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Kurzzusammenfassung

Die vorliegende Arbeit leistet einen Beitrag zur qualitativen Theorie differential-
algebraischer Systeme (engl. differential-algebraic equations, DAEs), indem neue
Stabilitatskriterien fiir eine Klasse nichtlinearer, voll-impliziter DAEs mit proper
formuliertem Hauptterm und Traktabilitdtsindex 1 und 2 hergeleitet werden.

Das Theorem von Andronov-Witt wird auf asymptotische orbitale Stabilitat von
periodischen Losungen voll-impliziter autonomer DAEs verallgemeinert. Zu diesem
Zweck wird eine Zustandsraumdarstellung von differential-algebraischen Systemen
um eine Referenzlosung herausgearbeitet, welche u.a. die autonome Struktur einer
DAE korrekt wiederspiegelt. Sie basiert auf einer Verfeinerung der vollstindi-
gen Entkopplung im Rahmen des Traktabilitdtsindex und setzt daher nur mod-
erate Differenzierbarkeit der Systemgleichungen voraus. Die Transformation auf
diese Zustandsraumdarstellung kommutiert mit Linearisierung entlang gleicher Lo-
sung, folglich konnen charakteristische Multiplikatoren des Variationssystems der
inhdrenten Dynamik einer DAE in Termen des Ausgangssystems formuliert wer-
den.

Ein weiterer Schwerpunkt der Dissertation ist die Verallgemeinerung der direk-
ten Methode von Lyapunov auf differential-algebraische Systeme. Es werden neue
Definitionen von Lyapunov-Funktionen fiir differenzierbare Losungskomponenten
einer proper formulierten DAE aufgestellt, bei denen die Monotonie entlang von
Losungen in Termen des Ausgangssystems ausgedriickt wird. Es stellt sich her-
aus, dass ein zylindrischer Definitionsbereich der inhdrenten Dynamik neben der
Existenz einer solchen Lyapunov Funktion entscheidend ist, um die Losbarkeit auf
unbeschriankten Intervallen zu garantieren. Dabei werden praktische Stabilitdts-
kriterien fiir beschrinkte Losungen von autonomen DAEs und fiir allgemeine Lo-
sungen von DAEs mit beschrinkten partiellen Ableitungen der Systemgleichungen
bewiesen. Der Zugang erlaubt auch eine Interpretation bekannter Kontraktivitéts-
begriffe fiir differential-algebraische Systeme.

Schlagworter: nichtlineare differential-algebraische Systeme, Traktabilitétsin-
dex, asymptotische Stabilitit, orbitale Stabilitdt, Andronov-Witt Theorem, Lya-
punov Funktion, Kontraktivitéit, charakteristische Multiplikatoren, Zustandsraum-
darstellung, Dissipativitét.



Abstract

This thesis contributes to the qualitative theory of differential-algebraic equations
(DAEs) by providing new stability criteria for solutions of a class of nonlinear,
fully implicit DAEs with a properly stated derivative term and tractability index
one and two.

A generalization of the Andronov-Witt Theorem addressing orbital stability is
proved. To this purpose, a state space representation of differential-algebraic sys-
tems based on the tractability index is developed which has advantageous proper-
ties, e.g. moderate smoothness requirements, commutativity with linearization and
an autonomous structure in case of autonomous DAEs. It allows a suitable defini-
tion of characteristic multipliers referring to the inherent dynamics, but given in
terms of the DAE.

Furthermore, the fundamentals of Lyapunov’s direct method with respect to diffe-
rential-algebraic systems are worked out. Novel definitions of Lyapunov functions
for differentiable solution components of a DAE are stated, where the monotoni-
cally decreasing total time derivative of a Lyapunov function along DAE solutions
is expressed in terms of the original system. The topology of the domain of the
inherent dynamics turns out to be decisive for nonlocal existence of solutions given
a Lyapunov function. As a result, practical stability criteria for bounded solutions
of autonomous DAEs and for general solutions of DAEs with bounded partial
derivatives of the constitutive function arise. Known contractivity definitions for
DAEs can be interpreted in the context of this approach.

Key words: nonlinear differential-algebraic systems, tractability index, asymp-
totic stability, orbital stability, Andronov-Witt theorem, Lyapunov function, con-
tractivity, characteristic multipliers, state space form, dissipativity.
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Introduction

Differential-algebraic equations (DAEs) emerge from several areas of mathematics,
including important applications like modelling of electronic circuits, constrained me-
chanical systems or solution of continuous optimization problems using Pontryagin’s
maximum principle. A thorough and systematical research on DAEs correlates with
advancing development of computer technology in the last four decades. Considerable
progress has been achieved in this period of time resulting e.g. in different concepts of
an index of a DAE as a measure of its structural complexity. In particular, stability of
solutions of differential-algebraic equations appears on the agenda due to its practical
importance. Although elaborate results are available for ordinary differential equa-
tions, a comprehensive stability analysis of differential-algebraic systems is an issue
of ongoing research. The goal of the present work is to contribute to the qualitative
theory of differential-algebraic systems by providing new asymptotic stability criteria
for a class of nonlinear, fully implicit DAEs with tractability index two. Here, sta-
bility refers to the propagation of perturbations in initial values of exact DAEs on
[to, 00). We aim at practical stability criteria under acceptable requirements using an
integrative framework.

Differential-algebraic equations are dynamical systems expressed in redundant coordi-
nates. Most commonly, DAEs are regarded as coupled systems of ordinary differential
equations and algebraic constraints or as vector fields on manifolds. Both approaches
are closely related, the latter (geometric) approach being the coordinate-free formu-
lation of the first one. That is, the mentioned vector field can be locally represented
by an ordinary differential equation using a parametrization of the the tangent bun-
dle of the constraint manifold. Thus the concept of a local state space form (SSF)
of a DAE, i.e. the formulation as a differential equation in minimal coordinates is
introduced. Anyway, one has to ascertain intrinsic properties having access only to
an implicit representation (like f (2’ (¢),x(¢),t) = 0) of the desired vector field or
SSF of the DAE. In this regard we prefer the state space form for the stability inves-
tigations because it results in quite usable assumptions on the given DAE. In order
to obtain the state space form, we take up and refine the decoupling approach in
the context of the tractability index. This index is applied because of its algorith-
mic definition and favourable properties. Under certain conditions, we prove that a
differentiable manifold is generated by solutions of differential-algebraic index-2 equa-
tions in a neighbourhood of a reference trajectory. The number of effective degrees
of freedom equals the dimension of this manifold which is less than dimension of the
embedding vector space. Decoupling a differential-algebraic equation means to reduce
the dynamics to a lower dimensional state space, that is to express the dynamics in
minimal coordinates. Thereby, an explicit representation of algebraic constraints acts
as a parametrization of a section of the solution set. The presented construction of
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the local state space form necessitates less smoothness than comparable approaches
using derivative arrays.

A distinguishing mark of the present work is that stability of the state space form is
ensured using criteria in terms of the original DAE only. It is understood that neither
an explicit access to the state space form nor a parametrisation of the tangent bundle
of the constraint manifold are necessary in order to formulate our stability criteria.

First, we present is a generalization of the Andronov-Witt theorem to fully implicit
differential algebraic equations of index k£ = 1,2. Our result in Theorem 5.8 covers
self-oscillating systems, i.e. autonomous DAEs with a periodic solution, hence being a
reasonable endorsement of the available stability theory with respect to forced oscilla-
tions, i.e. periodic solutions of periodic DAEs. It allows a nice geometric interpretation
via the state space form. Besides, the idea of orbital stability is barely considered in
the context of the tractability index up to the present. Given sufficient smoothness,
necessary structural conditions are prevalent in a class of DAEs resulting from the
charge oriented modified nodal analysis in circuit simulation. One of them, i.e. con-
stancy a systemic subspace along the reference solution is already known to be essential
for the adequate qualitative behaviour of Runge-Kutta and BDF-discretizations. In
other words, Theorem 5.8 could be of interest in practice.

We set up partial stability criteria using presumably new definitions of a Lyapunov
function for differential-algebraic systems. An important feature of such a Lyapunov
function referring to Dx resp. D P-components of the solution vector is the dissipation
inequality (6.7) resp. (6.13) expressing the decrease of the Lyapunov function along
integral curves of the DAE implicitly, but given in terms of the original DAE. Our
investigations reveal that nonlocal existence of solutions is the crucial issue in case of
differential-algebraic systems and this part is linked to an appropriate topology of the
domain of the inherent dynamics which has to contain a cylindrical region around the
reference solution. Related stability criteria covering a class of differential-algebraic
systems omitted in previous publications are set up. Among others, practical stabil-
ity criteria addressing the entire solution vector are stated for bounded solutions of
autonomous DAEs with index k£ = 1,2 and for general index-1 systems with bounded
derivatives. Our definitions fit well into the established theory, e.g. offering an inter-
pretation of Py-contractivity.

In the process, a manifold enclosing the solution manifold of the DAE is constructed
replacing some constraints by formal differentiation of those equations along suitable
functions. The procedure is proved to decrease the tractability index of the resulting
differential-algebraic system. If we transform the index reduced system to its state
space form, we get an implicit parametrisation of the enclosing manifold which can be
restricted to the constraint manifold of the original system. Strictly speaking, our def-
inition of a Lyapunov function of an index-2 DAE applies to the inherent dynamics of
the index reduced system. Due to a higher dimensional state space form, it is possible
to prove stability of a superset of dynamical components.! As a matter of principle,
stability of the state space form does not allow to deduce the asymptotic behaviour of

"'We call a component of the solution vector of a DAE dynamical, if it is possible to assign an
unrestricted initial value to that component.



the whole solution vector. It is conceivable that the expansion of the solution mani-
fold in time is much faster than the convergence rate of DAE solutions with perturbed
initial values towards a reference trajectory. Obviously, this cannot happen in case
of autonomous or periodic differential-algebraic systems, in this case stronger stabil-
ity results are achieved. The same applies to DAEs having a parametrisation of the
constraint manifold subject to a uniform Lipschitz condition. Unfortunately, feasible
sufficient conditions guaranteeing this property are very restrictive. Introducing the
notion of M-component-stability as an adequate modification of partial stability in the
sense of Lyapunov seems to be a legitimate trade-off between the above considerations
and workable assumptions on the DAE.

To sum up, the state space analysis of differential-algebraic systems substantiates
the aspiration that it is possible to adapt intricate results of the qualitative theory
of differential equations to differential-algebraic systems. For example, the present
dissertation enriches the existing arsenal of mathematical tools for DAEs relating to
both direct and indirect method of Lyapunov.

This thesis is structured in two parts. The first one deals with the state space analysis
of differential-algebraic equations adapting the concepts behind the tractability index
to our stability investigations. For that purpose we introduce the tractability index
together with a proper formulation of the derivative term of a DAE in the first chap-
ter. We do not confine ourselves to technical details, but also indicate the origin of the
tractability index of nonlinear DAEs and ponder a geometric interpretation of some
systemic subspaces of the matrix chain. Moreover, the inherent dynamics and funda-
mental matrices of linear DAEs are considered. In the second chapter, we construct
a state space representation of the inherent dynamics for a class of nonlinear index-2
DAEs. Structural conditions on autonomous DAEs which imply the existence of an
autonomous state space form are stated. We prove commutativity of our transforma-
tion to the state space form and linearization as foundation of Lyapunov’s indirect
method for DAEs. The third chapter is dealing with the reduction of the tractabil-
ity index two via differentiation of suitable constraints. From the geometric point of
view, a manifold enclosing the constraint manifold of the given DAE is constructed.
It turns out to be an easy way of verifying local constancy of the tractability index.
This approach is particularly useful for defining Lyapunov functions.

In the second part of this thesis, the state space analysis is applied to obtain asymptotic
stability criteria for solutions of nonlinear DAEs. In Chapter 4, stability concepts for
differential-algebraic systems, particularly orbital stability of autonomous DAEs and
the notion of M-component stability are introduced. We present a definition of char-
acteristic multipliers of periodic solutions in case of autonomous or periodic DAEs
exhibiting a properly stated derivative term in Chapter 5. Our approach is targeted
on the state space representation, but is given strictly in terms of the differential-
algebraic system. Therefore, we are able to make the Andronov-Witt Theorem and a
further stability result accessible to fully implicit index-2 DAEs. Chapter 6 is deal-
ing with Lyapunov’s direct method for differential-algebraic equations, mainly with
suitable Lyapunov functions in terms of the initial system for systems of index one



vi Introduction

and two. We specify the requirements needed to use the existence of such Lyapunov
function as a criterion for (asymptotic) stability. The presented approach seems to
be an interesting alternative in comparison to existing definitions of Lyapunov func-
tions for singular differential equations and DAEs. To begin with, our modification of
the stability in the sense of Lyapunov enables us to do without requiring a bounded
solution set of the differential-algebraic system under consideration. The analytic ap-
proach considered in Chapter 6 proves to be the right framework to interpret known
contractivity definitions for index-2 systems. Apparently, a new formulation of a least
upper bound logarithmic Lipschitz constraint for DAEs directly linked to the notion of
D-component contractivity is also possible. This is pointed out in Chapter 7. More-
over, it is shown that the reduction of the tractability index indicates a generalization
of a regularization approach for Hessenberg-2 DAEs to fully implicit systems with
certain structural assumptions. Chapter 7 also comprises an outline of how to apply
presented methods to properly formulated DAEs with tractability index 3. Some hints
at an algorithmic approach to compute a Lyapunov function for differential-algebraic
systems are presented. Finally, we mention some open problems encountered during
the research.
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Notation

reM
M CN
NUM
NNM

there exists

for all

x 1s an element of the set M
M is a subset of N

union of sets N, M
intersection of sets N, M

set of real numbers

n-times direct product with canonical structure of a
n-dimensional vector space over R

algebraic dimension of a vector space V'

the kernel of a matrix A

tr A=73"" A; the trace of a matrix A € R™"

the range of a matrix A

the rank of a matrix A

cork A = dim (ker A) the nullity or co-rank of a matrix A
f(M):={f(x) |z € M} for a mapping f: My O M — M,
LM := L (M) for a linear mapping L

general linear group, group of invertible matrices in R™*"
null matrix in R™*™

O, := Opxn, the additive neutral element in GL,, (R)

L 1= ) g
0 i#j
symbolizes that A is an n X m-matrix

the vector (1,...,1)T € R"

the ¢-th column vector in I,

the identity matrix (I,,),; = 6;; = {

the closure of a set M C R™

the open interior of a set M C R™

the boundary OM = M\M° of M C R™

dist (N, M) :=inf{||z —y|| | € N,y € M} the distance
between two subsets N, M of a normed linear space V'
B,(z) :={z € V| ||z — z|| < r} open spherical region around
x with radius r in a normed space V'

linear space of k-times (k > 0) continuously differentiable
functions f : U — R™ where U C R™ is an open set
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C (U,R"),
CO (U, R

L, (X,Y)
aavf (170)

fy (y, 2, t)

Df (z0)
ORT
T, M

TM

DAE
ODE

IVP
BVP
IRODE
IR-DAE
MNA

C (U,R™) = C° (U, R") linear space of continuous functions
f:U — R" where U C R™ is an open set

the set of linear and bounded operators X — Y between
normed spaces X,Y

(%f(xo) = lims_o [ f(wo + sv) — f(xo)] directional derivative
of f in the dlrectlon v at the point z

fy(y,z,t) = %f (y,x,t) the partial derivative of f with
respect to y at (y,z,t)

Jacobian of a differentiable function f at the point xg

2/ (t) =i (t) = & for a differentiable function z = z ()
tangent space to the manifold M at the point =

tangent bundle to the manifold M

Differential Algebraic Equation

Ordinary Differential Equation (meant to be
explicit/regular/in the canonical form z’ (¢) = f (x (¢),t))
Initial Value Problem

Boundary Value Problem

Inherent Regular Ordinary Differential Equation

Index Reduced Differential-Algebraic Equation

Modified Nodal Analysis

Let I CR, D (t) € R™™ and o, € CL (I, R™):
integral curve of x, {(zs (t),t) eR" x |t €I}
extended integral curve of z,  {((Dz.) (t), 2. (t),t) eR* xR™ x [ |t € I}

trajectory of x,
extended trajectory of x, {((Da:*

{w*()eR’"lt I}
),z (t)) eR" xR™|t €}
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1 Properly formulated DAEs with
tractability index 2

Introduction

Only for you, children of doctrine and learning, have we written this
work. Examine this book, ponder the meaning we have dispersed in
various places and gathered again; what we have concealed in one place
we have disclosed in another, that it may be understood by your wisdom.

(Heinrich Cornelius Agrippa von Nettesheim, De occulta philosophia, 3)

Undoubtedly, differential equations are the most important tool of mathematical mod-
elling. Since the early days of calculus, research on ordinary differential equations
has been leading to qualitative considerations. The French Academy of Sciences for-
mulated the goal to obtain stability criteria for ODEs about the year 1820, which
was a considerable milestone. Consecutively, stability criteria for linear systems with
constant coefficients were developed by famous mathematicians like Hermite (1856),
Routh (1877) and Hurwitz (1895), predominantly by algebraic approaches. Important
contributions to nonlinear systems were made by Henri Poincare. The most common
concept is stability in the sense of Lyapunov in honor of the Russian mathematician
A. M. Lyapunov. His outstanding treatise “The general problem of the stability of
motion” (1892) has a lasting influence on this area of research. In the middle of the
last century, Lyapunov’s direct method generalizing mechanical potentials (by means
of so called Lyapunov functions) was strengthened by the achievements of LaSalle,
Zubov, Yoshizawa, Malkin and many others. Besides, Lyapunov’s indirect method
based upon the linearization principle makes interesting stability criteria possible.

Fundamental research on differential-algebraic systems is far less advanced compared
to explicit ODEs. That is why we are going to clarify the mathematical background
of a class of nonlinear fully implicit systems with tractability index up to two in the
first part of this thesis. In doing so, we do not aim at an all-embracing introduction
neither to differential-algebraic equations nor to stability of ODEs. Instead, we focus
on a self-contained and goal-oriented presentation. We try to clarify and motivate
the analytical approaches to DAEs used in this thesis and to present our stability
results in an understandable way. The publications listed in the necessarily incomplete
bibliography might be helpful in order to delve into the subject and to classify the
presented results. Additional references can be found in the cited papers.

The first chapter contains the necessary fundamentals associated with differential-
algebraic equations and the tractability index. They are used to construct a state
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space representation (SSF) of DAEs with properly stated derivative term nearby a ref-
erence solution. Details on the construction of the SSF and its properties are dealt with
in Chapter 2. These results are essential for the indirect method of Lyapunov applied
to DAESs as presented in Chapter 6. Lyapunov functions for differential-algebraic sys-
tems are based on reduction of the tractability index via differentiation of constraints
presented in Chapter 3.

Definition 1.1. Let G C R™ x R™ x R be a region and f = f(y,z,t) € C(G,R™)
continuously partial differentiable with respect to y. If a% f(y,z,t) is not of full rank
on G then the implicit ordinary differential equation

f@(t),(t),t) =0 (1.1)
is called differential-algebraic equation, abbreviated DAFE.

Accordingly, DAEs are implicit ordinary differential equations which cannot be solved
for the derivative using the implicit function theorem on its entire domain. Differential-
algebraic systems are also known as semi-state or semistate systems, singular sys-
tems or descriptor systems, confer [Ria08, § 1.1] and the abundant (historic) refer-
ences therein. The structural complexity of ODEs pales in comparison to differential-
algebraic equations. Hence unique solvability cannot be proved using the same func-
tional analytic means and one has to demand additional structural characteristics. As
a general rule, it is recommendable to investigate systems possessing a certain upper
bound on structural complexity, in other words a fixed index.

Varying rank of the partial derivative f, might impact seriously on considered differen-
tial-algebraic systems. For example, a transition from rk f, = &k > 0 tork f, = 0
implies that derivatives of solution components cease to exist in the equations. Fol-
lowing the lines of [GMS86, §1.2.2], we restrict our attention to DAEs satisfying the
constant rank condition rk f, (y,z,t) = const. on the entire domain in order to avoid
singularities. Such DAEs are called normal DAEs in [GMS86, p. 30]. In addition, we
use a modified representation of a DAE which has proved to be more suitable both for
theoretical analysis and numerical integration schemes.

1.1 Properly stated derivative term

It is common practice to refer to an idempotent (P? = P) linear mapping P as
projector. P projects onto the subspace V; if im P = V; and P projects along V5 if
ker P = V5. Some basic properties of projectors are given in Lemma 8.1.

Definition 1.2. Let G C R" x R™ x R be a region containing the connecting segment
for any (y,x,t),(z,2,t) € G. Let I ={t e R| (y,x,t) € G} and

D e C(L,R™™), = f(y,z,t) € C(G,R™) with f, € C(G,R™").

The implicit system
F((D@)z(t),z(t),t) =0 (1.2)



1.1 Properly stated derivative term )

is called a differential-algebraic system with a properly stated derivative term or prop-
erly formulated DAF, if

ker f,(y,z,t) @ im D(t) = R" for all (y,x,t) € G (1.3)

and there is a projector R € C''(I,R™*™) onto im D(t) along ker f,(y, z,t).

We tacitly assume rk f, < m so the properly formulated system is a differential-
algebraic one according to Definition (1.1). In order to avoid singularities, normal
DAEs only are considered, i.e.

tk D(t) =r and 1k f,(y,z,t) =n—r

Lemma 1.3. Condition (1.3) is equivalent to the following one:

ker f, (y,z,t) Nim D(t) = {0}
im f, (y,z,t) D(t) =1im f, (y,z,t) p for all (y,z,t) €G
ker f, (y, x,t) D(t) = ker D(t)

Proof. See [MHTO03a, Lemma 29]. O

Essentially, the proper formulation of the derivative term is a suitable restriction on
ker f, (y, x,t). In particular, ker f,(y, z,t) = ker R(t) is independent of y and x because
of (1.3), im D(t) and ker f, (y, x,t) have continuously differentiable basis functions due
to projector R € C*' and a constant dimension. It follows that a properly formulated
DAE is equivalent to

7 (R() (D2 (1) x(t).2) = 0

due to the mean value theorem
)= F(ROR.0) = [, RO+ 5 (= RO 2.0 (1 = R©) s =0

We recognize that differentiability of solution components in ker f, = ker D(t) is com-
pletely unnecessary, therefore it is possible to weaken the classical notion of solution
of a differential equation.

Definition 1.4. Consider the DAE (1.2) with properly stated derivative term. A
function

x € Cp (I, R™) :={z € C (Io,R™) | Dz € C" (I,,R")}
satisfying the DAE on the t-interval Iy C [ is called a solution of the DAE on .

C} (Ip, R™) is a vector space over R using pointwise addition and scalar multiplication.
In this context, it is natural to equip the space with the modified C'-norm

1lley, == llzllee + (D) oo

Then (C}, [-[lc1) is a Banach space (compare [GM86, theorem 9]). We are going to de-
note such function spaces with restricted differentiability by C}, = {z € C° | Mz € C'},
M e C(1,R>™).
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Definition 1.5. We call the set
Mo(t) ={z eR" |y eR": (y,x,t) € G and f(y,z,t) =0}
obuvious or first-level constraint of the DAE (1.2) in ¢ € I.

For any solution z € C}, (Ip, R™) of a differential-algebraic equation z(t) € My(t)
holds because of ((Dz) (t),z(t),t) € G and f ((Dz) (), (t),t) = 0. In Lemma
1.19, we show that for properly formulated DAEs

Vee Mo(t)Ily=R(t)y: f(y,xz,t) =0

is valid, i.e. the components R (t) (Dx)’ () proceeding in im D (t) are uniquely defined.
Notice that in general R (Dz)" = (Dx)" + R'Dx # (Dx)".

Definition 1.6. The solution set or configuration space of a differential-algebraic
system (evaluated at time ¢t € I) is a subset M(t) C M (t) € R™ possessing the
property that Vt € I, o € M (t) there exists a solution z € C}, of the DAE fulfilling
x(t) = xo. The elements zq € M (t) are called consistent initial values of the given
system.

The notion of the configuration space of DAEs seems to be abstract. Later on we prove
that M, (t) is the solution set of an index-1 DAE. Thus we denote the configuration
space of an index-k system by Mj_; (t).or

Definition 1.7. Consider a matrix A € R™*™ and projectors R € R™"™ along ker A
and S € R™ ™ onto im A. The unique reflexive generalized inverse A~ € R"*™ (also
called pseudoinverse) with

A"AA- = A~ (generalized inverse)
AATA A (reflexive)

is well-defined by
ATA=R, AA~ =S

Let us mention that
im A~ =im R, ker A~ =kerS

is true due to
imA- =imA T AA" Cim A" A=im R, imR=im A”ACim A~
ker A=~ =ker AAA™ Dker AA~ =kerS, kerA~ C ker AA~ = ker S

In accordance with Lemma 8.1, projector R is fixed by the subspace im A~ comple-
mentary to ker A. The same principle is used to specify S via the complementary
space ker A~ to im A. Using respective orthogonal complementary spaces, the Moore-
Penrose inverse AT is obtained. [Zie79| provides a classification of generalized inverses
including construction of the reflexive pseudoinverse emanating from a singular value
decomposition of the given matrix A.
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1.2 Tractability index

Consider the nonlinear DAE (1.2) with properly stated derivative term. Additionally,
assume f to be continuously partially differentiable with respect to z. Following the
lines of [MHO04|, [M&03] and [M&01], the tractability index is defined using a chain of
suitable matrices, projectors and subspaces. Denote

GD(yaxat) = fy(y7x7t)D(t)
NO(yaxat) = kerGO(yaxat)
So(y,z,t) = {z €R™| fo(y, 2, 1)z € im Go(y, z,t)}

By Lemma 1.3 it follows that Ny = ker D(t) so we are going to choose a continuous
projector Qo(t) onto Ny(t) and its complementary projector Py (t) = I — Qo (t) t-
dependent only. Next, define

Gl(y7x7t) = Gg(y,l’,t) +f$(y7x7t>Q0(t>

Ni(y,z,t) = kerGy(y,z,t)

Sl( 7$7t) = {Z € R™ | f:c(yaxvt)PO(t)z € im Gl(y7$7t)}
G2(yax>t) = Gl(yax>t)+fx(y>$7t)P0<t)Ql(yaxat)

where Q1 (y, x,t) is a continuous projector onto N;(y, z,t) satisfying

Ql(y7 xz, t>Q0<t) =0
Such a projector () is called admissible.

Definition 1.8. The nonlinear DAE (1.2) with properly stated derivative term is
referred to as

1. a system having tractability index 1 in a point (y,x,t) € G of its domain, if
rk GO (y,ac,t) =To >07 No(t)ﬂS()(y,.%,t) :{O}

We speak about tractability index 1 on G if both properties hold on the entire
open subset G C G.

2. a DAE possessing tractability index 2 on G if
dim NO(t) N So(y717,t) =T > 07 Nl(yv I’,t) N Sl(yaxa t) = {O}
is true for all (y,z,t) € G.

Remark 1.9. Theorem A.13 in [GM86| implies that even in case of non-regular matrix
pencils the following three conditions are equivalent

NO(t) N So(y,.ﬁﬂ,t) = {0}7 NO (t) > SO (y,x,t) = Rma Gl (y,x,t) € GLm (R)
in (y,z,t) € G. Similarly, the conditions
Nl (ya'r?t) N Sl(ywrvt) - {O}a Nl (9717»75) N Sl(ywrvt) - Rma G2 <y7x7t> € GLm (R)

are equivalent. We are going to make use of these characterizations of the second
condition in Definition 1.8 later on.
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The matrix valued functions G; are continuous due to definition, same holds for im G;.
Therefore, we are allowed to define continuous projectors

Wo(y,z,t) along im Go(y,z,t) =im f,(y,,1)
Wl (y7 x, t) along m G'(1 (yv x, t)

in order to describe the systemic important subspaces S; by

SO(yvxat) = kerWO(y7$>t)fx<y7$at)
Si(y,x,t) = ker Wiy, x,t)fu(y, z,t)Po(t)

Additionally, we take Ny (t) N Sy (y,z,t) into consideration and denote a continuous
projector onto this subspace by T (y, z,t) and U (y,x,t) := I, — T (y, z,t).

In this thesis, the reflexive generalized inverse D~ (t) related to the properly formulated
leading derivative and the tractability index via

D™ (t)D(t) = By (t) and D (t) D™ (t) = R(t)
is used exclusively.

Lemma 1.10. Considering the DAE (1.2), the following properties of the matrixz chain
of the tractability index are valid on entire domain:

1. No(t) € Si (y, 2, t)
2. cork Gy (y,x,t) = dim Ny (y, z, t) = dim Ny(¢t) N S (v, z, 1)
3. im QO(t)Ql (yu I7t) = NO(t) N SO (yv J],t)

Proof. Ad 1) Choose an arbitrary (y,z,t) € G. Obviously, for z € N (t)
T = Q()(t)QZ € ker W (y7 l’,t) f:B (y> ;L’,t) PO(t) = Sl <y7 SL’,t)

and consequently Ny(t) C 5] (y,x,t) hold.
Ad 2) Using the representation

G1 = Go+ foQo = Go + Wy fpQo + (I = Wo) foQo = Go + Wo f2Qo + GoGy f2Qo
together with the reflexive pseudoinverse Gy (y, x,t) which is defined pointwise by
Go (y,2,1) Go (y, x,t) = Bo(t),  Gol(y,z,t) Gy (y,2,t) = I =W (y, 2, 1)
we obtain QyG, = (I — Py)G, = 0 and
G = (Go + Wo faQo)(I + Gg foQo) = HF

Let us point out that (I + MN)™' =1 — MN if NM = 0. Therefore, F~' = I —
Gy f2Qo due to QuGy = 0. Now,

ker H (y,z,t) = ker Gy (y,z,t) Nker (Wyf.Qo) (y,x,1t)
= NO(t) N SO (ya ilf,t)
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because W) is a projector. Finally,

Ny (y,x,t) = kerH (y,2,t) F (y,z,t) = F (y,2,t) ker H (y,,1)
= F7' (y,2,t) (No(t) N S0 (y, 7. 1))

In particular, dim Ny(t) N Sp(y, x,t) = const. is proved to be equivalent to a constant
rank assumption on G (y, x,t).

Ad 3) im QoQ1 C Ny NSy is valid due to QoQ1x € Ny and

Wo f2QoQ1 = Wo (AD + f.Qo) Q1 = WoG1Q1 =0

that is QoQ1x € ker Wy f, = Sy. Conversely, for x € Ny N Sy per Definition z = Qpx
and f,x = ADz for a z € R™. With u = x — Fyz and

Giu=G1Qoxr — G1FPyz = fobxr — ADz =0

it follows u = Q1u and x = Qou = QoQ1u € im QyQ;. n

In case of index-2 systems R™ = S; ® N; is valid, therefore (); can be chosen as
the unique projector ();. onto N; along S;. This choice is admissible because of
im Qy = Ny € 51 = ker Q1. and Q. is called canonical index-2 projector.

Lemma 1.11. The canonical projector Q1. admits the representation

Qe (y,z,t) = Q1 (y,2,1) Gyt (y,x,t) fo (y, 2, ) Po(t) (1.4)

Thereby, Go is constructed using an arbitrary projector QQy and an admissible Q).

Proof. A projector is defined by Q, := Q1G5 f, Py due to f,PyQ; = G2Q; and

Q1G3 [o PGy o Py = Q1G5 ' Gor Gy foPo = Q1G5 fo Py

Further, for x € N, follows that Q.z = (QnglfccPo) @Q1x = Q1x =z andim Q, = N

QnglGl = Q1G51G2P1 = 0 implies Q,x = Qle’lWlfoOx and subsequently S; C
ker Q,, due to Sy = ker W1 f, Py. By reason of dimension, (), projects along S; implying
(1.4) to be a representation of the canonical projector. ]

Lemma 1.12. If Q; (y,x,t) projects onto a subspace Vi (y,xz,t) along V5 (y,z,t) and
No(t) € Vi (y,z,t) then DQ1 D~ and DPy D~ are projectors as well,

D@D~ projects onto DV along DVy x ker A, DPy D~ onto DV5 along DV; X ker A

Proof. Due to assumptions we made, Q1 (y,x,t) Qo (t) = 0 is valid and consequently,

(DQ1D™)(DQ.1D™) DQ:1(I — Qo)1 D™ = DQ, D~
(DP.D™)(DP D7) D(I = Q1)Py(I —Q1)D™ =D —Q,)D™ = DP,D~
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In addition,

DVy = D(im Q1) =im DQ; O im DQ; D~ D im DQ1D~D =im D(Q, ) = im D@,

imply im DQ;D~ = DV} and im DP,D~ = DV,. Moreover,

(DPLD™)(DQ:1D™)

0= (DQ:D™)(DP.D7),
(I -R)(DPD")=0=

0=(—=R)(DQ:D7),

()1 being a projector implies V; & V5, = R™ and the proper formulation leads to
DV ® DVydker A = R”™ thereby proving the assertion on range and kernel of DQ1 D™,
DP,D~. O

There are special types of differential-algebraic systems which occur frequently in

applications:

Definition 1.13. Let I C R be an interval and Q C R™ a region. Furthermore,
AeC(G x I,R™™), DeC(,R™™), beC(GxI,R™
A differential-algebraic equation in the shape of
A(z(t), t)(D(t)z(t)) + b(x(t),t) =0 (1.5)

is called linear implicit.

Modelling mechanical systems results in semi-explicit differential-algebraic equations
of a special structure. Following the lines of [AP97, p. 238ff.], we define

Definition 1.14. Let G C R"xR™ xR be aregionand h € C (G,R"), g € C(G,R™™").
The differential-algebraic system

ri(t) = h(z(t), 22(t), 1) (1.6)
0 = g(x:1(t),1)

is called a Hessenberg system with index 2, if the partial derivatives h,,, g., are con-
tinuous and the matrix g,, (x1,t) hy, (21, 22, t) is invertible on G.

General Assumptions

In this thesis, index of a DAE will mean tractability index, otherwise the type of index
is denoted explicitly. With no modifiers, differential-algebraic equations are assumed
to have a properly formulated derivative term. For convenience we only consider square
systems. Domains of functions are meant to be regions, that is open and connected.
We omit the arguments of a function in some places to keep track of formulae, if
it is possible without confusion. For example, dependency on ¢ could be omitted in
the matrix chain of linear DAEs. Functions of multiple arguments are meant to be
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evaluated along the (extended) integral curve of a reference function z,, if they are
noted t-dependent only, e.g. f = f(y,z,t) and f(t) = f ((Dz.) (), 2. (t),1).

Structural conditions in a nutshell

Figure 1.1.2 illustrates the fundamental structural conditions used in this thesis. We
arrange the structural conditions for properly formulated DAEs regarding the impor-
tant classes of Hessenberg-2 DAEs and linear implicit DAEs resulting from the Modi-
fied Nodal Analysis of electrical circuits (MNA-equations, cf. § 5.2.2.1). In detail, we
investigate sufficiently smooth index-2 systems exhibiting

- Fully implicit DAE - tractability index reduction: f ((Dz)' (t),z (t),t) =0 with
ker D = const. and im G (y, z,t) dependent on Pyz, ¢

- Fully implicit DAEs -T =T (t): f ((Dz)' (), (t),t) = 0and No (£)N S, (y, z, t)
independent of y, x in a neighbourhood of the extended integral curve of a ref-
erence solution z,.

- Fully implicit DAEs - complete decoupling: assume im < _fo T > (y,x,t)
Yy €T

t-dependent only around the extended integral curve of x,. Additionally, we
require constant subspaces im DP; and im D), along z, in order to obtain an
autonomous state space form for autonomous DAEs.

- Linear implicit DAEs - complete decoupling: A (t) (Dz) (t)+b(z (t),t) = 0 and
No (t)NSp (y, x, t) independent of y, x in a neighbourhood of a reference solution

Z4. In fact, we have to impose im DP; and im D(@); constant along z, thus
making the regarded class of DAEs smaller.

Fully implicit DAEs
Tractability index reduction

B

Fully implicit DAEs

SRRK :
A lete decoupling
X/ J

Linear implicit DAEs

Complete decoupling Fully implicit DAEs
\ T=T(t) /

Figure 1.1: Set diagram of important structural conditions in use
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1.2.1 Excursus: geometric index

Formally, the tractability index is based on linearization and a generalization of the
Kronecker index to time dependent linear DAESs. The first elements of the matrix chain
have a geometric interpretation enabling us to interpret the index one condition in
Definition 1.2. Denote the projection onto the second component by pr, : R” x R™ —
R™, pry (y,x) := x. It follows that the obvious constraint of the properly stated DAE
(1.2) is My (t) = pry N (¢) referring to

N(t):={(y,z) eR"™™ | (y,z,t) € G, f(y,x,t) =0}

Thereby N () represents locally a differentiable manifold, assuming rk ( fy [z ) be
locally constant. Then, the tangent space at (yo, zo) € N () is

T(yo,ﬁfo)N(t) = ker( fy (yo,{L'(),t) faf (yo,{L'(),t) )

and

Py Ty e N(t) = {2 € R™ [y € R : f, (yo,%0,t)y + fu (vo,20,t) T = 0}
= So (yg, Zo, t)

The projection My (t) of N (t) does not necessarily inherit the structure of a manifold.
In general, if M, (¢) is a manifold then Sy(y,z,t) C T, My(t) is true. Just consider
az € Sy(y,x,t), there exists an € > 0 and functions v, w such that Vs € (—¢¢) :
(v(s),w(s)) € N(t), (v(0),w(0)) = (y,x), (v,w)(s) is differentiable in s = 0 and
z = w'(0). Obviously, Vs € (—€,¢) : w(s) € My(t) = proN (t) and w (0) = z.
Therefore, z = w' (0) € T, Mo (t).

Additionally, in case of properly formulated index-1 DAESs, there exists a function y =
y (x) such that f(y,z,t) =0< f(y(x),x,t) =0 due to Lemma 1.19. Accordingly,

dim Sy (y, z,t) = dim N (t) = dim M, (¢) = dim T, M, (¢)

resulting in Sy (y, z,t) = T, M, (¢).

The connection between autonomous linear implicit DAEs
A(z(t)2'(t) + b (2(t) =0

and vector fields on manifolds is enlightened in [Rei89]. Hereby, a set N corresponding
to the given DAE is defined likewise. One becomes aware that in case of a classical
solution z € C* (I, R™) it holds

1. (2/(t),z(t)) € N, therefore x(t) € My = proN

2. 2/(t) is a tangent vector to My, that is (2/(t), z(t)) € TM, is an element of the
tangent bundle to M,

if we suppose My to be a manifold. Necessarily, a C!-solution of the given system has
the property
Vel: (@(t),z(t) e NNTM,
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Therefore, the solutions evaluated in ¢ belong to the set M;(t) := pry, (N NTM,).
If M (t) is a manifold and M,(t) # {0} then we are able to apply the reasoning to
this constraint set. A sequence M;(t) of constraint manifolds for classical solutions
of the DAE is constructed iteratively using this approach. The maximal index i with
M; # M;_1 and M;;; = M, is called the degree of the given system. A DAE of degree
s possessing the property that N'NTMj is a continuous manifold and [N NT, M| = 1
can be realized as a vector field on M,. Such differential-algebraic system is called
reqular and M is the configuration space of the DAE, compare [Rei89, S.36]| resp.
[Rei91] regarding non autonomous DAEs. This approach is picked up and formulated
more precisely in [RR02, Ch. IV], it is leading to a geometric notion of index for DAEs.
Assuming differentiability and certain constant rank conditions, the tractability index
one condition Ny (t) & So (y, z,t) = R™ implies

Ml (t) = PTo (TMO N N) = pr2N = MO (t)

that is the geometric index is one. For higher index DAEs (k > 1) the connection
between both index definitions is barely investigated.

The geometric index enables to use qualitative theory of vector fields on manifolds in
order to derive new results for differential-algebraic equations like it is done in [Rei95].
On the other hand, the geometric index is proved to be a geometric interpretation
of the differentiation index in reasonable settings. Sufficiently smooth functions are
required in order to perform the operations. Moreover, we have to provide criteria for
M, being manifolds. The given geometric interpretation does not support the suitable
development of the standard form (1.1) to properly formulated systems (1.2). These
restrictions on f and the methods of proof presented in this thesis are good reasons to
stick to the state space representation of a DAE instead of its realization as a vector
field on the configuration space.

1.2.2 Excursus: alternative formulation of the matrix chain

The matrix chain of the tractability index can be defined in an alternative fashion. For
example, such matrix chain is constructed in [M&02b| for every possible index k € N
aiming at linear systems. An extension to linear implicit DAEs takes place in [M&05]
defining the tractability index £ € N in a way that index £ of every linearization along
functions z, € C},, which map to a region containing (y,z,t) € G implies the same
tractability index of the given system. The projector DFPyP, D~ = DP, D~ is assumed
to be independent of y and continuously differentiable in order to define tractability
index 2 [M#05]. In addition, the element G of the new matrix chain reads

GQ(Z7 Y, Z, t) = Gl(y7 Z, t) + f:v(y7 Z, t)POQl(y’ Z, t) - Gl(yv Z, t)Di(t)'
(DPD™), (x,1) 2+ (DPLD™), (2, 1)) D(t) B (1) Qu (y, 2, 1)

with* (DP,D™), (z,t) 2)i = Dk % (DPD™),; (x,t) zi,. Requiring these properties,
the differential-algebraic system (1.5) is said to be an index-2 DAE, if GG is singular

1Just consider a function ¢ € C*((t —e,t+¢),R™) with £(¢) = z and ¢ (t) = 2z and com-
d

pute L (DPyD7)(£(s),s) evaluated in ¢ via chain rule in order to obtain the expression

(DP,D™), (z,t) z+ (DP,D™), (x,1).
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with a constant rank and G, is nonsingular using an admissible projector Q;. The
presented matrix chain is applied e.g. in [Voi06].

The mentioned definition of index k£ = 1,2 based on the alternative matrix chain is
equivalent to Definition (1.8) due to

Gy = (G + f.Po@1) (I = PLD™ ((DPLD™)  (2,1) 2+ (DPLD™), (x,1)) DRy@Q1)
We notice that

(I - P.D~ (DP,D™)_(x,t) 2+ (DP,D™), (z,1)) DRQy) ' =
[+ P,D~ (DP,D™), (x,t) 2+ (DP,D™), (x,t)) DPyQ,

sol—P D~ ((DPD™), (v,t)z+ (DPD7), (x,t)) DRyQ1 € GLy(R) for all (z,y,z,t)
in the respective domain. Therefore G, (z, y, x, t) is nonsingular if and only if G» (y, =, t)
defined in Section 1.2 (page 7) has the same property and this is equivalent to

N1 (y,ZL’,t) N Sl (’y,I,t) = {0}

The linear subspaces N; and S; are identical in both matrix chains implying equiv-
alence of the described approaches to the tractability index. For the purpose of our
stability investigations, the simpler matrix chain turns out to be sophisticated enough
in order to formulate new stability criteria.

1.2.3 Excursus: Hessenberg systems

In order to exemplify the tractability index we construct the matrix chain for general
Hessenberg-2 DAEs. Later we prove that these systems conform to requirements of the
transformation into the state space representation and to those of the index reduction
via differentiation.

Lemma 1.15. If h,, is continuous then (1.6) possesses the tractability index two.

Proof. Write (1.6) as f (2/(t), (x1(t), 22(t)) ,t) = O with f(y, z,t) = ( Y —;((339011’,52,0 )

and © = (z1,2,)" € R" x R™". It holds

fo(y, @, t) = ( Ié‘ ) Sy, i t) = ( —hy, (21, 22, 1) —hm(af)l,xg,t) ) D - ( % )

Gz, (.171, t)

as well as D = ( I, 0O ), R = I,. The first projector (g = ( 0 I > in the
matrix chain is fixed by Ny = ker Gy = {0} x R™™". Obviously, ker Qo = im G, and

we can choose Wy = Qy. Furthermore,

So(x,t) = ker Wy f,.(z,t) = ker ( gus(z1,1) 0

0 0 > = ker gy (z1,t) x R™™"
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implies Ny N So(z,t) = Ny to be constant. Due to G; = Gy + f.Qo = ( Ig _gacz )

and im GG; = im Gg we may choose W; = W, leading to
Ni(z,t) = kerGi(z,t) = {(zl,zg)T ER™ |z = th(ml,x27t>Z2}

0 0 -
o (21,1) 0 ) = ker g, (v1,t) x R
x1 )

Nl(x7t) N Sl($7t) = {(ZLZQ)T € R™ | 1 = h:ﬂQ(xl?x?’t)ZQ? g$1(x17t)21 = O}

Si(z,t) = ker Wy f.(z,t)Py = ker <

The nonsingularity of g,, h,, implies zo = 0 so that z; = 0 and (N, N Sy) (z,t) = {0}.
For this reason both conditions of the tractability index two are fulfilled on G. O

There is little freedom in choosing admissible projectors )1 because of the Hessenberg
. . A .

structure. Condition Q)1Q¢ = 0 implies (); = < B 8 ) with A2 = A, BA = B due
to idempotence of @;. From Vz € Ny : Qi = = we conclude Ah,, = h,, (that is
im h,, € im A) and Bh,, = I,,_,. Left multiplication of the last condition by h,,
and right multiplication by B yield Bh,,B = B, hy,Bh,, = h,, that is B = h_,.
Due to regularity of g, h,, it follows n > m —n where h,, is necessarily injective and
ga, surjective. In particular I, is the only possible projector along ker h,, such that
h,,he, = I, fixes the reflexive generalized inverse partly. By h.,h,, = A the unique
pseudoinverse h,, = B is fixed completely because h,, A = h; means that A projects
onto im h,,. All in all, an admissible projector ); onto N; has necessarily the form

Q)= (Ml ) "

It is easy to prove that (1.7) defines an admissible projector onto Nj (z,t). Due to
ker hy,h,, C ker h he,h,, Ckerh, C kerhg,h, we get

xr2'x xr2' x2' g

ker Q1 = ker hy,h, x R™™"

219

Using the regularity of g, h,, we arrive at im h,, N kerg,, = {0} so hg,h,, can
be chosen as the projector onto im h,, along kerg,, exhibiting the representation
Pz, (gg,;lhm)_1 gx,- This choice of A has the canonical projector (); as a consequence
because ker Q1 = ker hy,h,, x R™™" = S; = kerg,, x R™"™" = S;. Particularly, the

2"
canonical projector of a Hessenberg system has the nice representation

Q, = ( Py (gmhxz_)l_l Yor 0 )
(gz1hx2) Gy 0

and DNy (x.(t),t)) = im hy, (2.(t),t)), DSy (24(t),1)) = ker g,, (x.(t),t)) is valid.

