(w),m — g+ a(w),n). (3.31)

Sylvester’s law of inertia further implies that the inertia of iw€ — A coincides with
that of the EKCF of s€ — A at iw. The strategy of the proof consists of analyzing
which combination of blocks of an EKCF generates such an inertia pattern. Identified
blocks will then be removed to further consider the remaining subpencil.

First, we see from Lemma 3.4.1 that s& — A € R[s]?ntmx2ntm, rankp s (s€ —
A) = 2n + ¢ and rank & = 2r. From that we conclude that the EKCF has exactly
m — q blocks of type E4, i.e., v) holds true. By removing these blocks and using
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Lemma 2.1.15 f), we obtain a pencil in EKCF, denoted by s& —A; € C[s]?m1Hax2ni+q,
with rank & = 2n; — 2(n — r) and

In(iw& — A1) = (nm1 + ¢ — a(w), a(w), n1).

Using again Lemma 2.1.15, we conclude that s& — A; has exactly ¢ blocks of type
E3 with positive sign-characteristic and odd size. In other words, iii) holds true.

We remove these blocks and denote the emerging pencil by s€ — Ay € C[s]?72%2"2,
This pencil fulfills rank & = 2ny — 2(n — r) and

In(iw& — Az) = (n2 — a(w), a(w), n2).

By Lemma 2.1.15, this structure reveals that all blocks of type E2 have even size and
negative sign-characteristic. This shows statement 1).
Removing these blocks, we obtain a pencil s€3 — A3 € C[s]?"3*?" with rank £ =
2n3 —2(n —r) and
In(iw&g - .Ag) = (ng, 0, ?7,3).

From the rank deficiency of &3 we can conclude that s€3 — Az has 2(n — r) blocks of
type E3, hence the number of blocks of type E3 in the EKCF of s€ — A is 2(n—1)+q.
Thus, ii) holds true.

The inertial properties of iw€s — As give rise to the fact that the number of odd-
sized blocks of type E3 with positive sign-characteristic is equal to the number of
odd-sized blocks of type E3 with negative sign-characteristic. This shows iv).

The proof that b) implies ¢) is trivial.

Now we show that ¢) implies a): Assume that the EKCF of the associated pencil
s€ — A has the properties i’) and ii)—v). Then Lemma 2.1.15 implies that there exist
functions a, b : R — Ny with finite support and

In(iw€ —A) = (n+q—alw),m — g+ a(w) + b(w),n — b(w)).

In particular, the quantity ) g b(w) is the number of even-sized blocks of type E2
with positive sign-characteristic.

Since we have, without loss of generality, assumed that A(E, A) NiR = (), the
relation (3.30) holds. Sylvester’s law of inertia together with Lemma 3.4.1 then
implies

In(®(iw)) = (¢ — a(w),m — ¢+ a(w) + b(w), —b(w)) Vw € R. (3.32)

Assume that b is not the constant zero function. Then for an w with b(w) > 0, the
number of negative eigenvalues of ®(iw) would be negative which is a contradiction.

Consequently, b = 0, and (3.32) implies that ®(s) is pointwise positive semidefinite
on the imaginary axis. In other words, a) is satisfied. O
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Remark 3.4.3 (Spectral structure for impulse controllable systems). If the system
(E, A, B) is impulse controllable, we can make a more precise statement about the
spectral structure of s€ —A. In this case we can reduce the system to the form (3.18).
Then instead of s€ — A we consider the reduced even matrix pencil

s€E— A=
0 —SIT + A11 Bl
SIT —+ AL Qll _Q1232 + 5 c R[S]2T+m><2r+m,
Bir —B;Q—{Q + Sir B;—QQQBQ — B;—SQ — S;BQ + R

(3.33)

Then Theorem 3.4.2 yields that ®(iw) > 0 for all iw ¢ A(FE, A) is equivalent to the
EKCF of s€ — A having the following structure:

e All blocks of type E2 have even size and negative sign-characteristic.

e There exist exactly ¢ blocks of type E3 with odd size and positive sign-charac-
teristic.

e There exist exactly m — ¢ blocks of type E4.

Since s€ — A has 2(n — r) more rows and columns and also 2(n — r) more blocks of
type E3, statement iv) of Theorem 3.4.2 can be replaced by

iv’) The remaining 2(n — r) blocks of type E3 are all of size 1 x 1, and n —r of them
have positive sign-characteristic and n — r have negative sign-characteristic.

Example 3.4.4. To illustrate the results of Theorem 3.4.2 and Remark 3.4.3 consider
the matrices

10 10 0 0 0
S IS A IS

The system (E, A, B) € ¥y is impulse controllable and the associated Popov func-
tion is ®(s) = 1. Using the notation of Theorem 3.4.2, we have n =2 and m =r =
q=1. Let s€ — A € R[s]>*5 be the associated even matrix pencil as in (3.29). With

S
I
S O O O+
SO O = OO
o8-Sk
ool
= o o O O
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the pencil s€ — A is transformed to EKCF, i.e.,

0 -s+1|0]0]0
s+1 0 0100
UMGsE-AU=| 0 0 [—-1]0]0 (3.34)
0 0 0]1]0
0 0 001

Indeed, the right-hand side of (3.34) contains one block of type E1, no blocks of
type E2, but 2(n — r) + ¢ = 3 blocks of type E3 of size 1 x 1 (two with positive
sign-characteristic and one with negative sign-characteristic) and m — ¢ = 0 blocks
of type E4. All this is in agreement with Theorem 3.4.2 and Remark 3.4.3.

In the following we use the so far developed results on even matrix pencils to study
solutions of the descriptor Lur’e equation

ATX + XTA+Q XTB+S} [KT
:Vsys

Ty _— vT
BTX 4 ST I8 LT} [K L], E'X=X"E. (3.35)

Obviously, P = X is a solution of the descriptor KYP inequality (3.22). However,
solutions of the descriptor Lur’e equation are special in the following sense.

Definition 3.4.5 (Solution of a descriptor Lur’e equation). [RRV 14, Sect. 5] A triple
(X, K,L) € R™" x RT*™ x R1*™ is called solution of the descriptor Lur’e equation
(3.35), if it fulfills (3.35) and

—sE+A B
rankp,) [ e L] —n+q. (3.36)

Remark 3.4.6. If E = I,, then Vyy,s = R™™™ and the descriptor Lur’e equation (3.35)
reduces to a standard Lur’e equation of the form (3.9) [Reill] with

—sl,+A B
rankg ) [ s K+ L} =n-+gq.

If, further, R > 0, then L € Gl,,,(R). In this case, the unknowns K and L in the
descriptor Lur’e equation can be eliminated, such that an algebraic Riccati equation

ATX + XA+ Q- (XB+S)RHXB+95)T =0

is obtained.

Now we highlight a correspondence between solutions of the descriptor Lur’e equa-
tions and certain deflating subspaces of the associated even matrix pencil. For the
corresponding theorem and its proof, we need the following two lemmas. The first
one states relations between solutions of the descriptor Lur’e equation to solutions of
a certain standard Lur’e equation, see also [RRV14, Lem. 5.4].
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Lemma 3.4.7. Let (E, A, B) € X, ,, with the system space Vsys be impulse control-
lable and assume that Q@ = QT € R™", § € R™™ R = R"T € R™*™ are given. Let
W, T € GI,(R) and F € R™*"™ be given such that

sEF—AF:W(sE—(A+BF))T:[SIT_A“ 0 ] BF:WB:[Bl],

0 _In—r B2
(3.37)
and let
Qr =TT (Q+SF +F'ST+ FTRF)T = [Q#l 812} ,
12 22

S (3.38)
Sp=T"(S+F'R) = [ 1]7 Rrp=R

Sa

be accordingly partitioned. Then the following statements hold true:

a) If (X, K,L) € R™"™ x RI*™ x R1*™ s a solution of the descriptor Lur’e equation
(3.35), then for

X 0

Xp=WTTXT =
F [Xm Xoo

} , Kp=(K+LF)T=[K K, (3.39)
partitioned according to the block structure of (3.37), it holds that
Al X1+ X114 +Qu X1uBi + 51— Qu2B2 }
Bl X1 + 8T —BJQl, BJQuwuBy— BJS;,—S]Bs+ R
KT T
= [(L_ Klsz)T} (K1 L—KyBy|, X=X (340)
with

—sh +An By ] =r+4gq (3.41)

rankR(s) |: Kl I — K232

b) If (X11, K1, L1) € R x RT*T x RI*™ solves the Lur’e equation

AT X1 + X11A11 + Qu X11B1 + 51— Q1282
Bl X1 +ST —BJQl, BJQuBy—-BJSy—SIBy+R
K (K1 L], Xi=X{, (342)
- L'lr 1 1] 11 — 11> .
then for
X=wT [XO“ 8} 77!, K=[Ki 0|T'-LiF, L=1Ly,

the triple (X, K,L) € R™™ x R7*™ x R?*™ solves the descriptor Lur’e equation
(3.35).
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Proof. First we show a): With the basis matrix My, _ of the space Viys € R"" as
in (3.27), the relation

ATX+XTA+Q XTB+S KT
T T
My, BTX + ST R My, = My, T [K L] My, (3.43)
directly yields (3.40). Furthermore, from
[-sE+ A B
n + g = rankg ) K L]
W 0] [_3E+A B} [T 0]
B o1, K L| |FT I,
-—SIT + A1 0 By I, 0 0
= rankR(S) 0 I,_, Bs 0 —By I,_,
| K Ky L 0 In 0 (3-44)
-—SIT + Ay By 0
= rankg ) 0 0 Ly
| K L—KyBy Ky
. —sI,. + Aqq By
=n —r + rankg(y) [ Ky L— KyBy|’

we directly obtain (3.41).
Next, we show b): Assume that (X;1, K;, L) is a solution of the Lur’e equation
(3.42). Assume further that (X, K, L) is not a solution of the descriptor Lur’e equa-

tion (3.35). If we have
ATX+XTA4+Q X'B+S KT
BTX + 87 R | P |7 KL (3.45)

then (3.43) is not satisfied which, by a simple calculation, is a contradiction to (3.42).
On the other hand, if (X, K, L) does not satisfy (3.36), we obtain

_ [—sI. + A1 By
n + g = rankg) _ Ky I, +n—r
w-l 0o —sl, +An 0 B -1 0
= rankR(s) 0 I :| 0 ITL*T B2 |:_F I :|
a K 0 In m
-sE+A B
= rankR(s) K I
7#n+4q,
which is a contradiction as well. Thus (X, K, L) is indeed a solution of the descriptor
Lur’e equation (3.35). O
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The next technical lemma is the basis for an alternative formulation of the descrip-
tor Lur’e equation.

Lemma 3.4.8. Let A € R™ "™ be symmetric and assume that an m-dimensional
subspace V C R"™ is given. Then the following statements hold true:

a) If there exist matrices Ry € RFX" Ry € RP™™X" yith ker Ry = V, and a signature
matriz Yog € RP™"MXM™ (that is a diagonal matriz with only —1, 0, and +1 on
the diagonal) such that

A=RIR| +RIT1R,,

then it holds that A =y RIR;.

b) If A =y RlTRl for R € REX" then there exist matrices ﬁl e Rkxn 7:\;,2 €
R ™X" with ker Ry =V, and a signature matriz Yog € R"™™X"=" gych that

A= ﬁ—lr’ﬁ,l + ﬁ;—iggﬁg.
Proof. Statement a) is trivial, since for all v € V it holds that vTAv = v TR Ryv.

Now we show b): By the assumptions there exists a matrix Ry € R"~"™*" with
ker Ro = V such that

I, Sl [R
o7 o1 | e T2 1
A=[RI Ri] [EL E22] {RJ

with 19 € REX"=m and Yg9 € R2™*7=m  \oreover, it holds that

S A = A S S e

Sl T Sl Inem] [0 Za2 —XhY12| [0 L]

By Sylvester’s law of inertia there exists a matrix H € Gl,—,(R) such that Yoo —
212212 = H T Y9 with a signature matrix Y9o. Thus the claim holds true for

7%1 =Ri1+ Y12Ro, 7%2 =HRs. (3.46)
L]

Lemma 3.4.8 suggests that the descriptor Lur’e equation (3.35) has a solution
(X, K, L) if and only if with » = rank E, the alternative descriptor Lur’e equation

K I+ [if:}z[H J],

E'X=XTE (3.47)

I?T

ATX + XTA+Q XTB+S] _
= |7

BTX 4+ ST R
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is solved by (X, K,L,H,J E) € R RIX™ X RIX™M  RVTTXT  RITTXT o RATTXTT
where ker [H J ] = Vsys, 2 Is a signature matrix, and

-sE+A B

k ~| = .
rankps) [ e L] n—+q

Now we state the main theorem of this section, see also [RRV14, Thm. 6.2] for a
similar result.

Theorem 3.4.9. Assume that (E,A,B) € X, ,, with the system space Vsys and
r = rank E are given and let the even matrixz pencil s€ — A be as in (3.29) and the
Popov function ®(s) € R(s)™ ™ be as in (3.2) with ¢ = rankg(,) ®(s). Consider the
following two statements:

1) The descriptor Lur’e equation (3.35) is solvable.

2) It holds that ®(iw) > 0 for alliw € IR\ A(E, A) and there exist Y, Y, € R™*"tm,
Y, € Rm>ntm 7, Z, € RV Z, € R™*" 4 such that for

Y, Z,
Y=1|Y,|, Z=|2.], (3.48)
Y, Zu

the following holds true:

i) the space imY is n + m-dimensional and E-neutral;
. .Y,
i) Vsys C im [Yj :
i11) rank FY, = r;
iv) there exist g’, A € Rrraxntm i rankp ) (Sg — ./Z) =n+ q, such that

(s€ — A)Y = Z(s€ - A). (3.49)

Then the following implications hold:
a) Statement 1) implies 2).
b) If (E, A, B) is impulse controllable, then 2) implies 1).

In the case where 2) holds true, then there exists a matriz Y that fulfills 2) with
rank Y, = n. Moreover, there ezists a matriz Y, € R™E™X7 ith Y, Y, =1, such
that

X =YY, . (3.50)
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Proof. First we prove a): Since the descriptor Lur’e equation (3.35) is solvable, also

the alternative descriptor Lur’e equation (3.47) has a solution (X, K, E, H, J, E). As
a preliminary observation, we have

ker [H J] =Vys=kerTy [A B],

where Tpo € R™" " with imTs = ker ET. Therefore, there exists some M €
Gl,—r(R) with
[H J]=MT, [A B]. (3.51)

Therefore, a solution of the alternative descriptor Lur’e equation fulfills

0 —sE+A B][X 0
sET + AT Q S|, o0
BT ST R| |0 I,
I’Il
= |-XT+HTSMTT KT [_S]”;A Lﬂ (3.52)
JTSMTT LT

Using (3.36), we see from (3.52) that solutions of the alternative descriptor Lur’e
equation define deflating subspaces of the associated even matrix pencil. The equation
ETX = XTFE further implies that this deflating subspace is E-neutral.

Now we prove b) which is more difficult. Since (E, A, B) is impulse control-
lable, there exist W, T € Gl,(R) and F € R"™*"™ such that Er, Ap, B, as well
as Qr, S, Rp are in the form (3.37) and (3.38), respectively. Moreover, let X and
Kp be as in (3.39).

Now we define the matrices

I, 0 0 0 0
wT 0 o0 R 0 —Qfy QuBy—S —1Qxn I,

U := 0 T 0, U:=1{0 I, 0 0 0

0 FT I, 0 0 —By I, 0

0 0 I, 0 0

and obtain
s€p— Ap :=UTU"(s€ — AUU
0 —sI, + Ay B, 0 0
sl + A, Q11 —Q12B2 + 51 0 0
= B —BiQl,+S] BjQuBs—BJSy—SiBy+R 0 0
0 0 0 0 I,

0 0 0 I, 0
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Furthermore, by setting

Y, Y,
-1 . 1 -1y _. |1z1 -1 .
Uy, = {YZJ . Uy, = {sz] . U, =Y,

partitioned according to the block structure in (3.37) and (3.38), we obtain

I. 0 0 0 0 Y1 Vi
0 0 I, O 0 Yo Yain
Ye:=UUY=|0 0 0 0 I Yor| = [Yur
00 0 I, Bs Yao Yo
0 I, QF, 1Quxn —3QuBy+5S>| [Yu: 17172

(3.53)

Finally, by setting Zp =UTUTZ and using Proposition 3.2.2 d) we obtain (sSF —
/TF)YF =7 (55 - A), where we assume w. 1. 0. g. that s€ — A is in KCF.
Since im Y is Ep-neutral, the space im Y is 0 —F -neutral and thus its
Yo I. 0
dimension is at most 7. On the other hand, by Proposition 3.2.2 b) we have

Yaa 7' 0
Veys,p ©im | Yy 0 with Vs r = {—F 7 ] Vsys-
Yu,l "

Yx,l

] = r + m. By property iii) in 2)
Yu,l

Since dim Vsys p = 7 + m, it follows that rank [

we have rank Y, 1 = r. This yields rank [YJl Yle YuTl]T = r + m. Moreover, due
N Y,
to the block-diagonal structure of s€p — Ap, it holds that rank il
,2

From these facts it follows that there exists a matrix V' € Gl,,4,,(R) such that

Y1 X 0 0
Y I, 0 0
Yoi|v=|0 L, 0], (3.54)
Yo 0 0 Yo
Va2 0 0 Yo

where rank [X"’Q] =n—r.
Y,

x,2

Now we can make use of this theorem for ODE systems [Reill, Thm. 11], i.e.,
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there exist K1 € K?*" and L, € K?™ such that

0 —sl, + An By X1 0
sl + Al Q11 —Q12B2 + 51 I, 0
Bl -BJQl,+ ST BJQuBs—BJSy—SIBa+R| | 0 Iy
I, 0
—sl, + A B
—|-x., KT [ s ’"K+ 1 Ll} . (3.55)
0 LT ! !
where
—sl, + A Bi|
rankp ) [ Ky LJ =r+gq.

Thus (X1, K1, L) solves the Lur’e equation (3.42). Then, by Lemma 3.4.7 b), we
obtain a solution of the descriptor Lur’e equation (3.35).
If Statement 2) holds true, we obtain from (3.52) that we can choose Y, and Y,, such
-1
that |:§z:| is invertible. Hence, with [YI_ Yu_] = [Yx] , we obtain a representation
u u
for X as in (3.50). O

Remark 3.4.10. If (X, K, L) solves the descriptor Lur’e equation (3.35), then we can
choose Y and Z in (3.49) such that

s + |-sE+A B
SE—A—[ K L]'

This can be seen from (3.52). Moreover, by (3.46), for a tuple (X,f(, l~), H,J, Z)
solving the alternative descriptor Lur’e equation, there exists a Y15 € R™ ™ such
that

£ I]=[K L]+sulH J].

Together with (3.51) this yields

-sE+A B [-sE+A B
K L _K + X19H L+ Xq19J
] —sE+ A B
| K+ S1oMTL(-sE+A) L+XoMTLB
I 0][-sE+A B
T ZeMTY I, K L|

Theorem 3.4.11. Assume that (E, A, B) € ¥, n, with the system space Vsys is im-
pulse controllable and let the descriptor Lur’e equation (3.35) with associated even
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matriz pencil s€ — A as in (3.29) be given. Furthermore, assume that the descrip-
tor KYP inequality (3.22) is feasible. Let an n + m-dimensional E-neutral space

imY with Y as in (3.48) be given such that Vsys C im Bim} and (3.49) holds for some

7 c RQ”J”"X”J:Q, E, A € Rntaxntm  [If for qll finite eigenvalues X of the pencil s€ — A,
the number —\ is not an uncontrollable mode of (E, A, B), then rank EY, = r.

Proof. We consider again the subspace relation (3.55). Since all assumptions of
[Reill, Thm. 14] are fulfilled, the result immediately follows. O]

Note that Theorem 3.4.2 requires that ®(iw) > 0 for all w € R with iw ¢ A(E, A),
whereas in Theorem 3.4.11 we assume that that the descriptor KYP inequality (3.22)
is feasible to ensure rank FY, = r. However, this condition is, by Theorem 3.3.1,
slightly stronger than the nonnegativity of ®(s) on iR \ A(E, A).

In the sequel of this section we discuss how to construct £-neutral deflating sub-
spaces with the properties of Theorem 3.4.9. First, we consider the case of a single
block D(s) as in Theorem 2.1.13.

Lemma 3.4.12. Consider a block D(s) = s€ — A from Theorem 2.1.13. Then imY
is an E-neutral deflating subspace of D(s) with

D(s)Y = ZD(s)

and an associated block 5(3) equivalent to a block from Theorem 2.1.2 as summarized
in Table 3.1.

Proof. The proof can be carried out by direct calculation. O

Finally, the next lemma shows that the deflating subspaces might not be unique
if s€ — A can be constructed such that its KCF contains multiple blocks D(s) from
Theorem 2.1.2 of the same kind an size.

Lemma 3.4.13. Let the even matriz pencil s€ — A as in (3.29) be given. Assume
that for all j € {1, R E} it holds that

(s& = A)Y; = Z;D(s),

where imY; are €-neutral deflating subspaces with Y; € C2ntmxkr Zj € C2ntmxks
and D(s) € C[s]***1 as in Theorem 2.1.2. Moreover, assume that im Y;NimY; = {0}
for all1 <i, j < £ withi# j. Then also

¢
im Z a;Y;
=1

is an E-neutral deflating subspace for all 0 # (a1,...,07) € R¢.
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Table 3.1: Classification of E-neutral deflating subspaces of a single block D(s)

D(s) D(s)
type size parameters Y Z type size parameters
El 2k x 2k A=) eCt Ozttt I K1 I %1 A=, [ <k
L] |02k 11 |
El 2k x 2k A=) eCt I Ottt K1 I x1 A=—X, [ <k
| O2s 1% | . L
A = ipo,
p=po €R,
E2 kx k ?Z_ ﬁ g % K1 Ix1 [ <k (k even)
I Ok —1x1 =2 '
ee{-1,1}
1 < 5L (k odd)
1 <% (keven),
E3 kx k ee{-1,1} Or—txt g K2 I x1 ?
I Ok—1x1 el
2k—1
E4 A : - wa;@ ﬁ lia _ K3 (1—-1)xlI 1<k
2k — 1) I O2k—1x1-1
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Proof. The statement follows from

¢ 7
(s€ —A) Y a;¥; =) a;Z;D(s),
j=1 j=1
and the fact that imY; NimY; = {0} for all 1 < i, j < £ with i # j. O

In the next remark we will make some comments on uniqueness of solutions and
the solution structure of the descriptor Lur’e equation.

Remark 3.4.14. Assume that (E, A, B) € ¥, ,,, is impulse controllable.

. . D , ~
a) To fulfill the inclusion Vsys C im [Yw} , it is necessary to construct a maximally &-
u

neutral deflating subspace im [YJ 1 Yle YuTl] T of the reduced even pencil s€ — A
in (3.33) (see also (3.55)), for instance as in [Reill, Thm. 13].

b) There is a certain freedom for the choice of 37%2 and }/}%2 in (3.53). This can be

most easily seen in (3.54), since any (n — r)-dimensional subspace im [Xu ’2] C
,2
R2("=7) can be generated by appropriately choosing 57#,2 and 17172. This freedom
also directly follows from Lemma 3.4.13. From Table 3.1, we can choose 2(n —
r) linearly independent vectors vi, ..., vy(,—,y that span a deflating subspace

corresponding to a single block 15(5) = 1. However, for the construction of EN/#,Q
and Y, 2, we only need a set of n — r linearly independent vectors of the form

2(n—r)

— (
Yi = a; vj.
Jj=1

¢) There is further freedom in choosing the deflating subspaces for the blocks of type
E1, following from Table 3.1. In order to guarantee rank Y, = r, we have to
construct the subspace according to type #2 from Table 3.1 if A is an uncontrol-
lable mode and according to type #1 from Table 3.1 if —) is an uncontrollable
mode of (E, A, B). This criterion implicitly contains strong sign-controllability of
(E, A, B) [Reill]. In particular, in case of a solvable descriptor Lur’e equation, an
E-neutral subspace Y of dimension n +m as in Theorem 3.4.9 can be constructed
such that rank FY, = r, if the triple (£, A, B) is strongly controllable.

d) Let the assumptions of Theorem 3.4.11 be satisfied. Then the following two state-
ments are equivalent:
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i) The matrix ETX can only attain a finite number of distinct values, where
(X, K, L) is a solution of the descriptor Lur’e equation.

ii) The EKCF of the pencil s€ — A has no multiple blocks of type E1 correspond-
ing to the same parameter y € C*.

If the EKCF of the pencil s€ — A has multiple blocks of type E1 corresponding
to the same parameter y € C', we can construct an infinite amount of other
E-neutral deflating subspaces corresponding to the eigenvalues p and —p by ap-
propriately mixing subspaces of types #1 and #2 in Table 3.1 corresponding to
different blocks. Otherwise, the number of possible values of ETX is at most
2", since for every block of the KCF of s€ — A of type K1 a maximal deflating
subspace can be either chosen according to type #1 or #2 in Table 3.1. See also
[Wil71, Rem. 18] for a related observation in the ODE case. Note that for real
problems, the eigenvalues of sE—A appear in complex conjugate pairs. So in fact,
there might be even less real solutions, since the deflating subspaces must then
also be picked in such pairs.

Finally, in the next remark, we present some examples illustrating the result of

Theorem 3.4.9.
Remark 3.4.15.

(a) Even if all properties of statement 2) of Theorem 3.4.9 are fulfilled, the invert-

68

g Y,
ibility of |:Yu
consider the following simple example. Choose

1 0 1 0 0 0 0
o aef ) nesefl oo ae

The system (E, A, B) € Y3, is impulse controllable. With X = [in xo ] we
21 122

cannot be guaranteed for an arbitrary choice of Y. To see this

have

{ATX L XTA+Q X'B+ 5} I

B'X+S R 0 0 1

which is positive definite, e. g., for 11 = x92 = 1 and x2; = 0. Furthermore,

0 0 —-s+1 0 0|0 0 O 1 00

0 O 0 1 010 0 O 01 0f|-s+1 0 O
s+1 0 0 0 01 0 Of=1]0 0 O 0 1 0],

0 1 0 0 0] (0 1 O 0 00 0 01

0 0 0 0 1] [0 01 0 01
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i.e., rank [Ym] =3 =n+ m. On the other hand, we also have

Yu
0 0 —s+1 0 O (0 0 O 100
0 0 0 1 0[]0 1 0 0 0 0f|]—-s+1 0 O
s+1 0 0 0 0] (1 0 Of=1]0 0 O 0 1 0],

0 1 0 0 0] [0 OO 010 0 01

0 0 0 0 1] [0 0 1 0 01
. Y, .
i.e., rank v|= 2 < n 4+ m, and therefore, no solution can be constructed from

this deflating subspace.

(b) It is also important to note that the requirement of impulse controllability is

T

essential for the existence of a Y with {Y
u

] € Glp4m(R). As a counter-example

consider the matrices

1 0 01 0 0 0
S I O R (AP A

Again we have X = [wn 0 ] and
T21 T22
ATX +XTA+Q X'B+S 2x91  T11+ 22 0
[ BTX + ST n }: T11 + T22 0 of,
0 0 1

which is positive semidefinite, e. g., for 11 = x99 = 0 and x2; = 1. However, we

have
0 0 —s 1 0]]0 0O 010
00 1 0O0]1]1 00 0 0 0Ol|1 0O
s 1 0 0 O0ff0 O Ol=1]1 0 0]]0 1 0f,
10 0 0 O[|0 1 O 0 0 0|0 0 1
00 0 0 1]1]0 0 1 0 01

. Y, . . . o
i.e., rank [Yx] = 2 < n+m. Since in our case, s€ — A has only infinite eigenvalues,
u

there is also no way to make [Yx] invertible since otherwise the right-hand side
u

would not be independent of s.
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3.5 Stabilizing, Anti-Stabilizing, and Extremal Solutions

Here we focus on particular solutions of the descriptor Lur’e equation and KYP
inequality. We define stabilizing and anti-stabilizing solutions. We prove that these
are extremal in the sense of definiteness.

Definition 3.5.1 (Stabilizing and anti-stabilizing solutions). [RRV14, Def. 5.1] Let
(E,A,B) € ¥,,, with the system space Vyys, and Q = QT e R™*" 8§ € R™™™ and
R = RT € R™*™ be given. A solution (X, K, L) of the descriptor Lur’e equation
(3.35) is called

a) stabilizing, if
-AE+A B

rank [ K I

} =n+q VYAeCT; (3.56)

b) anti-stabilizing, if

rank [‘AE[; A ﬂ —ntq YAEC. (3.57)
Remark 3.5.2 (Stabilizing and anti-stabilizing solutions). A solution (X, K, L) is sta-
bilizing if and only if the system (E,A,B,K,L) € ¥, 4 is outer. Analogously,
(X, K, L) is anti-stabilizing if and only if the system (—FE, A, B,K,L) € ¥, 4 is
outer.

Now we state a result on the existence of stabilizing and anti-stabilizing solutions
of a descriptor Lur’e equation, see also [RRV14, Thm. 5.3].

Theorem 3.5.3 (Existence of stabilizing and anti-stabilizing solutions). Let a system
(E,A,B) € X, with the system space Vsys, and Q = QT e R ™, S € R™™  and
R = RT € R™™ be given. Assume that the descriptor KYP inequality (3.22) is
solvable.

a) If (E, A, B) is strongly stabilizable, then the descriptor Lur’e equation (3.35) has
a stabilizing solution.

b) If (E, A, B) is strongly anti-stabilizable, then the descriptor Lur’e equation (3.35)
has an anti-stabilizing solution.

Proof. Since statement b) follows from a) by turning to the backward system, we only
prove the first statement. Since the descriptor KYP inequality (3.22) is solvable,
by the KYP lemma (Theorem 3.3.1), the associated Popov function ®(s) fulfills
P (iw) > 0 for all w € R with iw ¢ A(E, A). Furthermore, since (E, A, B) is strongly
stabilizable, (F, A, B) has no uncontrollable modes on the imaginary axis. Thus by
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Theorem 3.4.2 and Remark 3.4.3, the EKCF of the corresponding even matrix pencil
s€ — A has the structure as in Remark 3.4.3. By picking a deflating subspace of
s&€ — A according to type #2 in Table 3.1 for all blocks of type E1 and applying
Theorem 3.4.11 and Theorem 3.4.9, we finally obtain a stabilizing solution of the
descriptor Lur’e equation (3.35). O

In the following theorem we will show that the stabilizing and anti-stabilizing so-
lution of the descriptor Lur’e equation are extremal solutions in terms of definiteness
of ETX, see also [RRV14, Thm. 5.5].

Theorem 3.5.4. Let (E, A, B) € ¥, y, with the system space Vsys be impulse control-
lable, and let Q = QT € R™™, S € R™™, and R = RT € R™ ™ be given. Assume
that (X, K, L) solves the descriptor Lur’e equation (3.35) and P € R"™" solves the
descriptor KYP inequality (3.22).

a) If (X, K, L) is a stabilizing solution, then

ETX>E'P

b) If (X, K, L) is an anti-stabilizing solution, then

E'X<E'P.

Furthermore, if (X, K,L) and ()?,f(,i) are stabilizing (anti-stabilizing) solutions,
then N
ETX=FTX. (3.58)

Proof. Statement b) follows from a) by turning to the backward system. Therefore,
we only prove a): Since (F, A, B) is impulse controllable, there exist W, T' € Gl,(R)
and F € R™*" such that Ep, Ap, B as well as Qp, Sp, Rp are in the form (3.37)
and (3.38), respectively. Moreover, assume that Xz and Kp are given as in (3.39)
and let
_ P 0
Pp=W"TPT =
r [Pm P22]

be accordingly partitioned. From Lemma 3.4.7 a) it follows that (3.40) is satisfied.
By an argumentation analogous to (3.44), we obtain that

n + q = rank [_)\E +4 B] = rank {_)\IT +HAn B

_ +
K I K, L_KQBQ:|+TL r YAeCT,

i.e., (X11, K1, L — K2Bs) is a stabilizing solution of the Lur’e equation (3.40). From
the proof of Theorem 3.3.1 we further see, that P;; solves the KYP inequality (3.28).
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Now the corresponding maximality result for ODE systems in [Reill, Thm. 15]
yields X711 > Pp;. Finally, this results in

E'X =T TE}XpT ' =TT ﬁ“ 8} 7!

>77T {Pél 8] T =T TElP,T'=ETP.
It remains to prove the uniqueness statement in (3.58). Therefore, assume that
(X,K,L) and (X , K ,L) are stabilizing solutions of the descriptor Lur’e equation.

Then, since X also solves the descriptor KYP inequality, we obtain from the previ-
ously shown result that ETX > ETX. Further, by reversing the roles of X and X,
we can conclude ETX > ETX. Altogether, this yields ETX = ETX. O

3.6 Spectral Factorization

In this section the connection of the so far presented theory to spectral factorization
of the Popov function will be presented. This factorization appears to play an im-
portant role in filtering theory and linear-quadratic optimal control as pointed out
in Section 3.8 of this chapter. Early results on this factorization are given, e.g.,
in [Wied9, You61, And69, Wil71]. The most general approach known up to now is
presented in [OV00]. There, a computational method for the spectral factorization
of arbitrary Popov functions with (3.8) is discussed. This procedure relies on a se-
quence of reductions of the Popov function which are based on transformations of
a certain Rosenbrock pencil to filter out a weakly minimal subsystem for which an
algebraic Riccati equation is solved. The solution of this Riccati equation is then
used to construct realizations of the spectral factors. In this work, however, we use
a direct approach which instantly relates a spectral factorization to the solution of a
descriptor KYP inequality without a restriction like (3.8).

Definition 3.6.1 (Spectral factorization). A spectral factorization of a Popov func-
tion ®(s) € R(s)™*™ is a representation

D(s) =W~ (s)W(s) (3.59)

for some W (s) € R(s)™™. The rational function W (s) € R(s)"*™ is then called a
spectral factor of ®(s). A realization of a spectral factor is called a spectral factor
system.

Remark 3.6.2. In the literature such as [Wil71, OV00], a spectral factorization is
often referred to as a decomposition of the form (3.59), where the spectral factor
W (s) is outer. In this work we call any factorization of the form (3.59) a spectral
factorization.
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Obviously, a necessary condition for the existence of a spectral factorization is that
®(s) is Hermitian and attains positive semidefinite values on the imaginary axis. We
will now show that each solution of the descriptor KYP inequality (3.22) induces a
spectral factorization, see also [RRV14].

Theorem 3.6.3. Let (E,A,B) € %,,, with the system space Vsys be given and
assume that Q@ = QT € R™", § € R™™ and R = R" € R™ ™. Assume that
P € R™™ solves the descriptor KYP inequality (3.22). Let K € R™X™ and L € R>*™
with
ATP+PTA+Q P'B+S KT
BTP 4 ST » =V | 7T (K L] (3.60)

be given. Then (E,A,B,K,L) € ¥, is a spectral factor system for the Popov
function ®(s) € R(s)™ ™ as in (3.2) and the associated spectral factor is given by

W(s) = K(sE—A)"'B+ L. (3.61)
In particular, the following statements hold true:

a) If P = X, where (X, K, L) is a stabilizing solution of the descriptor Lur’e equation
(3.35), then W(s) is outer.

b) If P = X, where (X, K, L) is an anti-stabilizing solution of the descriptor Lur’e
equation (3.35), then W(—s) is outer.

Proof. Using (3.24), the result follows from

);
[sE A)~ ] L?T }S‘z] [(sE _Ij)lB]
(3.60) [SE A)~ ] [KT] K 1] [(sE—A)—lB]

A I
_ [(SE _I,f)_lB]N [AT];;;TA P;B] [(sE _I,f)_lB]
(8.25) ([K L] [(SE _Ij)_lBDN ([K L] [(sE _I:j)_lBD
— W (s)W(s).

The statements on the spectral factors corresponding to the stabilizing and anti-
stabilizing solutions follow from Proposition 2.2.25. O

It follows from the spectral factorization that for K € R™*™, L € RX™ with (3.60)
it holds that [ > ¢ = rankg(,) ®(s). In the following we show that we even have
| = rankpy) ®(s) for P = X, where (X, K, L) is a solution of the descriptor Lur’e
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equation (3.35). As a consequence, the descriptor Lur’e equation can be seen as a
descriptor KYP inequality in which the rank of the left hand side is minimized. In
particular, we have ¢ < m.

Theorem 3.6.4. Let (E,A,B) € X, ,, with the system space Vsys be given, and
assume that Q = QT € R™", § ¢ R™™ and R = RT € R™*™. Let ®(s) € R(s)™*™
be the Popov function (3.2), and let ¢ = rankg(,) ®(s). If (X, K, L) is a solution of
the descriptor Lur’e equation (3.35), then K € R?*™ and L € K9*™,

Proof. Let W(s) be defined as in (3.61). It follows from Theorem 3.6.3 that for all
w € R with iw ¢ A(E, A) it holds that

®(iw) = WH(w)W (iw),
hence rankg ) W (s) = q.
On the other hand, Lemma 2.2.26 gives

—-sE+A B
rankp ) { 5 K+ L] =n-+gq.

From the definition of the solution of a descriptor Lur’e equation, see Definition 3.4.6,
we now directly get K € R?7*™ and L € R?*™. O

3.7 Nonpositive Solutions

In this section we investigate the existence of solutions of the descriptor KYP in-
equality with ETP < 0. Such solutions are referred to as nonpositive solutions. The
existence of nonpositive solutions will be of great importance for linear-quadratic op-
timal control (see Section 3.8) and the analysis of dissipative systems (see Section 3.9).
Criteria will be given in terms of the modified Popov function

U:C\A(E,A) —C™™ (3.62a)
with

QE—m”Br[Q ﬂ[@E—@”B} (3.62D)

U(N) =

() [ I, ST R I,
Note that the modified Popov function coincides with the Popov function on the
imaginary axis. Moreover, note that in general, the modified Popov function is in
general neither rational nor meromorphic. The latter fact can be seen by a simple
example. Let A = v + i and consider

T) =A==
= (PP=r-x+1)7"
— (407 -2y 4+ 1)
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Obviously, there exist infinitely many non-isolated pairs (v,8) € R? for which 72 +
62 — 2y +1 =0, so ¥(-) cannot be meromorphic.

First we show that the nonnegativity of W(-) in the right complex half-plane is
necessary for the existence of a nonpositive solution.

Theorem 3.7.1. Let (E,A,B) € X,,, with the system space Vsys be given and
assume that Q = QT € R™", S € R™™ and R = R' € R™™. Assume that
P € R™" js a nonpositive solution of the descriptor KYP inequality (3.22). Then
the modified Popov function (3.62) fulfills

T(A) >0 VYA€ CFH\AE,A). (3.63)

Proof. The statement holds true since, analogous to (3.25), for all A € C\ A(E, A)
we have

(AE— A)'BI" [ATP+PTA PTB] [(\E—A)"'B

I, BTP 0 I,
= 2Re(\) - BT(AET - AT) 'ETP(AE — A)"'B.

The descriptor KYP inequality and (3.24) now yield the inequality

U(A) > —2Re(\) - BT(AET — AT) 'ETP(AE — A)"'B VA C\A(E, A).

Now plugging in some A € CT \ A(E, A) and using that ETP < 0, we obtain the
desired result. O

We now show that, under an additional assumption, the nonnegativity of the mod-
ified Popov function also implies the existence of a nonpositive solution. For this we
need the following two lemmas.

Lemma 3.7.2. Let (E,A,B,C,D) € ¥, ,, be strongly stabilizable and strongly
detectable. Furthermore, assume that the transfer function G(s) = C(sE — A)"1B +
D € RHE™. Then the index of sE — A is at most one. Furthermore, all finite
eigenvalues of sk — A are in C™.

Proof. Since generalized state-space transformations preserve strong stabilizability
and strong detectability, we can w.1. 0. g. assume that sE — A is given in QWF, i.e.,

B SIT *AH 0 o Bl _
sE — A= 0 SEQQ—ITL_T:|’ B = |:B2:|7 C= [Cl 02]7

where Fay € R®™ """ ig nilpotent, By € R"™*™ By, € R* ™™ (7 € RP*" and
Cy € RP*"" As in (2.13) we have a decomposition

G(s) = Gsp(s) + Gpory(s)

(0]
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with the strictly proper part Gsp(s) and the polynomial part Gpely(s).

The assumption that G € RHE™ then implies Gsp(s) = Ci(sl, — A1) By €
RHES™. Strong stabilizability and strong detectability of (£, A, B, C, D) imply sta-
bilizability and detectability of (I, A11, B1,C1, D). Then [BIR12, Lem. 8.3] implies
that A(A11) € C7, hence A(E, A) C C™.

It remains to show that the index v € Ny of sE — A is at most one: Assume that
v > 1. Then EY, = 0 and EY; ' # 0. The properness of G(s) implies

C3E0By = ... = C2E4, ' By = 0.

By using Proposition 2.2.6, impulse controllability and impulse observability lead to

N

ker [%T?] Nim Ejy = {0}, and (3.64a)
2

ker | 22| 1 = 4

erl o, Nim Ey = {0}. (3.64b)

By C2E2”2_132 =0and Egg(Ez”Q_lBg) =0, (3.64b) gives E2”2_1B2 = 0. Hence, we have
Bl (E;'—Q)V_l =0 and E (]’_*}5'—2)1/_1 = 0. Therefore, (3.64a) gives Eb, ' = 0 which is
a contradiction. OJ

Lemma 3.7.3.
a) Let two systems (E, A, B,C1,D1) € Xpmm, (E, A, B,Ca, D) € ¥, 1, p with trans-

fer functions G1(s) = C1(sE — A)"'B 4+ Dy € Gl,(R(s)), Ga(s) = Ca(sE —
A)TIB + Dy € R(s)P*™ be given. Then the transfer function of the system

E 0 A B 0
(EeyAe;BeaCe) = <[0 0:| ) |:Cl D1:| ) |:_Im:| ) [02 D2]> € Zn—l—m,m,p

18
Ge(s) = Ga(5)Gy ' (s).
b) Let two systems (E, A, B1,C,D1) € Eypm, (E,A,Bs,C,Ds) € ¥, ,, with trans-

fer functions G1(s) = C(sE—A)"'By+D; € R(s)P*™, Ga(s) = C(sE—A)"'By+
Dy € GIp(R(s)) be given. Then the transfer function of the system

_(|E 0| |[A B By
et~ (5 2 5] )

18

Ge(s) = G;l(s)Gl(s).
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Proof. First we prove a): It can be verified that
-1
sEk—A -B
-C1  —-Dy

B [(SE — A)"' — (sE — A)T'BGT(s)Ci(sE — A)7' —(sE — A)"'BGT(s)
- —G1 ' (5)Ca(sE — A)~! —G1'(s) ’

and therefore, it holds that

Ge(s) = Co(sEe — A) ' B,
(sE — A)"'BG{(s)

=[G D] Gy (s)
= Cy(sE — A)"'BGTY(s) + DGy (5)
= Go(5)G7 (5).

Statement b) can be proven similarly by checking that

{sE _A —Bg} -t

~C  —D,
_ [(sE— A)"! — (sE — A)"1ByG; ' (s)C(sE — A)"1  —(sE — A)"1ByG; \(s)
B [ —Gy ' (s)C(sE — A)~! —Gy ' (s) ] ’
and thus

Ge(s) = Co(sEe — A) ' B,
- [ 606E -4 6] )]
=Gy (s)C(sE — A)™'By + G5 1(s) Dy
= G5! (s)Ga(s).
O

Theorem 3.7.4. Let (E,A,B) € %,,, with the system space Vsys be given and
assume that Q = QT € R™™, § € R™™ and R = R" € R™™. Assume that
the modified Popov function (3.62) is nonnegative, i.e., (3.63) holds true. Further,
assume that at least one of the following two assumptions holds true:

a) (E, A, B) is strongly stabilizable and the Popov function (3.2) satisfies

rankp sy ®(s) = m;

7
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b) (E, A, B) is strongly controllable.

Let C; € R™*™ Oy € RP2X™ Dy € R™*™, and Dy € RP2*™ pe given such that

[Q 5]: [cfcl ClTDl]_[CQTCQ C;DQ} (3.65)
ST R| Y |Dfcy DID\| |DJCy DID,|’ '
and

G1(s) :== C1(sE — A)"'B 4+ Dy € Gl,,(R(s)). (3.66)

Then the solution set of the descriptor KYP inequality (3.22) is nonempty. Further-
more, the following holds true:

a) There exists a nonpositive solution of the descriptor KYP inequality (3.22).

b) If, furthermore, the system

([ﬁ 8] ’ [C/}l 51] ) [_(}m] e D2}> € Sntm,mpa (3.67)

is strongly detectable, then all solutions of the descriptor KYP inequality (3.22)
are monpositive.

Proof. The proof is divided into two main steps. In the first step we prove the result
for a special case. In the second step we show how one can reduce the general problem
to this special case by an appropriate transformation.
Step 1: We show that Theorem 3.7.4 holds true under the additional assumption that
Ci1=0and D1 = I,,:
Step 1.1: We show that, under the additional assumption that the index of sE — A
is at most one and A(E, A) C C~, the solution set of the descriptor KYP inequality
(3.22) is nonempty. Moreover, all its solutions are nonpositive:

Since the modified Popov function and the Popov function coincide on iR, we
obtain

¢(iw) = ¥(iw) >0 Vw € R with iw ¢ A(E, A).

Then, by Theorem 3.3.1, the descriptor KYP inequality (3.22) has a solution P €
Rnxn‘
By the additional assumption on sE — A, there exist W, T' € Gl,(R) with

sl, — A1y 0

W(SE — A)T = 0 _In—r 9

A € RTXT, A(AU) cC.

Since P and (5 can be accordingly transformed, and, in particular, nonpositivity is
preserved under this transformation (see Proposition 3.2.2), we see that it is no loss
of generality to assume that W =T = I,,.
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Then ETP = PTE implies that any solution P of the descriptor KYP inequality
(3.22) fulfills
Py, 0
P = )
[Pm P22]

where Pj; € R™" is symmetric. By an accordant partition
Cy = [Co1 Oy,
we obtain from the descriptor KYP inequality that
A{| Py + P11 A1y — 03,01 > 0.

In particular, there exists some ()11 > 0 with A—lrlPH + P11A11 = Q1. By A(AH) C
C~, we obtain from [ZDG96, Lem. 3.18] that the matrix P;; can be expressed by the
integral

o0
AT A
Py = —/ e™1T Qe dr <0,
0
and hence we obtain

Py 0
0 O

Step 1.2: We prove that statement b) holds true:
The assumptions Cy = 0 and D; = I,;, imply that

S e

-+ A B -AEF+A B \E — A
rank & D;| =rank 0 I,,| =m +rank [ c ] VA eC.
C, Dy Cy Dy ?

Consequently, the condition that the system (3.67) is strongly detectable is equivalent
to strong detectability of (F, A, B,(C3). Furthermore, the assumption C; = 0 and
Dy = I, implies G1(s) = I,,. The latter gives that, for Ga(s) := Co(sE — A)"'1B +
Dy € R(5)P2*™ and all A € C+\ A(E, A) it holds that

T(\) = I, — GHNGa (M) > 0.

As a consequence, Go € RHE™. Using that (E, A, B,Cs) is strongly detectable,
we can use Lemma 3.7.2 to infer that the index of sE — A is at most one, and all
finite eigenvalues of sEE — A are in C~. Then assertion b) follows from the findings
in Step 1.1.
Step 1.3: We prove that statement a) holds true:

By the Kalman decomposition for observability [Dai89, Sect. 2.5], we may w.1.o.g.
assume that

CF— A— sk — An 0 ]’ B:[Bl

sEo) — A1 sEay — Aao Bz] 2= [Cn 0] (368)
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where (E11, A11, B1,C21) € Xy mp, is completely observable (and therefore, strongly
detectable). Then we have G(s) = C21(sFE11 — A11) ! B1 + Ds. By the assumptions
and Theorem 3.3.1, there exists some solution Pj; € R™" of the descriptor KYP
inequality

AT Pu + PR Ay = ClCo PIBi=CIDs) .
Bl Pi1 — DJCy I, — DI Dy. ZVeys,1 U5

where

Vsys,l = { (fj) e R Ai1x21 + Bju € im EH} . (3.69)

Since (F, A, B, Cs, D») is strongly stabilizable and strongly detectable, we can make
use of the results of Step 1.2 to see that ELPH <0.
By the block triangular structure of £, A, and B, we obtain that
x1

~ T
Vsys g VSyS = T2 S Rn+m : <u> S Vsysyl
u

Now define

_Pll 0 nxn
[

Then we have ETP = PTE <0, and

ATP+PTA-CJCy PTB-CJ Dz}

BTP - DIC, In — DIDs.
ALPH + PﬁAn — 03-1021 0 PﬁBl — C;lDQ
= 0 0 0 ngys 0.
BT Py — DIy 0 I, — DIDs.