1.3 Linearization of DAEs

Let us take a look at the development of the tractability index in order to motivate this
index concept for nonlinear DAEs. Due to a statement of Roswitha Méarz expressed
in [M&95] concerning the tractability index:
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“Our notion of index-2 tractability is a straightforward generalization of
the corresponding definition for the linear case, which, in turn, represents
a generalization of the Kronecker index.”

We follow the lines of [M&95] and correspond the index of nonlinear systems to lin-
earization in the sense of functional analysis and the implicit function theorem on
Banach spaces. Consider the unique solvability of initial value problems

(DPy) (D) (to), 24 (to), to) (2(to) — 20) = 0

of the DAE (1.2) in a neighbourhood of a reference solution x,. To this end we
formulate the DAE as an operator equation

F(z)=0
with
F: B( ) COM, m)ﬁo(sz)xL
z)(t) = (f ((D(t)x 2(t),t) , (DPy) (D) (to), z.(to), to) (x(to) — 20))

and L :=im (DP;) ((Dw*) (to), z+(to), o). It is common practice in applied mathe-
matics to use more restrictive assumptions in order to prove a stronger result. There-
fore, we consider the operator equation

H(z,q) =0 (1.8)
representing a sufficiently smooth perturbation of F'(x) = 0, namely

H: Bz, x C(I,R") — C(I,R™) x L
H(z,q)(t) = (f (D(B)2(t)), 2(t),t) = q(t), (DP1) (D) (to), 2+ (to), to) (x(to) — o))

Obviously, (z.,0) € Be(z.) x C(I,R™) solves Equation (1.8). Due to the implicit
function theorem (e.g. [ea73, Theorem 1.7]) there exists locally a unique function

w: Be(0) C C (I,R™) — Be(z,) C CL(I,R™)

satisfying
H (w(q),q) =0, w(0) = z,
if H is continuous and the Fréchet differential has a bounded inverse, i.e.

H,(z.,0) = Fy(z.) € Ly (C}, (I,R™),C (I,R™) x L)

Consequently, these assumptions imply that the above IVP aiming at (1.2) is well
posed. Later, we show

o (Fo (DR (0, 2.000,1) (DR (6 + £ (D) (1), .(0),1) (o),
Falz)h = < (DPy) (D) (£), 2.(t).£) (h(to) — ho) )

Therefore F(xz.)h = ¢ corresponds with the IVP (DPy) (to) (h(to) — ho) = 0 of the

linearization

fy (D) (), 2(),8) (Dh)' (t) + fo ((Dz.) (t), 2.(t), 1) h(t) = q(t) (1.9)
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of the given nonlinear DAE. Equation (1.9) has index two and complies with require-
ments from [M&04] respectively [BMO00|, [BM04] per constructionem. Accordingly, the

IVP is uniquely solvable for all ¢ € ]B 0G5! (I,R™), hy € R™ and the solution depends
2

continuously on ¢ and (DP;) (ty) ho. In other words,

Fy(z.): Cp(ILR™) — Cpy o (LR™) x im (DPy) (D)’ (to), 24(to), o)

has a bounded inverse.

The above approach works, if we are able to guarantee

F (Be(.)) € €

paya, (LR™) x im (DPy) (D) (to), z+(to). to) (1.10)

The smoothness property (1.10) reads
Vo € Be(z,) : (DQ1G3Y) (t) f (D) (t),z(t),t) € C* (I,R™)

so appropriate structural conditions have to be imposed in addition to sufficient
smoothness of f and z,. For example, if im G, (y,x,t) is t-dependent only, we get
Wif = (Wif) (Pyz,t) and DQ,G5 Gy = 0 due to Gy = GoP;. Therefore,

(DGZY) () f (D) (t),2(t), 1) = (DQLGF') (1) (Wi f) (Pox(t),t)
and the derivative

9 (DQuGY) () £ (D) (1), 2(1),7) = (D@1G2 ) (@) (Taf) (Fox) (1)1

dt - (DG, (1) (W f), (Pox)' (1) + (WAS),)
exists for all z € C}, (I,R™), if (DQ:G5") (t), W1 f € C™.

Lemma 1.16. Consider the properly stated DAE (1.2) with f continuously differen-
tiable with respect to x. If v, € CL(I,R™) satisfiesVt € I C Iy : ((Dz,) (1), 2.(t),t) €
G and H:z:*HC}D is bounded then there exists an € > 0 so that the operator equation

F(x) =0 on B.(x,) C CH(I,R™),
F i Be(z.) = C(LR™),  F(x)(t) == f(D(t)=(t), =(t), 1)
s Fréchet differentiable at x,. The corresponding Fréchet differential reads
Fo(r)h = f, (Dx.) (1), 2.(t),t) (D) (8) + fo (D) (1), 2.(t),) h(E)  (1.11)

Proof. The Gateauz derivative of F at the point z, in the direction h € CL(I,R™) is

DF(z.,h) = limé(}"(x*—l—sh) — Fx.)

1 ( f((D2.)' (t) + s (DR)' (¢), 2.(t) + sh(t), 1) )
—f (D) (1), 2.(t), 1)

Adding the zero-sum
f ((Dx*)/ (t) + s (Dh) (t),:c*(t),t) —f ((Dx*)/ (t) + s (Dh) (t),:c*(t),t)



18 Chapter 1. Properly formulated DAEs with tractability index 2

allows for rewriting DF(xz,, h) as a sum of two limits

hm} F((D@)z.(t)) - (Dh)’ (}g), 2. (t) + sh(t), t) (112)
s=0s | —f ((D#)x.(t)) + s (Dh) (t), z.(t),t) ‘

and

lim > [f (D) (t) + 5 (DAY (£), 2.(0), £) — f (D) (8), 2. (8),1)] (1.13)

s—0 §

Due to the smoothness assumptions, (1.13) equals

fy (D) (t) + 5 (D) (1), 2.(t), 1) (DR)' (1)

Applying the mean value theorem to (1.12) reveals

)

1 ( F(D(@O)a.(0)) + 5 (DR) (), . (1) + sh(t), t) )
: f((D(t)m (1)) + s (Dh)' (t), 2.(t), 1)

Jo fo (D (D)2 (1)) + s (DAY (1), 2. (1) + psh (1) ,t) du h(t)

Now f, ((D(t)z.(t)) + s (Dh)' (), z.(t) + psh(t),t) is a continuous function so inte-
gration and the limit process s — 0 commute according to [For05, p.frm|o]-14, Theo-
rem 1|. Expression (1.12) can be simplified to

lim,o [} fo ((D().(8)) + 5 (DR (1), 2.(t) + ush(t),t) du b (2)
— Jo (D)), 2.(1). 1) h(t)

This derivative is linear in h. Because of ||z.]| c1, < C there exists a compact set

K C G with Vyer (D) (t), 2.(t),t) € K including a neighbourhood of the extended
integral curve of x,. The continuous partial derivatives f, and f, are bounded on K
implying (1.11) to be continuous at h. We have proved the representation (1.11) of
the Gateaux derivative.

Theorem 2 in [SL68, p. 310] or [Wer, p. 113 ff. and Theorem III 5.4 c)| state that F is
Fréchet differentiable, if the Gateaux derivative DF (z, h) exists for x € Be(z4), € > 0
sufficiently small and DF(x, h) is continuous at x,. In this case F,(x.)h = DF(x,, h)
is true. Using the triangle inequality and (1.11)

fy (D) (8), 2.(t),1) — f, (D x) (t), (Dh)
| DF (., h) — DF(z, b)) g{ ” ngx( A )) 2t Jg i t j‘li ol 'l
Continuity of f,, f, implies that ny ( D:B*)/( ), (1), ) fy (( ), x )H
| fz (D) (1), 2. (t), 1) — fo (D)’ (t), x(t), t)||, are bounded, if Hx 37*”0}3 is sufﬁ-

ciently small. Consequently, ||D}"(x*, h) D}"(a: )|, <C HhHCb holds uniformly in

h for x € B (z,) C CF (I,R™) so the Gateaux differential (1.11) is continuous at ..
Therefore, DF (x, h) equals the Fréchet differential F,(x.). O

The above lemma establishes the common definition of the linearization of a differential-
algebraic equation as a linearization of f.
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Definition 1.17. Consider the DAE (1.2) with f, € C° and =, € CL(I,R™) satisfying
viel: ((Dz,) (t),z.(t),t) € G. The linear system

fy (D)’ (), 24(8),t) (D) (t) + fo (D) (t), 2.(1), 1) 2(t) = 0 (1.14)
is called the linearization of the given DAE (1.2) around x,.

Remark. The linearization of an ODE around a solution z, is also called the corre-
sponding system of variational equations around x,. This system describes the linear
approximation of the propagation of the difference between an arbitrary solution of the
ODE and z,, i.e. the propagation of the variation in the initial values. The fundamen-
tal matrix X (¢) of the system of variational equations having X (¢y) = I corresponds to
the derivative of the flow with respect to the initial values, i.e. X(t) = -2 (t;to, zo).

Oz
1.4 Transformation of fully implicit DAEs to a linear
implicit form
A properly stated derivative term allows to transform a general system (1.2) into a
properly formulated linear implicit DAE (1.5) with A = A(¢). Hereby, additional

structural assumptions for the complete decoupling arise, but they can be formulated
in terms of the original DAE.

Augment a properly stated DAE

f((Dz) (t),z (t),t) =0 f(R() (D) (t),z(t),t) =0
by introducing the new variable z(t) := R(t) (Dz)' (t), i.e.

@gz)klw>%)(§3>y+<ﬂ4§2mw):<g) (19
Denote the augmented system by
A(t) (D:z)’ () + b (E(t),t) = 0
with

= (1) A0=(00 ) b= (o0 o) be0=( ;5 y)

Lemma 1.18. Given a properly stated DAE (1.2) with tractability index k = 1,2, the
augmented system (1.15) inherits the properly stated derivative term and the tractabil-
ity index k as well. Furthermore, in case of index-2 DAFEs it holds

(DNI) (z,2,8) = (DNY) (2,2, 1), ([)Sl> (z,2,1) = (DS1) (2,7, 1)

and Ny (t) N Sy (2, x,t) = (N{) N §0> (t) is equivalent to

im ( _ (f?;zf‘)r’(? 2,1) ) independent of z,x (1.16)
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Proof. We construct a matrix chain for the augmented DAE (1.15) (denoted by tilde)
based on a given matrix chain for (1.2). Obviously, ker A(t) = ker R(t) and im D(t) =
im D(t) =im R(t), i.e. the derivative term is properly stated. Moreover,

No(t) = ker D(t) = No(t) x R”, Qoft) = ( @ ) Bt) = ( o )
and D~ (t) = ( D(;(t) ) is fixed by R(t) = R(t) and Py(t). im A(t) = im D(t) x {0}

implies

to be a projector along im A. It holds

~ ~ ~ Onxm _In
bf (l’,t) = ( bgg bz ) - < fx (Z’,Z',t) fy (Z,x,t) ) ’
So (%, 1) = ker Wo(t)bs (7, 1) = kef( fx(z;lx; t) _}ﬁgft(;)) )

(&, 1)" € Sy (z,z,1) are characterized by = R(t)p and f, (z,x,t) E+ f, (2,2, ) u = 0.
Using the reflexive generalized inverse f,” (z,z,t) defined pointwise by

[y (z2,t) fy (z,2,t) = R(t),  fy(z2,t) f, (2,2,t) = (I = Wy (2,2,1))

we conclude

S0 (3,1) = {( iy (z’mffx(m’t)f ) ER™™ | ¢ € So(z,x,t)}

for p=—f; (2,2,t) fo (2,2,1) € satisfies R(t)u = p and

fy <Z7x7t)ﬂ = _(I_ Wo (Z,Ji,t)) fm (Z7x7t)£ = _f:Jc (Z,ﬁ,t)f

due to £ € Sy(z,2,t) = ker Wy (2,2,t) fi (2,2,t). p = R(t)p is unique because
M1, o € im D(t) with
J=€ + fyﬂl =0=f.£+ fyﬂ2

imply g1 — pe € ker f, Nim D(t) = {0}, that is 3 = po. Consequently,

No(t) N Sy (2,t) = {( _f (z,x,tffx (z.x.0)€ ) eR™™ | €€ Ny(t)N Sy (z,x,t)}

Obviously, Ny (t) N Sy (2, z,t) = <N0 N §0> (t) is equivalent to

( —f; oo} o e ) (Mo (8)1 50 (2, 7,1)) = im ( - (ff;ff§’<?,x,t> )

being independent of z,z and this property is captured by (1.16).
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Now choose

. B T(Z,l’,t> Omxcn
T(:E’t) N ( _fy_ (Z;-T,t) f:c (Z,x,t)T(Z,-T,t) On >

as a projector onto Ny(t) N Sy (&, t), the complementary projector is

. - . B U(Z,.T,t) Omxcn
U($7t>_ n+m_U($’t)_ ( fy_ (Z,$,t>fm(z7xvt)T<Z7x7t> Iy )

That is why

s Q1 (2, x,t) Omxn
Q:1(7,t) = ( D(t)Q; (z,z,t) 0, )

is an admissible projector onto Ny (Z,t) if Q1 (2, z,t) is admissible.
~ o Pl (Z, [lf,t) Omxcn = A _
Fjl (xit)_ ( —D(t)Ql (Z,iL‘,t) [n ) ) D<t)Q1 (Zwrat) - ( D(t)Ql (Z,.’E,t) On )7
D(t)Pl (Z7x7t) = ( D(t)Pl (Z,J},t) 0n, )

Per definitionem,

S (i,1) = {( i ) ER™™ | by (3.4) Po(t) ( i ) €im Gy (;z,t)}
- {(< ) L a6 — e (o) Q-+, () |
= Si(z,z,t) xR"

Finally,
N, 6) 1 S, (1) = {( D(ft)g ) (€€ Ny (z,2,0) N 5, (z,x,t)}

Case 1. Let tk Go(t) = tk D(t) = r > 0 be constant. If (1.2) has the tractability
index 1 then Ny(t) N Sy (z,x,t) = {0} implies Ny(¢) N Sy (Z,t) = {0} immediately.
This is equivalent to index 1 of the augmented system (1.15).

Case 2. If (1.2) has index two on the whole domain G then

V(z,z,t) € G: dim Sy (y, z,t) N No(t) = const. Ny (z,z,t) NSy (2,z,t) = {0}
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The second condition implies N (z,z,t) N Sy (z,2,t) = {0}. Due to Lemma 1.10
dim Ny = dim Ny N Sy is valid, so dim N; is constant. Therefore,

dmﬁaﬂm%@w@:dmﬁu@ozmm(;%)uw@w@)

) ) 1 )
has a constant value because the matrix valued function ( m ) e Rmt+n)xm g

D (1)
injective for any ¢. We recognize (1.15) to possess the tractability index two.

In the index-2 case we get [7@1[?_ = D@D~ and DP, D~ = DP, D™,

(DN1> (z,z,t) = (DNy) (2, x,t), (f)5’1> (z,2,t) = (DSy) (2, z,1)

If we consider p = f, f,T€ then

Gy fyi = G5 f.QoTE = PITE = T¢

and G2_1fy =Gy (fyD) D~ = P,D~ so it is worth noting that
im ( fyzf;T > (z,2,t) = ( Py (Z,x,[i) D~ (t) ) (im (f7 £.T) (z,sc,t))

The last element of the matrix chain belonging to the augmented DAE is

- ([ D) —l
@“ﬁ_<h@@M%m+%@&@wﬁ>h@%”>

Using a block matrix structure, it is possible to formulate equations designating
GoGy 1— man and GGy = I,,,,,. Computations reveal the representation

~—1 (= _ G2_1 (Z,:L‘,t)fy(Z,ZL',t) C¥2_1 (Z,:L‘,t)
GZW”—<mmguw@@@%w—hzmm;@@w> (1.17)

The augmented differential-algebraic system is useful to prove the following valuable
lemma:

Lemma 1.19. Consider the DAE (1.2) with a properly stated derivative term. Then,
Vee Mo(t)ly=R({t)y: f(y,z,t) =0

15 true.
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Proof. Consider a fixed t € I and z € My(t). Choose yi,y, € R™ satisfying

f(ybmat) =0= f(y%x?t)

The proper formulation implies f,(y,z,t) = f,(y,x,t)R(t), therefore the mean value
theorem results in

1
0=f(y2,2,t) = f(yr,2,1) = / fy (1 =+ 5(y2 — 1), 2, 1) ds R(E) (y2 — 1)
0
In case of linear implicit DAEs (1.5) we obtain

o:/o A, t)ds R (1) (g — 1) = A(2,1) (g2 — 1)

According to (1.3) R (t) (y2 — y1) = 0 is valid.

The general case can be traced back to this fact using the augmented DAE (1.15).
Denote the first-level constraint of the augmented system f (g, z,t) = 0 by My (¢), i.e.

Mo (t) = {((z,2),t) e R™™ | (z,z,t) € Gand G R™: f(z,2,) =0, R(t)§ =z}

Notice that R (t) also realizes the decomposition of the properly stated derivative
term of (1.15). We have already shown that in case of linear-implicit augmented DAE

f ((D:c) (), (1) ,t) — 0 it follows

Vie Mogt)3g=R®)§: f(§,2t) =0

In detail, for all # = (z,z)" such that there exists a § € R satisfying R (t)§j = z and
f(z,x,t) = 0, the z-components are uniquely determined in im D (¢). Consequently,
for x € My (t) and z € R™ such that f(z,z,t) = f (R (t) z,2,t) = 0 it holds (z,2) €
M, (t) and the associated vector R (t) z is unique. O

Per constructionem, the augmentation of fully implicit DAEs to (1.15) commutes with
the linearization along a solution x,. In other words, the linearized system correspond-
ing to (1.15) is equivalent to the augmented system

R(t) (Dz) () = 2(t) = 0

fy(0)2(t) + fo(t)z(t) = 0
with f, (t) (Dx)" (t) + f.(t)z(t) = 0 being the linearization of the given DAE fx =
fo (Dz.) (t) ;2. (t) ,t). Given asolution z € C}, of the DAE (1.2), ( )
solves the augmented system (1.15) and every solution of (1.15) is of thls type

Nonlinear derivative term d (z(t),t)’

Generally, differential-algebraic equations exhibiting the structure

f (% (d(z(t),1) ,x(t),t) =0 (1.18)



24 Chapter 1. Properly formulated DAEs with tractability index 2

have to be analysed. We follow the lines of [M&01] and call the leading terms of these
DAESs properly stated, if

Vy,x,t: fy(y,z,t) ®im dy(z,t) =R"

and there exists a projector R € C1(Iy, R"*") realizing the above decomposition of
R™. The tractability index two is defined by the matrix chain in Definition 1.8 and
conditions N; NSy = {0} plus NyN Sy = const. The only formal difference is that we
use D = D(z,t) = d,(x,t) instead of D(t). Considering (1.18), we are interested in
continuous solutions having d(z(t),t) € C', which satisfy the DAE pointwise. Unfor-
tunately, this function class does not constitute a vector space in general. A certain
simplification can be obtained by augmenting the given DAE (1.18),

(R(t)y(t))",(t),t) =0
((> d(x (t),) ? =0 (1.19)

and the resulting system is of the type (1.2). If = solves (1.18) then (x(t),d(x(t),t))
is a solution of the augmented DAE (1.19). In addition, every solution of (1.19)
can be represented that way. Consequently, the solution sets of (1.18) and of the
corresponding augmented system can be identified. In [M&01] it is proved that the
proper formulation and the tractability index £ = 1,2 holds simultaneously for both
DAEs. In this spirit (1.18) is equivalent to (1.19) and one can restrict oneself to linear
implicit DAEs with A = A (¢) due to Lemma 1.18.

Remark 1.20. Differential-algebraic equations stemming from the charge oriented Mod-
ified Nodal Analysis in circuit simulation are given by

A (d (2 (8),0)) + bla(t),£) = 0

with A, b like in case of linear implicit DAEs (1.5) and d € C(Dy x I), d, € C°,
cf. [IM&03], [EST00], [ESFM™03] or [Voi06, § 1]. Such DAEs can be cast into linear
implicit form with a ¢-dependent matrix pair A(t), D(t) as a derivative term. Due to
higher dimension, it is not advisable to apply numerical methods to the linear-implicit
system with a simple derivative term A (¢) (Dx) () resulting after two augmenta-
tion steps. If the discretization scheme commutes with (1.19) and (1 15), that is the

augmented system having the simplified derivative term A( ) (Dm) (t) is integrated

by the numerical method, then it is sufficient to prove convergence of the numerical
method applied to linear implicit DAEs in order to obtain convergence for the general
form of differential-algebraic systems.
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1.5 Analysis of linear systems

Linear differential-algebraic systems with ¢-dependent coefficients
A@)(D(t)z(t)) + B(t)x(t) = q(t) (1.20)

are of vital importance. On the one hand, a deeper insight can be achieved using
the linearity, e.g. most of the index concepts were first aiming at linear systems. In
addition, linear DAEs arise from simplified models in many applications. From the
viewpoint of stability criteria, the crucial reason to deal with linear systems is that the
functional analytical linearization of general DAEs (1.2), that is the Fréchet derivative
of the corresponding operator, is of the form (1.20). Accordingly, linear systems form
the basis of qualitative investigations of nonlinear dynamics using the linearization
principle. For example, the theorems of Perron and Andronov-Witt for ODEs work
this way. Anticipating, certain aspects of the local qualitative behaviour of DAE
solutions can be traced back to properties of the system of variational equations around
a reference solution.

On the contrary, linear systems have the disadvantage to exhibit global stability prop-
erties only so they are not adequate in the context of nonlinear phenomena. Lineariza-
tion might turn out to be a too coarse approximation even in simple setups and that
causes the indirect method of Lyapunov to fail. In such cases, nonlinear approaches
have to be used. Lyapunov’s second or direct method is based on the notion of Lya-
punov functions as a criterion for asymptotic stability of nonlinear ODEs. With regard
to Definition 6.2, Lyapunov functions can be interpreted as a suitable abstraction of
the idea behind a potential. The one sided Lipschitz condition (6.24) is a related
dissipation inequality used for characterizing contractivity of ODEs. In this thesis,
both nonlinear stability criteria for solutions of differential-algebraic equations with
index £ = 1,2 and some based upon linearization are developed. The latter require
a thorough investigation of the relevant properties of linear DAEs. Although a large
number of publications dealing with linear DAEs is available, we have to clarify several
aspects in order to proceed. Some technical difficulties are due to our goal to ensure a
constant invariant subspace of the inherent regular ODE. For that purpose, the space
DN; or DS plus a corresponding complementary space is required to be constant.
In contrast to [BMO00], [BM04] and [MHT03b| we are forced to decouple without the
canonical projector ()1 so that suitable representations of the inherent dynamics and
that of fundamental matrices of homogeneous DAEs have to be derived.

Remark 1.21. Later on, it is proved that the invariant subspaces of the inherent dy-
namics of an autonomous nonlinear DAE and of its linearization around the same
solution coincide. In principal, the nonlinear decoupling works for time-dependent
state spaces as well, but using our methodology it is not possible to conclude that
the state space representation is autonomous in that case. Unfortunately, we cannot
prove the analogon of the Andronov-Witt Theorem in case of autonomous index-2
DAEs without this crucial property.
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1.5.1 Representation of the inherent dynamics on im DP,

An intermediate step towards extraction of the inherent dynamics of nonlinear index-2
systems via complete decoupling necessitates the decoupling of the linearization of a
DAE. In order to analyze linear differential-algebraic equations (1.20) we are going to
use the matrix chain with an admissible projector ();(t) onto N;(¢) along K (t). The
complementary space K has to satisfy Ny(t) C K (t) in order to ensure (Q1Qo) (t) = 0.

Assumption. The subspaces (DNy) (t) and (DK) (t) are constant.

Additionally we introduce a projector T'(t) onto Ny(t) N So(t) and U(t) := I — T'(t)
implying the identities QT =T, PyU = P, and

I=PRP + (UQo+ Q1) (FoQ1 +UQo) + TQo P
Notice that UQy + FPyQ1, TQo, Py P, and T'QQy P, are projectors due to

(UQ0+P0Q1)2 = UQo(I —-T)Qo+ PQi1PQ1 =UQo + Py
(TQo)* = TQuQo=TQo
(TQuP)* = TQo(I —Q1)TQoPr =TQyP,

In the next step, (1.20) is multiplied by G5 (¢),
Gy () A@)(D(B)x (1)) + Gy (1) B(t)x(t) = Gy () q(t)

and then splitted into three parts via multiplication by DP;, PyQ1+ UQy and T'Qy P,
where the resulting system is still equivalent to (1.20).

1. Multiplication by DP; results in
DP,D™(Dx) + DP,G;'BPyPix = DP,G5'q

due to

Gy'A=Gy'AR = Gy (GoPLPy) D™ = P.D™
and the decomposition I = PyP, + FPy()1 + Qo in

B = BRyP\+BFPyQ1+BQy = BRyPi+G2Q1+G1Qo = BPyPi+G2Q1+ (G2 P ) Qo

2. Multiplication by T'QqP; reveals
—QoQ1 D™ (Dx)' + TQyP\G5 ' BD™(DPix) + TQor = TQoP1G5 g
because the computations above and T'Qo P,y = T'Qq, im QpQ); = im T imply

TQ0P1D7<D.1')/ = TQO(DiD)Di(Dx)/—TQleDi(DfE),
= —QoQ1D (Dz)
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3. Multiplication by P,Q; + UQ, leads to
(UQo + PoQ1) Gy ' BD™ (DPyz) + (UQo + PoQ:1) x = (UQo + PoQ1)G5 g
with
UQoP.D~(Dz) = UQoD~(Dx) = UQy(D~D)D~(Dz) =0

(UQo + PyQ1)Q1 = FyQ: and (UQo + PoQ1)Qo = UQo.

DP, D~ and D@D~ project onto DK along DN; & ker A respectively onto DN
along DK @ ker A due to Lemma 1.12. Taking the representation (8.1) and the
C'-bases of DNy, DK and ker A into consideration (cf. Lemma 2.15), we obtain
DP,D~,DQ,D~ € C' (I,R™"). Application of the chain rule results in (1.20) being
equivalent to

(DPz) — (DP,D7) Dz + DP,G;'BD~(DP,z) = DP,Gylq (1.21)
(UQo + PoQ1) G3'BD™(DPiz) 4+ (PQ1 + UQo)z = (PQ1+UQo)Gy'q
—QleDi (DZ')/ + TQOPnglBD*(DPla:) + TQ()I = TQ()PlG;lq

Using a constant auxiliary projector P € R™" onto DK = im DP, D",
(DAD™) DP, = (DP.D") PDP; = (DPID*P),DPl — P'DP, = 0.
A constant projector Q € R™" onto im DQ;D~ = DN; implies
(DP.D") DQ, = (DP,D") QDQ, = (DPID*Q>/DQ1 —0
due to im Q C ker DP, D~. Altogether with im DP;D~ C ker QoQ1D~

Qo@D (DPyx) = QyQ: D~ (PDPyx) = QoQ: D~ P(DPyz) =0

Therefore, the given linear DAE is equivalent to

(DPiz)' + DP,Gy'BD™(DPiz) = DP.Gy'q (1.22)
—1 _
SFU(CJ%OQt JI:OI%)O)G; BD~(DPuz) _ (UQo + Py01)C5 g (1.23)

TQoP.Gy*BD~(DPix) + TQox

— -1
—QuiD-(D(PyQy + UQolay  — [WohiGaa (1.24)

Hereby (1.22) constitutes an explicit differential equation governing the behaviour of
the solution components D Px. Denote u = DP;x in order to obtain

U (t) = — (DPIG3'BD™) (t)u(t) — (DPIG3) (t)q(t) (1.25)

This differential equation is called the inherent reqular ODE (IRODE) of (1.20) within
the context of the tractability index. Besides, DK = im DP, D~ is an invariant



28 Chapter 1. Properly formulated DAEs with tractability index 2

subspace of (1.25) because v(t) = (I — DP,D™) (t)u(t) satisfies the homogeneous
ODE

v(t) = — (DP.D7) (t)(t)
which can be proved multiplying (1.25) by I — DP;D~. Denote

u(t) = (DPy) ()z(t), w(t) = (TQo) ()z(t), y(t) = (UQo + Fo@r) (t)x (1),

S ) ) 1.26
W(t) = (DPz) (1), (Dy)' (t) = (DQuz) (1 (1.26)
Then,

y = —(UQo+ Po@1)Gy'BD u+ (UQy + Py@Q1) Gy 'q

(Dy) = —(DQ:G;'BDu) + (DQ1G3'q)'

_ { —(DQ\G3'BD™) u+ DQ,G3 ' BPyP\G5 ' BDu
—~DQ,G5'BRy PGy g + (DQ1G5q)
w = —TQoP,Gy'BD u+TQyP,G5 q + QuQ1D~ (Dy)’

(TQuPGy" — Qu@iGy ' BRPIGy ") g+ Qu@1 D~ (DQ1Gy'q)’
- (—TQOPle‘lBD‘ — QoL D~ (DQle‘lBD‘)'> u
+QoQ1G5 ' BPyP,G;'BD~u
The solution vector is
x=Du+y+w=Ku+ Mg+ Q@D (DQ:G3'q)’

with
D™ — (UQo + PyQ,) Gy 'BD~ — TQoP,.G, ' BD~
~Qo@Q1 D~ (DQ1G5'BD™) + Qu@,G3 ' BRy PG5 BD~

resulting in the solution representation z (t) = K (¢) u (¢) for homogeneous linear DAEs.
Let U(t), U(ty) = I be the normalized fundamental matrix of the homogeneous IRODE

u' = —-DP,Gy;'BD .
Solutions of the IRODE on DK are given by u(t) = U(t) (DPy) (ty) ug. Particularly,
X(t) = Kt)U(t) (DPy) (to) (1.27)

K=

is a representation of the quadratic fundamental system of the homogeneous DAE

(1.20) with (DPy) (to) (X (to) — L) = 0.

For the sake of stability analysis of 7-periodic solutions of 7-periodic DAEs we are going
to be in need of characteristic multipliers of the state space representation. They are
defined to coincide with the non-zero eigenvalues of U(7) (DP, D) (0).

DK = R—-DQ\Gy'BP,D™ = R— DQ,.D” = DP,.D~

whereby P, . denotes the canonical projector. Because DPy D~ and DP, D~ both
project along ker A ® DNy, DP, = DP,Fy and DK = im DP; D~ is an invariant
subspace of the IRODE,

(DR) (1) X(r)D=(0) = (DAD™) (r)U(r) (DAD™)(0)

— U(r) (DP,D") (0). (1.28)
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Remark 1.22. Choosing ()1 = Q1. in our computations results in DS; being the
invariant subspace of the IRODE. Then the simplified representation

D(7)X(r)D™(0) = U(r) (DPD7) (0)

is valid. Mimicking the approach in [MHTO03b]|, this choice of @; for the complete
decoupling requires both subspaces DS, and DN, to be constant. In this special case
one can fall back to the representation of the fundamental matrix published in [BMO00).

1.5.2 Decoupling using a projector P; onto S,

Let P,(t) be a projector onto Si(t) along K (t) and require the structural conditions

Assumption. The subspaces DS, and DK are constant.

We aim at a solution representation using the identity
I=PP+TQy+ (UQO +P0Q1> :

To this end, we consider the above calculations with ¢y = ()1, but we do not require
DN; to be constant. Due to the property (1.4) we achieve a simplification in (1.21),
namely

(DPD™) (Dz) + DPG;'BD™(DPiz) = DPGy'q
UQoG5'BD™ (DPix) + (PQ1 +UQo)x = (PQ:+UQy) Gy'q
—QleDi (DZ')/ + TQ(]PlG;lBDi(Dplﬂl) + TQ()I = TQ()PlG;lq

The auxiliary projectors P € R™" onto im DP,D~ = DS, and Q e R™" onto im DK
imply
R -\ - / R
QuQ1D™ (D) = Qo D™ (P (DP) + (DQix) ) = Qo@D (DGs)
due to DS; C ker Qo)1 D~. Moreover,
- ! ~ A\ / ~
) ,  (pPe) - (DADP) DR o
DP.D~ (Dz) = ) S, _ (DPla;)
n (DPlD*> O (Dle)
~ A~ ~ / ~ /
(pQD~) P (D) + (DQix)

PEEEOS (0QiD-G) DQ1a.

- (00

We notice that Ny C S; implies P,Qo = Qo, i.e. Q1Qo = 0. Since DP,D~ and DP,D~
are projecting onto DSj,

DP,D~ = DP,PD~ + DP\(Q;,D~ = DP.D~ + (DP,D") (DQlD‘> ,
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!/

DP,D~(Dz) = (Df)lx>/+ (pPD7) (DQ:D™) (DQix)
Taking advantage of (1.4) and of QP = 0,
Py = P <@1+151> Q1 = PyQ1 + P 1@ <P1+@1> = RQ1 + PyPQ1G; ' BPyQs
resulting in the following representation of (1.21):

u + (DPIQID*> (Dy)’

3 = DPGy'q (1.29)
+DP,G;'BD~u + DP,G5 ' BPyP,Q1y

(I + (UQO + P0]51> G;lBP()Plél) Yy
+UQOG2_1BD*U

TQoPGy ' BD u— Qo@D (Dy)'
+TQo PG5 ' BRyPiQ1y + w

— (PQI+UQ)G7q  (1.30)

= TQuP,Gy'q (1.31)
whereby
u(t) = (DPy) (Da2(t), w(t) = (TQo) (Da(t), y(t) = (UQos + RQ1 ) (D) (t),
u(t) = (D) (), (Dy) (1) = (DQuz) (1

Now, the property Q: (U Qo + Pop1> = 0 implies

(1.32)

([ + (UQO + Poﬁl) G213P0P1Q1)_1 - (I _ (UQO + Pol51> G;lBPOPlc?l)
and (1.30) reveals
Dy = (DQngl - DP1G513P0P1Q1G51> g
Considering homogeneous DAEs, (1.29)-(1.31) result in
y=-UQuGy,'BD u  w=-TQyP,G;'BD u
and there exists the solution representation z = D~ u + y + w = Ku with
K: =D —UQyG;'BD™ — TQuP,G;'BD"

Due to Qiy = Q1D (Dy) = 0 the IRODE reduces to ' = —DP,G;'BD~u on the
invariant subspace DS;. Let U(t) be the normalized (U(ty) = I) fundamental matrix
of the inherent regular ODE. Then,

X(t) = K@OU(t) <D151) (to) (1.33)

is a quadratic fundamental matrix of the homogeneous DAE (1.20). As a result of the
invariance of DSy,

DX (D (ty) = REOU() (DﬁlD*) (to) (1.34)
- (DﬁlD‘> (OU) (DﬁlD‘> (to)
= U (D151D‘> (to)
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Remark 1.23. It is possible to construct a nonlinear decoupling based on a projector P,
onto the invariant subspace DSy but the term DPQ, D~ (Dy)" in (1.29) complicates
the analysis seriously. We present such a decoupling procedure in the appendix. As a
result of the technical difficulties, the autonomous structure of the SSF (of autonomous
index-2 DAEs) and commutativity between decoupling and linearization are waived.
The successful analysis based on the structural condition (1.5.1) is per se a weakening
of the requirements in [MHTO03b|, where both DN; and DS, are required constant.

Remark 1.24. The regularity of GQ = G + BP0Q1 can be proved bX means of a
suitable factorization. Unfortunately, multiplication of the DAE by G5! does not
yield a convenient decoupling because

. N L~ -
DP,G5'A(Dz) = (DP1m> + DPG3'G1Q D™ (Dx)'
B / o ~ / o s
- (DP1x> n (DPlG;1G1Q1x> . (DP1G51G1> Owx
~ /
Here again, <Q1:c> appears in the equation together with the derivative of the dy-

o !/
namical components (DP1x> and this fact results in serious problems if nonlinear
DAEs are considered.
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2 The state space form

It's not what you know, it's what you can prove.

(Alonzo Harris, Training Day (2001))

The goal of this chapter is to set up a state space form (SSF) of the inherent dynamics
for a class of fully implicit nonlinear index-2 DAEs. Subsequently, two important
properties of the transformation to the state space representation are proved. Given
an autonomous DAE with constant subspaces DN; and DK along x,, the SSF inherits
the autonomous structure. In addition, the presented transformation to the state
space form commutes with linearization around the same reference solution x,, i.e.
the diagram

( DAE ) lincasization [ Linearized DAE } (2.1)
f (D) (1), 2(),1) = 0 ) (D) (1) + Lay=0) @
transformation O transformation

to the SSF to the SSF

LState Space Form of the DAEY linearization [ SSF of the linearized DAE\‘
§(t) =g (&), 1) y Z(t) = g¢ (&:(1), 1) 2(t)
where &, is the respective transformation of x,, is commutative. This allows to formu-

late the direct method of Lyapunov for index-2 DAEs referring to the linearized DAE
only.

The state space form is a convenient tool to analyse the stability behaviour of solutions
nearby xz,. Its construction relies on the matrix chain, a suitable parametrization of
systemic subspaces and the implicit function theorem. Generally, one cannot expect
to compute the transformation numerically in reasonable time.

A preliminary note on the decoupling of nonlinear DAEs

The most laborious intermediate step of our transformation is a complete decoupling of
the properly stated differential-algebraic system into an ODE on an invariant subspace
together with some appropriate constraints. It is meant to generalize the solution
representation for linear DAEs in § 1.5 that is to state that the solution vector x (t) is
already determined by its components

u(t) = (DP) (D) (8),.(0), ) a(2)

where u solves an explicit ODE on an invariant subspace. Fortunately, we do not
need to start from the scratch due to the fundamental results on decoupling of non-
linear differential-algebraic systems in the context of the tractability index achieved
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by the DAE research group at the Humboldt university of Berlin. The decoupling of
nonlinear index-1 DAEs (1.1) dates back not later than to [GMS86, § 1.2]. Although
it is an elegant way to reveal the obvious constraints in the index-1 case by a single
application of the implicit function theorem, this approach is not adaptable to higher
index systems. An alternative approach to decouple index-1 DAEs (1.1) relying on
a modified Taylor expansion was formulated by Caren Tischendorf in |[Tis94, Theo-
rem 2.1]. The basic idea there is to separate the linear part of the system and the
remaining nonlinear term and to add a suitable zero-sum in order to enforce certain
properties of the remainder term. Subsequently the DAE is splitted into an equiv-
alent system applying the linear decoupling method of the linearized DAE to the
entire system. The critical part is to ensure that the implicit function theorem can
be applied to the resulting constraints thus leading to an ODE representation of the
inherent dynamics. This task was mastered in the thesis [Tis96| for linear implicit
index-2 DAEs resulting in structural assumptions on the DAE which allow the as-
tonishingly simple formulation (2.15) using the matrix chain and are shown to be of
great practical interest in the circuit simulation. Another advantage of this approach
is its versatility which is underlined by an outline of the application to index-3 DAEs
in the summary of this thesis. It is not surprising that there are several adaptations
of the method. For example, [San00, § 3.1.2] improves the complete decoupling in
[Tis96, Theorem 3.12| by replacing the canonical projector Q1. with an admissible
projector 1 onto Nj. Alternatively, a projector onto Sy is taken into consideration
aiming at commutativity between the complete decoupling and the BDF and stiffly
accurate Runge-Kutta methods for DAEs, cf. [San00, § 3.2]. Meanwhile, a strong em-
phasis on a properly stated derivative term of differential-algebraic systems in a series
of publications [BM00, Ma01, M&02a, M&05] is leading to new findings with regard to
the benefits of considering such DAEs which arise naturally in some applications, e.g.
the Modified Nodal Analysis (MNA) equations ([M&03|). An intermediate result of
the thesis [Voi06] is to prove the existence of a solution of properly formulated index-2
DAEs A (t) (D (t)x (t))' +b(x (t),t) = 0 assuming the mentioned structural condition
No (t)N Sy (y, x,t) independent of y, . There, an incomplete decoupling of the DAE is
used which actually follows the modified Taylor expansion approach similar to [Tis96].
The intention of the present chapter is threefold: first, we point out crucial technical
details of the complete decoupling originating from [Tis96, Theorem 3.12] and adjust
them to properly stated derivative term. In doing so we hope that the structural
conditions on index-2 DAEs are going to appear more or less canonical to the reader.
The second goal is to enhance the decoupling approach by passing over to a state
space representation and to reveal important properties of this transformation, more
precisely the commutativity between decoupling and inheritance of the autonomous
structure of the dynamics. In our opinion, the already mentioned publications on
DAEs with a properly stated derivative term together with [MHT03a, MHTO03b] tend
to focus mainly on the numerical benefits of the Formulation (1.2). Therefore, we felt
intrigued to investigate the influence a proper formulation or some constant subspaces
might have on the DAE from a qualitative point of view, regarding exact solutions.
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2.1 Decoupling nonlinear DAEs

In order to decouple nonlinear differential-algebraic systems, we represent them adding
up the linearization terms around the reference solution x, € C},, the nonlinear re-
mainder term plus a suitable zero-sum.

We have already proved the linearization of a given DAE (1.2) around x, to be
£y ) (D) (8) + fr(t)z(t) = 0
denoting fy(t) :== f, (D) (t), . (t),t) and fi(t) == fu (Dz.) (1), 2.(t),t). Taking

the remainder term into consideration leads to the equivalent representation

J3(8) (D) () + f7 (0 (t) + h (D) (1), 2(t),8) =0
of (1.2) whereas

h (D) (8),x(t),t) = f (D) (8), (), t) = (f; () (D) (¢) + fr(D)z(1))
The remainder term does not fulfill A ((Dz.)' (t),z.(t),t) = 0 so we use a fitting

r(t) = (f; () (Dx.) () + fr(O)a.(t)) = f (D) (1), 2.(t),1)
such that

7 7 _ f(y,l’,t)—f((DI*) (t>’ *( ) t)
Mt 5= Iy e 0T =5 ) (D (1) — ) + £200) (2.(0) — )

satisfies the following properties

h (D) (8),2.(1),t) = 0, hy (D) (), 2.(1),8) = 0, hy (D) (1), 2.(t), 1) =0
(2.2)
which turn out to be favourable because they simplify calculations and play a decisive
role in proving commutativity of (2.21). Due to the ¢{-dependent zero-sum 7 (t) the
original DAE (1.2) is equivalent to the corresponding modified Taylor expansion

£y @) (D) (1) + £ (@) (t) + h (D) (1), 2(t),t) = r(t) =0 (2:3)

Motivation of a nonlinear decoupling

We split the modified Taylor expansion (2.3) into an equivalent system of three equa-
tions multiplying by the matrix valued functions used to decouple the linearization of
(1.2). Keep in mind the initial agreement to denote

Ql(t) - Ql ((D.I*)/ (t)a x*(t)v t))

and so on. We require @ (y,x,t) to be an admissible projector on N; (y, x,t) along
K (y,x,t). Moreover, all projectors in the matrix chain should be at least continuous,
i.e. Q1(t), Go(t) etc. are continuous as well. Using the notation (1.26),

I =PP +TQo+ (UQo+ FPy@1)
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and the auxiliary function

/ . i ( W+ (Dy),(PPD)(t)u
h (', (Dy)' u,w,y,t) = h ( + (TQoiJ(t)w + (UQo + PoQ1) (t)y,t )

the splitted DAE exhibits the representation

u'(t) + (DPIGy' f;D) (tult)

+(DPG) (1) (h (1), (Dy)' (1), (), w(t). y(t). 1) — (1)) -0
(UQo+ Q) (1) (G5 D7) (tult) + y(t) _ 0
F(UQo+ Po@1) (0G5 (1) (b (u/(1), (Dy)’ (6 u(t), wit), (1), 1) (1))

— (Qu@uD7) (1) (Dy)' (1) + w(t) + (TQUAG, £D7) (tyult) .,
F(TQuP.GL™) (1) ( (o (1), (Dy) (8 u(t), w(t). y(1). 1) - r(1)) o

Per constructionem, h, hy, h(p,y; hu, huw, hy vanish along the extended integral curve
of ., where u,(t) := (DPy) (t)x.(t) etc.

Regarding (2.4) as an algebraic system in formal variables (Dy)’, «/, y, w, u, it is
possible to eliminate y and w locally and to solve the first equation in (2.4) for u’
applying the implicit function theorem three times. However, we have to incorporate
that (Dy)’ in the equivalent representation of a DAE is determined by differentiation of
the Dy solution components. If (Dy)' (t) = v (u(t), t) holds then the reformulated first
equation in (2.4) will represent an ordinary differential equation for the solution com-
ponents u (t) = (DPy) (t) z (t). In the following we have to prove such a representation
of (Dy)'. Differentiating the algebraic relation D (t)y (t) = D (t)@ ((Dy) (), u(t),t)
we get

(Dy) (1) = S (D02 (Dy) (1) u (1) 1))

which is equivalent to an algebraic relation V ((Dy)' (t),u(t),t) = 0, if the coefficient
of the second derivative % (Dy) (t) vanish. The latter turns out to be the main

structural condition we have to impose on (1.2). Unfortunately, this approach results
in sophisticated assumptions if formulated in terms of the given DAE. Even the for-
mulation of y = o ((Dy)’ (t), u(t),t) necessitates two implicitly defined functions for v’
and w whose partial derivatives enter the above structural assumption. Nevertheless,
the approach turns out to be practicable for linear implicit DAEs with A(z,t) = A(t)
where h = h (z, t) resp. h = h (u,w,y,t).

2.1.1 Linear implicit DAEs

Consider a linear implicit index-2 DAE

A(t) (D) (t) + b (x(t),t) = 0 (2.5)
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having a solution x,. The differential-algebraic system is equivalent to its modified
Taylor expansion (2.3) with

Wz, t) = b(x,t) = bz, 1) + b, (t) (2.(t) — @)
r(t) = by () 2. (t) = b(2.(t), 1)

and % (t) := b, (x4 (t),t). In addition, consider a subspace K (z,t) C R™ having a
basis of continuous functions satisfying Ny (z,t) ® K (z,t) = R™ and K (z,t) O Ny (t).
Then we choose the matrix chain of the tractability index such that the admissible
projector Qy (x,t) maps Ny (z,t) along K (x,t). We need

Assumption 2.1. The subspaces (DNy) (x.(t),t) and (DK) (x.(t),t) are constant.

The equivalent representation (2.4) of (2.5) reads

u'(t) + (DPG D7) (t)u(t) _
L (DP.G3Y) (0) (h (uld) () y(0), ) — vy — O (2O
(UQO + POQI) ( ) ( 71b*D ) (t)u(t + y(t) = 0 (2 7)
F(UQo + PoQu) (NG5 (1) (1 (u(t), w(t). y(t). 1) — r(t)) '
wlt) = @QiD7) (0(Dy) () + (TQAGT D) Wult) _ g
F(TQuRG.) (8) (h (u(t), wlt) y(t).1) — 7(0) '

using the notation (1.26) for the particular solution components and their derivatives
and the subscript-* notation u.(t) = (DP;) (t)x.(t) for the reference solution z,. The
auxiliary function A is

h(u,w,y,t) =h (PoPD™) (t)u+ (T Qo) (t)w + (UQo + PoQ1) (t)y,t) .

Solving for (UQo + Po@1) (t) x
Equation (2.7) can be written as
M (u(t), w(t), (UQo + Po@1) ()y(t),t) =0 (2.9)

by means of the function

vt e (UQo+ @) Gy b.D7) (Huty
M w,9,8) 3= (000 + PoQr) Gy ) (8) (h (s, 9, 8) — 7 (2))

M is continuous and continuously partial differentiable with respect to u,w,y. Set

Z(t) = (UQ0+P0Q1) (t), z = Z(t)y
to obtain

%M (w,w, 2,t) = My, (v, w, Z (t) y,t) = I + (UQo + PoQ1) ()G (t)hy (u,w, Z(t)y, 1)



38 Chapter 2. The state space form

According to (2.7), M (u.(t), w.(t), Z(t)y.(t),t) = 0 holds for y. (t) = Z (t) y« (t) and
M, (u.(t), wi(t), Z(t)y.«(t),t) = I due to the properties of the remaining term h. Let
to € I be arbitrary, but fixed.

0= M (u,w,(UQo + Po@Q1) (t)y,t) = M (u,w, z,1t)

can be solved for z in a neighbourhood of (wu,(tg), w.(to), y«(to), to), i.e there exists a
unique implicitly defined function m = m (u,w,t) on

{(’LL, w, t) € Rn—i—m—H | ||(U, w, t) - (’LL* (to) y Wi (tﬂ) 7t0)” < Cl}
satisfying

m(u*(to)’w*(t0)>t0) = y*(to)
M (u,w, Z(t)m (u,w,t) ,t) = 0

m (u7 w, t) = (UQO + POQI) (t)m (uv w, t)

The last property is due to Z = Z? for both m (u,w,t) and Z(t)m (u,w,t) sat-
isfy the constraint M (u,w, Z(t)y,t) = 0. Because of the uniqueness, m (u,w,t) =
Z(t)ym (u,w, t) is valid.

Solving for the index-1 components (T'Q) (t) x

Preliminary considerations about the third equation in (2.4) corresponding to (2.8)
motivate the structural assumption

Assumption 2.2. Q(t)m,, (u,w,t) =0 in a neighbourhood of (u.(t),w.(t),t).

The above assumption implies QoQ1m = (QoQ1m) (u,t) locally around the integral
curve of . Let us assume QoQ;D~ € C! then the chain rule ensures

(Qu@1D7) (1) (Dm (u(t), w(t), 1)) =
= 5 (QoQim) (u(t), 1) — (Qu@:1D™)" (t) (Dm) (u(t), w(t), 1)

_ (Q@im), (u(t), )u'(t) + ((QuQ1D~) (Dm)), (u(t), )
t

u(t),
= (Qo@iD7) (1) (Dm) (u(t), w(t), t)

= (QoQ1) W)mu (u(t), w(t),t) w'(t) + (QoQ1D™) (t) (Dm), (u(t), w(t),t)

Using (2.6) to replace u/(t) results in

(Qu@1D7) (1) 5 (D(1)y(t)) =
(Qu@1D7) (t) (Dm), (u(t), w(t),t)
— (QoQ1) ()my (u(t), w(t), t) (DPIGy 0;D™) (t)ult)
— (QoQ1) ()mu (u(t), w(t), t) (DPIG) (1) (h (u(t), w(t), y(t), t) — (1))

Inserting this expression into (2.8) leads to

K (u(t), (TQo) (H)w(t),t) = 0 (2.10)
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with

- (QOQlDi) (t) (Dm)t (u’ w, t) + (QOQ1m>u (u7 t) (DPIGQ_Ib;Di) (t)u
K, w, 1) = +(QoQ1m),, (u,t) (DPng_l) (t) (h (u,w,m (u,w,t),t) —r(t))
T + (TQo PG5 'b3) (£) D™ (t)u + w
+ (TQoPG3Y) (t) (h (u,w,m (u,w,t) ) — r(t))

Remark 2.3. The constraint (2.8) is equivalent to (2.10) under the Assumption 2.2. In
other words, the analytic relation between the formal variable (Dy)’ and its meaning
as the derivative of Dy in the DAE is depicted correctly.

Now the algebraic equation (2.10) has to be solved for £ := (T'Qy) (t) w.

5 I— (Qu@iD7) (1) (Dm),,, (u,€,1)
a—glc (0,6, 1) = + (TQuPIG3") () (hey + hyma) (u, &, t)
+(Qo@Qim),, (u,t) (DPIGL") (t) (hy + hymuy) (u, &, 1)

The partial derivatives h,,, h, vanish in (z,(t),t). For the (i, j)-th entry of (Dm),,
holds:

[(Dm)tw]ij = 0[(§$)t]l = aij (Dm),), = ((Dm)i)twj
= (Dm)),, = 2 ((Dm),], = [(Dm),,],

if the partial derivatives (Dw),,, (Dw),, exist and commute. The outcome of this is

tw?

(QOQlD_) (t> (Dm)tw (ua 67 t) = (QOQID_) (t) (Dm>wt <u> 57 t)
= <% (Qo@1m),, — (QleDf), () (Dm)w) (u,&,t)
= —(Qu@:D7) () (DQ:D7) (t) (Dm),, (u,&,t) =0

in a neighbourhood of (u.(t),(TQq) (t)w. (t),t)! due to Assumptions 2.2 and 2.1.
Therefore,

9K (wt),e0).0) = 1

3
The components u,, & solve the equation K (u.(t),&.(t),t) = 0 as a consequence of x,

being a solution of the given DAE. According to the implicit theorem function, there
exists a unique resolution of K(u,&,t) = 0 for £ on B, (u.(ty),to) exhibiting

k (u(to), to) = & (o)
K (u’ (TQO) (t) k (U, t) 7t) =0
k(u,t = (TQo) (t)k (u,t)

The last property is due to T'Qy = (TQO)2 and the fact that both k (u. (t),t) and
(T'Qo) (t) k (u (1), t) satisfy (2.10) so k (u,t) = (T'Qo) (t) k (u,t) due to uniqueness of
the implicit function k.

Twhere €. (t) = (TQo) () - (t) = (TQo) () w. (1)
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Remark 2.4. At this point it is crucial to ask for a reference solution z, of the DAE
(2.5). Starting with an inconsistent initial value xy € My(to), the representation
(2.3) in (yo, xo, to) is defined and one can even solve the algebraic constraint (2.9) for
(UQo + Po@1) (o, t9) 0. The partial differential

%K ((DPy) (o, to) xo, &0, to)

& = (TQo) (w0, to) xo is invertible as well. Since there is no DAE solution passing
through xo, the hidden constraint

IC ((Dpl) (Io, to) Zo, (TQ(]> (Io, to)ﬂ?o, to) = 0

cannot be satisfied. Consequently, the implicit function theorem cannot ensure the
resolution for w = (T'Qy) (xg, to) .

We have proved the following representations for two solution components of the linear
implicit DAE (2.5) in a neighbourhood of (z.(to), to):

(TQo) (W)z(t) = k(DF)()x(t),1), (2.11)
(UQo + Fo@y) ()z(t) = m (D) (0)z(t), k(D) (H)x(t),1) 1)

Inserting these representations into (2.6) demonstrates that the D P;-components of a
solution x of (2.5) nearby (x.(to),to) satisfy the ordinary differential equation

— (DPG3'0:D7) (u(t) + (DPGEY) (t)r(t)

= DRGSO (o), (u(t) 1), m ),k (w(0),0),6),1).

(2.12)

Definition 2.5. The ODE (2.12) is called the inherent regular ODE, abbr. IRODE
of the given DAE (2.5) locally around ..

It is convenient to talk about the IRODE although this differential equation is not
unique at all.

Lemma 2.6. The IRODE (2.12) has the invariant subspace DK = im DP,D~ if
Assumption 2.1 is valid.

Proof. Multiplying (2.12) by (I — DP,D~) results in 0 = (I — (DP,D™) (1)) u/(t).
Moreover,

(1-pPD”) = —(I-DPD7)(DP,D”) —(DPD”) (I - DPD")
= —(DP.D7) (I -DP,D")

because (DQ,D~) (DP,D~) = 0 is true due to Assumption 2.1. Define

v(t) == (I = DP.D™) (t)u(t)
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Then,
V'(t) = (I-DPD7) () (t)+ (I — DPLD™)' (t)u(t)
= (I-DAD7) (Bu(t)
= —(DPD7) (t)o(t)
If u(ty) € (DK) (ty) <= v(ty) = 0 holds true then solutions v of the above homoge-
neous ODE feature v(t) = 0. O

Summarizing the assumptions of the complete decoupling, we obtain

Theorem 2.7. [Complete decoupling of linear implicit DAFEs]|
Let x, € C} (I,R™) be a solution of the properly formulated index-2 DAE

A(t) (D) (t) + b (2(t),t) = 0
on a compact interval I C R. Let the smoothness assumptions

(QoQ1D7) (z4(t),t) continuously differentiable
- ((UQo + Po@y) G5 b2 PyPy) (t) and
- ((UQo + Py@1) G;l) () (b(x,t) — bi(t)x) twice continuously differentiable

be satisfied. Assume Q1 (x,t) to be an admissible projector on Ny (x,t) along K (z,t)
with
(DNy) (24(t),t) = const., (DK) (x.(t),t) = const.

Furthermore, let the structural assumption

1

Qu(t) (I + (UQo + PQ1) (G () (bx (2,8) = by (24(8),8)) (UQo + Ro@1) (1) - _
H(UQo + Fo@n) (1)Gy (1) (b (1) — by (.(2), 1)) (T Qo) ()

(2.13)
be valid in a neighbourhood of the integral curve of x.. Then, the inherent dynamics
of the DAFE locally around the trajectory of x. referring to the components u (t) =
(DPy) (x, (t) ,t) is represented by the inherent reqular ODE

— (DPGL'0;D7) (tu(t) + (DPGL ) (t)r(t)
— (DPGLY) ()b (ult), k (u(t), t) ,m (u(t), k (u(t),t) ,t) ,t)

on the invariant subspace DK .

u'(t) =

Proof. Let ty € I be arbitrary, but fixed.

The constancy of DN; and DK along the integral curve of z, corresponds to As-
sumption 2.1. The given smoothness implies the function M in (2.9) to be twice
continuously differentiable. According to the relation

M. (u.(to), wi(to), Z(t0)y«(to), to) = I
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the constraint (2.7) can be solved for z = (UQy + Py@1) (t) y locally around (. (o), to)-
Then, the derivative of the resolution satisfies

My (U, w, t) = — (Mz_le) (u, w, m (u,w,t),t)
with

Mz (ua w,m (ua w, t) 7t> = I+ (UQO + POQl) (t)G;1<t)hy (ua w,m (ua w, t) 7t)
Mw (ua w,m (u’ w, t) 7t) = (UQO + POQl) (t)GZ_I(t)hw (uv w, m <u7 w, t) 7t)

Hence, (2.13) expresses Assumption 2.2 in terms of the given DAE. In this case (2.8)
is known to be equivalent to the constraint (2.10). Application of the implicit function
theorem to (2.10) results in the local resolution function k (u,t) = (T'Qo) (t) k (u,t)
due to K¢ (us(t), ws(t),t) = I,,,. Inserting the algebraic relations k£ and m in (2.6), we
arrive at the desired representation of the inherent regular ODE. The initial values
are ug = (DPx) (ty) € DK so according to Lemma 2.6 Vt € I : u(t) € DK is valid,
i.e. the inherent dynamics take place in the invariant subspace DK. The expression
“complete decoupling of the DAE” is used interchangeably to these implicitly defined
functions m (u, w, t), k (u,t) and the right hand side of the IRODE.

It follows that an open cover (J,c ; B, ((7«(ti),:)) of the integral curve C' belonging to
x, exists such that Vi € J : t; € I and the complete decoupling of the initial system
2.5 is feasible on B, ((w.(t;),#;)) € R™. The implicit functions m,k defined there
coincide on
Be, (2. (£:), £:)) N Be; ((4(25), 15))

due to local uniqueness. From now, m and k are meant to denote the maximal ex-
tension of the local functions to the entire region (J,.; B, ((z«(t;),;)). The integral
curve of a continuous function on a compact interval is compact as well, so a finite
subcover C' C J,_; B, ((w.(t:), t:)) exists. Accordingly, there is an € > 0 such that

the complete decoupling of the initial system (2.5) is feasible on the closed e-tube
T C Uiz o Be ((w.(ti), 1)) around C.

Per constructionem, a function
r € B.(z,) C C (I,R™)
solves the DAE (2.5) if and only if the solution components

u(t) = (DP) () (t), y(t) = (UQo+ Po@1) (t) z (1), w(t) = (TQo) (t) x ()

satisfy the equivalent system (2.6)-(2.8). Due to the above implicit functions, the so-
lution components (T'Qo) (¢) x (t) and (UQo + PoQ1) (t) z (t) of the mentioned system
fulfill Representation (2.11). Inserting this representation into (2.6) proves that DPyx
solves necessarily the inherent regular ODE (2.12). Due to (DFy) (to)x(to) € (DK) (to)
and Lemma 2.6, this solution of the IRODE belongs the constant invariant subspace
DK for all t € I.

In order to construct a solution of the DAE from a solution of the associated IRODE
on DK, consider the function

z(t;u) == D ()u+k(u,t) +m(u, k (u,t),t) (2.14)
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Due to its continuity, there exists a 6 > 0 such that = (t,u) € B (z.(tp)) € R™
for all (t,u) € Bjs(to, (DPix,) (tp)) € R™™. From the theory of ordinary differ-
ential equations we also know that there exists a 0 < 5 < § such that solutions
u (t;to, up) of initial value problems wu (tg;tg,ug) = wuo of the inherent regular ODE

with ug € B; ((DPix) (to)) exist on [ 1= (to — bty + 5) C I and satisfy u (¢; tg, ug) €
Bs (DPyz.) (to)) for all t € I;. It follows that

1. Vt € Iz, ug € By (DPyzy) (to)) N DK = x (t;u(t;t0,u0)) € Be (24(0))

2. (s u(5to,u)) € Cp (I, R™) for

D (t)x (t;u (t;to,up)) = R () u(t;to, uo) + D (t) Q1 (t) m (u (t; to, uo) , t)

due to Assumption 2.2 and R (-) u (+;to, ug) € C* (I3, R™), Q1m,, € C°.

3. x(;u (- to,up)) solves (2.6)-(2.8) due to the properties of the implicit functions
k and m.

Consequently, = (-;u (+; to, up)) is a solution of the given linear implicit DAE on I3 C I

-----

curve of x,. 0

Remark 2.8. Representation (2.14) together with already known continuous depen-
dence of the IRODE solution u (; o, ug) on initial values (to, 1) shows that this prop-
erty also holds for linear implicit index-2 DAEs under consideration.

The structural assumption (2.13), i.e. Q1 (t) my, (u,w,t) = 0 appears quite impractical.
If we use a sufficient precondition implying m,, = 0 then less smoothness is required,
e.g. M € C? turns out to be evitable.

Lemma 2.9. [Alternative structural assumption/

Given a linear implicit DAE (2.5) satisfying

No (t) NSy (z,t) independent of x (2.15)

in a neighbourhood of the integral curve of x. and an admissible projector @ (x,t)
on Ni(z,t) along K (x,t) with DNy, DK constant along x.. Then the structural

Assumption 2.13 holds and QyQ,D~ € C' is not necessary any longer in Theorem
2.7 If

((UQO + Py@Q1) GEIbZPoPl) ; ((UQO + PyQ1) Gz_l) (t) (b(x,t) = bi(t)x) € C*

then the right hand side of the IRODE (2.12) is continuous. It is continuously differ-
entiable in the case of D € C' and

((UQO + BQ1) GQ_Ib;POPI) ; ((UQO + BQ1) G2_1) (t) (b(x,t) = bi(t)z) € C%.
Proof. Denote

H (x,t) := (UQo + PoQ1) (1)G5 () (by (2, ) — by (2.(1), 1))
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Now Assumption 2.13 reads

Q:(t) (I = H (2,1) (UQo + Po@1) (1)) ™" H (x,) (T Qo) (t) = 0

for (x,t) in a neighbourhood of the integral curve of z,. We are going to show that
(2.15) is a sufficient condition for H(x,t) (T'Qo) (t) =

(T'Qo) (t) projects on a subspace of Ny (£)NSy (x4 (t),t) where Sy (z,t) = ker Wy(t)b.(x, t).
The identity

Wo(t)be(z,t) (TQo) (t) =0
is valid because Ny N Sy is independent of x nearby the integral curve of x,. Addition-
ally, GO = GQPlpo, ie.

(UQo + Po@Q1) G5'Go = (UQo + PoQ1) (I = Q1) Py =0
respectively
(UQo + PoQ1) (1)G3 () = (UQo + PoQu) ()G (£)Wo (1)
We obtain

OWo)
) (TQo) (1)

in a sufficiently small neighbourhood of the integral curve of x,. In particular, m,, =0
and QoQ1D~ £ (Dm) (u(t), t) independent of w’ hold without assuming differentiabil-
ity neither of QoQ1 D~ nor of (Dm),, = (Dm),,

In principle the decoupling already works if M € C! and the implicit function theorem
ensures m € C'. In this case it is possible that the partial derivative (Dm),, does
not exist, so a priori the right hand side of the IRODE is continuous only. Requiring
M € C?, D e C* results in (Dm),,, € C° and therefore a continuously differentiable
right hand side of the inherent regular ODE. O

H(x,t) (TQo) (1) = a(é?()x—t_t;%@l)((?*i%ji

Above considerations give a simple sufficient condition for the complete decoupling
of linear implicit DAEs (2.5). Moreover, the underlying smoothness properties to
ensure the feasibility of the decoupling procedure are quite low, that is A, D € C°,
b € C' and continuously differentiable projectors evaluated in the reference solution.
However, we are in need of a differentiable right hand side of the IRODE for qualitative
investigations so (Dm),,, € C° or, loosely speaking, C*-functions of the DAE have to be
required. We notice that the simplified structural Assumption 2.15 is very important
because it is automatically fulfilled in many systems originating from circuit simulation
and Hessenberg-2 DAEs.

Enhancements of the decoupling approach

The preferential analytical goal of decoupling approaches in the context of the tracta-
bility index was to derive local existence results for linear implicit DAEs. For example,
the existence of a solution is proved via a partial decoupling in [Voi06, Th. 6.7]. That
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is to say, the inherent dynamics are represented by a fully implicit DAE with differen-
tiation index one in order to avoid the problem of inconsistent initial values in Remark
2.4. Local solvability of IVPs in differential-algebraic equations of tractability index
2 with t-dependent perturbations plus the verification of the perturbation index two
are aspired in [MT94| and [Tis96]. In order to do so, the given system is decoupled
completely in a neighbourhood of a reference solution. In the final analysis, all men-
tioned decouplings seem to originate from the same principle with certain adaptations
to the desired field of application. One of our intentions was to clarify the essence
of this method yielding the structural conditions in Assumption 2.13 in a canonical
way. From this point of view, the results from [Tis96, Th. 3.12] are attested to lin-
ear implicit systems exhibiting properly stated derivative term as well. Similarly, we

show that im (y,x,t) independent of y, z and constancy of the systemic

T
[y 1T
subspaces DK, DN; along the extended integral curve of x, allow to decouple fully
implicit DAEs.

Only few applications of mentioned decoupling approaches to the topic of stability are
known to us. At this, the generalization of Perron’s Theorem to index-2 DAEs with
constant coefficients of the linearization and a small nonlinearity in [M&98, Th. 3.3| is
definitely the most important stability result. Due to its practicability and simplicity,
it is the only criterion which entered recent textbooks on DAEs slightly modified as
Th. 3.5 plus Th. 6.5 (2) [Ria08| for MNA equations and as [RR02, Th. 59.2| for linear
implicit DAEs A (z (t)) 2’ (t) = G (z (t)) with a geometric index v > 1. Unfortunately,
the topic of asymptotic stability is not explicitly dealt with in [KMO06] and monographs
focused on numerical methods for DAEs like [HLR89, HWO01, ESF98, AP97|. Stability
of periodic solutions of (non-autonomous) periodic DAEs can be reduced to above case,
cf. the proof of [LMWO03, Th. 4.2]. We have observed that sometimes it is cumbersome
to handle the inherent dynamics represented by the IRODE on an invariant subspace.
Instead, we propose to enhance the method considering a transformation to a state
space with minimal dimension. In other words, the DAE is locally equivalent to an
ODE defined on a region (called the associated state space form) plus a parametrization
of the solution set. This beneficial formulation allows to interpret some quantities like
characteristic multipliers of DAEs in terms of the inherent dynamics quite easily. As
a matter of course we take fully implicit nonlinear differential-algebraic systems into
consideration. One of the objectives of this thesis is to enable stability analysis of
self-oscillating systems, i.e. autonomous DAEs exhibiting periodic solutions. To this
purpose we have to prove suitable properties of the decoupling first. At first glance, the
IRODE (2.12) appears to be non-autonomous, but we are able to prove an autonomous
representation of the IRODE on DK leading to an autonomous state space form on R/,
| = dim DK. Later on we show that the characteristic multipliers of the variational
system of the SSF coincide with those of the linearization of the given DAE along z.,.
This proposition follows from commutativity between transformation to the SSF and
linearization as outlined in Diagram (2.21). Asymptotic stability of periodic solutions
of periodic DAEs can be traced back to a theorem for ordinary differential equations
so an alternative proof for [LMWO03, Theorem 4.2] addressing a class of fully implicit
DAEs is given. It demonstrates that our approach provides more insight into the
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dynamics of the DAE and avoids confusing technical estimates. Actually, the latter
case is easier to handle because the autonomous structure of the SSF is waived.

2.1.2 Fully implicit DAEs

The transition to fully implicit DAEs (1.2) is unproblematic due to the preparatory
work in Lemma 1.18 and Lemma 2.9. The only drawback is that we have to require the
additional structural condition (1.16). As already mentioned, sufficient differentiability
is required in order to obtain a differentiable state space representation of the inherent
dynamics.

Theorem 2.10. [Decoupling of fully implicit DAFEs]/
Let x, € C} (I,R™) be a solution of the properly stated indez-2 DAE

f (D) (8),2(8).2) = 0

on a compact interval I and Q1 (y,z,t) be a projector onto Ny (y,x,t) along K (y, x,t)
with

(DN1) ((Dz,) (1), 24(t),t) = const.  and ~ (DK) ((Dz.)' (t),z.(t),t) = const.
(2.16)
Moreover, let
im ( (fo(f’f(t{ 1) ) independent of y, x (2.17)
be wvalid in a neighbourhood of the extended integral curve of x.. Additionally, let
D € C' (I,R™™) and the functions

(UQo + Po@u) (t) G5 (1) f2(t) (PoP1) (1),
(f, f«TQo+ D) (t) 51( ) fa (8) (Po1) (1),

(f £:TQo + D) (t 51( ) (f( y,rct fr@z—fr)y),
(UQo+ P@Qy) (1) G (f(y fo@)z — f;(t) )

be twice continuously differentiable. Then, the inherent dynamics of the DAE around
x. for u(t) = (DPy) (t) z(t) are determined by the IRODE

(2.18)

d(t) = —(DPGyY) (1) (f;(t)p— () ult) — r(t) + I (s (u(t),t),t)), (2.19)
s(ut) = (éQ(u,thQ(u,%(u,t),t),D-(t)u+k1(u,t)+m1<u,/%(u,t),t))

on the constant invariant subspace (DK) ((Dx.) (t),z.(t),t).

Proof. Augment the DAE introducing y = R (Dz)' and consider from now on the
related linear implicit system (1.15) with a t-dependent derivative term. According
to Lemma 1.18, the augmented system (1.15) inherits the properly stated deriva-
tive term and the tractability index two from the original DAE. In addition, the
subspaces DNy, DK coincide with DNy, DK are therefore constant along 7, (t) ==
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(2. (t), R(t) (Dz.) (t)). We have also shown that (2.17) is equivalent to Ny N Sy be-
ing t-dependent only. It remains to check sufficient differentiability in order to apply
Lemma 2.9 to the augmented DAE (1.15). In doing so we benefit from the explicit
construction of the matrix chain belonging to (1.15) in the proof of Lemma 1.18.

Notice that & = (z,2)", DP, = (DP, 0)ie @=uand

DP,Gy' = ( DPGy'f, DPGy")

Moreover,
2N 2N [ (UQe+ PQy) G, (UQo + PoQ1) G5
(000 -+ RuQ1) G2) (0 = ( f, 1T QuCy y + DGy, — 1 f, £.TQuGy " + DGy ) "
and
== (0 0\ 3 - e 0
bbby = ( fiPPy 0 ) (1) — B2 = ( fy,z,t) = fox — fry )

are valid with f" (y,z,t) fixed by

[y o, t) fy (y, o t) = R(t),  fy (y,2,t) f, (y,2,t) =1 =Wy (y,2,1)

The differentiability requirements of Theorem 2.10 ensure the smoothness of (1.15)
necessary to apply Lemma 2.9.

Denote the terms of the modified Taylor expansion (2.3) of the augmented DAE (1.15)
by ;L,f and the corresponding terms of the initial system (1.2) as usual by B, r. Obvi-

ously,
(Z,1) = ( ﬁ(z,ox,t) ) ) = ( r?t) ) '

Furthermore, denote the constraints (2.11) of the augmented index-2 DAE (1.15) by

>

. - N\T
k= <k1, /ﬁ) and 7 = (M, 1,)" . Now, the inherent regular ODE of (1.15) possesses
the representation

(DPGs") (0 (7 () = (B2D7) Wya(t))
— (DPGS") (b (D™ (#)alt) + k @(t). 1)+ (a(t),k (@(t), 1), 1) )
Exploiting the mentioned structure of the augmented system? and setting

s (u,t) == (/2;2 () + 1z (u,lz;(u,t) ,t) D™ () utFy (u,t) + 17 (u,zé(u,t) t))

we obtain the target representation of the inherent dynamics of the given DAE (1.2)
for DP,x components, namely

W(t) = — (DPG3") (1) (J2()D™ (1) u(t) = r(t) + B (s (u(t), )., 1))

Pay attention to & = v and & (t) = (z (t), (Dz)’ (t))T in the definition of s (u, t).
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At the first glance, it is questionable whether the structural condition (1.16) could
be met at all. To this purpose, consider a linear implicit DAFE satisfying Assumption
(2.15) with T' = T (t) exhibiting the following structure:

AU @)z @) (Dx) ) +bU )z @), t)+CHT ) x(t)=0 (2.20)
Then, f, (z,2,t)T (t) = C (t) T (¢) and (2.17) reduces to

T(t)
< A~ (U (t)2,t) C ()T (¢)

The structure (2.20) with A = A(t) is a well-known case of special MNA equa-
tions so a decoupling approach can be found in [Voi06, § 5.1]. In the present thesis
A= (U (t)x,t) C (t) T (t) need not to be independent of U (t) z in order to proceed. For
example, this matrix-valued function is x3-dependent in the self-oscillating autonomous
index-2 DAE (5.9), nevertheless (2.17) is satisfied. Besides, the above decoupling is
applicable to fully implicit index-2 systems of the type (1.2).

im

> independent of U (t) z

Actually, Condition (2.16) can be weakened, especially for autonomous DAEs.

Lemma 2.11. Consider the properly formulated indez-2 DAE (1.2) possessing a so-
lution x.. If im D (t) and ker f, (y,x,t) are constant then

(DN1) (D) (t) , 2. (t)  t) = const.
ensures the existence of a subspace K (y,x,t) € R™ complementary to Ny (y,,t)

satisfying
D (t) K ((Dz.) (t), 2. (t) ,t) = constant

such that the projector Q1 (y,x,t) onto N (y,x,t) along K is admissible.

Proof. Choose a constant projector R onto im D (t) along ker f, (y,x,t) and a reflex-
ive generalized inverse D~ (t) such that D~ (t) D (t) = By (t) and D (t) D~ (t) = R.
Therefore, im D~ (t) = im Py (t) is complementary to Ny (¢). It is already known that
the tractability index 2 implies Ny (y, z,t)®.S; (y, z,t) = R™, so consider the following
subspace

K (y,]?,t) = Qo (t) S (y,x, t) ® D~ (t) (DN1>C (y,I,t)

where (DNy)¢ (y,z,t) denotes a constant subspace complementary to (DNy) (y, z,t)
such that (DN;)¢ along the extended integral curve of z, is a constant complementary
space to (DNy) ((Dz.)' (t),x. (t),t). Then,
N1 (y,l’,t) + K(Z/axvt) = (PONI @ QONI + POK S QOK) (ywrat)
= QD (t) (Nl D Sl) (y7$7t) + D~ (t) (DNl @ (DNl)C) (y,a:,t)
= im Qg (t) +im D~ (t) = R™
and Ny (y,x,t) N K (y,x,t) = {0} hold, the latter because of

Ni(y,2,t) N Qo (1) K (y,2,t) = Qo (t) Ni(y,,t) N Qo () K (y,,1)

= Qo(t)(NinS) (y,z,t) ={0},
Ni(y,z,t) NP (t) K (y,2,t) = FPo(t) N (y,7,t) NPy (t) K (y,7,1)

= Dy (t) (DN1 N (DN1)°) (y, 2, t) = {0}
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Per constructionem
D (t) K ((Dx.) (t), 2. (t) ,t) = D (t) D™ (t) (DN})° = R(DN,)°
is a constant subspace and Ny () C Sy (y, x,t) implies
No (t) € Qo (t) S1(y,2,t) € K (y, x,t)
O]

Notice sy (u,t) := D~ (t) u+ ky (u,t) + 1y (u, k (u,t) ,t) represents a parametrization
of the solution set M (t) where u € (DK) (). It can be convenient to parametrize the
invariant subspace (DK) (t) in order to obtain a parametrization of the configuration

space of the given index-2 DAE in minimal coordinates, i.e. depending on ¢ € R/,
[ = dim DK. This idea leads to a local state space form of the DAE.

2.2 Commutativity between decoupling and
linearization

In the section on functional analytical linearization of differential-algebraic systems the
linearization is recognized to be fundamental in order to analyze nonlinear systems,
e.g. to define the tractability index. A complete decoupling is another possibility
to reveal the the inherent dynamics of a DAE raising the question of compatibility
between the two operations to reduce complexity of nonlinear DAEs. This aspect was
neglected in publications concerning the tractability index so far.

Lemma 2.12. Consider an index-2 DAE (1.2) with a solution z, € CL(I,R™) on a
compact interval 1. If all preconditions of Theorem 2.10 are satisfied then the following
diagram commutes.

decoupling

DAE IRODE (2.21)

linearization O linearization

decoupling

LinDAFE LinIRODE

i.e. the IRODE of the linearization f;(t) (Dz) (t) + fr(t)z(t) = 0 of (1.2) around =,
coincides with the linearization of the IRODE (2.19) of (1.2) around (DPy) (t) x. (t).

Proof. We obtain a complete decoupling of the given DAE in a neighbourhood of the
reference trajectory z, using Theorem 2.10. The D P;-components of solutions nearby
z, satisfy the IRODE (2.19)

W) = = (DPGy") (1) (LD (1ult) = () + (s (u(t),1) 1))

s(u,t) = (12;2 (4, ) + 7729 (u,k;(u,t) ,t) D™ (t)u+ ki (u,t) + 17 (u,%(u,t) t))
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Using notation from Lemma 1.18 it follows that s (u.(t),t) = ( (xZ)(;))/ ) ) = T.(t)

is valid. The system of variational equations belonging to the IRODE (2.19) around
us(t) = (DPy) (t)z.(t) is

— (DPGy D7) (t)2(t

Y0 = (PG 1D (s (. (8).£) 1) Dys (0. 0) 200

Recognize that D(y,x)ﬁ vanishes identically on the integral curve of z, due to the cru-
cial properties hy, ((Dz.) (t), z.(t),t) =0, By (D) (t), 2.(t),t) = 0 of the modified
Taylor expansion of (1.2). Consequently, this variational system reads

Z(t) = —(DRGy ;D7) (t)=(t)

The linearization of the DAE (1.2) is f;(t) (D) (t) + fi(t)z(t) = 0. Applying the
induced matrix chain, i.e. the one used for (1.2) evaluated in the extended integral
curve of x,, we arrive at an inherent regular ODE

W(t) = — (DPG3 fD7) (t)u(t)

representing the inherent dynamics of the linearization. Therewith, commutativity of
diagram (2.21) is proved in case of fully implicit DAEs. O

Corollary 2.13. Given a linear implicit DAE A (t) (Dz) (t)+b (z (t) ,t) = 0 satisfying
preconditions of Lemma 2.9, linearization along x. and complete decoupling around x,
commute.

Proof. Straightforward adaptation of the above argument using Lemma 2.9 and the
complete decoupling in Theorem 2.7. O

Remark 2.14. An interesting proposition about the linearization of DAEs is discussed
in [Rei95, Th. 2|. There, autonomous DAEs A (z (t)) 2’ (t) + b (z (t)) = 0 with geo-
metric index s nearby a stationary point zy are considered as vector fields v on the
respective constraint manifold M. Geometrically, the linearization f, (zo) 2’ (t) +
by (xo) xz (t) = 0 in xy corresponds to the linearized vector field Dv (zg) on T, M. In
this spirit, the geometric transformation of a DAE into a vector field on a constraint
manifold commutes with linearization. This fact is used to derive criteria on the spec-
trum of the linearized vector field Dv (z9) by means of the spectrum of the matrix
pencil (f, (0,z0), fz (0,20)), i.e. in the original problem setting. From this point of
view, Lemma 2.12 serves a similar purpose. It traces properties of the linearization
of the underlying dynamics back to the corresponding properties of the linearization
of the initial DAE. Even more, we are able to deal with arbitrary periodic solutions
whereas [Rei95] is confined to the stationary ones.

2.3 State space representation of the IRODE

We are interested in solutions of the DAE on the invariant subspace DK because the
dynamics of the DAE refer to (DPy) (t) x (t). It turns out to be analytically convenient
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to introduce an additional linear coordinate transformation in order to represent the
inherent dynamics as an ODE on a region of R!, [ = dim DK. This representation of
the dynamics in minimal coordinates is meant if spoken about the state space form

(SSF).

Lemma 2.15. In case of properly formulated index-2 DAFEs (1.2) satisfying the struc-

tural condition (2.16) there exists a continuously differentiable matriz valued function
M e C*(I,R"™"™) such thatVt € I : M (t) € GL, (R) and

I
(DPD™) (1) = M(1) 0,4 M~(t) (2.22)

(DQD7) (1) = M(t) Ly M~(t)
On—r

Proof. These representations of result from suitable bases of systemic subspaces. Be-
cause of the tractability index 2, Ny & S; = R™ holds in addition to the properly
stated leading term, i.e. im D & ker A = R" implying DS} & DN; @ ker A = R"™ with
r =rk D(t), cork A(t) = n — r. Furthermore, | = dim DK and dim DN; = r — [ are
valid because of (2.16). Denote

{Dsi,...,Ds;} a constant basis of DK
{Dny,...,Dn,_;}  a constant basis of DN,
{aq(t),...,an_(t)} a t-dependent C'—basis of ker A(t)

Create a matrix valued function
M(t) == (Ds1,...,Ds;,Dny, ..., Dng_j,aq(t), ..., an_r(t))

using these basis vectors of R™ as columns. The projectors DP; D~ and DQ{D~
possess the following representations

I 0
{Dsi,Dn;,e;} {Dsi,Dn;,e;}

{Dsi,Dni,eiy Orfl 0 ’ [DQlD_}{Dsi,Dm,ai} o IT*I 0

[DP, D]

whereas [L]%Zﬁ denotes the matrix representation of a linear mapping L according to

the bases {a;} of input vectors and {b;} of output vectors. Due to the change of the
base,

- —7{ei}
(DAD™)(t) = [DPD }{ei}
si,Dnia _1{Dsi,Dni,a; €;

- [I]EZ} i } [DplD ]EDSmDnuai[ ]}Dii,Dm,ai}
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because M = [I ]%2‘;"’[)"“%} is the matrix representation of the mapping of the basis

{Ds;, Dn;, a;} onto the canonical basis {e;} of R". We obtain the intended represen-
tations

(DPD™) (t) = M(t) (N Mt

and

(DQ1D™) (t) = M(2) I M)

Lemma 2.16. [State space form of fully implicit index-2 DAEs|

If the assumptions of Theorem 2.10 are satisfied then the inherent reqular ODE of the
indez-2 DAE f ((Dx)' (t),z(t),t) = 0 features a local state space representation | (t) =
G (&(t),t) on an open subset of R'. Furthermore, Diagram (2.21) is commutative.

Proof. According to Theorem 2.10 there is a representation of the system dynamics as
the IRODE (2.19) on DK referring to u(t) = (DPyD~) (t)x(t). Precisely,

u'(t) = (DPD7)(t)g (u(t),?) (2.23)
g(u,t) = — (DPngl) (t) (f;(t)D_ (t)u—r(t) + h (s (u,t) ,t))
s(ut) = (/;2 (u,t) + 17 <u i (u, t) ,t) D™ (t)u+ ky (u,t) + 17 (u i (u, 1) t))

Using the transformation

Et) = (€160, &) (8) == M~ (t)u(?)

together with projector representation (2.22) and DK being an invariant subspace of
the IRODE, we obtain the identity

I
w(t) = (DP.D-)(tult) = M(t) Ot M (t)ult)
[l><l o
= M) | Op—ppa | &1 (2)
O(n—r)xl

DK is assumed to be constant thus /() = (DP,D™) (t)u'(t) and

!/

Il Il
M= ('(t) = 0 M=) | M) | 0| &)
0

0
I/ i/
= 0 JMIOM@)| 0 )&+ | 0 &)
0 0 0
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Multiplication by M~!(t) reveals that the IRODE (2.23) is equivalent to

&(t) I I I
0 = 0 M7P@) g M@ 0 Ja@,t]| =M@ 0 |&@)
0 0 0 0

respectively to this ordinary differential equation for & € R:

&) = g(&(),t) (2.24)
Il ]l

gty = (L 0 0 )M ') |g(M®O| 0 |&@®).t] =M@ 0 |&@©)
0 0

Summing up, a state space form of the IRODE is constructed. The system of varia-
tional equations of the SSF (2.24) around

@)= (1L 0 0)M @)D (1) (t)

reads
[l [l
) = (L 0 0)M ') lgu [ ME) [ O ) &), ¢ | M) — M(t) 0 | z(¢)
0 0
I
= —(L 0 0)M @) ((DPG' f2D7) ()M () +M' () | 0 | =2(¢)(2.25)
0
because
I
M| o6 = (DPLD™) (Hyu(t) = u.(t)

and g, (u(t),t) = — (DPIG5"' fD~) (t) according to Lemma 2.12.
On the other hand we already know the representation
u'(t) = — (DPGy' f;D7) (t)u(t)

of the IRODE of the linearization f;(t) (Dz) (t) + fx(t)x(t) = 0 of (1.2) around x,.
The linear transformation of the IRODE on its invariant subspace DK via

u(t) = M(t) | 0 ) &()

and the equivalent term replacing M~!(¢)u'(t) lead to the SSF of the linearization
which exhibits the representation (2.25). O

Definition 2.17. The ODE (2.24) on R! is called a state space form (abbrev. SSF)
of the differential-algebraic index-2 system (1.2) nearby x,.
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The above representation of the state space form under consideration depends on the
choice of DK. However, uniqueness of a SSF is dispensable with regard to aspired
stability analysis.

Presented transformation of a fully implicit DAE to its state space representation re-
veals that the system dynamics are determined by the ODE (2.24) in a neighbourhood
of the trajectory of £ in R!. The entire solution vector is obtained evaluating the local
parametrization

p(fl,t> = S9o (M (t) ( Il 0 0 )fl,t)
of the solution manifold M;(t) nearby z.(t) with sy as defined in Theorem 2.10.

All in all, the transformations can be visualized in Figure 2.1 with

Plin (gl,t) = ( Il 0 0 )M_l (t) fl

p(&1,1)

(DP1)(#)

|

Plin (2, 1)

RI

DK

Figure 2.1: construction of the state space representation

State space representation of index-1 DAEs

A state space form of index-1 DAEs on R" can be constructed in a way such that
the compatibility between transformation to the SSF and linearization is valid as well.
Moreover, no structural assumptions except the tractability index one are necessary.
It is possible to decouple by splitting a modified Taylor expansion and applying the
implicit function theorem twice but the decoupling is clearly arranged if the simple
structure of index-1 DAEs is utilized directly, like it is done in [MHO04].

Lemma 2.18. [SSF of index-1 systems/

If x. € CL(I,R™) solves the properly formulated DAE (1.2) exhibiting tractability
index one then Diagram (2.21) commutes with respect to the index-1 decoupling ap-
proach.
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Proof. The given DAE (1.2) is equivalent to

F (D@D (t) (Dx) (t), D™ () (D) (t) + Qo(t)x(t), 1) =0

Denote

w(t) :== D™ (t)(Dx)'(t) + Qo(t)x(t), u(t) := D(t)x(t)
then R(t) (Dx)' (t) = D(t)w(t), Qo(t)x(t) = Qo(t)w(t) and (1.2) can be written as

(
f(D@w(t), D™ (H)ult) + Qo(t)w(t),t) =0

~—

Consider the algebraic constraint
F(w,u,t) = f (D(t)w, D™ (t)u+ Qo(t)w, )

The differentiability assumptions of the tractability index one ensure f, f, and f, to
be continuous. The condition Ny N Sy = {0} is equivalent to

Fy, = f,D+ f,Qo = G1 (D(t)w, D~ (t)u + Qo(t)w, 1)

being invertible on the respective domain. Therefore, F' (w,u,t) = 0 is locally solvable
for w i.e. there exists a unique implicitly defined function w = w(u, t) satisfying

F(w(u,t),u,t) =0, w((Dx,)(t),t) =D (t)(Dx,) (t) + Qo(t)z.(t)
Now it becomes clear that D-components of a solution of (1.2) fulfill the ODE
R(t) (Dz)' (t) = D(t)w (D) (t),1)

Due to (Dx)" = (R(Dz))' = R' (Dx) + R (Dz)' the components u(t) = D(t)z(t) solve
the associated IRODE

u'(t) = —R'(t)u(t) + D(t)w (u(t),t) (2.26)
Multiplying the IRODE by (I — R (t)) it follows that v (t) :== (I — R (t)) u (t) satisfies
the ODE ¢ (t) = R’ (t)v (), i.e im D (t) is an invariant subspace of the inherent
regular ODE (2.26). It holds

wy(u,t) = —F ' (w(u,t),u,t)) F, (w(u,t),u,t) =

w

), u,t
= —G{' (D)w, D™ (t)u+ Qo(t)w,t) f. (D)w, D™ (t)u + Qo(t)w,t) D ()
The linearization of (2.26) around u.(t) = (Dx,) (t) reads

Z(t) = R'(t)z(t) + D(t)wy (u.(t),t) 2(t)
= R(t)z(t) — Gy (Dx) (1), 2.(t), 1) f(£) D™ ()=(t)

because the implicit function ensures

(D()w (w(t),£), D™ (Bua(t) + Qo(t)w (wa(t), 1) . £) = (D) (1), 2.(t), 1)
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Decoupling the linearization f;(¢)(Dz)'(t) + fr(t)x(t) = 0 of (1.2) around =z, results
in the linear IRODE

u'(t) = R (tu(t) — D (t) Gy () £ () D™ (t)ult)

xT

Choosing the induced matrix chain for the linearization,
GT'(t) = GT' (D) (1), 24(8), 1)

and the IRODE of the linearization of (1.2) around z, corresponds to the linearization

of the IRODE around Dz,.