Hence, by (3.69), we see that P solves the descriptor KYP inequality (3.22).
Step 2: We prove the theorem for the general case:
Step 2.1: First we show statement a):

Define the rational function

Go(s) := Co(sE — A)™1B 4+ Dy € R(s)P2*™.
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Using (3.24), we obtain that the modified Popov function fulfills
v = [OF - ABI"[Q S [E-A)'B
N I, ST R I,

[0E-A)B)"[cTC, CTDy] [(AE - A)"'B
- I, D{Cy, D] D, I,

[0E-AB"[cfC, CID,] [(AE—-A)'B
I, DJCy DJD, L,

= GY (NG = GE (M) Ga(N).
In particular, the function Ge(s) = G2(s)G7 ' (s) € R(s)P2*™ fulfills
Ly — GE(N)Ge(N) > 0 (3.70)

for all A € C*+\ A(E, A) which are no transmission zeros of (E, A, B,Cy, D1). Now
define the system

E 0 A B 0
(Ee, Ae, Be, Ce) 1= ([O O] , [Cl Dl] , |:_Im:| ,[Ca Dg]) € Xntmmps-  (3.71)

Then by Lemma 2.2.26 the pencil sFE, — A, is regular. Further, by Lemma 3.7.3 we
obtain

Co(8Fe — Ao) ' Be = Go(5)G11(s) = Ge(s).

The structure of Fe, Ae, and B, yields
rank [)\EC — A, BC] = rank [)\E —A B] +m VAeC.

Hence, strong stabilizability of (F, A, B) implies strong stabilizability of (Ee, Ae, Be)-
Now consider the descriptor KYP inequality

AP, +PTA.+ Q. PlB.+ Se
[ BIP.+ 5] R, ) Zvwed BP=PRIE (372)
with
CyCy CF DQ]
e — — ) Se:(), Re:Ima
@ [D; Cy DID,
and

Vsys,e = {(fj) S RnJer : Aee + Bou € Im Ee} .
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3 LINEAR-QUADRATIC CONTROL THEORY FOR DIFFERENTIAL-ALGEBRAIC EQUATIONS

The modified Popov function associated to the descriptor KYP inequality (3.72) then
reads Wo(A) = I, — GH(A\)G.()\). By (3.70) and the results from Step 1, there exists
a nonpositive solution P, € R"TMX1+M of (3.72). Partition

P Pe,12:|

P p—
¢ I:Pe,Ql Pe 20

with P € R™*". The equation EJ P, = PJE, < 0 gives rise to ETP = PTE <0
and ETPng = 0. It suffices for the desired statement a) to prove that P solves the
original descriptor KYP inequality (3.22).

By definition of Vsys e, Ee, Ac and B, we have

T

Vsys,e = u | e R <Z> € Visys and 2z = C12 + Diu
z
Thus, the matrix
I, O
T..=10 I,
C1 Dy
fulfills T, Vsys = Vsys,e- Further, the relation PeT 12 = 0 implies
0 ATPng B
PeT,le PeT,12B + BT Pyp] "

Thereby, we obtain
T AlP.+PlAc + Q. PIB.+S. T
e BIP,+ ST Re ¢

_ [ATP+PTA+CIC1—CJCy,  PTB+CDy —CJDy+ APy
Vs | BTP+ D{Cy — DjCy + PeT 1A DDy — D] Dy + PeTIQB + BT P19

[ATP+PTA+Q P'B+ S} [ 0 ATP, 1 ]

0 <y,

Vs | BTP4 ST R Pl,A PI,B+ B P
_ [ATP+PTA+Q P'B+S
_Vsys | BTP + ST R .

Step 2.2: We show statement b):

It remains to show that all solutions of the descriptor KYP inequality are non-
positive, if the system (3.67) is strongly detectable. This, however, follows directly
from

_AE+A B
[‘AEE,* Ae} ~| ¢ D wec
e Cy, D,
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3.7 NONPOSITIVE SOLUTIONS

Now let P € R™"™ be a solution of the descriptor KYP inequality (3.22). Then

P o
r=lo )

solves the descriptor KYP inequality (3.72). Using the results of Step 1, we obtain
that

ETP 0
E!lP. = [ 0 o] <0,
and therefore, ETP < 0. This completes the proof. OJ

Remark 3.7.5.

a) It follows from Sylvester’s law of inertia [GL96, p. 403] that a decomposition (3.65)
always exists. The only restriction we face is the invertibility of G1(s) € R(s)™*™.

b) For controllable systems governed by ordinary differential equations, it has been
initially claimed by Willems in his seminal article [Wil71] that positivity of the
modified Popov function is also sufficient for the existence of a nonpositive solu-
tion, see also [Tre89, Tre99]. The same author disproved this claim by giving a
counterexample in an erratum [Wil74] shortly after that. This article also con-
tains statement a) of Theorem 3.7.4 for controllable systems governed by ordinary
differential equations (without a proof). Further note that a similar problem has
been considered for image representations of behaviors in [WT98].

Finally in this section, we investigate a further case where the descriptor KYP
inequality a nonpositive solution. Namely, we will show that nonpositive solutions
exist if

Q S
{ST =S (3.73)

This is by far simpler to prove than the case treated in Theorem 3.7.4.
Proposition 3.7.6. Let (E, A, B) € X, ,, with the system space Vsys be given and
assume that Q@ = QT € R™", § ¢ R™™ and R = RT € R™™. Let (3.73) be
satisfied. Then the descriptor KYP inequality (3.22) has a nonpositive solution.

Proof. This is a simple consequence of that fact that P = 0 is already a solution of
the descriptor KYP inequality. O
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3.8 Linear-Quadratic Optimal Control

In this section we discuss the main application of the so far developed theory, namely
the linear-quadratic optimal control problem. This section is divided into two parts.
The first part deals with optimal control problems with zero terminal conditions, i.e.,
we look for controls that stabilize (or anti-stabilize) the system while minimizing a
certain cost functional. These problems will be directly related to stabilizing and
anti-stabilizing solutions of associated descriptor Lur’e equations. The second part
will be devoted to optimal control problems with free terminal conditions. These
are much more involved and could yet not be solved completely. However, there are
some relations to nonpositive solutions of the descriptor KYP inequality that will be
pointed out.

3.8.1 Optimal Control with Zero Terminal Condition

For an interval [to,t1] € R U {—o00,00} and matrices Q = QT € R"™*" § ¢ R™™,
and R = RT € R™*™_ consider the cost functional

J(z,u,to, tr) = /: <i§3>T [SQT f%] (ig:;) dr. (3.74)

Let (E,A,B) € Xy, and 9 € R™ be given. Recall from (2.7) that B(g 4 (7o)
is the set of (z,u) € B(pap) with Ex(0) = Exo. First we consider two opti-
mal control problems, namely the respective minimization of the cost functional on
the negative and positive time horizon with constraints (v,u) € B (g 4 p)(70) and
limy_ 1o Fx(t) = 0. These are given by

a) VT (Exg) = inf {J(az,u,(), ) : (z,u) € %(E7A7B)($0) and tlim Ex(t) = 0} ,

—00

(3.75)

b) V7 (Fxy) = —inf {j(x,u, —00,0) : (x,u) € %(E,A,B)(QJO) and tE@ Ex(t) = 0}.
(3.76)

We aim to characterize finiteness of V™ (Ezg) and V~(Exg) for all zp € R"™. Note
that strong stabilizability and strong anti-stabilizability of (E, A, B) are, respectively,
equivalent to the fact that for all zg € R™, the sets

{(a;,u) € B(g,4,8)(T0) :tlinolo Ex(t)=0¢, and

{(ﬂ:,u) € B(g,,p)(T0) : tlim Ex(t) = O}

——00
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are nonempty. Consequently, strong stabilizability and strong anti-stabilizability of
(E, A, B) are, respectively, equivalent to V1 (Ezg) < oo and V~ (Fzg) > —oo for all
zo € R™.

To present equivalent criteria for the cost functional and the system, we consider
a class of dissipation functions V : im E — R. That is, V is continuous, V' (0) = 0,
and it satisfies the dissipation inequality

J(z,u,to, t1) + V(Ex(ty)) > V(Ez(ty)) VY(z,u) € %(E,A,B)u to, t1 € R with tg < 1.
(3.77)
Assume moreover that V is differentiable. Then the inequality is equivalent to

(iEEDT [ST JS%Z} (i%) > —VV(Bx(t))Ei(t) = ~VV (Bx(t))(Az(t) + Bu(t))

V(z,u) € B(g a,p) and almost all t € R, (3.78)

where VV (Ez(t)) € RIX" is the gradient of V in Ex(t).
For quadratic dissipation functions we can make the ansatz

V(Exo) = ) PT Exo, (3.79)

where P € R™*" is a matrix with PTE = ETP (the latter property makes V (Exq)
well-defined). Using that

(VV(Exo))z = 2e PT2 Vz € R,

the dissipation inequality (3.78) is now equivalent to the property that for all (x,u) €
B(g,a,p) it holds that

) [

The relation to the descriptor KYP inequality (3.22) is then based on the fact that
(z,u) € B(g,4,p) pointwisely evolves in Vyys almost everywhere. In particular, each
solution of the descriptor KYP inequality induces a dissipation function via (3.79).
This and the relation to linear-quadratic optimal control will be made more precise
throughout this section.

In the following we show that, under the assumption of impulse controllability, the
existence of stabilizing and anti-stabilizing solutions of the descriptor Lur’e equation
is an equivalent criterion for the finiteness of V' and V—, respectively. We also refer
to [IR14] for a similar consideration in the ODE case. For the proof we make use of
the following two auxiliary results.

) > 0 for almost all ¢ € R.
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3 LINEAR-QUADRATIC CONTROL THEORY FOR DIFFERENTIAL-ALGEBRAIC EQUATIONS

Lemma 3.8.1. Let (E,A,B) € ¥, ,,,. Assume that the index of SE — A is at most
one, and A(E, A) C C~. Then for all zo € R™ and u € L%(]0,00),R™), the following
holds true:

a) there exists some unique (z,u) € B (g 4 )(20);
b) this trajectory fulfills lim_,~ Fx(t) = 0.

Proof. Since for all W, T € Gl,,(R) it holds that

(z,u) € B(pap (vo) & (T '2,u) € Bwprwarws) (T @),

we can assume that

_ SIT—AH 0 _ Bl
sE—A—[ 0 _IR_J, B_[Bg’

where By € R"™"™ By € R and A;; € R™" with A(A;1) € C. Partition

_ t) _ 10
T a(t) = 21 >, T ey = < >
( ) <l‘2(t) 0 20
according to the block structure of W (sE — A)T. Then the result follows from the

fact that the solution of the ordinary differential equation &;(t) = Aj121(t) + Biu(t),
21(0) = 219 is unique. Thus

Tla(t) = ettty + fg e t=7) Byy(r)dr
—BQU(t)

is unique and tends to zero since A(A1;) C C~ and u € £2([0,00), R™). O

Lemma 3.8.2. Let (E, A, B) € ¥,,,, be impulse controllable. Let (xg,up) € R” x R™
be such that Axg+ Bug € im E. Then there exists some infinitely often differentiable
(z,u) € Bp 4,y with £(0) =z and u(0) = ug.

Proof. By Lemma 3.2.1 and Proposition 3.2.2 a) and c) it suffices to show the state-

ment for
_ SIT — AH 0 o Bl
SE A_[ ) 1} B_[32 |

where By € R™™ By, € R™ "™ Then the structure of F, A, and B gives rise to
the existence of some xg; € R" with

T — Zo1
0 —BQUO '

86
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Now define
Aqrt t All(t—T)
ut) =g,  a(t) = <e r10+ [y e B1uod7'> ‘
—Baug
Then the trajectory (z,u) has the desired properties. O

Theorem 3.8.3. Let (E,A,B) € %,,, with the system space Vsys be given and
assume that Q = QT € R™", § € R™™ and R = R € R™ ™. Let the cost
functional J be defined as in (3.74), and let the function V* :im E — R be defined
as in (3.75). Then the following two assertions are equivalent:

a) VT (Exg) € R for all g € R™.

b) The system (E, A, B) is impulse controllable, has no uncontrollable modes on the

imaginary axis, and the descriptor Lur’e equation (3.35) has a stabilizing solution
(X,K,L).

In the case where the above statements are valid, we have:
i) VY(Exg) = 2] XTExg for all o € R".

i) For all vo € R" and (v,u) € Bg 4 p)(v0) such that lim; o Ex(t) = 0 and
J(z,u,0,00) € R it holds that

J(z,u,0,00) = VT (Exg) + /000 | Kz(7) 4+ Lu(r)|/3dT. (3.80)

Proof. We first show that b) implies a), i), and ii):

Assume that (F, A, B) is impulse controllable, and (X, K, L) is a stabilizing solu-
tion of the descriptor Lur’e equation (3.35). Then, since

-AE+A B

n+q:rank[ K I

] :rank[—/\E—l-A B] +q VYAeCT,

and (E, A, B) has no uncontrollable modes on the imaginary axis, we obtain that
(E, A, B) is strongly stabilizable. Let o € R™ and (v,u) € B (g 4 p)(z0) be such

87



3 LINEAR-QUADRATIC CONTROL THEORY FOR DIFFERENTIAL-ALGEBRAIC EQUATIONS

that limy_,o Fz(t) = 0 and J(x,u,0,00) < co. Then we obtain
> d
i XTExy = —/ — (1) "X T Ex(r)dr
0 dr

- _ /OO i(T)TE"Xx(r) + (7)) X T Ei(r)dr
0

= [ (4x(r) 4 Bu(r) "X (r) 4 ()X (Aa(r) + Bu(r))dr

[ 5 )

E ; -BTX 0 (T
00 T
AN ) [

This yields
2o X Exo + || K2 + Lu| 72 (0 00) pey = J (@, ,0,00). (3.81)

This leads to
2y XTExg < J(x,u,0,00) Y(x,u) € B (g, 4,8)(T0) with 1tlim Ex(t) =0,

—00

and thus
2 XTExg <V (Exy) Vao € R™ (3.82)

This inequality together with strong stabilizability of (E, A, B) implies that a) holds
true. Now we prove that i) and ii) are valid:

In view of (3.81) and (3.82), it suffices to prove that zoX T Exq > V+(Exg) for
all zp € R™. Since the triple (X, K, L) is a stabilizing solution of the descriptor
Lur’e equation (3.35), the system (E,A,B,K,L) € ¥, ;4 is outer according to
Definition 2.2.27. Proposition 2.2.29 then implies that there exists some sequence
(ug(-))ken in L£2(]0, 00), R™) such that

1) for all k € N, there exists a (zx, uk, Yx) € B (g, a,B,K,1)(T0) With lim;_, o Exy(t) =
0;

2) the sequence (Kwzj(-) + Luk(+)),ey tends to zero in £2([0, c0), R?).
Therefore, we obtain
VT (Exg) < kl;r{:@ J (zk, ug, 0, 00)
= 2d XTExo + klggo | Ky, + LukH%Q([Om)RQ)

= a:E)rXTExO.
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This, together with (3.82) yields statement i) and thus with (3.81) we obtain state-
ment ii).

Now we show that a) implies b):

The assumption that V*(Exg) < oo for all zg € R™ implies that (F, A, B) is
strongly stabilizable. In particular, it is impulse controllable. Using Lemma 3.2.1,
we obtain that there exist W, T' € Gl,,(R), F' € R"™*" such that the index of W (sE —
(A+ BF)T is at most one, and further, A(WET,W(A+ BF)T') C C~. Hence, by
Proposition 3.2.2 ¢) and e), we can w.l.o.g.assume that A(F,A) C C~, and the
index of sEZ — A is bounded from above by one.

For our proof we first show that VT is a quadratic functional. For this part we face
several technical difficulties. First, in Step 1, we restrict our considerations to square-
integrable solution trajectories and consider an accordingly modified functional V.
Due to the restriction of the behavior, the cost functional J (-, -, 0, 00) is homogeneous
and fulfills the parallelogram identity. From these properties we can show that v+
is quadratic. In Steps 2 and 3 we show that the restrictions of the behavior have
no influence the costs, in other words, we prove that V* = V* and hence, V7 is
quadratic as well, i.e., V¥ (Ezg) = 2{ ETY Exg with a symmetric Y € R™" for all
xo9 € R™. In Step 4 we show how this representation of VT can be used to construct
a solution of the descriptor KYP inequality. Finally, in Step 5, we show that this
solution even defines a stabilizing solution of the descriptor Lur’e equation by making
use of the previously introduced theory of outer systems.

Step 1: We consider the functional

V*(Exy) = inf {J(z,u,0,00) :
(.73, u) € %(E,A,B) (xO) N (‘CQ([Q OO)? Rn) X '62([07 OO), Rm))} )

and show that there exists some symmetric Y € R™™ with V¥ (Exq) = I ETY Exq
for all xg € R™:

First note that, by construction of V*, we have V*(Exg) > V*(Ex) for all
ro € R™. Further, by A(E, A) C C™ and the index of sE — A being not greater than
one, we obtain that V*(Exg) < oo for all 7y € R".

The assumptions on sE — A together with Lemma 3.8.1 imply that for all u €
£2([0,00), R™), there exists a unique (z,u) € B (g,4,B)(70). This trajectory moreover
fulfills

z € L2([0,00),R") and tli}m Ex(t) =0.

The functional V+ hence reads

VH(Exy) = inf {T(z,u,0,00) : (z,u) € B(p 4 p)(wo) with u € L£2([0,00),R™)} .
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By simple calculations, we obtain that for all A € R and (z,u), (z1,u1), (z2,u2) €
B (p,4,8) With u, u1, ug € £2([0,00), R™) it holds that

2J (w1,u1,0,00) + 2J (22, u2,0,00) = J (w1 + 2, u1 + u2,0,00)
+ j(-ﬁUl — T2,U1 — UQ,O, OO)? (383)
Tz, M, 0,00) = A2 T (x, 1,0, 00).

Now we prove that V+tisa quadratic functional:

We have 17+(0) = 0, since J(0,0,0,00) = 0. Further, the existence of (z,u) €
B (g,a,p)(0) with J(x,u,0,00) < 0 would imply, by taking scalar multiples of (z,u),
that V1 (0) = —co. This means that V¥ (E(0-z0)) = 0=0-V*+(Exy). On the other
hand, for all A € R\ {0}, o € R", and € > 0, the definition of V* implies that there
exists a trajectory (z,u) € B (g, 4 p)(zo) with u € £7([0,00),R™) and

j(l‘au707 OO) S ‘7+(El‘0) + %)

and hence it holds that

VHEOMz)) < J(Az, Au, 0, 00)
= \2J(z,u,0,00)
~ €
< X2 (V+(Bao) + p)
= )\2‘~/+(El’o) +e.
Since the above inequality holds for all € > 0 it follows that
VHEOx)) < NV (Ex). (3.84)

The reverse inequality follows from (3.84) and

VH(Bag) = V' (E (i - A:m)) < %V*(E()\xo)).

Assuming that xg1,z02 € R™ and € > 0, the definition of v+ implies that there
exist (z1,u1) € B(g a,B)(T01), (T2,u2) € B(p 4 p)(To2) With ur, uz € L£2([0,00), R™)

and

J(x1,u1,0,00) < ‘7+(E3301) + -,

=] M| ™

j(IQ,UQ,O, OO) < ‘7+(Ex02) + -.
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Then, by using (3.83), we obtain

vt (E(xo1 + z02)) + vt (E(zo1 — x02))
< J(x1 + x2,u1 + uz,0,00) + J (21 — 22, u1 — ug,0,00)
=27 (r1,u1,0,00) + 2T (22, uz,0,00)
< 2VH(Exoy) + 2V (Bag) + ¢.

Since the above inequality holds for all € > 0 we get
VT (E(zor + 02)) + VT (B(zor — 202)) < 2VH(Exo1) + 2V (Exgz).  (3.85)

The reverse inequality follows from (3.85) as follows: For

_ 1 . 1
Zo1 = §($01 +z02), To2 = 5(9601 — Z02) (3.86)

it holds that Zg1 + To2 = %01, To1 — To2 = Zo2. Then we obtain

2VH(Ezgy) + 2V T (Exgz) = 2V (E(Fo1 + To2)) + 2V H(E(Zo1 — Fo2))
< 4V+(E$01) + 4V+(Ea:02

e <E< 1+ 02 ))
LAy <E< P ))

= VH(E(zo1 + z02)) + VT (E(z01 — 02)).

Altogether, we can conclude that V+is again quadratic, i.e., for all xg1, xg2, g € R"
and A € R it holds that

2‘7+(EIL’01) + 2‘7+(EJ}02) = ‘7+(E(CU01 + xog)) + ‘N/JF(E(le — xog)),
VHEMz)) = N2V (Exg).
This gives rise to the existence of some symmetric Y € R™*" with
V*(Exo) = (Exo)"Y (Exg) Vao € R™.
Step 2: We prove that V*tois a dissipation function, i.e., it fulfills the dissipation
inequality (3.77):

Assume that ¢t > 0 and (2,u) € B(g 4,p)(70). By definition of V*, there exists
some (Z,u) € B(p a,p)(x(t)) with (Z,7) € L2([0,00),R™) x L3([0,00),R™) and

J(%,1,0,00) < VH(Ez(t)) +e.
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Consider the concatenation
(Tv ﬂ) - (.%', u) <t> (57 a) S %(E,A,B) (.CE(]),

Then, by using time-invariance, we obtain

VH(Ex) < J(z,1,0,00) = J(Z,1,0,t) + T (T, t,00)
= J(Z,w,0,t) + J(Z(-+t),u(- +t),0,00)
= J(z,u,0,t) + J(Z,u,0,00)
< J(x,u,0,t) + VE(Ex(t)) + ¢

The result follows, since € > 0 can be made arbitrarily small.
Step 3: We show that V* = V+:

By construction of VT, we have V' > V*. Assume that 29 € R” and (z,u) €
B (g,4,B)(70) is given such that lim; o Ez(t) = 0 and J (v, u,0,00) € R. Then, since

VT is a dissipation function, we obtain that for all £ > 0 it holds that
VH(Exy) — VT (Ex(t) < J(z,u,0,1).

Taking the limit ¢t — oo and using lim;_, o, Ez(t) = 0, we obtain

VT (Exo) < J(,u,0,00).

This implies V < V.
Step 4: We prove that the matriz X := Y E € K" where Y € R" " is obtained in
Step 1, solves the descriptor KYP inequality:

Let (z9,up) € R™ x R™ be such that Axg + Bug € im E. Using Lemma 3.8.2,
we obtain that there exists some continuous (z,u) € B (g 4,5y With z(0) = zo and
u(0) = ug. The dissipation inequality implies that for all h > 0 we have

2(0)TXTE2(0) — z(h)TXTEx(h)
h

1
< E'J(:r:,u,o,h).

For h — 0, the right hand side converges to

() [% 2 C)

The product rule and E4(0) = Axg + Bug imply that the left hand side converges to
2o\ [“ATX - XTA —XTB] (x
ug -BTX 0 up)
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Altogether this shows that X solves the descriptor KYP inequality (3.22).
Step 5: We prove that the matrix X induces a stabilizing solution of the descriptor
Lur’e equation:

Since by the findings of Step 4, X is a solution of the descriptor KYP inequality,
there exist K € R L € RIX™ with

[ATX +XTA+Q X'B+ S}
:Vsya

BTX + 8T R LT

KT
] 5 I
Assume that (z,u) € B (g 4 p)(z0). Then we obtain for all £ > 0 that
()" XTEx(t) — 2 X T Ex
td
= / (1) "X T Ex(r)dr
0 dT
t
- / #()TETX2(r) + 2(r) T XTEa(r)dr
0

_ /0 (Aw() + Bu(r))TX2(r) + 2(r) X T (Az(r) + Bu(7))dr
L )
L Co) ([FE 5018 ) e

= [ st + Bt - 0.0

T
T

By taking the limit ¢t — oo, we obtain

2y X Bao + || Kz + LuHLQ = J(z,u,0,00). (3.87)

([0,00),RY)
By Step 1 and Step 4, we have that for all zy € R™, there exists a sequence (ug(-))keN
in £2([0,00), R™) such that for (ug,z) € B(p,a,p)(x0) We get

lim J (2, ug, 0,00) = 24 X ' Exy.

k—o0
Consequently, by (3.87), we have

lim HK.I’k—l-LukHEQ =0.

By Proposition 2.2.30 there exists some matrix U € K2*! with orthogonal columns
such that, for K := UK and L := UL, the system (E, A, B,K,L) € ¥, , 4 is outer
and, further, for all (z,u) € B(g 4 p) it holds that

HKx(t) + Lu(t)H2 = HKx + Lu(t H2 for almost all ¢ > 0.
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By the same argumentation as in Step 4, we can show that

ATX+XTA+Q X"B+S KT
BTX + ST R Vsys LT [K L] .

Since (E, A, B, K, L) is outer, we have

cank —-AME+A B
2 K L

]:n—i-q YA e Ct.

Hence, (X, K, L) is a stabilizing solution of the descriptor Lur’e equation. O

In view of the concept introduced in Definition 2.2.21, we can now present struc-
tural properties of the infimizing controls. In particular, we can characterize whether
some (z,u) € Bg 4 p) (o) exists with J (2, u,0,00) = VT (Exg). Such an infimizer is
typically called an optimal control. We also refer to [[R14] for a similar consideration
in the ODE case.

Proposition 3.8.4. Let (E, A, B) € X, ,, with the system space Vsys be impulse con-
trollable and Q = QT € R™", § € R™™ R = R"T € R™ ™. Let the cost functional
J be defined as in (3.74) and let the function V' :im E — R be defined as in (3.75).
Let (X, K, L) be a stabilizing solution of the descriptor Lur’e equation (3.35). As-
sume that (zv,u) € ZD g 4B k,r)(T0) with J(z,u,0,00) < 0o and limy, Ex(t) = 0.
Then it holds that

J(z,u,0,00) = V1 (Ex). (3.88)

Furthermore, (z,u) € B(g a,p) (7o) is uniquely described by this equation if and only
if the zero dynamics of (E, A, B, K, L) are autonomous.

In view of (3.80), we see that (z,u) € B(g, 4 p)(wo) fulfills V*(Exo) = J(x,u,0, 00)
if and only if we have

Ei(t) = Az(t) + Bu(t), FExz(0) = Exo, lim Ex(t) =0,
t=00 (3.89)
0= Kx(t) + Lu(t).

Equivalently, we have (z,u) € ZD(g 4 B k,1)(z0) with limy , Ez(t) = 0.
Hence we can use Definitions 2.2.21 and 2.2.22 to characterize existence and struc-
ture of optimal controls for all zg € R™.

Corollary 3.8.5. Let (E, A, B) € ¥y, with the system space Vsys be impulse con-
trollable and let @ = QT € R™", § € R™™ and R = RT € R™ ™ be given. Let
the cost functional J be defined as in (3.74) and let the function V' :im E — R be
defined as in (3.75). Let (X, K, L) be a stabilizing solution of the descriptor Lur’e
equation (3.35). Then the following statements hold true:
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a) Forallzg € R™, there exists a (x,u) € Bg a p)(zo) with VT (Ex) = J (z,u,0,00)
if and only if the zero dynamics of (E, A, B, K, L) are strongly stabilizable.

b) For all zy € R", there exists a unique (z,u) € B a py(xo) with VF(Exg) =
J(z,u,0,00) if and only if the zero dynamics of (E,A,B,K,L) are strongly
asymptotically stable.

Remark 3.8.6 (Optimal control, Popov function, even matrix pencil).

a) Let R(s) be the Rosenbrock pencil of (E, A, B,K,L) € ¥, 4. Then we can use
the structural characterization of the zero dynamics in Proposition 2.2.24 to see
that the following holds true:

i) The zero dynamics of (F, A, B, K, L) are strongly stabilizable if and only if
rank R(\) = n + p for all A\ € Ct and, furthermore, the index of R(s) is at
most one.

ii) The zero dynamics of (F, A, B, K, L) are strongly asymptotically stable if and
only if R(A\) € Gly4+m(C) for all A € C* and, furthermore, the index of R(s)

is at most one.

b) The two conditions in item ii) are equivalent to the function A — R(X)~! being
bounded in C*. Since, for W(s) = K(sE — A)™'B + L € R(5)7*™ it holds that

R™!(s)
—(sE— A"+ (sE—A)'BW(s)K(sE — A)~! (sE — A)"'BW~1(s)
WL(s)K(sE — A)~! W1(s) ’

we obtain that this condition implies that W ~!(s) is bounded in C*. Theo-
rem 3.6.3 implies that this condition is equivalent to the fact that the Popov
function ®(s) in boundedly invertible on iR.

c¢) Glancing at the proofs of Theorem 3.4.9 and Theorem 3.5.3, we obtain that the
set of invariant zeros of (F, A, B, K, L) is in the set of the finite eigenvalues of the
even matrix pencil s€ — A as in (3.29). Invertibility of R(s) (and thus invertibility
of W(s)) corresponds to regularity of s€ — A. Furthermore, by comparing with
Table 3.1 the following holds for the Rosenbrock pencil R(s) of an outer system
(E,A,B,K,L):

e cach block of type K1 and size k x k in the KCF of R(s) corresponds to a
block of type E1 and size 2k x 2k in the EKCF of s&€ — A;

e cach block of type K2 and size k x k in the KCF of R(s) corresponds to a
block of type E3 and size (2k — 1) x (2k — 1) in the EKCF of s& — A.
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Moreover, the latter statement yields that R(s) has index at most one if and only
if s€ — A has index at most one.

d) The transmission zeros of (E, A, B,K,L) are, by Proposition 2.2.25, invariant
zeros of (E, A, B, K, L). Hence, they are finite eigenvalues of s€ — A.

e) Assume that for all xp € R", there exists a unique (v,u) € B(g 4 p)(7o) With
limy 00 Ex(t) = 0 and VT (Exg) = J(x,u,0,00). The previous statements yield
that W (s) is boundedly invertible in C* and, further, the Popov function ®(s) is
boundedly invertible on iR.

f) A Laplace transform of (3.89) with U(s) := L {u} (s) yields
0=W(s)U(s) + K(sE — A~ Ex.
A multiplication from the left with W™ (s) together with W™~ (s)W (s) = ®(s) gives
0=®(s)U(s) + W (s)K(sE — A) "' Ex.
If ®(s) € GL,(R(s)), we obtain
U(s) = -0 1 (s)W™(s)K(sE — A~ Exy.

g) Assume that (z,u) € Bg a p)(ro) with limy o Fx(t) = 0 and VH(Exg) =
J(z,u,0,00). Then, by using (3.52) and (3.89), we can formally write

0 —dp+A Bl [X 0

d dt 55(')
SET 4+ AT Q S| |In 0

BT ST Rl |0 I, u()

I, 0

— |- X"+ H'SMTT KT [StE*A B] (x(')).
JTEMTT > LT K L U()
=0

In particular, the function u(-) = Xx(+) is part of a solution of the boundary value
problem

0 E 0] [pt) 0 A B| [ul®
~ET 0 o| |#(t)|=[AT @ S| |=z@)], (3.90)
0 0 0] \u() BT ST R| \u(t)

with Ex(0) = Exg and limy o BT u(t) = 0.
On the other hand, if the boundary value problem (3.90) is solvable, then the
solution (u(-)T,2(-)7,u(-)T)T pointwisely evolves in a deflating subspace corre-
sponding to the eigenvalues in C~. This however implies p(-) = Xx(-) and hence
the solution of (3.90) is an optimal control. Note that similar statements can also
be found in [Meh91], however in a less general situation.
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h) In the case where the system is governed by an ordinary differential equation, the
pencil
[—s[n + A B]

I T (3.91)

is invertible and its index is at most one if and only if L is nonsingular. By simple
row operations, we see that the finite eigenvalues of the pencil in (3.91) are the
eigenvalues of the closed-loop matric A — BR™! (BTX + 5’). Consequently, our
concept of stabilizing solutions reduces to stabilizing solutions of algebraic Riccati
equations [ZDG96, Sec. 13.2] in the case where R > 0, F = I, and the even
matrix pencil s€ — A as in (3.29) has no eigenvalues on iR.

Further, note that in this case, a multiplication of the equation 0 = Kx(t) + Lu(t)
from the left with LT yields the optimal control u(t) = —R™ (BTX + S) z(2).
Therefore, the state trajectory of the optimal control fulfills

() = (A ~BRYB"X + S)) (1)

Now we formulate a result for the characterization of the functional V~. That
is, we formulate a statement for infimization of the cost functional on the negative
time horizon analogously to Theorem 3.8.3. We will see that a transformation to
the backward system will lead to an equivalent optimization problem for the positive
time horizon.

Theorem 3.8.7. Let (E,A,B) € X,,, with the system space Vsys be given and
assume that Q = QT € R™", § € R™™, and R = R" € R™ ™. Let the cost
functional J be defined as in (3.74), and let the function V~ :im E — R be defined
as in (3.76). Then the following two assertions are equivalent:

a) V7 (Exo) € R for all xyp € R™.

b) The system (E, A, B) is impulse controllable, has no uncontrollable modes on the
imaginary azis, and the descriptor Lur’e equation (3.35) has an anti-stabilizing
solution (X, K, L).

In the case where the above statements are valid, we have:
i) V= (Exg) = 2} XTExq for all z9 € R™.

i) For all zg € R" and (z,u) € B 4 p)(x0) such that lim;, o Ex(t) = 0 and
J(z,u, —00,0) € R it holds that

0
_ I, —00,0) = V= (Exo) — / 1K 2(8) + Lu(t)|2dt. (3.92)

—0o0
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Proof. This problem can be lead back to Theorem 3.8.3 by considering the following
facts:

1) It holds that
(x(-),u(-)) € Bp,a,p)(r0) & (2(=),u(—)) € B(—p,a,5)(70)-

2) The triple (X, K, L) is an anti-stabilizing solution of (3.35) if and only if it is
a stabilizing solution of the descriptor Lur’e equation (3.35) in which E is replaced
by —FE.

3) We have

V= (Fzg) = —inf {j(:c,u,O,oo) : (z,u) € B(_g a,p)(r0) and tli)m Ex(t) = ()} .

o0

O]

Finally, we present some equivalences for the finiteness of the cost functionals VT
and V'~ for strongly controllable systems. In this situation we are able to obtain
a stronger result which relates the feasibility of optimal control problems with zero
terminal conditions to equivalent conditions expressed by the dissipation inequality,
the Popov function, the descriptor KYP inequality, and the descriptor Lur’e equation.
The proof requires the following lemma.

Lemma 3.8.8. Let (E, A, B) € ¥, be strongly controllable and assume that ) =
QT e R™™, § € R™™, and R = R" € R™™ are given. Let the cost functional J
be defined as in (3.74). Moreover, let xo € R", (z,u) € B(g a,p)(20), and ¢ > 0 be
given. Then the following statements hold true:

a) If the integral J(x,u,0,00) converges and lim;_,oo Ex(t) = 0, then there exists
some (T,U) € B(g a,p)(w0) with compact support and

|\7($,’LL,0,00) - j(fgﬂ,o,oo)‘ < €.

b) If the integral J(x,u, —00,0) converges and limy_,_, Ex(t) = 0, then there exists
some (T,u) € B(g 4,p)(T0) with compact support and

|J (x,u, —00,0) — J (T, u, —00,0)| < e.

c¢) If the integral J (z,u, —00,00) converges and limy_,_ o Ex(t) = lim;_yoo Ex(t) = 0,
then there exists some (T,u) € B (g, 4 p)(T0) with compact support and

|\ T (z,u, —00,0) — J (T, u, —00,0)| < .
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Proof. Statement b) follows from a) by turning to the backward system (—E, A, B) €
Yn,m and, further, c) follows from a concatenation of the trajectories obtained in a)
and b). Therefore, it suffices to prove statement a).

Step 1: We show that there exists some constant ¢ > 0 such that for all o € R™ there
exists some (z,u) € B(g a,p)(zo) with (z,u)[ ) =0 and

T (z,u,0,1)| < c- || Exol|3: (3.93)
Let {z1,...,2,} be a basis of im F and let xq1, ..., o, with Exo1 = z1,..., Fxo, =
2z be given. By [BR13, Lem. 2.3], there exists a trajectory (zx,ux) € B(g a,p)(Tok)
with (2k, ug)|; o) =0 for all k € {1,...,r}. Consider the linear operator
F: im E — £2(]0, 00), R"*™),

Azl + o Nz AT, u) o A (T, ).

Then F(Exo) € Bg,a,5)/(w0) with F(Exo)|;; o) = 0. The finite-dimensionality of
im F gives rise to the boundedness of F. Define the constant

=]

Then the Cauchy-Schwarz inequality implies that for (z,u) = F(Exq) we have

2

[T (2,0,0,1)] < k- (2, 1) |Z2(0,00) mrsmy < 8- IFII? - [[ ol 13-

Thus, (3.93) is satisfied with ¢ = & - ||F||2.
Step 2: We conclude the result:

Let ¢ > 0 be defined as in Step 1. Since lim;,o Fz(t) = 0 and the integral
J(z,u,0,00) converges, there exists some 7" > 0 with

|j@mT—Lmﬂ<;

and

9
¢ |1Ba(T = 1) < .

Using the shift-invariance of the behavior and the findings in Step 1, we obtain that
there exist some (Z,u) € B (g a ) with E2(T'—1) = Ex(T —1), (Z,u)|(1,o) =0, and

TG0 T =1, < - |[Ba(T - D) < .
Now define
(z, 1) = (z,u) O (T,u).

T-1
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Then we obtain by the triangle inequality

|J (x,u,0,00) — T (Z,u,0,00)|
= |J(z,u,0,00) — J(z,u,0, T — 1) — J(z,u,T —1,00)|
< ’j(l’,u,T— 17OO)| + |j(%7a7T_ 17T)|
< €.

O]

Now we can formulate the main result. Note that some of the implications have
already been shown for ODE systems in [Wil71, Thm. 2].

Theorem 3.8.9. Let (E, A, B) € ¥, with the system space Vsys be strongly con-
trollable, let Q = QT € R™", § € R™™ and R = R" € R™*™ be given. Let the
cost functional J be defined as in (3.74), and let the functions V¥, V™~ :imE — R
be defined as in (3.75) and (3.76). Then the following statements are equivalent:

a) For allT >0 and (v,u) € B(g a p)(0) with Ex(T) = 0 it holds that J (v,u,0,T) >
0.

b) For all trajectories (z,u) € B(g a,p) with lim; oo Ex(t) = lim;, o Ex(t) = 0
and J(x,u, —00,00) < oo it holds that J(x,u, —00,00) > 0.

c¢) For all o € R"™ we have VT (Exg) € R.
d) For all zo € R™ we have V~—(Exy) € R.

e) There exists some functional V :im E' — R that satisfies the dissipation inequality
(3.77).

f) For allw € R with iw ¢ A(E, A), the Popov function (3.2) fulfills ®(iw) > 0.
g) There exists a P € R™*™ that satisfies the descriptor KYP inequality (3.22).
h) The descriptor Lur’e equation (3.35) has a stabilizing solution.

i) The descriptor Lur’e equation (3.35) has an anti-stabilizing solution.

Moreover, if the above conditions are fulfilled, then for all xqg € R™ it holds that

— 00 < V7 (Exg) < VT (Ex) < 0. (3.94)
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Figure 3.1: Structure of the proof of Theorem 3.8.9

Proof. The proof is carried out by showing the following implications as in Figure 3.1.

The equivalences “g) < h)” and “g) < 1)” have been shown in Theorem 3.5.3. The
statement “f) < g)” has been proven in Theorem 3.3.1. Further, the equivalences “c)
< h)” and “d) < i)” are subject of Theorem 3.8.3 and Theorem 3.8.7, respectively.

The implication “g) = e)” follows from the fact that V(Exg) = x] ET Pxg is a dis-
sipation function according to (3.77).

Moreover, the implication “e) = b)” follows from

J(z,u, —o0,00) = lim J(x,u, —t,t) > lim (V(Exz(t)) — V(Ez(-t))) = 0.
t—o00 t—00

For the proof of “b) = a)” assume that there exist a 7" > 0 and a trajectory
(z,u) € B(g,a,5)(0) with Ez(T') = 0 such that J(z,u,0,T) < 0. The concatenation

(1) = (0,0)](_so.q) g(axu)g (0,0)li7,00) € B(E,4,B)

yields J (T, u, —o0, 00) < 0 which is a contradiction.
Now we show that a) implies b): Assume that b) does not hold true. Then there
exist some € > 0 and some (z,u) € B(g 4 p) With

lim Fx(t) = lim Ex(t) =0

t—o00 t——o00

and
j(x,u, —O0,00) < —€.

101



3 LINEAR-QUADRATIC CONTROL THEORY FOR DIFFERENTIAL-ALGEBRAIC EQUATIONS

By Lemma 3.8.8, there exist some T' > 0 and a (T,u) € B (g 4 p) With support
contained in [T, T], and

|\ T (z,u, —00,00) — J(T,u, —00,00)| < %

This gives
J@,u,-T,T) =J(T,u,—00,00) < —g < 0.

Since Ex(—T) = Ez(T) = 0, this is a contradiction to a).

Finally we show that b) implies ¢): Let xg € R™ be given. By strong controllability
of (E, A, B), there exists a (7,u) € B (g 4 (7o) such that lim;,  FZ(t) = 0 and
J (%, 1, —00,0) converges. Let (v,u) € B (g 4 p)(zo) be such that lim; o, Bx(t) =0
and J(z,u,0,00) converges. Define

(zZ,u) := (z,u) % (z,u) € B(pa B
Then we obtain
0 < J(z,u,—o0,00) = J(Z,u,—00,0) + J(x,u,0,00),
and thus

~J (7,1, —00,0) < J(x,u,0,00) V(x,u) € B(p a p)(To)

Thus we obtain
—00 < —J (7,1, —00,0) < VT (Exyp).

The inequality V*(FExzg) < oo follows by strong controllability of (F, A, B). The
inequality (3.94) follows, since by b), we have

0 < J(z,u,—00,0) = J(z,u, —00,0) + J(z,u,0,00) < =V~ (Exg) + V1 (Exo)
for all (z,u) € B(g a,p)(0) O

Remark 3.8.10. The requirement in Theorem 3.3.1 that rankg(,) ®(s) = m (equiva-
lently s€ — A is regular) in the case where (F, A, B) is only strongly stabilizable or
strongly anti-stabilizable seems to be, at least from a linear algebraic point of view,
artificial for solvability of the descriptor KYP inequality. Theorem 3.8.3 and Theo-
rem 3.8.7 however give rise to an interpretation of the solvability of the descriptor
KYP inequality in terms of feasibility of linear-quadratic infimization problems. In-
deed, it might happen that the infimization problem is not feasible even if the Popov
function is positive semidefinite on iR and the system is strongly stabilizable. For
instance, consider the strongly stabilizable system (E, A, B) € ¥;; with

E=1, A=-1, B=Q=R=0, S=1,
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and the Popov function ®(s) = 0. Then the even pencil

0 —-s-10
s€E—-A:=|s—1 0 1| € R[s]3*3
0 1 0

is singular. Moreover, the associated descriptor KYP inequality

ATP+PTA+Q P'B+S] [-2P 1 -0
BTP+ ST R N ]

has no solution. The cost functional
J(z,u,0,00) = / 2x(7) Tu(r)dr
0

can indeed be made arbitrarily large and negative, since there exists a free control
variable that does not affect the system dynamics but the cost functional.

In the following we briefly consider the case where even equality holds true in the
dissipation inequality (3.77). In view of (3.80) and (3.92), this means that K and L
have zero rows, which means that, by Theorem 3.6.3, the Popov function vanishes.
We present some equivalent statements for the controllable case in the following
theorem.

Theorem 3.8.11. Let (E, A, B) € %, ,, with the system space Vsys be strongly con-
trollable, let Q = QT € R™™, § € R™™ and R = R € R™*™ be given. Let the
cost functional J be defined as in (3.74), and let the functions VT, V™ :im E — R
be defined as in (3.75) and (3.76). Then the following statements are equivalent:

a) For allT >0 and (v,u) € B(g a p)(0) with Ex(T) = 0 it holds that J (z,u,0,T) =
0.

b) For all trajectories (z,u) € B a,p) with limy oo Bx(t) = limy, o Ex(t) = 0
and J(x,u, —00,00) < oo it holds that J(x,u, —00,00) = 0.

c¢) There exists some functional V :im E — R such that
J(x,u,to,t1) + V(Ex(t1)) = V(Ex(to))
V(z,u) € B(p ap), andto, t1 € R withtg <t1. (3.95)
d) The Popov function (3.2) fulfills ®(s) = 0.
e) There exists some P € R" "™ with

ATP+PTA+Q P'B+S

_ Tp_ pT
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f) There ezists a stabilizing solution (X, K, L) of the descriptor Lur’e equation (3.35).
This solution has the property K € RY™ and L € RO*™,

g) There exists an anti-stabilizing solution (X, K, L) of the descriptor Lur’e equation
(3.35). This solution has the property K € RO*™ and L € RY*™,

Moreover, if the above conditions are fulfilled, then for all o € R™ it holds that
— o0 < V7 (Exo) = VT (Exp) < 0. (3.96)

Figure 3.2: Structure of the proof of Theorem 3.8.11

Proof. The proof is carried out by showing the following implications as in Figure 3.2.

The proof that a) and b) are equivalent is analogous to the proof of “a) < b)” in
Theorem 3.8.9.

The implication “c) = a)” is trivial.

We show that b) implies c): Assume that for (z,u) € B (g 4 p) with lim; o Fx(t) =
lim¢,_o Fx(t) = 0 it holds J(z,u, —00,00) = 0. From Theorem 3.8.9 b) and e) we
obtain that there exists a function V' : im £ — R that fulfills the dissipation inequal-
ity. In particular, it holds that

J(I, u, to, tl) + V(Ex(tl)) > V(ESL‘(to)) (397)
On the other hand we have

J(z,u, —o0, tg) + V(Ex(ty))

j(x,u,tl,oo) (398)

0,
V(Bx(ty)).

AV
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Since by assumption
j($, U, —00, tO) + j(l‘, u, 11, OO) = _j(xa u, 1o, tl)a

we obtain
=J(z,u,t0,t1) + V(Ez(to)) > V(Ex(t1))

by adding the two inequalities in (3.98). Together with (3.97) this yields the claim.
Now we prove that ¢) implies f): It follows from c) that

V(Exg) = J(x,u,0,00) V(x,u) € B(p a p)(ro) with tl_i)m Ex(t) = 0.

o0

and therefore, V™ = V. By Theorem 3.8.3, there exists a stabilizing solution
(X, K, L) of the descriptor Lur’e equation with K € K% and L € K?™. It re-
mains to show that ¢ = 0:

Therefore, assume that ¢ > 0. Then, by the assumption of strong controllability, we
can use Lemma 3.8.2 to infer that there exists some zg € R™ and a smooth trajectory
(z,u) € B(gap)(ro) with Kzo + Lu(0) # 0, [;° || Kx(T) + Lu(7)||3dT < oo and
limy_oo Ez(t) = 0. The first two statements imply that

0< / 1K 2(r) + Lu(r)|2dr < oo,
0

We can further conclude from Theorem 3.8.3 and VT = V that

VT (Exg) = J(x,u,0,00) = VT (Exg) + /00 |Kz(T) + LU(T)Hng > VT (Ex),
0

which is a contradiction.
The proof that c) implies g) is completely analogous to the proof of “c) = f)”.
The implications “f) = e)” and “g) = e)” are trivial.
Further, by Theorem 3.6.3, we see that e) implies d).
Moreover, e) implies c¢) since with V(Exg) = J X Pz we have

(:c(t))T [Q S} (:U(t)> = —VV(Exz(t))(Az(t) + Bu(t)) = —VV (Ex(t))Ei(t)

u(t) ST R| \u(t)
V(z,u) € B(p a p) and almost all t € R,

see also (3.78).

Finally, we show that d) implies f): If (E, A, B) is strongly controllable and
®(s) = 0, the existence of a stabilizing solution follows from Theorem 3.5.3. By
Theorem 3.6.4, we further have that K € R?*™ and L € R7*™ for

q = rankg(,) ®(s) = 0.
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Equation (3.96) follows immediately from b) since for all (z,u) € B (g p)(7o) We
have

0= J(z,u, —00,00) = J(x,u, —00,0) + J(x,u,0,00) = =V~ (Exg) + V1 (Ex).
O

Remark 3.8.12.

a) We can conclude from (3.96) and Theorem 3.5.4 that, if one of the assertions
a)—g) and the assumptions in Theorem 3.8.11 hold true, then the descriptor KYP
inequality has exactly one solution in the sense that ET P is unique.

b) If one of the assertions a)—g) and the assumptions in Theorem 3.8.11 hold true, it
holds that

0 -sE+A B][X 0 I,
sET + AT Q S{ |l 0|=|-XT+H'SMT|[-sE+A B].
BT ST Rl |0 In JTSMTT

We can further conclude from strong controllability of (E, A, B) that the KCF of
the augmented pencil [—sE +A B} € R[s]"*"*™ consists of m blocks of type
K3, and n — r blocks of type K2. Hence, by Theorem 3.4.2 and Remark 3.4.3,
the statements a)—g) are equivalent to the EKCF of s€ — A being of the following
structure:

i) There exist neither blocks of type E1 nor blocks of type E2.

ii) There exist exactly 2(n — r) blocks of type E3. These are all of size 1 x 1.
The number of blocks with positive and negative sign-characteristic is equal.

iii) There exist exactly m blocks of type E4.