Now we have to go one step further and consider a state space representation of
the IRODE on its invariant subspace im D (t). The properly formulated derivative
term ensures the existence of a C'-basis {ay (¢),...,a,_ (t)} of ker f, (y,z,t) and a
Cl-basis {d; (t),...,d, (t)} of im D (t) with r = rk D (¢). Using the matrix-valued
function

V(t)=(di(t),....,d-(t),01(t),...,0n_ (1))
we obtain the representation R (t) = V (¢) ( L 0 ) V=1 (t) similarly to (2.22).
The invariant subspace im D (t) suggests to set o
&)= (1 O )V (H)u(t)
because of

w(t) = R(t)u(t)zV(t)(IT On_r)Vl(t)
]T

_ v(w((%ﬂwr>((b Orxns ) V"100) (1)

The relevant components &; (t) are uniquely determined by the following ODE

(I, Openr )V (1) D (1) (v () ( " )gl (t) ,t)
; (2.27)
(1 e V0@ OVO V) (o Jaw

n—rxXr
defined on an open set of R" which is called the state space form of the original index-1
DAE. Linearization of (2.27) around & (t) := ( I, Opxp—r ) V7' (t) D (t) z (t) coin-
cides with the SSF derived likewise from the linearization of (1.2) around . O

2.3.1 Autonomous state space form

Solutions of autonomous DAEs are invariant under translations i.e. if z € C}, solves

F (D))", (1) =0 (2.28)
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on the interval / C R then Ve € R : z (t + ¢) is also a solution of the given system
on I — c¢. An intuitive conjecture is that autonomous DAEs could be governed by
autonomous inherent dynamics. In fact, this is true for general index-1 systems due
to w = w(u) in Lemma 2.18. Now we are going to prove the conjecture in case of
periodic solutions z, of autonomous linear implicit resp. fully implicit DAEs (2.28)
exhibiting the tractability index 2.

Lemma 2.19. Let x, be a periodic solution of the autonomous index-2 DAE (2.28)
satisfying the preconditions of Theorem 2.10. Then the IRODE (2.19) is autonomous
on the invariant subspace DK as well.

Proof. We are able to chose constant projectors R and )y due to the autonomous
structure of the given DAE. Consequently, the reflexive pseudoinverse D~ is constant,
too. Here, ker f, (y,x) = const. and Assumption (2.16) are fulfilled, so it is possible to
choose constant basis functions in Lemma 2.15 resulting in a constant representation
(2.22) of DP,D~, DQ1D~, ByP; and PyQ;. Due to the simplifying assumption (2.15)
we choose a constant projector T" onto Ny NSy locally around the extended trajectory
of z,.

Using these constant projectors we obtain the representation (2.19) of the inherent
regular ODE; i.e.

u'(t) = DPyg(u(t),t), (2.29)
) = =GO (LD Tu—r@) +h(s (w1),1),
wt) = (ko (ut)+ o (ki (u,8) 1), D™ () ut Fo () + i (u,F () )

~+

g\u,

(
s (
As a result of the differentiability requirements (2.18) in Theorem 2.10, the right hand

side of the IRODE (2.29) fulfills ¢, g, € C°. Consider the continuation of the periodic
solution z, on entire R, hence g (u,t) is defined for all £ € R and is periodic in .

Let us suppose the existence of ug € DK and ty,t; € R with DPig(ug,ty) #
DP;g (ug,t1). The theorem of Picard-Lindel6f ensures the existence of a unique solu-
tion
u€ C' ((to — 6,9 +¢),R™)

of the IVP (DPy) (z(ty) — D~ up) = 0 of the IRODE (2.29). We are able to construct
a unique solution z € C}, ((tg — €,ty + €) ,R™) of the IVP (DPy) (x(ty) — D" ug) = 0
for the original DAE (2.28) like in Theorem 2.10. Thereby the last-mentioned initial
value problem denotes a consistent initial value z(ty) with fixed DPj-components.
The solution components u(t) = DPyz(t) satisfy the IVP wu(ty) = wuy of the IRODE
uw'(t) = DPyg (u(t),t) on the invariant subspace DK

Set ¢ := t; — tp. The invariance of solutions of the given autonomous DAE (2.28)
under translations signifies that

z(t)=xz(t—c)

is also a solution of (2.28) on (t; — €, + €) having the consistent initial value Z(t;) =
x(tg) with (DPy) (Z(t1) — D~up) = 0. Now Z(t) belongs to a neighbourhood of the
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extended trajectory of x, where the decoupling procedure applies, at least for values
of t nearby t;. Consequently, @(t) = DP1Z(t) = u (t) solves the inherent regular ODE
u'(t) = DPyg (u(t),t) on DK due to Theorem 2.10. Per constructionem,

u(to) = Ug = ﬂ(t1> and U,(to) = ﬂ/(tl)
is valid. This contradicts to the assumption
' (t1) = DPig (a(t1), t1) = DPig (uo, t1) # DPrg (uo, to) = u'(to)

Therefore, DPyg; (u,t) = 0 with w € DK, t € R is proved, i.e. the existence of the
autonomous representation

u'(t) = DPrg (u(t),0)
of the IRODE of the given DAE (2.28) on DK. O

Remark 2.20. Lemma 2.19 fails if the state space DK of the above representation of
the inherent dynamics is not constant. Then,

710 = (DP1> (tl)j(tl) = DPl(tl)x(to) 7é DPl(to)l’(to) = Ug

would be valid in general because 1 and uy belong to different subspaces DK (t;) resp.
DK (tg) of R™. We emphasize that the autonomous representation of the IRODE is
proved on DK x R only. Outside of this region, the inherent regular ODE (2.29) is
a mere formal construct and it is questionable whether there is any link to the given
DAE. Consequently, we cannot state any property of the IRODE in terms of the given
DAE except on DK x R.

Remark 2.21. Observe that in case of 7-periodic solutions of autonomous or 7-periodic
DAEs, the constraints s (u,t) in (2.29) are also 7-periodic with respect to ¢. For that
purpose the initial system is transformed into (1.15) thereby the augmented DAE
remains autonomous resp. 7-periodic. Due to 7-periodicity of the projectors in use,
M (u,w,y,t + 1) = M (u,w,y,t) is valid for M (u,w,y,t). Hence,
M (u,w,m (u,w,t),t) = 0= M (u,w,m (u,w,t),t+7)

on the domain of the corresponding resolution function m. Due to local uniqueness,
m (u,w,t +7) = m (u,w,t). The identity k (u,t +7) = k (u,t) is proved analogously.

Summarizing, the decoupling approach in the context of tractability index has the
serious drawback that autonomous structure is destroyed in an artificial way by the
modified Taylor expansion (2.3). A priori, a non-autonomous representation (2.29)
of the IRODE on DK is obtained. This disadvantage can be partly avoided by
Lemma 2.19 i.e. an autonomous representation of the SSF is revealed. The devel-
oped parametrization of the constant configuration set M is still t-dependent but
r-periodic and therefore does not disturb the aspired stability analysis.?

The matrix M in the representation (2.24) of the state space form of the DAE can be
assumed constant resulting in

3This is not perfectly correct. If we had an autonomous parametrization of M; in addition to the
autonomous SSF then asymptotic D- or DP;-component stability (defined in § 4.2) of a periodic
solution would imply that the solution is stationary. At the moment, this situation is known to
be true only for the asymptotic stability concept of R. Mérz.
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Theorem 2.22. The autonomous index-2 DAE f ((Dxz(t))',z(t)) = 0 exhibits an
autonomous state space form

I
GO =(L 0 0)M'g[M| 0 |&®),0 (2.30)
0

on R! under the assumptions of Lemma 2.19. Moreover, linearization and the trans-
formation into (2.30) locally around x. commute.

Proof. Constant systemic subspaces enable the choice M (t) = M in Lemma 2.15.
Therefore R, DP; and D(); are assumed to be constant. Lemma 2.19 guarantees the
autonomous representation v’ (t) = DPyg (u (t),0) of the IRODE f ((Dz(t))", z(t)) =
0. Thus, (2.24) implies (2.30) to be a possible autonomous representation of the SSF
of the given differential-algebraic system. Diagram 2.21 is commutable due to Lemma
2.16. O
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3 Index reduction via
differentiation

Up to now, a representation of the inherent dynamics around a reference solution x,
for fully implicit DAEs f ((Dz)' (t),z(t),t) = 0 of tractability index one and two is
proved. The mentioned representation in minimal coordinates is called the state space
form of the DAE. In doing so, the structural assumptions

- No(t) N So(y,x,t) = (NoNSy) (t) respectively im _fo T ) (y,z,t) inde-
Yy €T
pendent of y, z in a neighbourhood of the extended integral curve of x,
- subspaces DN; and DK constant along x,

are required. The configuration space M (t) of the given DAE nearby x, exhibits the
local parametrization
I
s| M) [ 0 |&t], €eR
0

as defined in Lemma 2.16. Consequently, M (¢) turns out to be a C'*-manifold locally
around the trajectory of z,. In contrast to index-1 DAEs where the constraints M (t)
are purely algebraic, the above parametrization of M (t) features partial differentials
of some equations of f in case of the tractability index 2.

The index reduction via differentiation is another important analytic tool in context of
differential-algebraic systems of higher index k > 2. The index reduction is based on
replacement of constraints by the respective differentiated form whose representation
corresponds to formal differentiation of constraints along C'},-functions under certain
structural assumptions. For example, given a solution (x, ZEQ)T of a Hessenberg DAE
(1.6), the algebraic constraint 0 = g (x1(¢),t) is replaced by

d

0=%

(@1(8),t) = goy (21(2), 1) 21(t) = gay (21(2), 1) f (21(2), 22(2), 1)
The resulting semi-explicit system

zi(t) = f(2(t),22(2),1)
0 = ga (21(2),0) f (21(2), 22(2), 1)
has the tractability index 1 because the algebraic constraint is uniquely solvable for x,

due to regularity of g,, f,. The main problem dealing with fully implicit DAEs is to
identify the right constraints for differentiation. Iterative formal differentiation of the
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entire system f ((Dx)/ (1), x(t), t) = 0 with respect to ¢ yields a derivative array. The
approach can be modified to eliminate the second order derivatives in every differenti-
ation step resulting in a condensed derivative array, cf. [Rei95]. For the present work
it is important to ensure that the tractability index is decremented by differentiation
of the constraints, otherwise we could not use the index reduction for a possible defi-
nition of a Lyapunov function for differential-algebraic systems with tractability index
2 later on. This objective is achieved by determining the constraints to differentiate
using a suitable projector from the matrix chain under certain structural assumptions.

The index reduction via differentiation has a geometric interpretation in case of au-
tonomous DAEs: algebraic constraints ¢g () = 0 define a constraint manifold M.
Formal differentiation of these equations implies Dg (z (t)) 2’ (t) = 0, i.e. the condi-
tion 2'(t) € Ty M. If the occurring derivative is replaced by algebraic relations like
it is done for Hessenberg DAEs then the heuristics behind the differentiation step is
the transition to the tangent bundle of the constraint manifold advancing iteratively
towards the configuration space of a regular DAE in the sense of § 1.2.1. Our interpre-
tation of the index reduction is more pragmatic: the differentiation of constraints is
considered as a means of constructing a manifold enclosing the configuration space, i.e.
M, (t) D My (t). For this purpose it is fundamental that M(t) represents the obvious
constraint of an index-1 DAE, the so called indez reduced DAE (abbr. IR-DAE) and
that M (t) is an invariant set with respect to solutions of the index reduced system.
Per constructionem a parametrization of Mo (t) therewith of M (t) = Mg(t) N M, (t)
is obtained with dim My (t) > dim M, (t) degrees of freedom. That is the reason
why our definition of Lyapunov functions or some already known contractivity defi-
nitions for index-2 DAESs ensure stability of the superset Dz of the dynamic solution
components DP;x.

3.1 Extraction of the constraints for differentiation

Consider fully implicit DAEs (1.2), that is
f((D2) (t),2(t),t) =0

with a properly formulated derivative term and tractability index 2. The above DAE
is equivalent to the splitted system

{ (1= Wi (D) (1), (),1)) £ ((D2) (1), () 1) = O
Wi ((Dz) (), z (t),t) f ((Dz) (t),z(t),1) =0

The essential structural condition of this chapter is that the equations W (y, x,t) f (y, z, t)
of the differential-algebraic system are independent of y and of Q) (t) z.

Assumption 3.1. (W1 f) (y,z,t) = (Wi f) (Po(t)z,t) is valid on the domain G of the
given DAE.

In addition, assuming D~ € C! (I, R™*") and sufficiently smooth functions W; and f,
the relation
Wi (P (t)z (t),t) f (Dz) (t),x(t),t) = const.
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for C'h-functions x can be replaced with

Wi (P (1) 2(0), 1) S (WAf) (By(e)e (1), 1) = 0

which is equivalent to the following formulation using formal differentiation of con-
straints:

Wi (Po(t)a(t),t) (Wif), (Po(t)z(t), ) (D ) (t) (D) (t) + D~ (t) (D=)’ (t)) (3.1)
W (Bo(8)a(t), 1) (WL f), (Po(t)x(t), 1) = '

All in all, the above approach results in the following differential-algebraic system:

(I =Wy (D) (t),z(t),t)) f (D) (t),z(t),t) = 0
Wi ((Dx)' (t),2(t),t) s (W) (Bo(t)z(t), ) = 0

ng

which abbreviates

(I =Wy (D) (t),z(t),t)) f ((Dz) (t),z(t),t)
HIL (02 (0).2(0,1) ((W3), (Re)e(0).0 )

+ (W), (Po(®)z(t),t) (D7) () (Da) (1) + D~(t) (Da) <t>)) =0

due to the chain rule. Obviously, if the initial values xq satisfy (W1 f) (P (t) zo,t) =0
then solutions of (3.2) fulfill the original DAE (1.2). In the following, the properly
stated leading terms and the tractability index one of (3.2) are proved in order to
justify the notion of an index reduced DAE.

We suppress the evident arguments of involved functions for the sake of a better
readability. The indices i, j, k,l represent the coordinates of matrix entries but the
indices x, v etc. denote partial derivatives with respect to the given variable.

Notation. We agreed to denote the partial derivative of a vector-valued function
h (x1,25) with respect to z; at (51,52)T by hy, (&1,&). This term represents a linear
map whose argument 2z is usually written omitting the brackets because the evaluation
ha, (&1,&) (2) = he, (§1,&2) 2 is a matrix multiplication. Another notation to be used
is hq, (§1,82) 2 = [h(61,82)],, (2). Dealing with matriz-valued functions M (z), the
derivative with respect to x at z, evaluated in (z,v) is denoted as the bilinear form

[M ()], (2,0)-
We are in need of the following auxiliary result:

Lemma 3.2. Consider an open set t G C R™ and a matriz valued function M €
CY(G,R*¥*%) together with b € C'(G,R*). The Jacobian [M (x,)b (z,)]. has the follow-

ing representation

[M (2.) b (2.)], 2 = M (22) by (2) 2 + [M (2], (2,0 ()
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with z € R™ and the bilinear form [M(z,)], defined by

M@ o) =35 [0 ) 33)

j=1

Moreover, the i-th component of [M (z.)], features the representation

(IM (z, => v (DM () )—ZUZ%MZ-Z (z,) (3.4)

=1 =1

Proof. see Lemma 8.3 in Appendix. m

There exists a simple sufficient condition in terms of the matrix chain implying As-
sumption 3.1.

Lemma 3.3. Consider a properly formulated DAE (1.2) exhibiting the tractability
index 2. Let W1 f € C*(G,R™) and the domain G be convex with respect to x, i.e. the
line segment between (y,z,t),(y,Z,t) € G also belongs to G. Then, the structural
assumption,

im Gy (y,x,t) dependent of (Po(t)z,t) only (3.5)

implies Wi f = (W1 f)(Py(t)z,t) on entire G.
Proof. Choose a projector Wy = Wy (FPy(t)z,t) along im G4 (y, x,t) due to (3.5). Then,
(Wlf)y — WlfyR — Wl(fyD)Di — WlGlpoDi — 0

By definition of the properly formulated DAE, G is convex with respect to y and Wy f
is assumed to be sufficiently smooth to apply the mean value theorem (e.g. [For05, p.
70]). It follows that (W1 f) (y,z,t) = (Wi f) (x,t).

Similarly, due to convexity of the domain of f w.r.t.  and W, f € C* we are able to
apply the mean value theorem to Wy f resulting in

(Wi f) (@, t) = (Wi f) (Fo (t) 1) :/0 (Wi f), (Po(t)z + sQo(t)z, 1) Qo(t)xds
According to Lemma 3.2,

o Wl (PO(t)x7t)fJ:< ,{L‘,t) (t)
(Wif), (y,z,t) Qo(t)r = W (B (1) :v,t)]j/(Qo( ), f(y,z,1)) .

The right hand side is zero because of (8.2) and Wy = Wi (Fy(t)x, ) Precisely, z =
Qo (t) z implies

(Wi (Po(t) 1)), (z,0), = > w% (W) (Po () 1)

AH

= S0 W, (B B2 Q) =0

for all components 1. O
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3.2 Properties of the index reduced system

Denote the above differential-algebraic system (3.2) resulting from differentiation of
constraints by

F (D) (1), x(t),t) =0,
fy,z,t) == (I = W) f + Wi(Wif)oD~y + Wi(W, f)o(D) Dz + Wy (Wi f),

Observe that Wy = Wy (FPy(t)z,t) and (Wi f) (B (t) z,t) imply (W1 f), = Wi f, and
fo =10 = W) fly + Wi(Wif).D™ = f, + Wi(Wif) D™
W, is a projector, so we get
ker f, = ker f, Nker Wy (W, f),D~ = ker f,

due to the property ker D~ (t) = ker R (t) = ker f, (y, x,t) of the reflexive generalized
inverse D~. Consequently, the leading derivative of (3.2) is properly stated and the
projector R (t) realizes the decomposition ker f, (y,x,t) @& im D (t) = R".

Theorem 3.4. [Index reduction via differentiation/

Let the DAE (1.2) be defined on a region G which is convex with respect to x. Assume
Wy € C' and Wy f € C?. Furthermore, let ker D(t) = const., the precondition (3.5)
and

k fy (y,z,t) D (t), vk Wy (Pox,t) (Wi f), (Pox,t) locally constant (3.6)

be valid. Then the associated differential-algebraic system (3.2) possesses the tracta-
bility index one in a neighbourhood of each (y,x,t) € G, f (y,x,t) = 0 where the given
DAE (1.2) has index two.

Proof. Lemma 3.3 ensures the Assumption 3.1 so we are able to replace

Wl (Po(t)l‘,t)f(y,l’,t) =0

in the original DAE by its differentiated form (3.1) in order to obtain the associated
DAE (3.2). We have already proved that the leading derivative of (3.2) is properly
stated. Mark the elements of the matrix chain of (3.2) by tilde, i.e G; and so on. As
the leading terms of both (1.2) and (3.2) are formed with the same matrix D and the
index definition does not depend on the admissible matrix chain, we are able to chose
Qo = Qo-

W1 projects along im G; 2 im f, soim f,Nim W; = {0} and it is sufficient to demand
constant rank of both addends in fyD to obtain the same property for Go. Therefore
the rank condition(3.6) has a locally constant rk Gy (y,z,t) as a consequence. Note
that rk f, D is already locally constant if the given DAE 1.2 exhibits the index 2 locally
around the point (y,z,t) € G under consideration.

It suffices to prove

YV (y,x,t) with f (y,2,t) =0, (Ny N S)) (y,2,t) = {0} : Gy (y,2,t)z2=0=2=0
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because this implies det Gy (y, z,t) # 0 hence det Gy # 0 locally around (y, z, t).
Per definitionem, Gz = fyDz + f.Qoz with fyDz = fyDz+ Wi(W,f),z and

7.0z = foQoz — (Wif)z Qoz+[Wl (Wif), D7yl Qoz
e [Wl (Wlf) (D_> LE Qoz + [Wl(W1f>t]x Qoz

It holds
1. (W1 f)eQo(t) =0 due to Wi f = (Wi f)(FPo(t)z,t)

(Wi (Fo (t) w, 1) (Wi f), (Po ()@, t) D™ (1) y], Qo (t) 2 =
= [Wi(Wif)a (P (t) 2,t)], (Qo () 2, D~ (t)y) =0

as a result of (8.3) applied to the i-th component

(MWl (Qo(8) 2, D™ (B)y)), =D (D™ (D)), % Wy (W1 f),)y =0

l

for (Wif), (y,z,t) = (Wif) (Fo (t) x,¢t) and z = Qo (?) 2.
3.
(I3 (W), (D" Da], @y (1) = = |
(Wi (Wi f)al, (Qo (t) 2, (D7) (t) D (t) ) + Wi (Wi f), (D7) DQoz =0
again due to Wi (W, f), being independent of Qq(t)z.
4.
DL Qe = 08 0L @005 0, (o))
= W (B ()2 8) [(Waf) (Po (8) 2, )], Qo (8) 2

Combining these results,

Crlpoant)s — D0 mDDWE - WA WA ). (RD).0)2
1 Fhaly 2. @)z + Wi (P (6)2,8) [(W1f) (P (1) 2,)], Qo (1) 2
G, 2,112 + WA (00, DV, ). (R0 )

) Qo (1) 2

+Wi (B (8) 2, 1) [(Wif) (Po (¢
is obtained. Now G (y,z,t)z = 0 is equivalent to

G1<y,$,t)2 =0

Wi (B (0)2,) (W0 1), (P () 2.8) = + [0 1) (Po () 0], @ () = 0 7

because W, is a projector. The first equation reveals that z € Ni(y,r,t), in other
words z = Q1(y,x,t)z is a necessary condition for G (y,z,t)z = 0. The canonical
projector (), implies

z = Ql(ya :L',t)Z = Q1<y,$,t)G51(y,$,t>fx(y, xat)PO(t)Z
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Along with QnglGl = Q1G51G2P1 =0 we get

Z = Ql (ya xz, t) Ggl (y7 z, t) Wl (y7 z, t) fm (y7 z, t) PO(t)Z
Finally,

Wi (P (t) z,t) Wi f), (Po(t)x,t) Py (t) 2z =
= Wi (R (8) 2, ) (W3 (B () 2], (Po (1) 2, f (9,0,6)) + fu (3,2, ) o (1) 2)

=0

and

z = Ql(ywr?t)GQ_l (y,l’,t) WI(PO(t)‘T7t)fﬂU(y?‘r:t)PO(t)z
= Ql(y;xat>G51 (yaxat) Wl(PO(t):L'?t)fx (y7x7t)2

The second equation of (3.7) results in

Wi (B (t) 2,t) (Wif), (B () @, 1) 2 = =Wy (B () 2, 8) [(WLf) (Po (8) 2, )], Qo (F) 2

Due to symmetry of second derivatives,

Wi [(Wif) (B (t) z,t)],, Qo(t)z = Wi [(Wif) (Fo(t),t)],, Qolt)z
= Wi (Wi f)eQo(t)), 2 — Wi(W1 £).Qp(t)2
= —Wi(W1f).Qu(t)z

If No(t) = im Qo(t) is constant then Qf(t) = Qo(t)Q;(t) and the above term vanishes.
Then,

Gi(y,m,t)2 = 0= 2 = —Q1Gy ' Wi (W1 £)1aQoz = Q1G5 ' W, (W1 £)2Q0), Qoz =0

The matrix-valued function G is continuous and therefore nonsingular in a sufficiently
small neighbourhood of (y, z,t). O

The above approach decreases the tractability index via differentiation of the con-
straints (W, f) (Pox,t) = 0. In case of Hessenberg-2 systems (1.6), this procedure
requires f € C', g € C? and rk ¢; locally constant.

Definition 3.5. Under the assumptions of Theorem 3.4, the differential-algebraic
system (3.2) is called the index reduced DAE (IR-DAE) associated to (1.2).

The index reduced system is a powerful tool to analyze index-2 DAEs. An essential
question for the original index-2 DAE is unique solvability of initial value problems
which is linked to a parametrization of the solution set M, (t).
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3.2.1 Description of the solution set M, ()

We confine ourselves to fully implicit differential-algebraic systems (1.2) with index 2
satisfying the requirements of Theorem 3.4. Solutions z, € C}, of (1.2) comply with
the constraint (W, f)(Fy(t)z(t),t) = 0 and its corresponding differentiated form

0= WS (W) (Pult)o(0), 0) = Wa(IWa f).D (D) + W(Wa (D7) Da+ Wi(Waf )

For convenience, choose a constant projector (Qy. As a result of the projector Wi, the
IR-DAE (3.2) is equivalent to

(I = W) (Pox (t) ) (Pox (t) , ) f (D)’ (1), (2)

(W (W1f),) (Pox (1) , 1) (D (t) (D) (t) + (D7) (t) (D) (¢
+ (W (Wif),) (Be (t) 1)

In particular, solutions of the original DAE solve the IR-DAE so
Mi(t) € Mo(t) N My(t)

whereas M (t) and /\;lo(t)~denote the first-level constraints of the given DAE (1.2) or
its index reduced system f((Dx)'(t), z(t),t) = 0, respectively.

t) = 0 (3.8)
)~ 0 39

Theorem 3.6. Let the index-2 DAE (1.2) comply with requirements of Theorem 3.}
and let (3.6) be valid on entire domain G. Then the configuration space of the original
DAFE has the representation

My(t) = Mo(t) N My(t)

{r eR™ |y eR”: f(y,x,t) =0}N
{r eR™ |y eR”: Wy (Wif)eD y+ (Wif) + (Wif).(D™) Dx) =0}

and M (t) is covered by solutions of (1.2), e.g.
Vt, 29 € M, (t) 3 solution x € CF (I, R™) : z (t) = xg

Proof. Tt remains to prove M (t) D Mo(t) N Mo(t).

Due to the tractability index one of the IR-DAE, the index-1 decoupling from Lemma
2.18 ensures the unique solvability of initial value problems z(ty) € My(to) of this
system. Thus, a unique solution of (3.2) passes through each xy € Mo(t). In addition,
Mo(t) N My(t) is an invariant set of the index reduced system and every solution
of the IR-DAE on My(t) N Mo(t) complies with the original DAE (1.2) providing
Mo(t) N Mo (t) € M (t).

To that purpose let z € C}, (I, R™) be a solution of the IR-DAE. Observe that s(t) :=
(Wi f) ((Pox) (t),t) satisfies

S0 = S W (Poa(n) 1) ()

— = (W), (Pox(t), ) s(t) + Wy (Poz(t),t) s'()
= (W), (Po(t),t)s(t)
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because (3.9) ensures Wy((Pyz)(t),)s'(t) = 0. If (tg) € Mo(to) N My(t) then

0= (Wif)((FPox)(to), to) = s(to)

and the above homogeneous ODE results in s () = 0, that is (3.9) is satisfied. More-
over, x solves (3.8) and therefore is a solution of the original DAE yielding x(t) € M (t)
for all t > t,. O

The equations representing the configuration space M;(t) of linear implicit DAEs
A(z(t),t)(D(t)x(t)) 4+ b(x(t),t) = 0 can be formulated quite easily under the assump-
tions of Theorem 3.6. The obvious constraints are

{z e R™ | Wy (Pyz,t)b(z,t) =0}

but they are insufficient to determine the configuration space of higher index DAEs.
Further constraints, the so called hidden constraints occur. They are given by taking
the Wi-components of the differentiation of

0= (Wlf) (Pox,t) = (Wlb) (P(]%, t)

along = € C}, Le.

d
W1 (Pol’ t) dt

Fix the reflexive pseudoinverse A~ of A by AA~ = Wy and A~A = R in order to

extract
(D®)z(t)) = —A"(z(t),1)b(z(t),t)

from the DAE. Hence, the following representation of the configuration space is ob-
tained:

(W1b) (Poz, t) = Wi (Wib), (D— (Dz) + (D—)’Dx> WL (Whb), = 0

(Wob) (Pox,t) =0,
Ml(t) =Lz cR™ (W() (Wlb) ) (P()JZ t) (W

1(Wid)a) (R, t) (D7) () D ()x _
(Wl(Wl ) )(P()l‘ t)D (t

JA™ (2,1) b (1)
(3.10)

3.2.2 Locally constant tractability index 2

The tractability index one of a differential-algebraic system is locally constant if
the rank of Gy (y,z,t) exhibits this property. In this case, continuity of G; and
det Gy (yo, To,to) # 0 imply regularity of G; in a neighbourhood of the point under
consideration. The reason is the following representation

det G (y, x,t) Z sign (7 Jixy @2, 8) - (G1) gy oy (Y5 @, 1)
TESh

(cf. [KMO3, p. 114]) of det G; (y,x,t) as a continuous function. Then, of course,
Definition 1.8 of the tractability index one is met in a certain neighbourhood of
(Yo, To, o) € G. This property is not true for general systems exhibiting the tractabil-
ity index 2, as indicated in [M&95]. One has to demand further structural assumptions
in order to ensure the index 2 in a neighbourhood of (yo, o, t9) € G (cf. Lemma 4.1,
ibid.) and the unique solvability of the given system.
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Lemma 3.7. Consider a properly formulated DAFE 1.2 featuring
dim (No N So(y, x,t)) locally constant

Additionally, let the preconditions of Theorem 3.4 apply to the system. If the DAE
(1.2) has index two at (yo,xo,to) € G with f(yo,o,to) = 0 then Je > 0 such that this
property is valid in

U= Be (?Jo,flf’o,to) ﬂ{(y,x,t) € Q|f(y,$,t) = O}

Proof. Denote the matrix chain of (1.2) as usual and that of the IR-DAE (3.2) by P,
G;. Without loss of generality, use Qo = Qo. The requirements of Theorem 3.4 are sat-
isfied so the IR-DAE (3.2) has the tractability index 1 in (yo, zo, to), i.e. G (yo, To,to)
is invertible. All participating matrix-valued functions are at least continuous, there-
fore Gy is invertible on B, (Yo, To,to) N G for a sufficiently small € > 0. Adapt € in a
way to ensure

Y (y, z,t) € Be (yo, o, to) NG = dim Ny N Sy(y, z,t) = rg
Then, we need to prove

V(y,z,t) € {(y,x,t) € Be (Y0, 0,t0) NG | f (y,x,t) =0} : (N;NS)(y,x,t) = {0}

Per definitionem, Si(y,z,t) = ker Wi(x,t) fo(y, z,t)P. Due to bilinearity of (1),
and f (y,x,t) =0 we get

Wi(Wif)ez = Wi(Wif)ePoz = Wi fo Poz + Wi(Wh).(Poz, f(y, ,t)) = Wi fu Pz
Assumption 3.1 results in 0 = (W, f,Qo), = (Wi f),, Qo, hence
Vz e Si(y,x,t): 0=WifoPoz = Wi(Wif)ez = Wi(Wif)ez + Wi(Wif)iQoz

For z € (N1 N S1)(y, z,t) this condition is valid together with z = Q; (y, z,t) z, which
is proved to be equivalent to G1(y,z,t)z = 0 in Theorem 3.4. Now the set

U={(y,z,t) € GNB.(yo,x0,t0) | f (y,z,t) =0}

is chosen in a way to guarantee the regularity of G4 (y, z, t). That is why G1 (y,z,t)z =
0 implies z = 0 and consequently

V(y,z,t) €U : (N1 NSY) (y,x,t) = {0}

The tractability index 2 at the point (yo, o, to) implies rq = dim NyNSo(yo, zo, to) > 0.
Assumption (3.6) causes

dim Ny N So(y, x,t) = rg > 0 on Be (yo, o, t0) N {(y,x,t) € G| f (y,x,t) =0}

Combined with (N; NS1)(y, z,t) = {0}, we obtain the tractability index 2 on entire
Be (yo, zo, to) N {(y, x,t) € G| f (y,z,t) = 0}. O



3.2 Properties of the index reduced system 71

Further appearance of the index reduction in the context of the tractability
index

The index reduction via differentiation of certain constraints is a standard technique
to analyze differential-algebraic systems leading to derivative array approaches and the
primarily tool with regard to systems of Hessenberg type. In context of the tractability
index, a series of publications on consistent initialization of DAEs - for example [ES99],
[ESLO1], [ESO1], [BT'S10] - are using this method. All but the last mentioned consider
DAEs in the standard formulation (1.1).

For linear implicit DAEs (1.5) having a properly stated derivative term, Lemma 3.3 is
already proved in [M#01] and Representation (3.10) of the configuration space is given
with reservations. R. Mérz declares in [M&01, p. 17

“It can be supposed that there are no further hidden constraints for y = 2
and that M (t) = Mo(t) NH;(t), t € T represents the sharp geometrical
location of the solution of the DAE (6.1) that is of index pu = 2.”.

This conjecture possibly refers to the index reduction described for a special type of
properly formulated linear implicit DAEs in [San00, § 3.3|.

Enhancement and application of the index reduction in this thesis

In our opinion, Theorem 3.3.6 in [San00] is stated imprecisely because the tractability
index 1 has to be given on an open subset instead of solitary points (yo,Zo,to) in
order to achieve local solvability of the DAE. To this end a constant dimension of
Ny (H)NS, (y, x, ) is required and this property is not ensured until the rank assumption
(3.6) is given. Moreover, Lemma 3.2 is favourable to proceed with the computations.

The proof of local constancy of the tractability index via the associated index reduced
system is an interesting new quality of the index reduction procedure aiming at fully
implicit DAEs with a properly stated leading derivative. Besides, we noticed that the
index reduction is linked to some known regularization techniques, cf § 7.2.

The most important aspect of index reduction in connection with the present the-
sis is certainly the innovative use of the methodology in the context of dissipation
inequalities, contractivity and Lyapunov functions for index-2 DAEs in Part II.
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Stability criteria for
differential-algebraic systems






4 Stability definitions for DAEs

Usually, the term stability of a reference solution z, € C*(I,R™), I = [t;,00) of
an ODE characterizes the property that slightly perturbed IVPs of that ODE are
uniquely solvable on I and the effect of the perturbation in the initial values is bounded.
Precisely, the classic definition of stability in the sense of Lyapunov (cf. [LWY07,
pp. 21 fI.]) reads

3z (t; 19, xo) solution on [ty,c0) :

Ve > 0,tg € I35 > 0: ||zg — x4 (to)|| <0 = > 1o+ || (t b, 7o) — 2 (D)) < €

At this, x (t;to, xo) denotes the solution of the initial value problem x (to; to, 7o) = xo
of the ODE under consideration. If solutions of slightly perturbed IVPs are stable and
converge toward the stable reference solution, i.e.

To05050 € By, (2. (1)) : Jimn [l (¢ to, 70) — . (B)]) = 0

then z, is called asymptotically stable in the sense of Lyapunov. Finally, the reference
solution is called unstable in case of not being stable.

We are talking about partial stability or stability with respect to the partial variable y
if 2 = (y,2)" and

3z (t;tg, xo) solution on [ty,00) :

Ve > 0,tg € I36 > 0: ||xg — x4 (to)|| < 6 =
c¢>0.to lzo — . (to) | Wt > 1o - Il (: to, 70) — v (B)]] < €

that is a small deviation in all components of the initial values is required in order to
get an estimation of certain y-coordinates of the solution vector of an ODE. General-
izations of asymptotic stability or instability with respect to the partial variable y are
straightforward.

Remark 4.1. The stability definitions do not depend on t;, > ¢, because specifications
of initial values at time t, correspond to perturbed initial values at time t,. The
qualitative behaviour does not change because solutions of ODEs are known to depend
continuously on initial values. This continuity with respect to consistent initial values
is true for index-2 DAEs as well, assumed the preconditions of Theorem 2.19 hold.
That is why the simplification ¢, = t; is tacitly assumed in the following.

Peculiarities of differential-algebraic systems

For differential-algebraic systems one should distinguish between two notions of sta-
bility. For that purpose, we quote [TA02, p. 3550]:
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“Finally, it is to be cautioned that the issue of stability of the solution
trajectory about an equilibrium point or trajectory on manifold S, which
is indicative of the stability of the underlying physical system, is totally
distinct from the issue of stability of the DAE representation about its
solution manifold. While all higher index DAEs are unstable about S, the
unperturbed solution trajectory starting on S can end up at an equilibrium
point or equilibrium trajectory of the system on S."

This statement is understood in context of certain nonlinear semi-explicit DAEs with
control terms. Applying a suitable coordinate transformation results in an inherent
ODE for such systems. In [TA02, Proposition 4] it is shown that solutions of that
inherent ODE starting arbitrarily close to the solution manifold S of the DAE could
move infinitely away from S in case of differentiation index v > 2. This result is
one reason to consider stability of DAE solutions relating to consistent perturbations
of initial values only. Another reason is explained in Remark 2.20 - we are not able
to access the qualitative behaviour of the associated IRODE outside of its invariant
subspace DK in terms of the given differential-algebraic system. The last and most
obvious reason is that a differential-algebraic system is simply not solvable starting
with inconsistent perturbations of the given initial values.

4.1 M-component stability

Let z, € C} ([to,0),R™) be the reference solution of a given differential-algebraic
system (1.2) exhibiting properly stated derivative term and the tractability index k =
1,2. We are going to define a variation of an established stability definition in the
sense of Lyapunov for these DAEs.

Definition 4.2. Let M € C ([tg,00),R**™). The solution x, : [tg,00) — R™ of a
properly formulated DAE (1.2) having the index k = 1,2 is called

- M-component stable (in the sense of Lyapunov) if

Ve > 040 > vao € Mkfl (to) , HM (to) (l’o — l'*(t())) H <90:
3z (t;t9, x9) solution on [ty, 00) ¥Vt > to : ||M(t) (x (t;to, o) — xu(t)) || < €

- asymptotically M -component stable if x, is M-component stable and there exists
a dg > 0 such that for all zy € M1 (to)

1M (o) (z0 — 2. (t)) || < b0 == lim [[M(2) ( (; to, o) — . (1))[| = 0
We use the matrix valued function M (t) to specify solution components whose stability

has to be analyzed. In doing so we have to ensure that dynamical components® of the
solution vector are taken into consideration. Solution components FPyz, Dx or D P,x are

'Dynamical components are solution components admitting to set initial values without restriction.
In general, there are different feasible choices of such components.
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used predominably in scientific publications applying the tractability index. For exam-
ple, the notion of contractivity of nonlinear index-1 DAEs in [MHT03a] relates to Dz
and the contractivity of linear index-2 DAEs in [MHT03b] to D P;-components, respec-
tively. Moreover there exists a notion of P-contractivity for nonlinear index-2 systems
(cf. [San00]) which implies an exponential estimate for || Py (¢) (z (t; zo,to) — z« (£))]-

Rm -

R ~im D

Figure 4.1: D-component stability

So what is the nature of M-component stability? Considering M(t) = I and the
condition ||IIj (xo — z«(to)) || < 0 we obtain the Lyapunov stability in compliance with
[GMS86, p. 74| resp. |[Tis94, p. 147| which represents a generalization of the classic
definition for differential-algebraic equations on their own. Let us formulate their
definition for DAEs having a properly stated derivative term:

Definition 4.3. Let (1.2) be properly formulated and index-k (k = 1,2) tractable. A
solution z, € C}, ([tg, 00), R™) is called stable in Lyapunov’s sense if for all € > 0 there
exists a § > 0 such that all IVPs? [Tz (ty) = Hpxe where ||TT), (z (t9) — x0)|| < & have
a unique C'h-solution which are defined on [tg, 00) and

ML (2 (o) = . (to))| < 6 ==Vt > Lo« [l () — z.(t)]| <€

Thereby II;, € R™*™ denotes a projector extracting the dynamical solution compo-
nents of the index-k DAE at time t,. We have already proved that I1; = Py(to) and
I, = (PyPy) ((Dz.) (to), w. (to) ,to) are an admissible choice under certain structural
assumptions.

There are two main differences between Definition 4.3 of Lyapunov stability and the
one applied in case of ordinary differential equations. As already explained, in the con-
text of an index-k DAE it is a good idea to assume the perturbation xg of the initial

2Here, 9 € R™ and consistent initial values x (ty) € My_1 (to) with prescribed components
Iz (to) = Uy are considered.
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values ., (tg) € My_1 (to) to be consistent, i.e. xg € My_1 (ty). The second difference
is to require only the estimation ||IIj (z¢g — x«(to)) || <  in order to ensure a bounded
propagation of the error, i.e. Yt >ty : ||z« (t) — x (¢;to, z0)|| < €. This is a consequence
of the DAE being a description of the inherent dynamics in redundant coordinates.
In other words, if there exists a decoupling of the given system then z, (¢y) and x (o)
can be expressed as evaluation of at least continuous functions of the dynamical com-
ponents Iz resp Iz, (to) so ||k (2o — z4(t0)) || < ¢ implies ||xg — z.(to)]] < ¢d for
a ¢ > 0. From this point of view, the M-component stability is the (classical) DAE-
stability in the sense of E. Griepentrog, R. Mérz and C. Tischendorf with respect to
the M (t)-components of the DAE solution where the condition on the initial values
ITTx (g — 24(tg)) || < & is stated in a redundant way?® via ||M (to) (zo — z.(t0)) || < 6.
In Chapter 6 the reader is going to recognize that this simple concept of a partial
stability definition for DAESs is suitable for several nice stability criteria.

4.2 Orbital stability

The notion of Lyapunov stability is inappropriate for periodic solutions of autonomous
differential equations. Periodic solutions x, of autonomous systems exhibiting asymp-
totic stability in the sense of Lyapunov as specified in [Tis94, p. 147] turn out to
be stationary. Because of translation invariance we may choose initial values of
the solution 7 (t) = . (t +¢) with 0 < ¢ < 1 arbitrarily close to x, (ty). Then
limy o ||Z (t) — 24 (t)]] = 0 implies z,(¢) to be constant due to its periodicity. This
problem was already noticed in the beginning of the qualitative theory of ODEs, it
can be avoided abolishing the parametrization of the reference solution in ¢. Instead,
the orbits, i.e. solution trajectories in the phase space are considered together with
their respective distances to the reference trajectory C'. Let us formulate this having
the peculiarities of differential-algebraic systems in mind:

Definition 4.4. The solution z, € C}, ([ty,00),R™) of a properly formulated DAE
(1.2) with tractability index k = 1,2 is called

- orbitally stable, if

Ve > 030 > OVxy € My (to) , dist (zo,C) <9 :
3 solution x (¢; tg, z9) of the IVP on [tg, 00) Vt > tq : dist (z (¢;tg, z0),C) < €

where C' denotes the trajectory of =, in R™ and dist (z,C) = inf,cc ||z — y]|.

- orbitally asymptotically stable, if additionally

Is,>0VTo € My (to) , dist (xg,C) < dp : tlirono dist (x (;tg, z0) ,C) =0

In [Leo07] the terminology Poincaré-stability or stability in the sense of Poincaré is
used as a synonym for orbital stability.

3this is true if im M (t) encompasses the dynamical components of the DAE solution
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Remark. In publications dealing with explicit ordinary differential equations the sta-
bility notion of Poincaré applies to autonomous systems only. We decided to state the
definition of orbital stability for solutions of (possibly) non-autonomous DAEs.

Following [Far94, Def. 5.1.3] resp. [Dem67, p. 306] we define

Definition 4.5. The solution z, € C}, ([tg, 00), R™) of a properly formulated index-k
(k = 1,2) DAE (1.2) is called orbitally asymptotically stable with asymptotic phase
property if x, is orbitally asymptotically stable and

Vg € My_1(ty), dist (zo,C) < dJap € R : tlim ||z (t + s to, o) — x4 ()| =0

Remark 4.6. This restriction on orbital asymptotic stability does not coincide with
asymptotic stability in the sense of Zhukovsky (cf. Definition 4.7) because in general
7 (t) ==t + ap ¢ Hom (I).

It is astonishing that orbital stability takes only an insignificant part in the theory of
differential-algebraic systems, especially with regard to the Andronov-Witt Theorem
and its generalizations by Demidovich and Leonov. So far, the only criterion for orbital
stability of nonlinear index-2 DAEs known to us is an Andronov-Witt-like theorem for

Hessenberg systems in [Fra98|, which does not apply to fully implicit autonomous
index-2 DAEs (2.28).

4.3 Excursus: Stability in the sense of Zhukovsky

Another way to allow asymptotically stable periodic solutions of autonomous differ-
ential equations is to extend the concept of Lyapunov stability by the means of cer-
tain reparametrizations. According to [Leo07|, the notion of stability in the sense of
Zhukovsky was published in [Zhu82| prior to Lyapunov’s famous thesis |Lja66|. In
today’s terminology it corresponds to Lyapunov stability after reparametrization of
perturbed solutions. We can also interpret Zhukovsky stability as orbital stability
exhibiting a certain kind of asymptotic phase property.

An adaptation of this concept to differential-algebraic equations is as follows:

Definition 4.7. The solution z, : [tg,00) — R™ of a properly stated DAE (1.2) with
index £k = 1,2 is called

- stable in the sense of Zhukovsky, if

Ve > 035 > OVzg € My (to), ||Ik(zo — z4(t0))]
3z (t;t, x9) solution on [tg, 00), 7 € Hom (1) Vt
[l (7 (£) s to, w0) — z.(t)]| <€

| <o
ztol

with

Hom (1) := {7’ € C ([tg, 00), R) homeomorphism
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- asymptotically stable in the sense of Zhukovsky if, additionally, for all zo €
M1 (to) satisfying ||TIx(xo — x.(t9))|| < do and the associated 7 € Hom (1)
it holds

lim [l (7 (8) 0, 20) — . (8)] = 0
This stability concept allows interesting criteria ensuring Zhukovsky stability, e.g.
[Leo07, Theorem 5|: a bounded solution z, of the autonomous ODE 2’ (t) = g (z (1)),
g € C*(Q C R™ R™) is asymptotically stable in the sense of Zhukovsky if v+ Xy < 0
whereas 0 = \; > Ay > ...\, denotes the characteristic spectrum of the variational
system 2 (t) = g, (24 (1)) 2 (t) and

the associated coefficient of irreqularity. The theorem is proved using a generalization
of the Poincaré map which is called a moving Poincaré section. If x, is periodic then
the system is known to be regular, i.e. v = 0 holds and Ay < 0 is equivalent to
lpe] < 1 at which 1 = puy > |us| > ... > |um| are the characteristic multipliers of the
variational equation. In other words, the Andronov-Witt Theorem is a special case of
the mentioned stability criterion.

In principle, this result can be formulated for index-2 DAEs f ((Dz (t))',z (t)) = 0
targeting at the local state space form on a compact set containing the bounded
reference solution z,. Some background on Lyapunov exponents for linear DAEs with
tractability index one is already available, e.g. in [CNO04], [CN03]. An approach
to numerical approximation of Lyapunov spectra of DAEs is presented in [MLV09].
In addition to considerably higher computational costs of characteristic exponents of
non-periodic solutions, we lack access to a practical representation of the coefficient of
irregularity belonging to the linearization of the state space form

m

DI liminf% /0 DP, (5)G3" (s) f* (Do (5)) . () D~ds

t—oo

Therefore, we restrict ourselves to the case of periodic solutions mainly because under
this assumption the involved quantities can be stated in terms of the given DAE.

4.4 Nonlocal existence of DAE solutions

Usually, any kind of stability property implies that solutions of the differential-algebraic
system under consideration do exist in the entire future, that is on I = [ty, 00), at least
for consistent initial values nearby the reference solution. The quest for global solvabil-
ity of DAEs turns out to be the crucial issue in analyzing D-component stability using
generalized Lyapunov functions developed in § 6. Only few publications dealing with
solvability of nonlinear DAEs on unbounded intervals are known to us. Predominantly,
they rely on a dissipation inequality, e.g. the existence of a Lyapunov function, a con-
tractivity requirement etc. or the emphasis is on structural conditions resulting in a
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bounded and globally Lipschitz-continuous right-hand side of the ODE representation
of the inherent dynamics.

The first type is represented by [GMS86, Th. 46| where asymptotic stability and even to-
tal stability with respect to small t-dependent perturbations of index-1 tractable DAEs
(1.1) are proved under rigid conditions including contractivity of the DAE, bounded
partial derivatives f,, f, and bounded rotation speed of a basis of ker f, (y,z,t). An-
other way to ensure dissipativity of the inherent dynamics is to use Perron’s Theo-
rem for DAEs (cf. [Tis94, Theorems 3.3 and 4.2], [Ma98, Th. 3.3]) thus requiring
negative real parts of the eigenvalues of the matrix pencil {f, (0,z.), f; (0,z.)} of
f(a (t),z(t)) = 0 evaluated in the stationary solution z,. Unfortunately, this ap-
proach is known to be limited to fixed points of autonomous DAEs only. In general, an
appropriate definition of a Lyapunov function is necessary for non-constant solutions
or non-autonomous fully implicit systems. Among recent publications on differential-
algebraic systems, [CCO7| presents a criterion for the existence of solutions of linear
implicit index-1 systems A (t) 2’ (t)+b(x (t),t) = 0 on I = [ty, 00). In essence, b, (z, 1)
is required to be bounded and b, (x,t) globally Lipschitz-continuous on the entire do-
main where the structural conditions

rk (A (to) |bz (xo,t0)) = r=max{rk A(t) |t I},
det (AA(t) + by (z,t)) = a(z, t) N\ +...

with ||a (x,t)|| > ¢ are valid. Furthermore [CCO07, Th. 30] and [CC06| are dealing with
a generalization of the Hopf Bifurcation Theorem thus providing existence of periodic
solutions for parametrized linear implicit index-1 DAEs Az’ (t)+b (z (t) ,v) = 0 nearby
a fixed point x, such that b (z,,v) = 0.

This thesis provides stability criteria and therefore nonlocal existence for bounded
solutions of a class of autonomous DAEs with index one and two and certain non-
autonomous DAEs with bounded terms containing partial derivatives of f.
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5 Asymptotic stability of periodic
solutions

This chapter is primarily dealing with asymptotic stability of non-constant periodic
solutions of autonomous index-2 DAEs. The task is much more involved compared
with proving stability properties of stationary solutions of autonomous systems mainly
because of two reasons. First, stability definitions in the sense of Lyapunov and of
Poincaré (i.e. orbital stability) are not equivalent like in the case of fixed points. In
addition, a single local parametrization of the solution manifold M nearby the fixed
point is obviously sufficient for analysing its stability behaviour. In contrast, periodic
solutions generally necessitate more than one local parametrization of M to construct
an appropriate state space representation.

An overview

The early stability criteria for stationary solutions of autonomous differential-algebraic
equations, e.g. |Tis94, Theorems 3.3 and 4.2|, [M&98, Th. 3.3| and |Rei95, Theorem 3|
generalized Perron’s theorem or the Local Stable and Unstable Manifold Theorem
to DAEs. Among recent publications [Fra98| and [FF01] are distinguished because
they deal with orbital stability of periodic solutions of autonomous Hessenberg-3
DAEs. Their main focus is on collocation methods for checking stability proper-
ties of differential-algebraic systems resulting from multibody dynamics, theoretically
substantiated by a generalization of the Andronov-Witt Theorem ([FF01, Th. 3|) and
the Hopf Bifurcation Theorem (Theorem 2.17, ibid.) for Hessenberg-3 systems. In the
process, a transformation to a state space representation is used which is restricted to
DAEs of Hessenberg structure. From the analytical point of view, the position con-
straints are readily available from the algebraic equations of the DAE, the velocity and
acceleration constraints result from differentiation of those first-level constraints and
inserting other obvious relations. This simple representation of the hidden constraints
as zero-set of sufficiently smooth functions with constant rank is used excessively
throughout the last-mentioned publications simplifying a construction of a suitable
parametrization of the solution manifold nearby the reference trajectory. Then the
Poincaré map of the index reduced DAE is restricted to the solution set of the given
Hessenberg-DAE using this parametrization so the proof of the Andronov-Witt The-
orem can be adapted to the state space form. In contrast, fully implicit systems do
not possess such a simple representation of the constraints which is (theoretically)
known a priori so the above approach is not applicable. Another interesting approach
is the successful generalization of Floquet theory to 7-periodic DAEs in [LMW9S]
and [LMWO03]. In doing so, a sufficient condition for Lyapunov stability of periodic
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solutions of linear implicit 7-periodic Index-2 DAEs is deduced, see [LMWO03, Theo-
rem 4.2|. Last-mentioned publications suggest the possibilities of the tractability index
applied to fully implicit DAEs. However, the performed technical details could be re-
garded as hardly understandable in an intuitive way. This might cause an imprecise
reception of the method in the recent literature, for instance the following statement

in [LRO6:

“Note that in case of periodic solutions of DAESs, two different approaches
are presented in [Franke&Fiihrer,2001] and [Lamour et al.,1998, 2003] to
define monodromy operators and Floquet multipliers for DAEs.”

In the present thesis, this point of view is revised. We prove that characteristic mul-
tipliers of the DAE defined by means of the tractability index have a geometric inter-
pretation as conventional characteristic multipliers of the associated state space form.
By this the mathematical background of the definitions in [LMWO03]| is clarified the
main idea is shown to be identical with [Fra98|.

We formulate and prove a criterion for orbital asymptotic stability of periodic solutions
for self-oscillating (i.e. autonomous) fully implicit index-2 DAEs. The wording of this
theorem almost coincides to the known Andronov-Witt theorem for ODEs except the
structural assumptions for index-2 systems. As far as we know, our result is the
first one considering orbital stability in the context of the tractability index. The
method in use also provides an alternative proof for the stability results [LMWO9S,
Theorem 5.1] and reveals a new view on [LMWO03, Theorem 4.2|. Thereby, we do
not reduce the system to the case of an asymptotically stable fixed point. Instead,
we provide a 7-periodic state space form via suitable transformations and trace the
stability properties of the SSF back to [Far94, Theorem 4.2.1|. In doing so, we avoid
many technical details like explicit estimations using decoupling terms and devote
resources into a more thorough investigation of the structure of index-2 DAEs. As a
matter of fact, fully implicit autonomous and 7-periodic DAEs up to index two are
supported by our approach.

In order to achieve new stability results, we had to cope with significantly higher com-
plexity of the fundamentals of DAE analysis in Part I. With regard to stability analysis
of autonomous DAEs, we strive for an autonomous state space representation assum-

ing a constant im ( ) (y,x) in a neighbourhood of the extended integral

T
curve of x, and DN; to be constant along x,. These assumptions could be considered
as questionable in the context of Hessenberg systems but we have to impose them due

to higher structural complexity of general fully implicit DAEs.

Summing up, the constancy of DN; together with the structural assumption (2.17)
and some differentiability requirements on f ensure that the configuration space M
of an autonomous index-2 DAE is parametrizable in a neighbourhood of the entire
solution trajectory of z, using a single map. Per constructionem, linearization and
transformation to the state space form commute so characteristic multipliers of the
inherent dynamics can be formulated in terms of the given DAE. This aspect was
neglected in previous publications.
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We suppose that the stability criteria in this chapter could be checked automatically
and quite efficiently using numerical methods. We refer to [Frad8, Ch. 3| for a de-
tailed background on adaptation of dedicated collocation methods (and some other
details mainly based on [Sey94]) to DAEs and to [Fra98, Ch. 4], [FF01] considering
implementation aspects in context of DAEs stemming from multibody dynamics.

5.1 Characteristic multipliers of DAEs

Consider linear DAEs with 7-periodic coefficients and properly stated derivative term
A(t)(D(t)z(t)) + B(t)z(t) =0 (5.1)
where

Ae CR,R™"), BeCR,R™™), DeCRR"™™)
A(t+71)=A(t), B(t+71)=DB(t), D(t+71)=D()

We are going to define characteristic multipliers of a solution in terms of (5.1) which
coincide with conventional multipliers of the associated state space form.

Denote an admissible projector on Ny (t) along K (t) by Q1 ().

Lemma 5.1. Given the properly formulated index-2 DAE (5.1), the matriz valued
functions DPLD~, R € C'(R,R™™) and Py, D~ € C° can be chosen T-periodic if
there exist continuous and T-periodic C*-bases of DN, and DK .

Proof. Denote r = rk D (t) and | = dim (DK) (t). A continuous basis of Ny (t) is
required in case of a properly formulated DAE, in addition D (t 4+ 7) = D (¢) holds
for (5.1). According to Lemma 8.2 there exist a continuous and 7-periodic basis
{p1(t), ..., pm—r(t)} of No(t). An eligible extension to a basis {p;, p;} of R™ results in
the regular matrix valued C°-function

which is 7-periodic. Besides,

A@=ve (" )

defines a continuous and 7-periodic projector on Ny(t).

These properties carry over to Gy = AD + BQ,. Due to continuity of all functions
involved, there exists a continuous and 7-periodic basis of N;(t) = ker Gy(t) and
therefore a 7-periodic basis of (DNy) (t). Same holds for an adequate complementary
space (DK) (t). Then again we assumed the existence of a C'—basis of (DNy) ()
which ensures the existence of a 7-periodic C'-basis of (DNy)(t) via Lemma 8.2.
Furthermore, same argumentation applies to (DK) (t) and ker A (t). Denote by
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{D(t)s1(t),...,D(t)s(t)} a T-periodic C'-basis of (DSy) (¢)
{D(t)ni(¢t),...,D(t)n,(t)} a 7-periodic C*-basis of (DNy) (t)
{ar(t), ..., cn_r(t)} a T-periodic C'-basis of ker A(t)

Analogously to Lemma 2.15 we obtain the representations

(DP,D™) (t) = M(t) ( i

using
M(t) == (Ds1,...,Ds;,Dny, ..., Dng_j,aq(t), ..., an—r(t))
As a consequence, the C'-projectors DP, D~ and R are T-periodic.

Obviously, Py (t)s;(t) = D~ (t) D (t)s;(t) and Py (t)n; (t) are linearly independent
continuous functions which can be extended to bases of S (t) and K (t), respectively.
We use them and the basis functions {p; (t)} of Ny (¢) to define

V(t) == (Po(t)s1(t),..., Py (t) si(t), Py (t) ny(t), ..., Po(t)ne—y(t),p1(t), ..., pm_r(t))

Per constructionem,

m—r

Py(t) = V(1) ( b

is a continuous 7-periodic projector along Ny and

v

DOV(E) = (D@)si(t),...,DE)si(t), DE)ni(t),- .., DE)ns—s(t), 01, .., 0py)
— M(t) < Ir OTXm—'r )

0n—r>< r On—rx m—r

Therefore, D (t) allows the representation

o=y (¢ v

Onfr Xr Onfr Xm—r

The continuous 7-periodic function

o=ve (g, o, ) A 62

defines the reflexive pseudoinverse of D with respect to R and F,

I

DD—M(ITO )Ml—R, DD—V( 0 )Vl(t)—Po

]

Under the assumptions of Lemma 5.1 there is a unique solution X € C}, (R, R™*™) to
the matrix valued IVP

A(t) (DX) (t) + B{)X(t) =0, (DP,)(0)(X(0) — I,,) =0
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We have already proved the representation (1.27) of this fundamental system of the
linear DAE reading as follows:

X(t) = KOuU@) (DP) (to)

D~ (t) — (UQo + PyQ1) G3"'BD™) (t) — (TQuP1G3'BD™) (t)
—(Qu@Q1D7) () (DQ1G5'BD™)' (t) + (Qu@:G5 ' BPy PG5 ' BD™) (1)

Here, U denotes the fundamental system of the IRODE u' = —DP,G5'BD™u with
U(ty) = I. Taking the periodicity of (DP;) (t) X (t) D~ (0) into consideration,

K(t) =

(DP) (0) X (r) D™ (0) = (DRAXD7)(r)
= (DPD7) (n)U(r) (DP1) (0)D™(7)
= (DP.D7) (0)U(r) (DP,D™) (0)
It is evident that the eigenvalues of

(DPy) (0) X () D (0)

correspond to the eigenvalues of the fundamental system U (7) of the IRODE restricted
to the invariant subspace DK.

Definition 5.2. (DFP;) (0)X(7)D~(0) € R™" is called the monodromy matriz of the
linear 7-periodic index-2 DAE (5.1). The non-zero eigenvalues of the monodromy
matrix are called characteristic multipliers related to (5.1).

The transition to a representation of the inherent dynamics in minimal coordinates
alleviates the proof of stability criteria. We state

Lemma 5.3. Let DNy and DK be constant. Then, characteristic multipliers of the
linear index-2 DAE (5.1) coincide with conventional characteristic multipliers of the
associated state space form.

Proof. The representation (2.24) of the state space form related to a linear DAE reads

I
GW)=—=(L 0 0)M ' (¢t)((DPGL'BD™) ()M(t)+M'(t)) [ 0 &) (5.3)
0

where ( I, 00 ) = ( I Oixr—i On—rxa ) This ODE is 7-periodic due to 7-
periodicity of all functions involved in this representation as a consequence of the
preconditions or Lemma 5.1.

Consider a fundamental system U (t) of the IRODE
u'(t) = — (DP.G3'BD™) (t)u(t)
with ¢ (0) = I,. Then,

U(t) (DPD™) (0) = (DPD™) (t)U (t) (DP,D™) (0)
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represents a fundamental system of the IRODE on the respective invariant subspace
DK. Therefore, a transformation via

u@®=M® [ 0 |a®, a@®=(L 0 0)M @Hu)

appears convenient to obtain a fundamental system of the SSF. To this purpose con-
sider

I
Et):= (1L 0 0)M ' (UHM©O) [ 0 (5.4)
0
Per constructionem, Z(0) = I; and
I
=) = (4 0 0) (M) Bu®n)+ M OU @) M) 8
I
= (&0 0) (M) (1) = M) (DG BD7) () U)M() | 0
0
is valid. As a consequence of
Il Il
UBM©O | 0| = u@dPD)O)M©O) | 0
0 0
I
= (DPD7) (U @) (DPLD™)(0) M (0) | 0
0
I
= M@ [ 0 |=()
0

and (M~Y)Y' M = —M~'M’ we recognize that = (t) is a fundamental system of the
state space form (5.3).

We have already proved that the monodromy matrix (DP;) (0)X(T)D~(0) of (5.1)
possesses the representation

(D) (0) X (1) D™ (0) = (DPL.D™) (0)U(7) (D D™) (0)

[l [l
M@ | 0o | (L o o)MOunM©O [ 0 |(L 0 0)M(0)
0 0

Obviously, this matrix is conjugate to the embedding



5.1 Characteristic multipliers of DAEs 89

of the monodromy matrix of the SSF (5.3) in R™*". R! x {0} C R" is an invariant
subspace belonging to L so all eigenvalues of = (7) also relate to L and there are
no further non-zero eigenvalues of L. It is generally known that the eigenvalues are
invariant under conjugation. Therefore the eigenvalues of the monodromy matrix of
the DAE coincide with the eigenvalues of the monodromy matrix = (7) of the state
space representation of the DAE. n

Characteristic multipliers belonging to periodic solutions of nonlinear
7-periodic DAEs

Consider nonlinear 7-periodic differential-algebraic equations with a properly stated
derivative of the form

f (D) (), 2(t),t) =0 (5.5)
with D (t) = D (t+ 1), f(y,x,t) = f(y,x,t 4+ 7) which exhibit a 7-periodic solution
r, € CL (R,R™). The linearization of (5.5) around . reads

fy @) (D) () + f7 () x (1) = 0
with 7-periodic coefficients. Put z, (t) := (I, 0 0 )M~'(¢) D (t) . (¢).
Lemma 5.4. [Characteristic multipliers in case of nonlinear index-2 DAEs|

If the DAE (5.5) possesses the tractability index 2 and the structural assumptions in
Lemma 2.16 are satisfied then characteristic multipliers of the linearization of (5.5)
around x, coincide with characteristic multipliers of the system of variational equations
of the associated state space form around z,.

Proof. Without loss of generality, choose a matrix chain of the tractability index con-
sisting of 7-periodic elements. According to Lemma 2.16 the system of variational
equations of the SSF belonging to (5.5) around z, corresponds to the SSF of the
linearization f,(t) (Dz) (t) + fr (t) 2 (t) = 0 of (5.5) around =, restricted to DK.

Again, (5.4) defines the standardized (= (0) = ;) fundamental system of the lineariza-
tion of the state space form associated to the given DAE (5.5). As a result, the char-
acteristic multipliers of the linearization of the DAE around =z,, e.g. the eigenvalues
of Z(7), coincide with characteristic multipliers of the linearization of the respective
SSF around z,. O

Corollary 5.5. Given the requirements of Theorem 2.22, characteristic multipliers of
the linearization of an autonomous index-2 DAE (2.28) around a T-periodic solution
x, are in fact the ones belonging to the linearization of the autonomous state space
form around z,.

Proof. 1t is suitable to choose constant projectors of the matrix chain belonging to the
autonomous properly stated DAE (2.28) like it is done in Theorem 2.22. Referring
to Theorem 2.22 once again, the associated state space form exhibits the autonomous
representation (2.30) and the transformation to the SSF commutes with linearization.
The proposition can be proved in analogon to Lemma 5.4 because characteristic multi-
pliers of the linearization of (2.28) around z, and the ones belonging to the linearization
of the associated SSF around z, correspond to the eigenvalues of = (7). O
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Remark 5.6. Under the assumptions of Corollary 5.5 there is at least one characteristic
multiplier A = 1 of the linearization around the 7-periodic reference solution x,. Just
consider the solution & (¢) = (I, 0 0 ) M~'Duz, (t) of the state space form (2.30)
of the initial system. Applying the chain rule,

() = ST (E (1)) = 3. (6 ()€ ()

ie. z, := & is a 7-periodic solution of the linearization of the SSF. Besides, the
representation z, (t) = Z(t) z, (0) is true when using the standardized fundamental
system (5.4). Well, 7-periodicity of the solution is equivalent to

2. (0) = 2z, (1) = 2(7) 2 (0)

Therefore A = 1 is an eigenvalue of the monodromy matrix of the system of variational
equations associated to the state space form.

5.2 The Theorem of Andronov-Witt for DAEs

In the previous chapters we stated important auxiliary results aiming at a criterion
for orbital stability of periodic solutions of autonomous DAEs, namely

- the autonomous representation (2.30) of the state space form of autonomous
systems

- the commutativity between linearization and transformation to the SSF

- characteristic multipliers of the DAE which are by definition those of the varia-
tional system of the associated SSF

Mentioned intermediate steps allow to check orbital stability of periodic solutions
resting upon linearization and the state space form. In this case asymptotic orbital
stability of D P;-components imply stability of the entire solution vector. One essential
statement of this thesis is a generalization of the well-known Andronov-Witt Theorem
to differential-algebraic systems of index k =1, 2.

5.2.1 Index-1 systems

Differential-algebraic systems having the tractability index one are easy to handle
using the complete decoupling in Lemma 2.18. Above all, no structural assumptions
except of the tractability index one are needed in order to decouple the system.

Theorem 5.7. [Theorem of Andronov-Witt for index-1 DAFEs]
Let z, € C}, (R,R™) be a T-periodic solution of the autonomous index-1 DAE

f((Dx(t)) 2 (1) =0
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with a properly stated derivative term. If characteristic multipliers {j},—, .4 p of

the linearization

fy (Do (), 2 (1)) (D) () + fo (D (8))" 2 (1)) 2 (£) = 0

.....

around ., satisfy
L=y > fpe| = > ||

then x, 1s orbitally asymptotically stable exhibiting the asymptotic phase property.

Proof. We may choose constant bases {«;} of ker f, (y,z) and {d;} of im D to get a

constant representation
I
R=V ( " ) VL
On—r

The tractability index one of an autonomous differential-algebraic system (2.28) im-
plies f € C'(G,R™). The implicit function theorem guarantees that the resolution
function w = w (u) of the equation autonomous F (w,u) = 0 in Lemma 2.18 is con-
tinuously differentiable. Accordingly, the state space form (2.27) simplifies to the
autonomous ODE

§t)= (I Opener ) V"D (V( 0 )51 (t))

having a continuously differentiable right-hand side.

For index-1 tractable systems the matrix G, is nonsingular implying Q; =0, P, = I,
and Gy = G;. Hence the monodromy matrix of the linearization of (2.28) around x,
is DX (1) D~, where X (t) solves the matrix-valued index-1 IVP

fy @)Dz (®) + fr @)z () =0, D(X(0)—1Iyn)=0.

If U (t) solves the linear IRODE v’ (t) = —DG ' () £ (t) D™u (t) satisfying U (0) = I,
then

[1]

)= (1 Onr )VUR)V ( . I, >

n—rxr

solves the linearization of the SSF (2.27) around
& @) = (1 Opxny )V 'Da,(t)

with =Z(0) = I, so Z(7) is the monodromy matrix of the linearization of the state
space form. Obviously,

DX (r)D~ = RU(T)R
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so characteristic multipliers of the DAE coincide with those of the linearization of the
SSF. Now all requirements of the Andronov-Witt Theorem (|Far94, Theorem 5.1.2]
resp. [Dem67, p. 305]) are fulfilled so the solution components

&)= (I Open—y ) V' D (1)

are asymptotically orbitally stable exhibiting an asymptotic phase in a neighbourhood

of the trajectory of &;. There, the function T <V ( 0 h > §1> is bounded and

n—rxr
the solutions of (2.28) possess the representation

n—rxr n—rxr

uwzam@+Qw@p4rv(0” )&@+QW<V(OL )g@)

It follows that for all t > ¢,

-0 < (ov (" )|+ famorv (47))] Jiaw-gwl

Denote the trajectory of z, by C' and the one belonging to & by C. and apply the
T-periodicity of the reference solution to obtain

dist (2 (t),C) = miny OT] ||x (1) — x. (1)]|

<mineon (|0v (o7 )|+ Jemnev (" )| Jrew-gon
(v (ol ) Jowov (1, )] ) @ionc

As we can see, mentioned stability properties of £ carry over to the solutions of the
original DAE. O]

It is not surprising that the above formulation of the Andronov-Witt Theorem for
index-1 tractable DAEs requires less differentiability of f than a mere adjustment
of Theorem 5.8 because there is no need of differentiation in order to obtain hidden
constraints.

5.2.2 Andronov-Witt Theorem for index-2 systems

The proof of the index-1 case suggests how to proceed with differential-algebraic sys-
tems of a more intricate structure. Indeed, linear implicit DAEs A (Dx (t)) +b (z (t)) =
0 with tractability index two exhibiting a constant subspace Ny N Sy (z) in a neigh-
bourhood of the closed solution trajectory z. in addition to DN; (z, (t)) = const.
and fully implicit index-2 DAEs f ((Dz (t)),z (t)) = 0 featuring a constant image of

( f? T ) (y, ) plus DNy ((Dz, (t))", . (t)) = const. can be analysed in almost the
Yy xr

same manner. Fortunately, we have already performed the somewhat lengthy detailed
investigations of these systems in Part I.
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Theorem 5.8. [Theorem of Andronov-Witt for fully implicit index-2 DAFEs/

Let z, € C} (R, R™) be a T-periodic solution of the autonomous properly formulated
index-2 DAFE
fF((Dx(t) 2z (t)) =0

T ‘ :
Assume DNy to be constant along x, and im ( £ AT ) (y,x) = const. in a neigh-
Y x
bourhood of the extended trajectory of x, plus the differentiability properties!

(UQo+ PoQ1) Gy ' (1) f1(t) (R Pr) ((f_fx) (t )TQO + D) Gy (1) f:(t) (R Py) € C?
((f, fw)()TQ0+D)G51(t)(f( z) — fr(t)r — ())ECQ
(UQo + Po@Q1) G5 (t )(f (y,z) — falt)z — (t) ) € C?

where Q1 (y,x) denotes an admissible projector on Ny (y,x) along K (y,x) with
(DK) ((Dx (1)), 2. (t)) = const.

If the characteristic multipliers {j;},_, ,_ dim DI (D, (1),24 (1)) of the linearization of

.....

f((Dz) (t),2 (t)) =0 around z. satisfy
L=pun > |po| = ... = [l

then x, 1s orbitally asymptotically stable exhibiting the asymptotic phase property.

Proof. According to Lemma 2.11 there exists a complementary subspace K (y,x) to
Ni (y,x) such that DK is constant along the extended trajectory of z, such that
(21 onto N; along K is admissible. The requirements of Theorem 2.22 are satisfied,
consequently there exists an autonomous SSF belonging to f ((Dz(t)),z(t)) = 0.
Given differentiability assumptions on f imply § € C! in Representation (2.30) of the
state space form.

According to Corollary 5.5 the characteristic multipliers p; € C of the linearization
around z, correspond to those of the variational system of the SSF (2.30) around
z(t)= (1 0 0)M Dz, (t). Thereby y; = 1 is always one characteristic multi-
plier of the autonomous DAE around the 7-periodic solution x, as shown in Remark

0.6.

We consider the periodic solution z, of the autonomous state space representation
(2.30) of the given DAE. Obviously, the requirements of the formulation [Far94, The-
orem 5.1.2] of the Andronov-Witt theorem by M. Farkas are satisfied. For this reason
z, exhibits orbital asymptotic stability having the asymptotic phase property.

Solutions £ of the SSF are mapped to solutions of the IRODE of the initial system on
the invariant subspace DK = (DK) ((Dz.) (t),z.(t)) by the bijection

I
uty=M| 0 |&€®), €@)=(L 0 0)M  u(?)
0

functions of several variables denoted t-dependent only are evaluated in ((Dz.) (t), z.(t))
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Denote the trajectory of z, by C and observe that DP;C' is the trajectory of u, =
DPyzx,. Due to stability properties of z,, for all € > 0 there exists a 6 > 0 such that

every solution u of the IVP w (0) = ug € DK of the IRODE with dist (ug, DP,C) < ¢
satisfies

- w is defined on [0, c0)
-Vt >0: dist (u(t), DPC) < e
- dag € R limyo [Ju (84 ap) — uy ()

| =0

Now choose 0 < € < 1 such that the complete decoupling of the DAE (2.28) analyzed
in Theorem 2.10 is feasible in the entire region

OSSR ORCED

The mentioned theorem states that the components u (¢;0,ug) := DPx (t;0,x) of a
solution x (¢;0,z0) € N, g € M; of the given DAE satisfy the associated inherent
regular ODE on DK = (DK) ((Dz. (t))',z. (t)). Besides, every solution u of the
IRODE on DK near u, corresponds to one solution z of f ((Dz(t))",z (t)) = 0 via

v(t) = sa(u(t),t) .
So(u,t) = D u—+ky (u,t)+my (u,fc(u,t),t) (5:6)
Choose a smaller 0 < é < € such that solutions of IVPs w (¢;0, DPyxy) of the IRODE
on DK with zy € My_; and dist (DPyxy, DP,C) < 6 exist on [0,00) and feature
dist (u (t;0,20), DP,C) < €. Due to the important Remark 2.21, the functions 7 and

k in the solution representation (5.6) are 7-periodic and so is s (u,t). Accordingly,

255 (u,t) is bounded on the compact set S := {u € R" | dist (u, DP,C) < €} x [0, 7]

and we obtain the estimate

Vit Z 0,.1'0 € Ml,dist (Dpll'o, DPlC) <90:
|z (t;0,20) — 2. ()] < ||%32HOO’S |DPyx (t;0,20) — us (2)]|

where z (¢;0, x¢) defined by (5.6) is known to solve the original DAE. Hence,

dist (DPl.Z' (t, 0, l’o) y DPlc')

00,8

: 0
dist (z (£;0,29) ,C) < H%SQ

for all ¢ > 0 and xy € M; with dist (DPyzo, DP,C) < 6. In other words, the
orbital asymptotic stability of u, with asymptotic phase guarantees the same stability
properties of z,. n

In case of linear implicit DAEs (1.5) with A = A(t), the structural condition on

T
im ( F AT ) and the differentiability preconditions can be mitigated.
Yy x

Theorem 5.9. [Andronov-Witt Theorem for linear implicit index-2 systems/
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Let x, € C} (R,R™) be a T-periodic solution of the DAE
ADz (1) +b(z(t) =0

with a properly stated derivative term and tractability index 2. Assume constancy of
DNj; along x,. and of Ny N Sy (x) in a neighbourhood of the trajectory of x.. Let

(UQo + PoQ1) Gy (H)bs (w4 (1)) (PoP1) , (UQo + PoQr) G5 (t) (b () — by (w. (1)) 2)

be twice continuously differentiable, where Q1 (x) denotes an admissible projector on
Ny (z) along K (z) with (DK) (x. (t)) = const. If the characteristic multipliers

{Nz‘}i:1

of the linearization A (Dx (t)) + b, (7. (t)) x (t) = 0 satisfy

., 1= dim DN, (z. (t))

.....

L=pun > |po| = ... = [l

then x, 1s orbitally asymptotically stable exhibiting the asymptotic phase property.

Proof. Simple adaptation of the argument in Theorem 5.8 where Theorem 2.22 is tai-
lored to linear implicit DAEs using the structural conditions for a complete decoupling
of these systems in Lemma 2.9. O]

5.2.2.1 Application to MNA equations

Theorem 5.9 can be applied to certain autonomous systems stemming from the charge-
oriented Modified Nodal Analysis (MNA) of electric circuits containing nonlinear resis-
tances, capacitances, inductances together with voltage and current sources. Consider
an electrical circuit such that it is modelled with autonomous equations for each circuit
element. According to [ESTO00], the charge-oriented MNA provides the autonomous
differential-algebraic system

Acq (t) + Apr (ARe () + Apj (t)
+Aviv (6)+ Aii (Ae (0),¢ (1)1 (1) v

e ) 0

A‘T/e(t)—v<f~16(t),q’(t Jr (t jv(t) =0
= 0

0

where e (t) consists of the node potentials (except the reference node), j, () com-
bines the currents of some elements, ¢ denotes the charge of capacitances and ¢
the flux of inductances. A, denotes the element-related incidence matrices, A =
(Ac, A, Ar, Ay, Ap) is the reduced incidence matrix of the circuit and the index marks
the element (L - inductances, V - voltage sources, C - capacitances, R - resistances and
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I - current sources). The functions ¢ and v describe the controlled current resp. voltage
sources of the circuit, r the resistances, ¢ the inductances and gc the capacitances.

In the following, we would like to assume v and ¢ being independent of ¢’. Then the
MNA equations form a linear implicit DAE of the form

Ax' () +b(z(t) =0
Using a constant projector F, along ker A, this system is equivalent to
APz (1)) +b(x (1) = 0

which has a properly stated derivative term. Obviously, a matrix chain of the tracta-
bility index for the non-properly formulated version coincides with the matrix chain
of the last mentioned DAE.

We rely on Theorem 4.1 from [EST00] and assume that all requirements of this theorem
are fulfilled. As mentioned in the publication, the remark to [EST00, Lemma 6.2] is
also applicable in case of the charged-oriented MNA ensuring constancy of the systemic
subspace NyN Sy () if all controlled current sources satisfy the conditions (2a) or (2b)
of ibid., Theorem 4.1. From a representation of the canonical projector onto Nj (z)
along S; (x), C. Tischendorf and D. Estevez-Schwarz observe that N; (z) is constant
if no controlled current sources that fulfill only the conditions (2b) or (2¢) in [ESTO00,
Th. 4.1] appear. For circuits satisfying all mentioned structural assumptions, Theorem
5.9 is applicable so the orbital asymptotic stability of a periodic reference solution
z, € CL(R,R™) can be checked numerically considering characteristic multipliers of
the linearization A (Pyz (t)) + b, (. () 2 () = 0.

5.2.2.2 Self-oscillating systems: examples

One way to obtain an oscillator is to apply periodic forcing terms to a dynamical
system. A simple example is an RLC-circuit connected to an AC voltage source.
Assuming linear elements only, the inherent dynamics are given by a linear ODE
' = Az + f(t) in R% The related homogeneous equation representing a damped
LC-oscillating circuit has no periodic solutions apart from the trivial one so the forced
RLC-circuit has a unique periodic solution for every frequency of f due to [Far94, The-
orem 2.3.1]. The stability behaviour of such systems modelled by periodic differential-
algebraic equations can already be analyzed by means of [LMWO03, Theorem 4.2].

On the other hand, there are some well-known real systems modelled by autonomous

ODEs exhibiting a self-oscillating behaviour. For example, the equations

) = x1(a—bxy)
xh = x3(—c+dry)

were suggested by V. Volterra and A.J. Lotka for modelling the interaction between
one predator and one pray species. The non-negative orbits of the Lotka-Volterra
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model are closed curves around an equilibrium point. A generalization given by Gause,
Smaragdova and Freedman (cf. [Far94, p. 118] reads

ry = x1f(x1) — x2m19 (21)
xh = xo(—cH+drig(xy))

with adequate functions f, g. In certain configurations, this system has an asymptotic
orbitally stable periodic solution.

Further notable examples include the Brusselator equations ([HWO08, pp. 115ff.]) stem-
ming from chemical reaction dynamics. The original ODE is in RS, but it can be
simplified to

Ty = A+42%zy— (B+1)m

xh = Bz — 2315
supposed some qualities are maintained constant and the reaction rates are equal to
one.

Modelling a wheelset running on a track is discussed in [Fra98, pp. 16ff.]. It leads to an
index three DAE in Hessenberg form in R®. Asymptotic orbital stability of periodic
motions of such Hessenberg-systems can be analyzed following the approach in [Fra9§],

[FFO1].

The simulation of quite simple electrical circuits is able to provide nonlinear phenom-
ena of astonishing complexity. Picking out two prominent examples out of abundant
configurations, the Van der Pol’s equation & +m (z* — 1) & + x = 0 or equivalently

¥y, = To
vy = —x—m(x?—1)ay

forms the inherent dynamics of an electrical circuit with a triode and with inductive
feedback (for details, see [Far94, pp. 97 ff.]). Certain self-oscillating circuits containing
vacuum tubes and RLC-oscillators are presented in [AWC65], [AWCG69]. Another well-
known example of chaotic behaviour exhibiting periodic solutions is Chua’s circuit. A
simplified model with linear elements only except a piecewise-linear resistor has the
state space form

¢ = aly-z-[f(2)

y = z—y+z

2= —cy

A chaotic behaviour of this system is reported as early as in [Mat84]. A survey of
development in context of Chua’s circuit up to the end of the last decade is given in
[Mir97|. In principle, it is possible to formulate the MNA-equations of those circuits
directly as an index-2 DAE instead of constructing the inherent regular ODE like
it is done in the cited monographs. The resulting nonlinear DAEs do not exhibit
the Hessenberg structure so the stability result [Fra98, Th. 2.7] is not applicable any
longer. In such cases, our version of the Andronov-Witt Theorem (Theorem 5.8 resp.
Theorem 5.9) might be helpful.

However, the mentioned examples are quite intricate because an analytical represen-
tation of the periodic reference solution x, of the self-oscillating IRODE is usually
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not available and it is also possible that x, lacks required differentiability properties.
Accordingly, we are going to construct a simple, self-oscillating inherent dynamics hav-
ing a known asymptotically orbitally stable periodic solution in order to illustrate our
version of the Andronov-Witt stability criterion for index-2 DAEs.

Construction of the example

An autonomous self-oscillating index-2 DAE has to be formulated at least in R*.
Obviously, the state space of an autonomous ODE has to be at least two-dimensional
in order to permit non-trivial periodic solutions (otherwise f in 2/ = f (z) is not a
function). In addition, a third variable representing the algebraic constraints of the
DAE and a fourth variable representing the index-1 constraints is necessary.

Actually, both Lotka-Volterra model and Van der Pol’s equation can be considered as
perturbations of the harmonic oscillator

T, = x
rh = —1

We want to enforce solutions starting from outside of the unit circle to spiral inwards
and solutions starting inside the unit circle to spiral outwards, i.e the orbit C of the
reference solution z (t) = (sin (t),cos (t)) to be an omega limit set of all trajectories
nearby. Obviously, d = d(z1,22) = 1 — (23 + 23) is a directed distance between
(x1,22) and C. The desirable solution behaviour originates from adding a correction
term z; (1 — (22 4+ 22)) to the vector field resulting in the ODE

Ty =zt (1— (224 23))
Ty = 11+ (1 — (af +23))

(5.7)

Consider a point (z9,29) outside the unit circle (solid black curve) in Figure 5.1.

The dotted circle represents the corresponding solution of the harmonic oscillator
and the blue vector is its tangent vector at (x9,x9), consisting of the components
in x;-directions. In order to enforce spiralling inwards, we decrease the speed of the
movement (e.g. partial derivative) in direction of x5 and increase it in z-direction.
The correction terms are indicated by the red vectors. The black vector is the resulting
tangent vector at (z9,z9), it belongs to the solution curve of (5.7). This figure clarifies
the geometric idea for z; < 0, x5 > 0 and 1 — (2% + 22) < 0 but the same result is
also valid in the other three quadrants. The correction terms depend on the directed
distance d to C'. Consequently, the resulting equations (5.7) coincide with the harmonic

oscillator along z guaranteeing that z is a periodic solution of the perturbed system.

Applying the classical theorem of Andronov-Witt, we show that our construction of
the self-oscillating ODE works. The linearization of (5.7) along x, reads

( i; )/@ a ( jsin; s(ltr)l (t) cos (¢) ! _E;“Cl 0(;52 ctos (t) ) ( 2 ) t)  (5.8)

Although the periodic solution z = z/, = (—sin, —cos)T is known, the d’Alembert
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Ty >0

Figure 5.1: construction of a self-oscillating ODE

reduction principle is not applicable due to the zeros of sin and cos. Instead of con-
structing a fundamental system X (¢) with X (0) = I5, we use the identity

det X () = det X (0) exp ( /0 Cd (5) ds)

for the Wronskian det X (¢). Due to X (27)z (0) = z(0), A\; = 1 is an eigenvalue of
the monodromy matrix X (27) of (5.8). For 2 x 2 matrices, the determinant is the
product of the eigenvalues, that is

exp (—4m) = det X (27) = A A = Ao

is the second characteristic multiplier and |Ae| < 1. Hence, the Andronov-Witt the-
orem (e.g. [Far94, Th. 5.1.2|) implies that z, is an asymptotically orbitally stable
solution of (5.7) having the asymptotic phase property.

In the next step, we add some constraints in order get a differential-algebraic system
with tractability index two. An algebraic constraint is given by x3 = 2% + 22 + 1 and
another one leading to an index-2 system is 24 = (22) = 2x324. Finally, a certain
coupling is obtained by multiplying the second equation of (5.7) with z3 and using the
algebraic relation for x3 resulting in the non-Hessenberg DAE

/
T — x9 — a1 + ¥ + 1123 =

/
T3To + x‘z’ + X129 + 21 — T3To + x%l'gl'g + CC%ZEg =
2w31h — x4
i+ a3+ 1— 13 =

o O OO
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We analyze (5.9) by means of the matrix chain of the tractability index. It holds

1 0 0 0
0 z3 O 1000 0
fy = 3 D = 0100 ) QO =
0 0 23 00 1 0 0
0 O 0 1
—1+ 32% + 23 —1+ 22129 0 0
I = 32 + 22 + 1+ 221 00w3 2219 — T3 + 2373 + 32303 Th — 1o + 20+ 25 0
’ 0 0 224 -1
2!E1 2[L‘2 -1 0
1 0 0
_ T3 _ 0 _ 0
Gl_ 2:(:3 -1 7@1_ 1 7P0Q1_ 1
0 23 0 0

We compute Ny N .Sy = ker D Nker Wy f, = Ny and therefore T' = ()y. Furthermore,

1 0 0 0 1
| 0 ay ah -z atas a2l O B
=19 o 273 + 214 | PR= 1 00
0 0 —1 0
and det Gy = —x3. Therefore, (5.9) has index 2 on R*\ {z3 =0}. According to

construction, , (t) = (sin (¢),cos (t),2,0)" is a periodic solution of the given DAE
and im DPy ((Dz.) (t),z. (t)) is constant. Moreover,

00 0 0
00 0 0
1 T 00 0 0
£ (zg) = ry , B (3) 000 1

Y —1 f fxT

(2z3)"" 0 v 000 0
00 0 0

000 —(2x3)"

is a xg-dependent function, but its image is constant, i.e the structural condition (2.17)
is valid. The linearization of (5.9) along x, reads

ot + 2sin? 2y + (2sincos —1) 1y =

225 + (2sin® +2 + 4sin cos) 1 + (4 cos? +2sincos) zp — sinzg =
Adxly — x4

2sinxy + 2cosry — 13 =

(5.10)

o O OO

Inserting the constraints

x3 = 2sin (¢) 1 + 2 cos (t) xq, 14 = 4



5.3 A stability result for periodic index-2 DAEs 101

into the first two equations results in the following representation of the inherent
dynamics

) ,(t) [ —2sin® (t) 1 — 2sin () cos (t) T )
To =1 —2sin (¢) cos (t) —2cos? (t To
which coincides with the linearization (5.8) of the state space form (5.7) of the DAE

(5.9). This fact approves the commutativity between linearization and the transfor-
mation into the SSF stated in Theorem 2.22.

The monodromy matrix of (5.10) is DP, X (27) D~ whereby X (t) denotes the funda-
mental matrix of (5.10) satisfying the initial values DP; X (0) = DP;. Obviously,

Xll (27T) X12 (271') X13 (271')
DPlX (271') D™ = X21 (27T) XQQ (271') X23 (27’(’)
0 0 0

.. . . . T .
is singular so A3 = 0 is an eigenvalue and if (a;, b;)" are eigenvectors of

v (b i)

to the eigenvalues \; (i = 1,2) then (ai,bz-,O)T are eigenvectors of the monodromy
matrix corresponding to the same eigenvalues );. The initial condition DP; X (0) =
DP; implies that L equals the monodromy matrix of (5.8) having the eigenvalues
A1 = 1 and Ay = exp(—4m). Therefore, the characteristic multipliers of the linear
DAE (5.10) are

A=1> )\QZGXp(—47T) > A3:0

Now the asymptotic orbital stability of z, (£) = (sin (¢) ,cos (t),2,0)" with an asymp-
totic phase is confirmed by Theorem 5.8.

5.3 A stability result for periodic index-2 DAEs
We are able to state an asymptotic stability criterion for 7-periodic reference solutions

of a 7-periodic DAE following the lines of Theorem 5.8.

Theorem 5.10. [Asymptotic Lyapunov stability of periodic solutions of periodic DAEs/
Let z, € C} (R,R™) be a T-periodic solution of the T-periodic index-2 DAE

f((Dx) (), x(t),t) =0
and Q1 (y, x,t) be an admissible projector on Ni (y,x,t) along K (y,z,t) exhibiting
(DN1) (D) (t),24(t),t) = const. and (DK) ((Dz.) (t),z.(t),t) = const.