3.8.2 Optimal Control with Free Terminal Condition

Now we turn to the linear-quadratic optimal control problem with free terminal
conditions. Therefore, we consider the following two optimal value functions [Wil71]:

a) 1/f+(Ex0) = inf {j(:c,u, 0,00) : (z,u) € B (g,A,B) (aco)} , (3.99)
b) Vif (Exo) = inf { T (,u,0,T) : (z,u) € B(p,ap) (zo) and T > 0} . (3.100)

Clearly, V;t(Exo) <0, since J(z,u,0,0) = 0 holds for all (z,u) € B (g 4,5)(zo).

We will prove that, for strongly controllable systems, the finiteness of V,;" or VfJr is
equivalent to the existence of a nonpositive solution of the descriptor KYP inequality.
We also refer to [Wil71, Thm. 1] where some of the following implications are shown
for ODE systems.
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Theorem 3.8.13. Let (E, A, B) € ¥, with the system space Vsys be strongly con-
trollable, and let Q@ = QT € R™*", § € R™™ and R = R" € R™*™ be given. Fur-
ther, let the functions V=, Vi, and V" be defined as in (3.76), (3.99), and (3.100),
respectively. Then the following statements are equivalent:

a) For all T >0 and (v,u) € B(p a,p)(0) it holds that J(v,u,0,T) > 0.

b) For all (z,u) € B(ga,p) with lim,  Ex(t) = 0 and J(v,u,—00,0) < oo it
holds that J (z,u, —00,0) > 0.

¢) For all zg € R™ we have —oo < V'~ (Exg) < 0.
d) For all o € R™ we have —oo < V.7 (Ezg) < 0.
e) For all zy € R™ we have V;*(Ex) € R.

f) There exists some functional V : im E — (—o00,0] that satisfies the dissipation
inequality (3.77).

g) The descriptor KYP inequality (3.22) has a nonpositive solution P € R"*".

h) There exists an anti-stabilizing solution (X, K, L) to the descriptor Lur’e equation
(3.35) which satisfies ETX < 0.

Furthermore, if the above conditions are fulfilled, then for all xqg € K", it holds that
—00 < V7 (Ex) <V, (Exo) < Vi (Ezg) < VT (Exp) < 00.

Proof. The proof is carried out by showing the following implications as in Figure 3.3.

The proof of “a) = b)” is obtained by contradiction: Assume that b) is not sat-

isfied. Then there exists an ¢ > 0 and a trajectory (z,u) € B (g 4 (7o) with
lim;, o Fx(t) = 0 such that

J(z,u,—00,0) < —¢.

From Lemma 3.8.8 we obtain that there exists a 7' > 0 and some (7, %) € B(g 4 ) (7o)
with support in [—7',0] such that

T (%, —0,0) — T (z,u, —00,0)| < g
By shift-invariance of the behavior this gives
j(f,ﬂ, *O0,0) = j(f,ﬂ, *Ta 0) = J(E( - T)aﬂ( - T)707T) < 7%7

which is a contradiction to a).
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Figure 3.3: Structure of the proof of Theorem 3.8.13

The equivalence between b) and c¢) is trivial.

The implication “c) = f)” follows from the fact that the dissipation inequality is
fulfilled by V' ~, see Theorem 3.8.3.

The implication “f) = a)” follows from

J(z,u,to, t1) + V(Ex(t1)) > V(Ex(to)),

and setting to = 0, Ez(tp) = 0 and by using the normalization V' (0) = 0.
Now we prove “a) = d), e)”: Let (z,u) € B4 p) with lim;, - Ez(t) = 0,
Ex(0) = Exg, and Ex(T) = Exp for T > 0 be given. From “a) = ¢)” it follows that

-J(z,u,—00,0) < J(x,u,0,T).

Therefore, the inequalities —co < V™~ (Ez¢) < Vi (Ex¢) < V;'(Ezg) hold which
directly yields d) and e).

The statement “e) = d)” trivially follows from definition.

Next we prove the implication “d) = a)”: Assume that (x,u) € B g 4 5)(0) and
T > 0 with J(z,u,0,T) < 0. Then, by linearity of the behavior, we have (k-z, k-u) €
B (g,a,p)(0) for all £ € N, and we obtain

lim J (k-2 k-u,0,T) = lim k*- J(2,u,0,T) = —oc.

k—o0 k—o00

This is a contradiction to d).
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Now we prove “f) = g)”: Since f) is equivalent to ¢) and by Theorem 3.8.7, V"~
is a quadratic functional, the claim directly follows since V'~ (FExg) = :cgETP:co <0,
where P is a solution of the descriptor KYP inequality (3.22).

The implication “g) = h)” is shown as follows: If the descriptor KYP inequality has
a solution P with ETP < 0, then by Theorem 3.5.3, there exists an anti-stabilizing
solution (X, K, L) of the descriptor Lur’e equation (3.35). By Theorem 3.5.4 this
solution fulfills ETX < ETP <0.

To complete the proof, we show “h) = f)”: Obviously, if the descriptor Lur’e
equation has an anti-stabilizing solution triple (X, K, L) with ETX < 0, then the
desired functional is given by V= (Exz¢) = 2{ ET X .

The last inequality V;" (Ez¢) < V1 (Exg) < oo is trivially fulfilled by definition of
the functionals. Finiteness of V' follows from strong controllability. Ul

Remark 3.8.14.

a) We obtain from Theorem 3.8.13 and Theorem 3.7.1 that the finiteness of the
functionals V} and Vf+ implies that the modified Popov function (3.62) is positive
semidefinite in C+\ A(E, A).

b) If Theorem 3.8.13 holds true and ¥(iw) = 0 for all w € R with iw ¢ A(FE,A),
then Theorem 3.8.11 implies that the descriptor KYP inequality has exactly one
solution. This solution is nonpositive by Theorem 3.8.13.

¢) In [Wil71], it has been claimed that the functionals V" and V;* are quadratic
and that they can be expressed by a solution of the descriptor KYP inequality. A
proof that V;" is a quadratic functional for ODE systems is given in [Gee89] and
an extension of this result to DAE systems seems possible. On the other hand,
it is doubtful that V. is quadratic, since the time T for which J(z,u,0,T) is
minimized, is variable.

3.9 Dissipative and Cyclo-Dissipative Systems

3.9.1 Systems with General Quadratic Supply Rates

The results of the previous sections will now be applied to the analysis of dissipativity
of differential-algebraic systems. Dissipative systems are provided with an energy
functional depending on inputs and outputs. Loosely speaking, dissipativity means
that the system only consumes and does not produce energy [Wil72a, Wil72b, Briil1b,
Briillal.
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Definition 3.9.1 (Supply rate, dissipative system). Let Q, = Q] € RP*P, S, ¢
RP*™ and R, = R] € R™*™ be given. The mapping

s: R"xRP R

(u,y) — <Z>T [% ]S%j (Z) (3.101)

is called supply rate. The differential-algebraic system (E,A,B,C,D) € X, is
called

a) dissipative (with respect to s(-,-)), if forallT > 0 and all (z,u,y) € B(g 4,B,c,0)(0)
it holds that

T
/0 s(u(r), y(r)dr > 0;

b) cyclo-dissipative (with respect to s(-,-)), if for all T > 0 and all (z,u,y) €
B (g,4,8,0,0)(0) with Ez(T') = 0 it holds that

T
/0 s(u(r), y(r)dr > 0;

c) lossless dissipative (with respect to s(-,-)), if it is dissipative and, furthermore, for
all T'> 0 and all (z,u,y) € B(g a,B,c,p)(0) it holds that

T
/ s(u(r),y(r))dr = 0;
0

d) lossless cyclo-dissipative (with respect to s(-,-)), if it is cyclo-dissipative and, fur-
thermore, for all T' > 0 and all (z,u,y) € B (g a,B,c,p)(0) with Ex(T) = 0 it holds
that

T
/ s(u(r),y(r))dr = 0.
0

We will characterize dissipativity and cyclo-dissipativity by means of a linear ma-
trix inequality which is intimately related to the descriptor KYP inequality.

Definition 3.9.2 (Descriptor dissipativity inequality/equation). Let the linear sys-
tem (E,A,B,C,D) € ¥,,,, with the system space Vs as in (3.5) be given and
assume that Qs = QT € RPXP| S, € RPX™ and R, = RI € R™*™. Let the supply
rate s(-,-) be defined as in (3.101). Then we say that P € R™*" solves the

a) descriptor dissipativity inequality, if
ATP4+PTA-CTQ,C PTB-CTQ,D - CTS, -
B'P-D'Q,C—-S]C -D'Q,D~-SID-DTS,— R,| ="
E'P=P"E; (3.102)

0,
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b) descriptor dissipativity equation, if

ATP+PTA—-CTQ,C P'B-CTQ,D—-CTS, 0
BTP-DTQ,C - STC —-DTQ.,D—SID—- DTS, —R,| Y

ETP=PTE. (3.103)

Remark 3.9.3 (Descriptor dissipativity inequality/equation and (modified) Popov
functions).

a) By defining Q := CTQ,C, S:=CT"Q,D+C"S,, R:=D'Q,D+SID+ DTS, +
R, and replacing P by —P, we can make use of Theorem 3.8.9 to see that for
strongly controllable systems, cyclo-dissipativity is equivalent to the solvability of
the descriptor dissipativity inequality.

This however, is equivalent to the transfer function G(s) € R(s)P*™ of the system
(E, A, B,C, D) € %, . fulfilling

[Gf(j:})] H [?j Jij [GI(:)} >0 VYweRwithiv ¢ A(E,A).  (3.104)

Further, the existence of a solution of the descriptor dissipativity equation is
equivalent to

[GE: )] H [gf fz} [G§; )} =0 VweRwithiv ¢ A(E,4).  (3.105)

b) On the other hand, we can employ Theorem 3.8.13 to see that for strongly con-
trollable systems, dissipativity is equivalent to the solvability of the descriptor
dissipativity inequality with ETP > 0. Since the descriptor dissipation inequal-
ity is a special descriptor KYP inequality, it can be treated by Theorem 3.7.1,
Theorem 3.7.4, and Proposition 3.7.6.

In particular, we obtain from Theorem 3.7.1 that solvability of the descriptor
dissipativity inequality with ETP > 0 implies that the transfer function G(s) €
R(s)P*™ of the system (E, A, B,C, D) € X, ,, , fulfills

[%S)]H [% }ﬂ ﬁ(ﬂi)] >0 VAeCF\A(E, A). (3.106)

Further, the existence of a nonnegative solution of the descriptor dissipativity
equation gives rise to (3.106) with the additional property (3.105).

Following from the above remark we can directly conclude conditions for dissipa-
tivity and cyclo-dissipativity in terms of an associated (modified) Popov function,
formulated in the following corollary.
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Corollary 3.9.4. Let (E, A, B,C, D) € ¥, with the system space Vsys as in (3.5)
and the transfer function G(s) € R(s)P*™ be given and assume that Qs = Q1 € RP*P,
S, € RPX™ gnd Ry = R} € R™*™. Then the following statements hold true:
a) The system (E, A, B,C, D) is
i) cyclo-dissipative with respect to the supply rate s(-,-) if and only if (3.104) is
satisfied;
i1) lossless cyclo-dissipative with respect to the supply rate s(-,-) if and only if
(3.105) is satisfied.

b) Assume that K; € R™ P Ky € RP2*P [1 € R™ ™ and Ly € RP2X™ are given
such that
Qs Ss _ KIKl KILl _ K;—KQ K;LQ
ST Ry| Ve |LTK, LTI, LIKy LILy|’
with

17sys = { <Z) e RPT™ .y = Cx + Du with (2) S Vsys}

and K1G(s) + L1 € GlL,(R(s)). Then the system (E, A, B,C, D) is
i) dissipative with respect to the supply rate s(-,-) if and only if (3.106) holds;
i) lossless dissipative with respect to the supply rate s(-,-) if and only if (3.106)
and (3.105) hold.

Proof. The proof is based on the fact that a system (E,A,B,C,D) € ¥, ,, can
be transformed into Kalman decomposition for controllability [BT14]. That is, there
exist W, T' € Gl,(R), such that

_(|Eu Bl [An Awz| |Bi
(WET,WAT,WB,CT,D)_qO EQQ],[O AQQ],[O],[CI Cg],D>,

where (E11, A1, B1,C1, D) € £, m,p is completely controllable (and hence, strongly
controllable). The transfer functions of (F, A, B,C, D) and (E11, A1, B1,C1, D) co-
incide. Furthermore, by a conforming partition of the state, we obtain that

(z,u,y) € B(g,ap00)(0) < (v1,u,y) € B(g,, a,,,8,01,0)(0),

where z(t) = T~ (”310(’5)> .

Thus we can restrict our considerations to the completely controllable subsystem of

(E,A,B,C,D).
Statement a) now follows from Remark 3.9.3 a), whereas Statement b) can be
concluded from Remark 3.9.3 b) together with Theorem 3.7.4 and Theorem 3.8.11.
O
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In the following we give a corollary that summarizes the relationship between cyclo-
dissipativity and the spectrum of two associated even matrix pencils. For a similar
result see also [Briillb, Cor. 4.2]. For the formulation of our result we need the
sign-sum function for a Hermitian matrix H € C¥**. If In(H) = (7, m,7_), then
the sign-sum function is defined by

n(H) =7y +m—7—. (3.107)

Corollary 3.9.5. Assume that (E, A, B,C, D) € %y, 1, be given and let Qs = QT €
RP*P S, € RP*™ and Ry, = RI € R™ ™ be given. Let the supply rate s(-,-) be
defined as in (3.101). Furthermore, define Q := CTQ,C, S := CTQsD + CTS,,
R:=D"Q,D + S;'—D + DTS, + R,. Consider the two even matriz pencils

0 -sE+A B
851 — .Al = SET + AT Q S| e ]R[S]Qn+m><2n+m7
BT ST R
and
0 0 0 —-sE+A B
0 0 -1, C D
sEy — Ay 1= 0 —Ip Qs 0 S, | € R[S]Q(n+p)+m><2(n+p)+m’

sET+ AT T 0 0 0
BT DT ST 0 R,

Then the following statements are equivalent:

a) The system (E,A,B,C,D) € ¥, p,p 15 cyclo-dissipative with respect to s(-,-).
b) The relation (3.104) holds.

¢) It holds n(iw€; — A1) = m for all w € R with iw ¢ A(E, A).

d) It holds n(iwEy — Az) =m for all w € R with iw ¢ A(E, A).

If furthermore, the system (E, A, B) has no uncontrollable modes on the imaginary
azis, then the statements a)-d) are moreover equivalent to:

e) The EKCF of the pencil s€,— Ay fulfills the statements b) and c) of Theorem 3.4.2.

f) The EKCF of the pencil sEa— Ay fulfills the statements b) and ¢) of Theorem 3.4.2
with n replaced by n + p.
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Proof. The equivalence of a) and b) has already been shown in Corollary 3.9.4. The
equivalence of b) and c) follows from

- 1 )

_ [(SE —ImA)‘lB]N L?T fz] [(sE _I:)_lB] S

and an application of Lemma 3.4.1 with the fact that

0 —iwE+Al\ o
In([inTJrAT 0 ]) =(n,0,n) Yw € R withiw ¢ A(E, A).

Now we show that b) is equivalent to d): It holds

o[ 18 31

[C(sE—A)"'B+D]" [Qs 0 Ss] [C(sE—A)"'B+D

= (sE—A)~'B 0 0 0 (sE—A)~'B
L I ST 0 R I
. -(SEe - Ae)_lBe - Qe Se (SEe - Ae)_lBe
o | I, S;)r R, I,
with
4 |0 sE-A _|B _|Qs 0O | Ss _
sEe—Ae = |:Ip _C :|7 Be—|:D:|) Qe—|:0 0:|7 Se—|:0:|a R. = R;.

By using the same argumentation as for the proof of the equivalence of b) and ¢) we
obtain the result.

The equivalence of the statements a)-d) and e) and f) in case that (E, A, B) has
no uncontrollable modes on the imaginary axis follows directly from Theorem 3.4.2
and the relation

0 \E-A B

rank [)\Ee — A, Be] = rank [ I, _C D

] :p—i—rank[)\E—A B] VA eC,

which means that (E, A, B) € ¥, ,, has no uncontrollable modes on the imaginary
axis if and only if (Ee, Ac, Be) € Xy4p,m has no uncontrollable modes on the imaginary
axis. 0

In the sequel we turn to energy considerations for differential-algebraic systems.
Therefore, we need the following definitions.
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Definition 3.9.6 ((Virtual) available storage and required supply). [HMS80] Let the
system (E, A, B,C, D) € ¥, , m be given, and for Qs = QI e RP*P S, € RP*™ and
Ry = R €¢ R™*™ let s(-,-) be a supply rate as in (3.101). Then

a) the available storage is given by Vs : im E — R with

Vas(Exg) = sup {— /OT s(u(r),y(T))dr :

T >0 and (z,u,y) € %(E,A,B,QD)(xO)} ; (3.108)
b) the virtual available storage is given by Vias : im E — R with

Vias(Exg) = sup {— /000 s(u(r),y(r))dr :

—00

(z,u,y) € B(g a,B,0,0)(T0) With tlim Ex(t) = O} ; (3.109)
c) the required supply is given by Vi : im £ — R with

VilEo) =int { [ " s(u(r).ylr)dr

—00

(z,u,y) € B(g,a,B,c,p)(T0) With tlim Ex(t) = O}. (3.110)

——00

Remark 3.9.7. The integral over the supply rate has the physical interpretation of
the energy supplied to the system. Therefore, the available storage is the maximum
amount of energy which can be extracted from the system initialized with Fz(0) =
FExg. The virtual available storage is the maximum energy that can be extracted
from stabilizing trajectories, i.e., those that fulfill lim;_,., Ex(¢) = 0. On the other
hand, the required supply is the minimum amount of energy that has to be put into
the system to steer it from zero state to a final state with Ex(0) = Exg. Clearly, this
amount is infinite, if Fxy cannot be reached from zero. Note that “lossless” means
that no energy is dissipated for any input that controls from zero state.

With the above findings, it makes sense to define the following two terms.

Definition 3.9.8 ((Virtual) storage function). [HM80] A function V :im F — R is
called
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a) a storage function if it is continuous, 0 < V(Ezg) < oo for all zg € R™, V(0) =0,
and

/ Cs(u(r), y(r)dr + V(Ex(te)) > V(Ex(tr))

to
V(x,u,y) € %(E,A,B,C,D)a to, t1 € R with top <tp; (3.111)

b) a wirtual storage function if it is continuous, —oo < V(Ezg) < oo for all 2y € R,
V(0) = 0, and (3.111) holds.

In the following we will give some corollaries that state equivalent characterizations
of dissipativity and cyclo-dissipativity. This will also show that under certain assump-
tions, Vas, Vias, and Vig are (virtual) storage functions. These follow by a combination
of Theorem 3.5.3, Theorem 3.5.4, Theorem 3.8.7, Theorem 3.8.13, Remark 3.9.3, and
Corollary 3.9.4.

Corollary 3.9.9. Let (E, A, B,C, D) € ¥, with the system space Vsys as in (3.5)
be given and assume that Qs = QI € RP*P, S, € RP*™ and R, = R] € R™*™,
Let the supply rate s(-,-) be defined as in (3.101) and let the functions Vis, Vias, and
Vis be defined as in (3.108), (3.109), and (3.110), respectively. Then the following
statements are equivalent:

a) The system (E, A, B,C, D) is strongly anti-stabilizable and there exists some P €
R™ ™ with ETP > 0 solving the descriptor dissipativity inequality (3.102).

b) The required supply fulfills 0 < Vis(Fxg) < oo for all zy € R™.
If (one of ) the conditions a), b) is fulfilled, then the following statements hold true:
i) The system (E, A, B,C, D) is dissipative with respect to the supply rate s(-,-).

ii) There exists some Py € R™™ fulfilling (3.102) with ETP, > 0, such that for all
zo € R™ it holds that
Vis(Exo) = xd ETPy 29 > 0. (3.112)

ii1) With Py as in (3.112) we have: For all solutions Y € R™™ of the descriptor
dissipativity inequality (3.102) it holds that E'Y < ETP, .

iv) The transfer function of (E, A, B,C, D) fulfills (3.106).

If (one of ) the conditions a), b) is fulfilled and, moreover, (E, A, B,C, D) is strongly
stabilizable, then there exists some P_ € R™ "™ fulfilling (3.102) such that for all
zo € R™ we obtain

Veas(Exo) = 28 ETP_x. (3.113)
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With P_ as in (3.113) it holds: For all Y € R™™ solving (3.102) we have E'Y >
ETP_. Moreover, the relation

0< Vas(E:L’o) < 0 VIL’O c R"
18 fulfilled.

Corollary 3.9.10. Let (E,A,B,C,D) € X, mp with the system space Viys as in
(3.5) be given and assume that Qs = Q1 € RP*P S, € RP*™ and Ry = R € R™*™.
Let the supply rate s(-,-) be defined as in (3.101) and let the functions Vias and Vig
be defined as in (3.109) and (3.110), respectively.. Then the following statements are
equivalent:

a) The system (E, A, B,C, D) is strongly anti-stabilizable and there erists some P €
R™™ solving the descriptor dissipativity inequality (3.102).

b) The required supply fulfills —oo < Vis(Exg) < oo for all xg € R™.
If (one of ) the conditions a), b) is fulfilled, then the following statements hold true:
i) (E,A,B,C,D) is cyclo-dissipative with respect to the supply rate s(-,-).

ii) There exists some Py € R™™ fulfilling (3.102) such that for all xqg € R™ it holds
that
Vis(Exo) = 28 ETP, x0. (3.114)

iit) With Py as in (3.114) holds: For all solutions Y € R™ ™ of the descriptor
dissipativity inequality (3.102) it holds that ETY < ETP,.

iv) The transfer function of (E, A, B,C, D) fulfills (3.104).

If (one of ) the conditions a), b) is fulfilled and, moreover, (E, A, B,C, D) is strongly
stabilizable, then there exists some P € R™™ fulfilling (3.102), such that for all
zo € R"™ we obtain

Veas(Exo) = 28 ETP_xg. (3.115)

With P_ as in (3.115) it holds: For all Y € R™ " solving (3.102) we have ETY >
ETP_.
Remark 3.9.11.

a) The above two corollaries show that if V,s and Vig exist, they are both storage
functions in case of a dissipative system. On the other hand, if the functionals
Vias and Vig exist, they are virtual storage functions in case of a cyclo-dissipative
system.
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b) Define
Veys,0 ' ={r € R" : Az € im E}.

If the index of sE — A € R[s]™*™ is at most one, CTQ,C <y,__, 0 and if V(Exg) =
z8 ET Pxg is a quadratic storage function with ETP >Vyyeo 0 it is simultaneously
a Lyapunov function, that is V(Exg) > 0 for all g € Viyso, V(0) = 0, and
%V(E:c(t)) < 0for all x € B(g 4) [TSHOL, p. 55]. The latter statement indeed
follows from

Ly (B

n ()T ETPa(t) + 2(t)TPTE#(t)

z(t)T(ATP + PTA)x(t)
z(t)TCTQ,Cx(t) < 0.

IN

Therefore, from the theory of Lyapunov functions [Sty02], every dissipative system
that satisfies the above properties is automatically stable.

In the following two corollaries we consider the respective equivalences for the
lossless notions of dissipativity and cyclo-dissipativity. These results follow from the
previous two corollaries and an application of Theorem 3.8.11.

Corollary 3.9.12. Let (E, A, B,C, D) € ¥,y p with the system space Vsys as in (3.5)
be strongly controllable and let Q, = QT € RP*P, S, € RP*™, and R, = Rl € R™*™
be given. Let the supply rate s(-,-) be defined as in (3.101) and let the functions
Vas, Vaas, and Vi be defined as in (3.108), (3.109), and (3.110), respectively. Then
the following statements are equivalent:

a) There exists a solution P € R™ ™ of the descriptor dissipativity equation (3.103)
with ETP > 0.

b) (E,A,B,C,D) is lossless dissipative with respect to the supply rate s(-,-).
If (one of ) the conditions a), b) is fulfilled, then the following statements hold true:
i) With P € R™™ as in a) it holds that

Vias(Exo) = Vas(Bxg) = Vig(Bxg) = 2y ETPxg >0 Vo € R™

ii) The transfer function of (E, A, B,C, D) fulfills (3.106) and (3.105).

Corollary 3.9.13. Let (E, A, B,C, D) € ¥,y p with the system space Vsys as in (3.5)
be strongly controllable and let Q, = QI € RP*P, S, € RP*™ and R, = RI € R™*™
be given. Let the supply rate s(-,-) be defined as in (3.101) and let the functions
Vas, Vias, and Vi be defined as in (3.108), (3.109), and (3.110), respectively. Then
the following statements are equivalent:
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a) There exists a solution P € R™™ of the descriptor dissipativity equation (3.103).
b) (E,A,B,C,D) is lossless cyclo-dissipative with respect to the supply rate s(-,-).
If (one of ) the conditions a), b) is fulfilled, then the following statements hold true:
i) With P € R™™ as in a) it holds that
Vias(Exo) = Vas(Exo) = Vis(Exo) = xOTETPxo Vzo € R™.

ii) The transfer function of (E, A, B,C, D) fulfills (3.105).

Next we analyze whether the condition (3.106) on the transfer function is also
sufficient for dissipativity. The following result is an immediate consequence of The-
orem 3.7.4 (see also Remark 3.9.3).

Corollary 3.9.14. Let the system (E,A,B,C,D) € %, ,, with the system space
Vsys as in (3.5) and the transfer function G(s) € R(s)P*™ be given. Further assume
that Qs = Q1 € RP*P, S, € RP*™ R, = RI € R™*™ . Let the supply rate s(-,-) be
defined as in (3.101). Assume that (3.106) holds true. Further, suppose that at least
one of the following two assumptions holds true:

a) (E,A,B,C,D) is strongly stabilizable and there exists some w € R with iw ¢

A(E, A) such that
Giw)]" Qs S, [Gliw) 0
Lo | |ST Rs|| In '
b) (E, A, B,C,D) is strongly controllable.
Assume that there exist matrices K1 € R™*P, Ky € RP2*P [ € R™*™  [o € RP2*™
with

ST R LIK, LTIy LIKy LIL,

and

17sys = {(Z) € RPY™ . oy = Cx 4+ Du with (i) IS Vsys}

such that K1G(s) + L1 € Gl,,(R(s)). Then there exists a P € R™™ with ETP > 0
that solves the descriptor dissipativity inequality (3.102). If, furthermore, the system

E 0 A B 0
(L) 0} ’ [K&C K1D+L1] ’ [—Im} , [K2C K2D+L2]> € Zntmmpy (3.117)

is strongly detectable, then all P € R™ "™ solving the descriptor dissipativity inequality
(3.102) fulfill ETP > 0.

Remark 3.9.15. If the condition (3.117) is fulfilled and thus all solutions of the descrip-
tor dissipativity inequality (3.102) are nonnegative, then even the virtual available
storage is a (proper) storage function.

119



3 LINEAR-QUADRATIC CONTROL THEORY FOR DIFFERENTIAL-ALGEBRAIC EQUATIONS

3.9.2 Contractive and Passive Systems

Important special cases of dissipative systems are so-called contractive and passive
systems. These classes play a fundamental role for instance in the analysis and de-
sign of electrical circuits as well as mechanical systems [AV73, Smi02, Reil0, RS10a,
RS10b, Reil4]. We will see in the following that, in the case where dissipativity cor-
responds to contractivity or passivity, the results from the above subsection simplify
drastically.

Definition 3.9.16 (Contractivity, passivity). [AV73] A system (E, A, B,C,D) €
Ynm,p is called

a) contractive, if it is dissipative with respect to the supply rate s(u, y) = |lul%—|y|l3,
ie, Qs = —1Ip, Ss = Opxm, and Ry = I;,.

b) passive, if it is dissipative with respect to the supply rate s(u,y) = 2u'y, i.e.,
p=m, Qs = Rs = Opysem, and S5 = Ip,.

Remark 3.9.17.

a) In case of a contractive system, the differential-algebraic dissipativity inequality
reads

ATP+PTA+C'C P'"B+C'D

< Tp—pPTE. .
B'P+DTC D'D—1, <v,.0, E'P=P'E (3.118)

For systems governed by ordinary differential equations, solvability of this inequal-
ity with ETP > 0 is covered by the bounded real lemma [And66, AV73]. Note
that equation (3.106) reduces to

In—GHNG(N) >0 YAeCH\AE,A). (3.119)

This property is called bounded realness. In particular, due to the special structure
of the modified Popov function, (3.119) even holds for all A € C*. This however
is equivalent to G € RHE™ with ||G|l3.. < 1. Furthermore, equation (3.105) is
equivalent to G(s) being inner, see Definition 2.2.17.

b) In case of a passive system, the associated descriptor dissipativity inequality is

ATP+PTA P'B-CT

< Tp _ pT ) )

In the case of ordinary differential equations, the solvability of this equation with
ETP > 0 is subject of the positive real lemma [AV73]. The equation (3.106)
reduces to

G +G\) >0 YAeCH\A(E,A). (3.121)
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This property is called positive realness [AV73]. Furthermore, for every positive
real function G(s) € R(s)™*™, it holds that P(G) € C~. To see this, we make
use of the pole-residue representation

¢
G(5) = Y- g + Goon(9)
k=1

with the poles A\, of multiplicity py and the associated residues Ry € C™*"™ for
kE=1,...,£. Assume that there exists a pole \; with positive real part. Then
for A € CT \ {\;} close to A; we have the estimate

. RH
G+ G = B _Rj\,)pj T = %‘)pj
J J
_ R (A=) + R (A=)
(A =X) (A =X))"

The denominator of (3.122) is always positive, however, the numerator changes
definiteness in a neighborhood of A;. This is a contradiction to positive realness.
Moreover, it can be shown that positive real functions can have poles on the
imaginary axis with multiplicity at most one [AV73].

(3.122)

In the lossless case, the transfer function is positive real with, moreover,
GH(iw) + G(iw) =0 Vw € R with iw ¢ A(E, A). (3.123)
We call the latter property lossless positive realness.

Now we first state a new version of the (lossless) bounded real lemma for DAEs.

Theorem 3.9.18 (Bounded real lemma for DAEs). Let (E,A,B,C,D) € ¥, mp
with the system space Vsys as in (3.5) and the transfer function G(s) € R(s)P*™ be

grven.

a) If there exists some P € R™™ with ETP > 0 fulfilling (3.118), then G(s) is
bounded real, or equivalently, G € RHE™ and |G|, < 1.

b) Assume that G(s) is bounded real, and at least one of the following properties holds
true:

i) (E,A,B,C,D) is strongly stabilizable and there exists some w € R with iw ¢
A(E, A) such that |G(iw)||2 # 1;

it) (E, A, B,C,D) is strongly controllable.
Then there exists some P € R™™ with ETP > 0 fulfilling (3.118).
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c¢) 1If, in addition to the assumptions in b), (E, A, B,C, D) is strongly detectable, then
all P € R™™ satisfying (3.118) fulfill ETP > 0.

Proof. The reason for statement a) has already been mentioned in Remark 3.9.3 b).
Now we prove b): The special structure of the supply rate (i.e., Qs = —Ip,, Ss =
Opxm and Rg = I,,) implies the following facts:

1) It holds |G|l < 1 if and only if I, — GH(A\)G()\) >0 for all A € CT.

2) For w € R with iw ¢ A(E, A) we have ||G(iw)||2 < 1 if and only if the relation
I, — GH(iw)G (iw) > 0 is satisfied.
3) Equation (3.116) holds true for K1 = Opyxp, Ko = I, L1 = Iy, and Ly = Opyrm.
Since Ly + K1G(s) = I, is invertible, b) now follows immediately from Corol-
lary 3.9.14.
To prove Statement c), it suffices by Corollary 3.9.14 to check that strong de-

tectability of (E, A, B,C, D) implies that the system (3.117) is strongly detectable.
This however is a direct consequence of

_AE+ A B _AE+A B

rank | K,C  KyD+ L | = rank 0 I, | =m + rank {‘AECJF A]
KQC KQD + L2 C D

v eC.

d

Theorem 3.9.19 (Lossless bounded real lemma for DAEs). Let (E,A,B,C,D) €
Yn,m,p with the system space Vsys as in (3.5) and the transfer function G(s) € R(s)P*™

be given.
a) If there exists some P € R™ ™ with
ATP+PTA+CTC PTB+C™D
BTP+DTC DTD_1. | V0 ETPZ0, (3.124)

then G(s) is inner.
b) If G(s) is inner and (E,A,B,C,D) € ¥, n, is strongly controllable, then there
exists some P € R™ "™ fulfilling (3.124).

Proof. The reason for statement a) is presented in Remark 3.9.3 b).
To prove b), assume that G(s) is inner. Then Theorem 3.8.11 implies that there
exists some P € R™" with ETP = PTE and

ATP+PTA+CTC P'B+C'D] _ 0
BTP+DTC D'D—1, | V="

Theorem 3.9.18 ¢) now implies that ETP > 0, hence the result is proven. O
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In the following two theorems we finally present new differential-algebraic formu-
lations of the positive real lemma and the lossless positive real lemma.

Theorem 3.9.20 (Positive real lemma for DAEs). Let (E, A, B,C, D) € ¥, 1, p with
the system space Vsys as in (3.5) and the transfer function G(s) € R(s)P*™ be given.

a) If there exists some P € R™" fulfilling (3.120), then G(s) is positive real, i.e.,
G\ +GH(\) >0 forall e CF.

b) Assume that G(s) is positive real, and least one of the following properties holds
true:

i) (E,A,B,C,D) is strongly stabilizable and there exists some w € R with iw ¢
A(E, A) and GH(iw) + G(iw) > 0;

it) (E, A, B,C,D) is strongly controllable.
Then there exists some P € R™™ fulfilling (3.120).

¢) If, in addition to the assumptions in b), (E,A,B,C,D) € ¥,y p is strongly de-
tectable, then all P € R™™ satisfying (3.120) fulfill ETP > 0.

Proof. The reason for statement a) has already been mentioned in Remark 3.9.3 b).
Now we prove b): The special structure of the supply rate (i.e., Qs = Rs =

Omxm, Ss = Ip,) implies that (3.116) holds true for K1 = L1 = Ky = %Im and
Ly =

—%Im. Then we obtain L; + K1G(s) = %(Im + G(s)). For A € Ct and
u e C™\ {0}, we obtain

1
u (I + GO\))u = |Jul|? + 5uH(G“(A) +G(\)u > |Jull3 >0,

hence L; + K1G(s) = %(Im + G(s)) is invertible. Assertion b) now follows from
Corollary 3.9.14.

To prove Statement c) it suffices by Corollary 3.9.14 to check that strong detectabil-
ity of (E, A, B,C, D) implies that the system (3.117) is strongly detectable. However,
this is a consequence of

“AE+ A B —AE+ A B
rank | K,C K\D+Li| =rank | 5C 5D+ 1In)
K>C KD+ Ly +=C (D —1In)
= m + rank [_AECJF A] YA e C. (3.125)

O
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Theorem 3.9.21 (Lossless positive real lemma for DAEs). Let (E,A,B,C,D) €
Yn,m,p With the system space Vsys as in (3.5) and the transfer function G(s) € R(s)P*™
be given.

a) If there exists some P € R™ ™ with

ATP+PTA PTB-CT

— T
BTP_C _pT_p| V0 E P20 (3.126)

then G(s) is lossless positive real, i. e., positive real with G(iw) + GH(iw) = 0 for
all w € R with iw & A(E, A).

b) If G(s) is lossless positive real and (E, A, B,C, D) is strongly controllable, then
there exists some P € R™™ fulfilling (3.126)

Proof. This result can be inferred from Theorem 3.8.11 and Theorem 3.9.20 by using
an argumentation analogous to that in the proof of Theorem 3.9.19. O

Remark 3.9.22 (Passivity, contractivity, positive realness, bounded realness).

a) If (E,A,B,C,D) € ¥, ,,, is strongly controllable, then by Theorem 3.9.18 its
transfer function is bounded real if and only if (3.118) has a solution P € R™*"
with ETP > 0. Corollary 3.9.9 implies that (3.118) has such a a solution if and
only if (E, A, B,C, D) is contractive.

b) Analogous argumentations to b) can be made to see that a strongly controllable
system (E, A, B,C, D) € ¥, np is lossless contractive (passive, lossless passive) if
and only if G(s) is inner (positive real, lossless positive real).

¢) We can conclude from Corollary 3.9.4 that an arbitrary system (E, A, B,C, D) €
Ynmp is

i) contractive if and only if G € RHE™ and ||G|j3.. < 1;

ii) lossless contractive if and only if G(s) is inner;

)
iii) passive if and only if G(s) is positive real;
)

iv) lossless passive if and only if G(s) is lossless positive real.

3.10 Normalized Coprime Factorizations

In this part we show that the theory of descriptor Lur’e equations can be used
to construct normalized coprime factorizations of transfer functions. These play
an important role in Hso-controller design [MG89, BB90a], system identification
[dHSACBY5], the computation of the gap metric [Geo88], and model order reduc-
tion [Mey88, MRS11].
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Definition 3.10.1 (Coprime factorizations). Let G(s) € R(s)P*™ be given.
a) A right coprime factorization of G(s) € R(s)P*™ is given by

[Mr

with M, (s) € Gl,,(R(s)) and Ny(s) € R(s)P*™ such that G(s) = N,(s)M, }(s),
and there exist Y; € RH™*™ and Z, € RHoo F that satisfy the right Bézout
identity

Yi(8)Mi(s) + Zy(s)Ni(s) = Ipy,.

b) A left coprime factorization of G(s) € R(s)P*™ is given by
(M Ni| € RHEZPH™

with M(s) € Gl,(R(s)) and Ny(s) € R(s)P*™ such that G(s) = M; '(s)N(s), and
there exist Y] € RHE? and Z) € RH P that satisfy the left Bézout identity

M (s)Yi(s) + Ni(s)Zi(s) = Ip.

c) A doubly coprime factorization of G(s) € R(s)P*™ is given by a pair
M,
Ny
[My Ni] € RHEZPH™,

] e RHIHPXm

such that G(s) = Ny(s)M; ! (s) = M; '(s)Ni(s) and there exist Y; € RHI*™,
Z, € RHP, Y1 € RHEP, and Z) € RHo P that satisfy the double Bézout

identity
40 S ) -ren

d) A right coprime factorization is called normalized, if additionally
M (s)My(s) + N7 (s)Ny(s) = Iy, (3.127)

holds true.

e) A left coprime factorization is called normalized, if additionally
M(s)M{™(s) + Ni(s) Ny (s) = 1), (3.128)

holds true.
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f) A doubly coprime factorization is called normalized, if additionally

50 I S

holds true.

Remark 3.10.2. Property (3.127) is equivalent to

)

being inner. Moreover, relation (3.128) is equivalent to
[Mi(s)  Ni(s)]

My (s)
N(s)

We will construct normalized coprime factorizations on the basis of the following
descriptor Lur’e equations:

begin co-inner, equivalently { ] is inner.

T T T T T iy
A Xr + Xr A + C C XI‘ B + C D:| :Vsys,r |:Kr :| [Kr LI‘:| Y ETXr = XrTE’

B'X,+D'C In+D'D LT
(3.129)
where
Vsys,r = {(Z> e R"™ . Ax + Bu € 1mE} ,
and
AXi+ X AT+ BBT XCT+BD"] _ K eTT
CX,+ DBT L+ DDT | Ve |pr| B0 D] BXi=X0E
(3.130)
where

Veys 1= { (i) eER™™ ATz + CTy € im ET} .

Before the normalized coprime factorizations will be constructed, we will analyze the
eigenstructure of the even matrix pencils associated to (3.129) and (3.130). We will in
particular show that the EKCF's of these matrix pencils do not contain any “critical
blocks”.

Lemma 3.10.3. The following two statements hold true:
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a) Assume that (E,A,B,C,D) € ¥, mp is strongly stabilizable and let r = rank E.
Then the EKCF of the pencil

0 —sE+ A B
s& — A= |sET + AT cTo cTD € R[s]2n+mx2n+m
BT D'C I,+D'D

has the following properties:
i) There do neither exist any blocks of type E2 nor blocks of type EJ.

i1) There exist m + 2(n — r) blocks of type E3. These are of size 1 x 1; n—r of
these blocks have negative sign-characteristic; the remaining m +n —r blocks
have positive sign-characteristic.

b) Assume that (E,A,B,C,D) € ¥, is strongly detectable and let r = rank E.
Then the EKCF of the pencil

0 —sET + AT cT
851 —_Al = |sE+ A BBT BDT c R[8]2n+px2n+p
C DBT  I,+DDT

has the following properties:
i) There do neither exist any blocks of type E2 nor blocks of type Ej.
ii) There exist p + 2(n — 1) blocks of type E3. These are of size 1 X 1; n —r of

these blocks have negative sign-characteristic; the remaining p +mn — v blocks
have positive sign-characteristic.

Proof. We will only show statement a), since b) follows from a) by turning to the
dual system (ET, AT .CT, BT, DT) € Ynpm-
First we prove statement i). This assertion will follow from the fact that iw&, — A, €
Glon+m(C) for all w € R. The latter statement will be proven in the following:
Assume that w € R and let p, z € C" and u € C™ be such that

0 —iwE 4+ A B 1
iwET + AT CTC C™D r| =0. (3.131)
BT D'C  I,+D'D| \u

In particular, we have (—iwE + A)x + Bu = 0. A multiplication of (3.131) from the
left with (len zH uH) yields

0= ||Cz + Dul|2 + |lul|3 + (—iwE + A)z + Bu)™u = ||Cx + Dul|3 + ||ul|3.
We can now conclude that u = 0 and Cz = 0. Then (3.131) gives rise to

iwET + AT
BT n= 0.
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By the assumption of strong stabilizability, we can use Proposition 2.2.6 to see that
p = 0. Altogether, we have ker(iwé, — A;) = {0}, hence iwé, — A; € Glap1m(C).
Now we show ii). The Popov function associated to the descriptor Lur’e equation
(3.129) reads
O(s) = I, + G7(s)G(s). (3.132)

In particular, we have ®(iw) > 0 for all w € R with iw ¢ A(F,A). Using Theo-
rem 3.4.2, it suffices to show that all blocks of type E3 in the EKCF of s& — A, are
of size 1 x 1. This is proven in the following;:

Since (FE, A, B) is impulse controllable, there exist W, T' € Gl,,(R) and F € R"™*"
such that

sEp — Ap =W (sE — (A+ BF))T =

SIT — A11 0 o Bl
0 7In7,rl ) Y

Cp=CT=1[Cy Cy), Dp=D.

Following the argumentation of Remark 3.4.3, it remains to show that the EKCF of
the pencil

Sgr - Ar =
0 —sl, + A By
sl, + A-lrl Cf(]l —CICQBQ + CID
B} ~BJCJC1+D'Ch BJCJCyBy — BJC3D — DTCoBy + Iy, + DTD

has exactly m blocks of type E3 of size 1 x 1. However, this fact follows from
B;C;—CQBQ — B;C;D — DTCQBQ + Iy, + D™D = m T+ (D — CQBQ)T(D — CQBQ) > 0,
which implies that the pencil s& — A, is regular and of index at most one.

O

Lemma 3.10.4. The following two statements hold true:

a) Assume that (E,A,B,C,D) € X, mp is strongly stabilizable. Then a stabiliz-
ing solution (Xy, K, L,) of the descriptor Lur’e equation (3.129) exists. Fur-
ther, the Rosenbrock pencil R.(s) of (E,A,B,K;,Ly) € Xy mm is reqular with
Rt e RHnFmxntm,

b) Assume that (E,A,B,C,D) € Xy, mp is strongly detectable. Then a stabilizing
solution (X, K, L1) of the descriptor Lur’e equation (3.130) exists. Further, the
Rosenbrock pencil Ry(s) of (ET,AT,C’T,KhLl) € Yppp i85 regular with Rfl €
R,Hn+p><n+p

oo .

Proof. Tt suffices to prove statement a) since b) follows from a) by turning to the dual
system (ET,AT,CT,BT,DT) € Y, pm. Assume that the system (E, A, B,C, D) is

128



3.10 NORMALIZED COPRIME FACTORIZATIONS

strongly stabilizable. Furthermore, P = 0 solves the descriptor KYP inequality
associated to (3.129). The existence of a stabilizing solution (X, K, L;) then follows
from Theorem 3.5.3.

By (3.52) and the fact that, by Lemma 3.10.3, the associated even matrix pencil
s& — A; is regular, does not have any imaginary eigenvalues and its index is bounded
from above by one, we obtain that R.(s) is as well regular, it does not have any
eigenvalues on iR, and its index does not exceed one. This means that A — R.(\)~!
is bounded on iR. On the other hand, since (X, K, L) is a stabilizing solution,
R;1(s) further does not have any poles in CT. Altogether, we obtain that R;! €

T

R/Hfgo—&—m Xn—+m . ]

Theorem 3.10.5. Let (E, A, B,C,D) € ¥, be given and let G(s) € R(s)P*™ be
its transfer function. Then the following statements hold true:

a) Assume that (E,A, B,C, D) is strongly stabilizable. Let (Xy, Ky, Ly) be a stabi-
lizing solution of the descriptor Lur’e equation (3.129). Then a normalized right

coprime factorization []\]\{r((j))] € R(s)™TP*X™ of G(s) is realized by

E 0 A B 0 0 I,
(ErvArvBraCr) = <|:0 0:| ) |:Kr Lr:| 9 |:_Im:| ) |:C D:|> € En—i—m,m,p—i—rn,-

(3.133)

b) Assume that (E, A, B,C, D) is strongly detectable. Let (Xi, K}, L)) be a stabilizing
solution of the descriptor Lur’e equation (3.130). Then a normalized left coprime
factorization [Mi(s) Ni(s)] € R(s)P*PT™ of G(s) is realized by

E 0] [A K'| [0 B

(E17A17317C1) = <|:0 0] ’ |:C Llll'] 5 |:Ip D] ) [0 _IP]> € En-ﬁ-p,p-f—m,P‘
(3.134)

c) Assume that (E, A, B,C, D) is strongly stabilizable and strongly detectable. Then

a normalized doubly coprime factorization is given by the normalized left and right
coprime factorizations in (3.134) and (3.133).

Proof. First we prove statement a): Lemma 3.10.4 implies that M, € RHIL*™ and
N, € RHE™. By Lemma 3.7.3 we obtain

sE—A —-B
—K. —L,

1

My(s) = [0 In) [ }_1 [—(I)m} = (L + K:(sE—A)7'B)

and

Ni(s) = [C D] [‘“f ;QA :i ] - [_u = G(s)- (Lo + Ko(sE— A)"'B) L.
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Thus we obtain

Since by Lemma 3.10.4, sE, — A; is regular and of index at most one, we have
L, € Gl,,(R). By using the Schur complement, we obtain another realization for

B\{r ((85)) } given by

(Era Avra Er’ éra 51‘)
= <E

_ _ —L7'K Lt
,A— BL7'K, BL !, [C B 5LfK} , [Dilb € Xnm,m+p-
T r r

Since sEr — Zr is regular and of index at most one and all its eigenvalues are in C—,

we see from [WB89] (see also [Var98, Lem. 1]) that []\]\{rg)) } is indeed a right coprime
r

factorization.

M, (s)
Ni(s)
scriptor dissipativity equality

It remains to show that [ ] is inner, i.e., there exists a solution to the de-

[A,TPr +PTA, +CTC, PTB,

_ T
BT P, —Im] Tyen O B 20

with the subspace

I

gsys,r = x| € RPT2m . <i1> € Viysr and Kyx1 + Lyxo = u
u 2
Indeed, for
x1
~ X, 0
x2 | € Vsysy and P, = [ . ]
o 0 O
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we obtain
_ABTXrO+Xr0TAB T
+1 K L |0 o 0 o |K, L, [Xror[o]
il +OImTOIm 0 0| [~Inm il
2 c D| |c D 2
u T u
0 X, 0 I
I —1,| 0o o ]
1 TTATX, + XTA+CTC XTB+C™D 0
= To B'X,+D'C I, +D'D 0
Ki.z1 + Lyxo 0 0 —I,
T
i)
Kizy + Lyxo
(n\ ([ATX,+ XTA+CTC XTB+C'D]  [K] o)) (®
T\ B'X,+D'C I,+D'D L )\,
:(),
and T
ETX, 0
T — r >
ETP, [0 0]_0

which shows the claim.
Statement b) is proven in an analogous fashion. Lemma 3.10.4 implies that M, €
RHEP and Ny € RHEZX™. By Lemma 3.7.3 we obtain

sE—A —KT] -
M(s) =[0 —1I,] [ E_CA _ILH [Iﬂ — (L] + C(sE - A)'K) 7,

and

sE— A —KIT]_l [B

M=o -5 [t ] (D] = @ e oeE-aED 6,

Thus we obtain
M H(s)Ni(s) = G(s).

From [WB89] it follows that [Mi(s) Ni(s)] is a left coprime factorization.
Now we show that [M(s) Ni(s)] is co-inner, i.e.,

- e T
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is inner. This rational function, however, has a similar structure as []\]\{I((j)) } (in fact
the matrices E, A, B, C, and D are replaced by those of the dual system). Therefore,
M{(3)
Nf(s)

Finally we show statement ¢). The doubly coprimeness follows from [WB89]. By
construction it holds that

we can use analogous arguments as in the proof of a) to show that [ ] is inner.