Let us suppose that

im ( fy_?rT ) (y,x,t) is dependent only on t
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in a neighbourhood of the extended integral curve of x,. Furthermore, let D € C' and

(UQo + R@Q) (1)G _1( )f (t) (PoPy) (1),

(fy £2TQo+ D) (t)G3 (1) f2(t) (PoPy) (1),

(f foTQo + D) (t ) H(t) ( (y, 2, t) = fr(t)x = fi(t)y) ,
(UQo + Po@Qn) (1)Gy )( Yy, ,t) f;(t)x—f;(t)y)

be twice continuously differentiable.

-----

fo () (D) (t) + f; () x (t) = 0 satisfy
L=pn > |po| = ... = |4l

If the characteristic multipliers {p;},_, ,_ dim DK ((Da.) (1) (1)) of the linearization

then x, 1s asymptotically stable in the sense of Lyapunov.

Proof. Choose an 0 < € such that the complete decoupling of the nonlinear DAE in
Lemma 2.16 is feasible in an e-tube N (¢) around the extended integral curve of the
reference solution z,. We pass over to the state space representation according to
Lemma 2.16. Corollary 5.4 implies that u; are the characteristic multipliers of the
linearization of the 7-periodic SSF (2.24) around z, (t) = ( [; 0 0 ) M~'Dz, (t).

Now, the 7-periodic solution z, of the state space representation fulfills the require-
ments of Theorem 4.2.1 in [Far94|. Thus z, is uniformly asymptotically stable in the
sense of Lyapunov, in particular for all 0 < € < € there exists a 6 > 0 such that
solutions z (t; g, z9) of the SSF (2.24) with zo € By (2« (t9)) are subject to

Vi = to: ||z (tto, 20) — 2 ()] < €
Periodicity of the linear transformation

I
M 8 z(t) = (DPD™) (t) D (t) z (t) = (DPy) (t) z (t) = u (t)

of solutions z (¢; ty, z9) of the SSF to those of the inherent regular ODE on DK results
in asymptotic D P;-component stability of the DAE solution z,.

Moreover sg (u,t + 7) = s9 (u, t) is valid in the solution representation

z(t) = s2(u(t),?)
so(u,t) = D~ () u+ kr (u,t) + 1 (u,%(u,t),t)

as stated in Remark 2.21. Therefore, %82 (u,t) is bounded on

o= {(5) e e [ (1)) <)

so for all zy € M, (o) such that (DPy) (to) (zo — z« (to)) we obtain

1D Py (50, w0) — us (£)]]

0
HZ' (tv Oa l’o) — T« (t)H < H%Sg s
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Therefore asymptotic Lyapunov stability of u. (t) = (DPy) (t) x (t) implies asymptotic
stability in the sense of Lyapunov according to Definition 4.3 with

I, = (PyP1) (D) (to) , x. (to) , o)
O

The respective stability criterion [Far94, Th. 4.2.1] for ODEs is entrenched in Lya-
punov’s indirect method. It is a well-known result of Floquet theory that the lin-
earization 2’ (t) = f, (v« (t),t) 2z (t) of a 7-periodic ODE 2’ (t) = f (z (t),t) along a
T-periodic reference solution can be transformed into a system with constant coeffi-
cients, y' (t) = Ay (t) such that the eigenvalues p; € C of A satisfy Re p; = %
with the characteristic multipliers \; € C of the linearization by means of a 7-periodic
Lyapunov transformation, cf. [Wal00, § 18], [Far94, § 2.2]. Applying this transfor-
mation to the nonlinear ODE reduces asymptotic stability of the periodic solution x,
to stability of the trivial solution of a system /' (t) = Ay () +r (y (¢t).t) = 0 with a
uniformly bounded nonlinearity r. Finally, the stability issue is resolved using Perron’s
theorem, e.g. [Far94, Th. 1.4.9]. This is exactly the way how a similar result - namely
Theorem 4.2 in [LMWO3]| - is proved.

Theorem 5.10 presents an an alternative method to prove asymptotic stability of 7-
periodic solutions for nonlinear fully implicit index-2 DAEs (5.5) exhibiting a properly
stated derivative term. In comparison to the mentioned theorem, our structural as-
sumptions differ and constancy of DN, and DK along z, is required extra. We reckon
that this assumption might be superfluous in case of periodic DAEs because of not
being necessary for complete decoupling or preservation of stability under the transfer
from an inherent regular ODE on its invariant subspace DK to a state space represen-
tation. Yet we decided to keep this precondition in order to avoid additional technical
considerations which are not important for autonomous systems.
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6 Lyapunov’s direct method
regarding DAEs

Guarding the heritage does not mean confining oneself to the heritage.

(russian proverb)

Stability properties of ordinary differential equations are often proved using the direct
method of Lyapunov. To this regard, it is stated in [ERAOQ7|:

“Lyapunov function techniques have received constantly high interest in
applied mathematics |...]. The main reasons for this interest are simplicity,
intuitive appeal, and universality of these techniques. Today, there is no
doubt that Lyapunov functions techniques are the main tools to be used
when one is faced with a stability or stabilization problem.”

The goal of this chapter is to state an appropriate definition of a Lyapunov function
for fully implicit nonlinear index-2 systems in terms of the given DAE. We recapitulate
the classic notion of the Lyapunov function and the main stability criterion based on
it. Then we point out that properly stated DAEs can be uniquely solved with respect
to R (t) (Dz) (t) and this resolution has a useful implicit representation allowing to
access the right hand side of the inherent regular ODE of index-1 systems implicitly.
This representation is used to motivate the definition of a Lyapunov function for index-
1 tractable systems (1.2). Finally, sufficient conditions are presented which facilitate
Lyapunov’s direct method for DAEs having tractability index two. Strictly speaking,
we are going to use the reduction of the tractability index presented in Chapter 3 in
order to deduce an implicit representation of the right hand side of the IRODE of the
index reduced DAE on the exact solution set M (t). Analogously to the ODE case, the
existence of a Lyapunov function on a cylindrical domain ensures nonlocal existence
and stability of solutions with a slight modification that DAEs exhibit D-component
stability in general. A brief survey on alternative approaches to the direct method
of Lyapunov for DAEs is presented in Section 6.5. For the sake of completeness, we
added a section which helps to interpret known contractivity definitions for DAEs in
the context of index reduction via differentiation.

The concept of Lyapunov functions for ODEs

First, we briefly introduce the well-known idea of Lyapunov functions for ODEs. A
survey of classical stability theory can be found in the recent monograph [LWY07]
and in the classical ones, especially [Hah67], [Yos66] and [Dem67| and, of course,
Lyapunov’s masterpiece |Lja66|. To some extent less rigorous alternatives are [LL67]|
and [Wil73].
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The question of stability of a general solution z, of the ODE 2/(t) = f (z(¢),t), f €
C (Q x R=to, Rm) satisfying a local Lipschitz condition or having a continuous f, can
be reduced to stability of the fixed point z, = 0 of the system

2() = f(2(t),1) = f (2(t) +2:(0),1) = f(2:(t), 1)

for z(t) = z(t) — x.(t). Furthermore we consider Z (t) = z (¢t + to) and the equivalent
ODE # (t) = f(2(t),t+1ty) to obtain t, = 0. On this account we are going to
consider Lyapunov functions for fixed points z, = 0 of 2/(t) = f(x(t),t) with f €
C (Q x R20, Rm), 2 C R™ a neighbourhood of the origin without loss of generality.

Definition 6.1. A function H € C(€, R=°) is called positive definite if H(0) = 0 and
H(z) > 0 for all z # 0.

As shown in [LWY07, Th. 1.3.3|, a positive definite function H is restrained by strictly
increasing functions ¢,n: RZ% — R29 ie.

¢ (lzll) < H(z) <n(flzl]) and  ¢; (0) =0 =n; (0)

Definition 6.2. A function V € C1(Q x R2%,R) is called a Lyapunov function of the
stationary solution z, = 0 of 2/(t) = f (x(¢),t) if

1.Vt>0:V(0,t) =0
2. Vz € Q,t>0:V(x,t) > Hi(z) for a positive definite H; € C(Q, R=0)
3. It holds V (z,t) < 0 on Q x R2® for V (z,t) := Vi(z,t) + (f (x,1), Vs (2,1))

The first condition ensures that z, = 0 is always a global minimum of the time-
dependent Lyapunov function V. The second inequality means that there is a lower
bound for values of V' which is independent of ¢ and strictly increasing with ||z||,
ie. V(x,t) > ¢(||z|]). If additionally limj,|—c ¢ (||]]) = oo holds then V' is weakly
coercive with respect to x according to the definition in [Zei90, p. 472|, viz. V (x,t) —
oo if ||z]] — oo independent of . A Lyapunov function exhibiting this property is
usually called radially unbounded in the literature on stability of ODEs. The latter
restriction is required in order to prove global uniform stability of the origin, e.g [Yos66,
Th. 42.5]. The third condition enforces V' to be monotonically decreasing along the
integral curves of #/(t) = f(x(t),t) because the chain rule implies LV (z(t),t) =
V (z(t),t) < 0.

In case of autonomous ODEs there is a nice geometric view on this dissipativity in-

equality. It is known that the gradient VV (z) = (V, (x))" is orthogonal to the level
set {z € Q| V (2) = vy} pointing in direction of the fastest growth of V. Condition

(VV(2), f(z)) =V(z) <0

corresponds to an obtuse angle between f(z) and VV (z), see Figure 6.1. In |LL67,
p. 37| is shown that the Taylor expansion of V(x) contains terms of degree > 2, e.g.
the graph of V is similar to a paraboloid in a neighbourhood of the origin. Due to
V(x) < 0 a solution z(t) stays on its level set of V or is “reflected” to a level set with a
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{2 € QV(z) =V(x(to))}

Figure 6.1: Geometric interpretation of V(x) <0

smaller value of V. If V(z,t) is wedged between positive definite functions H;, i = 1,2
and V is negative definite then this descent towards the local minimum V (0,t) = 0
implies that solutions x (¢;to, zo) are bounded and lim;_. ||z(¢; to, zo)|| = 0, at least
for o € B. (0) C €. The following classic stability criterion points out this property
of the above definition:

Theorem 6.3. [Dem67, S. 237ff.]

Let . = 0 be a stationary solution of the ODE x'(t) = f (x(t),t) and let the local
Lipschitz condition with respect to x be satisfied.

1. The emistence of a Lyapunov function implies Lyapunov stability of x.,.

2. If the Lyapunov function under consideration satisfies

- V (z,t) < Ha(z) for a positive definite Hy € C (€2, R=")

- Vs negative definite, i.e. Vo € Q,t >0 : V(x,t) < —H(x) with a positive
definite H € C (Q, R=?)

then x, is asymptotically stable in the sense of Lyapunov.

In various cases the existence of a Lyapunov function is even a necessary condition in
case of a stable solution. Such statements are called converse theorems, for example
[LWYO07, Ch. 4], [Yos66, Ch. 5|. Furthermore Lyapunov functions allow estimates
of the domain of attraction in case of asymptotic stability and they enable to prove
criteria for Lagrange stability, confer the mentioned monographs.

Several research groups in applied mathematics are engaged setting up Lyapunov func-
tions for relevant problems. For the most part, this process rests upon intuition, ex-
perience and explicit knowledge of the physical background of the respective problem.
Nevertheless, the presented second method of Lyapunov has the pivotal theoretical ad-
vantage that no a priori knowledge about solutions of the ODE is necessary for stability
investigations. This approach is also called the direct method of Lyapunov because it
applies directly to the differential equation in question. In contrast, Lyapunov’s first
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or indirect method uses the linearization of a system to determine the local stability of
the original system.

6.1 First key note: cylindricity of the domain

The investigation of Lyapunov stability of a reference trajectory x, of

2’ (t) = f(z(t),1) (6.1)
usually takes for granted that f is defined at least on an e-tube around the integral

curve of x,. Indeed, the common assumption in the context of the direct method of
Lyapunov is a cylindrical domain of the ODE under consideration.

According to [Wal00, § 6|, there are three types of behaviour of maximal solutions
r € CH(I,R™), I = [ty,t.) of an ODE (6.1) with f € C°(G,R™), G C R™ x R open
and f satisfying the Lipschitz condition locally:

1. t, = 00, i.e. = exists for all t > tg

2. t. < o0 and limsup,_,, ||z (¢)|| = oo, in other words the solution “explodes” on a
finite interval

3. te < oo and liminf, ;, dist (z (£),0G) = 0 that is x comes infinitesimally close
to the boundary 0G of the domain of f

A Lyapunov function V' (z, t) delimits the ODE solutions x (¢; to, x¢) with ||xg — . (t)]| <
0 to
S(;:{a:E]Rm‘EIt: Viz,t) < max V(xo,to)}
20€Bs(z+(to))
The existence of a positive definite lower bound H; = Hj (z) such that H; (z) <
V (x,t) ensures that the "Lyapunov sack” Ss is bounded because

S; C H{* ({0, max vV (xo,to)]) :

20€EBs (T4

Choosing a smaller 6 > 0 means “to tighten the Lyapunov sack”, i.e to reduce the
diameter sup,, ,cs, ||z — y|| of S5. Now if (6.1) has a cylindrical domain G = G x [to, 00),
g1 € R™ open set, then it is possible to choose § such that Ss C G; has a non-vanishing
distance to the boundary 0G;. Consequently, the solutions are bounded and do not
approach 0G so there is only the first case remaining, that is they exist for all ¢ > t,.

The inconspicuous property of a cylindrical domain G = G; X [ty,00) around the
reference solution x, = 0 in Def. 6.2 is certainly a reasonable requirement. In general,
if G is not cylindrical, i.e. there is no ¢ > 0 such that

Bs(0) C{x eR™|Vt>0: (x,t) € G}

then dist (0 (pr,;G),Ss) = 0 is imaginable for every 6 > 0. In this case, solutions of
(6.1) are still bounded due to the Lyapunov sack, but may fail to exist on the infinite
interval [ty, 00). Since the domain of an explicit ordinary differential equation is readily
available, the cylindricity assumption is a mild restriction, if any. For differential-
algebraic systems, the access to the domain of the inherent regular ODE in terms of
the given DAE in order to ensure cylindricity turns out to be challenging.
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6.2 Second key note: implicit resolution for R (Dzx)’

Another key note behind the direct method of Lyapunov is the dissipativity equation
V(a:,t) < 0 representing the total time derivative of a Lyapunov candidate func-
tion V' = V (z,t). It is important that this monotonicity property (i.e. the value of
a Lyapunov function evaluated along the integral curve of a solution is monotoni-
cally decreasing) can be represented without knowing the solutions of (6.1). Dissi-
pativity equations for DAEs are difficult to state because of the missing solvability
of f(a'(t),z(t),t) = 0 with respect to the derivative 2’ (¢). This problem was no-
ticed at an early stage of research on differential-algebraic systems, e.g. attempting to

formulate the direct method of Lyapunov for linear implicit DAEs

P(t)a' (t) = f(z(t),1)

in a customary way in [Baj87|. Fortunately, the remedy is already presented in the
same publication (|[Baj87, p. 2173]):

“The above-mentioned deficiency can be removed if an LEC! is constructed
to be not an explicit function of x, but rather the explicit function of an
auxiliary variable that depends on x in a special way.”

In detail, for the above DAE it is proposed to use y; (t) := P (t)z (t) implying
y (&) =P (t)x(t)+P(t) f(z(t),t) and a Lyapunov function candidate V- =V (y, t).
Assuming differentiability of the functions involved, the total time derivative of V' along
a solution x of the mentioned DAE is given by

d

3V 0. ) =V(y @), 1)+ (Vi i (0),6), PP (t) & (t) + P (t) f (z (1) 1))

The present thesis: Lyapunov functions aiming at the inherent dynamics

The above approach was not the starting point for the methods of this thesis because
there is no obvious or canonical way to extract the derivative components from a fully
implicit system like nonlinear DAEs of the type (1.2) like it is done for simple linear
implicit systems. In fact, our main idea was to address the inherent regular ODE of
a DAE, that is to define a Lyapunov function for the IRODE strictly in terms of the
original system. Starting from a complete (tractability) decoupling of index-1 DAEs,
it appeared canonical to rely on D-components and therefore to define and use D-
component stability. The reduction of the tractability index turned out to be fitting
well into the approach so the index-2 results were stated.

We had to investigate appropriate features of the properly stated leading deriva-
tive term and index-1,2 tractable DAEs. A distinguishing mark of a properly for-
mulated derivative term is certainly the possibility to solve fully implicit DAEs for
R (t) (Dx)" (t) thus suggesting to formulate the Lyapunov function depending on y =
D (t)xz. Of course, the simplicity of the Ansatz owes heavily to the restriction on
ker f, (y,z,t) in Definition 1.2.

!Lyapunov Function Candidate, explanatory note
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Consider properly stated DAEs f ((Dz)' (t),z (t),t) = 0. Assuming unique solvability
of the DAE, the configuration space M (t) is covered by solutions so that a unique
solution is passing through each zyp € M (ty). Let x (¢;t9,x0) denote the solution of
the IVP x (to; to, o) = 29 € M (o) of the differential-algebraic system on its maximal
interval of existence I(;, ). Obviously,

d

(R0 5 OO 0200 (tt0:20) 1) =0

ie. x(t;ty,x0) € My (t) and M (t) C M ().

The properly stated derivative term results in

VEe Moy (t)Ip=R(E)p: f(n,&1)=0

according to Lemma 1.19. In the particular case xy € M (ty) it holds

y=R(t) 5; (D () (tito, )

t=tq
for y = R (to)y satisfying f (y,xo,to) = 0. For this reason, the following lemma is
proved:

Lemma 6.4. [Universal implicit resolution with respect to R (Dx)']

If the differential-algebraic system (1.2) is properly formulated and features unique
solutions of the initial value problems then

Vg € I, o € M (ty),y=R(ty)y:
fy,zo,t0) =0=y=R(t) L (Dt)x (tQto,l’o))‘ (6.2)

t
t=tg

This abstract proposition is applicable because the unique solvability can be ensured
for DAEs of index k = 1, 2 by the means of accessible sufficient conditions. Lemma 6.4
contributes to a better understanding of the theoretical background of dissipativity in-
equalities in [MHT03a|, [MHT03b| and [San00]. Moreover, the definition of Lyapunov
functions for DAEs is motivated.

6.3 Lyapunov functions for index-1 DAEs

We wish to generalize Lyapunov functions to fully implicit index-2 DAEs because of
the benefits such functions exhibit in case of ODEs. The successive sections lead to
an appropriate definition. Our starting point are properly stated index-1 DAEs (1.2),
that is

f (D) (t),(t),t) =0
They admit a quite simple representation of the inherent dynamics using Lemma 2.18.

First of all notice that in case of index k = 1,2 DAEs, stability of a reference solution
x, with initial value z.(tg) € Mj_1(to) can be reduced to stability of the origin.
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Transformation to the origin and ¢, =0

Let z, : [to, 00) — R™ be a solution of the fully implicit DAE f ((Dz) (t),z(t),t) = 0.
The investigation of its Lyapunov stability requires to know the behaviour of the
difference z (t) = z(t) — x.(t) of further solutions z of the DAE with initial value zq
and ||IIx(z.(to) — xo)|| sufficiently small. Chaining the transformation to z, = 0 and
to = 0 presented for ODEs motivates the transition to the DAE

7 ((f)z>' (t),z(t),t) —0 (6.3)

with D(t) = D(t+t0)7 f(yaxat) = f (y+ (DQ?*)/ <t+t0)7$+$*<t+t0)>t+t0) on
the domain

G={(y.x,t) ER" xR" xR | (y+(Dz.) (t+to),x +a.(t +10). t +19) € G}

f is defined on a region G containing an open and connected neighbourhood of the
extended integral curve belonging to z.. This corresponds to a region around the
extended integral curve of z, =0 in G.

For any solution z € C}, ([ty, @), R™), a € RU {oo} of the given DAE
z e CID([()?Oé_tO)aRm), Z(t) = I(t+t0>_«r*<t+t0)

solves the transformed system (6.3). Hence, (asymptotic) stability in the sense of
Definition 4.2 or M-component stability of the stationary solution z, € C} (R=°,R™)

of (6.3) implies the same stability property of the associated reference solution z, €
Cp (R, R™) of the given DAE.

Lemma 6.5. Consider the properly stated DAE (1.2) having a solution . and the
tractability index k = 1,2 in a region around the extended integral curve of x.. Then
the transformed DAE (6.3) exhibits the same index in a region around the extended
integral curve of z, = 0.

Proof. The partial derivatives of f are

ij (y,x,t) = fy (y + (D‘T*)/ (t + tO)ax + ZE*(t + t0)7t + t())
fo (2. t) = fo (y+ (Dz) (t+to), @ + . (t + to), t + to)

Denote the elements of the matrix chain of (1.2) by N;, S;, G, for i € {0,1,2}. Evaluat-
ing these elements evaluated in (y + (Dz.) (¢ + to),x + x.(t + ), t + to) corresponds
to a matrix chain of the transformed system (6.3) evaluated in (y, z,t). O

6.3.1 An implicit representation of the index-1 IRODE

Consider the algebraic equation f (y,z,t) =0, f € CY(G,t) belonging to the properly
stated DAE (1.2) with tractability index one. According to Lemma 2.18 the solution
components u (t) := D (t) z (t) solve the ODE

W) = frrops (u(t),t) = R (t)u(t) + D()w (u(t), t) (6.4)
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on the invariant subspace im D(t). Here w = w (u,t) is implicitly defined by the
algebraic constraint

F(w(ut),ut)=0, F(wu,t):=f(Dl)w D" (t)u+ Qo(t)w,t)

Conversely, every solution u of the IRODE with an initial value uy € im D(¢y) corre-
sponds to the solution

z(t) =D~ () u(t)+ Qo () w(u(t),t)

of the given DAE. This proves the unique solvability of the index-1 DAE supposed
consistent initial values zg € M (to) with preset (Dz)(ty) = uo, in other words locally
around any point (y,z,t) € G with x € My(t) and y = R(t)y such that f (y,x,t) = 0.
The inherent regular ODE (6.4) restricted to im D (¢) determines the dynamics of the
DAE.

Now it is self-evident to demand a Lyapunov function of the IRODE on im D (¢) as a
stability criterion for (1.2). In doing so we try to avoid the terms stemming from the
complete decoupling in the explicit representation (6.4). The definition of a Lyapunov
function for index-1 systems should be formulated in terms of the initial DAE instead.

It is obvious that every solution z € C4, (I,R™) of the DAE satisfies the first level
constraint, e.g.

Vtel: x(t) € Mo(t)

Besides, Lemma 1.19 ensures that for every x € My(t) there exists a unique y =
R(t)y € im D(t) with f(y,z,t) = 0. Additionally, for all t € I, x € My(t) and y € R”
with f (y,z,t) =0,

u:=D{)x, w:=D"(t)y+Qo(t)x

fulfill the algebraic equation F' (u,w,t) = 0 which has a locally unique solution w =
w (u, ).

These considerations imply that in case of a solution x of the DAE,
y(t) = R(t) (Dx) (1)

is equivalent to D(t)w ((Dz) (t),t). Taking the second addend in (6.4) into consider-
ation results in the following representation of the right hand side of the IRODE:

Viel, xe M, (t) . frroDE (D(t)[L’,t) = R/(t)D(t)ZL‘ +z (65)

with the unique z = R(t)z solving f(z,z,t) = 0.

6.3.2 Lyapunov function aiming at D-component stability

In general, the tractability index one of a fully implicit DAE could be valid only on a
domain like in Figure 6.2 which gets infinitesimal close to the extended integral curve
of z, =0 for t — 0.
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Rn % Rm

(0,0)

index-1 domain

Figure 6.2: problematic index-1 domain of a DAE

This setup seems to be inappropriate for Lyapunov stability for we have to prove the
existence of solutions with consistent initial values xy € Mg (0) and D (0) zy € B;s (0)
for all ¢ > 0. Even if these solutions proceed in an e-neighbourhood of the integral
curve belonging to z, for t € I = [0, 00), they do not converge towards the stationary
solution in general. As a consequence, they could leave the subset of G where the index-

1 condition holds thus becoming inaccessible by the means of the complete decoupling
in § 6.3.1.

It is sufficient to require the feasibility of the index-1 decoupling on a cylindrical region
around z, in order to apply the algebraic relation (6.5) for an appropriate definition of
a Lyapunov function of the solution u, := Dx,0 of the IRODE u/(t) = firope (u(t),?)
restricted to the invariant subspace im D(t) C R™. Let us agree to use the

Notation 6.6. In the following,
U = {B. ((Dz.) (t)) x Be (s (¢)) x {t} [t >0} CR" x R™ x R*°
denotes the e-tube around the extended integral curve of .,
U, = {B.((Dx,) (t)) x {t} |t >0} CR" x R=°

and
(DMy) (t) :={D )z € R" |z € My (1)} = D (t) My (t)
Furthermore, the gradient VV (u,t) refers to spatial arguments only, i.e. VV (u,t) :=
[V (u, t)]T-
Definition 6.7. [Lyapunov function for D-component stability|

V € C'(U,R) is called a Lyapunov function for the reference solution z, of the
properly formulated index-k, k = 1,2 DAE (1.2) if

1.Vt >0: V((Dz)(t),t) =0
2. There exists a positive definite function H; € C° (B, (0) € R™, R) exhibiting

Vt >0, u € (DMy_1) () N B (D) (1) : Hyi(u— (D) (£) < V(u,t) (6.6)
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3. Forallt > 0,2 € My_1(t), || D (t) (x — . (t))]| <€, 2= R(t)zwith f(z,z,t) = 0:

V(D) z,t):= (R (t)D({t)z+ 2, VV (D) z,t)) + Vi (D (t)z,t) <0 (6.7)

Notice that for index-1 DAESs, the simplification
(DMy) (t) N Be (D) (t)) = im D (¢) N Be (D) (1))

is possible for sufficiently small ¢ > 0.

It turns out to be easier to work with a Lyapunov function without fallback to the
state space representation of the inherent dynamics on R". Instead, we aim directly at
the inherent regular ODE on the invariant subspace im D (¢). The main reason is that
dissipativity inequality (6.7) admits a nice expression in terms of the given DAE. The
second reason to reject the state space form are additional restrictions on the bases
of im D (t) and ker f, (y,z,t) due to their appearance as the matrix-valued function
V' (t) in (2.27) and in the corresponding representation of the solution vector.

Remark. The definition of V' € C' (U, R) is due to convenience because the constitu-
tive properties are required only on

{im D(t) x {t} |t >0} N

If the given DAE is numerically qualified, that is im D(t) = const. then R'D = 0 and
frrope(Dz,t) = z are valid in (6.5) and Representation (6.7) simplifies to

V(D (t)z,t) = (2, VV (D ({t)z,t)) + V; (D (t) z,t) <0

Assumption 6.8. Assume that the following properties hold for the DAE (1.2) and
sufficiently small € > 0 :

1. U. € G and the DAE (1.2) possesses the tractability index 1 on U..
2. The domain of the maximal continuation of the resolution function w = w (u,t)
implicitly defined by
F(w,u,t) = f(D(t)w, D (t)u+ Qo (t)w,t)

contains the cylindrical region U .

Theorem 6.9. [Principal Lyapunov theorem for index-1 DAEs/

Consider the stationary solution x, = 0 of a properly formulated DAE (1.2) satisfying
Assumption 6.8.

1. If a Lyapunov function V (u,t) according to Definition 6.7 exists then x, is D-
component stable.

2. If the Lyapunov function V (u,t) under consideration satisfies

-Vt > 0,u € im D (t) N B (0) : V (u,t) < Hy(u) for a positive definite
H, € C° (B.(0) C R", R=")
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index-1 domain

Figure 6.3: A suitable index-1 domain meeting the above assumption

-V is negative definite, i.e. there exists a positive definite function Hy €
CY (B (0) € R™,R=?) with

Vi >0,ueim D(t)NB(0): V(u,t) < —Hs(u)
then x, is asymptotically D-component stable.

Proof. On D-component stability:

The basic idea of the proof is to construct a “Lyapunov sack” (cf. § 6.1) containing
solutions of the inherent regular ODE. The domain of tractability index one allows a
complete decoupling of the given DAE locally around each point of

UN{(y,z,t) €G | f(y,x,t) =0}

Local uniqueness of the implicitly defined functions w = w (u,t) enables us to switch
over to the maximal continuation. In the process, the second part of Assumption
6.8 ensures that the above set contains a cylindrical region where a global decoupling
based on the maximal continuation w (u,t) on U, is available.

According to [LWYO07, Th. 1.3.3| positive definite H;, i = 1,2,3 are characterized
by the existence of two strictly increasing functions ¢;,7; : R=® — R=Y having the

property
@i (|[ull) < Hi(u) < i (lull) and ¢ (0) = 0 = n; (0)

Let 0 < v < €. Continuity of V at z, = 0 means that
30 > OV [Juol| < & : V' (uo,0) < ¢1(7)

Consider an arbitrary solution w (t; 0, ug) of the IVP w (0; 0, up) = uo € im D (0)NBs (0)
of the IRODE (6.4). Now

tyi=1nf{t >0 | |u(t0,u)||=",V0<s<t:|u(s;0,up)l <~}

denotes the first time when the trajectory of u (¢; 0, uo) hits the boundary of B, (0) C R".
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Suppose that ¢, < co. Per constuctionem, the integral curve of u (+;0,ug) restricted
to [0,¢,] is located in the domain of the resolution w = w (u,t) so we are able to use
the solution representation

zo = D7 (0)ug+ Qo (0) w (ug,0)
x(t;0,z9) = D (t)u(t;0,up) + Qo(t)w (u (t;0,up) , 1) (6.8)

of properly stated index-1 DAEs according to Lemma 2.18 and § 6.3.1. Obviously,
D (t)x (t;0,20) = R(t) u (t;0,ug) = u (t;0,up)

because of the invariant subspace im D (¢) and vy € im D (0). The chain rule and
Representation (6.5) imply

d . _ Va(D()x(0,20) ) 5 (D (8) x (0, 20))
dtV(D() z(50,20),8) = +Vt(D(t) (t,O,mO) t)
_ Va(D @)z (40,20) 1) firope (D (t) z (£;0, z0) , )
+Vt(D(t) (t;0,20) , 1)
= V(D) (t0,),t)

The dissipation inequality (6.7) ensures monotonicity of V' along solutions of the

IRODE, i.e.

d
VO <t <ty =V (u(t;0,20),8) <0

In combination with (6.6) the estimate
VO <t <ty: dr(Jlut;0,uo)l) <V (u(t;0,u0),t) <V (ug,0) < (y) (6.9

holds. Strict monotonicity of ¢; results in ||u (¢;0,u0)|| < - on the entire interval [0, ]
and this contradicts the definition of ¢,.

Above argumentation reveals that integral curves of solutions w (¢;0,ug) of the IVP
u (0;0,up) = up € im D (0) N Bs (0) of the IRODE (6.4) cannot leave B, (0) x R=°.
The second requirement in Assumption 6.8 ensures B, (0) x R=* C U, hence the
second and third case in § 6.1 are excluded so these solutions u (+; 0, ug) of the inherent
regular ODE exist on entire R=%. In addition, u (¢;0,ug) € im D (t) holds due to the
corresponding invariant subspace im D (t). Again, we use (6.8) to construct the unique
solutions z (+;0,z9) € C}, ([0, 00), R™) of the given DAE which fulfill the estimate

Yao € Mo (0): D (0)xg € Bs (0) = || D ()2 (-50,20)||. <7 < e

implying D-component stability of x,.

On asymptotic D-component stability:

We have already proved that V0 < v < e3§ > 0 such that solutions z (¢; 0, xg) of the
IVPs zg € Mg (0), D (0) 2y € Bs (0) C R” of the DAE (1.2) exist on R=? and satisfy

¥t >0: D () (t;0,2) € B, (0)
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It remains to show that

30 > 0¥z € Mg (0), D (0) 20 € B; (0) : lim D (t) @ (;0,20) = 0

Again, consider ug := (Dz,) (0) and u (t;0,u0) := D (t)z (t;0,20). In this case V is
dominated by —Hj3 so we get the estimate

d

dtv< u(t; 0,up),t) < =3 ([[u(t;0,u0)]]) < —¢3(0) =0

for the general solution wu (;0,ug) of the IRODE with uy € im D (0) N Bs (0) \ {0}.
Local uniqueness of solutions of the IRODE implies ug # 0 =Vt > 0: u (¢;0,up) # 0
Therefore 0 < V' (u (t;0,ug) ,t) is strictly decreasing and there exists the limit

lim V (u (t;0,up) ,t) =1 (ug) >0

t—oo

Suppose that Jug € im D (0) N B, (0) \ {0} : I =1(up) > 0. Then,
LSV (u(t;0,u0) 1) < H (u(t;0,u0)) < n2 ([Ju(t;0,u0)l])

resulting in

[ (0, uo)|| = mz " (1) > 0
In other words, the solution of the inherent regular ODE w (-; 0, ug) belongs to the set
{ueR" | ny* (1) < ull <7} where

c= inf  Hz(u) >0
my )< full <y

The fundamental theorem of calculus combined with the monotonicity of the integral
and %V (u(t;0,up),t) < —Hs (u(t;0,uq)) imply

t
VWMW®0=‘Mwm+/%VMmm@$®
0

< V(U0,0> —ct

Fort > 0 : V(u(t;0,up),t) < 0 arises in contradiction to V (u,t) > H; (u) > 0.
Thus,
Vg € im D (0) N Bs (0) : tlim V(u(t;0,u9),t) =0

The lower bound on the Lyapunov function implies
0 < ¢ ([Ju(t;0,u0)l]) < Hy (u(t;0,u0)) <V (u(t;0,u0),t)
The continuous function ¢ (||u (-;0,ug)]||) is restrained by u, = 0and V (u (-;0,up) ,-) €

CY 50 limy .o @1 (JJu (t;0,up)||) = 0. Due to strict monotonicity of ¢; and ¢; (0) = 0
we deduce lim;_.o, u (¢;0,uy) = 0, i.e. asymptotic D-component stability of .. O
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Notice that (6.7) in Def. 6.7 is a local structural condition due to || D (t) (x — z, (t))|| <
€ . The mere existence of a global Lyapunov function for numerically qualified DAEs
(where im D (t) is constant) implies that D-components of DAE solutions starting
sufficiently close to z, are bounded on their interval of existence — irrespective of the
tractability index! This is based solely on the second key note, namely, the implicit
resolution for R (t) (Dz)’ (t) and an adequate definition of the Lyapunov function for
differential-algebraic systems.

Corollary 6.10. Consider the stationary solution x, = 0 of the properly formulated
DAFE (1.2) with im D (t) = const. Given a global Lyapunov function V € C' (R™",R),
wm particular

- 3H, € C°(R™, R) positive definite with

Vit >0,u€im D: Hy (u— (Dz)(t)) < V(u,t)

- Forallt >0, x € M(t), z= R(t)z with f(z,z,t) = 0:

V(D (t),t) == (z,VV (D (t)z,t)) + V; (D () 2,t) <0

it holds

Ve > 039 > OVzg € M (0), || D (0) zo|| < d3x (t;0,20) Vt € Loa, = [|D (t) z (£0,20)]| < €
Here, x (+;0,20) € C} (Io4, R™) denotes a solution of the DAE on its mazimal right
interval Iy ., C R2Y of existence and M (t) the configuration space of the DAE.

In addition, if V (u,t) has a positive definite upper bound Hy € C° (R",R=") and 1%

s negative definite then

Vag € M (0) such that Iy, = R=": lim V (D (t)x (t;0,2¢) ,t) = 0.

t—o00

Proof. Per definitionem, for all 2o € M (0) there exists at least one solution x (¢; 0, x¢)
of the DAE passing through x (0;0, z9) = . Due to im D (¢) = const. we may choose
a constant projector P € R™ ™ onto this subspace so for all z () € C}, it follows

(D) (t) = (RDz) (t)
-~ RWPD2)(t) +R)(Da) (1)
:(R(t)ﬁ),(D:c)\(;):f)’(Dx)(t):O
= R(t) (D) (t)

Applying the chain rule we get

d , V(D () (t;0,30) 1)
aV(D(t)x(t’o’%)’t) 4 Vi(D(t)x (t;0,39) , t
Vo (D (t) 2 (t;0,20) , 1) R (1) § (D (t) 2 (£;0,20))
+Vi (D (t) z (t;0,20) , 1)

3% (D (t) (£ 0, x0))
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Now x (t;0,29) € M (t) € Mg(t) so there exists a unique z = R (t)z such that
f(z,2(t;0,20),t) = 0. On the other hand,

(RO 5 DO 260,00 2 050.20) 1) =0

so we conclude z = R (t) & (D (t) z (t;0,20)). Consequently,
d

dt
due to the global version of (6.7). In combination with above version of (6.6) the
estimate

Vt € Iowy: =V (D(t)z(t;0,20),t) =V (D (t)x (t;0, ) , ) <0

¢ (1D (8) z (£:0,20)[]) < V(D (t) x (£;0,20) , ) <V (D (0) 30,0) < 1 (7)
is obtained where ¢ (J|u||) < H; (u). Strict monotonicity of ¢; results in
1D (&) 2 (80, z0)[| <~
on the entire interval of existence.

The convergence of D (-)z (+;0,x9) towards x, can be proved by a straightforward
adaptation of the respective part of the proof of Theorem 6.9. n

Assumption 6.8 is essential in order to provide stability in the conventional sense,
that is to attest nonlocal existence of solutions. To this purpose the access to the
inherent dynamics via tractability index one on U, involving Assumption 6.8 (1.) and
the representation of the inherent dynamics as an IRODE on a cylindrical domain
U; CR" x [0,00) ensured by Assumption 6.8 (2.) are reasonable.

Stability estimates for the entire solution vector

Notice that no estimate of algebraic solution components is given in Theorem 6.9,
i.e. x, is D-component stable but, in general, the Lyapunov stability of the entire
vector is not given. D-component stability is certainly a weak stability property - that
is just why it can be valid even in cases where no Lyapunov stability is present at
all. For example, the configuration space M (t) might vary with ¢ and even expand
for t — oo but the solution can nevertheless be D-component stable as indicated in
Figure 6.4.

If Qo (t) wy (u,t) is bounded on its domain, the (asymptotic) D-component stability
implies the same property for Qg (t) z components and therefore stability in the sense
of Definition 4.3. This is due to the mean value theorem

Qo (£)w (u (10, 0) £) — Qo (1) w (s (1) )]
< || Qo (8w (s (1) = s (850, 10) — e (1)) s 1 (10, wo) — . (9)]

Observe that

Qo () wy (u,t) = —Qo(t)GT" (n(u,t)) fo (n(u,t)) D™ (t)
n(u,t) = (D#)w(u,t), D () u+Qy(t)w(u,t),t)

(6.10)
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M(t)

R ~im D(t)

Figure 6.4: Configuration space M(t) C R™ with certain components expanding and
some components contracting for ¢y < t; < t3 — oo in a way that the
stationary solution x, = 0 is instable in the sense of Lyapunov but D-
component stable.

As in [MHTO03a, p. 183], we recognize that the geometry of systemic subspaces Ny and
Sp enters the stability estimates for the ()g-components via the canonical projector
Qo due to Representation (1.4) together with the reflexive pseudoinverse D~ | i.e.

Qo (1) wy (u,t) = Qo (1 (u,t)) D™ (1)

On Assumption 6.8

The urgent question is how to ensure the second condition of Assumption 6.8, i.e. a
global decoupling of the index-1 DAE? We would like to avoid formulations like “let
M, (t) be bounded/a closed manifold/..” and to consider only a neighbourhood of a
reference solution x, in M (¢). Due to index one, the extended integral curve can be
covered by

Bei ((DZI)*)I (tz) , T (tz) ,tz‘) - Rn-{—m—i—l’ t; >0,17¢€ J

where the complete decoupling is locally available. The problem is that inf,c7¢; =
0 is possible leading to a domain of the maximal continuation of w which cannot
contain a cylindrical region. Heuristically, the extended integral curve of x, cannot be
compact but the extended trajectory is, if z, is bounded with respect to the C},-norm.
This suggests to consider Lyapunov functions for bounded solutions of autonomous
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DAEs. According to Lemma 2.18, the associated inherent regular ODE is autonomous
therefore it sounds reasonable to require an autonomous Lyapunov function.

Theorem 6.11. [Stability for bounded solutions of autonomous index-1 DAEs|

A Ch-bounded reference solution x, € C} ([0,00), R™) of the autonomous DAE (2.28)
with a properly formulated derivative term is stable in the sense of Lyapunov if index
one 1s valid in an e-tube around the extended trajectory of x, and given a Lyapunov
function V (u) according to Def. 6.7. Moreover, if V (u) exhibits

- A positive definite Hy € C° (B (0) € R",R=°) such that

Vt >0, ucim DNB, (Dz) (1) : V(u) < Hy (u— (Dz.) (1))

-V is negative definite, i.e. there exists a positive definite Hy € C° (B6 (0) C R™, RZO)
with

Vit >0, u € DMoN B ((Dxy) (t)) : V(u) < —Hs(u— (Dzx,) (1))
then x, is asymptotically stable according to Def. 4.3.

Proof. As already mentioned, there are no t-components in domain G C R" x R™,
the index-1 domain U, or the cylindrical domain U; C R™ of the IRODE in case
of autonomous differential-algebraic systems. Due to ||z.|| c1, < 00 and the Bolzano-
Weierstraf Theorem, the extended trajectory C of z, is a compact subset in G C R"*™,
Hence there exists a finite subcover of

B., ((Dz.) (t;), 2. (t:)) € G, € J with C C U B, ((Dz.) (t;), 2. (1))

such that local decoupling is possible on the respective open sets. Taking a sufficiently
small € > 0 we obtain a global decoupling in the entire e-tube around C'

Following precisely the computations in Theorem 6.9, the Lyapunov function V' turns
out to be a Lyapunov function of the inherent regular ODE of the DAE (2.28) restricted
toim DNU; C R". The construction of the Lyapunov sack for Dz, together with the
existence of a global decoupling in an e-tube around C' imply that solutions u (¢; 0, ug) of
the IRODE on im D (t) with initial values u, sufficiently close to Dz, (0) are bounded,
and therefore exist for all ¢ > 0. Another consequence is that trajectories of these
solutions do not leave U; where the complete index-1 decoupling w = w (u) is feasible.
Using the known solution representation

Vag € My, Dx € Bs (D, (0)) : 2 (¢;0,20) := D~ u (t;0, Dxo) + Qow (u (t; 0, Dxg))

for consistent IVP z (0;0,z0) = xo of the given DAE sufficiently close to z, (0), we
obtain the (asymptotic) D-component stability property of the reference solution x,.

Notice that

V(y,z) €U : Quwy, (Dx) = —QoGy' (y,x) fo(y, ) D~
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is a continuous function on a compact set, i.e. the norm of Qow, (u) is bounded on
U, by ¢ > 0. Using the stability estimate for the entire vector resulting from solution
representation (6.8),

| (£ 0, 20) — 2. (1)]| < (||[D~|| + ) |u (£ 0, Darg) — D, (8)]]

Due to D = DF, and sub-multiplicative induced matrix norms we are able to control
the deviation of ||z (£;0,20) — . (¢)|| by delimiting || Py (zo — x4 (0))]| thus (asymp-
totic) D-component stability implies (asymptotic) stability of z, in the sense of Defi-
nition 4.3. O

Another approach to nonlocal existence of DAE solutions nearby the stationary ref-
erence solution x, = 0 of a non-autonomous DAE (1.2) requires the boundedness of
the entire solution vector and the first requirement of Assumption (6.8) in addition to
the existence of a Lyapunov function. Then, solutions x (t;0, z¢) of the differential-
algebraic system simply cannot seize to exist on a finite interval [0,t.), t. < oo if the
consistent initial values x are chosen close enough to z, (0).

Theorem 6.12. [Lyapunov stability for index-1 DAFEs with bounded derivatives/

Consider the stationary solution x, = 0 of a properly formulated DAE (1.2) satisfying
the first part of Assumption (6.8) plus boundedness of

R@OD®), D~ (). DOG! ) L) D () (1)
and QO (t) le_1 (y7 €, t) fac (y> Z, t) (t) '

on U.. Then, x, is Lyapunov stable according to Def. 4.3 if there exists a Lyapunov
function V (u,t) according to Definition 6.7. If the Lyapunov function V (u,t) under
consideration satisfies

-Vt > 0,u € im D (t) N B (0) : V(u,t) < Hy(u) for a positive definite Hy €
¢° (B. (0) C R", )

-V is negative definite, i.e.
Vt>0,uecim D(t)NB.(0): V(u,t) < —Hs(u)

for a positive definite Hy € C° (B, (0) C R",R=°)

then x, 1s asymptotically stable in the sense of Lyapunov.

Proof. We have already shown that the Lyapunov function V (u,t) provides a bound
|D (t) (z (t;0,20) — x (t))|| < 7 if the consistent initial values z( belong to M, (0)
such that D (0)xy € NBs ((Dx,) (0)) for a sufficiently small § dependent on v > 0.
Using the solution representation (6.8) and the boundedness of D™, QuGy ' f, D~
(6.10), we get

i (5:0,20) — 2 () < (07| oo + 1QGT £:D7 | Ly, ) N 80, 0) — e (1)
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Furthermore, the right hand side of the IRODE satisfies the Lipschitz condition with
respect to u due to the boundedness of

a%ﬁRODE (u,t) = D (t)wy (u,t) = R (t) D (t) — D (t) Gy (y,z,t) fo (y,2,t) D71 (t)

Hence D (t) (z (t;0,20) — 4 (t)) is bounded, i.e. the extended integral curve of z (+; 0, zo)
proceeds in U, C G if 6 > 0 is suited to a

—1 -1
O<y<e (HD*HOO’REO + HQonlffoHoo’u) (HR'DHOO,REO + ||DG171fxD7Hoo,L{€)

Let us assume that there exists an initial value zy € My (0) N By (x, (0)) such that
x (t;0,x¢) exists on the maximal right interval [0,¢.) with ¢, < co. Boundedness plus
continuity of the extended trajectory of = (¢;0,x¢) — x, (t) imply that

fip (5 (D0 (6:0,20) = (D) (0) 0 (1:0,20) — . (0) ) = (.8

exists and satisfies ||v]|, [|€]] < € where € > 0 refers to the index-1 region U, in the first
part of Assumption (6.8). Therefore,

lim x (t;0,20) = £ + xs (), lim 4 (D (t)x (t0,20)) = v+ (Dz.)" (t.)

t—te t—te dt
Due to continuity of f, z and (Dz) together with
VO<t<te: [f((D(@)z(t0,20) 2 (t;0,20),t) =0
it follows that

t—te dt

Accordingly, the complete index-1 decoupling is available locally around

lim f (i (D (t) 2 (£:0,20)) , 2 (£ 0, 70) ,t) —0

(v + (D) (te) . €+ (te) s te) € Ue

thus = (¢; 0, zo) exists at least on [0, t.] which contradicts the assumption.

Having ensured the existence of DAE solutions on [0, 00), the asymptotic D-component
stability can be proved as in Theorem 6.9. Obviously, the boundedness requirements
provide that stability properties of D-components carry over to the entire solution
vector, cf. the argument of Theorem 6.11. m

A similar rigid structural condition entered the setup of Theorem 46 in [GM86] where
global solvability is achieved for contractive DAEs f (2’ (t),z (t),t) = 0 with bounded
Gi', f. and fy- The boundedness of partial derivatives is also an important issue in
requirements of [CC07, Th. 1|. Unfortunately, such a restriction becomes unacceptable
for the analysis of index-2 DAEs because (6.11) has to be imposed on the index reduced
system which prohibits a formulation in terms of the given DAE and implies at least
boundedness of the second derivatives of f.
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Example 6.13. Consider the simple linear index-1 DAE

() () o (Capen ) (2) 0= (0)

defined on R x R? x R=Y. Assumption 6.8 is obviously fulfilled. The solution set is

Mo (1) = {c( e;fp(&? ) lce R}

and D (t)x = x;. Here, V (21) := 2% is a Lyapunov function being positive definite
and V (x1) = —x? negative definite. Now the asymptotic D-component stability of z,
is guaranteed by Theorem 6.9, i.e. x; is asymptotically stable. In this example f, (%)
is unbounded in ¢ and the entire solution vector a1 (0) (exp (—t),exp (¢))" is instable
in the sense of Lyapunov.

Example 6.14. Consider the following, non-Hessenberg index-1 DAE

(2o ) (0 0)(il))/““(zl@&?(w):(8>

This differential-algebraic systems contains the nonlinearity 2z, (t) #} (t) = S (t). It
1

2[E1 1

x1 # —0.5. Therefore, the DAE is a properly stated system with tractability index

one on G = R x {(x1,22) € R?| |z1],|z2| < 0.5}. The system exhibits the stationary

solution z, = (0,0) and the inherent regular ODE z} = —-5—. Condition (6.7) for a

Lyapunov function V' =V (z;) reads

is easy to compute G (y,z1,x2) = ( ) which is a nonsingular matrix for all

X1

__n <0
1+ 27, & (1) <

On G, 1 4+ 2x; > 0 is true and the dissipation inequality of V is equivalent to
11V, (z1) < 0. Again, V (z;) = %x% is a Lyapunov function of the IRODE with
V negative definite guaranteeing asymptotic stability of solution component z;. Due
to the autonomous structure of the given DAE, z5 depends on x; only and the partial
derivatives are bounded on G implying asymptotic stability of x,. Considering the

IRODE, separation of the variables results in
exp(z1)zy =exp(t+c¢), ceR

This equation can be solved with respect to x; due to the implicit function theorem,
but it is difficult to obtain an explicit representation.

6.4 Lyapunov functions for index-2 systems

Having formulated Lyapunov functions for index-1 DAEs, the question arises how
to define such functions appropriately to serve as a stability criterion in the more
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complex case of the tractability index two. Again, the challenging part is the interplay
of certain dissipativity inequalities and access to the inherent dynamics of the DAE,
thereby demanding both aspects to be expressed preferably in terms of the original
differential-algebraic system. To cope with Lyapunov’s direct method for index-2
DAESs the preliminary work on complete decoupling in Chapter 2 and on reduction of
the tractability index via differentiation of constraints in Chapter 3 is deployed.

6.4.1 Lyapunov function aiming at D P-component stability

Like in the index-1 case, an appropriate definition of a Lyapunov function has to refer
to the inherent dynamics of the differential-algebraic system near a reference solution
2. In context of the complete decoupling of nonlinear index-2 systems we proved that
the solution components

u(t) = (DP) () (t) = (DP1) (D) (), 2. (t) ) 2 (t)
are determined by the inherent regular ODE

u' (t) = firope (u (t) ) =g (u(t),1)

and remaining parts of the solution vector z(-) € C} (I,R™) by the constraints
x(u,t) := s(u,t) in (2.23), supposed the preconditions of Theorem 2.10 hold. De-
note Pi(t) = P, ((Dz.) (t), z.(t),t) and so on.

The relation f(zg,zo,t0) = 0 for zy € M;y(ty) C My (ty) determines a unique zg =
R (tp) xp. Under the assumption im D(t) = const. it follows

20 = R(to) (Dx)' (to) = (Dx)' (to) = (DPiz) (to) + (DQ1z) (to)

In particular we obtain this implicit representation of the IRODE of the given index-2
DAE nearby z,:

with the unique z = R (t) z fulfilling f (z,z,t) = 0. Let us formalize the assumptions
using Notation 6.6:

Definition 6.15. [Lyapunov function for D P;-component stability]

V e C' (U, R) is called a Lyapunov function belonging to the reference solution x, of
the properly stated index-2 DAE (1.2) if

LVE>0: V(x,(t),t)=0
2. 3H, € C° (B, (0) € R",R) positive definite with

Vt >0, ucim (DP) () NB (DP.) (1) : Hy (u— (Da,) (1) < V(u,t)

3.Vt > 0,2 € My(t),(DPy) (t)x € B (DPyxy) (1)), 2 = R(t)z satistying f(z, x,t) =
0 it holds

° (DPLD7) (1) 2, VV ((DPy) (t) , 1))

14 ((DPI) (t) l’,t) = +V, ((Dpl) (t) x,t) <0 (6.13)
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Heuristically, it is clear that the presented definition expresses the conditions on a
Lyapunov function of the IRODE restricted to DK. Now we have to prove that
Definition 6.15 ensures D Pj-component stability of the stationary solution. To this
end, we necessitate

Assumption 6.16. Consider the DAE (1.2) having the stationary solution z, = 0.
Let Q1 (y, z,t) be an admissible projector on Ny (y,z,t) along K (y,z,t). We require

1. The DAE (1.2) possesses the tractability index 2 on U, C G for sufficiently small
e>0

2. Additionally,

V(y,z,t) € U : im < —fnyzT ) (y,x,t) = im < fy]f;T ) (0,0,¢)

3. im D (t), D (t) N1 (0,0,¢) and D (t) K (0,0,t) are constant
4. The DAE (1.2) satisfies the differentiability requirements in Theorem 2.10

5. Domains of the maximal continuations of implicitly defined functions 7 and & of
the complete index-2 decoupling (2.19) contain a cylindrical region around the
integral curve of (., wy,t) resp. (us,t).

Analogously to the index-1 case, the cylindricity of domains in Assumption 6.16 5.) is
very important but also quite hard to ascertain.

Theorem 6.17. [Lyapunov function as a criterion for DP;-component stability/

The stationary solution x, = 0 of the DAE (1.2) satisfying Assumption 6.16 is DP;-
component stable if there is a Lyapunov function V (u,t) in the sense of Definition
6.15. Furthermore, x, is asymptotically D P;-component stable if V (u,t) fulfills

-Vt > 0,u € DK : V (u,t) < Hy(u) for Hy € C° (B, (0) C R*, R=%) positive
definite

-V is negative definite, i.e.

Vit Z 0, u € (DPlMl) (t) ﬂl/ll . V(U,t) S —H3(u)
for a positive definite Hy € C° (B, (0) C R*, R=")

Proof. Assumption 6.16 1.)—4.) enclose the requirements of the local complete decou-
pling approach in Theorem 2.10 on the entire U, C G. Consider the maximal extension
of the implicitly defined functions s (u,t) and ¢ (u,t) in Representation (2.19) of the
inherent regular ODE. At the same time Assumption 6.16 5.) expresses that domains
of these functions contain the é-tube around the respective components of the station-
ary solution z, for a sufficiently small € > 0. In other words, the IRODE is defined at
least on the é-tube around the integral curve of DPjx,. W.l.o.g. assume € = €.

From here on every step of Theorem 6.9 is repeated with some minor changes because
we focus on solution components uy = (DPy) (0) zo, u (t;0,ug) = (DPy) (t) z (;0, z0)
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and consider the associated inherent regular ODE. Precisely, the solution representa-
tion

x(t;0,29) = s (u(t;0,(DPy) (0) z) , t)

and the IRODE (2.19) replace the index-1 counterparts. As stated in (6.12),
%V((DPl)( )2 (£:0,20) 1) =
{ » ((DPy) (t) 2 (80, 20) . t) firope (DP1) (t) 2 (£:0,20) , 1)
+V ((DPy) (t) 2 (0, 20) , 1)
=V ((DPy) (t)z (1;0,20) ).

Therefore trajectories of solutions u (; 0, ug) of the inherent regular ODE (2.19) with
initial values wu (0;0,up) = uy € DK N B (0) stay in the compact set B, (0). Conse-
quently, they exist on R=%. It holds u (¢;0,u0) € im (DP,) (t) = DK because DK is
an invariant subspace of the IRODE and the integral curves proceed in the domain
of the solution representation so we construct C}, ([0, 00), R™)-solutions of the DAE
fulfilling

Vzg € M1 (0): (DPy)(0)xo € Bs(0) CR" = ||(DPy) (1) (150,20, < v <€

i.e. z, is DP;-stable.

Asymptotic D P;-stability is proved using the same approach as in Theorem 6.9. [

In general, Definition 6.15 is not stated in terms of the given DAE according to § 6.4.3
by reason of the projector (DP;) (t) = (DP;)(0,0,t). Using the canonical projector,

m (DPLC) (y7 €T, t) =D (t) Sl (yv z, t) =D <t> pry (T(y,x)Nl (t))

where

N, (t) = {(Z,x) ER™ X R™ | [ (z,2,8) = [ (D () 2, By (t) 7+ Qo (1) 2,1) = o}
T(y,m)M (t) = ker D(y,:}c)f (D_ (t) Y + QO (t) xz, PO (t) T, t) :

6.4.2 A criterion for D-component stability

Another possibility to define an appropriate Lyapunov function is to make use of the
index-reduced system associated to f ((Dz)’ (t),z(t),t) = 0 with a properly formulated
derivative term. The reduction of the tractability index via differentiation requires
No(t) to be constant and im G1(y,x,t) dependent on (Pyx,t) only, cf. Theorem 3.4.
Using a projector Wi (Pyz,t) along im Gy(y, z,t), the following representation of the
index-reduced DAE is obtained:

0 = F((D2) (1) 2(t).1),
f(y T,t) = (I — Wy (Pow, ) f (y, 2, 1) + Wy (Pox, t) (Wi f), (Pox,t) D~ (t)y
U +Wi (Pox, t) (Wi f), (FPox,t) (D7) () D(t)x + Wi (Rox, t) (Wi f): (Po, t)
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Due to Theorem 3.6, M, (t) = Mo(t) N My (t) is an invariant set of the IR-DAE, in
which M(t) denotes the first-level constraint of the IR-DAE. Inequality (6.7) for a
Lyapunov function of the index reduced system restricted to M (t) reads

V (D(t)z,t) <0 for all t > 0,2 € M,y (t), 2 = R(t)z with f (z,2,t) = 0

Under the assumptions of Theorem 3.4, solutions x (¢; ¢y, zo) of the given DAE (1.2)
with consistent initial values zo € M;(0) correspond to the unique solutions of the
associated index-reduced DAE f ((Dz)' (t),z(t),t) = 0 restricted to M; (t). Thus,

d - (d
PO @) nn) =07 (5000 )
o U (6.14)
For zy € M1(0) € My (0) N M, (0), the terms z = R(0)z and Z = R(0)Z are unique
in f(z,x0,0) = 0 respectively f(Z,z,0) = 0. Taking (6.14) into consideration, this
means

d
dt
In particular, the monotonicity condition (6.7) on V' (u,t) along solutions of the index
reduced DAE restricted to M; (t) can be written in the following implicit form:

2= R(0)S- (D (t)x (o, m0)),,_, =2

It:to

(R'(t)D(t)x + 2, Vo (D (t) z,t)) + V; (D (t) z,t) <0

for all t > 0,2 € My (t),z = R(t)z with f (z,2,t) = 0. In other words, Definition 6.7
turns out to be adequate. Here, the Lyapunov function applies to the D-components
of solutions of the associated index-reduced DAE on M, (t) which are known to coin-
cide with solutions of the given DAE. Again, structural conditions using Notation 6.6
are required to perform the index reduction via differentiation plus Assumption (6.8)

addressing the IR-DAE.
Assumption 6.18. Consider the reference solution z, € C}, (R=°,R™) of a properly
formulated DAE (1.2). For a sufficiently small € > 0 require

1. Tractability index 2 on U, C G

2. ker D(t) = const. and V¥V (y,x,t) € U, : im Gy (y,z,t) dependent on (Pox,t)

3. 1k f, (y,z,t) D(t) + Wy (Pox,t) (Wi f), (Pox,t) = const. on U,

4. D=, Wy continuously differentiable and W, f € C?

We are going to state an analogon to Theorem 6.9 for index-2 systems.

Theorem 6.19. [Principal D-stability criterion for index-2 systems/

The stationary solution x, = 0 of the properly formulated DAE f ((Dz)' (t),z(t),t) =0
satisfying Assumption 6.18 and Assumption 6.8 2.) for its index-reduced system is D-
component stable, if there exists a Lyapunov function V (u,t) according to Def. 6.7.
Additionally, if V (u,t) exhibits a positive definite upper bound H, € C (B(0),R=?)
and V is negative definite then x, is asymptotically D-component stable.
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Proof. Assumption (6.18) comprises the requirements of Theorem 3.4 on entire U,
resulting in the existence of the index-reduced DAE (3.2) associated to (1.2). The
IR-DAE features the tractability index one in a neighbourhood of any point in U, N
{(y,z,t) € G| f (y,x,t) = 0}. Assumption 6.8 2.) guarantees that there is an ¢ > 0
such that index one is valid on entire 4, C G and the domain of the maximal continu-
ation of the resolution w = w (u, t) belonging to the index-reduced DAE contains the
cylindrical region U;.

By means of Theorem 6.9, we are able to attest the property
V0 <7y < €30 > 0Vug € (DM;)(0)NBs (0), >0 |Ju(t;0,u)| <7

for the general solution u (¢;0,ug) of the initial value problem w (0;0,up) = ug of
the IRODE of the associated index-reduced DAE. V' matches relevant properties of a
Lyapunov function of the stationary solution z, of the IR-DAE restricted to M, (t) C
Mo(t). Trajectories of solutions of the inherent regular ODE belonging to the index-
reduced DAE with initial values satisfying uo € (DM;) (0) N B, (0) proceed in the
compact set B, (0) and therefore exist for all ¢ > 0. It is possible to apply the solution
representation (6.8) of the index-1 IR-DAE due to the second part of Assumption
6.8 aiming at the IR-DAE. Hence, the existence of solutions of the IR-DAE with
initial value problems xy € M; (0), ||D (0) zo]| < § is proved. Keep in mind that
M (t) C MO (t) is an invariant subset of the index-reduced system and that solutions
of the IR-DAE on M, (t) are exactly the solutions z (¢; 0, z¢) of the original DAE. As
a by-product we get the estimate ¥t > 0 : || D (¢)z (¢;0,20)| < 7, i.e D-component
stability of z,.

Once again, repeat the argument of Theorem 6.11 in order to provide asymptotic D-
component stability of z, in case of V (u,t) having a positive definite upper bound
and a negative definite V' (u,t). O

The proved stability criterion obviously holds if 1% (u,t) is required for all t > 0,2 €
M, (t) N B, (0) with ||[D(¢)z|| < e. Then, only first-level constraints are involved
in the definition of the Lyapunov function. Generally, the coupling of differential
equations and constraints usually results in involved dissipation inequalities which has
to be simplified using relations valid for elements of the configuration space M; ()
only. So we cannot expect that neglecting properties of the configuration set M (¢)
always works, cf. Example 6.21.

Assumption (6.8) for the IR-DAE is too abstract and, again, it disturbs the formulation
in terms of the original DAE. As discussed in Section 6.3, this is problem can be avoided
considering bounded solutions of autonomous DAEs.

Theorem 6.20. [Stability for bounded solutions of autonomous index-2 DAEs|

The C},-bounded solution z, € Ch, (Rzo,Rm) of the properly formulated autonomous
DAE (2.28) satisfying Assumption 6.18 is stable®, if there exists a Lyapunov function
V' (u) according to Def. 6.7. Additionally, if V (u) exhibits a positive definite upper

2Here, a slightly modified notion of Lyapunov stability is aspired. Precisely, the projector Il =
PP ((Dx*)/ (0), 2 (O)) in Definition 4.3 is replaced by the rectangular matrix Il = D .
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bound Hy € C (Bc(0),R=°) and V (u) is negative definite for all t > u € DM; N
B. ((Dzy) (t)) then z,. is asymptotically stable.

Proof. Assumption 6.18 enables to use Theorem 3.4. As a consequence, the tractability
index one of the autonomous IR-DAE (3.2), i.e.

(I = Wi (Pox)) f (D (1)), 2 (1)) + Wi (Pox) (Wi f), (Pox) D™ (D (t)) = 0
is valid locally around any point of the extended trajectory C of z, because of
f((Dz. (1)) ;2. (t)) =0 and ((Dz. (1), 2. (1)) € U.

where the index of the original DAE is 2. Remember that Cis compact in accordance
with ||z.|] o1, <00 and the Bolzano-Weierstral Theorem so there is an 0 < € < € such
that the index-reduced DAE has the tractability index one on the entire

U: = {Be ((Dz.) () x Be (w. (1)) € G CR" x R™ | t € R=%}

It is straightforward to apply the argument of Theorem 6.11 to the index-reduced
system with a slight adaptation that only solutions with consistent initial values on
the invariant set M of the IR-DAE have to be considered. This restriction is necessary
because the dissipativity inequality (6.7) does not apply in case of IR-DAE solutions
with general initial values zg € M.

Consequently, for all v > 0 there exists a 6 > 0 such that IVPs xqg € M, Dxy €
Bs (2. (0)) of the autonomous DAE (2.28) are uniquely solvable on R=? and

2 (50, 20) — 2. (B <
If V (u) is negative definite and V' (u) has a positive definite upper bound then
Jim e (5 0,20) = . ()] = 0

results from asymptotic D-component stability of x,. O]
Example 6.21. Consider the following autonomous differential-algebraic system

2w + (14 2x0) 2y —xy — g =
/
/

i =

|
coc oo

(6.15)

which is non-Hessenberg and (weakly) coupled. First, we construct the matrix chain
of the tractability index:

1000 00
D=|0100],Q = 0
0010
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201 14225 0 200 —1 22, 0 —1
1 0 0 0 1 0 0
Ju= 0 0 1|’ Jo = 0 0 0 -1
0 0 0 —2r1 —22o 1 0
It holds dim Ny N Sy = rk G| = 3 with
2.CE1 1—|— 2.932 0 —1 0
1 0 0 0 1
=19 0 1 —1 |cNiEseantoy o
0 0 0 O 1+ 22,

Choosing @) in an admissible way (Q1Qo = 0), we obtain

0 0 00 21 142w+ 22, 0 —1
0 1 00 1 1 0 0
Q1 = 0 142z, 0 0 ) G2 = 0 0 1 —1
0 14+2z, 0 0 0 1 0 0

Laplace extension results in
det Go (71, 19, 15) = —1

Therefore the tractability index 2 of (6.15) is ensured in entire U,.. Moreover,

2&31 1+ QIQ 0
. 1 0 0
im Gy (x1, z2) = span 0 , 0 S
0 0 0
Wy = Qo projects along im Gy (x1,x2) and
201 1+2z9 0 O
1 0 00| _
tk f,D+ Wi f, =1k 0 0 10 = 3.
—2I1 —QZEQ 10

As a result, Assumption 6.18 is valid. In order to apply Theorem 6.20 we have to
check the dissipation inequality (6.7) for a Lyapunov candidate function V (x1, 2, z3).
Solving f (z,z) = 0 for z, we get

T1+ x4 + 22129
14 2$2

21 = —T2, 22 = y 23 = T4

due to 1+ 2z9 # 0 on U,, € < 0.5. Therefore, (6.7) reads as follows:
—XT9 (1 + 25(]2) Vm + (ZL‘l + Ty + 21‘11‘2) va + Ty (1 + 21‘2) ‘/;3 S O

This inequality can be simplified using the property V (z1,...,24) € My : 24 =0. It
follows
—9 (1 + 229) Vp, + (21 + 221209) Vy, <0
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and V., does not influence the inequality so we assume V =V (x, z5). Now

V (21, 29) := ({B% + 93%)

N | =

turns out to be a Lyapunov function for the stationary solution z, of the DAE (6.15)
exhibiting V' (z1, x2) = 0 and Theorem 6.20 ensures stability of x,. This is already the
best we can achieve because the general solution of the DAE (6.15) is

T
(cl cos (t) — cysin (t), ¢; sin (t) + ey cos (), cf + c3, 0)

so the stationary solution does not exhibit asymptotic stability. Besides, Laplace
expansion reveals that the eigenvalues of the matrix pencil {f, (0,0) D, f, (0,0)} of
the linearization in x, are A\; o = £i thus Re (\;) = 0 so Perron’s Theorem for index-2
DAEs (e.g. [M&98, Th. 3.3]) is not applicable.

The above calculations exemplify that our decoupling procedure is not unique. For
example, the dynamics are expressed by means of

DP (o, (8). 1) = (21,025 — (14 2(22), (1) 22)

instead of (x1,22)".

Our investigations in Part I reveal that the coupling between differential equations
and constraints is an important aspect in DAE theory. To this purpose, consider the
influence of the coupling in (6.15). Regarding the third and fourth equations, (6.15)
turns out to be equivalent to the decoupled Hessenberg-2 DAE

x) Et; = —.T(Q)(t)

xh(t) = x (t

W) = o) (6.16)
0 = af(t)+a3(t) —23(t)

Obviously, (6.16) satisfies Assumption 6.18. A Lyapunov function V =V (21, x9, x3)
for the stationary solution x, = 0 is given, if condition (6.7) is valid, that is

I
T2
T3
Ty

€ My —xoVy, (21,29, 23) + 21V, (21, T2, 23) + 24V, (21, 29, 23) <0

This condition is simplified to —xoV,, (1, x2) + 21V, (21, 22) < 0 by the ansatz V =
V(z1,22). If Vi, (z1,22) = 21 and V,, (21,22) = 29, e.g. V (21,20) = 1 (23 + 23),
we obtain a Lyapunov function according to Def. 6.7. Again, Theorem 6.20 implies
stability of the stationary solution. We do not have to exploit the structure of M ()
because the DAE is in a decoupled form.
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6.4.3 Excursus: formulation in terms of the initial system

The expression “in terms of the given DAE” occurring in the thesis refers to the formu-
lation of stability criteria for the state space form of the DAE avoiding explicit access
to the tangent bundle of the configuration space. It is meant that no parametrization
or projection onto the tangent space of a subspace of the first level constraint M, () is
applied and that the state space representation is not accessed directly. Furthermore,
we would like to exclude direct access to the state space form or to quantities defined
by the implicit function theorem.

In the context of Lyapunov functions, we allow the configuration space M, (t) as
the geometric location of solutions of the given DAE at time t to be involved in the
definition. Remember that the configuration space of an ODE nearby the stationary
solution z, is simply a neighbourhood 2 C R™ of the origin. In case of differential-
algebraic equations we have to incorporate the constraints together with the focus on
D (t) x € R™ solution components. This is reflected in Definition 6.7. Conditions (6.6)
and (6.7) are originally aiming at the Representation (6.5) of the inherent dynamics
via Lemma 1.19. Notice that only a local section of M (t) around the reference
solution is involved there. For higher-index DAEs (k > 2) the hidden constraints have
to be respected by using the configuration space My_; (t). One could try to replace
M1 (t) in Def. 6.7 by Mg (t) D Mj_y (t). If feasible, explicit knowledge of M, (t)
is avoided but the boundedness and dissipativity inequality become more restrictive.

6.5 Further approaches to Lyapunov functions for
DAEs

The theory of Lyapunov functions for differential-algebraic systems is in a steady
process of development. One important issue is an appropriate substitution of the
resolution of f (2 (t),x (t),t) = 0 for the derivative 2’ (t) in the classic definition of
a Lyapunov function because such a resolution is a priori not available for DAEs.
Equivalently, the inherent dynamics together with the hidden constraints of the DAE
have to be incorporated in some way in order to get practical stability criteria. In
this thesis the appropriate definition of a Lyapunov function as stability criterion for
index k = 1,2 DAEs is obtained by means of Lemma 6.4, the complete decoupling and
reduction of the tractability index via differentiation. After deriving these results we
came across the preprint [TL10| published at the end of January 2010. This preprint
is dealing with an alternative approach to define Lyapunov functions for differential-
algebraic systems. The emphasis in [TL10] is on switched DAEs but we outline the
relevant considerations addressing non-switched systems.

The approach of D. Liberzon and S. Trenn

Autonomous linear-implicit systems
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with sufficiently smooth functions F, f are considered. Due to the standard formula-
tion of the DAE the classical solvability concept, that is x € C* is used. With regard
to switched DAEs the authors demand even piecewise C'*°-solutions. The goal is to
ensure asymptotic stability of the stationary solution x, = 0 by a suitable Lyapunov
function. To this purpose the configuration space M of the DAE is supposed to be a
closed manifold, optionally with a boundary. In particular a finite maximal interval
of existence of solutions is excluded. Additionally, the unique solvability of the DAE
is required. According to [TL10, Def. 2.6], a Lyapunov function is a continuously
differentiable function V : M — R=Y featuring

- V' is positive definite and the preimage of [0,V (x)] under V is bounded for all
reM

- there exists a continuous function F : R™ x R™ — R2° with
Vee M, ze T, M: VV (z)z=F (z,E(x)2)

NeeM: V(z):=F(zf(zx) <0

Under the mentioned requirements it is proved that the existence of such a Lyapunov
function implies stability of z,. Thereto, we quote [TL10, p. 3|:

“l...] we [...] generalize Lyapunov’s Direct Method to the DAE case in
Theorem 2.7. This result is based on a presumably new definition of a
Lyapunov function for the DAE (2) as formulated in Definition 2.6.”

There are some reasons why the described approach to define Lyapunov functions in
case of DAEs is not suitable for the focus of this thesis. First of all, to prove the
existence of solutions on the interval [ty, 00) is a challenging task for ODEs and even
more for differential-algebraic systems. Here, this property is simply assumed by the
restrictive postulation of a closed solution manifold of the DAE. Besides, the feature
of the entire configuration space to be a C''-manifold is superfluous because stability
considerations focus on a segment of M in vicinity of the reference solution. This
is reflected by the Lyapunov function according to Definitions 6.7 and 6.15, but not
in [TL10]. If we had required compactness of every solution of (1.2) a priori, then
we would be done with Corollary 6.10, providing (asymptotic) D-component stability
in the general case of non-autonomous fully implicit DAEs! Instead, Assumption 6.8
and 6.16 subsume structural conditions on the given DAE which are probably easier
to check. In essence, we demand the tractability index £k = 1,2 on a cylindrical
region around z, and the assumptions necessary for the reduction of the tractability
index 2 via differentiation of constraints. They already ensure unique solvability of
the DAE. Notice that we are interested in C'},-solutions resulting in lower smoothness
assumptions on the system. Finally, we get along without the explicit usage of the
tangent space T, M which should be avoided in formulation of Lyapunov functions in
the original problem setting.

The approach of F. Allgéwer and C. Ebenbauer

An alternative to the above procedure is introduced in [AEQ7|. There, fully implicit
controlled DAEs

fE (), z(t),u(t) =0
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with a certain admissible control u and the stationary solution z, = 0 are considered.
The main tool is the deriwative array

f @z, u)
F,(€,w) = i (Ix g (6.17)
%f (:1.0’, T, u)
for the algebraic variables x € R™, u € R"
&= (z,2,... ,:L'(Wl))T , we=(u,, . ,u("H))T (6.18)

For the sake of the derivative array (6.17) f, z and u are supposed to be sufficiently
smooth. Then, the expression % f(@'(t),x(t),u(t)) is evaluated using the chain rule
thereby introducing formal variables z(®), «(®) for the k-th derivative of the respec-
tive function. A positive definite and radially unbounded (i.e. limjg—o V (2) = 00)
function V' € C* (R™,R) is called a Lyapunov function for the stationary solution of

f@@),z(t),ut)=0if p € Nand p: Re+20mn) R U {oo} exist with
YV (2) 2’ < || (& w)lPp (€, w) (6.19)

on { <(x, ... ,x(““))T, (u, s ... ,u(”+1))T) € REF2m+n) | 4 ¢ B (0) C ]Rm}. A suf-

ficiently smooth solution (z, u)T of the given DAE also satisfies the extended system
F, (£(t),w(t)) = 0if the derivatives of z, u are used in the definition of (¢,w)” (¢). For
this reason Condition (6.19) evaluated along the extended solution vector (£ (t),w (t))"
is equivalent to VV (z) 2’ < 0, i.e. V is decreasing along solutions of the DAE. Thus
stability of z, in the sense of Lyapunov is obtained for all admissible controls .

This method is clearly arranged and it works without assuming an index of the DAE
a priori. On the other hand, it is known that the entire information of the differential-
algebraic system with differentiation index p is already contained in F), ({,w) = 0.
From this point of view the tangent bundle of the configuration space is nevertheless
required which is roughly the same as in the Liberzon/Trenn-approach. Certainly,
Inequality (6.19) enables numerical computations due to the derivative array. Accord-
ing to [AEQ7], it is convenient to verify Inequality (6.19) for polynomial f, V' and p
although the practicability is seriously affected by the high dimension of the resulting
system.

The approach of V. Bajic

Vladimir Bajic’s method to construct a Lyapunov candidate function V' (y) depending
on an auxiliary variable y = y () in a way that the inequality V (y) < 0 mimics the
total time derivative of a conventional Lyapunov function along solutions of an ODE
is outlined in § 6.2.

We present a feasible choice y = D (t) z resp. y = (DPy) (t) x of the auxiliary trans-
formation for fully implicit DAEs with a properly formulated derivative term. At the
same time the connection between the transformation and the inner structure of the
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DAF is clarified: our Definition 6.7 has the reasonable interpretation to refer to the in-
herent regular ODE of an index-1 system or to the IRODE of the index reduced DAE,
respectively. This feature also suggests how to prove nonlocal existence of solutions.

The main body of literature on DAEs in the bibliography pays almost no attention
to V. Bajic’s considerations on stability of DAEs, although they originate from the
late 1980s—we found some of them as a cross reference in the (engineering) context
of [KD99|. Certainly, the reasoning is fragmentary and driven by practice rather than
mathematical theory, e.g. the important questions of existence and uniqueness of solu-
tions of DAEs are simply skipped in [Baj86, Baj87, Bajo0, MB&9|. Of course, without
using a sound index concept for characterizing and bounding structural complexity of
differential-algebraic systems, there is no way to succeed with these issues. Neverthe-
less these publications help to classify the results of the present thesis. We believe
that [Baj86, Baj87| could have had an influence on the development of Lyapunov-like
stability criteria in the DAE community with a predominantly mathematical inclina-
tion.

The approach of Pham Van Viet

In the recent past some efforts to define Lyapunov functions for nonlinear DAEs with
the tractability index £ = 1,2 are made by Vietnamese mathematicians. For the
purpose of comparison, we briefly present the results from [VT04] and [Vie05]. Linear-
implicit DAEs of the form

AR t)+B@)x(t) = f(x(t),t) (6.20)

with A € C* ([tg, 00), R™*™) bounded, B € C ([to, 00), R™*™), f € C°([ty, o0) x R™, R™)
with f; € C° and f, € C! are considered. The tractability index 2 is required together
with the structural conditions

im A (t) Py (t) Py (t) = const.
Q)G () f(x(t),t)=0 (6.21)
Qo (1) G () f (2 (), 1) = Qo (t) D (t) By (t) Pr (t) x (¢)

for all solutions  (t) of (6.20). At this, the existence of a suitable function D €
C" ([tg, 00), R™*™) is demanded. Denote the matrix chain of the tractability index for
the DAE A(t)2' (t) + B (t)xz (t) = 0 by P;(t), G, (t) and the corresponding elements
for (6.20) by P, (x,t) etc. These matrix chains and the tractability index k = 1,2 are
similar to [GM86]| and thus a prequel to the tractability index for properly formulated
DAEs used in this thesis. Now, (Ar)" = A’z + A2’ reveals that the DAE (6.20) on its
geometric solution space is equivalent to the ODE

y (&) =A@ =BO)T )y )+ f(T({t)y1) (6.22)
on im AP()Pl having the initial value Yy (to) =A (to) P() (to) P1 (to) Zo,
T(t) = (1 Q) — QPGy'B + Q0D> ()Gt (1)

In publication [VT04] as well as in [Vie05, Assumption (B)| dealing with index-1
DAE:s it is merely assumed that the ordinary differential equations involved do possess
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unique solutions of the respective initial value problems on [tg, c0). In order to define
a Lyapunov function for index-2 DAEs (6.20), the monotonicity condition

V (yet) = lisup = (V (g + s (4= BYOT (4 £ (T () 9,1) =V (3.0) <0

(6.23)
on a suitable domain is required. Consequently, V (z (¢),t) is decreasing along solu-
tions of the inherent regular ODE (6.22). According to [VT04, Th. 2.1] the existence
of such a Lyapunov function ensures stability in the sense of Lyapunov of z, = 0. Sev-
eral classic results considering Lyapunov functions for ODEs (the majority stemming
from [Yos66]) are carried over to the representation (6.22) of the inherent dynamics
and hence to the given DAE.

From our the point of view the above approach exhibits several drawbacks. The exis-
tence of a classic Lyapunov function is sufficient to ensure solvability of the ODE under
consideration on entire [tg, 00), at least in case of initial values nearby the reference
solution. Therefore it appears reasonable to demand this property from an appro-
priate generalization of the Lyapunov concept to DAEs. In [Vie05] and [VT04], no
importance is attached to this fundamental feature of Lyapunov functions, the nontriv-
ial question of existence of solutions of index-2 DAEs on unbounded intervals remains
open. Moreover it is not obvious how to check Assumption (6.21) efficiently. It is cum-
bersome that (6.23) is not formulated in terms of the given DAE and that the analysis
does not include fully implicit systems, possibly with || f,|| .. = oo so practicability as
well as mathematical elegance of the above approach could be questioned.

Summing up, there exist several different mathematical approaches to adapt the direct
method of Lyapunov to differential-algebraic equations. The connection to differenti-
ation index marked in [AEO7]|, the usage of tangential space of the solution manifold
in [TL10| and the implicit representation of the inherent dynamics in Lemma 6.4 po-
tentially hint at a common geometric origin of the discussed concepts of Lyapunov
functions for DAEs. In our honest opinion, the overall understanding of differential-
algebraic systems (e.g. all-embracing knowledge of connections between the index con-
cepts) is not advanced enough to claim the “right” definition of a Lyapunov function
for DAEs at the moment. After balancing pros and cons of the presented approaches
and new insights provided in § 6.6 and § 7.3, it seems to be of theoretical and practical
interest to take the definitions of Lyapunov functions - as stated in this thesis - into
consideration.

6.6 Understanding contractivity definitions for DAEs

Dissipativity inequalities represent a natural generalization of Lyapunov functions.
They provide evidence for global stability of solutions on a certain region. Considering
ODEs ' (t) = f(z(t),t) with f € C(G CR™ x I CR,R™) it is decisive to replace
the Lipschitz condition ||f (z,t) — f(Z,t)]| < Ly ||z — Z|| by the so called one-sided
Lipschitz condition (cf. [DV84, § 1.2])

Viel, z, 2 el : (f(x,t)— f(z,1),2—%) <B)]|z— 7| (6.24)
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with a piecewise continuous function f: I — R and U; C {z € R™ | (z,t) € G}. Here
(-,-) denotes a scalar product and |[|-|| the induced vector norm.

Remark 6.22. The one-sided Lipschitz condition
Ve, z el : (f(x)— f(Z),z—2) <0

is called a monotonicity condition on the right hand side of an autonomous ODE
' (t) = f(x(t)) in [SHI6, p. 178]. For one dimensional systems the scalar product
corresponds to multiplication of the arguments times a constant, thus the one-sided
Lipschitz condition reads f (z) < f (Z) for x > Z, i.e. f is monotonically decreasing.

An ODE is called (strictly) contractive if the one-sided Lipschitz condition (6.24) with
B(t) <0 (B(t) <0)is valid. The notation results from the (strict) contractivity of the
flow associated to the differential equation on {U; x {t} |t € I} C G. In other words,

Vit to € I,t > tg and xg, x1 € Uy, = || (L L0, x0) — x (5 to, 21)|| < exp (B (t)) ||zo — 21|
(6.25)
holds.

Contractivity for index-1 DAEs

One of the most essential theoretic results in [MHTO03a| is the generalization of the
notion of contractivity to properly formulated differential-algebraic systems (1.2). A
fully implicit index-1 DAE is called contractive if the associated inherent regular ODE
is contractive on im D (t). To this end the one-sided Lipschitz condition is formulated

for the IRODE in [MHTO03a, § 3.1], that is

(D0 wut) )~ w (@00, DO WO =) gy ()= 2 o
R (0 (u ()~ (1) D (2) (u(t) — 7 (1) = PIp ) =]

where x (t) denotes the solutions of the DAE, u(t) := D (t)z (t) and w (u,t) the
implicitly defined resolution function in the complete decoupling as per § 6.5. The
laconic statement

“The following definition takes up this idea, but in terms of the original
DAE.”

introduces the important contractivity definition

368 > 0Vt > tg, x,2 € Mo (t), 2,2 €
(z=Z2+R@)D@)(x—12),D(t)(z—2) <-B|D({?)(z— 1)
(6.26)

for index-1 systems in [MHTO03a, p. 183]. It is shown (Proposition 7, ibidem) that
the DAE is contractive in the above sense if and only if the associated IRODE is
contractive on im D (¢). Formulation (6.26) appears canonical if the implicit resolution
of the DAE for R (Dx) stemming from Lemma 6.4 is applied. According to [Tis09],
the dependency on expressions in terms of the complete decoupling is the reason why
the subsequent publication [MHTO03b] restricts to contractivity of linear index-2 DAEs
only. Then, by virtue of the superposition principle, it is sufficient to investigate the

im D (t) with f(z,z,t) =0= f(Z,7,t):

‘ 2
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trivial solution of the homogeneous linear DAE, i.e. & = 0 is used. The contractivity
definition for linear index-2 DAEs from [MHTO03b, Def. 24| reads

B>Vt >0,z e My (t), z=R(t)z with A(t)z+ B(t)z =0

(z+ R {t)Dt)z,D(t)x) < —3||D () z| (6.27)

Given (6.27), Theorem 26 in [MHTO03b| proves the contractivity of the inherent regular
ODE given, i.e an estimate of the type (6.25) for the D P;-components of the solution
vector. An estimate for the entire vector is achieved using the solution representation
for linear differential-algebraic systems, yet including the factor [P (¢)[[ pg, ) Which
reflects the geometry of the time-varying systemic subspaces.

This result can be improved formulating the one-sided Lipschitz condition directly for
nonlinear index-2 DAEs such that the stronger estimate

1D (t) z (L to, z0) — D (t) (¢, 21)|| < exp (= (¢ — o)) [|D (to) (xo — 1)

affecting the differentiable solution components Dx instead of D P,z is achieved.

Contractivity notion for index-2 DAEs

The Py-contractivity of the DAE f (2’ (t),2 (t),t) = 0 on a manifold I' (t) C M, (¢) is
defined in [San00, §2.2.2| by the means of

36 > OVt > 0, (, ), (G50 e R x T (H) x I,
f(z,z,t)=0=f(Z1,1), Qoz—Qoz—O (6.28)
(z= 2Py (¢ —2)) < =G| P (z = )|

Here, @) is a constant projector onto ker f, (v, z,t) and (-, -) is a suitable scalar product
on R™ together with the induced norm ||-||. The definition is acknowledged to be based
on a former definition of contractivity given by R. Méarz. Assuming this definition, the
estimate

[ Pox (X, o, o) — Pox (t;to, 21)|| < exp (=8 (t — to)) [ Fo (zo — 1)

for solutions z (; o, x;) € I'(¢) of the original DAE can be proved easily. The tech-
niques presented in the current chapter of this thesis make a simple explanation pos-
sible: Condition (6.28) for Py-contractivity states the contractivity of the IRODE of
the associated index-reduced system on I' (t) N M, (t).

We are going to specify this result modifying the notion of Fy-contractivity a little.

Definition 6.23. A fully implicit nonlinear DAE (1.2) with index k£ = 1,2 and a
properly formulated derivative term is called D-component contractive if there is a
scalar product (-,-) on R™ and a piecewise continuous function 3 : I — R=C such that

Vtel, z; € My_1(t), z = R(t)z with f(zi,xz, t)=0:
<Zl — 29, D (t) (Il — 372))

e (6.29)
CAR(ED() (21— 22), D (1) (a1 — )y = 0O NP0 (11 =)

is satisfied.
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The above definition coincides with [MHTO03a, Def. 6] in case of index-1 DAEs .

Theorem 6.24. [Interpretation of D-component contractivity/

If the nonlinear DAE 1.2 exhibits tractability index k = 1,2 on its entire domain and
the system is D-contractive according to Definition 6.23 then solutions x (t;to, x;) of
initial value problems w1, x5 € My._1 (to) of the DAE (1.2) on their respective maximal
intervals of existence Iy, ,, satisfy the following estimate

Vt c [tOJl N [tO,CE27t Z to .
1D (@) (tto,21) = D(O) (st < exp (f1 B()ds) 1D (0 (w1 — )]

In addition,

6.30)

1. D-component contractivity of an index-1 system implies the one-sided Lipschitz
condition of the associated inherent reqular ODE on its invariant subspace im D (t).

2. If the requirements of Theorem 3.4 are fulfilled then D-component contractivity
of an index-2 DAFE implies the same property of the associated index-reduced
DAE restricted to M, (t). In other words, the one-sided Lipschitz condition of
the IRODE of the IR-DAE restricted to (DMy) (t) holds.

Proof. Estimate (6.30) for D-components of the solution vector is obtained by minor
adjustments of the proof of [San00, Th. 2.2.15]. Choose z1,xs € Mj_1 (ty) and set

a(t) =3 ||D(t) (x (t;to, 1) — x (t:to, 22))|I7,
yi (t) == 5 (D (t) x (t; to, ;)

on the common maximal interval of existence Iy, », N Iy, 2,. The scalar product is a
symmetric bilinear form so

o (t) =<1 (t) =92 (t), D (t) (= (0, 1) — = (£ 10, 72)) >
Due to D = RD we obtain y; (t) = R’ (t) D (t) z (t; to, ;) + R (t) y; (t) and

o (t) = (R'(t) D (t) (z (t;to, m1) — 2 (t;t0, 22)), D (t) (z (t;to, v1) — z (¢ t0, 72)))
+(R() (y1 () = w2 (1), D (t) (2 (L to, 1) — @ (L0, 22)))

Inequality (6.29) implies
o (t) <26 (t) o (t)
because of f (R (t)y; (t),x (t;to, x;),t) = 0. Applying Gronwall’s Lemma (cf. [Wal00,
p. 330]) results in
t
o <atwen (2 [ 50)a)

to
which is equivalent to Estimate (6.30). Obviously, this is the reason why (6.29) is
called D-component contractivity.

The second proposition is the important one, it helps to interpret the dissipativity
inequality (6.29) for index-k DAEs or to state this inequality without knowing it in
advance.
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With regard to index-1 DAESs, it is known that the complete decoupling of the system
is available locally around any point (y,z,t) € G featuring f(y,x,t) = 0 and the
tractability index one, at least if tk f, (y, x,t) D () is assumed to be locally constant.
As we have shown in § 6.3.1, the implicit representation (6.5) of the right hand side
of the IRODE is valid. Consequently we identify (6.29) as an implicit representation
of the one-sided Lipschitz condition (6.24) for the IRODE restricted to its invariant
subspace im D ().