Moreover, by construction we have

—Ni(s)M,(s) + My(s)Ny(s) =
=M ()N (s) + N7 (s) My (s) =

This shows the result and finalizes the proof. O

Example 3.10.6. To illustrate the result of Theorem 3.10.5, we consider the matrices

E:[(l) 8], A:[é _01], B:H, C=[1 0], D=o.

The system (E, A, B,C, D) € ¥ is strongly stabilizable with transfer function

G(s)=[1 0] [561 ﬂ_l H :i.

From ETX, = X E we obtain

Xr = |:«7311 0 :| )
€r21 T22

and the descriptor Lur’e equation (3.129) is

2z11+1 —2x01 11 k1
—X21 —2%22 0 :Vsys,r kQ [kl kQ E], (3.135)
11 0 1 l

where K, = [kl k:g] and L, = £. Then a straight-forward calculation shows that a
stabilizing and maximal solution of (3.135) is given by

(Xe, Ky, L) = ([Hoﬂ 8},[1+\/§ 0] ,1).
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Then Theorem 3.10.5 yields

s—1 0 —1 0 s 1
My(s)=1[0 0 1] 0 10 0= € RHY,
1-v3 o0 -1 |1 stV2
[ s—1 0 —1]7'[0] .
Ni(s)=[1 0 0] 0 10 0= € RHY.
1oy o0 -1 |1 stV2

Obviously, we have G(s) = N;(s)M;!(s). Moreover, a simple calculation shows
M (s)M;(s) + Ny(s)~Ny(s) = 1, i.e., we have indeed calculated a right normalized

r
coprime factorization. By a completely analogous computation, we further obtain

M(s) = M,(s) and Ni(s) = N;(s) as the corresponding left normalized coprime
factors.

Remark 3.10.7 (Normalized coprime factorizations).
a) If E = I,, then the descriptor Lur’e equations (3.129) and (3.130) reduce to
algebraic Riccati equations
ATX, + X, A+ CTC — (X,B+C™D)(I,,+ D™D) ' (X,B+CTD)" =0,
X=X,
0,
X =X

—

AXy+ XAT + BBT — (X" + BD) (1, + DD) ' (x,CT + BD™)"

The matrices K, and L, can be chosen as L, € Gl,,(R) with L, = (Im + DTD) 1/2
and K, = Lr_T (BTXr + DTC’). In this case we can see that the realization of

[Mr(s)

in Theorem 3.10.5 reduces to
Nr(s)}

—L7'K Lt
I,A—BL;lK,BL;l,[ r }[ r])ez .
< " ' C -DL7'K,|’|DL! Lt p

Similarly, the matrices K} and L; can be chosen such that L; € Gl,(R) with

L = (Ip + DDT) 1/2 and K = LfT (C’X1 + DBT). In this case the realization of
[Mi(s) Ni(s)] in Theorem 3.10.5 reduces to

(b A= KTLTTC KT LT B - KTLTD) L7TO (1T LT D))
€ En7p+m»p'

These are also the realizations that have been obtained in [ZDG96, Sect. 13.8].
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b) Algorithms for computing normalized coprime factorizations via (generalized) al-
gebraic Riccati equations are outlined in [Var98]. These methods are based on an
orthogonal factorization of the Rosenbrock pencil

[—sE+A B

n-+pxXn+m
c D} € R[s]

to extract a Rosenbrock subpencil

_—sE’—i-g E

eR r+pXr+m
& p| Rl

with nonsingular E e R"™" which corresponds to an inherent generalized state-
space system. The generalized ARE for computing the right normalized coprime
factorization is then given by
IRE+BTRA+CTE
~(E"X,B+C"D) (L, + D'D) (E"X,B+C"D)" =0, X,=X].

Note that this equation can always be formed since I, + DD >o0.

3.11 Inner-Outer Factorizations

We show that the previously obtained results can be used to construct inner-outer
factorizations of arbitrary rational matrices. Such factorizations play a crucial role
in Hoo-control [Fra87, Gre88, ZDGI6].

Definition 3.11.1. Let G(s) € R(s)P*"™ with ¢ = rankp(,) G(s) be given. An inner-
outer factorization of G(s) is a representation

G(s) = Gi(s)Go(s),
where Gj(s) € R(s)P*? is inner, and Go(s) € R(s)?*™ is outer.

We will construct a realization of the inner and outer factors of the transfer function
G(s). The basis for such a construction will be the following descriptor Lur’e equation:

ATX +XTA+CTC X"B+C'D]| _ KT
BTX + DTC DTD Vsys LT

} [K L], ETX=X"E,

(3.136)
where Vs is the system space of (E,A,B) as in (3.5). We first prove that, if
(E,A,B,C,D) € ¥, is strongly stabilizable, then (3.136) has a positive stabi-
lizing solution.
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Proposition 3.11.2. Let (E,A,B,C,D) € ¥, with the system space Vsys as in
(3.5) be strongly stabilizable. Then the descriptor Lur’e equation (3.136) has a stabi-
lizing solution (X, K, L). This solution fulfills ETX > 0.

Proof. The existence of a stabilizing solution follows from Theorem 3.5.3. Since,
furthermore, P = 0 solves the descriptor KYP inequality associated to (3.136), we
obtain from Theorem 3.5.4 that ETX > 0. O

This solution will be the basis for our construction of inner-outer factorizations.
The following two auxiliary results will be further used for this construction and its
proof.

Lemma 3.11.3. Let a system (E, A, B,C, D) € ¥, . p with transfer function G(s) €
R(s)P*™ be given. Denote q = rankg(s) G(s). Then there exists some matriz Z €
R™*4 gych that

a) each column vector of Z consists of a canonical unit vector, and
b) rankg() G(s)Z = q.

If, further, ¢ = p and Z has the above properties, then the following statements hold
true:

i) It holds that

I RS

ii) The function
P(s) = Z(G(s)Z)"1G(s) € R(s)P*P
is a projector onto img(s) G(s) and along kerg(,) G(s).

Proof. Denote the k-th canonical unit vector by ex € R™. Since the set of column
vectors of G(s) can be reduced to a basis of imp(,) G(s) and dimimg,) G(s) = g,
there exist i1, ..., ¢ such that

{G(s)es,, ..., G(s)ei, }
is a basis of imp(s) G(s). Then the matrix
Z=l e
has the properties a) and b).

If, further, ¢ = p, then the function G(s)Z is invertible. Statement i) can now be
concluded from Lemma 2.2.26, ii) follows by simple calculations. OJ
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Lemma 3.11.4. Let G(s) € R(s)P*™ be given. Assume that P(s) € R(s)™*™ is
a projector with kerg(s) P(s) C kerg(s) G(s). Then we have G(s)P(s) = G(s).

Proof. Let z(s) € R(s)™ be given. Since P(s) is a projector, we have z(s) = x1(s) +
r2(s) with z1(s) € imp(,) P(s) and xa(s) € kerg(y) P(s). Moreover, since we have
x1(s) = P(s)yi(s) for some y;(s) € R(s)™, we obtain z1(s) = P(s)x1(s). This yields
the claim, since it holds that

Now we formulate our main result on inner-outer factorizations.

Theorem 3.11.5. Let (E, A, B,C, D) € ¥, 1, with the system space Vsys as in (3.5)
be strongly stabilizable and let G(s) € R(s)P*™ be the associated transfer function.
For q = rankgy) G(s), let Z € R™*1 be a matriz whose column vectors are canonical
unit vectors, and rankg(s) G(s)Z = q. Let (X, K, L) be a stabilizing solution of the
descriptor Lur’e equation (3.136). Then an inner-outer factorization of G(s) is given
by G(s) = Gi(s)Go(s), where Gi(s) € R(s)P*? is realized by

E 0 A BZ 0
(Ela Al) BU Cl) i <|:O O:| ’ |:K LZ:| ) |:_Iq:| ) [C DZ}) € En+q7<17p7
and Go(s) € R(s)T*™ is realized by
(Em Ao, Bo, C, Do) = (E’ A,B, K, L) € En,m,q-

Proof. We prove the theorem in five steps.
Step 1: We show that Go(s) is outer:
This claim directly follows from Theorem 3.6.3.
Step 2: We show that kerg ) G(s) = kerg(s) Go(s):
By Theorem 3.6.3 we have

G5 (5)Go(s) = ®(s) = G™(s)G(s).
In particular, it holds that
GH(iw)Go(iw) = GN(iw)G(iw) Vw € R with iw ¢ A(E, A). (3.137)

First we show that kerg,) G(s) C kerg(s) Go(s). Therefore, assume that v(s) €
kerg(s) G(s). Let I' C C be the (finite) set of poles of v(s) € R(s)™. Then, we obtain
from (3.137) that for all w € R with iw ¢ (I' UA(E, A)) it holds that

1Go(iw)v(iw)|3 = |G (iw)v(iw)|3 = 0.
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Hence, A — Go(A)v(A) is a vector-valued rational function which vanishes on iR \ I
The finiteness of the set I' leads to Go(s)v(s) = 0, i.e., v(s) € kerg(y) Go(s). The
reverse implication kergy) Go(s) C kerg(s) G(s) can be proven analogously.
Step 3: We prove that Go(s)Z is invertible:

We obtain from Step 2 that

rankp s) Go(s) = rankg(s) ®(s) = rankgs) G(s) = q.
The outerness of G, (s) implies G,(s) € R(s)?*™. Further, by
(Go(iw) 2N (Go(iw) Z) = (G(iw)Z)H (G(iw)Z) VYw € R with iw ¢ A(E, A),
the assumption rankg ) G(s)Z = ¢ leads to
Go(5)Z € Gly(R(s)).
Step 4: We show that Gi(s)Go(s) = G(s):
Using the statement in Step 1 and the fact that G,(s)Z is realized by the system

(E,A,BZ,K,LZ), Lemma 3.11.3 a) leads to regularity of its Rosenbrock pencil, i.e.,

[_Sij“l %] € Cloyo(R(s)).

Lemma 3.7.3 a) then gives rise to

EA PO e

Gi(s) = [C DZ][ i I

By Lemma 3.11.3 b), Z(Go(s)Z) ' Go(s) € R(s)?* is a projector along kergs) G(s).
Then, by Lemma 3.11.4, we obtain

Gi(s)Go(5) = G(s)Z - (LZ + K(sE — A)"'BZ) " - (L+ K(sE — A)"'B) = G(s).

Step 5: We show that Gi(s) is inner:
We have to show that (Eji, A;, Bi, C) fulfills a certain descriptor dissipativity equal-
ity. Define the subspace

Vsys,i L= {<i> € Rn+2q : Aiz + Bju € im Ei}

Tl
= zo | € R4, (ng;> € Vsys and K21 + LZxzo = u
U
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Then for
1
€T X 0
<u>_ T2 | € Veys,i and Pi_[() 0]
u
we obtain
2\ [ATP,+ PTA +CTC, PTB] [«
U BiTPi -1 U
I ABZTX0+X0TABZ P 0'
=\ | [K LzZ] [0 o] |0 0] |[K Lz [00][_1] a1
— | 2 +[c pz]"[c DZ] R
u 01" [x 0 g u
i —I;] [0 0 ! i
1 TTATX + XTA+CTC XTBZ+CTDZ 0
= 9 Z'BT'X +ZTDTC Z'D'DZz 0
Kz 4+ LZxs 0 0 -1,
T
1)
Kz 4+ LZxs

w1\ ([ATX+XTA+CTC XTB+C™D] [KT w o)) (o
Z1o B'X+D'C D'D LT A
0.

Furthermore, by Proposition 3.11.2 we have

E™X 0

EiTPi:{ 0 0

E

Then by the lossless bounded real lemma for DAEs (Theorem 3.9.19), we obtain that
Gi(s) is inner. O

Example 3.11.6. For illustrating the result of Theorem 3.11.5 consider the system
given by

10 10 10 10
E:[O O]’ A:[O _1], B:[O O]’ C:{O O]’ D = 0gxo. (3.138)

The system (E, A, B,C, D) € 3355 is strongly stabilizable with transfer function
-1 1
G(S)_[O oHo 1} [o 0}_[0 o}‘
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From ETX = XTE we obtain

21 X22

f 2]

and the descriptor Lur’e equation (3.136) reduces to

2011 4+1 —mx91 w11 O ky

—wa1  —2w2 0 0 ks

z11 0 0 o Y=g [k k2 1G], (3.139)
0 0 0 0 0

where K = [/ﬁ kg] and L = [El 62}. A simple calculation shows that a stabilizing
and maximal solution of the descriptor Lur’e equation is given by the triple

e =([y o] 1 0.0 al).

Then from Theorem 3.11.5 we obtain Z = B] and
s—1 0 -1]17'To
Gi(s) = B 8 8} 0 1 0 0= H € R(s)**!,
-1 0 O -1
-1

s—1 0 1 0 1 1x2
Go(s) = [1 O] [ 0 J [0 O] = [E O] € R(s) "%
We obviously have G(s) = Gi(s)Go(s). Moreover, it is readily verified that Gi(s) and
Go(s) are inner and outer rational functions, respectively.

Remark 3.11.7 (Inner-outer factorization).

a) The even matrix pencil associated to (3.136) can be factored as

0 —-sE+ A B
s€E—A=|sET+AT CcTCc C'D
BT D'C D'D

0 0o L,J[o o0 I,][0O —-sE+A B

= |sET+AT CT of|0 I, 0] ]0O C D

BT D" o |, 0o of |I, 0 0

Thereby, we see that, for the KCF of the Rosenbrock pencil R(s) of (E, A, B,C, D),
each block of type K1 corresponding to a non-imaginary eigenvalue corresponds
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to a block of type E1 in the EKCF of s€ — A of double size corresponding to the
same eigenvalue. Further, each block of type K1 of the KCF of R(s) corresponding
to an imaginary eigenvalue corresponds to a block of type E2 in the EKCF of
s€ — A with negative sign-characteristic and double size corresponding to the
same eigenvalue. Analogous statements on the relation between blocks of type
K2, K3, and K4 in the KCF of R(s) and blocks in the EKCF of s€ — A of type
E3 and E4 can further be inferred from Theorem 3.4.2.

b) In the SISO case (that is, m = p = 1), an inner-outer factorization can be obtained
by purely algebraic considerations. The transfer function g(s) € R(s) is first
factorized as

for polynomials d* (s), d~(s), n(s) € R[s] with the property that all roots of d* (s)

are in C* and all roots of d”(s) are in C—. An inner-outer factorization is then
given by g(5) = g:(5)go(s), where

d*(s)
d*(=s)

5i(s) = == gols) =

This approach is called Hurwitz reflection [IW13].

c) If E = I,, and rank D = m, then the matrix Z in Theorem 3.11.5 becomes the
identity. Moreover, the descriptor Lur’e equation (3.136) can be reformulated as
an algebraic Riccati equation

ATX +XA+CTC - (XB+C™D)(D™D) {(XB+C™D)" =0, X=X,

The matrices K and L can be chosen as L € Gl,(R) with L = (DTD) Y2 and
K = L T(BTX + DTC). In this case we can see that the realization of Gj(s)
reduces to

(In,A—BL'K,BL™',C — DL 'K,DL™") € £, jn .
This is also the realization that has been obtained in [ZDG96, Sect. 13.7].

d) In the literature, inner-outer factorizations have been computed by employing
(generalized) algebraic Riccati equations [Gre88, OV00, ZDGI6]. In [OV00], the
Rosenbrock pencil

[—sE +A B

n+pxXn+m
c D} € R[s]
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is first transformed by orthogonal transformations such that a Rosenbrock sub-
pencil
—sE + A B

= r+qgXxXr+q
& D [s]

with nonsingular E € R and D € R9%7 can be extracted. Since DTD > 0, the
generalized algebraic Riccati equation

ATRE+ETRA+C7C
_(E"XB+07D)(D"D) N(ETXB+C"D) =0, X-X.

can be formed and solved.

3.12 Summary and Outlook

In this chapter we have given a complete theoretical analysis of the linear-quadratic
optimal control problem for differential-algebraic systems. The main assumption of
this analysis is impulse controllability, no assumptions on the index are imposed. The
basis of our theory is a new differential-algebraic version of the Kalman-Yakubovich-
Popov lemma. Resulting from this lemma we have derived a new type of alge-
braic matrix equations, namely the descriptor Lur’e equation, that attains the rank-
minimizing solutions of the descriptor KYP inequality. This equation extends both
generalized algebraic Riccati equations and Lur’e equations. We have studied the
solution theory for this equation. In particular, we have given criteria in terms of
the spectrum of an associated even matrix pencil. Furthermore, we have shown how
to construct solutions via its deflating subspaces. We have shown that for strongly
stabilizable and strongly anti-stabilizable systems, there exist stabilizing and anti-
stabilizing solutions of the descriptor Lur’e equation, respectively. These also define
extremal elements in the solution set of the corresponding descriptor KYP inequality.
Moreover, we have stated conditions for the existence of nonpositive solutions to the
descriptor KYP inequality.

We have discussed various applications of our new theory. In particular, we have
studied the linear-quadratic optimal control problem. We could show that the linear-
quadratic optimal control problem (3.1) is feasible if and only if the descriptor Lur’e
equation has a stabilizing solution. Moreover, we have shown that for strongly con-
trollable systems, the descriptor Lur’e equation has a nonpositive solution if and
only if a linear-quadratic optimal control problem with free terminal conditions is
feasible. These results have also given rise to the analysis of dissipativity and cyclo-
dissipativity of DAEs. Finally, we have shown that certain factorizations of ratio-
nal matrices, namely spectral factorizations, normalized coprime factorizations, and
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inner-outer factorizations can be carried out be solving descriptor Lur’e equations.
In particular, our theory covers the singular case which means the rational matri-
ces under consideration do not have full rank. In this sense, our theory presents a
uniform framework for solving control problems for DAEs.

Possible extensions of this theory include the consideration of systems that are
not impulse controllable or systems that are over- or underdetermined. The case of
non-impulse controllable systems has recently been treated in [RRV14]. The main
idea consists of a transformation of the system to feedback equivalence form, i.e., for
(E,A,B) € ¥y mp there exist matrices W, T' € Gl,(R) and F' € R™*", such that

[SEF — Ap BF] =W [sE —A B] {—?T IO ]
SInl — All 0 0 Bl
= 0 —Ip, ska3 By,
0 0 SE33 - In3 0

where F33 € R"3*" ig nilpotent. Then for the transformed system, the reduced
System space

x1

5 —Bsu T—l 0

Vsys,F = On3>2<1 e Rv™ . rreR™M, ueR™ 3 C Vsys,F = [—F Im] . Vsys
u

is considered, where Vyys is as in (3.5). Note that 983,5, F is the smallest subspace in
which the solution trajectories (vr,ur) € B (g, 4, B,) Pointwisely evolve. Using the
above relations, results analogous to the ones presented in this thesis can be derived
with completely the same machinery. Only the construction of the solution of the
descriptor Lur’e equation via the deflating subspaces of an even matrix pencil requires
an index reduction of the pencil sE — A, see [RRV14] for details.

In case the pencil s — A is singular, one has to perform a regularization process
[CKMI12, BLMV14] to the system (E, A, B). This procedure includes removing re-
dundant states as well as a reinterpretation of variables in case of a nonsquare system.
Reinterpretation in this context means that some states might actually be considered
as inputs and vice versa.

Another open question is the following one. In Section 3.8 we have shown that the
feasibility of the optimal control problem (3.1) directly implies strong stabilizability
and the existence of a stabilizing solution of the associated descriptor Lur’e equation.
However, such a relation is still unknown for the case of optimal control problems
with free terminal conditions. This means that it is not clear whether the finiteness
of the functionals V" in (3.99) or V" in (3.100) already implies the existence of a
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nonpositive solution to the descriptor KYP inequality (without the requirement of
strong controllability).

Another possible direction for future research is the development of numerical
methods for the solution of descriptor Lure equations. Recently, some advances have
been made in this direction for the case of standard Lur’e equations [PR11, PR12].
The corresponding algorithms are based on considerations for the deflating subspaces
of the even matrix pencil (3.10). Therefore, there is the hope that these methods can
be generalized to descriptor Lur’e equations using the solution theory developed in
this chapter.
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4 Systems with Counterclockwise Input/Qutput
Dynamics

4.1 Introduction

Dynamical systems with dissipative or cyclo-dissipative behavior play an important
role in the modeling and analysis of, e. g., flexible mechanical structures or electrical
circuits and are well-studied, see Chapter 3.

A less known property of dynamical systems is a counterclockwise input/output
(cew I/0) dynamics [Ang06]. For SISO systems, this refers to the fact that the in-
put/output trajectories have a counterclockwise motion in the input/output plane.
Closely related is the concept of a negative imaginary transfer function. These prop-
erties often occur in models associated to mechanical systems and electrical circuits
provided that certain measurements are taken. For instance, mechanical structures
with colocated force actuators and position sensors yield such systems [PL10].

Since dynamical systems of the above type are naturally modeled via differential-
algebraic equations, one is interested in the theory and numerical methods which
directly work on the given system realization. In this manner, the goal of this chapter
is to generalize the negative imaginary theory [LP08, PL10, XPL10] to descriptor
systems without performing any reductions to standard state-space systems.

Our particular focus is on deriving algebraic characterizations of the negative imag-
inary property of transfer functions, similarly to the cases of bounded realness and
positive realness. For such systems, there exist characterizations in terms of the solv-
ability of certain dissipativity inequalities and descriptor Lur’e equations (see Chap-
ter 3), given by the bounded real and positive real lemma. In this fashion, there also
exists a negative imaginary lemma, for standard state-space systems [PL10, XPL10],
as well as for descriptor systems [MKPL12]. However, [MKPLI12] does not provide
necessary and sufficient conditions for negative imaginariness and the conditions on
the solution of the LMI are so strong that they are almost never fulfilled. Further-
more, LMI conditions have several disadvantages: they pose certain conditions on the
system such as controllability, and LMIs are very expensive to solve, i.e., infeasible
for larger systems. Therefore, spectral conditions of structured matrices and pencils
have been developed. There are conditions for cyclo-dissipativity in terms of Hamil-
tonian matrices [Wil71, Rem. 28] for the standard state-space case and even matrix
pencils, given by Theorem 3.4.2. Recently, a similar approach has been used to de-
rive a Hamiltonian matrix to check negative imaginariness of a standard state-space
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system given in minimal realization [MKPL11b]. This chapter generalizes this result
in multiple directions. First, we formulate conditions for descriptor systems by using
the more general concept of even matrix pencils without posing any very restrictive
assumptions on the realization. Second, we cover all possible boundary cases in a
uniform way by analyzing the eigenstructure of this pencil in a similar fashion as in
Theorem 3.4.2.

The second part of this chapter deals with the question how to restore the negative
imaginary property of a transfer function in case that it is lost due to errors in
the modeling process. We will give a more detailed motivation and explanation
in mathematical terms in Section 4.4. There is a huge list of papers concerning
restoring dissipativity of dynamical systems such as [GT04, GTU06, SS07] and more
recently [BS13]. All of them rely on perturbing certain eigenvalues of Hamiltonian
matrices or even matrix pencils. The paper [MKPLI11a] about the restoration of the
negative imaginary property is also based on [GT04, GTUO6]. In this chapter we
will adapt this strategy for descriptor systems using the eigenvalue characterization
for even pencils. One focus of our work is also the usage of structure-preserving and
-exploiting algorithms to obtain the quantities that are needed for the perturbation
of the eigenvalues in a more efficient, reliable, and accurate manner.

The remainder of this chapter is structured as follows. In Section 4.2 we intro-
duce the concepts of ccw I/O dynamics for descriptor systems, negative imaginary
transfer functions, and discuss some basic properties. In Section 4.3 we derive the
spectral characterizations of structured matrix pencils for negative imaginariness. In
Section 4.4 we suggest an algorithm which can be used to restore the negative imag-
inary property of a system if it has been lost by approximating the system by, e. g.,
reducing the model order. Finally, in Section 4.5 we summarize this chapter and
point towards further possible research directions.

4.2 Systems with Counterclockwise Input/QOutput Dynamics
and Negative Imaginary Transfer Functions

First, we introduce the notion of a system with counterclockwise input-output dy-
namics and adapt the definition to systems (E, A, B,C, D) € ¥y, . p.

Definition 4.2.1. A descriptor system (E, A, B,C, D) € ¥, , , has a counterclock-
wise input/output dynamics if m = p and it holds that

T
/0 y(T)Tu(T)dT >0 (4.1)

loc

for all T > 0 and all (z,u,y) € B(g a,5,0,0)(0) such that § € L2 ([0,00),RP).
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4 SYSTEMS WITH COUNTERCLOCKWISE INPUT/OUTPUT DYNAMICS

Roughly speaking, a ccw I/O dynamics can be interpreted as passivity with respect
to the derivative of the output (instead of the output itself). This will be made more
precise in the following lemma.

Lemma 4.2.2. Consider a system (E,A,B,C,D) € X, ,m with strictly proper
transfer function G(s) € R(s)™*™. Assume that G(s) has a state-space realization
(Ir, A11,B1,Ch) € ppm- Then (E, A, B,C, D) has a ccw I/O dynamics if and only
if the system (I, A11, B1,C1A11,C1B1) € Xy m 1S passive.

Proof. We can assume w.l.0.g.that sE — A € R[s]"*"™ is given in QWF, i.e.,

. I, 0 A 0 B,
(E7A7B707D)_<|:0 E22:|7|: 0 In—r:|7|:BZ:|7[Cl C2]7D>7

where Ay; € R™", Eyy € R"™ """ ig nilpotent with index of nilpotency v, and
By € R™™™ By € R*"™m (€ RP*" and Cy € RP*"". Since G(s) is strictly
proper, it holds that

D — 03By =0, CyF»By=...=CyEYy By =0.

Thus, the system (F, A, B,C, D) has ccw I/O dynamics if and only if (1., A1, By, Ch)
has ccw I/O dynamics.

Now assume that (E, A, B,C, D) has a ccw I/O dynamics. Since (I, A11, B1,Ch)
has ccw I/O dynamics, this implies that

T
/0 g(T)Tu(T)dT >0

for all T > 0 and all (z,u,3) € B, a1, .81.c1A1,c18)(0) with i € L2 ([0,00),RP).
By Definition 3.9.16 b), this means that (I, A11, B1, C1A11,C1By) is passive.

On the other hand, if (I, A11, B1,C1A11,C1By) is passive, one can conclude that
(I, A11, B1,C1) has a ccw I/O dynamics and consequently (E, A, B, C, D) has a ccw

I/O dynamics. O
Remark 4.2.3. By the definition in [Ang06], a system (E, A, B,C, D) has a ccw I/0O
dynamics if m = p and it holds that

inf {/0 y(T)Tu(T)dT Dz, u,y) € B(E,4,B,0,D)

loc

with § € £? ([o,oo),Rp)} > —00.

By Theorem 3.8.13 and Lemma 4.2.2, this definition is equivalent to ours if the system
(E, A, B,C, D) is behaviorally controllable and has a strictly proper transfer function.
In [BV13] it was erroneously claimed that both definitions generally coincide. This
puts also doubts on the general validity of [Ang06, Prop. I11.3] and [CH10, Lem. 2.1].
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Now assume that Gpoly(s) = My is the polynomial part of G(s). In [CHI0] it has
been shown that if My = MOT > 0, the passivity of (I, A11, B1,C1A11,C1B1) also
implies a ccw I/O dynamics of (I, A1, B1,C1, My) with proper transfer function
G(s) € R(s)™*"™ or equivalently a ccw I/O dynamics of a system (E, A, B, C, D) with
the same transfer function G(s). Furthermore, it turns out that for stable systems
(E,A, B,C,D) € %y, y.m with proper transfer function and My = MJ > 0, a ccw 1/O
dynamics is equivalent to a negative imaginary transfer function G(s) € R(s)™*"™.

We will intensively study the rational function

B(s) == 1(G(s) — G~(s)) € iR(s)™™, (4.2)

This function will play a similar role as the Popov function for dissipative systems,
however here ®(s) has some different features as discussed below.

Definition 4.2.4 ((Strict) negative imaginariness). A function G € RHZ*™ is called
a) negative imaginary if ®(iw) > 0 for all w > 0;
b) strictly negative imaginary if ®(iw) > 0 for all w > 0.

Note, that the above definition can be generalized to allow ®(s) to have poles on
the imaginary axis [XPL10]. However, since this chapter focuses on transfer functions
G € RHZ*™, we do not need this more general definition.

As for ccw I/O dynamics and passivity, there exists a relation between negative
imaginariness and positive realness of transfer functions.

Lemma 4.2.5. [XPL10, Lem. 3, Lem. 4]

a) A strictly proper G € RHZ*™ is negative imaginary if and only if sG(s) €
R(s)™*™ 4s positive real.

b) A proper G € RHI*™ with constant polynomial part My is negative imaginary if
and only if Mo = Mg and s(G(s) — Mp) € R(s)™*™ is positive real.

The properties above can be related to (4.1) as the derivative in the output gen-
erates an additional factor s when taking Laplace transforms. Next, we show an
important symmetry property of the function ®(s).

Lemma 4.2.6. [BV13, Lem. 4] Let G € RHZ*™ and ®(s) € iR(s)™*™ as in (4.2)
be given. Then we have A (P(iw)) = A (—P(—iw)) for all w € R.

Proof. First note that i (G(iw) — G"(iw)) = —i (G (iw) — G(iw)) which means that
®(iw) is Hermitian and thus has a purely real spectrum for all real values of w. Thus
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Figure 4.1: Schematic illustration of the spectrum of ®(i-) for a negative imaginary
transfer function
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Following from Lemma 4.2.6, the eigenvalue curves of the matrix-valued function
®(iw) are symmetric with respect to the origin, see also Figure 4.1.

4.3 Spectral Characterizations for Negative Imaginariness

In this section we derive algebraic characterizations for negative imaginariness of
transfer functions in terms of spectral conditions of even matrix pencils. We formulate
these conditions by using the given descriptor system realization (E, A, B,C, D) €
Yn,m,m Without transforming it to standard state-space form. This has some advan-
tages for computational considerations as performing such a transformation might be
an ill-conditioned problem and thus should be avoided whenever possible.

First we can formulate following preliminary result and give a corrected proof.

Theorem 4.3.1. [BV13, Thm. 1] Let G € RHZ*™ and iwy ¢ A(E, A) be given.
Assume that ®(s) € iR(s)™*™ is as in (4.2). Then ®(iwo) is singular if and only if
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4.3 SPECTRAL CHARACTERIZATIONS FOR NEGATIVE IMAGINARINESS

the even matriz pencil

0 siE —iA —iB
s€ —A:= [siET +iAT 0 icT € iR[s)2ntmx2ntm (4.3)
iBT —-iC (DT - D)

1s singular or has the eigenvalue iwy.

Proof. Let ®(iwp) be a singular matrix. First, we see that
-1
®(iwn) = iC(iwo (i) —i4) 1B +iD

—~iBT (iwo(iBT) - (- iAT)>_1 (—iCT) —iDT

. . . -1 .
i T 1w0(1E) —iA 0 iB T
= [IC iB ] |: 0 iUJO (IET) —|—1AT —ICT +1(D D )
(4.4)
From Proposition 2.2.25 and Lemma 2.2.26 it follows that the matrix
0 iwo (iE) —iA —iB
iwpE — A= |iwg(iET) 4+ iAT 0 icT
iBT —iC i(DT — D)

is singular, i.e., the pencil s€ — A is singular or has the eigenvalue iwy. On the other
hand, if s€ — A is singular, then it follows from Lemma 2.2.26 that ®(s) does not
have full rank, and therefore, ®(iwp) is singular. If iwg is an eigenvalue of s&€ — A,
then Proposition 2.2.25 yields that iwp is a zero of ®(s) since uncontrollable and
unobservable modes have been excluded by assumption.

O

From Theorem 4.3.1 we conclude that G € RH*™ is strictly negative imaginary
if and only if My = M, there exists an wp > 0 such that ®(iwg) > 0, and the cor-
responding even matrix pencil s€ — A has no nonzero, purely imaginary eigenvalues.
Graphically, this means that the eigenvalue curves of ®(iw) lie all above the zero level
in the positive frequency range. However, there is the boundary case of eigenvalue
curves that touch the zero level (and hence generate purely imaginary eigenvalues in
s€ — A) but do not cross it. These boundary cases are treated in the next theorem.

The following lemma is needed for the proof and is an adaption of Lemma 3.4.1.

Lemma 4.3.2. [BV13, Prop. 4] Let s€ — A be given as in (4.3). Then there exists
a congruence transformation U (iw) € C2Hmx2ntm for qll iw & A(E, A) such that

0 w(iE) —iA 0
UM (iw) (iw€ — AU (iw) = |iw(iET) +iAT 0 0o |,
0 0 —®(iw)
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where ®(s) € iR(s)™*™ is as in (4.2) and

I, 0 —(w(iET)+id")HiCT
I, (w(iE)-iA)"'iB
0 m

0
0

Theorem 4.3.3. Assume that iw € A(E, A) for all w € R, and let G € RHZ*™ be
given. Assume that ®(s) € iR(s)™*™ is as in (4.2) with ¢ = rankc(,) ®(s) and that
the associated even matriz pencil s€ — A is as in (4.3). Then the following statements
are equivalent:

a) G(s) is negative imaginary.

b) The EKCF of s€ — A has the following structure:

i) Whenever there exists an even block of type E2 associated to a p = wpy > 0, it
has positive sign-characteristic and there exists an equally sized block of type
E2 associated to p = —wg with negative sign-characteristic.

i1) There exist exactly q odd blocks of type E2 corresponding to p = 0 with neg-
ative sign-characteristic.

i11) Blocks of type E3 are either of even size or otherwise, the number of odd
blocks of type E3 with positive and negative sign-characteristic is equal.

iv) There exist exactly m — q blocks of type E4.

Proof. First we show that a) implies b): From the negative imaginariness and stability
of G(s) it follows that

®(iw) > 0 for all w > 0, and
®(iw) < 0 for all w <0,

following from Lemma 4.2.6. Then there exists a function a : R — N which is zero
except for a finite set of values of w such that

o In(iw€ — A) = (n,m —q+a(w),n+q— a(w)) for w > 0,
e In(—A) = (n,m,n) = (n,m—q+a(0),n),
e In(iwE —A)=n+q—alw),m—q+aw),n) for w < 0.

Roughly speaking, the function a(w) describes the change of inertia in the case that
eigenvalue curves touch the zero level at w. Now we analyze which block structures
in the EKCF of s€ — A can produce such an inertia pattern. First of all, s€ — A has
at least m — ¢ zero eigenvalues for all values of w. Hence, according to the EKCF we
have m — q blocks of type E4. We consider the subpencil s& — A; € C[s]?™1T9x2ni+q
of s€ — A without these blocks which has the inertia pattern
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e In(iw&; — A1) = (n1,a(w),n1 + ¢ — a(w)) for w > 0,
e In(—Ay) = (n1,¢,m) = (n1,a(0),n1),
e In(iwé — A1) = (n1 +q — a(w),a(w),n;) for w < 0.

From this structure, we can deduce that there exist ¢ odd blocks of type E2 corre-
sponding to u = 0 with negative sign-characteristic. By again removing these from
s&€ — A, we obtain the subpencil s — Ay € C[s]?"2%2"2 with

o In(iw& — A2) = (n2,a(w),n2 — a(w)) for w > 0,
® In(—.AQ) = (RQ,O,TLQ),
o In(iw& — Az) = (n2 — a(w), a(w),n2) for w < 0.

Now, we see that the remaining blocks of type E2 are of even size. Whenever there
exists such a block associated to a u = wg > 0, it has positive sign-characteristic and
there exists an equally sized block of type E2 associated to u = —wgy with negative
sign-characteristic. When removing these blocks as well, there remains a subpencil
5E€3 — Az € C[s]?"3X2m3 of s€5 — Ay with

o In(iw€s — A3) = (n3,0,n3) for w > 0,
o In(—A3) = (n3,0,n3),
° In(iwé'g — .Ag) = (ng,O,ng) for w < 0.

This shows that all blocks of type E3 are either of even size or otherwise, the number
of odd blocks of type E3 with positive and negative sign-characteristic is equal. This
shows the assertion.

To prove that b) implies a) one has to use the same argumentation backwards. By
constructing a matrix pencil with the given blocks, one can show the properties of
the inertia of the matrix pencil s€ — A as given here hold. From this fact one can
conclude that G(s) is negative imaginary by employing Lemma 4.3.2. OJ

Remark 4.3.4.

a) The even matrix pencil s€ — A has purely imaginary coefficients. However, from
a numerical point of view it is desirable to work in real instead of complex arith-
metics. This can be achieved by dividing both coefficient matrices by i. We
obtain

0 sE—A —-B
sH—S:= |sET + AT 0 cT € R[s]?nmx2ntm, (4.5)
BT -C D'-D

However, instead of an even pencil, sH — S is an odd matriz pencil, see below.
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b) A matrix pencil P(s) := sH —S € C[s]"*" is called odd, if P~(s) = —P(s), i.e.,
H = H" and S = —S". Since every odd matrix pencil is equivalent to an even
one (which follows by a multiplication with i), it is clear, that odd matrix pencils
admit the same spectral symmetry as even ones.

4.4 Enforcement of Negative Imaginariness

Often, the systems that we consider are only approximations to the real system
dynamics. This happens, if we, e.g., apply model order reduction [BMS05] to a
large-scale system or if we approximate the system by rational interpolation via fre-
quency response data (like vector fitting [Ant05], or interpolation via Lowner matrix
pencils [LA10]). In this way it can easily happen that the negative imaginariness of
the system is lost due to the modeling or approximation error. It is important to
keep this property since otherwise this could lead to physically meaningless results
when simulating the model. Therefore, one is interested in a post-processing proce-
dure to restore negative imaginariness without introducing too large perturbations to
the dynamical system. The method we will use here is an adaption of the concepts
presented for passivity enforcement in [GT04, GTU06, SS07]. From Theorems 4.3.1
and 4.3.3 it follows that (strict) negative imaginariness is connected to the spectrum
of a related imaginary even (or as shown above real odd) matrix pencil. Thus, our
method is based on the computation of a perturbed descriptor system with realiza-
tion (E,A, B, C, D) € X mm and transfer function G € RHZ*™ which is negative
imaginary and the error Hé — GH is small in some system norm. The computation
is performed by perturbing the nonzero, purely imaginary eigenvalues of the related
matrix pencils off the imaginary axis. In our considerations, we keep the matrix pen-
cil sE— A to preserve the modes of the system. So, there is no risk of loosing stability
if A(E,A) C C~. Following from the decomposition (2.12), we have to perturb B
or (' if there is a violation of negative imaginariness in the dynamic part. We will
discuss in detail which matrix is the best choice for this. Furthermore, we have to
modify the matrices D, Bs, or C if the matrix My is not symmetric. In this section
we will always implicitly assume that ranke () ®(s) = m and that A(E,A) C C~ so
that the system is asymptotically stable.

4.4.1 Some Useful Results

First, we need a basic spectral perturbation result for general matrix pencils.

Proposition 4.4.1. [SS90] Let sE — A € R[s]™™ be a given matriz pencil and
let v, w € C" be right and left eigenvectors corresponding to a simple eigenvalue

A=3 = z:gz Let s(E + AE) — (A + AA) be a perturbed matriz pencil with
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etgenvalues A= 2. Then it holds that

sy

a  a+uwlAdv 9
5= G+wiape 0 (4.6)

where € = H [AA AB} H2

Next, we want to apply this lemma to the special case of an odd matrix pencil. Let
v € C?*™™ be a right eigenvector of the odd matrix pencil sH — S € R[s]?nTm*2n+m
corresponding to the eigenvalue A. Then we obtain

0= A\Hv — Sw.

Now, by taking the conjugate transpose of the above equation and using H' = H
and ST = —S, we obtain

0= M"HT — 78T = XHH + 08,

So, when X is purely imaginary and hence A = —\, we get that if v is an associated
right eigenvector, v is also a corresponding left eigenvector. Let A\ = % be a simple,
purely imaginary eigenvalue of an odd matrix pencil sH —S. For a perturbed matrix
pencil of the form s (H +eH') — (S +&S’), formula (4.6) can be written as

a a+eflSv

Theorem 4.4.2. [BV13, Thm. 3] Consider a transfer function G € RHZ*™ and let
®(s) € iR(s)™*™ be as in (4.2). Let furthermore v € C*"*™ be a right eigenvector
of sH — S € R[s]>tmx2ntm g5 in (4.5) corresponding to a nonzero, simple, purely
imaginary eigenvalue iwg and let v(w) be an eigenvalue curve of ®(iw) that crosses
the level zero at wo, i.e., v(wp) = 0. Then the slope of v(w) is positive (negative) at
wo if vHHY >0 @WHHY < 0).

Proof. The proof strongly follows the line of argumentation of [SS07, Thm. 2] and is
motivated by the following idea. To decide whether the curve increases or decreases
at the point wy, we compute the point wg + §, where the curve crosses the level
with € > 0 and then check whether § is positive or negative. Therefore, we consider
the eigenvalues of the perturbed matrix pencil

sH—S::=sH — (S +8),

where
00 0 00 0
d d
S’:Cfg :d—ooo =10 0 0
Cle=0 % |0 0 ier, 0 0 il,

153



4 SYSTEMS WITH COUNTERCLOCKWISE INPUT/OUTPUT DYNAMICS

0.2
_orf |
5 e
< 01l 1
_0.2 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Figure 4.2: Characterization of negative imaginariness violation points and corre-
sponding slopes

The matrix S; is obtained by analyzing at which frequencies the eigenvalue curves of
®(iw) cross the level g, or equivalently at which frequencies the eigenvalue curves of
®(iw)—elpy, cross the zero level, see (4.4). Note that we do not consider a perturbation

of the matrix H, since

b _ 4K

de |y
Furthermore, the matrix S’ is skew-Hermitian. Let iwg be a finite eigenvalue of sH—S
and let iw. be the corresponding perturbed eigenvalue of sH — S.. Then, by (4.7) it
follows that
H H ¢/
, v'Sv +ev” S 2
iwe = RCTT + 0 (g%)
o+ WS
=iwg +e——
0 = VY

+ 0 (£?). (4.8)

In other words, we have

dw, B S

de |._, MHv
Since v and € can be interchanged, the eigenvalue curve crossing the zero level at wq
has the slope

1 iwHHo
T dw - HcC,
we=wo de v Sy

¢ dv

e=0

Now, we conclude the assertion as S’ = iS with a positive semidefinite matrix S. O

In Figure 4.2, ®(s) for a non-negative imaginary transfer function is depicted with
intersection points of the eigenvalue curves with the zero level and corresponding
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slopes depicted by triangles. With this characterization we can now think about
moving the nonzero, purely imaginary eigenvalues of sH — S off the imaginary axis in
order to enforce negative imaginariness. Therefore, we need the positive imaginary
eigenvalues of sH — S and the corresponding eigenvectors. To compute these, we
reformulate the odd eigenvalue problem into a Hamiltonian/skew-Hamiltonian one
and use a structure-preserving algorithm [BBMX99] to solve it. Then, we can also
use a structure-exploiting technique to obtain the corresponding eigenvectors. We
will describe this in detail in Subsections 4.4.7 and 4.4.8.

4.4.2 Choice of the New Frequencies

From Figure 4.2 we can see that it is reasonable to assume that the “size” of the
violation of negative imaginariness decreases if we move the nonzero, purely imaginary
eigenvalues of sH — & with negative slope to the right and those with positive slope
to the left. Let the frequencies w;, where the eigenvalue curves cross the zero level, be
ordered in increasing order, i.e., 0 < w1 < w2 < ... < wg. We choose a proportional
displacement between w; and w;y; [SS07] and obtain

wi + a(wit1 — w;), v!’"Hvi <0,i#k#1,

~ 1+ 20)w; U, <0, i =k,

G = (120 v TR (4.9)
wi — aw; — wi—1), v Hu; >0, i # 1 #k,
(1 —2a)w;, oHHY; >0, i =1,

where o € (0,0.5] is a tuning parameter. It seems appropriate to use o = 0.5 since
then the transfer function would be negative imaginary in just one step. However, the
first order perturbation theory only holds in a small neighborhood around w;. There-
fore, taking o = 0.5 might be ill-advised since it corresponds to a large perturbation.
Instead, we suggest to use smaller values of a (depending on the problem) and to
apply the whole method multiple times, until the negative imaginariness is enforced,
see also [SS07]. We remark, that when ka’Hvk < 0, the system violates the negative
imaginary property at infinity. To restore this we have to move the eigenvalue iwy, to
infinity. It is not possible to do this numerically. Hence we define a threshold n and
declare all eigenvalues whose magnitudes are larger than 1 as numerically infinite.
There are particular situations where the rule above might not lead to the desired
result. Consider, for example, the situation depicted in Figure 4.3. Here, there
are two intersected intervals in which negative imaginariness is violated. This is
characterized by two subsequent intersection points of the eigenvalue curves with the
zero level which have negative slope followed by two intersection points with positive
slope. When successively applying formula (4.9), the second and third frequency
point would form a double intersection point (assuming that we are able to exactly
perturb these frequency points which is actually not the case). This means that
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Figure 4.3: Depiction of ®(i-) for a non-negative imaginary transfer function having
intersected frequency intervals with negative imaginariness violations

the corresponding matrix pencil sH — S has an algebraically double nonzero, purely
imaginary eigenvalue. However, in this case we also have two linearly independent
eigenvectors which means that this eigenvalue does not generate nontrivial blocks in
the Kronecker canonical form. On the other hand, in the case that the frequency
intervals do not intersect (like in Figure 4.2), the converged eigenvalues would form
an associated block of size two in the Kronecker canonical form as there exists only
one linearly independent eigenvector. So we add the following rule to the update
formula (4.9):

~ {wi + o(wita — wi), vZHHvi <0,i#k—1,k,

W; =
H .
w; — a(w; — wi—2), vy Hu; >0, 1 # 1, 2,
if
inH’HvZ- i'U,Ej_lHUZ'_A'_]_
lwit1 —wi| <6 and >e or |—/——=——|>¢€p, Or
vHS oH Sty ’
i ( i+1°9 YVi+l
u (4.10)
;L Hvi— iv{'?—lvi
]wi — wz‘_ﬂ < ¢ and W > ¢ HS’ g ¢,
V;_10'Vi—1 v; O

respectively, where § and ¢ are predefined tolerances.

4.4.3 Choice of the System Norm

Similarly as proposed in [GTU06, SS07], we compute the perturbation that minimizes
the HLo-norm of the error &(s) := G(s) — G(s). This norm is a generalization of the
Ho-norm for non-strictly proper transfer functions, see Definition 2.2.20. Using the
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4.4 ENFORCEMENT OF NEGATIVE IMAGINARINESS

decomposition (2.12) into a strictly proper and polynomial part for &(s), we have
E(s) = Exp(s) + Epory(s). Then, the HLy-norm is given by

1 2 ) 9 1/2
e, = (1€l + 5 [ IEan@lfas) . @

Assume that the descriptor system (E, A, B,C,D) € ¥, y.m has been transformed
such that sE' — A is in QWF, i.e., there exist W, T' € Gl,,(R) such that

Ir 0 A11 0 Bl
(WET,WAT,WB,CT, D) = ({ 0 Eﬂ] , [ 0 In_r] , [BQ] [Cr Col ,D),
(4.12)
and suppose that My = M(-)r . By only perturbing B; and/or C7 we ensure that the
error &(s) is strictly proper. Then we can drop the second term of the right-hand

side of (4.11) and get

1€z, = [1€spllyz, = 1 €spllyy, -

Consider the observability Gramian G, of the subsystem (I, A1, B1,C1) € Xy mm
which is defined as the unique, positive semidefinite solution of the Lyapunov equation
[ZDG96, p. T1]

GoAy + Al,G, = —CT Cy. (4.13)

Since G, can be written as

T or

Go = / (iwl, — An) M CTCy (wl, — An) ™' dw,

—0o0

and due to the relation [ZDG96, Lem. 4.6]
IGl3, = tr (BTG.B).

we have €|, = [[LA[lp where L is a lower triangular Cholesky factor of G, i.e.,
Go = LTL, and A is a perturbation of By, i.e., A = El — B; with El corresponding
to a system with negative imaginary transfer function.

We remark that it is not necessary to compute the fully decoupled realization
(4.12) to solve the Lyapunov equation (4.13) to obtain L. This is also not reasonable
since the computation of this realization might be arbitrarily ill-conditioned and thus
should be avoided. There are algorithms which compute a less condensed form of the
matrix pencil sE — A, that is

_En 0| [An O
W(SE—A)T—S[ 0 E22:| [ 0 A22:|
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4 SYSTEMS WITH COUNTERCLOCKWISE INPUT/OUTPUT DYNAMICS

where W, T' € Gl,(R) and sE1; — A1 € R[s|"™*", sFEyy — Aoy € R[s]" """ are the
subpencils of sE— A that correspond to its finite and infinite eigenvalues, respectively.
These algorithms basically work in two steps. In Step 1, an upper triangular form
with eigenvalue separation of the pencil sE — A is computed, i. e.,

En E12:| _ [An A12:|

0 o 0 Ag (4.14)

P(sE—-—A)Q=s [
with orthogonal matrices P, @ € R"*". This can be done by the QZ algorithm with
subsequent eigenvalue reordering [GLI6], the GUPTRI algorithm [DK93a, DK93b],

or the disk function method discussed in [BB97, SQO04]. Let PB = {gl
2

CQ= [C’l 02] be partitioned according to the block structure of (4.14). Now, Step
2 consists of block-diagonalizing the pencil (4.14). This can be achieved by solving
the generalized Sylvester equation

and

AnY +ZAsx +A12 =0, EnY + ZEy» + E12 =0, (4.15)

for Y, Z € R™*" 77 see, e.g., [KD92, KW89]. Then, we define

Lz (LY
S (e}

and get

z(s|En Bz _ An A Y—s Eun 0| JAn O
0  FEx 0 A 0 Ex 0 Ay

By updating the input and output matrices, we obtain the realization

Eq 0 Aqq 0 §1 ~
<|: 0 E22:| ’ |: 0 A22:| ’ |:BQ ’ |:Cl CQ:| 7D € En,m,p (416)

with El := By + ZBy and 62 := C1Y + Cs. To compute ||Qisp||H2, we can now solve
the generalized Lyapunov equation

ElGo Ay + AlLG. By = —CT €. (4.17)

instead of (4.13).

Note, that it is sufficient to perform only Step 1 since Fi1, Ay1, and C; are not
changed while performing Step 2. However, this is only possible when we only change
the matrix B; during the enforcement procedure. This would no longer hold, if we
would also change C). This is the reason why we only apply perturbations to B
in this paper. Furthermore, note that we can compute L directly without explicitly
computing G, beforehand [BQO99, Hamg&2].
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4.4 ENFORCEMENT OF NEGATIVE IMAGINARINESS

4.4.4 Enforcement Procedure

Now, as we know how to move nonzero, purely imaginary eigenvalues of odd ma-
trix pencils sH — S and which system norm we use to compute the optimal per-
turbation, we are now going to actually compute this perturbation, similarly as in
[GT04, GTUO06, SS07]. We follow and adapt the argumentation in [SS07] to derive
our enforcement procedure. We consider the matrix pencil (4.5), where sE — A is
now given in the form (4.14) and B and C are properly updated, i.e.,

0 0 SE11 - A11 SE12 — A12 —Bl
0 0 0 SEQQ - A22 —B2
sH—S= |sE]| + A]} 0 0 0 ct (4.18)
sET, + Al, sEJ,+ Al 0 0 Cy
BT B] ~C -Cy, D'-D

We perturb the matrix pencil (4.18) by replacing By with By + A. The perturbed
matrix pencil sH — S can then be written as sH — S = sH — (S + 3) with

0 000 A
0 000 O
S=| 0 000 0 (4.19)
0 000 O
AT 000 0

Let v; be a right eigenvector of sH — & corresponding to a simple eigenvalue iw;.
Then, by (4.8) the imaginary eigenvalues iw; of sH — S and those of sH — S are
related via the first order approximation

~ U?S\’UZ'

P — w; = ) 4.20
Wi ileHvi ( )

It holds that
UZHS\UZ‘ = ’UHA’U% - ’U%AT’UH
= 2iIm (v} Avs), (4.21)

where v; = (v ... U%)H € C?™m ig partitioned according to the block structure

of (4.18). Vectorizing the matrix A in (4.21) gives
legvi =2ilm (v;g ® UH) vec (A).

By inserting this into (4.20) we obtain

A Im (v ® vl}) vec (A) = &; — w;.

i TtV
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4 SYSTEMS WITH COUNTERCLOCKWISE INPUT/OUTPUT DYNAMICS

By gathering these relations for all purely imaginary eigenvalues with positive imag-
inary part, we get the linear system of equations

Zvec(A) =w—w, (4.22)

where @ = (@1 ... L~dk)T, w=(w ... wk)T, and the i-th row of Z € RF*™ ig
given by

2
T T H
€; 7 = mlm (’UZ'S ®Ui1)7

7

where e; € R¥ denotes the i-th canonical unit vector. To compute the optimal
perturbation A, i.e., the one that satisfies (4.22) and minimizes || & ||, , we have to
solve the minimization problem

min ||LA| subject to Z vec(A) =w — w.
AGR'PXm

If (E,A,B,C,D) € ¥, is behaviorally observable, then the observability Gramian
G, is positive definite with a nonsingular Cholesky factor L [ZDG96]. Therefore, we
can perform the change of basis Ay := LA and obtain the equivalent minimization
problem

min ||Ar||p subject to Zp vec(AL) =w —w, (4.23)
ALeRer

where Z;, = Z (I ® L_l). Note that the i-th row of Z; can be computed as

e Zp=eZ(I®L™) = Im (v5 ® viL ). (4.24)

H
UZ» V;

This avoids the explicit construction of the matrix I ® L~!. Now the minimization
problem (4.23) transforms to the standard least squares problem

min ||vec (Ap)l||, subject to Z vec(Ar) =w — w.
ALeRer

Its solution is formally given by the Moore-Penrose inverse ZZ’ of Z1,, namely
vec (AL) = Z] (0 —w).
Finally, the desired perturbation is given by

A= L_IAL.
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4.4 ENFORCEMENT OF NEGATIVE IMAGINARINESS

4.4.5 Enforcing Symmetry of the Polynomial Part

As shown by Lemma 4.2.6, a negative imaginary transfer function G € RHLZ*™
satisfies My = MOT, where My = limy,_,o G(iw). It might happen, that this property
is also lost during the modeling process. In this section we will briefly describe
how to restore the symmetry of My. First, we actually compute this matrix. This
can be done by transforming the system (E, A, B,C,D) into the decoupled form
(4.16). Since G(s) is proper, we directly obtain that My = D — 6’2A521Bg. Note, that
computing the form (4.16) might be ill-conditioned, as solving a generalized Sylvester
equation might be. Hence, this operation should be avoided when it is clear, that M
is symmetric.
Now assume that My is not symmetric. Then

My—MJ =F=T-T",

where T is defined as the strictly upper triangular part of the skew-symmetric error
matrix F. In this way we perturb the matrix D as

D:=D—-T.

The error caused by this perturbation in the HLs-norm of the system is given by

1 2 ) 9 1/2
lellic, = (5 [ IP@Nas) =171

see (4.11).

4.4.6 The Overall Process

From the considerations above we can now state the procedures for enforcing the
symmetry of My in Algorithm 4.1 and negative imaginariness in Algorithm 4.2.
Note, that when Algorithm 4.1 has been performed, the triangularization of sEl — A
has already been done, so this step can be omitted in Algorithm 4.2.

We briefly summarize how to solve some specific subproblems with available soft-
ware tools. In particular, we mention routines implemented in MATLAB and FOR-
TRAN (within the software packages LAPACK' and SLICOT?). Algorithms which
have only been implemented in FORTRAN can be called by MATLAB by using its
mex functionality. See Table 4.1 for an overview. Note that the SLICOT routine
MBO4BD is actually designed to compute the eigenvalues of a skew-Hamiltonian/Ha-
miltonian matrix pencil. However, as pointed out in the next subsection, there is a
close connection between skew-Hamiltonian/Hamiltonian and odd matrix pencils.

'"http://www.netlib.org/lapack/
*http://slicot.org/
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4 SYSTEMS WITH COUNTERCLOCKWISE INPUT/OUTPUT DYNAMICS

Algorithm 4.1 Algorithm for enforcing symmetry of M
Input: Asymptotically stable descriptor system (E, A, B,C,D) € ¥, p.
Output: Descriptor system (E, A, B, C, 15) with symmetric constant part.
1: Triangularize the matrix pencil sE — A, i.e., compute orthogonal P € R™*" and
Q € R "™ such that

puop - apo s [ B [n du]

0 E22 0 A22

2: Set B:=PB = |:Blj| and C:=CQ = [Cl 02]
By

3: Solve the generalized Sylvester equation

AnY +ZAx» + A2 =0, EnY + ZEy»+ Eip =0.

Update Cy := C1Y + Cs.

Compute My :=D — C2A2_2132

Compute the strictly upper triangular part of My — M(-)r , denoted by T.
Set D:=D—T.

4.4.7 Reformulation of the Odd Eigenvalue Problem

This subsection provides some details about the solution of the odd eigenvalue prob-
lem. First, we transform the matrix pencil s# — S to a related Hamiltonian/skew-
Hamiltonian pencil sH — S i.e., H is Hamiltonian and S is skew-Hamiltonian.

Then, we can apply the structure—preservmg method presented in Subsection 2.1.3
to compute the eigenvalues of sS —H. The related eigenvectors can also be computed
in a structure-exploiting manner by using the generalized symplectic URV decompo-
sition, see (2.4). More details on this will be given in the next subsection.

Consider now the odd matrix pencil sH — S € R[s]?"+™*2n+m  Recall that every
Hamiltonian /skew-Hamiltonian matrix pencil has even dimension. So, if m is an odd
number, we first increase the dimension of sH — S by one. We define the numbers

1
r:=mmod2, k:=n+ §(m+7“).
Then, similarly as in Subsection 2.1.3, the pencil
sH—-S 0
0 I,

S’H—g::jk[

is Hamiltonian/skew-Hamiltonian. If the dimension is increased by one, an addi-
tional infinite eigenvalue is introduced. Now, we can compute the purely imaginary
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4.4 ENFORCEMENT OF NEGATIVE IMAGINARINESS

Algorithm 4.2 Algorithm for the enforcement of negative imaginariness
Input: Asymptotically stable and behaviorally observable descriptor system
(E, A, B,C, D) such that wh_)rrgo ®(iw) = 0, control parameters 0 < o < 0.5, 6 > 0,
e > 0.
Output: A negative imaginary descriptor system (E, A, E, C, D).
1: Triangularize the matrix pencil sE — A, i.e., compute orthogonal P € R™*" and
Q € R™ "™ guch that

P(sE— A)Q = s [En E12:| _ [An A12:| ‘

0 E 0 Ay

2: Set B:=PB = [Bl] and C:= CQ = [C1 ().
By

3: Compute the Cholesky factor L of the observability Gramian G, = LT L by solving
the generalized Lyapunov equation (4.17).

4: Compute the purely imaginary eigenvalues of the odd matrix pencil sH — S from
(4.18) with positive imaginary part.

5: while sH — S has nonzero, purely imaginary eigenvalues do

Choose new eigenvalues as in (4.9) and (4.10).
7. Solve A Iél]én |vec (Ar)||, subject to Zr, vec(Ar) = w—w with Z7, asin (4.24).
L ERrxm

Update By := By + L™'Ay and update S accordingly.
Compute the positive imaginary eigenvalues and the corresponding eigenvec-
tors of sH — S.

10: end while

11: Set B := PTB.

eigenvalues of sS — H and the associated eigenvectors in a structure-preserving way.
Due to the symmetry of ®(i-) we only need the eigenvalues with positive imaginary
parts. Let iw with w > 0 be an eigenvalue of sS — H with eigenvector v € C?*. Then
it holds that

0= iwgv — 7’~[U

_ So— L
1w

— v +itFw
w

— o it
w

In other words, v is a right eigenvector of sS—H corresponding to iw if and only if
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4 SYSTEMS WITH COUNTERCLOCKWISE INPUT/OUTPUT DYNAMICS

Table 4.1: Survey of available software

Operation MATLAB FORTRAN
Block triangularizing sE — A as in (4.14) qz, ordqz DGGES
guptri? GUPTRI?
Solving generalized Sylvester equations as in (4.15) — SB040D
Solving generalized Lyapunov equations as in (4.17) | lyapchol SGO3BD
Computing imaginary eigenvalues of sH — & — MB04BD

v is a right eigenvector of sH—8 corresponding to i%. Now the theory presented for
odd matrix pencils in this section directly applies to Hamiltonian /skew-Hamiltonian
pencils as well. However, note that if v is a right eigenvector to a purely imaginary
eigenvalue iw, then Jpv is a corresponding left eigenvector.

4.4.8 Computation of the Eigenvectors

To compute the eigenvectors of the skew-Hamiltonian/Hamiltonian pencil sS—H €
R[s]2#*2k corresponding to the purely imaginary eigenvalues we will make use of the
generalized symplectic URV decomposition, presented in Subsection 2.1.3. Since for
our enforcement procedure we only need the positive imaginary eigenvalues, i.e.,
those with positive imaginary parts, we restrict ourselves to the computation of the
eigenvectors corresponding to these eigenvalues. The following method has already
been presented in [BV11, JV13]. Throughout the whole subsection we assume that
all purely imaginary eigenvalues are simple.

The Algorithm  Consider the symplectic URV decomposition of sS —H € R[s]2k*2k,
i.e., there exist orthogonal matrices Q1, Qo € R2k*2k guch that

~ S S
QTSI T = 61 SlTQ} )
I 11
~ [T, T
T TEL =" Tﬂ ! (4.25)
I 11
15~ _ |Hin Hi
Ql HQ2 - I 0 H22:| bl

where S19 and 119 are skew-symmetric and the formal matrix product 51_11 Hq1 T, l_llH 2T2
is in real periodic Schur form [BGD92, HL.94, KreOl]. Moreover, define the skew-

Shttp://www8.cs.umu.se/ guptri/
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Hamiltonian/Hamiltonian pencil

sS —H 0

Ry Ay € R[s] x4k (4.26)

_— T

as in (2.3) and (2.2). By using the decomposition (4.25) we can finally determine an
orthogonal matrix Q € R4%>4k gych that

Sgg — B\ﬁ L= ijQTJZE(SBlg — Bﬁ)Q

S 0 | Si2 0 0 Hp 0 Hip
_ |0 T 0 T -H, 0 | H, 0
B 0 oS, o0 0 0 0 Hxp
0 0|0 T 0 0 |-Hf ©

T
with Q = P] {‘7‘“%1*7% QOQ] Py.

To derive an algorithm for computing the desired eigenvectors we use the following

two lemmas. In the following we assume that the matrix pencil s [SH 0 } —

0 Tn
OT Hu is regular which is also equivalent to the regularity of s Suo 0
H22 0 0 Ti1

0 Hyy A
[_H;-2 0 ] and SBS BH.

Lemma 4.4.3. [JV13, Lem. 3] The vector (Zj)l) € C% with vy, va € CF is a
2

H
right eigenvector of the matrix pencil s Suo 0 O—,— - corresponding to

the eigenvalue wy if and only if _;Ul s a right eigenvector of the matrix pencil
2

s Su 0 — 0 Hu corresponding to the eigenvalue iw
0 1’711 *HS—Q 0 14 g g 0-

(%1} . . S11 0 0 H 11 3 .
Proof. Let (02> be a right eigenvector of s [ 0 Tn] [ H], 0 ] corresponding

to the eigenvalue wg. Then we have
woS1101 = Hi1va,  woTi1vs = Hapuy.
This is equivalent to

inSH(—ivl) == Hll’Ug, iUJOTH’UQ == —H;Q(—ivl).
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In other words, <—;v1) is a right eigenvector of the matrix pencil s [SH 0 ] —
2

0 111
[ ]gT 01 1] corresponding to the eigenvalue iwy. The converse direction is analo-
—dig9
gous. O

Lemma 4.4.4. [JV13, Lem. 4] The vector v € C* is a right eigenvector of the

matriz pencil s Su 0 10 T Hu corresponding to the eigenvalue Xy if and

v
0

tonian matriz pencil sgg — gﬁ corresponding to the eigenvalue \g.

only if the vector ( > € C* is a right eigenvector of the skew-Hamiltonian/Hamil-

Proof. The proof is trivial. O

As an intermediate step, we compute a matrix X whose columns contain the eigen-

i i . . 0
vectors corresponding to the positive real eigenvalues of the pencil s [Sél T ] —
11

[0 Hp
[Hy, 0

Step 1: Reorder the positive real eigenvalues of the k X k generalized matrix
product P := SﬁlﬂllTﬁlHJQ to the top, i.e., compute orthogonal matrices U; =

g U.(z)], 1=1,...,4, such that

(3 2

] . This is done by the following basic steps already summarized in [BV11].

(1) g(12) F 02
U;—SHU1 = 1 1%2 > U;-HHUS = 1 1%2 ’
0 551 ) H1(1 )
(11) (12) (11) (12)
T T H. H
UTT U — 11 11 , UTHTU — 22 22
4 1£11V3 0 Tl(fg) 4 +122Y1 0 HgQ)

are still in upper (quasi-)triangular form, but the eigenvalues of the ¢ x ¢ generalized

matrix product P = (S{%l))leﬁl)(TI(IH))AH%I) are the positive real ones of

P [GKKO3].

s o HY
| [Hy! 0

by computing orthogonal matrices V; = [Vl(l) VI(Q) , Vo = [1/2(1) {/'2(2)} € R24x24

such that
sqY o S 5 Hy H
V1T s P11 1 Vo =5 11 212) 11 1112 ,
o T4V 0 Sa 0 Ha

Step 2: Reorder the eigenvalues of s [ € R[s]?a%24

[ o g
- 11
7iY o
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where the eigenvalues of s§11 — .FNIH € R[s]7*7 are positive and those of 5522 — flgg €
R[s]9*9 are negative.

Step 3: Compute the eigenvectors of 3§11 — .FNIH, i.e., compute a matrix W € R?*?
such that Hy W = §11WD, where D € R?*Y is an appropriate diagonal matrix
composed of the eigenvalues of 5§11 7 11-

Step 4: Collect the information contained in the relevant columns of the transfor-
mation matrices to obtain

x (1)

v o

v, VW e R2x,
o Ul

Now, using Lemma 4.4.3 it turns out that

~ [—iXO)

X = X(Z) :| S (C2k><q

contains the eigenvectors corresponding to the positive imaginary eigenvalues of the

S 0 ] — [ 0 HH]. Then, by Lemma 4.4.4, the columns of the

pencil s [ 0 Ty _HL, 0

matrix [iﬂ € C**4 contain eigenvectors corresponding to the positive imaginary
eigenvalues of the pencil sB g—gﬁ. Note that all eigenvalues of this pencil have double
algebraic, geometric, and partial multiplicities. So the matrix ﬁﬂ contains only half

of the eigenvectors to each positive imaginary eigenvalue of sB s — gﬁ However, this

is not a problem, since by later turning to the original pencil sS — 71, we do not need
the other half of the eigenvectors.
Decompose the matrices

11 12
Q1 =: Qng) ngz)
o of

qu) lez)
ngl) ngz)

] , O erRxk G i=1, 2 and

Q=: ] Q) e RFxF =1, 2.

Now, the corresponding eigenvectors corresponding to the positive imaginary eigen-
values of the double-sized matrix pencil sBg — Bj; are given by

—iQP XM 4+ o'V x @

vi X _ 1| igfPxm 4 ol x®

YVi=ly | =42 = 75|02 v (11) 5 (2)
5 0 \/i 1Q1 X +Q2 X

_nglz)X(l) + ng)X(Q)

c C4k><q.
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In the equation above, only Y7 € C?¥*4 contains the desired eigenvectors of the
matrix pencil sS§—H and Y does not have to be computed explicitly. More specifically,
we can express Y] as

e 1 [ o]
V2 [ 10 x ™M 4 oV x @

Implementation and Numerical Experiments To compute the eigenvector matrix
Y1 we have implemented a FORTRAN 77 subroutine MBO4BV that is subject to be
included into SLICOT. This routine takes the output of the SLICOT routine MBO4BD
(that performs the generalized symplectic URV decomposition as in (4.25)) as inputs,
i.e., the matrices S11, 111, H11, Hoo, Q1, and Qs.

In this paragraph we also compare our structure-exploiting approach with the stan-
dard one for general eigenvalue problems, namely the QZ algorithm (with eigenvalue
reordering) [GL96]. In order to have a fair comparison of the performance of both
methods, we have also implemented a FORTRAN 77 subroutine which combines the
QZ algorithm with reordering the purely imaginary eigenvalues to the top by using
the LAPACK subroutines DGGES and DGGEV. For testing purposes, MEX-files have
been written to call both subroutines from MATLAB.

In order to test the performance of MBO4BV, we feed it with random examples which
have purely imaginary eigenvalues. We randomly generate matrices E, A € R"*",
B e R™™ C € R™" and D € R™*™ and define the transfer function G(s) =
C(sE — A)~'B + D. Define

E 0|0 0 A B 0 0

Y 0 0| 0 O C D 0 ~ln

SS-H=s | 9TE 0| |0 0 =47 —T (4.27)
0 00 0 0 —vI,|—BT -DT

If sE— A € R[s]™™™ is regular, has no eigenvalues on the imaginary axis and G €
RHZ*™, then the matrix pencil sS — H is guaranteed to have purely imaginary
eigenvalues if inf,er omax (G(iw)) < v < |G|, [BSV12a]. Theoretically, when the
distance between 7 and [|G|,_ decreases, the difficulty of the example will increase,
in the sense that the eigenvalues will be increasingly sensitive to perturbations, as
the numerical results will later demonstrate. This is due to the fact, that there are
two purely imaginary eigenvalues which almost form a non-trivial Jordan block in the
Weierstrafl canonical form. Then, the transformation matrices will be ill-conditioned,
which leads to a higher sensitivity of these eigenvalues.

Now we compare both approaches by constructing random pencils of the form
(4.27) with n = 100 and m = 5. Table 4.2 shows the performance results of both
algorithms when computing both desired eigenvalues and eigenvectors for different
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values of v = |G|z, (1 — k), from the more well- to the more ill-conditioned exam-
ples. Each row contains the results for a thousand test runs. The time measured is for
both eigenvalue and eigenvector computation. The accuracy of the results is measured
by computing the average of the relative residuals given by H ()\Z:S'v — 7—7)%“2 / il
where (A, v;) are pairs of computed purely imaginary eigenvalues and their respective
eigenvectors. The runtime is given in seconds, using the tic and toc commands in
MATLAB. Furthermore, for the QZ algorithm we have an additional column that
indicates the percentage of examples that could not be solved. This is due to the fact
that eigenvalues might be perturbed off the imaginary axis and will not be consid-
ered as purely imaginary when the distance to the imaginary axis exceeds a certain
threshold. For our tests this value is set to 1le-10. First of all, Table 4.2 shows that

Table 4.2: Comparison of the two methods for eigenvector computation; here v =

1Gl 2 (1= K)
new algorithm QZ algorithm
K runtime avg. rel. residual | runtime avg. rel. residual failure rate
1072 99.48 1.1936e-13 154.62 1.0388e-13 0.0%
1074 99.53 1.5555e-13 153.96 3.2024e-13 0.1%
1076 99.45 1.3882e-13 153.74 3.2727e-12 0.8%
1078 99.92 1.1820e-13 153.69 1.9054e-11 4.6%
10710 | 99.42 1.3450e-13 151.76 6.6909e-11 28.9%
10712 | 99.51 1.3827e-13 147.13 6.5136e-11 78.7%

the QZ algorithm needs about 50% more time to execute than the new algorithm.
However, the most important aspect of the new algorithm is the improved reliabil-
ity. We can see that the failure rate of the QZ algorithm is dramatically increasing
when the examples become more ill-conditioned. By failure we mean that the algo-
rithm extracts a different number of eigenvectors, compared to the actual number of
purely imaginary eigenvalues. Moreover, even in the cases where the QZ algorithm
successfully extracts the eigenvectors, the average relative residual becomes signifi-
cantly larger when the condition gets worse. On the other hand, the new algorithm
performs more reliably and more accurately. Its runtime and accuracy remain at the
same level from the “easier” examples to the “harder” ones.

We now briefly describe the nature of QZ algorithm’s failure by examining a small
example. Consider a randomly generated skew-Hamiltonian/Hamiltonian matrix
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pencil
70.7060 0.2769 0 0 0 0]
0.0318 0.0462 0 0 0 0
L 0 0 0 0 0 0
sS—H=s| 0 0 07060 0.0318 0
0 0 0 02769 0.0462 0
0 0 0 0 0 0
707431 0.6555  0.0971 0 0 0
0.3922 0.1712  0.8235 0 0 0
10,6948 0.3171  0.9502 0 0 0.9502 | _ b1 joxs
0 0 0 —0.7431 —0.3922 —0.6948 )
0 0 0 —0.6555 —0.1712 —0.3171
0 0 —0.9502 —0.0971 —0.8235 —0.9502]

of the form (4.27) with x = 107%. The spectrum is given by
A(S,H) = {92751, —927.51,1.161, —1.161}

with two eigenvalues at infinity. In the spectrum, only the purely imaginary eigen-
value 927.51 is interesting to us. The new algorithm successfully extracts one eigen-
vector with relative residual 1.8594e—15.

However, the QZ algorithm fails to extract the eigenvector. Since it does not
respect the structure of the pencil, all purely imaginary eigenvalues will be perturbed
off the imaginary axis. When we are selecting the purely imaginary eigenvalues, we
cannot expect that the real part of an eigenvalue is exactly zero, as it is for the
structure-preserving algorithm. Alternatively, what we do is to ask if the real part
is smaller than some tolerance. This tolerance is empirically set to 1le-10. This is
a rather tight bound, but it illustrates the behavior of the QZ algorithm quite well.
However, the real part of this eigenvalue after perturbation is 1.4079e-10. Because
the real part is slightly larger than the tolerance, this eigenvalue is not selected and
thus no eigenvector is extracted.

Finally, we can conclude that the new method to compute the eigenvectors

a) is more robust, especially for ill-conditioned examples;

b) is comparably accurate for well-conditioned examples, and significantly more ac-
curate for ill-conditioned examples;

¢) needs only about 2/3 of time to execute.
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4.4 ENFORCEMENT OF NEGATIVE IMAGINARINESS

4.4.9 An lllustrative Example

In this section we present some numerical results of the algorithm for enforcing neg-
ative imaginariness. As an example we use the constrained damped mass-spring
system described the introduction, see Figure 1.1. Since the input and the output
are colocated, i.e., at the same position, such a system has a negative imaginary
transfer function, see also [PL.10]. The system we consider has n = 11 state variables
and m = 1 input and output. To obtain non-negative imaginary test examples we
perturb the state matrix A by a matrix A with small norm. Here, we have a look on
two such example systems which have been created by a relatively large perturbation
of the matrix A.

We analyze the results for different values of the tuning parameter o and present
the relative error measured in the HLo-norm and the number of iterations needed to
make the systems negative imaginary.

Table 4.3: Numerical results for enforcing negative imaginariness of the first example

a | 05 0.4 0.3 0.2 0.1
rel. error | 0.28648 0.24260 0.17241 0.11459 0.08087
# iter. 1 5 3 1 10

0.05 0.02 0.01
0.07706 0.07634 0.07480
26 61 132

Table 4.4: Numerical results for enforcing negative imaginariness of the second ex-

ample

o ‘ 0.5 04 03 0.2 0.1 0.05 0.02 0.01
rel. error | — — — — 0.58480 0.47038 0.43616 0.42904
# iter. _ = — — 9 121 276 514

For the first example, the perturbation of A is still small enough that the algorithm
gives reasonable results for all values of a. The results are listed in Table 4.3. Note,
that for larger o additional violations of negative imaginariness are introduced since
the perturbations of the eigenvalues are too large to be captured by the first order
perturbation theory. For the second example we increased the size of the perturbation
and then the violation of negative imaginariness is so large that the enforcement
algorithm fails, if a is too big. We only get reasonable results if we further decrease
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4 SYSTEMS WITH COUNTERCLOCKWISE INPUT/OUTPUT DYNAMICS

o and make the perturbation of the system in each step sufficiently small. See
also Table 4.4 in which all results are presented. We observe that when we run
the algorithm, it often happens that there occur additional negative imaginariness
violations for larger frequencies. This is due to the fact that for these frequencies, the
eigenvalues of ®(iw) are already very close to zero and thus can be easily perturbed
to negative values. Therefore, the algorithm has to enforce negative imaginariness

(repeatedly) for these frequencies which drastically increases the iteration numbers
for smaller o.

0.3 : 0.3 :
—orig. — orig.
02l --- enf. . --- enf.
3 3
& 01| : =3 .
< X i <
0 Seeeoo-- e N . i
| | | | | |
0 05 1 1.5 2 0 05 1 1.5
w w
(a) a =05 (b) a =03
0.3 : 0.3 :
— orig. — orig.
09l --- enf. 09l --- enf.
32 3
& 01| | & 01} |
< <
0 - _/\ 0 _ _/\
| | | | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
w w
(c)a=0.1 (d) @ =0.02

Figure 4.4: Results for enforcing negative imaginariness of the first example

The numerical results are also depicted in Figures 4.4 and 4.5. For the first example
we see that for larger values of «, we perform a slightly too large perturbation as
the eigenvalue curves have some distance from the zero level. However, for smaller
values of « this distance gets smaller and the approximation gets better. For the
second example one can see that for « = 0.1 we have a large error around w = 1.1
as there is a very high peak for the negative imaginary system. But again, as «
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0.3 P : 0.3 :
" — orig. — orig.
~ 02| a0 enf | ~ 02|
3 3
01| | & 01} |
< <
0 0
0 2 0 2
w
(a) a=0.1
0.3 : 0.3 :
— orig. — orig.
~ 0.2p ~ 0.2p
3 3
e 01 | & 01 |
< <
0 0
0 2 0 2
w
(c) a=0.02

Figure 4.5: Results for enforcing negative imaginariness of the second example

decreases, also the size of the peak gets closer to the one of the original system and
the approximation gets better.

4.5 Conclusions and Outlook

In this chapter we have introduced the negative imaginary property for transfer func-
tions related to descriptor systems. We have shown equivalent conditions for negative
imaginariness in terms of the spectrum of a certain even matrix pencil. We have an-
alyzed the EKCF of this pencil and showed that it has to fulfill a certain block struc-
ture. In the second part of the chapter, we have introduced a numerical method for
restoring negative imaginariness in the case that it has been lost when applying a sys-
tem approximation algorithm such as done in model order reduction. This numerical
method relies on the structure-preserving computation of the purely imaginary eigen-
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values and associated eigenvectors of related skew-Hamiltonian/Hamiltonian matrix
pencils. Finally, we have presented some numerical results and we have discussed
the behavior of the enforcement algorithm. A future research topic might be the
analysis of an negative imaginariness enforcement procedure which also allows the
perturbation of other matrices than B to obtain more accurate results. For instance
it would be interesting to analyze whether the enforcement procedure in [BS13] could
be adapted to our problem.
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5 Computation of the Complex Cyclo-Dissipativity
Radius

5.1 Introduction

In this chapter we turn back to the concept of cyclo-dissipative systems. When
modeling cyclo-dissipative processes, it is important to reflect this property in the
structure of the model. Otherwise, simulations could produce physically meaningless
results. However, due to modeling errors, introduced, e. g., by model order reduction,
linearizations, or uncertainties in the parameters of the system, it could easily happen
that cyclo-dissipativity in the model structure is lost. In other words, a physically
cyclo-dissipative process is modeled by a non-cyclo-dissipative mathematical model.
Then it is necessary to restore this structure by a post-processing procedure, typically
known as dissipativity enforcement [BS13] (or passivity enforcement in certain special
cases, e. g., [GT04, GTUO06], or see Chapter 4 for system with ccw I/O dynamics). On
the other hand, even if the model is cyclo-dissipative, it might be close to a non-cyclo-
dissipative model. Then it is desirable to assess robustness of cyclo-dissipativity with
respect to perturbations of the model. A more precise formulation of this question
is:

What is the distance of a given cyclo-dissipative model
to the set of non-cyclo-dissipative models?

The aim of this chapter is to define the distance to non-cyclo-dissipativity, discuss its
properties and an algorithm to compute it.

A first attempt to calculate the cyclo-dissipativity radius is given in [OD05]. There
the authors consider the problem of computing the passivity radius for a stable linear
time-invariant system (I, A, B,C,D) € X, mm. Then they define the perturbed
System

#(t) = (A+Ax)z(t) + (B + Ap)u(t),
y(t) = (C+ Ac) z(t) + (D + Ap) u(t),

with Ay € C"*" A € C"™ Ag € C"™*" and Ap € C™*™ and ask the question
what is

(5.1)

Fons(A, B, C, D) := inf {H [ﬁg ﬁi]

: system (5.1) is not passive} . (5.2)
2
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5 COMPUTATION OF THE COMPLEX CYCLO-DISSIPATIVITY RADIUS

This number is also called the complex passivity radius of (I, A, B,C,D). Then
they compute the solution by solving a sequence of structured matrix perturbation
problems for Hermitian matrices. However, this approach has some disadvantages:

a) The definition of the passivity radius in (5.2) does not turn over to the corre-
sponding transfer function, defined by G(s) := C(sl, — A)™'B + D € R(s)™*™.
Instead of asking for the passivity radius one could ask for the positive realness
radius. Under system theoretic aspects they should be the same. To see that they
are not, we consider a state-space transformation of the system of the form

w04 Bl [W 0
1 0 I,||C D||0 I,
with W € Gl,(R). The associated transfer function remains invariant under such

a transformation, i.e., G(s) = 5(31'” - g)flé + D. On the other hand, for the
associated transformation of the perturbation matrices we generally obtain

Ag AE L I/Vi1 0 AA AB W 0
Mg AplllL T 0 Il [ac Ap) [0 I,

D
As Ap
7'EH[AC AD}

A B
C D

2

2
For instance, we have

it 1S I R o ] [

This means, that the definition of the complex passivity radius is a property of
the dynamical system and not of the transfer function G(s).

= 2.

b) The definition only takes the special case of passivity into account and does not
consider the case of general supply rates.

These observations are the motivation for this chapter. Our contribution is a defi-
nition of the passivity radius that is invariant under certain system transformations.
Moreover, we consider differential-algebraic systems with arbitrary quadratic supply
rates.

This chapter is structured as follows. In Section 5.2 we discuss a spectral char-
acterization of cyclo-dissipativity via an even matrix pencil and give a definition of
the complex cyclo-dissipativity radius. Since the problem of computing the cyclo-
dissipativity radius is related to structured perturbations of the even pencils, in Sec-
tion 5.3 we discuss perturbations of the various substructures, in particular, the
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5.2 THE CYCLO-DISSIPATIVITY RADIUS

singular and higher-index structures of the even pencil. In Sections 5.4 we derive a
computational procedure to compute the complex cyclo-dissipativity radius. Finally,
in Section 5.5 we present some numerical results of the algorithm and summarize the
chapter in Section 5.6, where we also point to some open problems.

5.2 The Cyclo-Dissipativity Radius

Assume that ¥ := (E,A,B,C,D) € £, and let Q, = QI ¢ RP*P G, € RPX™
and R, = R] € R™*™ be given. Let the supply rate s(-,-) be defined as in (3.101).
Our definition of the cyclo-dissipativity radius is based on structured perturbations

of the form
A B A B L1
e oo o)+ [e]am
with
e a perturbation matrix A € C™0*Po gnd
e matrices L1 € R"*™0 Lo € RP*™0 R € RPO*™ and Ry € RPO*™ defining the
perturbation structure.
The perturbation structures in £ and R can be chosen in such a way to analyze

c g} which could reflect

perturbations of a certain set of parameters of the system.

the influence of perturbations on individual entries in [

Definition 5.2.1. Define the matrices

L= [ﬂ € R"PX™0  and R :=[R; Ry € RPoXmm,
2

Then the number
rsc(3, L, R) :=inf {||A[l, : the perturbed system is not cyclo-dissipative
with respect to the supply rate s(-,-) and with A € C™0*P0}

is called the complex cyclo-dissipativity radius of the system ¥ with respect to the
supply rate s(-,-).

Remark 5.2.2 (Real cyclo-dissipativity radii). Note, that even if the matrices defin-
ing the system and the supply rate are all real, we use complex perturbations. In
general, the computation of the real cyclo-dissipativity radius is much more involved.
However, since the set of the real matrices is contained the set complex matrices, we
always have the inequality

TS,C(E> ‘Ca R) < TS,R(Zv ‘Ca R)a

where 75 g (2, £, R) denotes the corresponding real cyclo-dissipativity radius.
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5 COMPUTATION OF THE COMPLEX CYCLO-DISSIPATIVITY RADIUS

To characterize the loss of cyclo-dissipativity, we make use of the conditions in
Corollary 3.9.5. Therefore, define

0 0 0 -sE+A B
0 0 -1, C D
N(s) := 0 I, Q 0 S, | e R[s]¢ (5.3)
sET+AT CT 0 0 0
BT DT ST 0 Ry

with ¢ := 2(n + p) + m. Note that from the numerical point of view, it is preferable
to use the pencil from Corollary 3.9.5 d) rather than the one from c), because it is
constructed by only using the original data without forming explicit matrix-times-
its-transpose-like products as for the pencil in c¢). It is mentioned in [BBMX99]
that forming such products might be numerically unstable and should be avoided
whenever possible. From Corollary 3.9.5 d) it is clear that cyclo-dissipativity is lost
if and only if there exists an wp € R with iwy ¢ A(E, A) such that

NN (iwo)) # m,

where 7(-) denotes the sign-sum function as in (3.107). Define

K LT Omoxp Omgxnt ]
K — _ Mo Xp moXn+m 5.4
[KJ [Opo xntp  Opoxp R (5:4)
and consider the perturbed even pencil
Na(s):=N(s) + KT {AOH ﬂ K. (5.5)

Then we obtain

rsc(X, L, R) = inf{ lAly : n (Na(iwo)) # m
for some wy € R with iwg ¢ A(E, A+ L1AR;) and A € (CmOXpo}.

Remark 5.2.3.

a) It is easily verified that r,c(2,£,R) is invariant under generalized state-space

transformations, i. e., for W := W € Glp(R), T := 0 € Glpym(R),
0 I, 0 I,
and
—sE+A B o sE+A B A ~
& 5= [ c D} T, L:=WL, R:=TRT,
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5.2 THE CYCLO-DISSIPATIVITY RADIUS

it holds that L
rec(S,L,R) =rec(S, L, R).

This follows from the fact that UTANa(s)U has the same Kronecker structure as
Na(s) for any nonsingular U € R‘. In our case we have U := diag(W, I,,, T).
This also leads to a proper definition of the cyclo-dissipativity radius in the fre-
quency domain, since the associated Popov functions are invariant under such
state-space transformations.

The structure of the perturbations is contained in the matrix K. In this chapter,
the structure of K does not play any particular role for computational purposes.
Therefore, one could also allow different classes of perturbations as long as they are
conforming to the perturbation structure of the even pencil, given by (5.5) (with
possibly different K). However, in this case, statement a) does not necessarily
hold true anymore.

Under certain conditions, it is also possible to compute the complex dissipativity
radius. Therefore, assume that (E, A, B,C,D) € ¥, ,,, with the system space
Vsys as in (3.5) is dissipative with respect to the supply rate s(-,-) given by

Qs Ss|
ST R,| Vv

with K1 € R™P, Ky € RP2*P, Ly € R™™, Ly € RP2*™ and

Vigs 1= { (Z) € RPT™ .y = Cz + Du with (2) € vsys}

such that K1G(s) + Ly € Gl,(R(s)). From the proof of Theorem 3.7.4 and Corol-
lary 3.9.4 b), dissipativity is equivalent to the bounded realness of the rational
function Ge(s) € R(s)P*™ that is realized by

KKy K{Ly _
LIK, L{L

KJK, KJLy
LIKy LIL,

Ee L= (E67 A67 367 Ce)
E 0 A B 0 N ~ ~
= ([0 0} ’ [f{lc IA(1D+EJ ) [—Im] : [KQC K2D+L2D € Zntmmp:
Define the perturbed transfer function

Gon(s) = [1?2(0 Y LoARy) Ko(D + L2ARs) + Eg}

_[SEA— (A+LIAR)  —(B+L1ARy) ]‘1[ 0 ]
—Kl(C—FEQARl) —Kl(D+E2AR2)+L1 I,
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5 COMPUTATION OF THE COMPLEX CYCLO-DISSIPATIVITY RADIUS

Then the complex dissipativity radius 7s c(X, £, R) is given by
7s.c(2, £,R) = inf {||Ally : Ge,a(s) is not bounded real with A € C™0*P0} .

Assume that one of the following statements holds true:
a) A(FEe, Ae) C C™ and the index of sFE, — A, is at most one;

b) ¥, is given in a weakly minimal realization, i.e., it is completely controllable
and completely observable.

With the assumptions above, it is not possible that an uncontrollable or unobserv-
able mode of the system Y, in the closed right half-plane is perturbed to a pole
of Ge,a(s) for an arbitrarily small A. Since the pole perturbations are continuous
and due to the special structure of bounded real rational functions, the condition
that In4m — GoA(iw)Gea(iw) > 0 for all w € R is violated before one of the poles
of G¢ a(s) is moved to the imaginary axis. Therefore, in this case we have

Tsc(E,L,R)=rsc(E,L,R).

5.3 Perturbations of the Singular Part and the Defective
Infinite Eigenvalues

Now we study the effect of structured perturbations of the form (5.5) on the even
pencil NV(s) € R[s]**!. There are fundamental differences between perturbations
of the part of the pencil which correspond to different block types of the EKCF.
Therefore, we distinguish the “exceptional” cases of perturbations of the singular
part or defective infinite eigenvalues (i.e., those which correspond to blocks of type
E3 of size larger than 1 x 1) from perturbations of the remaining part.

5.3.1 Perturbation of the Singular Part

In this subsection we consider perturbations of the singular part of the pencil N (s).
For this analysis we assume that NV(s) € R[s]**¢ has no purely imaginary eigenvalues.
With regard to Proposition 3.2.2 and Lemma 3.4.1 this equivalent to the fact that
(E,A,B,C,D) € ¥, m,p has no uncontrollable modes on the imaginary axis and
®(s) € R(s)™*™ has no purely imaginary zeros.

First, we analyze whether and how the zero eigenvalues of a given Hermitian ma-
trix can move by a structured perturbation. The main result is summarized in the
following theorem.

Theorem 5.3.1. Let H € C™* be a given Hermitian matriz and consider the spectral
decomposition

0 0

H=[V, Vi [0 0

| )
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with Vi € C>*0 v, € C>% gnd [Vl Vg] having unitary columns, and © € RA>0
being a diagonal matrix containing the nonzero eigenvalues of H on its diagonal.
Consider a perturbed matriz

Ao [0 S S][5

with nonzero K; € RM™0* [, € RPoXE gnd A € C™oxPo. Let HY denote the Moore-
Penrose inverse of H. Then the following statements are satisfied:

a) If K1Vo =0 and K3Vo =0, then H and H have the same zero etgenvalues for all
sufficiently small A # 0.

b) If K1Va # 0, and K3Va # 0, then there exists an arbitrarily small A # 0 such
that some zero eigenvalues of H can be perturbed to positive and some to negative
etgenvalues in H.

c) If K1Vo # 0 and K2V, = 0, then there exists an arbitrarily small A # 0 such that
some zero eigenvalues of H are perturbed to positive (negative) eigenvalues in H
if and only if KoHY K] #0 (KeHTKJ £0). If KdHYK] >0 (KeHTKJ <0),
then the smallest perturbation Ag that perturbs a zero eigenvalue of H to a positive
(negative) eigenvalue of H fulfills

-
. K 0 A||K L
Aol > Aeérﬂ%wo {HAHQ . VlH (H + [Kj [AH 0} [Kj> Vi s smgular} .

(5.6)

d) If K1Vo =0 and K3Va # 0, then there exists an arbitrarily small A # 0 such that
some zero eigenvalues of H are perturbed to positive (negative) eigenvalues in H
if and only if KiyHYK] #0 (K1HYK] £0). If KiHYK] >0 (K1HTK] <0),
then the smallest perturbation Ag that perturbs a zero eigenvalue of H to a positive
(negative) eigenvalue ofﬁ fulfills (5.6).

Proof. Assume that A = eA with H&HQ = 1 and € > 0 are given and define the
matrices

011 : = VIKTAK,V + VKT AR K, W,

O : = VIKTAK Vs + VI K] AV K Vs,

O : = VI KTAK Vs + VI KT ARK V5.
This yields

[v,l VQ]HFI [Vl VQ] _ |:@+6@11 8@12:| '

8@1H2 8@22
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5 COMPUTATION OF THE COMPLEX CYCLO-DISSIPATIVITY RADIUS

Since O has no zero eigenvalues, there exists an ¢g such that © +¢01; € Gly, (C) for
all 0 < € < g9. The Haynsworth inertia additivity formula [Hay68] implies that for
all 0 < € < g¢ it holds that

In(H) =In(0©+61) +In(F(e)) = In(0) + In(F(e)),

where F(e) := €099 — 52@1H2 6+ 6911)_1 ©12. Since F'(¢) is a rational function, it
can be expanded into a Taylor series at expansion point €, = 0, i.e.,

F(e) = €0qy — €2 Z Mye* (5.7)
k=0

with My = O, (—~071011)" ©71014, see [FBK13, p. 73].
Now we prove statement a): We have

Vi w"H W %}:[G—FE@H 0}

0 0

and no perturbation of the zero eigenvalues of H is possible.
Next we show b): By the assumptions we can choose A such that ©9s # 0. From
(5.7) we have F(g) = 095 + O(e?) and thus we obtain

In(F(g)) = In(O92)

for all sufficiently small €. Now the result follows since we can choose A such that
O22 has at least one positive eigenvalue. This can be seen from the fact that by
choosing —A as perturbation, the signatures of all eigenvalues of ©95 change as well.
Now we prove statement c¢): From the assumptions it follows that ©22 = 0 and
012 = VIKJAHK V5. We obtain F(e) = 20,0710, + O(3). Moreover, it
holds that
Qo : =06he 1oy

= VAK]AK V0 'WHK] AR K v,

= VAKTAKHY K] AYK, Vs,
Let KoHtK] = PHEP with a diagonal matrix = € RPO*P0 and a unitary matrix
P € CPo*Po be a spectral decomposition. With A = AP this yields

00 = VKT AZAPN K V.

Assume that K;V5 has a nonzero entry at the (p, ¢)-th position. Then, by choosing
a nonzero value for AH at the position (r,p) (and zero at the other entries), O is a

182



5.3 PERTURBATIONS OF THE SINGULAR PART AND THE DEFECTIVE INFINITE
EIGENVALUES

matrix with exactly one nonzero eigenvalue that has the signature of the entry at the
(r,7)-th position of Z. Therefore, if KoHtKI % 0, one of the zero eigenvalues of H
can be perturbed to a positive eigenvalue of H by an arbitrarily small perturbation.

Now assume that KoHTKZ > 0. Then obviously no eigenvalue of ©p can be
negative for any A and no perturbation of the eigenvalues of H in positive direction
is possible for sufficiently small €. Now consider the function

F(e) := 01L,(0 +£01) 7101y,

which is continuous as long as € < gp := infeso{e : © + €61 is singular}. Moreover,
we have rank (F(¢)) = rank(©12) for all ¢ < g9. However, due to the continuity

of F(g) and the constancy of the rank, also In (F(e)) is constant for all & < &,

otherwise there would exist an £ € (0,&0) such that rank (F'(€)) < rank(©12) which
is a contradiction and proves the claim.
The proof of statement d) is completely analogous to the one of c). O

The above theorem directly leads to the following corollary, describing the loss of
cyclo-dissipativity due to perturbations of the singular part of A/(s).

Corollary 5.3.2. Assume that ¥ := (E,A,B,C,D) € Spm,p and let Qs = QF €
RPXP S, € RP*™ and Ry = R € R™*™ be given. Let the system be cyclo-dissipative
with respect to s(-,-) as defined in (3.101) and let N'(s) € R[s]*** and K be defined
as in (5.3) and (5.4), respectively. Assume that N'(s) has no purely imaginary eigen-
values. For all w € R consider the spectral decomposition

M) = ) ) (00 ] 1) 1)

with analytic functions Vi : R — C4, Vo : R — C*% and [Vi(-) Va(-)] having
pointwise unitary columns, and © : R — RO being a analytic diagonal matriz-
valued function containing the nonzero eigenvalues of N (i) on its diagonal. Then
the following statements hold true:
a) If there exists an wy € R such that
i) K1Va(wo) # 0 and KoVa(wg) # 0; or

i) K1Va(wo) # 0 and K2Va(wg) = 0 and KoN (iwg) TKJ £ 0; or

ii1) K1Va(wo) =0 and KoVa(wo) # 0 and K1N (iwg) TK] £ 0,

then the cyclo-dissipativity radius is zero.
b) On the other hand, if none of the above conditions is satisfied for all wy € R, then

the zero eigenvalues of N (iwg) remain zero in Na(iwp) for all wy € R and any
sufficiently small perturbation A € C™0*Po where Na(s) € C[s]**¢ is as in (5.5).
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Proof. The sign-sum function can be changed by an arbitrarily small perturbation if
for one wy € R, some of the zero eigenvalues of N (iwp) can be perturbed to negative
values. Due to Theorem 5.3.1 applied to N (iwp), this is the case if and only if one of
the conditions a) i)-iii) is fulfilled.