For index-2 systems, Theorem 3.4 ensures the existence and tractability index 1 of the
index reduced DAE (3.2) belonging to the given differential-algebraic system. Inequal-
ity (6.29) addressing the IR-DAE f ((Dz)' (t),z (t),t) = 0 and its first level constraint
My (t) reads (i = 1,2):

Viel, z,e My(t), z = R(t) z with f (z;,2;,t) =0
(21 — 22, D (t) (x1 — 2)) < 2
t) || D (t —
+ <R/(t)D(t) (Il _ 1,2) ,D(t) (5171 _ x2)> = 6( ) H ( ) (xl 33'2)”
Now the argument in § 6.4.2 readily applies. Hence
Va; € My (t) C Mo (8) 3y = R(t) i : f (gi,2i,t) = 0 and [ (y;, ;1) = 0

Lemma 1.19 implies y; = z; for the z; in the above inequality. It follows that (6.29)
constitutes a formulation of the D-component contractivity condition for the index-
reduced system restricted to M, () in terms of the original DAE. O
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7 Outlook

Ars longa, vita brevis

(Hippocrates)

Investigating stability properties of nonlinear differential-algebraic systems, we came
across many interesting publications, gathered and tried out several approaches. Un-
derstandably enough, only the most successful paths were selected to form the main
body of the present thesis. We would like to comprise some more promising ideas in
this outlook, which have not found their way into stand-alone theorems so far, partly
because (our academic) life is short, but art is long. Of course, nearly every ques-
tion we answered motivates new topics to work on so this chapter also includes open
questions, thus corresponding to Georg Cantor’s conception - in re mathematica ars
proponendi questionem pluris facienda est quam solvendi.

7.1 Perspectives for index-3 tractable
differential-algebraic systems

Modelling of mechanical systems by second-order ODEs with constraints often results
in differential-algebraic systems of the type

/1 (t) - f (xl (t) y L2 (t) » L3 (t> 7t>
2y (t) = gz (t),22(t),1)
0 = h(xy(t),1)

with a regular matrix h,,¢., fzs, ¢f. [AP97, § 9.1.1]. These DAEs are called index-3
systems in Hessenberg form. Hessenberg-3 systems can be analysed without applying
the concepts of the tractability index because differentiating the first level constraints
0 = h(xe(t),t) twice reveals the hidden constraints leading to a quite simple con-
struction of a state space form of the original DAE. Dealing with nonlinear DAEs in a
general unstructured (i.e. fully implicit) form usually requires subtle methods of anal-
ysis. The efforts we have undergone are justified because circuit simulation provides a
class of nonlinear MNA equations with tractability index lower or equal to 2 for many
relevant configurations (cf. [EST00]|) which are not in Hessenberg form. However, the
structural condition Ny (t) NSy (z,t) independent of x is known to be valid and some
information on N; and S is available so our tools for fully implicit index-2 systems
assert themselves in this case.

The stability results in the context of Lyapunov’s second or direct method for index-2
DAEs presented in this thesis are based either on reduction of the tractability index



144 Chapter 7. Outlook

via differentiation of constraints or on a complete decoupling of the system. The
first or indirect method of Lyapunov for DAEs is vitally dependent on commutativity
between linearization and transformation of a DAE into the associated state space
form. As a matter of principle, mentioned techniques can be applied to differential-
algebraic systems with tractability index 3 as well. However, more involved structural
assumptions are required in order to succeed with the calculations which is a less
critical issue for index-2 DAEs. At the moment, there is a lack of clarity concerning
an area of application for orbital stability of periodic solutions of autonomous index-3
DAESs which are not in Hessenberg form. That is why an elaborate construction of the
state space representation for general index-3 DAESs is waived and solely an outline of
the procedure is presented. Same holds for the gradual reduction of the tractability
index from 3 to 1.

First of all, we have to define the tractability index tree. To this end, continue the
matrix chain of the tractability index as follows:

No(y,xz,t) = kerGa(y,x,t)
So(y,z,t) = {ze€R™ ‘ fe(y, 2, ) Po(t) Py (y, x,t) z € im Ga(y, x,t)}
GS(yax>t) = G2(yax>t)+fx(y>$7t)P0<t)P1 (y,:z:,t) QQ(y7$at>

We require admissible projectors )7 and (5 in the process, i.e.
Q2 (?J; z, t) Ql (97 €, t) = 07 QQ (y7 x, t) QO (t) = 07 Ql(yv Z, t)QO(t) =0.

Definition 7.1. The properly stated differential-algebraic equation (1.2) possesses the
tractability index 3 on a subset U of its domain G if

V(y,xz,t) eU,i=0,1,2: vk G, (y,x,t) =r; <m and G3 (y,z,t) € GL,, (R)

Resembling the index-2 case, nonsingularity of G (y, x,t) is equivalent to
N2 (yv ZL’,t) N SQ (yv l’,t) = {0}

Using a projector Wy along im G5 it holds Sy = ker W f, Py P, .

Remark 7.2. The above definition of tractability index 3 adapts the corresponding
definition in [M#05] to the simplified matrix chain. These minor adjustments are also
used in order to decouple linear index-3 DAEs in [SchO1].

7.1.1 Index reduction
Consider fully implicit properly formulated DAEs (1.2) and suppose im G5 (y, z,t) to

depend on (Fy (t) z,t) only. Applying a projector Wy (P (t) x,t) along im Gs (y, z,t)
similarly to Lemma 3.3, we obtain the property

(Waf) (y, z,t) = (Waf) (B (t) z, 1)
This is why the constraint (W f) (P (t) z,t) = 0 can be replaced by

Wa (P (1) 2,) S (Waf) (P (1) 2,6) = 0
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Using the chain rule we arrive at the system f ((Dx)/ (t),x(t) ,t) =0,

Fly,a,t) = (I — W) (Py (t) @, t) f (y,x,t) + Wa (Py (t) x,t) (Waf), (Po () 2,t)
Yy, xr,1) = +Ws (PO (t) Jf7t) (sz)x (PO (t) 1}7t) (D— (t) Y+ (D_)/ (t) D (t) :L')
(7.1)
It follows

fy (ywrvt) = fy (yvxat) + W2 (PO (t) Sl],t) (W2f>m (PO (t) :L’,t) D~ (t)

and ker fy = ker f, i.e. the differential-algebraic system (7.1) has a properly formulated
derivative term.

We restrict ourselves to (y,,t) in the domain of f exhibiting f (y,z,t) = 0 and
consider the matrix chain G;, Q; of (7.1). It follows

G1<y,$,t> = éo<y7x7t>+fr<yax7t)Q0(t)
= G1<y’x7t>+W2(PO(t>x’t)fz(yvx7t)P0<t>

because the terms depending on (P, (¢) z, t) vanish if the partial derivative with respect
to x is multiplied by @y (¢) and

(Waf), (Po (8) x,t) 2 = Wa (B (1) 2, 1) fo (y, 2, 1) 2 + [Wa (P (1) 2, 1)],, (27 [y, t))

=0

(.

~~
=0

It fgllows~that ]\71 = Ny Nker Wy (W1 f. Py). Notice that a projector Q~1 on Nl fulfills
1Q1 = @1, therefore

CJ Giz + GyQrz + [Wh, (P0Q1Z, Wa (Waf), D~y + (WQf)t))
z = 3 s
’ +Wo (Waf), Poz + Wo [Waf],. (Plez, D‘y) + Wy (Waf),, PoQ1z

In case of Hessezlberg—?) systems Py P is constant and Wy, Wy f dependent on (Py Py, t).
Consequently ()1 = @1 and condition G5 (y,z,t) z = 0 is equivalent to

Gg(y,x,t)z:(), WQ(POxat)fx(yvx7t)Poplz:()

ie. z € (NaNSy) (y,x,t) = {0}. As a result, the method reduces the tractability
index from 3 to 2 so it is adequate to call (7.1) a representation of the index-reduced
DAE.

We do not go into details with regard to suitable structural assumptions for the index
reduction of general index-3 DAEs. If we succeed to set up clearly arranged criteria for
the index reduction, then a Lyapunov function aiming at the IR-DAE on M, (t) can
be defined in terms of the original DAE. To this end, simply put k£ = 3 in Definition
6.7. Essentially, the existence of a Lyapunov function for the inherent dynamics of
such systems obtained after two steps of index reduction—and restricted to the con-
figuration space My (t)—is demanded. Again, the following requirements are sufficient
to guarantee nonlocal existence:
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1. Criteria ensuring feasibility of the index reduction and the tractability index 3
on U, (Notation 6.6)

2. A cylindrical domain of the inherent dynamics.

Motivated by Theorem 6.20, it is reasonable to expect that the second requirement is
already fulfilled for C'},-bounded solutions of autonomous fully implicit index-3 DAEs.

Remark 7.3. Definition 6.23 of D-contractivity also supports & = 3. Obviously, the
exponential estimate (6.30) is valid for fully implicit index-3 DAEs and we conjecture
that the notion of D-contractivity for such DAEs also has an interpretation as D-
contractivity of the index-reduced DAE exhibiting index 2, i.e. contractivity of the
inherent dynamics of the DAE obtained after two index reduction steps.

7.1.2 State space form of index-3 DAEs

From a complete decoupling of properly formulated linear index-3 DAEs (e.g. [Sch01])
it is known that D P, P,-components of the solution are determined by an inherent
regular ODE. Hence we suppose that the dynamical solution components of index-3
DAEs (1.2) can be identified by (DP1 P,) ((Dz..)' (t),z. (t),t), at least in a neighbour-
hood of the extended integral curve of the reference solution z,. Following the lines
of § 2.1, we consider the modified Taylor expansion (2.3)

() (D) () + fr(O)a(t) +h (D) (8),2(t),t) —r(t) =0
At this point an adequate generalization of the index-2 identities

I'=PyPy+ (PoQ1+UQo) +TQo
I=PP+ (UQo+ Q1) (Po@Q1+ UQo) + TQo P

has to be found in order to transform the above Taylor expansion of the index-3 DAE
into an equivalent system of four equations. It is difficult to choose an appropriate
splitting I = Py P, P,+. .. such that the resulting structural conditions for the complete
decoupling are as simple and reasonable as

No (t) N So (y, z,t) = (No N So) (t)

Anyway, the first equation of the splitted DAE resulting from multiplication of (2.3)
by DP;P,G3" has the form (cf. [Sch01, p. 12])

W (t) — (DPLPD™) () u(t) + (DP PG5 'BD™) (t) u (t)
+ (DPPG3Y) (8) (h(w/ (8) 0 (8) 0’ (£) ,u () v (t) ,w(t),z(t),t) —r(t))

Here, u (t) := (DP,P,) (t) x (t) and v, w, z denote the remaining solution components
such that z (t) = D~ () u (t) + v (t) + w( )+ ( ). The terms u’, v and w’ stand for
the differentiable components, i.e. (Dx)" (t) = ' (t) + ' (t) +w ( ) and the auxiliary
function reads h (v, v, W', u,v,w, z,t) = h ((Dx) ) W.lo.g. we consider the ex-
tended DAE (1.15) belonging to the original system and suppose A = A(t). Hence

the inherent dynamics for u (t) are implicitly given by

W (t) = (DPPD™) () u(t) + (DPI PG5 'BD™) (t) u(t)
+(DPRGS!) (8) (h(u(t) v (t),w(t),2(t),t) = r(t))

=0

=0



7.2 Regularization of fully implicit systems 147

Solving the remaining three equations of the splitted DAE for v, w, z such that v =
v (u,t), w =w (u,t) etc. results in the inherent regular ODE

' (t) = (DPP,D ) (O u(t)+ (DPPG;'BD7) (t) u(t)
+ (DPP,GS") () (h (u(t) v (u(t) 1), w (u(t),t), 2 (u(t),t),t) —r(t)
of the index-3 DAE

=0 (7.2)

At)(Dz) () +b(z(t),t)=0

on its invariant subspace im (DP; P,) (t). Represent the projector DP; P,D~ with re-
spect to bases of systemic subspaces like in it is done in Lemma 2.15. Then, im DP, P,
is parametrized and the IRODE (7.2) is transformed into a state space form. Per con-
structionem, the function A in the modified Taylor expansion vanishes together with
its partial derivatives h,, h,, h., h, evaluated along the extended integral curve of x,.
In other words, the complete decoupling and linearization along x, commute. This
property carries over to the state space form.

With regard to Theorem 2.22, it is reasonable to conjecture that the state space
representation of autonomous DAEs exhibiting

m (DP,P,) (t) = const.

turns out to be autonomous. Furthermore, we think that characteristic multipliers of
linear index-3 DAEs are likely to coincide with the characteristic multipliers of the
state space form like in the index-2 case. Summarizing, if above considerations are
valid, then the linearization principle will apply and the Andronov-Witt Theorem will
be proved for fully implicit index-3 DAEs as demonstrated for index-1,2 systems.

7.2 Regularization of fully implicit systems

Another interesting property of the presented index reduction approach is to suggest
a regularization of fully implicit DAEs which obey Assumption 3.1. In this case, the
equivalent representation

(I — Wy (Pox,t) f (D) (t),z (t),t) = 0

(W) (P, ) =0 (7.3)

of the differential-algebraic system (1.2) is valid. Apparently, this structure looks
similar to a Hessenberg-2 DAE (1.6)! There are reasons to interpret fully implicit
DAEs (1.2) with im G (y, z,t) dependent on (Pyz,t) as generalized Hessenberg-2 sys-
tems, that is the most important structural properties of a Hessenberg system are
abstracted from its semi-explicit form. For example, it is possible to adapt some
known regularization techniques for Hessenberg systems to (7.3). Let € € R\ {0}.

1. A special case of the regularization approach by Michael Knorrenschild ([Kno88,
Ch. 2|) for Hessenberg-DAEs (1.6) reads

2 (t) = hlas(t),2s (1), 1)
0 = glo () + e (1),0)
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Naturally, we suggest the approach

(I =Wy (Pyx,t)) f ((Dx)' (t),z(t),t) = 0
(Wi f) (Pox +eD™ (t) (D)’ (t),t) = 0

for generalized Hessenberg-2 DAEs.

(7.4)

2. The second approach is called Mdarz parametrization in [Han92|, its formulation
for nonlinear DAEs (1.1) is as follows:

[ (@ (t),z () + ePy (Pox) (t),t) =0
where I (t) denotes a projector on ker f, (y, z,t). Actually,
Py (Pyx)' = Py (D™ Dx) = D™ (Dx) + Py (D7) Da (7.5)

but we would like to formulate the Méarz parametrization for DAEs with a prop-
erly stated derivative term like this:

f((Dz) (t),z(t) + €D~ (t) (Dz) (t),t) =0 (7.6)

The aim of the game

There are two key aspects behind any regularization approach - first, the regularized
DAE should be easier to handle, which usually means a lower index. Secondly, it is
necessary to show that solutions of the regularization are connected to those of the
original DAE in a suitable manner, for example to state some asymptotic expansion
in terms of parameter e. Thorough results are known mainly for Hessenberg systems,
cf. [HE95, HHS92| and the references therein. The estimate

t
. (1) — 2 (£)]| < Cyexp (_%) L Che
is achieved in [Han95| regarding solutions z (¢) of the linear implicit DAE

Az (1) ' (t) = g (= (1)

with ker A (¢) = const. and solutions z. (t) belonging to the Mérz regularization. It
is based on a result of the differential geometric singular perturbation theory and
requires geometric index 2 of the DAE under consideration. Unfortunately, there are
some difficulties to attest the geometric index 1 of the regularized DAE and this fact
has let us be intrigued by the possibility to access fully implicit systems using (7.4)
and (7.6).

Consider the constitutive function of the Méarz regularization,
fy,a,t) == f (y,2+eD™ (t)y,t)
Then,
fy(yxt) = fy(y,x+eD™ (D) y,t) +efo (y, o+ €D (t)y,t) D (t)

foy,2,0) Qo () = fo(y,x+€eD™ (1) y,1) Qo (t)
Gi(y,z,t) = Gi(y.x+eD™(t)y, )+6fx(y,x+eD’(t)y,t)Po(tZ

=W fo Po+(I—-W1) foPo
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Obviously, Marz parametrization of index-2 tractable DAEs leads to systems of index
one if

Nin (I —=Wy) foPy={0} and rk G + €f, Py = const.

In case of Hessenberg-2 systems, ker f, (z,t) By C ker W1 f, (x,t) Py = S1 (z, 1) is valid.
Hence,
ker Gy (y,z,t) = (N1 N Sy) (y,z + eD™ (t) y,t) = {0}

We have to ensure a constant rk Gy (,t) in order to obtain the tractability index 1 of
the regularized DAE (7.6). Using Notation (1.6), the latter condition is equivalent to
a constant rank rk I,, — h,,.

Remark. Taking the addend Py (D~) Dz in (7.5) into consideration does not influence
the computations leading to the tractability index one of the regularized DAE.

The constitutive function of the Knorrenschild approach reads

f(y,2,0) = f (g t) + (Wif) (P (1) 2 + eD™ (1) (D) (1)) = (Wi f) (Po (¢) . )

We get

. fy(y,x,t) = fy(y,x—i—eD_(t)y,t)—|—6(W1f)$(y,x+6D_(t)y,t)D_(t)
fx(yvxat)Q(](t) = fx(y>x+€D_(t>y7t)Q0<t)

because Wi f does not depend on Qg (t) x. Accordingly,
G, (y,x,t) = Gy (y, r+eD (t)y, t) +e(Wif), (y,x +eD™ (t) y,t) Py ()

In contrast to the setup of Theorem 3.4, the general case (W1 f), Py # Wi f, P has to
be respected because

(Wif), (y,x +eD™ (1) y,t) Py (t) 2
(Wi (B (t) z + €D~ (t) y, 1)), (2, f (y,-%‘JrGD () y,1))
W (Py ()@ + €D~ (£)9,8) £ (g2 + D (£) y.8) Po (1) 2

and f (y,z +eD~ (t)y,t) # 0, even if f (y,z,t) = 0. Let us assume that im G, (y, z,t)
is t-dependent only and rk W (¢) f. (v, z,t) = const. Then,

ker Gy (y,z,t) = (N1 N Sy) (y,z+eD™ (t)y,t) = {0}

and rk Gy (y,z,t) = rk Gy + €W, f, is constant, in other words (7.4) exhibits index 1.

Lemma 7.4. The reqularization approach (7.4) applied to a properly formulated index-
2 DAE (1.2) where im Gy (y,z,t) has a basis {3 (1) },oy ,—ncq, and Wifs has a

constant rank results in tractability index one of the Tegulamzed system (7.4).

A physical interpretation of the regularization process for some DAEs resulting from
circuit simulation is also possible, cf. [Kno88| and the references therein.
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7.3 A link to logarithmic norms for DAEs

The concept of a logarithmic norm introduced by S.M. Lozinskij and G. Dahlquist is
a useful tool in the perturbation analysis of ordinary differential equations. According
to [DV84, pp. 17-35], the logarithmic norm

L+ RA -1
plA] = hlgilo h

of a matrix A € R"*" is the smallest possible one-sided Lipschitz constant of the linear
ODE 2’ = Az, if an inner product norm is used. A logarithmic norm enables stability
estimates for arbitrary norms, thereby the one-sided Lipschitz condition (6.24) for
nonlinear ODEs z’ (t) = f (z (t),t) is replaced by

Vie L,y el : plfe(z,t)] < B (%) (7.7)

The generalization of classical properties (as in [Str75, DV84]) of logarithmic norms for
matrix pencils with an emphasis on asymptotic stability estimates for linear DAEs is
obtained in [Cel98, GCH99|. In the context of tractability index, [Win00| provides an
appropriate definition of a logarithmic matrix norm referring to the IRODE of a linear
DAE, the resulting estimates being closely related to those of [GCH99| for index-
1 systems. Moreover, nonlinear DAEs with tractability index 1 are treated using
a generalization of (7.7), i.e. the logarithmic norm of the t-dependent linearization
with respect to the subspace im Fy. The aim of [HSO01] is to develop a conceptual
functional-analytical framework for analysing asymptotic stability of DAEs such that
linearizations and logarithmic norm notions applicable only to bounded operators are
avoided [HSO1, p. 825|. Their main tool is a least upper bound logarithmic Lipschitz
constant of an operator f: X — X defined by

M sy (00T, -

u,ve X, uFv HU - UH

with respect to the semi-inner product

A hf] = Jlul]
= 1
(v, v), = Jlul| lim ’

and (X, ||-]|) being a Banach space. Hereafter, a monotonicity inequality for the prop-
agation of perturbations in the differential solution components Pyz (where Py is a
projector and Qg = I — Fp) of linear-implicit index-1 DAEs

Py’ (t) = f (z (1))
are proved if the QQg-restricted logarithmic Lipschitz constant

Mg, [Qof] == swp (Qodv, Qof (u+ Qudv) — Qof (u)),

2
S g [Qodv]|

is negative, cf. [HS01, Th. 3.5].
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We have proved that a fully implicit index-2 system satisfying assumptions of Theorem
3.4 exhibits the following representation of its inherent dynamics on (DM,) (t):

u (t) = fdyn (U (t) 7t)
fdyn (uat) = z+ R (t>u

with u = D (t)x, x € M, (t) and z = R (t) z such that f(z,2,t) = 0. Actually, fayn
denotes the right hand side of the IRODE of the corresponding index reduced system
on (DM;) (t). The least upper bound logarithmic Lipschitz constant for fay, at a
time ¢ € I admits the representation

(u -0, fdyn (U, t) - fdyn (Ua t))+

M+ [fdyn (7t)] = sup 2
wwe(DM) (1) urtv |u— |
_ sup (D (t) (21 —2),21 — 22 + R (t) D (t) (11 — x2)) ,
x; EM (L), v1F#x9 ||D (t) (.Tl - $2)||2

z;=R(t)z;: f(zi,zi,t):O
Now the dissipativity resp. monotonicity condition on the DAE reads
VE>0: M [fagn ()] < B () <0 (7.9)

If an inner product norm is considered, then (7.9) is equivalent to D-component con-
tractivity condition (6.29) for the DAE. According to Theorem 6.24, we get the asymp-
totic estimate (6.30), i.e. a non-expansive flow of the differential-algebraic system with
respect to D-components of the solution vector. Notice that Criterion (7.9) neither
builds on linearization nor requires the Lipschitz condition for fqyn.

7.4 On practical computation of a Lyapunov
function

In theory, there is no difference between theory
and practice. But, in practice, there is.

(Jan L. A. van de Snepscheut)

Although Chapter 6 deals with Lyapunov functions for differential-algebraic systems of
index 1 and 2 from a purely analytical point of view, we cannot deny the importance of
a numerical method to obtain an approximation of a Lyapunov function, e.g. in order
to check stability or even to estimate the domain of attraction of an asymptotically
stable solution. To this end, the results from [Mar02]' seem very promising to us. A
continuous, piecewise linear Lyapunov function for the zero solution of an autonomous
ODE 2/ (t) = f (z (t)) is constructed using convex optimization techniques, precisely
Linear Programming. This approach contains involved details, but the simplified main
idea is the following: a suitable grid (i.e. a simplicial partition of the domain) is
constructed and adequate constraints for the linear program are stated such that a

Lthe contemporary name of the author is Sigurdur Freyr Hafstein
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piecewise linear, continuous Lyapunov candidate function is uniquely defined on this
grid and satisfies the Lyapunov monotonicity condition in every grid point. Certainly,
a piecewise linear Lyapunov function is not differentiable any longer, but this is not a
problem because such a function fulfills a local Lipschitz condition.

On differentiability of a Lyapunov function

Actually, there is no need to require differentiability of the Lyapunov function, we can
perfectly do with a continuous function V (u,t) satisfying a local Lipschitz condition
with respect to u. The property of V (z (t),t) being non-increasing along solutions
of the ODE #’ (t) = f (z (t),t) is ensured by its non-increasing total time derivative
which can be expressed by the dissipativity /monotonicity inequality

V(x,t) = Vi (2,t) + Vy () f (2,8) <0

without actually solving the system. Another well-known approach is to require non-
increasing right-hand upper Dini derivative DT of V' (x (t),t¢). The upper right hand
Dini derivative of a function g : I C R — R™ at t € [ is defined by

t+h)—gl(t
D*g(t) ::limsupg( +h)—9()
it I
According to [Yos66, § 1] and [Hah67, p. 196],

DV (2 (£) 1) :“,iii%pw (t) +hf(a:(t),t})b,t+h) —V (z(t),t)

along a solution z of ' (t) = f(x (¢),t) if V (u,t) > 0 is continuous and fulfills a local
Lipschitz condition with respect to u. This is easily seen using continuity of involved
functions, Taylor expansion of x (t + h) = x (t) + 2’ (t + &), & € (t,t + h) and

Viet+y) =V@)=[IVE+yl-IVE@)l<|IV(E+y) -Vl <Lyl
as well as V (z) — V(x+y) < L|y||. Consequently, the following definition of a
non-differentiable Lyapunov function for DAEs arises:

Definition 7.5. [Non-differentiable Lyapunov function for D-component stability|

V =V (u,t) € C°(U;,R) satisfying a local Lipschitz condition with respect to u is
called a (non-differentiable) Lyapunov function for the reference solution x, of the
properly formulated DAE (1.2) with tractability index k = 1,2 and im D () = const.
if

1.Vt>0: V((Dzy)(t),t) =0

2. There exists a positive definite function H; € C° (B, (0) C R", R) exhibiting

Vt >0, u € (DMy_1) () N B (Dz.) (1) : Hi(u— (D) (t)) < V(u, 1)

3. Forallt > 0,2 € My_1(t), ||D(t) (x — z. (t))|| <€, 2= R(t)z with f(z,x,t) = 0:

V(D (t)z,t) = h}IlrLi%pV(D(t)x—i-hz,t%}—Lh)—V(D(t):v,t)

<0 (7.10)
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Evaluation of the implicit monotonicity condition

The problem with Definition 7.5 is how to access the implicit monotonicity condition
resp. dissipation inequality (7.10) in numerical computations? In case of autonomous
index-1 DAEs (2.28), we are able to obtain the quantities necessary for Hafstein’s
algorithm such that it applies to the inherent regular ODE on im D:

1. Consider a suitable grid on the invariant subspace im D

2. Compute the consistent initialization for every grid point u; € im D
(yi, ;) € R" x R™ with y; = Ry;, [ (ys,z;) =0

of the DAE by the means of the tractability index-1 projection onto the constraint
manifold M. Precisely,

a) The zero solution (yo, zo) = (0,0) is known in advance (starting point)

b) The initial guess to a consistent initialization (y;,x;) corresponding to a
w; is (y;, D~ u; + Qox;) where (y;,z;) denotes the consistent initialization
belonging to an adjacent grid point u;. Compute a Lagrange multiplier
A € R™ by solving

F; (N) := f (y; + DX, (D™ u; + Qoz;) + QoA) =0

with Newton’s method which is feasible because

0
EFL‘ = fyD + f.Qo = G

is nonsingular and (y;,z;) is located nearby (y;,x;). Due to continuous
dependence of index-1 solutions on initial values, last property applies if
the grid is sufficiently fine. Then,

(yi, ) == (Ryj + D, (D’ui + ngj) + Qo)\)

is a consistent initialization of the DAE with Dx; = u; and y; = Ry;.

My

imD

K2

Figure 7.1: Order of processing the consistent initializations

In case of tractability index 2, a consistent initialization is more expensive, but never-
theless possible for DAEs allowing the index reduction, cf. [ES00, ESLO1|.
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7.5 Open questions

Concerning the previous sections, we have to point out that practical sufficient condi-
tions ensuring the decoupling procedure or the reduction of the tractability index 3 to
2 are still to be investigated. We believe that a reasonable way to generate applicable
results is to identify a class of nonlinear, fully implicit index-3 DAEs where asymptotic
stability results are of vital importance, stick to and exploit the structural properties
of such system class.

Furthermore, it is an open question, how solutions of the regularized DAE relate to
solutions of the original system, in the best case on unbounded common intervals of
existence.

We have shown that cylindricity of the domain of the inherent dynamics is a key prop-
erty in Lyapunov’s direct method for DAEs. It is an issue of both theoretical and
practical reason to derive further structural assumptions in order to obtain a cylindri-
cal domain of the IRODE of the IR-DAE thus making Lyapunov’s direct method in
Chapter 6 applicable to C},-unbounded solutions of differential-algebraic systems.

The interconnection between the functional-analytic concepts of least upper bound log-
arithmic Lipschitz constants applied to differential-algebraic systems a la [HS01] and
dissipativity inequalities (monotonicity of a Lyapunov function via (6.7) resp. (6.13),
D-component contractivity (6.29)) stated in § 7.3 certainly deserves further refine-
ments. We plan to investigate this issue in a forthcoming paper.

Last but not least, the numerical treatment of the new qualitative resp. theoretical
aspects presented in this thesis is also desirable. As indicated in the course of Chap-
ter 5, certain background on numerical methods for the computation of characteristic
multipliers and related questions like solving boundary value problems for DAEs is
available. In our personal opinion, situation becomes less comfortable when it comes
to Lyapunov functions. We hope that considerations in Section 7.4 might be helpful
to obtain a piecewise linear approximation to a Lyapunov function for a zero-solution
of an autonomous DAE. For smaller index-1 problems the computational costs are
conjectured to be reasonable. The practical realization of the approach and further
development aiming at tractability index two DAEs need to be performed. One addi-
tional interesting issue in geometric numerical integration is preservation of a Lyapunov
function by numerical methods. Intuitively, there is some similarity to the concepts
around B-stability and contractivity of numerical methods applied to contractive dif-
ferential equations, the latter questions already studied for DAEs with index 1,2 in
[MHT03a, MHTO03b, San00]. As far as we know, some results are available for ODEs
(e.g. [GQO5, MQRI8, MQRI9|) but the DAE case is still unrevealed.



8 Appendix

8.1 Auxiliary results

Lemma 8.1. /Basic properties of projectors/
Let V.W C R"™ be linear subspaces.

1. If Q is a projector on 'V along W then its complementary projector P = 1 — (@)
projects along V- on W

2. It holds ker P ®im P = R" for a projector P onto a subspace of R"
3. If Q1, Q2 both project on V' then Q1Qs = Q2

4. If Py, Py are projectors along W then PP, = P,

.

Assuming V & W = R", there exists a unique projector P realizing this decom-
position of R™, i.e. projecting on V along W .

6. A projector P is self-adjoint iff it is an orthogonal projector, i.e. P projects on
V along V+.

1)-4) follow immediately from the definition of complementary projectors and the
idempotence P? = P of a projector.

On 5) It is assumed that V @ W = R™ so consider bases {vy,...,vs} of V and
{wq, ..., wy_s} of W. Then, {vy,...,vs,ws,...,w;} are linearly independent and form
the columns of a nonsingular matrix

M = (v1,...,05,W1, ..., Wy_g)

Then, the following basis representation
fwiwsy _ ( Ls O
[P]{'Ui,w]'} - ( 0 On_s )

constitutes a projector on V along W. At this, [T]gjf denotes the matrix represen-
tation of a linear mapping 7" with respect to the basis {a;} of input vectors and the

basis {b;} of output vectors. The change of bases results in

€e; Vi, Wy — .[3 0 _
(Plie} = MIPYgo M = M( o 0. )M : (8.1)
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because M = [I ]}Z’}w’ }is the transformation matrix of the basis {vi,w;} into the

canonical basis {e;} of R". For two projectors Py, P, onto V along W,
Pxz=P (v+w)=Pv=v=Puw=PFPux
that is
P =P

holds, whereas * = v + w is the unique decomposition with v € V, w € W due to
VeW=R"

On 6) With P being a projector, P* is also idempotent with im P* = (ker P)*,
ker P* = (im P)*. The property P = P* implies im P = (ker P)* and ker P =
(im P)* thus fixing the orthogonal projector. Conversely, the orthogonal projector
satisfies P = P*.

Lemma 8.2. Let V(t) C R" be a parameter dependent linear subspace. If V(t) is T-
periodic and has a basis consisting of continuously differentiable functions then there
exists a T-periodic C*-basis of V (t).

Proof. The proof follows the lines of [LMWO03, § 3]. Consider the basis {c;(¢),...,c.(t)}

of V (t) consisting of C'*-functions and build a matrix valued function
C(t) == (cr(t), ... e (1))
of these column vectors. According to Theorem 6 from [GMS86, p. 195] the expression

C(1)

—1

P(t) :=C(t) (CT(t)C(1))
defines an orthogonal C'—projector on V/(¢).
We have assumed V(¢ +T) =V (t) soforall y € V(t +T) = V(¢):
P(t)y =y =Pt + Ty,

in addition to P(t)y = 0 = P(t+ T)y for y € (V(t+T))" = (V(t))". It follows
Pt+T)="P().

Now it is to prove that solutions {c;},_, . of the initial value problems

aj(t) = P'(t)ei(t),  ai(0) = ci(0)
constitute a T—periodic C''—Basis of V(¢).

Obviously, the above C'—solutions «; possess the representation

ai(t) = exp ( /0 t P’(s)ds) 4(0)

The T'—periodicity of a; results from the fundamental theorem of calculus and T'—periodi-
city of P(t) via

t+T
a;(t+T) = exp (/0 P'(s)ds) ¢i(0) =exp (P(t+T)—P(0))¢(0)
— exp (P() — P(0)) (0) = st
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«; are linearly independent because same holds for the initial values ¢;(0). With
Q =1 — P we obtain

(Qui)' (1) = Q(t)au(t) + Q(t)ai(t)

Q'(t) (Qa) (1)
Due to Q(0)c;(0) = 0 of this linear ODE we obtain Qa; = 0 resp. Pa; = «;, l.e.
{a1(t),...,a.(t)} constitute a T-periodic C''-basis of V(¢). O
Lemma 8.3. Consider an open set QN C R™ and a matriz valued function M €

CY(G,R¥**) together with b € C'(G,R*). The Jacobian [M (z.,)b(x,)]. has the follow-

g representation
(M (2.) b (2.)], 2 = M (2.) bs (22) 2 + [M ()], (2,0 (2))

with z € R™ and the bilinear form [M(z,)], defined by

e oy 355 [ L) 5

Jj=1

Moreover, the i-th component of [M (x.)|, features the representation

([M (z. sz (DM (2.) Zvl (8.3)

Proof. We validate the above representations for the i-th component, ¢t =1,... k.

For the j-th unit vector e; € R™ it holds (e;); = d;;. The product rule for real functions
implies

([Mblzej)i = ([Mbly)i; =

i 0= g ) = g Mo e
_ ( 8iM <x>: b <x>)i i z My () (b ()
- ([pmw]ow) « ()
_ ( _%M (:r;): b (x))i + (M (@) b, (0) ;)

lj

ij

%

Use the linear combination z = Z

[M ()], (2, b(z)).

=1 #j¢; in order to obtain Representation (8.2) for
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Considering the i-th component of [M(z)].(z,b) and (8.2),

(M(@)]a(z0)), = Z% ax] H

7=1
= 2 ([ae))
; ’ (|ia‘rﬂ 7
S 3) ST PLVIE] I
=1 k=1 @x] ik
Now -2 M (z) is defined componentwise so |2 M (z = 2 [M(z)].,, hence
Ox; Ox; ik Oz ik

ML), = D3 g M@

7j=1 k=1
‘ axj ik ~J
k=1 j=1 k=1
DM,z is the directional derivative %Mil(.’f) for continuously differentiable M, (z).
This proves the lemma. O]

Lemma 8.4. (Characterization of autonomous ODEs)

Let D C R™ be a region and f € C* (D,R). The explicit ordinary differential equation
2'(t) = f (x(t), 1) (8.4)

1s autonomous if and only if all solutions x are invariant under translation, i.e. Ve €
R: Z(t) =z (t + ¢) also solves (8.4).

Proof. Solutions of an autonomous ODE are obviously invariant under translations.

Require that all solutions of (8.4) are translation-invariant. Let us assume f; # 0, i.e.
there exists a zo € D and to,t; € R with f (zg,t0) # f (z0,t1). Here, D is an open set
and f continuously differentiable. According to the theorem of Picard-Lindelof, there
exists a unique solution z € C* (I, D) of the IVP z (ty) = xo of (8.4) on the interval
I := (ty — €,to + ¢€) for a sufficiently small € > 0.

Define ¢ := t; — tg and the function z(t) := z (t — ¢) in C' (I +¢, D). By virtue of
translation invariance of solutions associated to (8.4) and the choice of the ¢-domain,
7 is a solution of the ODE (8.4) satisfying the initial values

j(t1>:x(t1—6):x<t0)zxo
Per constructionem 7'(t;) = /(o) is valid which contradicts the assumptions because

#'(t) = f(&(tr), tr) = [ (z0, t1) # [ (20, %0) = 2'(to)
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8.2 Decoupling of nonlinear DAEs using a projector
P, on S

§ 2.1 covers in detail the nonlinear decoupling using a projector (); on N; along
K D N,. Supplementary, we decouple DAEs applying a projector P on S; leading
to an inherent regular ODE on the associated invariant subspace D.S;. Due to its
structural complexity, the mentioned representation seems to be hardly suitable for
further investigations.

Consider linear-implicit DAEs (2.5) with A = A(¢) possessing a solution x, € C}, (I, R™).
Again, we exploit the equivalent representation (2.3) of the form

A(t) (D) (t) + bi(t)x(t) + h (x(t),t) —r(t) =0

Assume that the subspaces (DS7) (x4 (t),t) and (DK) (x4 (t) ,t) are constant. Follow-
ing the lines of § 1.5.2, the steps of the linear decoupling of

A(t) (Dz) (t) + 03 ()2 () =0

are applied to the entire DAE. Thereby we use the canonical index-2 projector P (x,t) =
P can(x,t) on Sy (z,t) along Ny (x,t) and a projector P, (x,t) on S; (z,t) along Ny (x,t)
resulting in the equivalent system

w(t) + (DPQuD™) ()(Dy) 1)
+ (DRG;") (8) (b (u(t), y(0), w(t),£) = (1)) — 0 (89)
+ (DPG3'0;D7) (Hu(t) + (DPG b PPy

+ ((PQy + UQo) G5 ) (1) (h (ult), y(t), wt), ¢ =0 (86
+ (UQoG3'b:D~

u(t) + w(t)

(ult), y(t), w(t),t) — r(t)) — 0 (87

(t (TQOPI 1b§P0P1Q1> (t)y(t)

)
(I + (UQO + P0P1> G;lb;P0P1Q1>
)
)

(TQ0P1G2_117* 7))
+ (TQoPG3") (t) (h

—(QoQ:1D™) (t)(Dy)'

Here, P, (t) := Py (z, (t) ,t) etc. and u,y, w defined according to (1.32).
Equation (8.6) constitutes

Y4 (u(t), w(t), Z()y(t), t) —0
with Z(t) = (UQO + P0Q1> (t) and

gy — (1 (UQ+ RP) G0 RPQ:) (y+ (UQuG; D7) (t)u

+ ((PQl + UQo) G;l) t) (h (u,y,w,t) —r(t))
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The partial derivatives of this function are

<[ + (UQO + Pop1) G51b2P0P1C~21) (t)

i + ((PQ1 +UQo) G5 ') (t)hy (u, y,w,t)
M’u (U, w,y, t) = (UQOGglb;D_) (t) + ((PQI + UQO) G2_1) (t>hu (U’7 Y, w, t)

M, (u,w,y,t) = ((PQ1 +UQy) G;l) (t)hy (u,y,w,t)

My (u,w,y,t) =

By (0 (8), 0, (8), (0, ) = B (2,(8),0) (UQo + @1 ) (8) =0

and Q1 (t)Z(t) = Q1(t) into consideration resulting in

M, (u.(t), wi(t), Z(t)y«(t), 1) = (I + <UQ0 + Pofﬁ) Gglb;POP1Q1> ()

with z = Z (t) y. This matrix is regular for all ¢ € I so there exists a unique implicitly
defined function m = m (u,w,t) exhibiting

i (u(to), wi(to), to) = y:(to)

M <u,w, Z(t)m (u,w,t) ,t) =0

m (u, w,t) = (UQO + P0Q1> (t)m (u, w,t)

M (U, W, ) = — My_le> (u, w, m (u,w,t),t)
My (u, w, t) = — M;MO (u, w,m (u,w,t),t)

A complete decoupling of the DAE can be obtained under the assumption
Q1(t)My (u, w,t) =0 < Q1(t)m = Q1(t)m (u,t) (8.8)
Then,
% (D(t)m (u(t), 1)) = (D), (u(t), ) o' () + (D), (u(t), )

Inserting this into (8.5) provides the constraint
(1 n (DP1Q1m>u (u(t), t)) () + <DP1Q1D*> (t) (D), (u(t), )

+ (DPnglb;P0P1Q1> 6y (u(t),t) + (DPGF f2D7) (bu(t) =0
+ (DPGSY) () (R (ult), m (u(t), w(t), t) ,w(t), t) —r(t))

Again, this equation can be solved for u’ locally around the integral curve of . because
hy (z4(t),t) = 0 implies

D) (s (1), wa (1), 1) = — <D(t) + Dﬁnglb;P0P1Q1> (t) (UQoG3 05D~ (t) = 0

According to a perturbation lemma, I + (DP1Q1D*D77~1U> (u,t) is regular in a neigh-
(DP1Q1D*Dmu> (u, 1)

bourhood of the integral curve of x, where < 1. Therefore,

u'(t) = v (u(t), w(t),t) (8.9)
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with

v (u,w,t) = — <I-|— <DP1Q17hu> (u, )>—1.
| { (PRQD-) () (D), (1) + (DG 5 APQ:) (1 (1)
+ (DPG3'0:D7) (Hu+ (DPGS ) () (B (u,m (u, w, t) ,w, t) — (1))

Summing up, (8.7) can be written as

K (u, (TQo) (t)w,t) =0

with

) (TQuP,G5 0D )()u+<TQ0P1 Gy b PoPlQl) (t)m (u,t) + w(t)

K (u,w,t) = ¢ 4 (TQoPGyY) (1) (h (ult), i (u,w, t) , w(t), t) — r(t))
—(QuQ@uD) (£) (Dri), (s ) — (Qo D) (1) (D), (u, 1) v (u, w0, 1)

With & = (TQ) (t) w it holds

Ke (u, (TQo) (Hw,t) = )
(T@uPG3") (0 (i) (s ST 00 ) gy 0
= (QuQiD") () (D), (. v, (. (TQ0) (B, 1) (T ) (1)

and
-1

v (1, (TQo) (yw, t) = (f * (Dp@mu) (1)

The partial derivatives h,, h,, vanish in (u (t) Ys (1), wi(t),t) so
K (ua(t), (TQo) (tywa(t), 1) = I

Consequently a local resolution function k = l;:(u, t) satisfying

%(U*(to)ato) i = w.(lo)
K (u (TQo) (1) (u, ) ,t) — 0
k (u,t) = (TQo) (t)k (u,1)

exists. Inserting this function in (8.9) we obtain the explicit differential equation
w(t)=wv (u(t), k(u(t),t) ,t>, more precisely

u(t) =~ (1+ (DP:Quin,) (u(t),t))l-
(PP@:D )<>< >u<t>,> (Da SHRRQL) (O ()0 (5 19)
+(DP,Gy <h<um u, k ) (u(t),t),t)—r(t))
+ (DPGy 1b*D ) (t)u(t)

This ODE is called the inherent regular ODE of the original system (2.5) with respect
to the decoupling with P, on S;.
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Lemma 8.5. DS, is an invariant subspace of the IRODE (8.10)

Proof. Notice that for (u,t) sufficiently close to (u.(t),t) the estimate
| (PPGu) i), | < 1

holds. For this reason the inverse of I +DP; leu can be represented by the Neumann

series,
n

(1+DPGin,) oYy (PG, )
neN
It follows that )

_ ) = (1-pAD)-
<I — DP1D—> (1 n (Dplglmu)) DP, = / —0
- (1 +DP, (leu ¥ )) DP,
because <I — D]51D_) projects along DS; = im DP;. Therefore,
(1 - Df’lD‘> () (t) = 0
Using a constant projector P on DSy,
- / ~ ~ A\ / ~
(pAD") DPD™ = (DRD™P) DRD™ =0
so v(t) 1= <I - D131D_> (t)u(t) solves the homogeneous ODE
. / .
J(t) = (1 - DPlD‘> (t)ult) + (1 - DPlD‘> (' (1)
~ /
S (DPlD‘> () (t)
Consequently, u(tg) € DS; < v(ty) =0=v(t) =0 < u(t) € DS;. O

The structural condition (8.8) reads
0= (Quit) (u,w, ) = —Q1 <M;Mw) (u, w, 7 (1, w0, ) , 1)

with M, (u, w,y,t) = (PQ1+UQo) G3) (tYhe (D™ u—+y +w,t) (TQo) (t). Similarly
to the proof of Lemma 2.9 the simplified assumption (2.15) implies M,, = 0 and the
feasibility of the decoupling of linear implicit DAEs having DS = const. without the
need for QoQ: D~ € C'. Summarizing the assumptions,

Theorem 8.6. Consider the index-2 DAE

A(t) (Dz)" (t) + b (z(t),t) =0
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together with a solution x, € C} (I,R™) on a compact interval I. Assume that

((UQO + POQl,can) Giianbzpopl,can) (t),
((UQo + RoQ1,can) Gaean) (1) (b (2, 1) — b3 (t)z) € C7

1s independent of x in a neighbourhood of the integral curve of x, and
(DSy) (z4(t),t) = const.

is valid. Let Py (t) be a projector on Ny (x,(t),t) along K (t) such that DK is con-
stant. Then the inherent dynamics of the DAFE for the D P;-components nearby x, s
determined by the IRODE (8.10) on its invariant subspace DS;.

Proof. The smoothness assumptions imply M to be twice continuously differentiable
with respect to u,w,y. This property carries over to m due to the implicit function
theorem. Because of Ny(t) NSy (z,t) = (Nog N Sp) (t) there exists an implicitly defined
function & like above which is continuously differentiable w.r.t. u,w. Consequently,
D Py-components of a solution z € B, (z,) € Ch (I,R™) of the original DAE satisfy
necessarily the inherent regular ODE (8.10) on DS;. Vice versa, every solution of the
IRODE (8.10) on the invariant subspace DS; induces a solution z = D~ u + w + y of
the original DAE. O]
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