Statement b) follows directly from Theorem 5.3.1 a), c¢), and d). O

Remark 5.3.3. If N'(s) € R[s]* has a purely imaginary eigenvalue iwg, then in
principal, we would have to check the conditions of Theorem 5.3.1 for A (iwg) as well.
However, in this case, the situation is more subtle. For instance, consider the even
matrix pencil

0 0 010

0 0 s 00
N(s)=10 —s 0 0 0| € R[s]°*®

1 0 000

00 000

with 0 € 3(NV), n(N(iw)) =1 for all w € R\ {0}, and n(N(0)) = 3. This pencil is
not directly connected to cyclo-dissipativity, but certain effects can still be observed.
We have

1 1 0 0 0 1 0 0 O O0o]f1 O O 1 0
1 0 0 1 i 0 o -1 0 0 o1 0 0O -1 o0
N(iw) = 5 0O 0 —-i -1 0 0 0 w 0 o0 1 0 0],
1 -1 0 O 0 0O 0 0 —w 0|0 -1 =1 0 0
00 0 0 v2/0 0 0 0 O/[0 O 0 0 V2
i.e., using the notation of Corollary 5.3.2, for w # 0 we have
1 0 0 0 Lol 0 0
0 -1 0 0 1 0 0 1 1 0
O(w) = , Vifwy=—710 0 -1 —1|, VW(w)=|0
0 0 w O V2
00 0 - 1 -1 0 O 0
w 00 0 0 1
Now assume that
_|Kqy| {001 0 0 O
K= |:K2:| o [0 0 00 J )

Then we have K1 V5(+) = 0, but it holds that KsV5(+) = 1. Moreover, for allw € R\{0}
we have K1 N (iw) K] = 0, i.e., according to Theorem 5.3.1 d), the sign-sum function
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remains constant for all w # 0. Indeed, it holds that

0 0 01 0
0 0 s 0 A
Na(s)=10 —s 0 0 O
1 0 0 0 O
0 A" 00 0
The EKCF of the subpencil
N 0 s A
Na(s)=|-s 0 0
AP0 0

contains only a block of type E4 of size 3x3 for all A € C\{0}. Thus, by Lemma 2.1.15
f) it holds that In (Ma(iw)) = (1,1,1) for all w € R. Hence, we can conclude that
N(Na(iw)) = n(N(iw)) = 1 for all w € R\ {0}.

On the other hand, for w = 0 we obtain (N (0)) = 3. However, for any A € C\ {0},
we have n(Na(0)) = 1 and 0 ¢ 3(Na). In particular, in the context of a cyclo-
dissipative system this means that, if the original system is cyclo-dissipative, then
the perturbed system remains cyclo-dissipative for any nonzero perturbation A € C,
even though there exists a point wp € R with n(N (iwp)) # n(Na (iwp)).

To check whether there exists an wp that fulfills one of the conditions i)-iii) in
Corollary 5.3.2 a), we make the following considerations. First we check whether
KIVQ(') =0.

If the EKCF of N (s) has no blocks of type E4 of size larger than 1 x 1, then V5(+)
is constant and if K7V5(wp) = 0 holds for one point wy, then it holds that for all of
them. However, if there are larger blocks of type E4, V5(wp) depends on wy and the
situation is more complicated. Let D(s) € C[s]¥~1*2%~1 be a block of type E4. Then
D(iwp) has exactly one zero eigenvalue with eigenvector

vj(wo) = (0 o 0 (iwo)j (iwo)j_l (in)O)T cCu-1

This means that we have the representation

KiVa(w) =Y (iw)'Qs,
i=0
where @Z e Rmoxf2 i =1, ... w, and the largest block of type E4 in the EKCF of

N(s) is of size (2w — 1) x (2w — 1). Indeed, w is the same as in the even staircase
form (2.1). If K1Va(wp) # 0 for an wp € R, then

w

Q(s) == Z s'Q; € R[s|moxt2

1=0
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is not the zero polynomial and hence Q(iwp) = 0 can only hold in a finite number
of points (namely in at most w many). Therefore, the condition K1V5(-) =0 can be
checked with at most w function evaluations. The same technique can also be used
to check the condition KsVs(-) = 0.

Now assume that K;Va(-) = 0 and K3Va(-) # 0. It remains to check whether
M;i(w) = K1N (iw)T K] £ 0 holds true for an w € R. It holds that

Mi(w) = K1Vi(w)O(w) ' Vi(w)" KT,

i.e., Mj(-) has a zero at wy € R if and only if there is a rank drop in K;V;(-) at wp.
On the other hand, this condition is equivalent to

@(wo) 0 W(wO)HKT
HzeT 1
rank K@éw(?}, ) Vl(woo) Kl] = rank 0 0 Va(wo)" KT
¥ 0 K1V1(w0) K1V2<WQ) 0
_ N(iwo) KT
= rank [ Ky 0
N(s) K[
< rankg) [ K('l) 01} ,
-
i.e., iwp is an eigenvalue of the (possibly singular) even pencil H1(s) := [A;{(S) K(} ] €
1

R[s]¢Tmoxt+mo  Now let ia; < iy < ... < icy be the purely imaginary eigenvalues

of Hi(s) with positive imaginary part and set ag = 0 and agy1 = oo. Due to the
piecewise continuity of the spectrum of Mj(+) it is only necessary to verify whether
it holds that M (a;) £ 0 for some a; € (o, aj41), j =0, ..., k. The same strategy
can also be applied to check the same condition for Ma(w) := Ko\ (iw)TKJ £ 0.

5.3.2 Perturbation of the Defective Infinite Eigenvalues

In this subsection we consider perturbations of the defective infinite eigenvalues of
N(s) € R[s]**¢, i.e., those that correspond to blocks of type E3 of size larger than
1 x 1 in the EKCF. Therefore, we need the following theorem which is similar to
Theorem 5.3.1 in some aspects. Note that in the following we only consider N (iw)
for w — o0, since for even pencils with real coefficients it holds that AN (iw)) =

AN (—iw)).

Theorem 5.3.4. Let H : (wg,00) — C be a given analytic Hermitian matriz-
valued function. Consider the pointwise spectral decomposition

Ow) 0

H(w) = [i(w) VW”{ 0 Q)

} Vilw) Vo))"
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with analytic functions Vi : (wo, 00) = C*4 Vs 1 (wg, 00) = C>*2 and [Vi(-) Va(-)]
having pointwise unitary columns. Furthermore, © : (wg,00) — ROXA gnd Q
(wo, 00) — R2X% gre analytic diagonal matriz-valued functions containing the eigen-
values of H(-) on their diagonal with the additional properties that ||©(w) ™ H2 <h<
oo for all w € (wp,00) and limy,_,oo Q(w) = 0.

Consider a perturbed analytic matriz-valued function

o =+ 8] [ 3] 1]

with nonzero K1 € RM0*t Ky € RPoXL gnd A € C™MoxPo
Furthermore, define Vi oo 1= limy—oo Vi(w), Vaoo 1= limyeo Va(w), and HY, :=
limy,_yoo H(w)". Then the following statements are satisfied:

a) If K1V oo =0 and KoV oo = 0, then H(w) and ]fl(w) have the same zero eigen-
values for w — oo for all sufficiently small A # 0.

b) If K1Va00 # 0 and KoVa oo # 0, then there exists an arbitrarily small A # 0 such
that for w — oo, some zero eigenvalues of H(w) can be perturbed to positive and
some negative eigenvalues in H(w).

c) If KiVaoo # 0 and KoVa oo = 0, then there exists an arbitrarily small A # 0
such that for w — oo, some zero eigenvalues of H(w) are perturbed to positive
(negative) eigenvalues in H(w) if and only if KoHE K] # 0 (KoHEKT #£0). If
KoHEK] >0 (KeHEL K] <0), then the smallest perturbation Ag that perturbs
a zero eigenvalue of H(w) to a positive (negative) eigenvalue of H(w) for w — oo

Fulfills

.
. CH K1 0 A Kl
[80lly > inf {HAIIQ Ve <H(w) + [KZ AR ol Ll ) Viee

has a zero eigenvalue for w — oo} . (5.8)

d) If K1Vaoo = 0 and KoV # 0, then there exists an arbitrarily small A # 0
such that for w — oo, some zero eigenvalues of H(w) are perturbed to positive
(negative) eigenvalues in ﬁ(w) if and only if KIHE KT # 0 (KiHLKT £0). If
K\HEK >0 (KiHL K] <0), then the smallest perturbation Ag that perturbs
a zero eigenvalue of H(w) to a positive (negative) eigenvalue of H(w) for w — oo

fulfills (5.8).
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Proof. Assume that A = eA with HEHZ = 1 and € > 0 are given and define the

following analytic matrix-valued functions for w € (wq, 00):
O11(w) : = V(W) KTAK Vi (w) + Vi (W) KT AV K Vi (w),
O12(w) : = VI (W) KT AK,Va(w) + Vi (w) KT AP K Vo (w), (5.9)
Ooa(w) : = Val(w) KT AK,Va(w) + Va(w)N KT AP K Va(w).

This yields

O(w) +€O11(w) £012(w)

04, (w) Q(w) + €O22(w)

for all w € (wp,00). Since all eigenvalues of ©(w) are uniformly bounded away from
zero for all w > w; > wp, there exists an ¢ such that O(w) + 011 (w) is nonsingular
for all (e,w) € (0,e0) X (w1,00). The Haynsworth inertia additivity formula [Hay68]
yields that for all such (e,w) it holds that

In (ﬁ(w)) =In(O(w)+eO11(w)) + In (F(e,w)) =In (O(w)) + In (F(e,w))

with F(e,w) := Q(w) + £O9z(w) — €204, (w) (O(w) + €011 (w)) ' O1a(w).

Now we prove statements a)—d).

First we show a): Since the functions Q(-), K1Va(-), and K2V5(-) are analytic and
tend to zero for w — oo and ©O;;(+) is analytic and bounded, each of them can be
expanded into a Taylor series at expansion point w, = co. This yields

[Vi(w) VQ(w)}HE[(w) Vi(w) Va(w)] =

—1 0
Q(w): Z Lkwk, @11(w): Z Mkwk,

k=—o00 k=—o00
—1 -2
@12(&)) = Z Nkwk, @22(&)) = Z Pkwk. (5.10)
k=—0o0 k=—oc0

Note that the upper summation indices for O1;(+), O12(+), and Oaa(-) follow directly
from the respective definitions in (5.9) and the assumptions of a). Furthermore, since
lSIG]PY ! is uniformly bounded from above, we have

0
Ow) = Z Qrw*.

k=—o0

Therefore, by plugging in the expansions for ©(-)~! and ©1;(:) it holds that

o

(Ow) +e011 W) =3 (0W)1011(w)) " Ow) e
k=0

o
ok =7
Z Ry, je"w

k,j=0
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for € € (0,g0). Altogether this yields
-1 —2

F(e,w) = Z Liw" +¢ Z Pt
k=—o00 k=—o00
—1 00 -1
—&? ( Z N,':wk> Z Rmekw_j < Z Nkwk> (5.11)
k=—00 k,j=0 k=—o00

~1
= Z Lyw" +e0 (w™?),
k=—o00
and therefore, F'(e,w) tends to zero for w — oo and all € € (0, ¢p).
Now we show b): We can use the same line of argumentation as in a). However,
we can choose a perturbation A such that instead of (5.10) it holds that

0
O (w) = Z Pw*, Py #0.

k=—o0

Hence we get

-1 0
F(e,w) = Z Liwk 4 ¢ Z Pt +0 (%),
k=—o00 k=—o00
i.e., as in the proof of Theorem 5.3.1 we can achieve perturbations of the zero eigen-
values of H(w) for w — oo into positive as well as negative direction for an arbitrarily
small perturbation A.
Next we show statement c): We approach the problem as in a). However, we can
choose a perturbation A such that instead of (5.10) it holds that

O12(w) = V(W) KT AK, Vs (w) + Vi (w) KT AM K V) (w)

—0 for w—oo

= Y N, No= lim Vi (w)KJAYK Va(w),

w—r00
k=—o00
-1
O (w) = Z Pyt
k=—o00

Therefore, by comparing with (5.11) we obtain the expansion

—1 -1 0
F(e,w) = Z Lyw® + ¢ Z Pt — &2 Z }Aékdekw_j
k

k=—o00 k=—o00 ,j=0
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with
Ry = lim (v;'(w)K{*AKQW(w)@(w)*lle(w)K; KHKlvg(w))
= Vi KV AKHL KAV K Vs o

Now we can use the same argumentation as in Theorem 5.3.1 to obtain the result.
Finally, d) is proved completely analogously to the previous statement. O

The following corollary now makes a statement about the loss of cyclo-dissipativity
due to perturbations of the defective infinite eigenvalues of A(s) € R[s]*<‘.

Corollary 5.3.5. Assume that ¥ = (E,A,B,C,D) € Spm,p and let Qs = QI €
RPXP S € RP*™ and Ry = R € R™*™ be given. Let the system be cyclo-dissipative
with respect to s(-,-) as defined in (3.101) and let N'(s) € R[s]*¢ and K be defined
as in (5.3) and (5.4), respectively. For all w € R consider the spectral decomposition

M) = ) V@) (08 o0 ) vae)”

with analytic functions Vi : R — C>% V5 : R — C>% and [Vi(-) Va(-)] having
pointwise unitary columns, and © : R — ROxt Q. R — R2*% being analytic
diagonal matriz-valued functions with the additional properties that H@(w)*le <
h < oo for all sufficiently large w € R and limy, oo Q(w) = 0. Let

Z;: = {i € N: the i-th column of K;V5  is nonzero}

= {ij,h /ij727 ceey Z],Zj} )

and define the matrices

)

Q= [6(m0) e e(mo)} Q= [G(Po) e

. y . ; 9 ~
11,1 .5 12,1 i3.2,

where ez(-k) denotes the i-th unit vector of length k. Moreover, define the matrices

NE = limyseo N (iw)t and Vo oo = limy oo Va(w). For an wy € R define the
mertias

<7rij,7r§j,7r{j) = In(QjQ(wO)QJT).
Then the following statements hold true:

a) If it holds that
i) KiVaoo #0 and KoVa oo # 0; or
i) K1Va oo #0 and KoV oo =0 and
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1) if T+ gt # 0 then KoNEK] €0, or
2) if 7t £ 0 then KoNEK] #0; or

iii) K1V oo =0 and KoV o # 0 and
1) z'fmI_2 + 722 40 then KINEK] £0, or
2) if 72 £ 0 then KINLKT #0,

then the cyclo-dissipativity radius is zero.

b) If on the other hand, none of the above conditions is satisfied, then with Na(s) €
C[s]*** as in (5.5) it holds that n(N(iw)) = n(Na(iw)) for all sufficiently large
w € R and all sufficiently small perturbations A € C™Mo*Po,

Proof. First we show a). The sign-sum function (N (i-)) can be changed if for w — oo

e one of the constant zero eigenvalues of Q(w) can be perturbed to a negative
value;

e one of the eigenvalues of Q(w) approaching zero from above can be perturbed
to a negative value;

e one of the eigenvalues of Q(w) approaching zero from below can be perturbed
to a positive value.

But this is the case if and only if the conditions in a) are fulfilled. We show how
to construct the corresponding perturbation matrix for case a) ii) 1):
Similarly as in the proof of Theorem 5.3.1 consider the matrix

Oy : = VAL KT AKNE KT AN K Vo o
= VI KT AZANK Vo o

with a spectral decomposition KQJ\/'OJQKZT = PHZP and a unitary matrix P € CPo*Po,
a diagonal matrix = € RPO*P0 - and A= APH.

Assume that Q19Q(w)Q7 for sufficiently large w has a nonnegative eigenvalue at
position (g,q). Since by construction K1V ,,Q] has only nonzero columns, it has
a nonzero (p, q)-th entry for some p. Finally, = has at least one positive eigenvalue,
assume at position (r,r). Now we can construct a desired perturbation as in the
proof of Theorem 5.3.1 by setting the (7, p)-th element of AH to a nonzero value and
the others to zero.

Statement b) is a direct consequence of Theorem 5.3.4 a), ¢), and d). O

To check the above conditions, we evaluate ©(weo), Q(weo), and Va(weo) for suffi-
ciently large weoo. Since Va(w) converges for w — oo, we can get a good estimate of
V2,00 in this way. From O(ws), Q(wso), and Va(wes) we can determine all information
that is needed to apply Corollary 5.3.5.

We will illustrate the above result with the following example.
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Example 5.3.6. Consider the even matrix pencil
. Si 1 2%2
N(s) = [1 0} € C[s]**=.
Note that we take a pencil with complex coefficients, since a pencil with real coeffi-
cients and similar properties would be at least of size 4 x 4 and it would be difficult

to determine the eigenvalues of N (iw) analytically. However, the main features of
our theory also apply to complex pencils. For this example it holds that

L " (w) 5(w)
Niw) = [ww)(a(w) L BW) bw)(aw) T Blw >]
_[—a(w)—ﬁ(w) 0 H () 5(w) r
0 o) + B)] [1(@)(aw) - W) §w)(aw) + Aw))
with
w w?
alw) =2, )=y 41,

and the normalization functions

Yw) = (14 (@) = B@)?) ", 8w) = (1+ (a) + Bw))?)
Using the notation of Corollary 5.3.5, we have

Ow) = —a(w) - Bw), Qw)=—a(w) +B(w),
Vi(w) = [ 7(w) }  Va(w) = [ 6(w) ] ’

—-1/2 —-1/2

V(w)(e(w) = B(w))

Va0 = lim =

w00 [5(w)(oz(w :-ﬁ(w))} B m ’

| Kl |10
=i =l 1)
Then we obtain K1V3 o = 0 and K2V3 o = 1. Moreover, we have (7&2, 71'012, 7{2) =
(1,0,0), and

a) Assume that

KWNEK! =1 0] {8 8] [(1)] = 0.

In other words, the only possible condition in Corollary 5.3.5 a) iii) 1) is not
satisfied and hence, no perturbation of the defective infinite eigenvalues is possible.

Indeed, we have
[ si 1+AH
NA(S)_LJFA 0 ]’
whose EKCF is the same as for N (s) for all A € C with ||All, < 1.
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b) Now assume that
Ky |01
=l = o 1]
Then we obtain K1V oo = 1 and K2V oo = 1, i.e., Corollary 5.3.5 a) i) holds true.
This is confirmed by considering

Nals) = ﬁl AJ:AH] '

Assume that p := A 4+ AH. Then, the eigenvalues of N (iw) are

—w + + 2
Mlw) = 2L JEEIE

—w + w + p)?
)\2(&1): 9 p— ( 4/)) +1.

Note that the signature of A\j(w) changes for w = —1/p, so for any p # 0, the
defective infinite eigenvalues are perturbed.

5.4 Computation of the Complex Cyclo-Dissipativity Radius

Now we turn to perturbation of the “nonzero” part of the pencil N(s) € R[s]**¢,
i. e., we consider perturbations of the nonzero eigenvalues of N (i-). From now on we
assume N (s) has no purely imaginary eigenvalues and that there does not exist an
arbitrarily small perturbation of the singular part or the defective infinite eigenvalues
as discussed above. From the perturbation bounds (5.6) and (5.8) it remains to
calculate the smallest perturbation that moves one of the nonzero eigenvalues of
N (iw) to zero for an w € R.

Since the sign-sum function can only change at purely imaginary eigenvalues, we
obtain

rsc(X, L, R) = inf {HAH2 : rank(Na (iwo)) < ranke(s) (Na(s))
with A € C™*P0 for some iwg & A (E, A+ L1AR1) }. (5.12)

From (5.6) and (5.8), the condition (5.12) is equivalent to the existence of an iwy ¢
A(E,A+ L1AR,) such that

det (@(WO) VP ) KT [ N ﬁ] KVl(wo)> ~ 0. (5.13)

Similarly as in [ODO05], the determinant condition in (5.13) is equivalent to

0 A
det (Imo+p0 - [AH 0] M(WO)) =0,
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where M(w) := KV;(w)O(w) 'WVH(w)KT = KN (iw)TKT. This multiplicative per-
turbation structure will be used to derive an algorithm for the computation of the
complex cyclo-dissipativity radius.

First, we focus on multiplicative perturbations of a fixzed Hermitian matrix M =
M(wp), i.e., we want to compute

ac) = int { Al s det (Tnpipy = | ] M) =0 with & crom}.

(5.14)

The solution of this subproblem will then be subsequently used to find the solution
of the general problem by

rsc(X, L, R) = inf gc(M(w)).
weR
Consider now the subproblem of computing (5.14). A solution of this problem

has already been given [HQ)98]. There, it is shown that when partitioning M =

|:Mh1 M12:| with Mq; € C™0ox™Mo M9 € C™0XPoand Moy € CPO*PO it holds that
My Mz

[0 Al M1 My
det | Tmo-+o AR o (MY, Mo
r ~1
=det (Im0+p0 _ |V 0 } {0 A} [Mll M12:| [\ﬁfmo 0 ])

0 Ip/yA] [AM O] MY, Manf| 0 Iy/\y

[0 A] [yMu1 M
=det <Imo+p0 ~|AH 0:| |:’Y_/\/l§21 M22177:|>

for all v > 0. Then the following theorem can be proven.

Theorem 5.4.1. [HQ98, Thm. 1] Let

yMir Mio
F(y) = .
™ [M1H2 M22/W’]

Furthermore, assume that In(M) = (74, m, m—). Define the numbers

-1
o () im0

00 ifmy =0,
1
(B A O >0,
00 ifm_ =0,
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where N\j(F(v)), 7 = 1, ..., mg + po, denotes the j-th largest eigenvalue of F(7).
Then it holds that

gc(M) =min{ry,r_}. (5.15)

In the following lemma we show that for our problem the minimum in (5.15) is
indeed attained for some g € (0, 00).

Lemma 5.4.2. Let M = KNTKT = KVO-IWVHKT ¢ C¢motroxmotro for some
Hermitian N' € C*¢, and some © € Gly, (R), V € C™otPoxb gnd K € REXMotro pe
given. Then the minimum in (5.15) is attained for some vy € (0, 00).

Proof. Let KT = [K{ KJ] be a partitioning with K; € R™0*¢ Ky € CPo*‘. We
now consider row compressions of K1V and K5V, i.e., let Uy € C™Mo*x™o [J, ¢ CPo*Po
be unitary matrices such that

KV =U, [lﬂ . KoV =0, [lﬂ ,

where K; and K5 have full row-rank. Therefore, we get

K
fon 00| oot ~ o uroo
M—[O UQ] %O K 0 K o| |, oI
L0
[K,07'KT 0 K,0°'K] 0
v o0 0 0 0 o| [Uf 0
T 10 Us) |K9®'KT 0 Ko© 'K o |0 U]’
L0 0 0 0

Now, gc(M) and qc (//\/T) with

M= |2 ol S o
KQ("')_IK;— ng_lK;—

I?l@ilf(iir [?1@1}?;—]

are attained for the same g, since the zero rows and columns do not give any addi-
tional information. However, K10 1 K] 1 and K20~ 1K2 are both nonsingular. Using
[HQ98, Lem. 5] and the argumentation of the proof of [HQ98, Claim 1(b)], it follows
that there are eigenvalues of F(v) tending to +oo for v — 0 and v — oco. This is a
contradiction and shows that vy € (0, 00). O
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The following statement is about the construction of an optimal perturbation ma-
trix A € C™0*Po that achieves (5.14). It summarizes arguments from the proof of
[HQ98, Claim 1(a)].

Theorem 5.4.3. Let the minimum in (5.15) be attained at vy € (0,00) with the
optimal eigenvalue g = max{Ai(F(70)); —Amo+po(F(10))}. Then there exists an
eigenvector vy € C™0FP0 of F(~g) corresponding to the eigenvalue \g such that

dF
F(v0)vo = Aovo, and vgl d(JO)

vg = 0.

Partition vo = (vl v(';'Q)H according to the block structure of M. Then an optimal
perturbation is given by A = )\alvow'd'g/v[')"lvm.

Finally, the following theorem shows that at least one of the functions A;(F(7v))
Or —Apo+po(F (7)) (whichever has a larger supremum) is unimodal. This means that
any local supremum is simultaneously a global supremum. Therefore, the solution of
the optimization problem can be numerically easily tracked.

Theorem 5.4.4. [H(Q98, Prop. 1] Let F, r4, and r_ be given as in Theorem 5.4.1.
Then the following statements hold true:

(a) If ro <r_, then A\ (F (7)) is unimodal and any local infimum of —Xpmq4po (F (7))
is equal or smaller than (ri) .

(b) If r— <1y, then —Apy1po (F (7)) is unimodal and any local infimum of A1 (F (7))
is equal or smaller than (r_) !

In the next part we will discuss how to actually compute the complex cyclo-
dissipativity radius. We will do this by using a level-set method that has already
been applied in [ODO05], or in [SDTI6] to compute the real structured stability radius
which is a generalization of the real stability radius of [QBR95]. We follow the line
of argumentation of [ODO05].

Let

o= [ 0 [ 0]

_ [’YMH(W) Mis(w) ]
Mibh(w)  Maa(w)/y
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5.4 COMPUTATION OF THE COMPLEX CYCLO-DISSIPATIVITY RADIUS

be given with inertia In(F(v,w)) = (74 (w), mo(w), 7—(w)) (which is independent from
7). Furthermore, define

_JMF(hw)) i Ty (w) >0,
P+ (770‘))'_ {0 if71'+(w):0’

= Mmetpe (F(y,w)) if o (w) >0,
90—(77(*))'_{0 ifﬂ-_(w):(L

R (igerne) o= (o)

with the convention that 0~! := co. By definition of the complex cyclo-dissipativity
radius we have
rsc(2,L,R) = inf min{p; (w),p_ (w)}.
weR
Initially, we evaluate £, := min{@; (wo),p— (wp)} for some wy € R. Let vy be a
minimizing value of . This value is determined by computing the points v, v— > 0
that fulfill

O (F (v, w0))
oy

_0 and DmlF(ne0)) =0, (5.16)

9y y=-

Y=+

respectively. The two partial derivatives can be explicitly determined and then v, v_
can be computed using a bisection scheme or Newton’s method, see also [OD05] for
details. Finally, we set

Y+ if & = P+ (wo),
= 5.17
b {7 if §o = ¢ (wo). 47

Furthermore, by definition we have
P+ (’707("))_1 < @ﬂL (w) y  P— (707("‘))_1 < 9/5* (w) ’
and therefore, we obtain
min {4 (h0,0) "o (0.w) | Smin{Br @), 5o W) (5.18)

for all w € R.
We now compute the intervals for w in which it holds that

§o > min {()0+ (’yovw)_l y P— (707(*))_1} : (519)

This condition is fulfilled if one of the conditions
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5 COMPUTATION OF THE COMPLEX CYCLO-DISSIPATIVITY RADIUS

a) & > ¢4 (y0,w) ' or
b) 50 > o (’YOJW)il

is satisfied.

The intervals that fulfill condition a) can be found by computing the values of
w € R that fulfill

V3ol
det <§61Im0+p0 — F[)KN(iw)+KTF0) =0 with I'y= |: ’Y% 0 Ip /0 - .
0/ V

This is equivalent to the condition
det (@(w) — V(W)K& KV (w)) ~0,
or in other terms
rank <N(iw) - KTF0§0F0K> < rankp,) (N(s) - KTP0§0F0K> . (5.20)

This is an even eigenvalue problem in two parameters. By exploiting the Schur
complement structure of N(s) — K TT0&I0K, we obtain a larger even eigenvalue
problem for the extended even pencil

N(s) KTy

— £+mo+po x£+mo+po
H(s,80,70) : [FOK §Ollm0+p0:| € R3] ,

whose purely imaginary eigenvalues we must compute. This pencil has the same finite
eigenvalues as N'(s) — K TT'0&Io K, but more infinite eigenvalues. The advantage of
this extended formulation is that it is not necessary to explicitly form matrix-times-
its-transpose like products as in the reduced formulation (5.20). As mentioned in
[BBMX99], forming such products might be numerically unstable and should be
avoided whenever possible.

Similarly, the intervals that fulfill condition b) are determined by the values of
w € R that satisfy

This leads to another extended even eigenvalue problem, namely for the even pencil

N(s) KT,

._ £4+mo~+po X £+mo+po
H—(S7§0770) O |:F0K _f()_llm0+p0:| € R[S] ,

whose purely imaginary eigenvalues have to be computed.
By taking the union of the intervals obtained for subproblems a) and b), we obtain
the so-called level-set satisfying (5.19). Due to the relation (5.18), this level-set must
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contain the values w, € R for which the complex cyclo-dissipativity radius is attained,
i.e.,
TS,C(Ev £7 R) = min {@4— (U)*) ) (ﬁ— (w*)} .

In the next step we choose a new frequency w; such that

§1 = min {@y (w1),P- (w1)} < &o

and continue as before until the level-set is empty. In this case we have found the
solution. It can be shown that this algorithm converges globally. Similarly as for other
related level-set methods [BB90b, BS90, SDT96, GDV98, LTD00, OD05, BSV12a,
BSV12b], the convergence is at least quadratic, but depending on the strategy for
updating the test frequencies, it can also be faster. Note also that we can ensure a
maximum relative error of €, assuming that we have exact arithmetics.

In Algorithm 5.1 we summarize the complete procedure.

5.5 Numerical Results

5.5.1 lllustrative Examples

To demonstrate the effectiveness of Algorithm 5.1, we compute the complex cyclo-
dissipativity radius for the example from Chapter 1 given by (1.4) with g = 5,

ki=...=ki=kKko=...= K4 =2, K| =k5=4,
dlz...:d4:52:...:(54:5, 51:55:10,
and
B
Qs=-1, S;=0, R,=1, L‘:[O], R=1[C 0].

With this set of matrices @, S, R we measure the distance of the system to the closest
non-contractive system, see Definition 3.9.16. Moreover, a system is contractive if
its transfer function G(s) = C(sE — A)"'B + D € R(s)?*™ is bounded real (see
Remark 3.9.22) which is equivalent to a H.-norm smaller or equal than one, i.e.,

Gl = 1.

Since A(E, A) € C~ and by Remark 5.2.3 ¢), the complex cyclo-dissipativity radius
coincides with the complex dissipativity radius. Our test system satisfies

1G]l = 0.1589,

so we expect the dissipativity radius to be rather large.
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5 COMPUTATION OF THE COMPLEX CYCLO-DISSIPATIVITY RADIUS

Algorithm 5.1 Computation of the complex cyclo-dissipativity radius

Input: System ¥ := (E, A, B,C, D) € ¥, which is cyclo-dissipative with respect

to the supply rate (3.101), matrices £, R defining the perturbation structure,
desired relative accuracy e.

Output: Complex cyclo-dissipativity radius & := rsc(2, £, R), optimal frequency

1:
2:

%

9:
10:
11:
12:
13:
14:
15:

16:
17:

18:

19:
20:

wy, optimal scaling parameter -, optimal perturbation A,.

Compute all eigenvalues Ay, ..., A\ of N(s) € R[s]**¢ as in (5.3).

Choose an eigenvalue A\g among A1, ..., A; with smallest absolute real part and
nonnegative imaginary part and set wp := Im(\g).

: Compute & = min{@+ (0),»_ (0)} with corresponding optimal scaling param-

eter vy using (5.16) and (5.17).
Compute &, := min{@; (wg),p— (wo)} with corresponding optimal scaling pa-
rameter +y,, using (5.16) and (5.17).
Compute &o 1= min{@4 (Woo) , P— (weo)} for sufficiently large ws with corre-
sponding optimal scaling parameter 7., using using (5.16) and (5.17) to estimate
Ly so0 min {3 (), 3 ()}
Set & := min{&p, uwy, Eoo} and select w € {0, wo, woo}, and v € {V0, Ywgs Yoo}
accordingly.
repeatA
Set & 1= £(1 — 2¢). R R
Compute all eigenvalues of H (s,&,7), H-(s,&,7) € R[s|Fmotroxttmotpo,
if no finite, purely imaginary eigenvalues then
Set & =&, 1« =7, Wi 1= w.
Construct A, as in Theorem 5.4.3.

Break.

else
Set {iwi, ..., lwg} = purely imaginary eigenvalues of H4 (s, E, 'y) and
H-_ (5,5,7) satisfying 0 < w; < ... < wg < 00.
Compute new test frequencies as m; := | /wjw;yy for j=1, ..., k—1.
Compute &; := min{@; (m;),p— (m;)} with corresponding optimal scaling
parameter y; using (5.16) and (5.17) for j =1, ..., k— 1.
Set & := min{&, ..., &—1} and select w € {mqy,...,mi_1} and v €
{71, ..., Yk—1} accordingly.

end if

until Break

200



5.5 NUMERICAL RESULTS

Table 5.1: Intermediate results of the dissipativity radius computation for the first

example
iteration # ‘ 3 0% level-set, w, €
1 5.290577 1.000000 (0.137948,0.156058)
2 5.289442  1.000000 (0.146724,0.148263)

A reduction of the corresponding even pencil AV'(s) € R[s]?*?% to even stair-
case form reveals the following structures. Using the notation of Theorems 2.1.16
and 2.1.17, we get the values

U):2, 81:27 82:07 q1:27 q2:07
1 =1, @w_1=2, r =3,
ol 5 ! (5.21)
T4+,2 = 2, T—2 = 3, ro = 5,
T43=2, m_3=3, T3=05.
The application of Theorem 2.1.17 yields that N (s) has no blocks of type E4, but
5 blocks of type E3 (three 1 x 1 blocks among which 2 have positive and 1 has
negative sign-characteristic and two 3 x 3 blocks among which 1 has positive and 1
has negative sign-characteristic). Therefore, V3 o has two columns. For this example,
KV5 o = 0, which means that no arbitrarily small perturbation of the defective
infinite eigenvalues, that destroys dissipativity, is possible.
We get the following test frequencies and initial values:

e at w = 0.000000: & = 9.259962, v = 1.000000;
e at w = 0.156058: & = 5.440666, v = 1.000000;
e at w = 4.50360e+12: £ = 4.05648e+27, v = 1.000000.

The smallest value for £ is attained at w = 0.156058. Therefore, Algorithm 5.1 gives
the results presented in Table 5.1. As final result we obtain

rec(S,L,R) = 5.280442, at  w, = 0.147491.

As a second example we use the same matrices as above but replace B by 6.2893- B.
When doing this we obtain a system with

IGl;,. = 0.9996,

so we expect a small value for the dissipativity radius. Indeed, we get the following
results. First, the structure of the even staircase form is the same as in (5.21).
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5 COMPUTATION OF THE COMPLEX CYCLO-DISSIPATIVITY RADIUS

Table 5.2: Intermediate results of the dissipativity radius computation for the second
example
iteration # 3 vy level-set, wy €

1 2.0304218649893e-04 1.000000 (0.137948337,0.156058240)
2.2582134423309¢-05 1.000000 (0.146724145,0.148262833)
2.2572391984637e-05 1.000000 (0.147491482,0.147502786)
( )
( )

2.2572391984415e-05 1.000000 (0.147497100,0.147497169
2.2572391984474e-05 1.000000 (0.147497126,0.147497144

T W N

Moreover, we also get K'V3 o, = 0. Thus, no perturbation of the defective infinite
eigenvalues, that destroys dissipativity, is possible. As test frequencies and initial
values we get

e at w = 0.000000: & = 0.631336, v = 1.000000;
e at w = 0.156058: £ = 0.024067, v = 1.000000;
e at w = 4.50360e+12: £ = 6.44981e+26, v = 1.000000.

The smallest value for ¢ is attained at w = 0.156058. Then Algorithm 5.1 gives the
results presented in Table 5.2. As final result we obtain

rsc(X, L, R) =2.25724e—05, at w, = 0.147497,

which means that the system is indeed close to a non-dissipative one.

5.5.2 Limitations of the Method

The algorithm presented is this paper has various limitations and shortcomings that
we want to comment on.

In the most general setting, the algorithm has to deal with possibly singular pencils
N(s), Hi(s,&,7), and H_(s,£,7). In order to safely compute the eigenvalues, it is
necessary to reduce these pencils to even staircase form and compute the eigenvalues
of the regular index-one part. As already mentioned in Subsection 2.1.2, this reduc-
tion heavily relies on the numerical determination of ranks of several intermediate
matrices. If there is no clear gap in the small singular values, then the rank decision
strongly depends on the truncation tolerance that has been chosen. Therefore, the
even staircase form and all their invariants might also strongly depend on the drop
tolerance.

Another problem occurs when the system under consideration is very close to a
non-cyclo-dissipative system. To illustrate the problems in this case we take the
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Figure 5.1: Plot of 1/{(w) for an almost non-cyclo-dissipative system

Table 5.3: Computed level-sets for all intermediate £ values for an almost non-cyclo-
dissipative system

iteration # 19 level-set, w, €
1 2.379047e-02 (0.13794834,0.15605824)
2 6.723999¢-05 (0.14647426,0.14672415) U (0.14826283, 0.14850728)
3 4.566576e-06  (0.14658205,0.14659945) U (0.14838501, 0.14840202)
4 2.212123e-08  (0.14659066,0.14659075) U (0.14839352, 0.14839359)
5 2.640649e-10  (0.14659049, 0.14659071) U (0.14839355,0.14839377)

initial example from above and replace B by 6.2910 - B. Then we plot the values
1/&(w) (that are all attained at y(w) = 1), see Figure 5.1. Assume that we have
chosen a sufficiently small level & > 7,¢c(X,£,R). Then the pencils H4(s,&),1)
and H_(s,&o, 1) have two pairs of eigenvalues in which the eigenvalues are extremely
close together. In theory, the level set for &1 < & is contained in the level set for &.
However, due to round-off errors in the eigenvalue computation this is not the case in
practice. Therefore, it is not possible to resolve the intervals that contain the optimal
frequency w, with sufficient accuracy. For illustration we list the computed level sets
in Table 5.3. Even if we cannot give the cyclo-dissipativity radius very accurately
in this case, we still obtain rather small intervals, that are at least very close to the
optimal frequency. In this case we can, e.g., do a sampling in a small neighborhood
of the level-set and still obtain a result, however without guaranteed accuracy. See
also [LLV13] for more details on this strategy for a related problem.
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5.6 Summary and Open Problems

In this chapter we have presented an algorithm to compute the distance of a cyclo-
dissipative system to the closest non-cyclo-dissipative system under structured per-
turbations. Since cyclo-dissipativity can be characterized via a spectral condition of
even matrix pencils we have studied the perturbation theory of such pencils. We
have discussed different substructures of such pencils, especially the singular and
higher-index parts have been in focus. We have given computable conditions to check
whether there are arbitrarily small perturbations that destroy cyclo-dissipativity of
the system. Finally, to compute the cyclo-dissipativity radius we have solved a se-
quence of eigenvalue optimization problems. We have demonstrated the behavior of
the algorithm for some examples and have discussed numerical problems arising when
the system is very close to a non-cyclo-dissipative one.

There are various open problems and possible future research directions. For in-
stance, it would be desirable to generalize this algorithm in order to compute the
real cyclo-dissipativity radius. We have intensively tried this, but there occur various
problems, similarly as in [HQ97, HQ98]. The main problem is that instead of the
largest and smallest eigenvalues of F(v) we have to consider the second-largest and
second-smallest eigenvalues of a matrix G(a, ) in two parameters. In this case it is
not obvious how to show whether one of these eigenvalue functions is unimodal in
both arguments. Moreover, there exist difficulties in constructing the optimal per-
turbation for some situations, for instance if the optimum is attained for one of the
parameters «, 5 going to zero or infinity.

Therefore, an alternative approach is to study the effect of perturbations of the
even pencils by using structured pseudospectra and optimizing over them. This has
already been done in various papers of different authors, for instance [GO11, GL13,
GKL14b]. The main challenge in this context is to take the special block structure
of the perturbation matrix into account.

We further want to remark that in this context one could also consider the “dual”
problem, namely, finding the smallest perturbation that makes a non-cyclo-dissipative
system cyclo-dissipative. This is the problem of cyclo-dissipativity enforcement, see,
for instance [BS13] or Chapter 4 for a related problem.
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6 Computation of the 7/ ..-Norm for Large-Scale
Descriptor Systems

6.1 Introduction

Consider a dynamical system (E, A, B,C,D) € %, ,,, with transfer function G €
RHES™. The Hoo-norm of a transfer function (see Definition 2.2.20) is a popular
tool to measure the distance of transfer functions which is of importance in several
applications.

RHES™ is a reduced order model of (E, A, B,C, D). Then the transfer function of
the error system is given by

Gere(s) = G(s)-G(s) = [0 €] <s H)J %]—[gl %D_l [g] D—D € RHPX™.

The value of [|Gerll3_ can be now interpreted as the worst-case error for G(s) eval-
uated on the imaginary axis.

Another field of application can be found in robust control where the H ,-norm
attains the role of a robustness measure. Consider a static output feedback controller
K € R™*P that stabilizes the system (E, A, B,C) € ¥, ,, . This leads to the closed-
loop dynamics

Bi(t) = Aga(t) == (A+ BKC) x(t).

In robust control we are interested in the robustness of the closed-loop system with
respect to perturbations in the controller K. In other words, we want to know how
much we can maximally perturb K such that the perturbed closed-loop system

Bi(t) = Agiaz(t) = (A + BAC) z(t)

is guaranteed to remain stable. To quantify robustness of a dynamical system, un-
structured (i.e., for B = C = I,,) and structured stability radii for matrices were
introduced, first by Hinrichsen and Pritchard in [HP86a, HP86b, HP90]. The gener-
alization to matrix pencils is a nontrivial issue due to the fact that the influence of
the infinite eigenvalues as well as perturbations that make the pencil singular have to
be studied. For structured perturbations this has already been considered in [Du08].
In particular, it provides a relationship between the Hs.-norm and the structured
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complex stability radius of the pencil sE — A. We have found an easier and more
intuitive proof of this relation, outlined in Lemma 6.2.2 and Proposition 6.2.3. A
further generalization of the structured complex stability radius has been analyzed
in [DTL11], allowing simultaneous structured perturbations of A and E. However,
we do not consider perturbations of E since we would not have a relation to the
Hoo-norm anymore. Another recent survey paper on robust stability of descriptor
systems and stability radii of matrix pencils is [DLM13].

Numerical methods for computing the H..-norm are well-established. Most of
them are based on relations between the Hoo-norm and the spectrum of certain
Hamiltonian matrices or pencils. For an overview, we refer to [Bye88, BBK89, BS90,
BB90b, BSV12a, BSV12b]. We briefly summarize the most general result presented
in [BSV12a]. In [BSV12a] it is shown that if sE — A € R[s]"*" is regular, has no
purely imaginary eigenvalues and infyer omax (G(iw)) < 7, it holds that [|G|,,_ <~
if and only if the even pencil

0 —sET - AT | -CT 0
._ sE— A 0 0 -B 2n+m—+px 2n+m-+p
s€ — A(y) == — 0 Sy A— € R[s] (6.1)
0 -BT -DV A1,

has no purely imaginary eigenvalues. Based on this fact, the algorithm chooses an
initial guess v < [|G|ly,_ and iterates over v in a suitable way until s€ — A(7y) has
no purely imaginary eigenvalues. This iteration can be implemented in a globally
quadratically converging way. The drawback of the algorithm is the decision in each
step whether there are purely imaginary eigenvalues. It is important to find all of
them since otherwise the algorithm could fail. In [BSV12a] this issue is addressed
by using a structure-preserving method for a skew-Hamiltonian/Hamiltonian pencil
related to s€ — A(), which prevents the purely imaginary eigenvalues from moving
off the imaginary axis as long as their pairwise distance is sufficiently large (see also
Subsection 2.1.3). However, this method computes a full structured factorization of
the pencil in each step. Due to its cubic complexity it is infeasible for large-scale
problems.

Therefore, there is a need to develop computational methods for determining the
Hoo-norm for large-scale problems. Up to now, the only method that took large-
scale systems into account is presented in [CGDO04, CGVDO07] and uses the bounded
real lemma to estimate the Hoo-norm of a discrete-time state-space system which is
required to be given in a minimal realization. This algorithm checks a sequence of
LMIs for feasibility. This is done by deciding if a so-called Chandrasekhar iteration
converges. However, this test lacks of reliability, in particular if the iterates are
approaching the H.,-norm. Hence, only an estimation of the norm value can be
given by this algorithm.
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In this chapter we will present and compare two methods that are based on com-
pletely different ideas. The first method [BV14] exploits the relationship between
the Hoo-norm and the complex Hoo-radius of the transfer function G(s). This is
the spectral norm of the smallest complex perturbation A such that the perturbed
transfer function

Ga(s) = C(sE — (A+ BAC))"'B ¢ RHE (Y, (6.2)

where R?’-l]goX g” denotes the normed space

RHLE = {Glo) € S 9@ € € and sup 6N < o1
€

The algorithm is based on e-pseudopole sets for G(s). This means that we consider
all perturbations A with [|A|, < ¢ and analyze how the poles of (6.2) might move.
To compute the complex Ho-radius we have to find the e-pseudopole set that touches
the imaginary axis. This calculation is carried out by a nested iteration. The inner
iteration is adapted from [GO11] and computes the e-pseudopole set abscissa for a
fixed value of €, that is the real part of the rightmost point in the e-pseudopole set.
This iteration relies on the fact that the entire pseudopole set can be realized by
rank-1 perturbations, so an optimal perturbation can be efficiently computed. In the
outer iteration, the value of ¢ is updated by Newton’s method in order to drive the
e-pseudopole set abscissa to zero, similarly as in [GGO13]. Since the inner iteration
might only converge to a local maximizer, we discuss a way to obtain good initial
values that indeed allows convergence to a global maximizer in most cases. These
initial values are obtained by computing some dominant poles [RMOGb, RM06a], i.e.,
those poles of G(s) that generate the largest local maxima of |G (iw)||, for w € R.

The second method [LLV13] that we present goes back to the original algorithm using
the even pencils in (6.1). Actually, we would have to compute all purely imaginary
eigenvalues of these pencils to obtain all intervals for w in which ||G(iw)|l, > 7.
However, we can relax this requirement when we make again use of the dominant
poles of G(s). These are used to calculate shifts for a structure-preserving method for
even eigenvalue problem [MSS12] which computes eigenvalues close to these shifts.
In this way we do not necessarily compute all frequency intervals with |G (iw)]], > 7,
but we can still obtain the frequency interval that contains the optimal frequency ws
at which the H.,-norm is attained.

This chapter is divided into three sections. In Section 6.2 we discuss the first
method which is based on optimization over pseudopole sets. Results on the rela-
tionship between the Hso-norm and the complex Ho-radius for descriptor systems
are discussed in Subsection 6.2.1. In Subsection 6.2.2 we describe how to compute
the pseudopole set abscissa for a transfer function which is the key ingredient of the
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algorithm. A large part of this section will also be devoted to fixed point analy-
sis. In Subsection 6.2.3 we describe how to use Newton’s method to compute the
complex Ho-radius. Subsection 6.2.4 is devoted to the analysis of the differences
between the method presented here and the reference [GGO13] since both are based
on similar ideas. In particular, we show that both methods are not equivalent in the
context of standard state-space systems. In Subsection 6.2.5 we present a study of
numerical examples. In particular, we compare our method with existing algorithms.
Furthermore, we analyze drawbacks and limitations.

In Section 6.3 we present a modification of the standard algorithm via optimization
over v in (6.1). We give details on the computation of the eigenvalues of the even
pencil and compare the method with the pseudopole set approach.

Finally, in Section 6.4 we give conclusions and point towards possible future re-
search directions.

6.2 The Pseudopole Set Approach

In this section we drive the first method which implements an optimization procedure
over pseudopole sets. Let (E,A,B,C,D) € ., with G € RHX™ be given.
Throughout the whole section we assume w.l.o0.g.that D = 0. Otherwise we could
use the realization

([jOE 8}{13 —Ofp]’[g}’[c Ip]> € Smtpan,p (6.3)

to achieve this form. Moreover, we assume that m, p < n and that all matrices
E, A, B, C are sparse.

6.2.1 Complex H..-Radius and H_.-Norm

First we establish a connection between the H-radius and the H,,-norm of a trans-
fer function G(s). To do so, we have consider the controllability and observability
concepts in Subsection 2.2.2 in more detail.

Recall that the system (E, A, B,C) € X, 5, p s

a) completely controllable, if rank [)\E —A B] = n for all A € C and furthermore
rank [E B] =n;

AE— A

b) completely observable, if rank[ c

rank [g} =n.

] = n for all A € C and furthermore
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We can also define these concepts for single eigenvalues of the sE — A € R[s]"*"
as follows. A descriptor system (E, A, B,C) € ¥, , p is called

a) controllable at X\ € C if rank [A\E — A B] = n;

b) controllable at infinity if rank [E B] =n;

c) observable at A € C if rank [AE . A} =n;

C
d) observable at infinity if rank [C} =n;

otherwise it is called uncontrollable or unobservable at A, respectively. Note that
in the above definitions one can also consider each individual block of the WCF of
sE — A separately in case of multiple eigenvalues. This is possible by considering the
corresponding eigenvectors. Let z, y € C" be right and left eigenvectors correspond-
ing to an individual block of type K1 or K2 in the WCF of sE — A. For an eigenvalue
A € C it holds that

FpE-a 5= i) PRS- (2).

Therefore, we say that such a block is controllable if BTy # 0, and observable if
Czx # 0, otherwise we call it uncontrollable or unobservable. Similarly we can treat
eigenvalues at infinity. We use this definition when talking about controllability and
observability of eigenvalues.

For an asymptotically stable system ¥ := (E, A, B,C) € ¥, , p define the numbers

¢~ (2) :=inf {IAll, : A(E, A+ BAC) NiR # 0 with A € C"™*P},
¢ (%) :=inf {IAll : sE — (A+ BAC) with A € C™*? is a singular pencil or
has controllable and observable defective infinite eigenvalues} .

Then we define the structured complex stability radius of a matriz pencil sE — A with
respect to B and C' by

ac (%) i= min {gh(%), ¢ (%) }

The value of q(fC(E) is the size of the smallest structured perturbation that makes the
system unstable. The interpretation of ¢2°(X) is more involved. Defective infinite
eigenvalues do not make the system unstable. However, if there are controllable and
observable ones, we can construct an arbitrarily small structured perturbation such
that the system will be unstable. This means that systems with controllable and
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observable defective infinite eigenvalues are on the “boundary to instability”. If the
perturbed matrix pencil becomes singular, then a part of the system dynamics is “free”
and thus there exist essentially unbounded solution trajectories for the perturbed
system.
In practice, it is desirable to make g¢(X) as large as possible in order to guarantee
a very high robustness against perturbations. Later in this section we show that for
a stable system ¥ := (E, A, B,C) € ¥, ,, with transfer function G € RHES™, it
holds that
(D) = {1/ Gy, if Gls) # 0.
00 if G(s) =0,
so a large value of gc(X) corresponds to a small Hoo-norm of the transfer function
G(s).
We also introduce the complex Hoo-radius for a transfer function G € RHE™

(called complex structured stability radius in [BV14]). For A € C"™*P we define the
perturbed transfer function

Ga(s) :=C (sE — (A+ BAC))"' B € C(s)P*™ (6.4)
and the numbers

re(G) i=inf {||Al|, : B(Ga) NiR # 0 with A € C™*P},
r®(G) :=inf {lIlAlly : Ga(s) as in (6.4) with A € C™*? is improper
or not well-defined} .

Then the complex Hoo-radius of a transfer function G(s) is defined by
re(G) = min {rE(G), 1E(G) }

Remark 6.2.1. In fact, rc(G) is the structured distance of a function G' € RHE™ to
the set of functions which are not in R’Hﬁj “oie,

re(G) = inf {”AH2 . Ga ¢ RHZSE with Ga(s) as in (6.4) and A € cmxp} .

For stable or weakly minimal descriptor systems ¥ := (E, A, B,C) € X, n,, with
transfer function G € RHA ™, we have ¢ (3) = rL(G) and qc(E) = rc(G). However,
G(s) can also be realized by an unstable descriptor system when all unstable eigen-
values are uncontrollable or unobservable. In this case, the definitions of q(fC(E) and
gc(X) do not make sense whereas those of rL(G) and r¢(G) do. It is very important
to well distinguish between these definitions.

Next we prove an important relationship between the H,-norm and the complex
Hoo-radius of a transfer function G(s).
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Lemma 6.2.2. [BV1/, Lem. 3.1] Let (E,A,B,C) € X, with transfer function
G € RHE™ be given. Then it holds that
1/ li_>m omax(G(iw)) if G(s) # 0,

eld) = {oo if G(s) = 0.

Proof. If G(s) = 0, we cannot make the system improper by any structured pertur-
bation, and therefore r2°(G) = oco. Consider the non-trivial case. We can assume
w.l. 0. g.that we have a weakly minimal realization of a proper G(s) given in WCF,

i.e.,
— Ir 0 A11 0 Bl
- <[0 E22] ’ [ 0 InJ ’ {BJ G CQ]) € Znmp

with A;; € C"™" and a nilpotent Eqo € R*™"*"~" Note that for a weakly minimal
system with proper transfer function, the nilpotent matrix Eso in the Weierstrafl
canonical form is zero or void. This follows from [Dai89, Thm. 2-6.2 and Lem. 2-6.2].
Using this realization, it holds that

lim G(iw) = {_0232 ifn#r,

w—00 0 ifn=r.

If n =r, ie., Eo is void, then r&(G) = oo. If n # r, we consider structured
perturbations of the matrix pencil which lead to

) AL IT 0 B AH 0 Bl
w5 - ([ 2[00 )

_ [L« 0:| _ [All + B1AC, B1ACy

nxn
0 0 ByAC In_T+BgACQ] € Cls™™,

where A € C"™*P, Now we distinguish whether the pencil sF i, — Arﬁin is singular or

not. If it is regular, then in [BSV12a, Thm. 3] it is shown that the perturbed transfer
function is improper if and only if I,,_, + BsAC, is singular. If sEn, — Aﬁm is a
singular pencil, then [BgACl I, .+ BQACQ] or [InTBj—ABC;ACQ] do not have full
row or column rank, respectively. Hence, I,,_, + B2 AC5 is also singular in this case.

Therefore, we have to determine the value of

pc : = inf {||Ally : In—r + BoACS is singular with A € C™*P}
= inf {||A[ly : —I— + B2AC, is singular with A € C™*P} .

We consider the complex H-radius of the transfer function

Goo(s) == Co(sly_p + In_y) 1By € RHEX™.
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By employing [HP86b, Prop. 2.1] we obtain

1
re(Goo) = max T (O (i + 1) Iuy) "1 B) (6.5)

1
Umax(CQB2)
1
lim opax(G(iw))

w—o0

Since the maximum in (6.5) is attained at w = 0, we have pc = r¢(Goo). This shows
the assertion. ]

Proposition 6.2.3. [BV1/, Prop. 3.2] Let (E, A, B,C) € ¥, i with transfer func-
tion G € RHE™ be given. Then it holds that

_ VUG, ifG(s) #0,
rc(G) = {oo if G(s) = 0. (6.6)

Proof. The proof is similar to the corresponding one for state-space systems in
[HP86b]. First we analyze the case that the value of the Hoo-norm is attained at
some finite w € R.

Assume that for some A € C"™*P 0 #£ x € C™, and w € R we have

(A+ BAC)zr = iwErx,

or equivalently
z = (iwE — A)"'BACxz.

Since G € RHE™, we have v := Cx # 0, i.e., it holds that
v = G(iw)Awv. (6.7)

If G(s) = 0 this leads to a contradiction and so rL(G) = oo, otherwise (6.7) implies
1G(w)lly [|Afly = 1.
Now suppose that ||G||,,__ is attained at wo, i.e., |G (iwo)ly = [|Glly_ - Let

k
G(iwg) = Zajvjw;'
j=1

be a singular value decomposition of G'(iwg) with v; € CP, w; € C™, ||v;|, = [|wjl, =
1, for j =1, ..., k= min{m, p}, and ||G(iwo)|ly = 01 > 02 > ... > 01, > 0. With
A := oy twyot! it follows that

G(iUJO)Avl == C(I(JJ()E - A)_lBAvl = V1.
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Defining x := (iwgE — A) "' BAv; leads to Cx = v; and hence x # 0. This yields
z:= (iwgE — A)"'BACx,

and consequently
(A+ BAC)z = iwpEx.

iwoE — (é+ BAC)] . (Cox> _ (1?1>

with v; # 0, we conclude that iwg is an observable mode of the perturbed system
(E, A+ BAC, B,C). Similarly we can prove controllability of iwg.

From that we conclude [|All, = 1/ (|G|l , where A is a perturbation of infimal
norm such that PB(Ga) NiR # (.

This shows that ||G||,,_ = [|G(iw)||, for some w € R if and only if r¢(G) = r&(G).
The case that the norm value is attained at infinity is covered by Lemma 6.2.2. [

From

For the remainder of this section we need the following definitions.
Definition 6.2.4 (Pseudopole sets). [BV14, Def. 3.3]

a) The e-pseudopole set of the transfer function G(s) is defined by
PB-(G) = {A € C: X € P(Ga) for some A € C™*? with |Af, <e}.
Elements of B.(G) are called e-pseudopoles.

b) The e-pseudopole set B (G) is called regular if there exists no A € C™*P with
|All, < e such that Ga(s) is improper or not well-defined.

c) For a regular e-pseudopole set, the e-pseudopole set abscissa (called structured
e-pseudospectral abscissa in [BV14]) is given by

a:(G) :=sup{Re(N) : A € P.(G)}.

Remark 6.2.5 (Pseudopole sets and structured pseudospectra, regularity).

a) The notion of e-pseudopole sets is strongly related to the concept of structured
e-pseudospectra. For ¥ = (E, A, B,C) € ¥, p these are defined by

A(B) :={AeC: A€ A(E,A+ BAC) for some A € C™*? with [|A, <e}.

With the set ¥(X) of uncontrollable or unobservable modes of the system X, we
have the relation

A(3) = B(G) U I(E).
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Figure 6.1: Poles (blue crosses) and pseudopole sets of a transfer function for different
perturbation levels

b) The definition of regularity of a e-pseudopole set is strongly related to the so-
called admissibility of perturbations [BN93, DLM13], i.e., a regular e-pseudopole
set can only be generated by admissible perturbations. From the definition it is
clear that regularity is equivalent to € < 1/limy 00 Omax(G(iw)).

A graphical interpretation of the terms defined in Definition 6.2.4 is given in Fig-
ure 6.1.

It is also obvious that Q. (¢)(G) = 0. So the main idea of our algorithm is to find
the (unique) root of the function a(e) := a-(G). To get an efficient algorithm, we
need to evaluate «a(e) for different values of € in a cheap way. Then we can employ,
e.g., Newton’s method to compute the actual root.

6.2.2 Computation of the c-Pseudopole Set Abscissa

Derivation of the Basic Algorithm In this paragraph we derive a fast algorithm
for computing «(e). The following fundamental results are generalizations of the
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corresponding ones in [Rie94].

Lemma 6.2.6. [BV1/, Lem. 4.1] Let (E,A,B,C) € X, ;mp with transfer function
G(s) € R(s)P*™ be given. Let X € C\ P(G) be given and € > 0. Then the following
statements are equivalent:

a) A € Pe(G).
b) Tmax(G(N)) > e L.

c) There exist vectors v € C™ and w € CP with |lv||, < 1 and ||w|l, < 1 such that
A€ B (Gevuh)-

Proof. First we show that a) implies b): From A\ € B.(G) it follows that there exist
a matrix A € C™*? with ||A]|, < € and a vector x € C" such that

(\E — (A + BAC))z = 0.

This is equivalent to
(AE—A)xz = BACx

and therefore
Cz =C(\E— A)"' BACx.

Now we can estimate
ICxlly < ||C(AE = A)~" B, |All, ICz]ly,

and hence
et <Al < NGWl, -

Next we show that b) implies c): Let omax(G(A)) > L. Define 0 := opmax(G(N))
with corresponding singular vectors v € C™, w € CP satisfying |[v||, = |Jw|, = 1.
Then we have

G\ =ow, wlG) =0, o>t (6.8)

Multiplying the first equation of (6.8) by w! from the left and by wHC from the right
yields
wlC(AE — A" BuwMC = cwwuwlc = ouwM e

By setting yH := wHC(AE — A)~! we obtain

yHBowhC = oy (\E — A).
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It holds that y™ # 0 since qu = 0, otherwise we would have 0 = 0 which is excluded
since € > 0. Therefore, A\l — A := \F — (A + ailewHC’) is singular. It remains to
show that A is indeed a pole of the perturbed transfer function

Gyt (s) = C(sE — ;13713,

L.e., we have to prove controllability and observability of A. Since y is a left eigen-
vector of AE — A it holds that

HE- Bl =(0 y"B)=(0 wHCOE-A)B)=(0 o).

Since ov #£ 0, A is a controllable mode. Observability can be proven in an analogous
manner and is therefore omitted. This yields statement c¢) by noting that

1 H

o Tvw H

=ecvw' with v=—v, w=

where €0 > 1 by definition.

The implication “c) = a)” is trivial since with A := evw" we obtain A\ € P(G). O

By employing the same techniques as in the proof of the previous lemma we can
also show the following result.

Corollary 6.2.7. [BV1j, Cor. 4.2] Let (E, A, B,C) € ¥y, ;mp with transfer function
G(s) € R(s)P*™ be given. Assume that € > 0 and A € C\*B(G). Then the following
statements are equivalent:

a) G()\) has a (not necessarily maximum) singular value e~ with right and left sin-
gular vectors v € C™ and w € CP satisfying ||v]|, = ||w|, = 1.

b) The number \ is a controllable and observable mode of the perturbed system (E, A+
eBvwhC), B, C) with associated right and left eigenvectors x and y of sE — (A +
eBvwHC) € C[s]™™ given by

t=(\E—A)"'Bv, and y=O\E—-A)HCTw. (6.9)

From Lemma 6.2.6 we can conclude that
P(G) = P(G) U {X € C: omax (G(N)) >}

with boundary
OP(G) = {A € C:omax (GN) =€} (6.10)
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In other words, also the rightmost structured e-pseudopole is arbitrarily close to the
curve OB (G). Thus, our strategy consists of computing a sequence of suitable struc-
tured rank-1 perturbed pencils sE — (A + eBowHC) € C[s]"*™ such that one of the
perturbed eigenvalues converges to the rightmost e-pseudopole of G(s). A similar
technique has already been successfully applied to compute the pseudospectral ab-
scissa of a matrix, see [GO11]. For computational purposes we assume that ¢ is chosen
such that the corresponding e-pseudopole set is regular. In this way we guarantee
that we only consider admissible perturbations of finite eigenvalues and that «a(e)
is finite. Inadmissible perturbations are covered by evaluating limy ;o0 Omax(G(iw))
which will be done separately.

With regard to Proposition 4.4.1 we see the following. Let sE — A € R[s|™*"
be a given regular matrix pencil and let =, y € C" be right and left eigenvectors

corresponding to a simple finite eigenvalue A\ = Z:g‘; Let sE — (A + thwHC) €

C[s]™™ be a perturbed regular matrix pencil with eigenvalue A(t). Then it holds
that

H H
~ y"Bvw"Cx 2
At) = A+ t—p7—— t7).
Furthermore, this directly yields
dX(t) _ y"BowHCx
a | yHEx

Now, we describe how such rank-1 perturbations can be constructed in an optimal
way. Therefore, let \ be a simple eigenvalue of the pencil sE — A with corresponding
right and left eigenvectors x, y € C" satisfying y"Exz > 0. Let v € C™ and w € CP
with |[v|ly = ||w]|, = 1 be given vectors. Then it holds that

dA(t) Re (4" BuwHCx)
Re [ = =
dt o yHEx

_ Is#B]l, Iice,

- yHEx '
Equality in (6.11) holds for v = BTy/||BTy|
growth in Re (X(t)) as ¢ increases from 0 is achieved for this choice of v and w. In this
way we generate the initial perturbation. Next we consider subsequent perturbations.
Let therefore sE — A := sE — (A +eBoaHC) € Cls]"*™ with a simple eigenvalue A
and associated right and left eigenvectors Z, § € C" with g7 EZ > 0 be the perturbed
matrix pencil. In addition, let vectors v € C™, w € CP with |jv[|, = ||w|, = 1 be

(6.11)

g W= Cm/HCzH2. Hence, local maximal

given. We consider the family of perturbations of the matrix pencil sEF — A of the
form

sE — (A\—i— tB (va - 5@"') C) ,
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which are structured e-norm rank-1 perturbations of s&Z — A for t = 0 and ¢ = €. For
the perturbed eigenvalue, for simplicity called again A, we obtain

dA(t) _ Re (3"'B (vuM — M) C7)
\a ) MET

_ "B, o3, — Re (3" BoatCz)

= HET ‘

(6.12)

Similarly to the above considerations, equality in (6.12) holds for v = BT3/ HBTg’j 0
w=Cx/ HC%HQ Therefore, the basic algorithm consists of successively choosing an
eigenvalue and constructing the perturbations described above by using the corre-
sponding eigenvectors. However, an important question is how to actually choose

these eigenvalues. This will be discussed in the next paragraph.

Choice of the Eigenvalues Recall that we want to construct structured e-norm
rank-1 perturbations of the pencil sE — A such that one of the perturbed eigenvalues
converges to the rightmost e-pseudopole of the transfer function G(s). Intuitively,
in each step one would choose the rightmost eigenvalue of the perturbed pencil to
construct the next perturbation. However, this might not be a good choice. Note that
the perturbability of an eigenvalue A € C with right and left normalized eigenvectors
x and y highly depends on the values of HBTyH2 and HC’xH2 If these values are small,
no large perturbation is possible. We recall that these values are strongly related to
the controllability and observability concepts introduced in Subsection 6.2.1. Roughly
speaking, the “larger” the values of HBTy’ 5 the “larger” is the distance of the system

to uncontrollability at A. So, large values of HBTyH2 indicate a good controllability
at A. Analogous considerations can also be made for observability.

Consequently, for our algorithm we look for eigenvalues that have both sufficiently
large real part and a high controllability and observability. An algorithm which
unites both concepts is the (subspace accelerated MIMO) dominant pole algorithm
(SAMDP), introduced by Rommes and Martins [RM06b, RMO06a, RS08, Rom08].
This algorithm can be shown to converge locally superlinearly to the desired eigenval-
ues. It has actually been designed to find the poles which have the highest influence on
the frequency response of the transfer function G(s). Assume that s — A € R[s|"*"
has only simple eigenvalues A; with left and right eigenvectors yg, x € C", normal-
ized such that kaE:L‘k = 1. Then we have the representation

n

R
G@)2228_3k+3w (6.13)
k=1

with the residues

R, =CzyB and R, = lim G(iw).

w—00
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Then it holds that
1/2
1Rklly = Amax (Congf BB i) = [|Cai], || BT

is a measure for simultaneous controllability and observability of A;. We observe that
if \;j is close to the imaginary axis and ||R;|, is large, then for w ~ Im();) we obtain

n

R; Ry

Gliw) ~ —I Reo, 6.14

() —mﬂﬂ¥§M—M+ (6.14)
(=

and therefore, ||G(iw)||, is large, too. These considerations give the motivation for
the following definition. We call an eigenvalue \; € A(E, A) dominant pole of G(s),
if
[ Rl 122511,
[Re(Ae)l  [Re(A))]”

k=1, ...,n, k=#j. (6.15)

The most dominant poles can be determined by SAMDP and are essentially what
we are looking for. However, we also deal with positive e-pseudopole set abscissae.
By using the definition (6.15), the eigenvalues tend to loose dominance as soon as
they have crossed the imaginary axis into the right half-plane. Then in subsequent
iterations eigenvalues in the left half-plane tend to be determined as most dominant.
This is of course an undesired behavior since this could lead to convergence problems
when the rightmost structured e-pseudopole is “far” in the right half-plane. Therefore,
we also propose an alternative dominance measure which does not have this drawback.
We call an eigenvalue \; € A(E, A) ezponentially dominant pole of G(s), if

| Rkll,exp(BRe(Ar)) < ||Rjll,exp(BRe();)), k = 1,...,n, k # j. (6.16)

The parameter § is a weight factor which determines the trade-off between the in-
fluence of the residues and the real parts of the eigenvalues. In our numerical ex-
periments it turned out that the dominance defined by (6.15) or (6.16) with rather
large values of § (high weight on the real part) are good choices for many examples.
Since SAMDP delivers the poles which have the highest influence on the frequency
response of a system and due to the relation (6.6), we can determine good initial
estimates for T(fC(G). We compute some of the dominant poles \x, kK =1, ..., £ and
determine an estimate r&*(G) as

T(%St(G) = 1/ 1211(2%{6 Omax (G (iwk)) (617)

with wp =Im(A\g), k=1, ..., L.
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Algorithm 6.1 Computation of the pseudopole set abscissa

Input: System ¥ = (E, A, B,C) € X, ,, with transfer function G(s) € R(s)P*™,
perturbation level £ < 1/lim, 00 Omax(G(iw)), tolerance on relative change T,
dominance measure as in (6.15) or (6.16) for all dominant pole computations.

Output: a.(G), right and left eigenvectors z., y. € C" associated to the optimal
pseudopole.

1: Compute a dominant pole \g of G(s) with associated right and left eigenvectors

xo, yo € C™ of sE — A.

2: Compute the perturbation A=A+e

BBTyoa:(")'CTC
] HBTyg”2”Con2'
3: for j=1,2,...do

4:  Compute a dominant pole \; of @’(s) = C(sE — /D_IB with associated right
and left eigenvectors z;, y; € C" of sE — A.

5. if [Re(\j) —Re(Aj—1)| < 7|Re();)| then

6: Set k = 7.

7: Break.

8  end if

. -~ BBTy.zHCTC
9:  Compute the perturbation A = A 4+ e ——rd——.

P P 1B y5[,[1C5],
10: end for

11: Set a.(G) = Re (Ag), T« = Tk, Y = Y-

Algorithmic Details In this paragraph we present some pseudocode of the algo-
rithms that we have derived. Algorithm 6.1 summarizes the procedure for the com-
putation of the e-pseudopole set abscissa. In our implementation we always initialize
Algorithm 6.1 by setting xg and yp to the eigenvectors returned by the previous eval-
uation of «(e) (if there is one). This accelerates the computation drastically since
the eigenvectors used in the outer iteration converge as well.

We mention the drawback that the algorithm does not necessarily converge to the
globally rightmost value on the boundary of the e-pseudopole set IP.(G) in (6.10).
Mostly it does but in some rare situations the algorithm converges only to a local
maximizer. This especially happens in the first iteration of the root-finding algo-
rithm when no good estimates of the optimal eigenvectors are available. Therefore,
sometimes one has to try several dominant poles to find the global maximizer in
the beginning. Note that we could also follow multiple poles to the boundary of
the corresponding pseudopole set in order to increase the chance to find the globally
rightmost point. But due to the much higher complexity and a comparably small gain
we only follow one pole. In fact, by choosing a dominant pole of the original transfer
function as starting pole usually gives the desired result as shown in Subsection 6.2.5.
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Fixed Point Analysis This section is devoted to the analysis of the fixed points of
the iteration given by Algorithm 6.1. The following two lemmas will be needed for
our considerations.

Lemma 6.2.8. [GO11] Let t € R and consider the p x m matriz family C(t) =
Co+tCy. Let o(t) be a singular value of C(t) converging to a simple nonzero singular
value og of Cp ast — 0. Then, o(t) is analytic near t =0 and

do(t)

H
dt = ’LUO 011}0,
t=0

where vy and wy with ||vglly = ||woll, = 1 are, respectively, the right and left singular
vectors of Cy corresponding to oy.

Lemma 6.2.9. [FFBK13, p. 73] Let A, € C\ P(G) be given. Then G(s) can be
expanded into a Laurent series at A as
G\ =C(I, — (A= A)ME-A)'E) ' (\MLE—-A)'B
= Mo+ M(A= X))+ M=)+ ...

with the moments M; = C (—(A\E — A)_IE)j (ME — A)71B.

Besides the above we will make the following assumption [GGO13, Assmp. 2.19]
throughout this section.

Assumption 6.2.10. [BV14, Assmp. 4.6] Let (E, A, B,C) € X, n,, with transfer
function G(s) € R(s)P*™ be given. Moreover, let € > 0 be given such that the
associated e-pseudopole set of G(s) is regular. Let A, € C be a locally rightmost
point of P.(G). Then we assume that

a) the largest singular value ¢! of G(\,) is simple;

b) if v, € C™ and w, € CP are the corresponding right and left singular vectors with
|[vs]l = [lws[l = 1, then the pole A, of the perturbed transfer function G, ,n(s)
is simple. (That A, is a pole follows from Corollary 6.2.7.)

Note, that using similar arguments as in [BLOO03, p. 362], the first part of Assump-
tion 6.2.10 is generically true, i.e., it holds true for almost all systems (E, A, B,C) €
Yn,m,p- However, it is not difficult to find counter-examples.

Lemma 6.2.11. [BV1j, Lem. 4.7] Let (E, A, B,C) € ¥, pp with transfer function
G(s) € R(s)P*™ be given and let Assumption 6.2.10 be satisfied. If A, € C is a local
mazimizer of the optimization problem

sup {Re(\) : A € P(G)}, (6.18)
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then it holds that
IGA)|y=e"t and wC(ME—- A EWMNE - A)" By, >0,

where v, € C™ and wy, € CP are the normalized right and left singular vectors of

G\

Proof. Our proof follows similar arguments as in the proof of [GGO13, Lem. 2.21].
The assertion that we have |G(\.)|, = ¢! directly follows from the fact that . is
on the boundary of PB.(G). Next, the optimization problem (6.18) is equivalent to

max {Re()) : [G(\)||, > 6_1}.

By identifying A = v+id € C with the vector <g> € R2?, this is furthermore equivalent

to
max {g(7,9) : h(7,0) < 0}

with g(v,8) = v and h(v,8) = et — |G(y +1i6)||l,. At the optimum (7*

5*> we must

now either have
a) Vh(yx,6x) =0; or
b) Vg(7«,0+) = uVh(7vs,0x) with a Lagrange multiplier p > 0.
From Lemma 6.2.9 it follows that in a neighborhood of A\, = 4 4 10, we have

GA\)=CME—-A) B+ M\ —-NCOE—-AENE—-A'B

+ 0O (A= N)?).
By applying Lemma 6.2.8 to G(\), we obtain
Re (wC (ME — A E(ME — A) ! Bu,

VAT (44, 6) =
(12, 02) Im (whC (ME — A E(ME —A) ! By,

Since A, is an eigenvalue of the pencil sE — (A 4 eBuv,wHC) € C[s]"*" with right
and left eigenvectors z, y. € C" we obtain

Ty =e(ME — A)*le*w:'Cx*,
i = eyl Bu,wl!C(\E — A) 7Y,

and hence

0 # yHEz, = 2y B, CNE — A)T'EOE — A" 'Bu,wlCa,.
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6.2 THE PSEUDOPOLE SET APPROACH

This means that wHC(A\E — A)"'E(M\.E — A)"'Buv, # 0 and as a consequence we
can exclude case a) above. Since Vg(7x,d:) = (1 0) and b) holds true, we directly
obtain

WO ME—-—A) 7 EMNE—-A) " ' Bo,=1/u>0

and the proof is complete. O

Lemma 6.2.11 gives necessary first-order optimality conditions for A\, € C to be a
locally rightmost point in the e-pseudopole set. Now we can start analyzing the fixed
points of the iteration presented in Algorithm 6.1. First we introduce the notion of a
fixed point similar as in [GGO13, Def. 3.1]. Here, the term “dominant pole” is either
understood with respect to (6.15) or (6.16).

Definition 6.2.12 (Fixed point). [BV14, Def. 4.8] Let € > 0 be given such that the
associated e-pseudopole set is regular. Furthermore, assume that ((vj,wj))jeNO =
((BTyj/ HBT%H2 ,C’a:j/HCasz2))jeN0 is a sequence of perturbations constructed by
Algorithm 6.1. Assume that A; is the unique dominant pole of the perturbed transfer

function Gavjwa(s). A vector pair (vj,w;) is a fized point of this iteration if A; is
J

simple, vjw;' = vj+1w;'+1, and consequently A\; = Aj;1.

Next, we get a similar theorem as [GGO13, Thm. 3.2] which we will prove in an
analogous fashion.

Theorem 6.2.13. [BV1/, Thm. 4.9]

a) Let € > 0 be chosen such that the corresponding e-pseudopole set is reqular. Let
(ve, wy) be a fized point of the iteration induced by Algorithm 6.1 corresponding
to the dominant pole A« € C of G, ,n(s) which we assume to be unique. Then
G(\:) has a singular value equal to e~ and if this is the largest one, the first-order
optimality conditions presented in Lemma 6.2.11 hold true.

b) Conversely, assume that € > 0 is chosen such that the corresponding e-pseudopole
set is reqular and that the first-order optimality conditions in Lemma 6.2.11 hold
true for some Ay € C and (vs,ws). Then A is a pole of G, ,n(s) and if it is
the unique dominant one and simple, then (v, wy) is a fized point of the iteration
induced by Algorithm 6.1.

Proof. First we show a): Let (v,,w,) be a fixed point of the iteration induced by
Algorithm 6.1 corresponding the dominant pole A« € C of G, ,n(s). Then we have
ve = BTy,/ HBTy*H2 and w, = C’a:*/HC’:E*HQ,
eigenvectors of the perturbed matrix pencil

where z, and y, are the right and left

(6.19)

T, HAT
\E — <A+5 BB y.z.C C)

1B ye || Ol
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to the eigenvalue \,. That ¢~! is indeed a singular value of G(\) follows by Corol-
lary 6.2.7. Let e~ now be the largest singular value of G(\,). Then we have

(ME — A)*lBBTy*x!;'CTCx*

Ty =& T )
BT[] Cos ]

yH _ 6y,'jBBTy*:L"!;'C'TC'()\*E — A1

’ [BTys[,[| Call,

Due to the normalization yHEx, = 1 we now obtain

HAT
2O G E— A EOLE— A B DY

Er = BT O
*112

=1>0,

i.e., the first-order optimality conditions hold true.

Now we prove statement b): Assume that the first-order optimality conditions in
Lemma 6.2.11 are satisfied for some A, € C and (v, ws). Then opax (G(Ay)) =
e~ with right and left normalized singular vectors v, = BTy* / HBTy* and w, =
Cxy/ HCx*

we obtain

I

Hz' From the second optimality condition in Lemma 6.2.11 and with (6.9)

MCTCONE — A)"'E(\E — A)"'BBTy,
[Ca. ||| BTy

>0,
I

where z, and y, are now again the right and left eigenvectors of the perturbed pencil
(6.19) to the eigenvalue A.. So, if A, is dominant and simple, then the pair (v, wy)
is a fixed point of the iteration. O

As in [GO11, p. 1176] we argue that the only possible attractive fixed points of
the iteration given by Algorithm 6.1 are the local maximizers of the optimization
problem (6.18).

Local Convergence and Error Analysis Similarly as in [GO11] it is possible to show
that for sufficiently small values of € we have local convergence to a fixed point with
linear rate. The generalization of the proof is analogous to the one for the algorithm
in [GGO13], as discussed by [GO13]. Since this analysis is rather lengthy we omit the
details. However, as shown by our numerical examples we always have convergence
to a fixed point independently of . However, similarly as in [GO11], the linear
convergence factor might get higher for larger values of €.
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6.2 THE PSEUDOPOLE SET APPROACH

6.2.3 Newton’s Method for Computing the Complex 7 ..-Radius

In this subsection we derive a Newton-like method for computing the root of a(-).
This is a generalization of the method presented in [GGO13] and we will later show
that it is slightly faster than the secant method used in [BV12b] or any other superlin-
early converging root-finding scheme [BV12a] applied to this problem. The following
theorem deals with the derivative of the pseudopole set abscissa with respect to e,
similarly as in [GGO13, Thm. 4.1].

Theorem 6.2.14. [BV1/, Thm. 5.1] Let (E, A, B,C) € ¥y, with transfer func-
tion G(s) € R(s)P*™ be given. Let ¢ > 0 be such that the associated e-pseudopole
set is reqular. Let \(e) be the rightmost point of PB<(G). Let Assumption 6.2.10
be satisfied for all reqular e-pseudopole sets and let v(e) = BTy(e)/ HBTy(E)H2 and
w(e) = C’x(s)/HCx(E)H2 be the normalized singular vectors of G(\(e)) correspond-
ing to the largest singular value e, where x(¢), y(¢) € C" are the right and left
eigenvectors of the perturbed pencil

BBTy(e)z(e)HCTO «
sE—| A |
b (“uBTy<e>H2ch<e>H2>EC” |

with y(e)"Ex(e) = 1. Furthermore, let ¢g > 0 be given such that the structured eo-
pseudopole set is reqular and such that the rightmost point A(g) of Pe, (G) is uniquely
determined. Then X\(-) is continuously differentiable at €9 and it holds that

da(e)
de

_ dA(e)
 de

= HBTy(ao)H2||C’:):(60)H2. (6.21)

£e=¢€0 £€=¢€0

Proof. The proof is similar as for [GGO13, Thm. 4.1]. Due to the first part of
Assumption 6.2.10, the singular vectors v(e) and w(e) are unique up to multiplication
with a unitary scalar. Therefore, the largest singular value of G(\(-)) is differentiable
with respect to e. The second part of Assumption 6.2.10 ensures that y(¢)? Ex(g) # 0
while the uniqueness of the rightmost point A(g¢) guarantees the continuity of A(-)
and its derivative in a neighborhood of &g.

Now we prove (6.21). Differentiating the constraint G(\(¢)) = ¢~! with respect to
€ yields

0=— ('~ [cOE©E -4 B],)

2 (PO M) E — A EOE)E — A) Bu(e) - RE).

de

Plugging in v(c) = BTy(e)/ || B y(¢)||, and w(e) = Cx(e)/||Cx(e)||, and comparing
this with (6.20) gives the desired result and finalizes the proof. O
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Now, since we know how to differentiate a(-), we can make use of Newton’s method
to compute the root of «(-). This method has a local quadratic convergence since
da(e)/de > 0 and d?a(e)/de? is finite. The complete procedure is summarized in
Algorithm 6.2. First, we check whether the Hoo-norm is attained at w = oco. This
is done by evaluating omax(G(+)) at the imaginary parts of the dominant poles. If
all these values are below goo = limy 00 Omax (G(iw)), we assume that the norm
is attained at infinity and we return g... This step is necessary to avoid possi-
ble computations with nonregular pseudopole sets in subsequent steps. To estimate
lim,, 00 G(iw), we evaluate G(iw) for a sufficiently large w. The largest singular value
of G(iw) will converge quickly due to the fact that for large w there are no close poles
which can introduce peaks. We can give the following upper bound using the residue
representation of the transfer function (6.13) with \; = v; +iw;, =1, ..., n:

n

. R;
TR | yp—_ E—

1w — IWj — I/j

n
7 P
Z + [[Roolly - (6.22)
liw —iw; — vy
For w > maxi<j<,w; we can neglect the real parts of the denominators v;, j =
1, ..., n. Since usually there are only very few dominant poles, we can control the

desired accuracy by, e.g., choosing w such that for the most dominant poles A;,
j=1,..., ¢ we have

Z JR ’WQ < (6.23)

for some small n > 0. Note that in the algorithm, the dominant poles have to be
computed anyway, so we can evaluate the left-hand side of (6.23) at no additional
cost.

When we assume that the H.,-norm is attained at a finite frequency, we compute
the root of a(-) as described above. As the initial value we take e; = r&*(G) as in
(6.17) which is already very close to the exact value of the complex Ho-radius for
most of our examples. In our actual implementation of the algorithm we also check
if the most dominant poles are purely real. In this case we assume that |G|, =
|G(0)]|, and return this value. This is done to improve the performance of the
algorithm since there are many examples with this property.

6.2.4 Comparison with the Method of Guglielmi, Giirbiizbalaban, and
Overton

As already pointed out in the introduction, the work [GGO13] uses a similar idea to
compute the Ho-norm for standard state-space system ¥ := (I, A, B,C, D) € ¥,
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Algorithm 6.2 Computation of the H,-norm using the pseudopole set approach

Input: System (E, A, B,C) € ¥, with transfer function G € RHA ™.
Output: ||G|4__, optimal frequency w..
1: Compute some dominant poles \; = v; +iw;, j =1, ..., L.
2: Compute goo := limy 00 Omax (G(iw)).
30 if goo > Omax(G(iwj)), 7 =1, ..., £ then
Set [|Gll4.. = goo and wy = oo.
Return.
else
Set &1 = r&(G) as in (6.17).
for j=1,2,..., kdo
Compute a(e;), and right and left eigenvectors x;, y; € C" associated to the
optimal pseudopole A;.

=

a(e;) .
BTy ||, [[C2 )],

10: Perform a Newton step: set €j41 =€ —

11:  end for
12: end if
13: Set |Gy = el;il and w, = Im (\g).

with transfer function
G(s) = C(sl, — A)"'B+ D € RHEX™. (6.24)

The presence of a nonzero matrix D makes the derivation and analysis of the algo-
rithm from [GGO13] particularly cumbersome and difficult. In this case the role of
the e-pseudopole sets of this work is attained by the so-called e-spectral value sets
which are defined by

E(8):={AeC:XeA(A+ BA(Il,— DA)'0)
for some A € C™*? with [|A, <e}.

Then it is shown that Z.(X) can be constructed by only using rank-1 perturbations
A, and therefore, also the rightmost point in the spectral value set can be realized
by a rank-1 perturbation ev,w!! with |[v.]|, = ||wi|l, = 1. The construction of this
optimizing perturbation is done by an iteration that yields a sequence of normalized
vector pairs ((vj,wj));en,. For each j > 0, v; and w; are determined as solutions of
the optimization problem

R HB UU}H C (6 25)
max e . - T )
lullamitia=1 YT\ T ZabDy ) V)

where z; and y; are the right and left eigenvectors to the rightmost eigenvalue of the
perturbed matrix A + 6ij,1w}"71 (Ip — 6va,1w;'71)_10, respectively. An explicit
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solution of this optimization problem is derived in [GGO13]. In our method we
circumvent the solution of such an optimization problem, since we always eliminate
D. Then we can directly construct the next perturbation matrix by using (6.12). Of
course, then we have to deal with a descriptor system, even if the original problem
comes from a standard state-space system.

Note that both methods are also not equivalent in the context of standard state-
space systems. To see this we rewrite (6.24) as

- (s 3¢ 5B

Let Ao be the rightmost finite eigenvalue of the pencil s [IS 8] — [g‘ OI] €
—p

R[s]"TPX"+P with right and left eigenvectors zo = (z; :U0T2)T € C"P and yy =

(yE)rl yS—Q)T € C"P. Then we have xg2 = 0 and yp2 = 0. Therefore, the first
perturbation in the descriptor system case is constructed by the vectors

vo = BTyo1/|| B yo1||,,  wo := Czo1/||Crol|,. (6.26)

Furthermore, since xg1 and g1 are the right and left eigenvectors of the matrix A
with respect to the eigenvalue \g, the first perturbation in the standard system case
is computed via the solution of the optimization problem (6.25) with x; = x¢1 and
y; = yo1. However, its solution only corresponds to (6.26) if D = 0. In our algorithm,
D is completely ignored, whereas in [GGO13] both D and ¢ play a certain role in the
optimization process. So, even if both methods converge to the same locally rightmost
point in the pseudopole set or spectral value set, the path of intermediate iterates
might be different. It is far from obvious to see whether one of the approaches works
better than the other one, but this is also out of the scope of this thesis. However, this
question is particularly interesting in the context of generalizing the approach from
[GGO13] to the descriptor system case, since there is a large freedom of choosing E
and D to obtain the same transfer function.

The second main difference to [GGO13] is that in our algorithm we explicitly
consider poles instead of eigenvalues. This difference seems to be of minor nature
but it has some important consequences. Consider for example the case that £ = I,
and A(A) Cc C~. Now we could inflate A by an uncontrollable or unobservable mode
Ao to still obtain the same transfer function. Since we can choose Ay arbitrarily we
can also place it far in the right half-plane. The method from [GGO13] would now
choose \g as a starting value and directly return Re()g) as spectral value set abscissa
since there is no spectral value set component around Ag. This could then lead to a
wrong result, since Re(\g) can be much larger than the corresponding spectral value
set abscissa obtained by using the original data. This problem is avoided by our
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method since obviously Ag is no pole of the transfer function. In fact, it is only a
removable singularity. The further incorporation of only the most dominant poles
by our method enables us to find good starting values that can be used to indeed
find a global instead of a local maximizer of ||G(i-)|,. This is not guaranteed by
[GGO13], since controllability and observability do not play a role for choosing the
initial eigenvalue.

6.2.5 Numerical Results

Test Setup In this subsection we present some numerical results of our download-
able implementation'. To compute the (exponentially) dominant poles we use a
(slightly modified) version of Rommes’ MATLAB codes”. The data for the numerical
examples was taken from [RM06a, MPRO7, FRMO08, CD02] and it can also be down-
loaded from Rommes’ website or from the NICONET page®. As dominance measure
we use (6.15). In Paragraph 6.2.5 we also analyze the behavior of the algorithm us-
ing the exponential dominance measure. The tolerance on the relative change of the
iterates in Algorithm 6.1 is set to 7 = 1073. We also abort the iteration when the
iterates start to cycle which typically happens when they are approaching zero. In
Algorithm 6.2 we abort this iteration when the relative change of the iterates is below
1076, i.e., if (1 _
k+1
ing SAMDP (40 for the peec example and 30 for the bips07_1693 system). For every
further outer iteration we compute only 5 dominant poles (10 for the peec example).
Note that we have to compute more dominant poles for peec and bips07_1693 to
ensure that the most dominant poles are really found. Both examples are particularly
difficult, so it is necessary to deviate from the default values mentioned above.

< 1075, To obtain r&*(G), we compute 20 dominant poles us-

Test Results In Table 6.1 we summarize the results of 33 numerical tests. The first
13 examples are standard or generalized state space systems whereas the other 20
ones are descriptor systems (with singular E). With 7., we denote the number of
outer iterations, i.e., the number of steps needed by Algorithm 6.2 to find the root.
By ni, we refer to the total number of inner iterations, i.e., the total number of steps
needed by Algorithm 6.1.

For all tests, the correct value of ||Gl[;,_ was found. In 30 tests the first outer
iteration returned a positive value. However, for 3 of the tests (M10PI_n1, M10PI_n,
bips07_1693), a negative value was returned and therefore, we have to try more dom-
inant poles (one for each M10PI_n1, M10PI_n and four for bips07_1693) to converge
to the correct initial value.

"http://www.mpi-magdeburg.mpg.de/mpcsc/software/infnorm/
*http://sites.google.com/site/rommes/software
Shttp://www.icm.tu-bs.de/NICONET/benchmodred.html
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Table 6.1: Numerical results for H.,-norm computation for 33 test examples

# example n m p IGll5 . W (o) (G)  nouw nin timeins
1 build 43 1 1 | 5.27633¢-03  5.20608¢+00  4.3258e-15 3 13 1.54
2 pde 84 1 1 1.08358e+01 0 -1.4872e-15 1 6 2.08
3 CDplayer 120 2 2 | 2.31982e+06 2.25682e+01  8.6683e-16 2 8 2.70
4 iss 270 3 3 | 1.15887e-01  7.75093e-01  7.1406e-17 1 3 2.69
5 beam 348 1 1 4.55487e+03  1.04575e-01  -2.0176e-13 2 8 50.22
6 S10PI_n1 528 1 1 3.97454e4-00 7.53151e+03  3.6808e-11 2 7 1.78
7 S20PI_n1 1028 1 1 3.44317e+00 7.61831e+03  4.0418e-13 3 13 4.22
8 S40PI_ni 2028 1 1 | 3.34732¢+00 6.95875e+03  1.9663e-12 2 8 4.77
9 S80PI_n1 4028 1 1 3.37016e4+00 6.96149e+03  1.3880e-12 2 8 10.50
10 M10PI_n1 528 3 3 | 4.05662¢+00 7.53181e+03  3.3271le-12 3 11 3.08
11 M20PI_n1 1028 3 3 | 3.87260e+00 5.06412e+03  1.0967e-12 2 8 3.63
12 M40PI_n1 2028 3 3 | 3.81767e+00 5.07107e4+03  5.9180e-13 2 8 5.83
13 M80PI_nl 4028 3 3 | 3.80375e+00 5.07279¢+03  3.7053e-13 2 8 10.88
14 peec 480 1 1 3.52651e-01  5.46349e+00 -1.8202e-10 2 7 20.80
15 S10PI_n 682 1 1 | 3.97454e+00 7.53151e+03  3.8015e-11 2 7 2.29
16 S20PI_n 1182 1 1 3.44317e+00 7.61831e+03 -4.3232¢-13 3 13 4.67
17 S40PI_n 2182 1 1 3.34732e+00  6.95875e+03  1.0369e-12 2 8 5.35
18 S80PI_n 4182 1 1 | 3.37016e+00 6.96149¢+03 -6.3127e-14 2 8 10.41
19 M10PI_n 682 3 3 | 4.05662¢+00 7.53181e+03  1.4553e-12 3 11 3.56
20 M20PI_n 1182 3 3 | 3.87260e+00 5.06412e+03 -1.8303e-13 2 8 4.03
21 M40PI_n 2182 3 3 | 3.81767e+00 5.07107e+03  8.4266e-13 2 8 6.11
22 M80OPI_n 4182 3 3 | 3.80375e+00 5.07279e+03  1.5073e-12 2 8 11.28
23 bips98_606 7135 4 4 | 2.01956e+02 3.81763e+00  2.6525e-14 3 13 35.43
24 bips98_1142 9735 4 4 | 1.60427e+02 4.93005e+00 1.1867e-13 3 22 69.65
25 bips98_1450 11305 4 4 1.97389¢+02  5.64575e+00  1.2481e-14 3 16 61.65
26 bips07_1693 13275 4 4 | 2.04168e+02 5.53766e+00 2.1761le—12 7 45 167.10
27 bips07_1998 15066 4 4 | 1.97064e+02 6.39968e+00  4.8834e-13 2 20 102.11
28 bips07_2476 16861 4 4 1.89579e+02 5.88971e+00  4.7231e-11 2 30 146.18
29 bips07_3078 21128 4 4 | 2.09445e+402 5.55792e+00  1.5001e-13 3 13 91.05
30 | xingo_afonso_itaipu 13250 1 1 | 4.05605e+00 1.09165e+00 -4.1368e—14 2 7 39.24
31 mimo8x8_system 13309 8 8 5.34292e-02  1.03313e+00  2.4820e-12 2 14 78.47
32 mimo28x28_system 13251 28 28 | 1.18618¢-01 1.07935e+00  6.1195e-14 2 9 85.36
33 mimo46x46_system 13250 46 46 | 2.05631e+02 1.07908e+00  4.8454e-14 2 8 115.91
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Table 6.2: Convergence history for the M20PI_n example, A\gom denotes the dominant
pole
k
1 2
-6.7945e-02  1.6145e-08

£ | 2.31400-03  1.6256e-08

< | 3.0285¢03  1.6257¢-08

2 | 3.0355¢03 —
3.0356¢ 03

€k | 2.58250e-01 2.58224e-01

For a more detailed impression of the behavior of the algorithm, Tables 6.2 and 6.3
summarize the convergence history for the M20PI_n and the bips07_2476 examples,
listing each intermediate iterate for each iteration of the root-finding algorithm. We
clearly observe a linear convergence of Algorithm 6.1 with different convergence rates
depending on the problem, see also the last paragraph in Subsection 6.2.2.

In Figure 6.2 we also depict a set of pseudopole sets for the M20PI_n example and
the iterates of the first iteration of Algorithm 6.1. Blue contours in Figure 6.2(a)
correspond to small perturbation levels whereas yellow and red contours indicate
areas which need larger perturbations to be reached by the perturbed poles. There-
fore, poles that correspond to the blue contours are particularly controllable and
observable. Intuitively, it is clear that the H,.-norm will most likely be attained at
frequencies close to these poles. This is also confirmed by having a look at Figure 6.3
that shows transfer function plots for the M20PI_n and bips07_2476 examples to-
gether with the computed Hoo-norms. For the M20PI_n example we observe that
the correct norm value is computed even though there are lots of close-by peaks of
similar height. We can also see that lots of peaks are introduced in the transfer func-
tion at frequencies that correspond to areas that are covered by the blue contours in
Figure 6.2(a).

Comparison of Dominance Measures Since our exponential dominance measure is
a heuristic method, we provide some results that emphasize that using (6.16) with
larger values of 3 as an alternative dominance measure can also be a good choice. In
particular, we perform a study of the behavior of our algorithm for different values
of 3, but also with the standard measure given by (6.15). To ensure that the most
exponentially dominant poles are really found in the inner iterations we increase
nin to 20, but all other options are the same as before. In Table 6.4 we list those
examples that fail when trying to compute the H,,-norm using different dominance
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Table 6.3: Convergence history for the bips07_2476 example, A\gom denotes the dom-
inant pole
k
1 2

-8.1617e-02  2.1202e-08
-9.6637¢-03  3.0116e-08
-2.6717e-03  3.4986e-08
-9.8184e-04  3.7652¢-08
-3.9561e-04  3.9111e-08
-1.5362¢-04  3.9910e-08
-4.3525e—05  4.0348e—08
9.6185¢-06  4.0587e-08
3.6273e-05  4.0718e-08
4.9989¢-05  4.0790e-08
5.7173e-05  4.0830e-08
6.0984e-05 —
6.3022e-05 —
6.4120e—05 —
6.4714e-05 —
6.5036e-05 —
6.5211e-05 —
6.5307e—05 —
6.5359¢-05 —

e | 5.27515e-03  5.27485e¢-03

Re()\dom)

measures. Unfortunately, for all tested values of 3, some of the examples fail which is
always due to a wrong selection of the poles with the respective dominance measure.
Nevertheless, also all examples could be solved for some choice of 8. For the iss
example, we obtain ||G||;,_ = 0.115885 for 8 = 10 and 8 = 100 which is slightly
smaller than the true value. This inaccuracy is also related to a different pole selection
in the iteration for different dominance measures. However, the algorithm converges
to the same peak in the transfer function.

In conclusion, it is important to choose a good value of 3 depending on the actual
example when applying (6.16). The table also makes clear that it is advisable to
put a rather high weight on the real part of the poles which corresponds to a high
value of 8. However, it is still important to have an eye on the perturbability of the
poles which is neglected if 8 becomes too large. The standard measure (6.15) works
particularly well for our examples since the computed dominant poles already give
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Figure 6.2: Pseudopole sets with the most dominant poles (black crosses) and first
outer iteration for the M20PI_n example

Table 6.4: Comparison of different dominance measures for the 33 test examples from
Table 6.1
dominance measure | failed examples
(6.15) —

(6.16) with 5 =1 iss, peec, bips98_606, bips98_1142, bips98_1450,
bips07_1693, xingo_afonso_itaipu, mimo8x8_system,
mimo46x46_system

(6.16) with 5 =10 (iss), peec
(6.16) with 5 =100 | (iss), peec
(6.16) with 5 = 1000 | peec
(6.16) with g = 10000 | M1OPI_n1, M10PI_n

very good initial estimates of the actual value of the Hoo-norm. However, if this is
not the case, the rightmost pseudopole in the first iteration might be “far” in the
right half-plane which makes the exponential dominance measure more advisable.

Comparison with Other Methods This subsection gives a brief comparison with
other methods, in particular those based on the solution of Hamiltonian and skew-
Hamiltonian /Hamiltonian eigenvalue problems. These are implemented in the MAT-
LAB Control Systems Toolbox as the function norm and in SLICOT* as the upcoming
subroutine AB13HD. Both implementations rely on dense matrix algebra and there-
fore, they do not exploit the sparse structure of the involved matrices. We illustrate

‘http://www.slicot.org/
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Figure 6.3: Transfer function plots for the M20PI_n and bips07_2476 test examples
with computed Hoo-norm (red circle)

Table 6.5: Comparison of the pseudopole set method with standard approaches

computed Ho,-norm time in s
example norm AB13HD new method | norm  AB13HD new method
M10PI_n | 4.05662 4.05662 4.05662 40.44 50.59 3.56
M20PI_n | 9.92404 3.87260 3.87260 296.65  276.41 4.03
M40PI_n | 3.81766 3.81767 3.81767 2322.66 1998.26 6.11

the speed-up of the method compared to the standard approaches in Table 6.5 for
some smaller examples that can be solved by all available implementations. Both,
the MATLAB function norm and SLICOT’s AB13HD are used with a relative toler-
ance of 107° to obtain a similar accuracy as in Table 6.1. From the table we conclude
that the new method is much faster than existing algorithms. A high speed-up can
already be observed for small and medium-sized examples. Furthermore, for the
M20PI_n example, the new method and the SLICOT solver AB13HD are able to com-
pute the correct result whereas the MATLAB solver norm returns the wrong norm
value without printing an error or warning message.

Furthermore, we compare our approach with the method in [GGO13] for standard
state-space examples. The MATLAB code for [GCO13] is freely available’. As
examples we use the state-space examples used in Table 6.1 (#1-5). Moreover, we
generated test systems using state matrices A from EigTool [Wri02] or the COMP1.ib
package [Lei04, LL04] with randomly generated sparse input and output matrices B

Shttp://cims.nyu.edu/ "mert/software/hinfinity.html
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and C' and random feedthrough matrix D. For a good comparison we choose similar
termination tolerances in both methods. For our algorithm we use the same tolerances
as above. For the method from [GGO13] we choose tolerances for the relative and
absolute error of 1076 and 107'2, respectively. As tolerance of the absolute error
of the spectral value set abscissa computation we take 1073. In order to apply our
method, we first eliminate the matrix D as in (6.3). Furthermore, we remark that
we let the algorithm from [GGO13] run using dense arithmetics in case that n < 500
since its performance is much better in this situation. The computed Hoo-norms
and the runtimes of the algorithms are listed in Table 6.6. First, we see that for
both algorithms there are examples that could not be solved which is emphasized by
boldface font in the table. For the iss system this is caused by convergence to a
locally but not globally rightmost pseudopole whereas for NN18 and tolosa, SAMDP
or eigs from MATLAB fail, respectively. The convdiff_fd system is difficult in
the sense that we need to increase the relative tolerance of the inner iteration of
our algorithm to at least 10™% to obtain an accurate result. On the other hand,
even decreasing the tolerance of the absolute error of the spectral value set abscissa
computation in the algorithm from [GGO13] does not improve the accuracy of the
result in Table 6.6 which is obtained by using a tolerance of 1073,

Concerning the runtimes there is no pattern observable. There are examples for
which the method from [GGO13] performs better, but on the other hand there are
many examples for which our method is faster. This is particularly true for those
systems whose Hoo-norm is attained at w = 0. These are dwave, HF1, markov,
and olmstead. When all dominant poles are purely real, our algorithm directly
returns ||G||,, = [|G(0)]|, as result whereas this property is not explicitly checked
in [GGO13] which performs the full iteration. This is a particular advantage of our
method since by employing the residues of the poles we can get information about the
shape of the transfer function which is not possible by looking only at the location
of the eigenvalues as in [GGO13].

Limitations of the Method In this paragraph we explain limitations of our method.
For illustrate these we use the peec example. We plot the transfer function of this
example in Figure 6.4, once in the interval (0, 10) and once for the interval (5.2,5.5),
where the maximum peak is located. First of all we see, the transfer function has lots
of peaks which is due to the high amount of poles close to the imaginary axis. We
plot the eigenvalues of the corresponding pencil sE — A € R[s]*¥9*480 in Figure 6.5,
together with the ten most dominant poles. It is very hard for SAMDP to find the
most dominant pole. In fact, if we only compute 20 dominant poles, the actually
most dominant one is not found. This is only the case if we increase the number
of wanted poles up to 40. Another problem is that the maximum peak is extremely
thin and spiky (see Figure 6.4(b)). We do not even see it with the resolution used for
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Table 6.6: Comparison of our method with [GGO13] for standard state-space systems,
bold values indicate failure of the method

computed Hoo-norm time in s
# example n m p [GGO13] new meth. [GGO13] new meth.
1 build 48 1 1 5.27633e—-03 5.27633e—-03 0.93 1.54
2 pde 84 1 1] 1.08358¢+01  1.08358e+01 0.99 2.08
3 CDplayer 120 2 2 2.31982e+-06 2.31982e+-06 9.68 2.70
4 iss 270 3 3| 1.20261e—02  1.15887e-01 5.53 2.69
5 beam 348 1 1| 4.55487e+03  4.55487e+03 10.97 50.22
6 convdiff_fd 400 4 6 | 1.46898e+01 1.46968e+01 1247.09 92.21
7 dwave 2048 4 6 | 1.27874e+01  1.27874e+01 58.34 5.55
8 HF1 130 1 2 8.42158e-01 8.42158e-01 1.15 0.34
9 markov 5050 4 6 3.37266e4-00 3.37266e4-00 98.70 14.56
10 NN18 1006 1 2| 9.29638e+400 fail 63.84 —
11 olmstead 500 4 6 | 2.79331le+00  2.79331e+400 23.17 1.68
12 tolosa 4000 4 6 fail 6.76382e+-01 — 15.40
0.06 |- N 0.3} .
3 3
9/ 0.04 SD, 0.2
g i
& 0.02 . & 0.1} i
0 | \N\A b
0 2 4 6 8 10 %.2 5.3 5.4 5.9
w w

(a) Interval (0,10) (not all peaks are cap-
tured due to plotting resolution)

(b) Zoom into the interval (5.2,5.5)

Figure 6.4: Transfer function plots for the peec example with computed (wrong) Hoo-
norm
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Figure 6.5: Eigenvalues of sE — A for the peec example (blue crosses) and the 10
most dominant poles (red circles)

plotting Figure 6.4(a). To find it we would actually need very good approximations
to the eigenvectors which are needed to construct the optimal rank-1 perturbation.
This is only the case if we initialize the iteration with the most dominant pole and
take an appropriate dominance measure to continue with the most dominant poles
in each further iteration as done in Table 6.1. On the other hand, even if we start
from a pole very close to this optimal pole, e. g., when we only compute 20 dominant
poles and take, e.g., 5 = 100 in the beginning, our initial eigenvectors (the ones of
the initial pencil) are not that good. Therefore, we only find the close-by peak which
is much “wider” than the one we actually seek, see also the computed norm value in
Figure 6.4. However, we can check if the computed norm value is larger than the
2-norms of the transfer function evaluated at the test frequencies. For this example,
the test that we have implemented is not satisfied and therefore, we can at least
return an error indicator. The main problem of our method is that the user has to
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provide certain parameters to the algorithm, for instance the number of dominant
poles that should be computed in the beginning and every further iteration, since a
high number can be necessary in order to find the most dominant pole.

Unfortunately, there also exist examples for which we observe an extremely slow
convergence of SAMDP, in particular for those that have all real poles. Typically, the
circuit examples from the MNA group of [CD02] are of this kind. However, for these
problems, the H-norm is attained at zero, i.e., |G|, = [|G(0)|ly, see [RS11]. This
behavior is captured by our algorithm by returning this value if the most dominant
poles are all real, provided that SAMDP is able to compute the poles.

6.3 The Even Pencil Approach

In this section we turn back to the original approach using the even pencil (6.1) and
discuss modifications to make this idea applicable to large-scale systems, too. In
particular, we will exploit structured iterative eigensolvers to reduce the complexity
of the eigenvalue computation (and thus, of the overall algorithm). For more details,
especially on the implementation, we refer to [LV13].

6.3.1 Theoretical Preliminaries and Algorithm QOutline

The following two theorems form the basis for the algorithm to calculate the Ho-
norm. The first relates the singular values of G(iw) with the purely imaginary eigen-
values of s€ — A(y) in (6.1), see [BSV12a, BSV12b].

Theorem 6.3.1. Let (E, A, B,C, D) € ¥, ., with transfer function G € RHEZE™ be
giwen. Assume that sE — A has no purely imaginary eigenvalues and let wy € R be
given. Then v is a singular value of G(iwp) if and only if iwo€E — A(Y) is singular.

The following theorem is a direct consequence of Theorem 6.3.1 [BSV12a].

Theorem 6.3.2. Let (E,A,B,C,D) € %, ., with transfer function G € RH™
be given. Assume that sE — A has no purely imaginary eigenvalues and let v >
infuer Omax(G(iw)). Then it holds that |Gl > v if and only if s€ — A(y) has
purely imaginary eigenvalues.

Using the theorems from above we are able to state an iterative method, as pre-
sented in [BSV12a, BSV12b], to calculate the Hoo-norm. First, an initial v is cal-
culated that is less than the Hoo-norm. In each step, a check is performed to verify
whether the matrix pencil s€ — A(y) has purely imaginary eigenvalues. If such eigen-
values are found, « is incremented and the process is repeated. Finally, when no
imaginary eigenvalues are found, + serves as an upper bound for ||G||,,_. By updat-
ing - in a certain way, this process converges monotonically at a quadratic rate, with
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Algorithm 6.3 Computation of the H,-norm using the even pencil approach
Input: System (E, A, B,C, D) € ., , with transfer function G(s) € RH5 ", rel-
ative tolerance €.
Output: ||G|4__, optimal frequency w..
1: Compute an initial value m, < [|Gll4__ -
2: repeat
3 Set y:= (1 + 2e)yp.

4:  Compute some desired eigenvalues of the matrix pencil s€ — A(7).

5 if no purely imaginary eigenvalues then

6 Set yub = -

7: Break.

8  else

9 Set {iwt, ..., iwy} = purely imaginary eigenvalues of s& — A(7), with w; > 0
forj=1,..., k.

10: Set m; = \/wjwjt1, j=1,..., k=1

11: Compute the largest singular value of G(im;) for j =1, ..., k — 1.

12: Set YMb = MaX1<j<k—1 O'maX(G(imj)).

13: Set wy = argmax,,, <y, <m,_, Tmax(G(im;)).

14:  end if

15: until break
16: Set [|Glly = 3 (b + Yub)-

a relative error of at most the desired tolerance €, as long as the arithmetic is exact.
The complete process is summarized in Algorithm 6.3.

6.3.2 Structured lterative Eigensolvers

In the large-scale setting there are two main problems:

a) How do we efficiently determine a good initial value of 7y, in Step 1 of Algo-
rithm 6.37

b) How can we compute the desired eigenvalues of s€ — A(v) in Step 4 of Algo-
rithm 6.37

First we discuss problem a): In general, the important factors that affect the com-
putational costs of the algorithm are the total number of iterations and the number
of purely imaginary eigenvalues of the matrix pencil s€ — A(v) in each iteration
Therefore, the initial choice of 7, is an important issue, since it can have a signif-
icant impact on both the total number of iterations and the number of imaginary
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eigenvalues. Here we choose

b = max{amaX(G(O)),amaX(G(iwp)), lim omaX(G(iw))} ,
w—r00
where wy, is a test frequency that gives the maximum singular value [BSV12a]. To
determine the test frequencies we make use of the dominant poles of G(s). This is
reasonable strategy due to the relation (6.14). Therefore, let \; for j =1, ..., ¢ be
some computed dominant poles. Then we define the test frequency w; as

OJJ' = Im()\j),

and thus we have
Wp 1= AIMAX,, <y, <wy Tmax (G (iwj)).

Several dominant poles are used to potentially increase the value of .

Next we discuss problem b): Since the standard algorithm [BSV12a, BSV12b]
uses full structured factorizations of skew-Hamiltonian/Hamiltonian pencils related
to s€ — A() and relies on dense matrix algebra, it has a cubic complexity and
therefore, it is infeasible in the large-scale setting.

Instead, we propose to use the even IRA algorithm [MSS12] which can compute
several eigenvalues close to a prespecified shift (and, if desired, the associated eigen-
vectors) of large and sparse even pencils.

In order to solve problems of this type, we limit ourselves to the case where the
structure of £ and A(y) allows for the use of sparse direct LU factorizations of
o€ — A(vy) for some shift 0. In particular, the even IRA algorithm is a structure-
preserving method based on Krylov subspaces with implicit restarts [MSS12]. A
prespecified number of eigenvalues is calculated in a neighborhood of the shift o,
which is allowed to be either real or purely imaginary. The algorithm then implicitly
solves a related eigenvalue problem of the form K(y)z = 0z, with

K(y) = (A() + o) TE(A() — o€)7'E.

Then an eigenvalue pair (A, —\) can be easily extracted from 6 by a simple transfor-
mation. Since it is desirable for the shifts to be as near as possible to the calculated
eigenvalues, the ones used in this chapter are the midpoints of the imaginary parts of
the eigenvalues of s€ — A(7) calculated in the previous iteration, with a slight offset
which is explained in Subsection 6.3.3. In the case of the first iteration, when such
eigenvalues have yet to be calculated, the imaginary parts of some of the dominant
poles are used instead. In order to improve the accuracy of the eigenvalue calculation
method, and to ensure that all desired purely imaginary eigenvalues of the matrix
pencil are found, often multiple shifts are used in a loop.
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Table 6.7: Most important design parameters of Algorithm 6.3

param. | description default

€ desired relative accuracy for the H.,-norm 1le-06
Ndom | number of dominant poles computed in initial stage 20
Tdom relative cutoff value for the dominance of the poles to 0.5

determine the initial eigenvalues
Tehift minimum relative distance between two subsequent shifts 0.01

Mmax | Maximum search space dimension even IRA 8
Tmax maximum number of restarts for even IRA 30
Neig number of eigenvalues calculated per shift in even IRA 4
Teig tolerance on the eigenvalue residual for even IRA 1e—06

Tsweep | Telative eigenvalue distance for frequency sweep 1le-05

é relative shift displacement 5e—04

6.3.3 Implementation Details

In this subsection, we outline some of the details regarding the implementation of
Algorithm 6.3°.

In our implementation we use a large amount of design parameters which are
summarized in Table 6.7.

The parameter ngom specifies the number of dominant poles returned by SAMDP.
Since the most dominant poles do not always correlate to the test frequencies that
provides the highest singular value, this parameter is not trivially 1. Furthermore,
for some examples this number must be much higher before the pole with the highest
dominance is actually found; as such, the default value is set to 20, although this must
be increased for some examples, see also the last paragraph in Subsection 6.2.5.

To compute the purely imaginary eigenvalues of s€ — A(7) in the initial iteration
we use the imaginary parts of the dominant poles as shifts. When we take a large
number of shifts we observe that some eigenvalues occur repeatedly. Therefore, we
only use a limited amount of them, determined by the parameter 7gom. Let Ag,
k =1,..., ¢ be the dominant poles of G(s). With Ry as in (6.13) we define the
dominance by

dom()\k) = HRkHQ/Re(/\k)

Then we determine the shifts only by those dominant poles A; that satisfy

dom(\;) > Tdom nax, dom(Ag).

Sdownloadable from http://www.mpi-magdeburg.mpg.de/mpcsc/software/infnorm
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Moreover, we reduce the number of shifts, if some of them are close together.
Therefore, let the shifts iwy, ..., iwy € iR be given in increasing order. If

lwjr1 — wj| < Tenitewe,

then we replace the shifts iw; and iw;41 by a single shift. In the code this is also done
for multiple close-by shifts.

The even IRA solver, while providing a fast and relatively robust method for the
computation of the eigenvalues of even matrix pencils, can return inaccurate eigen-
values under certain circumstances. Additional security measures are put into the
code to alleviate these issues.

A problem with the even IRA solver arises in the case of close proximity of the given
shift and one of the eigenvalues of the matrix pencil to be calculated. In such a case,
the eigenvalue close to the shift is calculated correctly, however all other eigenvalues
have a high degree of inaccuracy. This is thought to be caused by resulting ill-
conditioned matrices used in the even IRA solver [Sch13]. This problem occurs fairly
often, when taking the eigenvalues from the previous iteration as shifts. Therefore,
we perform a slight relative offset by the parameter ¢ — if the shifts are displaced by
a small relative amount, all inaccuracies in the eigenvalue calculation associated with
this problem are eliminated.

Another possible scenario involves a transfer function where the slope of a singular
value plot around the optimal frequency w, is very steep — in other words, the Ho-
norm is achieved at the tip of a very thin spike on the singular value vs. frequency
graph, see for instance Figure 6.4(a). In this case, the purely imaginary eigenvalues
of the matrix pencil s€ — A(y) will be very close together in the later stages of com-
putation. Even IRA is not able to accurately calculate eigenvalues that are extremely
close together which can result in a decreasing value of v in the next steps of the
iteration. To prevent this, if the previously calculated eigenvalues have a relative dis-
tance less than Tgyweep, @ frequency sweep is performed around the imaginary parts of
the eigenvalues to find the Hoo-norm. Since this process is relatively computationally
inexpensive, many points can be evaluated over a large range (relative to the distance
between the eigenvalues), so the final norm is usually very accurate. The drawback
to this approach is, of course, that the accuracy of the resulting Ho,-norm is not
guaranteed. However, since the eigenvalues close to the location of the frequency
sweep are so close to the optimal frequency, this method usually still gives a good
approximation.

Finally, in some rare occasions, even IRA does not find any purely imaginary
eigenvalues of the matrix pencil, even if the provided - is smaller than the known
Hoo-norm calculated using other methods. Often, the reason for this problem is that
the shifts used for the even IRA solver are too far from the imaginary eigenvalues, for
instance if the range in which shifts are averaged, is too big. In such a case, adjusting
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Tdom and Tgpige such that more shifts are obtained, usually solves the problem. Another
possible reason is that the tolerance of the eigenvalue residuals given by 7, is too
big. Then the code of even IRA does not return the inaccurate eigenvalues. To obtain
a correct result, ¢, must be further decreased.

Summarizing, a major disadvantage of our method is the fact that the user must
supply good values for the design parameters. Even if the default values work well
for most examples, for a few tests we have to change them to get good results.

6.3.4 Numerical Results

Test Setup For our MATLAB implementation we use the code of SAMDP by Joost
Rommes and the MATLAB implementation for even IRA from Christian Schroder’.
For all examples we use the default values as in Table 6.7, except for beam (7ejz =
le—5), peec (nqom = 40), bips07_1693 (ngom = 30), and bips07_1998 (Tqom = 0.2)
which are particularly difficult.

Test Results and Comparison with the Pseudopole Set Approach In this para-
graph we analyze computational results of the new approach and compare them with
those obtained by the pseudopole set approach from Section 6.2. The results for
33 test examples are summarized in Table 6.8. Using the even pencil approach, the
correct value of ||G||,,_ was found for all cases. For a few examples (build, beam,
M80PI_n1, M8OPI_n, mimo8x8_system), the result differs by only 1e—6 for the different
methods, which is in the range of desired accuracy. Only for the peec example, the
difference between the calculated Hoo-norm values is significant. The reason is the
very thin spike at which the Ho-norm is attained, see also Figure 6.4(a). In the run
using the even pencil approach we actually did not find purely imaginary eigenvalues
in the first iteration and therefore, we can only take ||G|ly_ = omax(G(iwp)) with
the optimal test frequency wy as defined above. When decreasing 7.is we get purely
imaginary eigenvalues, which are so close together such that a frequency sweep is
performed. This leads to a similar result.

In terms of the runtime, the method based on even matrix pencils performs remark-
ably better than the pseudopole set method. In fact, every single numerical example
resulted in a decreased runtime. For almost all tests the runtime was reduced to
50% or less, especially for some larger examples we can have a speedup by a factor
of 5. Only in the beam example, where the dominant pole calculation is the limiting
factor, the speedup is much smaller. To demonstrate the behavior of the method,
we show the intermediate iterates for the bips07_3078 example in Figure 6.6. This
illustration indicates how quickly the algorithm converges — in fact, all 33 examples
took three iterations or fewer.

"http://www.math.tu-berlin.de/fachgebiete_ag_modnumdiff/fg_numerische_
mathematik/v-menue/mitarbeiter/christianschroeder/software/even_ira/
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Table 6.8: Comparison of the pseudopole set with the even pencil approach for 33 test examples

computed Hoo-norm optimal frequency wopt time in s
7# example n m p pseudop. even p. pseudop. even p. pseudop. even p.
1 build 48 1 1 5.27633e-03  5.27634e-03 | 5.20608e+00 5.20584e+-00 1.54 0.54
2 pde 84 1 1 | 1.08358e+01 1.08358e-+01 | 0.00000e+00 0.00000e+00 2.08 0.61
3 CDplayer 120 2 2 | 2.31982e+06 2.31982e+4-06 | 2.25682e+01  2.25682e+-01 2.70 0.54
4 iss 270 3 3 1.15887e-01  1.15887e-01 | 7.75093e-01  7.75089e-01 2.69 0.61
5 beam 348 1 1 | 4.55487e+03 4.55488e+03 | 1.04575e-01  1.04573e-01 50.22 38.15
6 S10PI_n1 528 1 1 | 3.97454e+00 3.97454e+00 | 7.53151e+03 7.53152e+03 1.78 0.79
7 S20PI_ni 1028 1 1 | 3.44317e4+00 3.44317e+00 | 7.61831e4+03 7.61835e+03 4.22 1.33
8 S40PI_n1 2028 1 1 | 3.34732e4+00 3.34732e+00 | 6.95875e4+03 6.95873e+03 4.77 2.12
9 S80PI_n1 4028 1 1 | 3.37016e+00 3.37016e+00 | 6.96149e+03 6.96147e+03 10.50 4.80
10 M10PI_nil 528 3 3 | 4.05662e+00 4.05662e+-00 | 7.53181e+03 7.53182e+03 3.08 1.29
11 M20PI_n1l 1028 3 3 | 3.87260e+00 3.87260e+00 | 5.06412e+03 5.06412e+-03 3.63 1.62
12 M40PI_n1 2028 3 3 | 3.81767e+00 3.81767e+00 | 5.07107e+03 5.07107e+03 5.83 2.83
13 M80PI_n1l 4028 3 3 | 3.80375e+00 3.80376e+00 | 5.07279e+03  5.07279e+03 10.88 5.23
14 peec 480 1 1 3.52651e-01  3.52541e-01 | 5.46349e+00 5.46349e+00 20.80 9.31
15 S10PI_n 682 1 1 | 3.97454e+00 3.97454e+00 | 7.53151e4+03  7.53152e+-03 2.29 1.03
16 S20PI_n 1182 1 1 | 3.44317e4+00 3.44317e+00 | 7.61831e4+03 7.61835e+03 4.67 1.53
17 S40PI_n 2182 1 1 | 3.34732e+00 3.34732e+00 | 6.95875e+03 6.95873e+03 5.35 2.47
18 S80PI_n 4182 1 1 | 3.37016e+00 3.37016e+00 | 6.96149e+03 6.96147e+03 10.41 4.51
19 M10PI_n 682 3 3 | 4.05662e+00 4.05662e+00 | 7.53181e+03  7.53182e+-03 3.56 1.36
20 M20PI_n 1182 3 3 | 3.87260e+00 3.87260e+00 | 5.06412e+03 5.06412e+-03 4.03 1.73
21 M40PI_n 2182 3 3 | 3.81767e4+00 3.81767e+00 | 5.07107e+03 5.07107e+03 6.11 2.85
22 M80PI_n 4182 3 3 | 3.80375e+00 3.80376e+00 | 5.07279e+03  5.07279e+-03 11.28 5.19
23 bips98_606 7135 4 4 | 2.01956e4+02 2.01956e+02 | 3.81763e+00 3.81763e+00 35.43 14.43
24 bips98_1142 9735 4 4 | 1.60427e+02 1.60427e+02 | 4.93005e+00 4.93005e+00 69.65 16.37
25 bips98_1450 11305 4 4 | 1.97389e+02 1.97389¢+02 | 5.64575e+00 5.64650e+00 61.65 17.91
26 bips07_1693 13275 4 4 | 2.04168e+02 2.04168e+02 | 5.53766e+00 5.53767e+00 167.10 31.98
27 bips07_1998 15066 4 4 | 1.97064e4+02 1.97064e+02 | 6.39968e+00 6.39879e+00 102.11 29.99
28 bips07_2476 16861 4 4 | 1.89579e+02 1.89579e¢+02 | 5.88971e+00 5.89023e+-00 146.18 31.62
29 bips07_3078 21128 4 4 | 2.09445e4+02  2.09445e+02 | 5.55792e+00 5.55839e+00 91.05 34.73
30 | xingo_afonso_itaipu 13250 1 1 | 4.05605e+00 4.05605e+00 | 1.09165e4+00 1.09165e+-00 39.24 16.80
31 mimo8x8_system 13309 8 8 | 5.34292e02  5.34293e-02 | 1.03313e+00 1.03308e+00 78.47 23.25
32 mimo28x28_system 13251 28 28 | 1.18618e¢-01  1.18618e-01 | 1.07935e-+00 1.07935e+00 85.36 35.45
33 mimo46x46_system 13250 46 46 | 2.05631e+02 2.05631e+02 | 1.07908e+00 1.07908e+00 115.91 49.13
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Figure 6.6: Illustration of the convergence of Algorithm 6.3 for the bips07_3078 ex-
ample, intermediate values of v are depicted by dotted red lines and the
purely imaginary eigenvalues by black crosses

6.4 Conclusions and Future Research Perspectives

In this chapter we have introduced and compared two methods to compute the Ho-
norm of large-scale descriptor systems.

The first method uses the relationship between the H,.-norm and the complex
Hoo-radius of a matrix or a pencil. Based on the method introduced in [GO11],
the algorithm computes a sequence of pseudopole set abscissae. This is done by
computing an optimal rank-1 perturbation of the pencil sE — A such that one of
the eigenvalues of the perturbed pencil converges to the rightmost pseudopole of
the transfer function. Finally, the complex H.-radius is computed by driving the
pseudopole set abscissa to zero.

The second method is based on even matrix pencils similarly as in [BSV12a] and
uses structured iterative eigensolvers to make the algorithm applicable to large-scale
problems. In particular, it uses the even IRA algorithm to calculate the eigenvalues of
the even matrix pencil, and employs the dominant pole algorithm to find appropriate
test frequencies and to get good shifts for even IRA. The calculated Ho-norm values
were identical (up to the desired tolerance) or very close to those calculated by the
pseudopole set method, and were accompanied by a significant drop in runtime.

In following we will briefly compare the features, i. e., advantages and disadvantages
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of the implementations of both methods:

a) The pseudopole set approach
+ needs a smaller number of user-defined parameters and is easier to use;
- is slower than the even pencil approach;

- leads to perturbed pencils that are usually complex and thus we need complex
arithmetics;

- does not guarantee global optimization.

b) The even pencil approach
+ 1is faster than the pseudopole set approach;

+ works under less restrictive conditions than the pseudopole set method; in
particular we can drop the requirement of sparsity of B and C' and the method
can also be used in the more general context of L.-norm computations;

- needs a larger number of user-defined design parameters;

- does not guarantee global optimization.

As mentioned above, both methods suffer from the fact, the we cannot guarantee
global optimization. For the pseudopole set method this would mean that we have
to ensure convergence to a globally rightmost point in the pseudopole sets. For the
even pencil approach this would mean that we, e. g., have to ensure that we compute
all purely imaginary eigenvalues of a pencil s€ — A(v). Both are challenging tasks
for future research.

A further idea for the improvement of the pseudopole set method is the implicit
handling of the perturbed pencils sFE —A. All we need for the dominant pole algorithm
is actually a method to solve shifted linear systems for matrices of the form o F — A.
This however, can be done by applying the Sherman-Morrison-Woodbury identity
which only requires the solution of shifted linear systems of the form ¢ — A which
avoids the explicit construction of the perturbed pencils. This would also allow to
deal with dense matrices B and C. Moreover, we could think of using adaptive
tolerances, i. e., we begin with rather large termination tolerances and decrease them
throughout the process. This promises to speedup the algorithm drastically.

Another recent approach to compute the H.,-norm has been presented in [FSD14].
Furthermore, the method of [GGO13] has been recently improved in [MO14, Mit14].
In the future, these new algorithms should also be compared to our methods.

The pseudopole set algorithm can also be seen as a basis to solve certain related
problems. For instance, one could think of a discrete-time version of the algorithm
presented here. This has already been done in [GGO13] via optimizing the structured
pseudospectral radius. However, the authors of [GGO13] have not used a method that
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takes controllability or observability of the poles into account. It is an open problem
to develop and implement a dominant pole algorithm for the discrete-time case to
employ similar ideas as presented here. Another future research direction could be
on the analysis of real Ho-radii. Most likely, this will also lead to an optimization
procedure over rank-2 perturbations as presented in [GL13].

Moreover, one could consider the behavior of structured matrices and pencils under
structured perturbations. As shown in [GKL14b, GKL14a] there are also low-rank
dynamics for Hamiltonian and symplectic perturbations of Hamiltonian and symplec-
tic matrices. In this manner one could consider the more general concepts of even
and palindromic matrix pencils.
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7 Summary and Outlook

In this thesis we have advanced the linear-quadratic control theory for DAEs as well
as their robustness analysis. The contributions of this thesis are of both theoretical
and numerical nature.

In Chapter 3 we have analyzed the linear-quadratic optimal control problem for
DAEs in detail. We have started with a new version of the Kalman-Yakubovich-
Popov lemma for DAESs that relates the positive semidefiniteness of a Popov function
on the imaginary axis to the solvability of a descriptor KYP inequality. Based on
this result we have developed the descriptor Lur’e equation that generalizes both the
concepts of algebraic Riccati equations and Lur’e equations, especially in the context
of singular control problems. We have shown that the solutions of this new matrix
equation define the rank-minimizing solutions of the descriptor KYP inequality. In
order to study the solution theory of descriptor Lur’e equations we have taken certain
even matrix pencils into account. In particular, we have given solvability conditions
in terms of the spectrum of this matrix pencil and constructed its solutions via
the deflating subspaces. Moreover, we have shown that under the conditions of
strong stabilizability and strong anti-stabilizability, there exist stabilizing and anti-
stabilizing solutions of the descriptor Lur’e equation, respectively. These are shown
to define also extremal solutions of the descriptor KYP inequality in a certain sense.
In this work we have also studied conditions that allow for nonpositive solutions of
the descriptor KYP inequality.

In the second part of Chapter 3 we have considered manifold applications of our
new theory. A classical application is linear-quadratic optimal control. We have
shown that a linear-quadratic optimal control problem is feasible if and only if an
associated descriptor Lur’e equation has a stabilizing solution. Moreover, we have
clarified the relation to the zero dynamics of the closed-loop system. Furthermore,
we have studied linear-quadratic control problems with free terminal condition. For
strongly controllable systems, it has been shown that the existence of a nonpositive
solution of the descriptor KYP inequality is equivalent to the feasibility of such an
optimal control problem. Resulting from these observations we have extended the
theory for dissipative and cyclo-dissipative systems. As special cases we have obtained
new versions of the positive real and bounded real lemma, respectively. Moreover,
we have shown how we can obtain normalized coprime factorizations and inner-outer
factorizations of rational matrices by the solution of descriptor Lur’e equations.

In Chapter 4 we have turned to the concepts of systems with ccw I/O dynamics
and negative imaginary transfer functions which are strongly related to passivity and
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positive realness. In the flavor of the results of Chapter 3 we have given equivalent
conditions for negative imaginariness in terms of the spectrum of an even matrix
pencil. Moreover, we have developed an algorithm for the enforcement of negative
imaginariness by perturbations of the model in case this structure has been lost
during the modeling process. The algorithm is based on the perturbation of the
purely imaginary eigenvalues of an associated skew-Hamiltonian/Hamiltonian pencil
off the imaginary axis. This process requires the corresponding eigenvectors that we
have computed in a new structure-exploiting manner.

In Chapter 5 we have considered the influence of perturbations on the cyclo-
dissipativity of a system. In particular, we have developed an algorithm to com-
pute the cyclo-dissipativity radius, i.e., the distance of a cyclo-dissipative system to
the set of non-cyclo-dissipative systems. Moreover, we have given conditions under
which the cyclo-dissipativity radius is equivalent to the dissipativity radius. The
whole analysis is based on the structured perturbation theory of even matrix pencils.
A big challenge in this context has been the analysis of the influence of perturbations
on the singular part and the defective infinite eigenvalues which has needed special
treatment. Finally, we have solved a sequence of eigenvalue optimization problems
to compute the cyclo-dissipativity radius.

Finally, in Chapter 6 we have developed two algorithm to calculate the Ho,-norm of
large-scale descriptor systems. The first approach is based on a relationship between
the complex Hoo-radius of a transfer function G € RHE™ and its Heo-norm. We
have developed a fast iteration that computes the rightmost point of a given e-
pseudopole set for G(s). Then we have applied Newton’s method to find the value
of e, for which this rightmost point is on the imaginary axis in order to obtain the
complex Hoo-radius. To improve the behavior with respect to global optimization we
have used the dominant poles of G(s). The second approach goes back to the original
method for Ho,-norm computation which is based on an optimization process over
even matrix pencils. To make this method applicable to large-scale problems, we
have used structured iterative eigensolvers such as the dominant pole algorithm and
the even TIRA algorithm. Numerical examples have demonstrated that both methods
work well, even for rather difficult examples.

Future possible research topics are manifold. For instance, in this thesis we have
only considered systems where sE—A € R[s|"*" is a square and regular matrix pencil.
However, many of the concepts considered here, are also extendable to systems with
nonsquare or singular pencils sE — A or even to higher-order systems. In this context
the behavior approach of systems theory comes into play. Some advances into this
direction have already been obtained in [Briillb]. Furthermore, in Chapter 3 we
have constantly made the assumption of impulse controllability. In [RRV14] it is
shown that the descriptor KYP inequality and the descriptor Lur’e equation can also
be extended to the non-impulse controllable case. We strongly believe that also the
concepts of linear-quadratic optimal control, (cyclo-)dissipativity, and rational matrix
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7 SUMMARY AND OUTLOOK

factorizations can be considered in the non-impulse controllable context. Moreover,
numerical methods for the solution of descriptor Lur’e equations should be developed.

Concerning the results of Chapters 5 and 6 we have only considered complezx pertur-
bations, even if the problem is real. A possible future research topic is the extension
to real perturbations. In the context of the computation of H.-radii this seems to
be rather straightforward, since a related method for unstructured real stability radii
of matrices already exists [GL13]. However, in the context of the cyclo-dissipativity
radii, this is rather involved. A possible way out is the application of structured
pseudospectra for even matrix pencils. However, the block structure of the pertur-
bation makes this a nontrivial issue. Luckily, the solution of this problem would also
potentially allow for an application to large-scale systems.
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eigenvector, 11, 153, 164, 209, 217
even IRA, 240

feedback, 45
output, 205
feedback equivalence form, 142
feedback regularization, 45
feedback transformation, 45, 46
fixed point, 220, 223
attractive, 224
FORTRAN, 7, 161
frequency domain, 28

gfortran, 7
gradient, 85
GUPTRI form, 12, 158

Haynsworth inertia additivity formula,
182, 188



INDEX

Hurwitz reflection, 140

index, see Kronecker index

index reduction, 142

inertia, 15, 54, 113

initial differential variable, 23, 25

initial value, 25

inner rational matrix, see rational ma-
trix

inner-outer factorization, 134, 136

input, 1, 23

invariant subspace, 13, 40

Jordan chain, 11

Kalman decomposition
controllability, 112
observability, 79
Kalman-Yakubovich-Popov lemma, 48
Kronecker canonical form, 9, 66, 95,
106
even, 14, 41, 53, 56, 66, 71, 95,
106, 113, 150
Kronecker chain, 11
Kronecker index, 11, 18
Krylov subspace, 240
KYP inequality, 39
solution
maximal, 40
rank-minimizing, 40

LAPACK, 8, 161, 168

Laplace transform, 29, 96

Laplace transformation, 28

Laurent series, 221

least squares problem, 160

level-set, 198

level-set method, 196

linear-quadratic optimal control prob-

lem, 3, 72, 84
feasibility, 38, 98, 102
regular, 40

singular, 40
with free terminal condition, 106
with zero terminal condition, 84
linearization, 2
LU factorization, 240
Lur’e equation, 41
Lyapunov equation, 157
generalized, 158
Lyapunov function, 118

Markov parameter, 32
mass-spring-damper system, 2
MATLAB, 7, 161, 168, 229, 233
matrix
Hamiltonian, 19, 40, 247
Hermitian, 113
ill-conditioned, 12, 16
nilpotent, 32, 142
orthogonal, 12, 21, 134, 141, 164
skew-Hamiltonian, 19
sparse, 208
symmetric, 161
symplectic, 247
unitary, 12, 180, 186
matrix pencil, 9
even, 198
condensed form, 9
eigenvalue, 10
eigenvector, 11
equivalence, 9
even, 14, 41, 47, 53, 61, 65, 95,
113, 149, 178, 206, 238
eigenvalue, 15, 96, 184
Hamiltonian /skew-Hamiltonian, 162
Hermitian, 14
nonsquare, 142
odd, 151
eigenvector, 153
of index at most one, 18, 35, 45,
95, 96, 128
palindromic, 247

271



INDEX

rank, 10, 36
regular, 10, 18, 36, 45, 95
singular, 10, 142, 180, 209
skew-Hamiltonian /Hamiltonian, 19,
155, 206
eigenvector, 164
meromorphic function, 74
mex, 7, 161
minimum phase, see rational matrix
mode
nondynamic, 30
uncontrollable, 28, 35, 213
unobservable, 28, 35, 213
model order reduction, 205
moment, 221
Moore-Penrose inverse, 160

negative imaginariness, see rational ma-
trix

negative imaginariness enforcement, 152

Newton’s method, 197, 225

observability, 24, 218
behavioral, 28
complete, 28, 30, 80, 208
impulse, 28
strong, 28
observability Gramian, 157
optimal control, 94-97
existence, 38, 42, 95
uniqueness, 38, 95
optimal value function, 38, 84, 106
optimality condition, 222
outer rational matrix, see rational ma-
trix
outer system, 34, 36, 37, 70, 93, 95
output, 1, 24

parallelogram identity, 89

passivity, 120, 124, 146, 176
lossless, 124

passivity radius, 175

272

perturbation
admissible, 214
of a Hermitian matrix, 180
of a matrix pencil, 152, 217
of a Rosenbrock pencil, 177
of a transfer function, 179, 210
of an even matrix pencil, 180, 186
of an odd matrix pencil, 153, 155,
159
pole, 31, 121, 210, 218
dominant, see dominant pole
polynomial
coprime, 31
monic, 31
polynomial matrix, 30
unimodular, 30
Pontryagin’s maximum principle, 41
Popov function, 38, 46, 48, 72, 95, 100,
103, 111, 147
modified, 74, 77, 109, 111
positive real lemma, 120, 123
lossless, 124
positive realness, see rational matrix
principal vector, 11
projector, 135, 136
pseudopole, 213
pseudopole set, 207, 208, 213
regular, 213, 217
pseudopole set abscissa, 213, 214
pseudospectral radius, 246
pseudospectrum, 204, 213

quadratic functional, 89-91, 109
quasi-Kronecker form, 12
quasi-Weierstrafl form, 12, 45

QZ algorithm, 13, 20, 21, 158, 168, 169

rank decision, 12, 202

rational matrix, 30, 74
all-pass, 31
bounded real, 120, 122, 124



INDEX

lossless, 124
co-inner, 31, 126, 131
function spaces, 33
improper, 32
inner, 31, 120, 126, 134, 136
minimum phase, 31
negative imaginary, 144, 147, 149,
150
strictly, 147
outer, 31, 37, 73, 88, 134, 136
positive real, 121, 123, 124, 147
lossless, 121, 124
proper, 32
strictly, 32, 146
realization, 30, 176
minimal, 30
reducing subspace, see deflating sub-
space
regularization, 142
reinterpretation of variables, 142
required supply, 115-119
residual, 169, 241
residue, 121, 218, 226
restart
implicit, 240
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singular chain, see Kronecker chain
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complete, 26

strong, 25, 37, 70, 84
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Sylvester equation
generalized, 158
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system space, 39, 46, 142
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URV decomposition
generalized symplectic, 20, 164
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invariant, 35, 95, 96
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strongly, 34, 95
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polynomially bounded, 34
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strongly, 35, 95
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Theses

1. We have developed a new version of the Kalman-Yakubovich-Popov lemma for
DAEs which relates the positive semi-definiteness of a Popov function on the
imaginary axis to the solvability of an LMI on a subspace (the descriptor KYP in-
equality). This new formulation eliminates the restrictions of previous approaches.

2. Resulting from the descriptor KYP inequality we have developed the descriptor
Lur’e equation that generalizes the concepts of the algebraic Riccati and the Lur’e
equation, in particular in the context of singular control problems for DAEs. We
have shown that the solutions of this matrix equation realize the rank-minimizing
solutions of the descriptor KYP inequality.

3. We have given criteria for the positive semidefiniteness of a Popov funtion on the
imaginary axis in terms of the spectrum of an associated even matrix pencil. For
this we have used the even Kronecker canonical form.

4. We have proved how to construct the solutions of the descriptor Lur’e equation
using the deflating subspaces of the associated even matrix pencil.

5. We have shown that under the condition of strong stabilizability and strong anti-
stabilizability, the descriptor Lur’e equation admits stabilizing and anti-stabilizing
solutions. Moreover, these solution simultaneously define extremal solutions of the
descriptor KYP inequality.

6. We have shown that each solution of the descriptor KYP inequality realizes a
spectral factorization of the Popov function.

7. We have shown that under some conditions on controllability and the structure of
the Popov function, the descriptor KYP inequality admits nonpositive solutions.
Moreover, we have given a sufficient condition for nonpositivity of all solutions.

8. We have applied the new theory to the linear-quadratic optimal problem with zero
terminal conditions. We have shown that the optimal control problem is feasible
if and only if the associated descriptor Lur’e equation has a stabilizing solution.
Moreover, we have proven conditions on the closed-loop system for the existence
and uniqueness of optimal control signals.

9. We have further considered the linear-quadratic optimal control problem with
free terminal conditions. For strongly controllable systems it turns out that the
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10.

11.

12.

13.

14.

15.

16.

17.

optimal control problem is feasible if and only if the descriptor KYP inequality
has a nonpositive solution.

We have applied the results for linear-quadratic optimal control for the charac-
terization of dissipativity and cyclo-dissipativity of DAEs. Hereby, dissipativity
is related to an optimal control problem with free terminal conditions, whereas
cyclo-dissipativity corresponds to an optimal control problem with zero terminal
condition.

We have considered important special cases of dissipativity, namely contractivity
and passivity. These concepts are equivalent to bounded realness and positive
realness of the transfer function, respectively. We have formulated and proven
new versions of the bounded real lemma and the positive real lemma.

We have demonstrated how to construct normalized coprime factorizations by
solving descriptor Lur’e equations.

We have further shown that inner-outer factorizations can be constructed by em-
ploying descriptor Lur’e equations.

We have studied systems with counterclockwise I/O dynamics and negative imag-
inary transfer functions. We have proven a characterization for negative imagi-
nariness in terms of the spectral structure of an even matrix pencil.

We have developed an algorithm for enforcing negative imaginariness of a transfer
function by perturbations of the system. This algorithm is based on moving all
purely imaginary eigenvalues of a related skew-Hamiltonian/Hamiltonian matrix
pencil off the imaginary axis. This procedure requires the corresponding eigenvec-
tors that have been computed using a new structure-preserving method.

We have studied the influence of perturbations on cyclo-dissipativity of a system.
We have developed a computational procedure for computing the distance of a
cyclo-dissipative system to the set of non-cyclo-dissipative systems, the so-called
cyclo-dissipativity radius. We have given conditions on the system under which
the cyclo-dissipativity radius is equivalent to the dissipativity radius.

The computation of the cyclo-dissipativity radius is related to the structured per-
turbation analysis of an even matrix pencil. A particular challenge in this context
is the influence of the perturbations on the singular part and the defective infi-
nite eigenvalues. We have presented computable conditions to check whether such
perturbations are possible. In order to compute the cyclo-dissipativity radius we
have finally solved a sequence of eigenvalue optimization problems.
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18.

19.

20.

We have developed a method to compute the Ho,-norm of a large-scale descrip-
tor system. We have generalized a relation between the complex Ho-radius of a
transfer function and its Heo-norm. Particular care has to be taken of perturba-
tions that make the transfer function improper or not well-defined. The algorithm
itself is a nested process. In the inner iteration we compute the rightmost point of
a certain pseudopole set by constructing a sequence of rank-1 perturbations. The
outer iteration is a Newton process to drive this rightmost point to the imaginary
axis. The usage of dominant poles improves the behavior of the method with
respect to global optimization.

We have further modified the standard algorithm to compute the H,-norm based
on even matrix pencils to make it applicable to large-scale problems. We have
used structured eigensolvers such as the dominant pole algorithm and the even
IRA algorithm to solve these issues.

Both algorithms for Hs.-norm computations work well, even for rather difficult
examples, however one has to use good design-parameters in the implementation
to solve some difficult problems. Moreover, none of the methods is guaranteed to
perform a global optimization.
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Chapter 3

This Chapter is based on a joint work with TR. The initial result we obtained is the
Kalman-Yakubovich-Popov lemma (Theorem 3.3.1), based on an idea of TR. I have
formulated a first draft of this theorem and its proof, where I initially only showed
statement a) for impulse controllable systems. The final formulation of the theorem
was done by TR.

The results of Sections 3.4 and 3.5 were mainly obtained by myself with some
corrections and improvements by TR. Similarly as for Theorem 3.3.1, statement a)
of Theorem 3.4.9 was initially only formulated and proven for impulse controllable
systems, the generalization was done by TR. Finally, TR showed (a more general
version of) Lemma 3.4.7 which led to shortened and better understandable proofs of
Theorem 3.4.9 (shown by me) and Theorem 3.5.3 (shown by TR in a more general
version) which I have included.

Section 3.6 is based on some remarks I wrote in an initial draft of this work. In
particular, I made comments about the structure of the spectral factors. This part of
the work was strongly improved by TR. In particular, the relation to outer systems
was found by TR. Finally, I improved the formulation and the proof of Theorem 3.6.4
to let it also be valid for all solutions of the descriptor Lur’e equation (not only the
stabilizing and anti-stabilizing ones).

The results of Section 3.7 were almost solely found by TR. Finally, I did corrections
of this section and slightly improved the formulation.
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Moreover, large parts of Section 3.8 were obtained by TR. In particular, this in-
cludes Theorems 3.8.3, 3.8.7, and the previous auxiliary lemmas, as well as the state-
ments on the existence and uniqueness of the optimal control, i.e., Proposition 3.8.4
and Corollary 3.8.5, as well as Remark 3.8.6. An initial version of Theorem 3.8.9 was
proven by me, with strong improvements by TR. Moreover, Lemma 3.8.8 was shown
by TR. Furthermore, the results on “lossless” optimal control in Theorem 3.8.11 were
shown by TR. On the other hand, the results for optimal control with free terminal
condition were shown by me, i.e., those of Subsection 3.8.2.

An initial draft of Section 3.9 was written by TR. However, I performed a large
amount of extensions and corrections. All statements about cyclo-dissipativity were
added by me. Moreover, I added the remarks about Lyapunov functions and the pole
locations of bounded real and positive real transfer functions. Finally, I rearranged
the whole structure of the section to improve readability.

A first incomplete draft of Section 3.10 was written by TR. However, I completed
the proof of Lemma 3.10.3 by applying the idea of feedback regularization. Further-
more, I proved how to construct left and doubly normalized coprime factorizations,
i.e., statements b) and c) in Theorem 3.10.5 and all other statements that are related
to these.

Finally, Section 3.11 was mainly obtained by TR with corrections and formulation
improvements performed by myself.

Chapter 4

This chapter is based on an idea by PB. All theoretical results of this chapter were
obtained by me but proofread and improved by PB. I received further assistance with
the implementation and testing of the algorithm for the computation of the eigen-
vectors of skew-Hamiltonian/Hamiltonian pencils by PJ during a summer internship
under my guidance in 2012. Subsection 4.4.8 is based on her internship report that
was written under my guidance. In particular, the computational results of this
subsection were obtained by PJ.

Chapter 5

The idea and results of this chapter were completely obtained by me.

Chapter 6

The idea of Section 6.2 was inspired by PB by making me aware of [GO11]. All
theoretical and computational results were obtained by myself, but proofread and
improved by PB.
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The idea of Section 6.3 was obtained by me. However, I received assistance by RL
during a summer internship under my guidance in 2013. In particular, details of the
algorithm like the choice of design parameters and the computational results were
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